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( i) 

History of the Proiect. 

At the beginning of 1958 the authol:' and P .A . T. Wild began 

t he construction of a single frequency receiver for the detection 

of solar radio noise at 300 :1c/ s with a Vi.ew to correlation with 

visual phenomena. Thi s was at the site of the 125 Hc/s receiver 

built in 1957 at Rhodes University, which was used by W .L.H. Shuter 

to whom reference is made in this thesis . It was originally in-

tended that the author should undertake a study of 11 therm.al compo­

nent" and 11 enha.nced radiation11
, and Wild a study of 11 outbursts" 

and 11 isolated bursts" . (These terms are explained on pages 6 and 

8 .) During 1959 the author acted as C .S .I .R. Technical Assis tant 

to the project, and in this capacity opera ted the equipment for a 

major portion of the time. At the end of 1959 Hild used the re-

cords taken up until that time for an investigation of the profiles 

of noise-storms and isolated bursts. The possibilities provided 

qy this series were limited, and the author r es orted to an investi­

gation on a previous series of 125 dc/s records, together vrith the 

300 Mc/s records, of the relationship between visible and r adio 

events. 

The author has described at greater length the construction 

of' those part:: of the apparatus with which he "'as must dir ectly 

concerned, and the chapter on equ ipr:ent (Chapter 3) may ~e con­

sidered COI'lplementary to P .A. '.i' . \Jild ' s i n this r espect. 



( ii) 

Summar:y of Con tent. 

The work of previous writers on the origin and propagation 

of solar radio noise, and particularly the correlation with visual 

events is reviewed, and then the construction of the author's 300 

Hc/s receiver described. With a view to the author's project, 

absorption of electromagnetic radiation in the solar corona is 

quantitatively discussed, and a method for determining the inten-

sity without absorption of a radio burst is evolved. The main 

project involves briefly the discovery of any possible relation­

ship between the magnitude of a visual flare and the corrected in­

tensity of an associated radio burst as measured at 125 Hc/s. It 

is concluded that no definite relation exists, but from this con­

sideration an approximate shape of the instantaneous frequency 

profile of outburst elements is obtained. An extension of the 

theory to isolated bursts enables us to predict both this band­

shape, and the velocity of an exciting agency moving radially 

through the corona. 
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:; lf&P l'.S..<t ONE • 

!· Description of the Sun and its Atmosphere. 

The chief features of the solar sphere which concern radio 

astronomy may be summarized as follows: 

The interior of the sun, consisting mainly of ionized hydrogen 

in a state of instability and turbulence, is surrounded by the layer 

which appears as the visible solar disc, emitting a continuous spectrum 

between the ultra-violet and infra-red regions, known as the photosphere. 

This may properly be considered to be the innermost of three main layers 

,.,hich form the solar atmosphere. It bas a mean radius of about 

6. 7 X 10
10 

em, and is very thin (100 km), with an average temperature of 

The next layer is called the chromosphere, and is separated 

from the photosphere by a region of transition several hundred km. thick 

known as the 11reversing layer11
• The chromosphere extends for about 

10,000 km., emitting a spectrum which indicates the presence of both 

ionized and neutral atoms. The free electron density in this region is 

obtained from the expression for exponential distribution by Gillie & 

Menzel (1), 

N 5 72 loll - 7.7 X 104(h- 500) 1 t I 3 = • x e e ec rons em (Pl) 

where h = height above photosphere in km. 

The temperature is still comparati vely low, being of the order of 104 °K. 



2. 

Above the chromosphere is the corona, which is by far the 

largest layer, extending for several million km., or many times the 

solar radius (usually taken as that of the photosphere), consisting of 

hot gas in which most atoms are highly ionized. It is rendered visi-

ble by the photospheric light scattered by free electrons, and by spec-

tral emission from the ions . Comps.ratively little is knovrn about the 

forces and movements of gases in the corona, principally owing to the 

fact that the relatively low light intensity compared to that of the 

photosphere has made optical observation of this region difficult. As 

a result of this, the variation of electron density and kinetic tempera-

ture with distance from the sun's centre is given only agproximatel~ by 

the empirical formulae due to Baumbach & Allen, and Smerd & \Testfol d 

respectively. 

The electron density N is given by Allen ' s revision of Baum­

bach' s original expression (.?), here modified to give the result in 

terms of the radius to the base of the corona, instead of the photo-

spheric radius as in Allen's version. 

8 - 6 -10 
N = 1.42 x 10 p ( l + 1.68 p ) electrons/ cc. (P2) 

where p = where R = Radius to point in question. 

R0 =Radius to base of corona. 

This formula is based on observations taken over several years at var-

ious stages of the solar cycle, and assumes spherical symmetry. 

The electron temperature T is obtained from a modified form 

of the equation derived by Smerd (2), which incor porated an expression 
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for the electron temperature due to Alfven (~), and the Baumbach-

Allen expression used above 

T = 1.63 X 10 pl + o. 9 p K 6 -~ 6 -l~O 
(1 + 1.68 p-l 

(P3) 

where p is defined as before. This formula gives a value for T of 

about 106 °K over most of the lower corona, and this agrees well with 

the values obtained from observation. 

The electron collision frequency v at various points in the 

corona is given by the expression due to Smerd & L·Jestfold (_2) in terms 

of N and T, which can be obtained from equations P2 and P3. 

-3/2 
v = 42NT per sec. (P4) 

This is really a si mplification of a complex expression which includes 

a factor taken as constant over most of the corona. This same equat-

ion, with a different constant, can be used to find v in the chromo-

sphere. 

The atom-ion-electron composition of the chromosphere and 

corona is said to form a 11 plasma11
, which, under suitable conditions, 

can undergo oscillations vThose frequency in the absence of any magnetic 

field is proportional to the square-root of the electron density. This 

important plasma concept is used to explain the origin and propagation 

of certain radio bursts, and will be discussed more fully later. 

]. S ola,:r: Events and their relation to Bursts of Radio Noise. 

The sun in its normal state is known as the 11 quiet sun11
, and 



emits r adiation over the entire electromagnetic spectrum, the intensity 

of the radio frequency radiation never dropping beloH· this particular 

base level. 

The visible portions of the sun are, hovJever, subject to 

sporadic and periodic disturbances or 11 Solar events 11 of· various types ~ 

just as the steady 11 thermal componentn of radio noise is subject to 

sudden variations and irregularities· As one might expect, many of 

these events have been found to be inter-related, although the results 

and conclusions of different reporters on this subject are distressing-

ly diverse. 

Types of Event~. 

(a) Visual. 

Sunspots . These occur in the photosphere and appear as dark spots 

which can, if large enough, be seen with the naked eye through a dark 

filter . These areas mre their dark appearance to the comparatively 

loH temperatures 1-1hich prevail, about 1000~ below the surroundings. 

Spots usually appear in clusters having strong magnetic fields assoc­

iated with them, different spots exhibiting different polarities so 

that the magnetic flux from some returns through the others. Fields 

of a few thousand oersteds are characteristic. Although sunspots 

appear haphazardly in time and space, statistically their incidence is 

subject to several periodic variations, of which the well-known eleven­

year cycle is the most pronounced . 

Flares, occur in the chromosphere, and apPear as small areas which be-
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come suddenly brighter, strongly emitting the H a spectral line, and 

remain so for a short time, after which they gradually return to nor­

mal. The total duration of a flare may be anything betvreen a few 

minutes and several hours. 

Flares vary considerably in size and intensity, and are uni­

versally classified in terms of 11 importance 11
, which has three main di­

visions 1, 2 and 3; a flare of importance 3 is very large and bright. 

There are sub-divisions of these groups, designated by + and - signs, 

ranging from 1- (subflare) to 3+. The method of assigning an import­

ance to any particular flare is not fully understood by the author, to 

v.rhom it seems to be largely subjective and arbitrary. Ellison (6) 

(1949), however, mentions that the classification widely used is large­

ly based on flare area, as the short-lived maximum intensities are as 

a rule difficult to obtain. Flares are thought to emit radiation 

in the ultra-violet and radio regions, as 1.-rell as streams of charged 

particles uhich travel outwards through the corona at a speed of about 

1500 km/sec. Both the electromagnetic and corpuscular emissions cause 

ionospheric and magnetic disturbances on earth, which are responsible 

for communication fade-outs and interference. The radio frequency 

emitted by the flare itself is small, but the particles are thought to 

give rise to coronal plasma oscillations of the type mentioned in 

section A. This is one of the mechanisms used to explain the origin 

of the more intense radio signals which are observed, although the 

appearance of a flare does not necessarily result in a coincident radio 

burst. To what extent correlation has been found "rill be discussed 

• 
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shortly. 

The incidence and position of flares on the solar disc is 

known to be directly related to sunspot activity. Giovanelli (1) 

has shown that the frequency of incidence of flares occurring near 

any spot group is directly depe~dent on the area and rate of growth 

of a spot. The strength of the magnetic field has been found not 

to affect the associated flares. 

Filaments or Prominences are huge columns of luminous gaseous matter 

rising many thousands of km. into the coronal atmosphere, \·Thich, after 

formation can remain stationary for many weeks . These are best ob-

served during eclipses. In contrast to the normal type of prominen-

ces are the short-lived "surge prominences 11 described by Ellison (§), 

vThich consist principally of jets of matter which are thrown up from 

a solar flare , and fall back into the chromosphere. 

(b) Radio. 

I t will be convenient, before examining the relation of rad­

io and other events, and subsequently embarking on a systematic dis­

cussion of t he growth of solar radio astronomy and its associated 

theories, to list the various types of radiation under the headings by 

1.rhich they are knO\m today. 

(1) Basic Thermal Component. Apart from the sudden rises in 

flux density of radio waves which we term 11bursts 11 , there is at all 

times the 11basic thermal coroponent11 , vThich is randomly polarized and 

has a flux density of the order of l0-21 watts/m
2
(c/s). This is 
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the characteristic emission from the 11quiet sun11
, and measurements 

indicate thermal origin at about 104 °K in the chromosphere, or 106 °K 

in the corona for radiation at metre vlavelengths (Smerd (12)). 

(2) Iype I burst. 11Storm burst 11 • These bursts are associated 

with "enhanced radiation11 or "noise storms 11
, which are the most common 

type of high-intensity emission from the sun. A storm, which may 

last for days, consists of a slowly varying increased OO.ckground level 

upon which are superimposed many of these short-lived 11 storm bursts 11 , 

which exhibit strong polarization, and have a narrow spectral band-

width ( only a few i .c/ s) • These bursts appear to occur at a fixed 

frequency during their lifetime, although i t seems possible that they 

may drift very slowly. Some special 11 drift-storms 11 have been observ-

ed by Wild (67). 

(J) Type II bursts. 11 0utburst11
• These bursts, particularly 

intense at metre wavelengths, usually take the form of a fairly sudden 

increase in flux level which lasts for a few minutes, after which it 

gradually dies av.ray, sometimes degenerating into a noise storm of the 

type described in the previous section. These 11 outbursts 11 drift 

slowly toward lower frequencies at the rate of t ~ £/s per sec, and 

have a fairly broad bandwidth, which usually exhibits a sharp low-

frequency cut-off. Simultaneous emission at harmonic frequencies is 

a common feature of outbursts, the instantaneous harmonic bandwidth 

being more symmetrical than that of the fumdamental while the intensity 

is usually of about the same magnitude. These bursts appear to be 

randomly polarized, and to be particularly associated 1-1ith visual flares. 
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( 4) ~ III_b=u=r;;..;&~· .... ="'s""' • .__"_I_s,..;;.o.;;:;;la-...;;.te=-d--...b;;..;u""r_s;...;t;.;:s'-11 
• These are sudden 

increases in intensity which at any particular frequency appear to 

fall off exponentially, the lifetime being of the order of seconds. 

These bursts, which have a very broad bandwidth, drift rapidly to 

lo1-1·er frequencies (at 20 Hc/s per sec), the rate of drift decreas­

ing with time until the maximum intensity often appears to become 

"stopped11 at a certain frequency. Harmonic pairs also occur in 

isolated bursts, which may account for the ndouble-lrumped11 appear­

ance of some of those bursts observed on one frequency. These 

double bursts appear as an initial large peak followed closely by a 

second and usually smaller peak. For a long t i me it was thought 

that isolat ed bursts were also unpolarized, but Komesaroff (2), who 

has done the most conclusive work to date on the polarization of 

Sl~ctral types I, II and III, has shown that they can exhibit strong 

elliptical polarization. 

(5) Type IV radiation. This is a new spectral type and com-

prises a general increase of background intensity which can be des­

']ribed as a typt~ I continuum "lithout the superimposed storm bursts. 

Their incidence is closely associated 1.rith flares and cosmic ray 

emission - Avignon and Pick-Gutmann (1959) (10,11), Kundu and Haddock 

(1960) (JZ), McLean (1959) (1]). They are thought to be connected 

Hith type II bursts 1.rhich they resemble in that they undergo a slow 

negative frequency drift. 

(6) Type VI radiation. It has been noticed that on many 
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occasions an isolated type III burst is followed by an extremely 

wide-band continuum (100 Hc/s) which usually occurs below 150 :t.:c/s, 

and lasts for a minute or so. This has been designated as type 

V radiation. There seems to be a definite correlation of the type 

V-associated isolated bursts vlith em. radiation and flares (Neylan 

(1959) (_J,_4)). 

(7) Other Rare Spectral Types. 

(a) Inverted U Bursts. Maxwell and Swarup (,12) have 

identified this spectral type whose peculiarity is a normal rapid 

drift to lower frequenc ies which becomes stopped and then drifts 

back to higher frequencies, the total lifetime being of the order 

of seconds. Fig .A. shaHs the appearance of a typical i nverted U 

burst on a frequency-time record. 

(b) Reverse Drift Pair§ . Roberts (1958) (16) has re-

ported bursts which contain t1.Jo elements separated by a few seconds, 

which drift towards higher frequencies at a rate of a few ~c/s per 

sec . ~ig.B . is drawn from a photographic swept-frequency record 

of one of these pairs. 

polarized . 

It is not yet known Hhether they are 

Both these rare burst types described above appear to 

be spec.ial cases of type III radiation. 

Relation between Visual and Radio Events . 

As early as 1946 Ryle and Vonberg (12) using a radio inter­

ference method (analogous to Michelson's optical interferometer used 
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to measure stellar diameters) with spaced aerials, measured the 

angular diameter of solar radio sources on frequencies of 80 and 

175 I · c/ s, and found them to be of the same order of size as sun-

spots. The measured intensity of radiation from these sources 

necessitated the postulation of equivalent temperatures of the 

order of 109 °K at these frequencies. They found that the "larger 

burstsil Here 11 often accompanied by other evidence of solar activity". 

Hey, Parsons and Phillips (1948) (.J&) working on 70 !'fc/s found a 

5q~ correlation between outbursts and flares of importance 2 or 

greater; and 32% correlation with flares of importance l. 

The statistical evidence of Wild and McReady (12) is meagre, 

but they found that out of 5 large outbursts observen, 3 coincided 

approximately with the onset of a flare . 30 smaller bursts of 

thin type were found not to correlate with any flare. No other 

correlation was reported. 

Payne-Scvtt and Little (1952) (20), using a swept lobe 

interferometer at 97 l·~c/ s found that the radio frequency source 

often moved rapidly away from the position of a flare. This sup-

ported the idea of an exciting agency moving radially outHards 

through the corona. (See later) 

Dodson, Hedeman and Owren (1953) (21) working on 200 l:c/s 

did a comprehensive study of flare associated events of all types , 

and found that the percentage correlations with flares of importance 

1, 2 and 3 were 79%, 77% and 50% respectively. Less s i gnificance 

should be attached to the last group, as the number of flares over 
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the period of observation was only 4 as against 150 of importance 

l. These figures t ogether give an overall percentage correlation 

of 78)~ . 

Dodson, Hedeman and Chamberlain (.gg) in the same year found 

distinct association between bursts occurring on radio frequencies 

and the ejection of high velocity particles at the ~ of certain 

flares. 

Menzel (~), working on the terrestrial effects of promi­

nences and particle ejection, also noted the accompaniment of a 

11 major fraction of bright flares" with bursts of radio noise on fre-

quencies of 200 l·:c/s and greater. He suggested a magnetohydro-

dynrunic or plasma oscillation mechanism might be responsible for the 

association of the two phenomena. 

Dodson, Hedeman and Covington (1954) (~) working novl in 

the em. range (2800 lb/s) found actually a smaller overall percent­

age correlation (57.3%) with all types of radio events than at 200 

Vc/s, but the correlation with bigger flares (importance 2 or more) 

was much better ( > 85%). They also observed a number of so-called 

11 sub-flares11 (importance < 1), only 19.17~ of which were associated 

1-.ri th radio events. 

It was also noted that at t his frequency the time of onset 

of a flare coincided almost exactly with the commencement of the 

2800 Hc/s burst, but that the radio event invariably attained a maxi­

mum before the flare; and often actually ended at about the time of 

the flare maximum. 
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The position of the flare on the solar disc, as well as 

its size, also appeared to play a part in determining the inten­

sity of the associated radio events that were 11 gradual rises and 

falls 11 as opposed to strictly burstlike events. It was found 

that in general the bursts tended to show central concentration 

falling off towards the limb. This appears to be due to the 

absorption of radiation in the solar atmosphere, which is dis­

cussed more fully later. 

Far more significant than the above figures for 2800i;c/s, 

are the results obtained when the statistics of the number of radio 

events which are flar~ associated are considered. It appears that 

for up to 98.6% of all outstanding 2800 l:c/s events, a flare was 

either observed, or its existence indicated by other phenomena such 

as prominences or terrestrial disturbances. There was thus strong 

evidence to show that there was probably a disturbance at 2800 :Hc/s 

only when a flare or sub-flare was in progress. This conclusion 

was based on the result of 5 years' observations. 

In 1956 Dodson, Hedeman and McMath (_g_2) \..rorking on the photo­

metry of flares found in general that 200 Hc/s noise-storm associated 

flares were large and nebulous or 11stringy11 , rather than the more 

us1.1al bright, Hell-defined areas. At the same time they showed that 

one could not distinguish between flares which causes ionospheric dis­

turbances and those which did not, except that flares smaller than a 

certain size never produced any measurable effect. 

Loughead, Roberts and McCabe (1957) (26) investigating 
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correlation bet\·19en iso 1a tad (type III) radio bursts and flares found 

that out of 300 flares observed, 20% had associated bursts. Hmvever, 

85% of these flares were iimicroflares" (of importance < 1-), and it 

was found that with larger flares of importance 1 or more, they ob­

tained a 60% correlation. In addition their results indicated that 

flares \dth "surges" were more likely to produce bursts. Over 60% 

of all types of radio events occurred in the lifetime of a flare. 

Giovanelli (1958) (~) examined sudden explosive flares 

knovm as 11 flare-puffsli as a cause of isolated bursts. Out of 27 

puffs observed, 66% PAd bursts which coincided to within two minutes. 

The puff explosions appear to eject two types of corpuscular streams, 

one with velocities of 100 krn(s which appear as flare-as soc iated 

surges ~ and another shortly after, with velocities of the order of 

l/5 speed of light, which are responsible for radio burst production. 

With Roberts, Giovanelli (28) investigated flares as a 

source of outbursts (type II), and showed that optical disturbances 

were coincident with at least l3 out of 18 bursts recorded with a 

radio spectrograph (40-240 l·.C/s). 

Maxwell and Swarup (1958) (]2), discussing a new spectral 

type, the 11 inverted U burst11 (q.v.), found that 22 out of 28 such 

bursts recorded had 11 optical counterparts 11 to within 5 minutes. 

In 1959, \Hld, Sheridan and Neylan (~) showed that there 

was a close association between flares and type III bursts which were 

accompanied by the new spectral type V. Consideration of the data 

obtained led them to postulate an important modification of the 
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accepted outward moving agency model for burst production . (See 

later in Chapter 2.). 

At the end of 1959 Hachenburg and Kruger (..2.Q) vrorking on 

3.2 and 10 em . , reported the results of 6 months 1 observations in 

1957, when 1396 flares were observed; during which time 395 bursts 

vrere recorded, of which 280 coincided with a flare . This gives 2(J/, 

of flares with associated bursts; while 71% of bursts occurred dur­

ing a. flare. It \vas further shown that the big flares ( > J) invar­

iably produced an effect in the em. range, whereas for smaller flares 

the propor tion was considerably smaller . During this period 231 

sudden ionospheric disturbances (S.I.D. 1s) were also observed, of 

which 85.7% vJere associated with flares, and 91% with radio bursts. 

Of the 1116 flares that definitely had no burst associations, less 

than 2% could possibly have caused S.I.D. 1s. The above results have 

given the workers good reason to come to the important conalusion 

that only those flares which give rise to em. bursts can also cause 

s .I .D. Is. 

Also at about this time Avignon and Pick-Gutmann (10) show­

ed that a new kind of radio burst (type IV) was invariably associated 

with a flare. 

Satellite and balloon experiments as reported by Thompson 

and Maxwell (1960) (1}), and later by Kundu and Haddock (1960) (]2), 

have recently revealed the bombardment of the terrestrial atmosphere 

Qy low-energy cosmic rays from the sun, and this has resulted in an 

investigation into the relationship of these rays to solar bu.rsts and 
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flares. Large flares (importance 3 or more), are often follm.Jed 

by an outburst of continuuw radiation (type IV), which are in turn 

follm~Ted about an hour later by the arrival of 30-300 Mev .. protons 

at the Earth. 

The evidence does not indicate that the emission of 

auroral particles (of velocities of the order of 1000 km/s) is asso­

t,:;=t tnd 1..rith the type of continuum burst described above, but rather 

with the slow frequency-drift type II burst. There appears to be 

no relationship between noise-storm (type I), isolated, fast-drift 

(type III) bursts and solar corpuscular emissions which result in 

terrestrial disturbances. 

Rabben (1960) (J2), observed over a period of 200 hours, 

136 bursts and 372 flares and found that about 20% of flares coinci­

ded with bursts, 88 of the remaining 96 radio events occurring with-

in the lifetime of a flare to within 5 minutes. In addition, sev-

eral points of interest were noted. He found that the greater the 

flare, the greater the number of concurrent radio events, but there 

appeared to be no connection between burst intensity or rate of drift 

and flare importance. Bigger bursts occurred nearer the onset of 

a flare than the lesser ones. Burst-producing flares appeared also 

to favour certain centres of activity, which otherwise exhibited no 

particular peculiarities. 

More recently, however, Edelson, McCullough, Santini and 

Coates (1960) (~), reported that for simple type I and II bursts a 

definite trend towards larger peak radio-flux values at 10 em. accom-
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panying larger H a intensities was evident. A remarkable correla­

tion - 99% - of bursts associated with H a flares was reported, 

whereas, as before, far fevrer flares (25%) had coincident bursts. 

Still no criterion for "burst-flares" is apparent. An outstanding 

feature of these observations is the simultaneity of the associated 

events . 

\</hen vie1oring this work over the last decade 

in perspective certain common features become apparent, although 

there may be considerable disagreement between individual sets of 

results. 

Broadly speakL~ we see that chromospheric flares more 

than sunspots or prominences are responsible for burst production; 

larger flares giving closer correlation. In general, too, there 

is a better correlation at higher radio frequencies. And there is 

al,.rays a higher percentage of bursts 1..rith associated flares than 

vice versa. This indicates that there is probably a certain type 

of flare -.rhich causes a concurrent radio event, but as yet 111e ba.ve 

not been able to discern an infallibly characteristic feature of these 

burst-associated flares . (HovTever, see Dodson n al (~ ) , Ra.bben (,~), 

and Long head _r· .t. a 1 ( 26) ) . 
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CHAPI':.:R TTO. 

Virtually all the present knowledge we have concerning 

solar radiation in the radio frequency range has been obtained since 

vlorld Har II, when the development of V .H.F. techniques in connect-· 

ion with radar ,.,ork facilitated the detection of this type of solar 

emission. 

As early as 1948 Martyn (~) advanced a theory based on 

classical mechanics to explain the emission of thermal radiation from 

the sun. He derived theoretically the effective temperatures preva-

lent in various parts of the solar atmosphere over the radio spectrum, 

and concluded that a maximum effective temperature of ! 106 °K should 

be associated with radiation of 1 metre wavelength. 

Using a more practical approach, Ryle and Vonberg (Jl) 

carried out investigations at frequencies of 80 and 175 H::/ s. They 

found that periods of increased intensity occurred, consistent >.ri th 

8 9 0 temperatures of 10 or 10 K. The important discovery that the 

radio sources are very much smaller than .the total solar disc (see 

earlier) in area implied higher temperatures (109 or 1010 °K) at the 

sources. The thermal component appeared to be unpolarized, whereas 

the more intense emission exhibited strong circular polarization. It 

appears to the author that these "bursts 11 were probably uha t was sub­

sequently termed a 11 noise-storm11
, (see type I burst). 

Ryle (]2) considered the above results theoretically and 

----
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suggested that the solar magnetic field and non-uniform rotation of 

the surface matter could cause a large potential to exist betvreen 

equator and poles resulting in acceleration of electrons vThich gen-

erate the observed radiation. The magnetic and electric field-

strengths are considerably enhanced during sunspot activity, and 

Ryle considered the implications of this in relation to bursts of 

polarized radiation. 

Williams (1948) (2£), using a single frequency receiver at 

75 tiC/ s detected and studied a number of individual or 11 isolated" 

bursts as opposed to the general enhanced radiation observed by Ryle 

and Vonberg, and found that generally speaking these bursts vrere 

characterized by a very rapid rise to maximum intensity follovred by 

a decay portion which appeared in most cases to fall off exponentially. 

Williams obtained a series of values of 11 k11 in the term e-kt ranging 

f 0 3 t 1 8 -l . . l f 0 7 -l ·rom • o • sec , g~v~ng an average va ue o • sec • This 

quantity k is of considerable importance and will henceforth be re-

ferred to as the "decay constant". 

In the following year Payne-scott (17) published the re-

sults of investigations on four simultaneous frequencies (19, 60, 65 

and 85 E~/s), also concentrating on different aspects of isolated 

bursts. She found that these bursts, which appeared to be unpolari-

zed, usually arrived in order of decreasing frequency, the average 

intervals elapsing between the start of a burst on 85 and 60; 65 and 

60; and 60 and 19 t1c/s being 0 .7; 0.3; and 9 .0 sees. respectively. 

The maximum intensity invariably increased with decreasing frequency, 
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the average ratio of peak intensities at 60 lic/s and 85 f.lc/s being 

about 2 : 1 (i.e. the square of the ratio of the respective wave-

lengths). An examination of the profiles (as measured on a linear 

intensity-time scale) of about 100 such bursts at these t\.ro frequen-

cios revealed that the decay portions fitted well with an exponential 
-kt 1 

curve of the form Ie Hith an average value of k of 0 .6 sec- (c .f. 

Williams). Again these isolated bursts all had rapid but finite 

rise times. The decay constant was also measured on 19 hc/s and 

found to be much smaller - viz. about 0.25 sec-1• 

Payne-Scott a l so reported the observation of 11double-humped11 

bursts although these were far less frequent than the normal single-

peaked ones. At least one interesting feature of these 1..ras that 

their first peaks appeared to have a higher decay constant (i.e. they 

decayed more rapidly) than the average single peak burst. The first 

peak was nearly always larger than the second, the average ratio of 

intensities being about 4 : 1, and the peaks vrere separated by a few 

seconds. Measurements on double-humped bursts by Sbuter (2§) at 

125 Lc/s are in general agreement vrith the above results . 

Typical single and double peak isolated burst intensity-time 

profiles are given in Fig.C . 

Horkers on the theoretical side now began attempting to ex-

plain the origin of intense radio bursts in terms of 11 plasma oscilla-

tions11 as opposed to the previous nthermal11 theories. A plasma is 

said to consist of free positive ions and electrons in equal concan-

trations, a state of affairs easily realized in electrical discharge 
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tubes. According to the original theory of Tonks and Langmuir ( 1929) 

(]2) the electrons in such a system have a natural frequency of osci-

llation given by 

f = 0 

'.rhere N = electron density/ cc. 

e = electronic charge 

m = electronic mass 

(P5) 

'.rhen suitably excited . The quantity f 0 is novradays loosely termed 

the "plasma frequencyil when discussing the solar corona, l-Thich is 

effectively an extended non-uniform system having 11 levelsn correspond-

ing to different plasma frequencies determined by the value of N at 

that level as given by Eqn .P2. 

Ryle (1949) (~), examined such oscillations as a cause of 

radio bursts, but was unable to suggest any mechanism whereby they 

could be excited and maintained, as conditions were very different 

to those prevailing in discharge t ubes where they were first studied. 

He ruled out the possibility of ionic oscillations (of frequency ... 
! 2 = .. _.: Ne / ·.:·M where M is the ionic mass) as a source of radiation as 

such oscillations would be of much lower frequency than the plasma 

frequency, and would thus be in a r egion of imaginary refractive in-

dex in a normal plasma, and be unable to escape. 

vlestfold (iJ:.) showed that even more recent modifications 

of Appleton's (~) classical theory as used by Ryle (j2) were not 
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justifiable when applied to the solar corona . By considering 

steady-state plasma oscillations in a magnetic field he concluded 

that three types are possible, the components exhibiting left-

handed, right-handed and linear polarizations. The oscillations 

would be damped by the electron-ion collisions, the actual value 

of the damping constant (assuming the damping to be exponential) 

ranging between J.: v and ~ v where v is the electron collision 

frequency given by Eqn.P4. 

Jaeger and Westfold (~) solved a number of transient 

problems, considering the effect of a localized disturbance at a 

particular plasma level f
0

• They concluded that the generated 

radiation would be a maximum at f , showing a sharp cut-off below 
0 

f 0 , and a decrease in intensity above f
0 

according to·an inverse 

square or fourth po-vrer law of the frequency. The instantaneous 

spectral distribution would thus have the appearance shown in Fig. 

D. At any one frequency, the amplitude of oscillation "rould prob­

ably decay exponentially according to (exp - v t), i.e. "rith damp-

ing constant = v. (cf. vlestfold above). 

On this model one would expect to receive both direct 

and 11 echo11 waves at all frequencies larger than f 0 , for a disturb­

ance originating at the f 0 plasma level (See discussion on ray 

trajectories later), the time de lays between the two via ves being 

determined by the "excess of equivalent path over distance travers -

ed for a ray proceeding radially outwards 11 from a point at height p 

(see Eqn. P2) to co , which is given by 
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I l 
( -
'-J-l 

where J-l is the refractive index for radiation of frequency f of 

the medium \<There the plasma frequency = f , given by 
0 

.. -~------· -· ... -

' f 2 f.t 'j 1 - ?. (P6) 

The variable f 0 is easily obtainable in terms of using P2 and P5. 

These conclusions were tested against the results of 

Payne-Scott (.J.7), and appeared to show general agreement ,.,ith re-

gard to decay shapes and time delays, although the writers seem to 

be confused about the distinction between instantaneous intensity-

frequency profiles and intensity maxima at different frequencies 

at different times. 

Bohm and Gross (1949a, b, and 1950) (~, ~; ~) consider 

the production of plasma oscillations in an unbounded medilli~, which 

are set up due to interaction of moving particles in the medium, 

and grow initial~ according to a linear a pproximation, due to a 

11 positive feedback11 mechanism, until non-linear effects and damping 

due to collisions become important, and a steady state is reached. 

There is a tendency t o increased stability as a disturbance moves 

into regions of decreasing electron dens'ity. This would be con-

sis tent with the observed greater amplitudes of bll_rS ts at lov1er fre-

quencies. This treatment was extended to include media limited by 

various types of boundaries that have little practical significance 

in solar physics. 



23. 

Smerd (1950) (2, ~) discussed the sun in general as a source 

of radio frequency radiation, calculating the distribution of tempera-

ture and intensity across the disc at co~onal and chromospheric fre-

quencies as well as the size of the r.f. disc itself. In considering 

the effect of a general magnetic field on the origin and escape of 

radiation he has used the three dimensionless quantities defined in 

magneto-ionic theory as follows: 

2 

X =( _!Q_) 
\ f _: 

y _£B_ 
f 

v (P?) = z 
2 1T f 

where f = frequency of the wave being propagated through the medium 

f 0 = plasma frequency of medium (from P5) 

fH = electron gyro-frequency, 1..rhich is defined from classical 
mechanics as 

eH (P8) 
2 1T me 

where H = magnetic field in oersteds 

m = electronic mass 

c = velocity of light in vacuo 

v = e lee tron collision frequency (from P5 ) • 

Generally electromagnetic •raves are propagated through an 

ionized medium in the presence of a magnetic field in tvlO modes -

the ordinary ray and the extraordinary ray (designated as 0 ray and 

E ray respectively). Smerd has shown that for the 0 ray the re-

fractive index of the medium is zero when x = 1. This is the same 
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as the case for no magnetic field (See Eqn.B6). For the E ray IJ-

+ is zero when x = 1 - y. The case of x = 1 + y is of no practi-

cal consequence since radiation generated at this level would de-

finitely be unable to escape. From these conditions he has cal-

culated the heights of these levels of zero refractive index for 

the 0 ray and the E ray for the general magnetic field, and also 

for the intense field obtained near regions of sunspot activity. 

These are represented diagrammatically in Fig.E, given by 0, Eg 

and Ei respectively. From these considerations it appears that 

a certain frequency f will not be propagated unless generated in 

a region where f
0 

< f. At f = f 0 the radiation encounters a 

11 stop-band11 , and is attenuated to an infinite extent. The exist-

ence of these zero r efractive index levels was thought to account 

for the echo waves referred to earlier. Radiation actually being 

generated where f = f will be propagated radially outwards. The 
0 

magnetic field H, and hence the quantities fH and y ·vrere thought 

by Smerd to be unimportant in the case of the quiet sun; but sun-

spot fields of 3000-4000 oersted have been thought to be responsi-

ble for so-called 11 synchrotron11 radiation. There are, however , 

objections to this hypothesis which will be examined later when 

discussing the synchrotron theory of Kruse, Marshall and Platt (60). 

Jaeger and \·lestfold ( 1950) (!lJ.) assuming no solar magnetic 

field, and a spherically symmetrical corona described by t he Baum­

bach-Allen formula (Eqn.P2), have plotted ray trajectories in the 

corona for frequencies 60 and 100 Lc/s. An infinite number of such 
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trajectories is possible for each frequency, each depending on the 

position of its asymtote with respect to a solar radius vector. 

This is described in terms of a parameter 11 a 11 which is defined as 

a = (P9) 

where p is the asymtotic distance of any particular trajectory 

from an axis passing through the centre of the sun, 

and R0 = solar radius to base of corona. 

Any one trajectory is then characterized by a certain value of 11a 11 , 

and bas a point of closest approach (i.e. turning point) about H'hich 

it is symmetrical. (Fig . F.) It vrill be seen that a burst origi-

nating at point X could escape the solar corona and reach the earth 

by two possible paths, the time delay between the arrival of the t wo 

signals being determined by the extra path travelled by the reflect-

ed or echo wave. The observations on double-humped bursts are not 

altogether what one might expect theoretically from this model. The 

11 harmonic 11 explanation is now generally favoured. (See la. ter) 

The equivalent path over any portion of a trajectory is 

defined as the distance the wave would have travelled in free space 

in the time it took to traverse the actual path length and may be de-

termined from the "equivalent path integrals" for various values of 

calculated by the writers by evaluating the integral 

uhere x l 
p 

P(a, p ) = 

l 
rP__slK r tl 

X l 6 (a ,X) 0 

(PlO) 



26. 

where p is defined as before, and 6 (a,X) = f-L 2 - a 2 X 2 

These curves give the value of the "excess of equivalent path11 from 

any point (defined uniquely in terms of p and a) to infinity. A 

set of equivalent path integral curves is shown in Fig.G. 

This is an extension of the treatment by Jaeger and West­

fold (1949) (Q) where only the case of radial propagation '\-las con-

sidered. 

Similarly the absorption over a given ray path is found 

from the absorption integral curves, obtained from the integral 

r (a, p ) = lJC ds. (Pll) 

where ds is an element of path, and t<: is defined as the 11absorption 

coefficient11 given by 

IC = 
2 

v(l-g ) 
c f.L 

where c = velocity of light in vacuo . 

(Pl2) 

The term r is usually referred to as the 11 optical depth11
• (See 

Appendix 1). 

The author has calculated a full set of ray trajectories 

and absorption integrals for 125 Hc/s for use with the records taken 

on this frequency at Rhodes. (See Chapter 4). 

Wild and McReady (1950) (]2) examined the dynamic spectra 

of high intensity bursts using a swept-frequency receiver operating 

bet,.reen 70 - 130 Hc/s, and tentatively identified the three common 
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spectral classes which are now known as types I, II and III. The 

receiver swept the band three times a second, each sweep being 

effectively instantaneous (.07 sec), the output being displayed as 

an intensity modulated spot sweeping in the ;1Y-direction1i on a 

cathode-ray screen, being photographed on film moving in the nx­

directionll, giving in effect a frequency-time diagr am upon which 

vari ations in solar radio intensity appear as variations in photo­

graphic density. This type of record is conveniently represented 

as a 11contourn diagr am as shown in Figs. H and I. 

Wild (1950 a, b) carried out more extensive observations 

on (a) Outburst~ (~), and (b) Isolated bursts (~) with the above 

receiver. Outbursts (type II) were generally found to be of more 

complex a character then the isolated (type III) bursts, and were 

characterized by a slow but steady drift to lower frequencies (at 

about t hc/s per sec), the rate of which was independent of fre­

quency. They usually had a life-time of several minutes and ex­

hibited a sharp l ow-frequency cut-off. A typical outburst is 

shm.rn in Fig .H. Isolated bursts on the other hand drifted extreme­

ly rapidly to lower frequencies (at about 20 ; c/s per sec), the rate 

of drift being approximately proportional to the frequency. These 

bursts are very short-lived (a few seconds), but have band1·Jidths 

usually greater than 50 He/ s. Hild termed an intensity contour 

taken at any particular time a ll•frequency profilen, and one taken 

at any particular frequency a 11 time profilen. The time profiles 

taken off Wild's records have very much the same appearance as the 



28 . 

single frequency records of previous l·JOrkers, and \rlild found that 

the decay constant appeared to increase approximately linearly with 

frequency. The frequency profiles, as in the case of outbursts, 

fell off more sharply on the loH frequency edge. 

burst is shown in Fig.I. 

A typical isolated 

The observed behaviour of both burst-types is explained by 

1-Jild in terms of the outvrard passage of various types of corpuscular 

streams, which initiate plasma oscillations at the various levels. 

The high correlation between flares and outbursts would seem to sug-· 

gest that flare associated surge prominences and/or streams of 11mag­

netic storm particles 11 could be t he exciting agencies. The known 

velocities of both types (of the order of l03km(s) would give a fre-

quency drift of the order observed. The rapid drift of isolate'd 

bursts is explained in terms of a source travelling at 104 - 105 

km/sec, rather than selective group r etardation of waves in the 

corona, or variations of the wave frequency controlled by the mag-

netic field . If the decay constant is determined by the amount of 

damping due to electron collisions, (See r efs. 41 and 43) then it is 

necessary also to postulate an outward motion through the corona. 

Hm.Jever, the observed decay at any frequency is far more gradual 

than one 1.vould expect from the value of v at the corresponding level. 

In addition, the fact that radiation of frequency f 0 emanating from 

the f 0 plasma level should only be able to escape radially (See refs. 

43 and 3, 8) indicates that we should only be able to receive radia-

tion from very near the centre of the solar disc. This is at var-
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iance with the observations of subsequent workers. It is evident 

that certain refinements of these hypotheses as th~y stood were still 

necessary. 

In 1951 1:Jild (iQ) examined the enhanced radiation or noise­

storms comprising type I bursts between 70 and 130 J'b/s , relating 

the individual behaviour of the background continutUn and the bursts 

themselves. These polarized bursts are very short- lived, appear 

fixed in frequency, and have narrow banmridths. The 3-dimensional 

type of record described above is not suitable for examining this 

prolonged type of radiation, and the display was modified so as to 

present the sweeps as a series of successive frequency profiles sep-

arated by t sec., as shown in Fig,J. He was unable to report any-

thing vitally conclusive in respect of intercorrelation of type I 

phenomena. 

Bailey (1951) (iJ) developed a theory for the growth of 

amplified \-laves in the presence of a magnetic field, and interpreted 

solar radio bursts due to spot associated sources in terms of this 

hypothesis. The radiation generated would in general be elliptically 

polarized, and Bailey explained the apparent random polarization ob-

served in many bursts as being due to the inability of the existing 

receivers to distinguish between mixtures of differently polarized, 
' and truly unpolarized radiation, although he considered the possibi-

lity of r andom polarization in the absence of a magnetic field. 

Twiss (1951) (22) repudiates most of Bailey's conclusions, 

showing that growing waves could only be generated in a medium bound-
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ed by a critically characteristic impedance which would induce reso-

nant reflections. This state of affairs is very unlikely to be 

realized in the corona near sunspots, and Twiss further indicates 

that even if amplification on Bailey's model were possible, the rad­

iation would be unable to escape from the region . 

Cristiansen et al ( 1951) (2.2) examined tvw remarkable bursts 

occurring a few days apart, '1.-Tith seven single-frequency receivers 

working over the comprehensive range 62-9400 Mc/s, and compared the 

results with other associated phenomena . Both bursts were flare 

associ ated, and both had simultaneous radio fade-outs on earth. The 

pol arization, vlhere measured, also behaved similarly in both cases, 

the sense staying fixed at higher frequencies, but changing at the 

lower end of the spectrum. However, the first showed a distinct 

frequency drift; while the second, more prolonged, appeared to occur 

simultanGously on all frequencies, and to last longer at the lower end. 

There was in additi on, a magnetic storm 35 hrs. after the second burst. 

It seems that the bursts were of different types~ but ~either can be 

explained completely in terms of any accepted theory. Corpuscular 

velocities of the order of 1oJ l~sec, obtained from the delay of the 

magnetic storm, 1wuld have fit ted the drift observations on the ~ 

burst well . If magnetic and/ or electric fields are deemed to be the 

causes in case 2, then their application to case 1 does not fit obser-

vation. It appears apparent that the explanations must, however, 

be sought in terms of some synchrotron process, due to pmverful mag­

netic fields which tend to be mor e variable in the outer regions of 

--
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the corona. The incidence of sunspot groups with both the bursts 

lends substance to this point of view. This case is typical of 

the many anomalies encountered in this field. 

Piddington and Minnett (1951) (~) discuss two models for 

the thermal emission of radio noise from 11 hot-spots 11 above sunspots, 

t-Thich give good qualitative agreement with the values obtained from 

observation. They conc lude that certain slo1.vly varying radiation 

could have thermal origin in regions at about 107 °K,the emission 

correlating with sunspot area, and varying slowly in intensity owing 

to the enormous masses of gas involved. 

Payne-Scott and Little in an important series of observations 

on noise-storms ( 1951) (22), and outbursts ( 1952) (20), using an 

interferometer at 97 ~'c/s, studied the relative positions of radio 

sources and associated spots or flares respectively. They found 

storm radiation to be associated particularly •1ith an individual 

spot in a group, and showed in general right-handed polarization to 

be associated with a south-seeking pole, and conversely left-handed 

with a north pole. The increased discrepancy betHeen apparent source 

and spot positions on the disc towards the solar limb indicated ele­

vated storm sources up to one photospheric radius above the visible 

disc. They shm1ed that for the ·0-ray at least, these heights are 

probably always above the reflection level and it would thus be pro-

pagated. These observations appear also to refute earlier theories 

1-1hich require considerably lower levels of origin (Saba 1947, Bailey 

1950). 



32. 

Outburst sources v1ere observed to travel rapidly a\<Jay from 

associated flares, indicating corpuscular source velocities of the 

usual order (10
3 

km/sec . ). Polarization was invariably random at 

t he start of an outburst, but often became coherent at a later stage 

following the same rule for right- or left-handedness as noise-s torms, 

leading the writers to suppose that the two types of radiation were 

identical at t his level. The reason for random polarization in 

early stages is not immediately obvious, although it appears to the 

author that magnetic turbulence prevalent in the lower regions, as 

opposed to the more uniform and static conditions further out, (re­

presenting an integrated field over a wider area) might account for 

this. It is conceivable that polarization might be induced dur.ing 

propagation through an ionized medium in a magnetic field, even if 

it originates as randomly polarized radiation. (See Vlild (1957), 

later.) This could explain the similar aspects of U·TO types of 

radio noise 1-rhich are essentially different. 

\Hld, Murray and Rowe ( 1953) (.2£) and ( 1954) (.21) discuss 

the occurrence of harmonics in the spectra of outbursts observed 

i·Tith a swept-frequency receiver covering the range 38-240 i:c/s . A 

burs t containing two simultaneous components at harmonic frequencies 

vTas called an 11 &1.rmonic pair11 • The dynamic s pectrum of a typical 

burst of this type is reproduced in Fig.K. It was found in genaral 

that the maxima vTere separated by a frequency ratio usually slightly 

less than the expected 2 : 1, and that the intensities of the funda-

mental and the harmonic bands were about the same. The Hri ters in-
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terpreted these results as being due to an outward moving source, 

which at any plasma level f
0 

generates a band of frequencies about 

f and 2f , the fundamental oscillation being of far greater ampli-o 0 

tude. According to the conditions for escape of radiation from the 

corona derived by Smerd (unpublished), the lowest frequency that can 

be received at the earth from the f
0 

level for a given source angle 

0 (known as the critical escape frequency f 0 ) is given approximately 

by 

f - f ~ec 0.870 c - 0 ., (Pl3) 

\.Jhich ifJ a simplification of a complex relationship, but which in a 

Baumbach-Allen corona is accurate to within a few per cent for fre-

I 0 0 quencies of about 100 He s and for C: between 0 and 80 • This 

11 source angle" is defined as the angle between a solar radius pass-

ing through the source and the direction of the sun-earth line. 

This means that for a oource in the centre of the disc ( C = 0°) all 

the lower half of the generated band will be cut off, and only the 

top half will be received. This would tend to give the frequency 

profiles of received radiation the assymetric appearance observed 

previously? 
0 

and in the case of e > 0 , the cut-off would result 

in a displacement of the peak tm1ards higher frequencies. For the 

harmonic band on the other band, 2f0 is 1.-1ell above fc, the radiation 

at this frequency suffers practically no atterruation, and the profile 

is received as generated . On this model then, the greater the 

source angle, the more the fundamental band is cut-off in any part 
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of the corona, giving a lower 11 harmonic ration • It appears that 

the 3rd harmonic is not excited as this band would undoubtedly 

have been detected if it were present. It was also found that in 

some cases the fundamental exhibited 'band- splitting' which was 

duplicated in the harmonic . It -v1as thought that this might be 

some Zeeman effect due to coronal fields. 

A plot of height of radiating source in the corona against 

time obtained from the observed frequency drift rates should be 

linear if the outward motion is constant, giving a measure of the 

source velocity. From such a linear plot the writers obtained 

11 derived velocities11 of a fe-v! hundred km/sec. The difference be­

tHeen these values and those obtained by Payne-Scott and Little 

(.f:ill), and t he knmm velocities of magnetic storm particles can be 

eA~lained in terms of oversimplification of electron distribution 

in a Baumbac h-Allen cor ona. 

Hild, Roberts and Hurray ( 1954) (.2§) derived source velo­

cities of about 105 km/sec for isolated bursts , and by extrapolat­

ing the source positions to correspond in time with the onset of 

an associated flare they deduced original source positions at the 

base of the corona. This applied to compound bursts of type II 

and III combined which indicated a common explosion '"hich ejected 

fast and slow particles. 

The presence of harmonic pairs in type III radiation appears 

to provide the natural interpretation of double-J:rumped bursts. A 

time profile on a typical record has similar characteristics to the 
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profiles obtained on single frequencies by Shuter (2§) and the author. 

All the above vrork by Payne-Scott, Little, Hild, l•Iurray, Rowe 

and Roberts provides incontestable evidence of the importance of mov-

ing source models for types II and III burst production. 

Smerd ( 1955) (2.2) discussed the various results of Hild et al, 

interpreting the observed harmonic structure in terms of non~linear 

longitudinal plasma oscillations, and concluded that higher harmonics 

shou.ld be possible. 

Kruse, Iv1arshall and Platt (1956) (60) arguing in favour of 

radiation produced by gyro electrons rotating in a magnetic field 

(at the gyro-frequency fH) i.e. a lisyncbrotron11 mechanism, to explain 

high intensity radiation, particularly harmonics (dismissed by earlier 

>lorkers), showed that such radiation can, under certain conditions of 

magnetic field, escape the solar atmosphere in either or both the 0 

and E modes . Assuming an expression due to Schwinger (1949) (61) 

for the power radiated into the harmonics of the gyro-frequency fH 

(Eqn.P8), they calculated the flux densities which might be expected, 

taking into account the r espective absorption of the harmonic bands. 

The results obtained were only in good agreement 'I.-lith e:f.:!.1eriment pro-

vided a value of electron velocity was used which was (a ) greater 

than that consistent \vith the absence of a Jrd harmonic, (b) greater 

than that corresponding to kinetic temperatures of 10
4 

°K prevailing 

above the sunspots out of which the non-relativistic electrons were 

thought to spiral along the magnetic lines of force, (c) less than 

that consistent .vith the observed ratios of peak intensities for the 
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first and second harmonics. 

It seems lDcely that this model might be the correct ona 

for those type III bursts which were found by Komesaroff (~) to ex­

hibit elliptical polarization; vrhich is, in general, to be expect­

ed from synchrotron radiation in an inclined magnetic field (PavJsey 

and Bracewell (1955) (62)). It may be shown subsequently that what 

has hitherto been known as type III radiation i s in reality two dis­

tinct types with only superficially similar characteristics . 

The author, however, feels that most of the observed feat ­

ures, particularly frequency drift, are more easily explained in 

terms of plasma oscillations excited at successive levels, rather 

than being due to gyro-electrons moving into regions of different 

magnetic intensity, as the solar fields are not predictable (near 

sunspots particularly) and the bursts would tend to be more incon­

sistent than is generally observed. 

vJestfold (1957) (£..2) in discuss ing the different order of 

source velocities for t ype II and III bursts suggests that acoustic 

shock waves might be responsible for excitation of oscillations, the 

high velocities in the latter case being effected by magnetic fields 

of the order of a few hundred oersted, giving a magnetohydrodynamic 

component. He consider s the model of a stream of particles (auroral 

or corpuscular) preceded by s hock-wavefront, and shoos that the re­

sults are similar to those obtained by Jaeger and Westfold in their 

previous theory of transients. (~). 

Christiansen, Warburton and Davies (1957) (~) in s tudying 
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the distribution of radio brightness across the solar disc at deci­

meter wavelengths, attributed the slovr variations in the background 

radiation to sources vrhich were associated -.,Jith long-lived bright 

areas in the photosphere where coronal temperatures prevailed. 

Using a 32-element interferometer they found that the sources vrere 

in general about 22,000 km above these 11 plages facularies 11 • From 

the fact that the intensity of radiation from any individual source 

was found to fall off almost exactly according to a cosine relation­

ship t~1ard the solar limb, it was assumed that the source took the 

form of a thin sheet lying parallel to the photosphere. Significant 

correlation between the emission of X- r ay and ultra- violet radiation 

and these ac t i ve areas was also found, and i t seems very probable 

that all these phenomena are inter-related, and i n fact are manifes­

tations of a single disturbed source emitt ing thermally over the 

entire spectrum. The apparent differences in position of r adio and 

visible sources may be in part due to dispersive refraction of the 

v~arious components by the solar atmosphere. Sunspots , flares and 

other sporadic events ar e associated with, and occur during tho life­

time of a plage; and can thus still be r esponsible for the more in­

tense shortlived burst of r adio noise. 

Swarup and Parthasarathy (1958) (65 ) carried out similar 

investigations at a lower frequency, observing more r apid fluctua­

tions in radio brightness than was consistent with purely thermal 

mechanisms of origin. They also calculated considerably higher 

temperatures f rom radio than from optical observat ions, which they 
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took as further evidence that the slowly varying component was at 

least partly non-thermal in origin. 

The r esults of swept-frequency observations byWild and 

Sheridan (1958) (£§) using an interferometer over the range 40-70 

Mb/s indicate that the source size increases with decreasing fre­

quency, suggesting a cone-shaped emi tting region in the corona, 

the diameter increasing with height. 

The r everse-drift pairs described by Roberts (1958) (16) 

have already been mentioned. It is difficult to reconcile the 

observed characteristics of these bursts with accepted mechanisms 

for type III burst production, although they are obviously related. 

The second elements are thought to be echoes of the first -vrhich 

occur high in the corona at the second harmonic of the plasma fre­

quency. The time delays expected are of the right order, but the 

relative intensi ties do not always conform. The positive drift-

rate is thought to be due to either inward moving sources; or out­

ward moving sources responsible for the usual type III burst en­

countering irregularities of 11 hills 11 of electron density in the 

corona. Further study of the relationship between these and type 

III events is desirable before either of these postulates can be 

definitely favoured. 

Komesaroff (1958) (~) in hi s polarization determinations 

showed that type I radiation showed the usual strong tendency to 

circular polarization, but his results for type II were inconclu­

sive. An exhaustive study of type III bursts revealed the signi-



ficant fact that those bursts which exhibited harmonic structure 

were invariably polarized. This supports the author's contention 

that there could be a division of type III phenomena into at least 

two sub-sections. (See discussion on synchrotron radiation a few 

pages back). Wild (1957) (67) however, attributes polarization 

of some type III bursts to terrestrial effects (propagation through 

ionosphere) as these Here observed either early in the morning or 

late in the evening. 

Roberts ( 1959) (68) carried out further extensive investi-

gations on type II radiation, and found that there was a closer 

association with type III than was previously thought, combinations 

of the two types being common. There appeared also to be some 

cause to suppose that this radiation is indistinguishable from the 

special drifting type I described byvlild (1957) (.§2). Drift rates 

and hence derived source velocities were found to be of the same 

order as hitherto expected. The drift rate was found in fact to 

vary with frequency approximately according to a reJation of the 

form 

(P14) 

Again harmonic structure v1as observed to be common, although there 

was still no evidence of harmonics higher than the second. (See 

Smerd ( 1955) (,22)). The relationship between position of source 

on the disc, and harmonic ratio did not altogether support the 
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theory of Wild, Murray and Rowe (.2£, ,21) but confirmed tba t in gener­

al the ratio vias less than 2 : 1. Association with flares \Jas con­

siderably more for very large flares (> 3) but in any case only a 

small percentage of flares had accompanying bursts. Band s litting 

of the type noted by vlild et al (1954) (.2£, .21) is discussed, and 

various interpretations revi ewed. None is entirely satisfactory, 

although it seems that a magnetic effect of some s ort i s responsible, 

rather than mere simultaneous emission at adjacent frequencies due 

to tvJo different distur'l:a.nces. The author further supports this 

attitude by considering two points . ~irstly, the relative intensi­

ties of the elements would hardly be likely to be similar (as observ­

ed) on the latter hypothesis; and secondly, on this theory there 

could easily be splitting into more than two el ements due to a suc­

cession of disturbances . As yet no such multiple splitting has been 

noted. 

Shane and Higgins (1959) (£2) using an interferometer at 

19 M.c/s s howed that the radio sources at this frequency ·Here much 

higher in the corona above the corresponding optical centres than 

the normal plasma level, and even higher than the 9.5 Mc/s level, 

if one supposes that the second harmonic was observed. This was 

attributed to "coronal streamers 11 , presumably emanating from the 

active regions, of higher electron density than attains in ·C.he normal 

corona. More observations of this kind at higher frequencies would 

be useful, as these streamers might only affect the homogeneity of 

electron distribution appreciably at the higher levels. 
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Wild, Sheridan and Neyland ( 1959) (g.2) in a new investiga-

tion of type III source velocities, using simultaneous interfero­

metric observations on several frequencies betv1een 40 and 70 h c/s 

showed evidence supporting the idea of areas of increased electron 

density- i.e. streamers. The velocities they measured vrere far 

greater than those obtained previously from dynamic spectra records, 

the average value being about half the velocity of light. The re-

cently observed type V continuum, which is often associated with 

type III radiation is discussed in the light of these high veloci-

+· 
u~es. The close association between combined type III - V events 

and flares (See previous chapter) led to the postulation of streams 

of relativistic electrons spiralling outward along magnetic lines of 

force from the disturbed centre, giving rise to plasma oscillations 

resulting in type III radiation in the usual way; while the spiral-

ling electrons themselves emit synchrotron radiat ion responsible for 

the type V burst. The fact that the isolated burst precedes the 

continuum which arrives at a lower frequency suggests to the author 

trat the synchrotron radiation might be unable to escape from the 

lower corona, so that it is only received when the electrons have 

been transported further out. The duration of this burst type could 

be explained in terms of anomalies in the magnetic field vrhich trap 

the electrons which would otherwise pass out of the solar atmosphere 

in a few seconds. This idea also supplies an explanation of the in-

verted U bursts described by Maxwell and Swarup (]j). It is thought 

that electrons following the magnetic field configuration can be 
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guided back into the sun giving the positive frequency drift limb 

characteristic of these bursts. The radiation here would then be 

oscillatory in nature, and not synchrotron as suggested by Shuter 

~) . Again conclusive polarization determinations could decide 

this point . The characteristics of this spectral type and its re­

lationship with em. radiation and chromospheric flares are discussed 

by Neylan ( 1959) ( 14) who supports in general the above hypotheses. 

The other new spectral type IV is described by McLean (1959) 

(]J), and the close association with other phenomena has led to the 

postulation of a common cloud of gas from a flare being r esponsible 

for all the events . Although type IV has been described as smooth 

type I radiation it is apparent that the two are quite independent. 

A synchrotron origin is suggested - due to electrons in the exp:tnd­

ing gas cloud being trapped by 11 frozen-in11 magnetic fields. The 

comparatively slow corpuscular stream would be responsible for the 

geomagnetic storms almost invariab~ observed a few days after a 

type IV burst. It is clear that on this model the relationship be­

tween these and type II bursts is merely the counterpart of the type 

III - V association discussed above, where the velocities involved 

here are of a much lower order (non-relativistic), explaining the 

longer duration, and slower drift-rates of type II - IV events. 

The work of various workers in 1960 on the correlation of 

the ne\v types IV and V radiations with optical observations and in­

cidence of cosmic r ays has already been mentioned . (Previous cmp­

ter). 
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Rabben (1960) (JZ) made some interesting comparisons between 

type III bursts and associ ated optical phenomena (q.v.). 

Boischot, Lee and Warwick (1960) (70) examined type III rad­

iation in the low frequency range 15 - 38 [.;c/ s , and found, as might 

be expected, that the bursts had a longer lifetime, and showed a 

slower drift than their counterparts at metre wavelengths. They ob­

served also steady continuum noise sources lasting for a few days at 

these frequencies. 

The previous pages represent a short survey of the present 

knowledge of solar radio astronomy. As will be seen, the last few 

years have not resulted in much change in the fundamental notions 

propounded about ten years ago. The plasma theories seem in general, 

to the author at any rate, to be more tenable than gyro or synchrotron 

models, as mechanisms of burst production. The author vTished to pur-

sue the question of optical correlations further , with particular 

emphasis on the comparison of the relative intensities of the assoc­

iated phenomena. For this purpose the 300 l'"c/s receiver described 

in the follm,Ting chapter was used. 
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CHAPTER THREE. 

THE EQUIPMENT. 

The apparatus used for the measurement of solar radio noise 

at a frequency of 300 i:c/s consisted essentially of:-

(a) Antenna system. 

(b) Antenna drive. 

(c) 300 Ac/ s preamplifier. 

(d) 30 ~·~c/ s I .F • amplifier. 

(e) D.C. amplifier. 

(f) C .R.T. display. 

(g) Photographic recording equipment. 

(h) Noise diode . 

(i) Power supplies and regulators. 

The radio frequency signals incident upon the antenna array 

were amplified by the various stages and eventually obtained as var­

iations of D.C. potential which were used to deflect a spot vertica­

lly on the C .R .T. screen. The movement 111as recorded on film moving 

continuously in the horizontal direction giving ef fectively an inten­

sity vs. time graph of the incoming signal. 

The equipment for the most part was housed in the radio 

astronomy 11 shack11 situated at Rhodes University, Grahamstown; geo­

graphica l coordinates 33°18 13911 S, 26°31 10811 E. The antenna was 

mounted on a windmill tower (next to the sback)which also housed the 
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first preamplifier stage (c). See Plate I. 

l~) The Antenna System consisted of an array of 18 half-wave centre­

fed dipoles arranged and connected together with 300 ohm plastic u~in­

feeder tape as shown in Fig.L. The dipoles were held in polystyrene 

insulators mounted upon a wooden frame backed by a copper wire screen 

about 911 behind the dipoles. At the final junction, the twin-feeder 

lines were connected to a simple balun transforming from 100 ohm bal­

anced line (3 x 300 ohm in parallel) to 50 ohm unl::alanced coa.-"'Cial line, 

which carried the signal to the preamplifier. 

Construction and testing of array. The main supporting frame was 

constructed from light yet strong Phillipine Mahogany beams held 

rigid by a smaller rectangular angle-iron frame attached to the drive 

supports. LengthG of copper wire were stretched across the frame 

parallel to the dipoles, a few inches apart, to provide a ground 

screen for the "back" of the array. The dipole-holders \-Tere short 

lengths of wood bolted onto the frame so that they projected verti­

cally. The insulators at the end of these struts consisted merely 

of small blocks of polystyrene with holes drilled through to accom­

modate the dipoles, which were lengths of tubing about %11 in diameter 

and a little less than 48 ems. long. (This being the empirical 

value of the half-wavelength of a 300 : ~c/s oscillation on such a line). 

They were initially polished to remove poorly conducting oxide layer, 

and coated with a varnish of satisfactory dielectric properties so 

as to minimise propagation losses. 
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In the initial construction the dipoles were connected to­

gether with parallel transmission lines of heavy gauge copper wire 

spaced by insulators to give the required characteristi c impedance 

of 300 ohms in air. This, however, was found to be clumsy and 

difficult to work with, and was later replaced by the far more con­

venient twin- feeder tape. The preliminary adjustments were made 

on the ground, using the array supported against the side of a build­

ing as a transmitting antenna, and measuring the field-strength at 

a distance of about 10 wavelengths. \-lith only one 11 sextuplet11 array 

com1ected, the spacing between the dipoles and the backing screen 

was adjusted by moving the holders to give maximum output. This 

was not found to be critical. Matching stubs for the leads connect­

ing each of the sextuplets to the balun were calculated from standing 

wave measurements, and attached at the end nearest the respective 

arrays. Ideal~ each individual dipole should have been matched to 

the line, but time did not permit of such a procedure. Each section 

of the array ·Has tested separately and then together, fine alterations 

to the stubs being made to give the best horizontal polar diagram that 

could be measured on the ground using a field-strength meter. 

Final adjustments to the matching could not be effected un­

til the array was mou.nted upon the tower, acting as a receiving an­

tenna, after the testing of the rest of the equipment had been com­

pleted. A 5-watt balanced oscillator transmitting through a fold­

ed dipole was placed about a mile away from the receiver, and the 

antenna orientated to give a maximum reading on a meter connected 
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to the D.c. output. Stub adjustments were made to iwrease this 

to an optimum value. Polar diagrams of the antenna pattern were 

then obtained by ( i) sweeping the array about a vertical axis to 

give the horizontal pattern, and (ii) turning the array to face 

the oscillator and sweeping about a horizontal axis to give the 

vertical plot . The gain of the antenna was compared with that 

of a single dipole, similarly matched to the receiver input, placed 

just in front of the array. 

The balun transformer used was constructed from the design 

by Roberts (1957) (]1), after an original version built by G. L. Ver­

schuur had been found to be unwieldy and unsatisfactory for use vrith 

the equipment. The principal features of this balun were its sim-

plicity of design, compactness and broadband characteristics. It 

consisted essentially of two lengths of 50 ohm coaxial cable placed 

side by s ide, the outer conductors forming a balanced transmission 

line , r..,l' '1r"G8d ~.t on!J end as shmrn i n Fig .f.! and connected to the twin-

feeder tape at points D and D' while one length of coaxial cable 

carried on to form the unbalanced conductor. The dimensions were 

such that the conducting lengths on the shorter arm and on the outer 

}:l8.rallel conductors were both i wavelength. As wavelength is 

shorter on the former, it was severed by drilling a hole through at 

the appropriate place. 

It is shown that for a balun of this type, the impedance 

looking i nto the longer length of coaxial cable at D 1 is given by 

the expression 
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+ j cot (} (R sin28 - S) (Pl5) 

where R = characteristic impedance of the transmission line formed 

by the outers (DD 1 ). 

S = characteristic impedance of coaxial cable forming the arms 

of the balun. 

8 = electrical lengths of the lines. 

The reactance for this is zero for cot 8 = 0 and sin2 
6 = S/R. The 

2 
roots of sin 0 = S/R, (} 1 and e 2, give values of (} at which a perfect 

match is obtainec~, i.e. 1vhere Z = S; while the solution of cot u = 0 

( (} = ·;r /2) gives the centre of the band. 

For our purposes the broadband characteristics were not re-

quired, and the balun was constructed to conform with a point of per-

feet match. The physical spacing between the outer conductors was 

adjusted to give a 100 ohm impedance to match into the three 300 ohms 

balanced lines connected in parallel across DD 1 • 

In this case we have S = 50 ohm, R = 100 ohm • • 

sin2o = S/R = 50/100 ••• 0 = 45° or 135°, i.e. length of coaxial 

line forming balun = t or i wavelengths. For convenience the balun 

was made to conform with the i- wavelength specification. 

Fig.N. shows the vertical and horizontal polar diagrams of 

the matched array, obtained by plotting D.C. output vs. angular posi-

tion of the antenna. From this the beamwidth, directive gain and 

effective area of the antenna were determined. 

Beamwidth is measured directly be~veen half power point s on 
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the diagram. 

Directive Gain is given by 

g = Pmrer absorbed in direction of maximum gain 
Mean power absorbed over all orientations. 

which, ~~ the theorem of reciprocity, assuming equal power to be 

fed into the antenna and an isotropic radiator 

= Power radiated in direction of maximum gain from 
anten.na 

Power radiated in any direction from an isotropic 
radiator. 

As the t\.fO polar diagrams are symmetrical, and of comparable 

beamwidths, we can assume that the diagram is symmetrical about the 

axis of maximum gain in all directions. 

From this the flux density in any particular direction 

specified by the angle e (this thus defines a cone), is proportional 

to 
2 

iQll_ 
l20 7T 

where 120 1T is the permittivity of free 

space. The flux through the annulus 

formed by the angular increment 6 e, on 

a sphere of radius r, will then be pro-

portiona 1 to 

(OA)
2 

x (21T r sin fJ ) (r t:::.e ) 
120 '7f 
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The total flux in all directions vrill thus be given by 

= 
:----, 2 
\ (OA) sin e 
I 

where K is some constant depending on the units of the diagram. 

Similarly for an isotropic radiator (having a spherical 

polar diagram, radius OB,) the total flux in all directions is given 

by 

Since we know F =F . , we can get an expression for OB 
a J. 

\' 2 > (OA) sin e 
I 

From our definition of directive gain above, vle get 

~__!llig 
= 6 (J'L,QA 2 sin 0 

(Pl6) 

The v~lues of OA corresponding to many different values of 

fJ separated by a small but finite constant angular interval .6. () are 

measured from the diagram and Pl6 used to obtain g which may be ex-

pressed in decibels from the relation 

G(db) = 10 log1~ 

Effective Area (A) is related to the directive gain by the expression 
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where 1\ is the operative wavelength. 

From the above considerations we obtain the antanna para-

meters as follows :-

Average beamwidth 

g 

G 

A 

{bL The Antenna Drive. 

71 

J1L5 db 

5 .65 sq.m. 

The whole dipole array is fixed to an 

al~azimuth mounting which can be rotated independently about a verti-

cal axis (controlled by the azimuth drive), and about a horizontal 

axis (controlled by the altitude drive). Both drives are activated 

by a momentary contact from the 11 time-tape machine", and each turns 

the antenna through a certain fixed angle before switching itself off. 

The frequency of activation depends on the 11 time-tapes11 which are 

lengths of 35 mm film punched at precalculated intervals and passed 

over a brass drum at a constant speed determined by a synchronous 

fractional h.p. motor. A spring loaded contact rests upon the moving 

film, and makes an almost instantaneous contact with the drum through 

a punched hole, initiating a cycle of the drive. Plate II shows this 

"time-tape machine11 with tapes for both the antenna drives. 

Azimuth Drive . The circuitry for this is shown in Fig.O. 

When contact is made at A, the relay B causes the mercury switch to 

close, and the drive motor to operate . The holding circuit vlill keep 
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the relay closed after contact at A has been broken by the passage 

o£ the time-tape . The motor operates through a gear rati o 150 : 1, 

and the slm1 shaft executes one revolution before momentarily break-

ing contact at C~ causing the relay to be released, stopping the 

motor, ready for the next activation. A reciprocating arm on the 

slow shaft turns a 19 toothed ratchet wheel through 1 tooth during 

the cycle. This wheel acts directly through a further 150 : 1 gear 

onto the vertical azimuth drive sha£t . Thus at ever y contact on 

the time-machine the antenna is moved through a horizontal angle 

given by 
0 

360 
150 X 19 = 

Altitude Drive . 

0 
. 126 • 

Fig.P. shows this drive circuitry. Mo-

mentar y contact at A closes relay B which holds itsel£ and sets mot-

or running as before . The drive is connected to the antenna supports 

directl y through two 150 : 1 gears in series, the intermediate shaft 

S rotating once per contact . The contact C can in this case be 

initially either open or closed. If C is open, the 10 fJ- F condenser 

is charged from the rectifier circuit . When contact is made after 

the shaft S has completed one revolution, the condenser is dischar ged 

rapidly through relay D, causing the points to open momentarily r e-

leasing relay B, stopping the motor as before . I £ C is initially 

held closed by the cam on sba£t s, the condenser r emains unchanged, 

bu t the time of revolution of S enables it to attain a full char ge 

so that when C is once again closed by the cam the relay D is acti-

vated just as be£ore. After the cycle, C i s either opan or closed 
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depending on the posi t ion of the cam when S comes to rest. Each 

activation in this case causes the antenna to be rotated in the 
0 

vertical plane through an angle given by i~g = 2.4°. 

From the concurrent operation of t hese two drive:J at times 

determined by the t ime-tape spacings, the a ntenna can be made to 

follow the solar celestial path over a day to within a fe'v degrees, 

which are easily accommodated by the bea~vidth. Errors are princi-

pally due to t he fact that the time tapes have to be changed at in-

tervals during the year, and ideally any tape will only be accurate 

far one day in the middle of the period over which it is used. It 

was f ound sufficiently accurate to change the tapes every 6 weeks . 

Calculation of Time Taws. 

From astronomical formulae given by Godfray (1894) (72), 

the sun's azimuth A, is given by two relationships: 

( 1) cot A 

and (2) cos A 

= tan 6' cos ¢ sin :/? 

sinh 

= sin 6' - cos a sin 2 
sin a cos ¢ 

where A = azimuth of sun measured from South. 

h = 11Hour angleil of sun 

cos h 

= 15t where t = number of hours after midnight. 

rb latitude of observation ( = 33 °19 1 ) • 
f 

(Pl8) 

(Pl9) 

6' declination, which is taken as positive in summer, and 
negative in winter . 

a = zenith distance of the sun = 90° -Altitude. 

The first (Pl8) gives the variation of azimuth vrith time 
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for any part of the year specified by 6' • Thus by plotting values 

of A against h for various values of 6' , a set of curves is obtained, 

from which a series of azimuth time tapes can be made, time being 

easily translated into distance along the tape . In this case the 

times corresponding to 5° intervals on the azimuth axis \Jere read off, 

and the corresponding tape spacings divided into 40 equal parts, thus 
0 

effectively dividing the time-tape into t intervals. Over the daily 

running period of about 8 hours this is not significantly different 

from the .126° intervals calculated from the azimuth drive gearing. 

Using Pl9, a set of A vs Altitude curves can be dravrn in the 

same way. vlith this and the above graph, curves of Altitude vs Time 

for various 6' are plotted, which are used for the altitu.de time-tapes. 

Here the times corresponding to the exact 2.4° intervals given by one 

cycle of the altitude drive were read off, determining the positions 

of the punch holes as before. 

C~l _ _ )OO ~-lc/s Preamplifier consisted of one 300 M.c/ s amplification 

stage, local oscillator and mixer, and 3 stages of I.F. amplification. 

(30 Kc/s) . Because of high propagation losses at 300 !_c/s the pre-

amplifier was mounted in a special housing on the windmill tower, the 

I.F. signal being carried across to the shack along a thin coaxial 

line. 

The construction of a satisfactory preamplifier occasioned 

much trouble and it was principally this which held up operation of 

the equipment. 
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Mk.I consisted of one R.F. cascode stage, first detector and 3 I.F. 

stages stagger-tuned around 30 }i~/s (See I.F . amp. l ater). It was 

found, hmrever, that inherent capacitances prevented the tuned cir­

cuit from resonating above about 220 Mc/s . 

Mk . II employed a tuned line anode load for the 300 H~/ s stage, with 

a crystal mixer. The oscillator frequency was controlled by a cry­

stal ground to a frequency of 9.165 Mc/s which was doubled, t rebled 

twice, and doubled again to give 330 r.:c/ s. The I.F. stages were 

essentially the same as in Mk.I . The R.F. section appeared to work 

satisfactorily, and was consequently used as the basis for later 

models. The oscillator signal was, however, very weak and for this 

reason the oscillator had to be abandoned. 

Mk.III In this version, R.F., mixer, and oscillator tuning were all 

effected by means of plungers in cylindrical coaxial lines. Insecure 

contacts with the plungers led to instability. 

Mk.IV may be considered to be the prototype of the final successful 

amplifier, and consisted of an R.F. stage and mixer stage taken from 

the discarded Mk. II version, built onto a wooden frame vrhich also con­

tained the remains of the Mk.III whose local oscillator and I.F. stages 

were used. This was an inherently unsatisfactory arrangement, and 

was unreliable. 

Mk.V shown i n Plate III incorporated all t he features of the Mk.IV 

built onto one solid brass chassis; except that the plunger oscilla­

tor was replaced by a 165 1-b/ s oscillator and doubler circuit with 

tuned line plate load. This amplifier proved to be satisfactory, 
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and was installed permanently on the windmill tower. 

Fig.Q. gives the circuit diagram of the amplifier, the out-

put of the final I.F. stage being transformer matched into 90 ohm 

coaxial cable which carried the signal to the I.F. amplifier proper 

(next section). The final amplifier had a gain of 40 db. and a 

bandwidth of 1 He/ s • 

(d) 20 mc/s I.F. Amplifier. The design of t he original flat-

staggered triple was based on the curves given by Volley & Hallman 

(.72). A staggered triple consists of 3 stages, one tuning at the 

required frequency, and the other two at predetermined frequencies 

on either side of this central frequency. When correctly balanced 

these s hould give a broad, flat-topped resultant response curve. 

This high bandwidth is necessary to allow for fluctuations in the 

local oscillator frequency, which might cause the input to the I.F. 

to shift appreciably from 30~ic/s. The triple for the preamplifier 

was des igned along similar lines, so that both had to be taken into 

account in determining the resultant bandwidth and gain. 

Theory gives us the following relationship for m flat stag-

gered triples: 

where G:. = lJ 

1 
6 

1.06 tJm 
tot.:,l gain. 

X 
2 '?!" c 

Bt = r es1.1ltant b:tndFidt h . 

g;,l = t.ransc ond'llC tanc e of the tubes 
,., = tote.l interstage capa.city. v 

(P20) 

used. 
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The value of Bt for m triples is given by 

1 
6 

1.06 rJm 
X B. 

where B = bandwidth of one triple. 

(P21) 

For each individual triple the required value of B is used 

with the curves given by Volley & v.Jallman to determine the other 

characteristics of the triple. These curves are plots of two var-

iables ex and d against a function 6' given by 

= 1L 
fo 

where f
0 

= central frequency of the band . 

(P22) 

"Stagger factor11 - ex determines the amount by '..rhich the staggered 

stages must be detuned from the band centre in order to obtain the 

required bandwidth. 

11Dissipation factor 11 - d determines the individual bandwidth of each 

stage. 

For a predetermined value of 6' (from P22), the values of 

ex and d may be found from the curves ; the tuned frequencies of the 

3 stages are then given by fc/ex , f 0 , f 0 ex • The respective band-

l-Tidths corresponding to these are f
0
d/ ex, B, f

0 
ex d. 

The bandwidth of each stage is determined theoretically by 

the value of the damping resistance in the plate circuit given by 

R = 1 (P23) 
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where Bs = required bandwidths of stage concerned. 

It was originally intended to operate the I .F . stages with 

an overall ba.ndt.Tidth of 5 he/ s. From P21 this gives a value of 

B = 6 i.,ic/s for each triple , corresponding to a value of o = .2. 

From the Volley and 1r1allman graphs the stages had to be tuned to 

27.8, 30, 32.4 Ec/s \..rith bandwidths 2. 78, 6, 3.24 Me/ s respectively. 

The stages were tuned using tn coil formers with fine slug 

adjustment. All coils were wound to tune at the bandcentre with t 

slug penetration; t b; staggered frequencies were then obtained by 

adjustments of slug positions. Empirically it \..ras found that 16 

turns on the -f' c ore gave resonance at 30 Nc/ s. The values of R 

are given by theory as 3817 ohms, 1768 ohms, and 3273 ohms ; .L'he 

final values actually used, ho1.1ever, were 3300 nh:;1s for the stagger­

ed stages and 2700 ohms for the central stage. 

Several modifications to this amplifier as described had to 

be made before its final instalment. In practice it was f ound that 

the value of C (See P20) vas inherently large due to the construction 

of the amplifier, so that in order to achieve the desired bandwidth, 

the gain had to be seriously dropped. The amplifier was completely 

rebuilt in order to correct this, and to Lmprove stability, by connect-

ing the tube filaments in parallel instead of series. The 1..riring 

capacitances were, however, found to be still too large, so the stag­

gered stages were brought closer to the central frequency and the 

amplifier "\oTas put into operation with B = 2 : ~c/s, and a gain of 50 db. 

When it was found that the gain of the whole receiver was too 
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low, (presumably due to dissipation in the long leads) , it was 

decided to add a further broad-band, single JO .~/s stage to the 

I.F. line . This was done, and found to boost the gain suffic ient-

ly. The I.F. amplifier in this final form is shown jn Fig.R (cir­

cuit), and Plate IV. Also included as a part of this unit vras the 

second detector using half a twin diode (the other half was intend­

ed to be used in an A.V.C. circuit, but this did not materialize) 

with the output arranged to be negative, so that the small constant 

D.C. voltage that always appears across the detector with no input 

signal could be neutralized or 11 bucked out11 by a positive voltage 

in the in~ut stage of the following D.C. amplifier. Arrangement 

was made to monitor the output signals of the I.F. amplifier using 

a cathode follower stage as shown in Fig.R. Provision was also 

made to check the operation of the stages periodically by reading 

the voltage across small known resistances in the plate circuits. 

The I.F. amplifier as shown here had a gain of 60 db, and a band­

width of 1~5 Ec/ s. 

C-.::e:..~.)_...;D-..;.=C • Amplifier (Plate V) . The design of this amplifier, 

shown in Fig.S., is a slight modification of that used by the Cor­

nell Sol ar Noise Observatory in the U.S .A., and is basically the 

same as that used for the 125 1·:c/s radio telescope built at Rhodes 

in 1957 (Shuter (2.§)). Here, before the first difference stage 

is an attenuator giving ratios of 1, t, ~5, and l/10 of the input 

signal, and a low ps.ss filter to cut out the um.Janted high frequency 
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fluctuations which would cause the C .R .T. spot to be recorded as a 

blur. 

With no input signal, the cathodes of the final pair should 

be at the same potential (or 11 output level"). To achieve this 

initial "balance", the various potentiometers controlling the balanc-

ing and the output levels of the successive pairs are adjusted as 

follmts: 

( i) Switches 1B 1 , 'E 1 and 1H1 are turned to "Adjust". 

(ii) Potentiometer 'A' is set for balance at output. 

(iii) Switch 'B' set to 11 0perate11
• 

(iv) Potentiometer 1C' is set for balance at output. 

(v) Output level is set approximately with potentiometer 1D1 • 

(vi) Switch 1E r set to 11 0perate11 • 

(vii) Potentiometer 1F 1 used to set output level exactly. 

(viii) Potentiometers 1G' are adjusted (Coarse and fine) far 
balance at output. 

(ix) Attenuator and filter switched to desired settings. 

(x) Switch 'H' set to "Operate". 

(xi) "Buckout" control adjusted for fina 1 te lance. 

The 11 buckout" merely taps off a small proportion of the posi-

tive H.T. voltage, which is effectively applied across the input of 

the amplifier, off-setting the steady negative "noise-voltage" appear-

ing across the I.F. detector lead. The vThole ::receiver is now h:1l.::.nced, 

brineing the C .~ . T. spot into the middle of the screen. .:,n in-

coming signal causes the spot to move upwards, so that in order to 





61. 

utilize the \-Thole screen height, it is obviously bett er to set the 

amplifier initially out of balance, giving the zero-signal position 

of the spot near the bottom of the screen. This done by simply 

readjusting potentiometers 1G1 • For operation, the spot is dis­

placed slightly from this position with the buckout control so that 

shorting the D.C. amplifier input at 1J 1 will cause the spot to drop 

to the base-level momentarily, giving the "time-pips" on the film re­

cord (Explained later in Section g). Any readjustment of the atten­

uator or filter settings, or of the gain control 'I', necessitates 

repeating the balancing operations after s t ep (vii). This amplifier 

always worked reliably,and stably for voltage gains up to about 45 db 

operating with the final cathodes at about 140 volts. At the maxi­

mum setting of 60 db it tended to be unpredictable in its behaviour. 

(f) C,R.T. DisplaY. The output of the D.C. amplifier was connected 

across theY plates of the C.R.T. which is shown with its regulated 

E.H.T. supply in Fig.T, R1 and R2 ar::- adjusted to balance the 140 v. 

from the D.C. amplifier. The power supply was adapted from existing 

equipment. The X plates were connected together so that variations 

in the D.C. output caused the spot to move in theY direction only • 

. Jg) Photographic Recordi.ng_Eg1.1ipment. The C .R.T. screen is photo­

graphed on 35 mm positive film moving continuously in the X direction 

at the rate of about t' per minute, with the camera set up as shown 

in Plate VI. The record obtained thus is a straight line, upon 

\..rhich bursts of solar radiation appear as intensity-time profiles. 
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Plate VII shmY's several burst-types as recorded by this apparatus. 

In order to fix the time of any event, "time- pips" or 

markers were used. Pulses from the synchronome clock housed in 

the Physics Department were made to activate a slave clock in the 

shack, and the relay 1J' on the D.C. amplifier. These pulses 

arrived every half minute causing the spot to drop momentarily to 

the base. level (balance level), giving a series of pips represent-

ing half minute intervals. The master clock ,.,as checked daily 

against time signals from station W .H .V. so that the markers were 

al,vays accurate to vJithin a fraction of a second. In addition to 

the half-minute pips, quarter hour markers were obtained by focusing 

onto the film a small 6 v. lamp which, connected through contacts in 

the slave clock, glowed for half a minute before and after the quart­

er hour mark, giving a minute ·long 1bar 1 on the record, the middle 

of 1-rhich corresponded to the quarter hour. These markers and pips 

can easily be seen on the samples of record selected for Plate VII. 

(hl_ _ __l!gise Diode Calibra~. The power generated in a noise 

diode can be used to measure the amplifier gain, and thus determine 

the flux-density of the solar radiation incident upon the antenna. 

This presupposes perfect matching into the receiver, but even if 

this condition is not fulfilled, the unit may be used to check the 

linearity of the response, and the constancy of the gain. The pro­

jects originally envisaged did not involve flux-density measurements 

as such, and no attempt at absolute calibration was made. The 
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noise diode circuit built (Fig.U.) employed a CV2398 V.H.F. tube, 

useful for relative measurements up to 500 Hc/s, working into a 

50 ohm load matching to ccaxial cable, and placed in the mast hous­

ing vrith the preamplifier. To perform a calibration the antenna 

was disconnected, and the diode output plugged into the preampli-

fier. The filament current was adjusted from the shack, the volt-

age appearing across a small monitoring resistance in series 111ith 

H.T. giving a measure of the plate current. Several values of 

diode current "~ATere used, the deflections on the screen being either 

measured on a meter across the D.C. output, or on the film as a 

series of 1bars 1 displaced different amounts from the zero level. 

If the receiver amplification is linear, the diode current should 

be directly proportional to the spot deflection, the constant of 

proportionality giving a measure of the gain. This r eceiver had 

a sufficiently linear response over the range that it was tested, 

but gain levels vrere found to vary appreciably from day to day. 

This did not affect the investigation into burst profiles for which 

these records were largely used (P .A.T. Wild) . 

(J)__ Power Supplies and Regulators. Most of the power supplies 

used were part of the existing 125 l1c/s receiver in the shack. All 

R.F •. and I.F. filaments in the 300 Hc/s receiver were, however, run 

in parallel off transistor regulated supplies constructed for the 

purpose. I t was found that series fed filaments, for which pro-

vision was already made tended to lead to instability due to the 
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formation of feedback loops. 

The regulator used (Fig.V.), based on a design by Keller 

(1£1.), cons is ted of 3 OC 16 trans is tors, each capable of giving 1. 5 

amps, supplied from a selenium rectifier co~~ected via a transform-

er to the mains supply. The output was applied to the bases, and 

was arranged to cut out immediately if the mains supply failed, as 

the resultant high voltage between base and collector would damage 

the transistors. This device was found to give satisfactory re­

gulation for mains variations of up to 15%. 

All the other supplies and regulators for H.T. and the L.T. 

supply for the D.C . amplifier i.rere already built, although some ad­

justments and modifications Here necessary. 

* * * * * * * 
It was decided, in addition to operating the 300 Me/ s equip­

ment described above, to convert the existing 125 :;.c/s receiver to 

150 Mc/s so as to obtain simultaneous records on harmonic frequencies, 

as this would undoubtedly have been very useful in investigating fur­

ther the existing hypotheses of the origin and propagation of solar 

radio noise. Satisfactory operation of this equipment was, however, 

never achieved, although the preamplifier stage was completely re­

built, so that this aspect of the project was eventually abandoned. 

The 300 Ec/s equipment i.ras put into operation in July 1959, and more 

or less continuous records taken until early in December. The 

author carried out his investigations on these 300 l·1c/s records, and 

upon an unrelated series of 125 Mc/s records obtained in 1958, which 
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had the advantage of absolute flux density calibr ations, and which 

were kindly made available by Dr. E.F. Stack-Forsyth. 

In conclusion the author wishes to state hoo the construc­

tior, of the equipment described in this chapter v1as distributed be­

tween Dr. E.F. Stack-Forsyth, P.A.T. Wild, and the author. 

E.F. Stack-Forsyth. Design and construction of preamplifier Mk.III, 

design and part construction of Mk.V. 

constructional work. 

General supervision of all 

P .f\,T. Hild. Design and construction of preamplifiers Mk.I and II, 

and H.T. and L.T. regulators (later discarded). Construction of the 

E.H.T. and C.R.O. circuits. Design and construction of transistor 

regulators and noise diode circuits . Construction of the addition-

al I .F • stage • Part constructi on and wiring of mast, part testing 

of antenna, part calculation of time-tapes. 

L.M.G. Pool~. Design and construction of I .F. and D.C. amplifiers. 

Construction of the Mk.IV preamplifier, part construction of Mk.V . 

Design of antenna drive, and extension of camera drive to accommodate 

extra camera. Design and construction of the balun transformer. 

Part calculation, and manufacture of time-tapes. Addition of an 

extra transistor to the filament regulator. Part construction of 

mast, and shack \.Jiring. Part construction and testing of antenna. 

Rebuilding of the 125 Hc/s amplifier. 
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CHAPTER FOUR. 

CORONAL PROPAGATION AT 125 MC/S. 

The reasons for the author's use of the 125 Lc/s records 

for quantitative analysis as opposed to his own 300 i£/s records are 

two-fold:-

(a) The lack of absolute intensity calibrations 
on the author's receiver . (See Chapter 3(h)). 

(b) The treatment given below applies only in the 
coronal regions, and even then can only be re­
garded as approximate, as magnetic field and 
coronal assymetry are neglected. The base of 
the corona, given by p = 1 in the Baumbach­
Allen formula corresponds to a plasma frequency 
of only 175 MC/s, and the extension of the suc­
ceeding consideration to the chromospheric 300 
Mo/s level will be complex, and subject to even 
greater inaccuracies. 

Briefly, the project involves the location of a burst source 

in the corona, and correction of the observed intensity for absorption 

during propagation. Comparison is then made with the flares '-lith · 

vrhich the bursts are thought to be associated. Again the interest 

in this result is two-fold:-

(a) The possibility that there may be some linear (or other) 

relationship be~~een radio intensity, and flare importance can be in-

vestiga ted. It would be useful to compare other factors such as area 

and H a intensity anQ/or line-width with radio intensities, but un-

fortunately such data over the period in question are not yet avail-

able to the author. 
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(b) If a definite relationship does exist, any bearing it 

has on the position of the source on the disc \.Jill be an indication 

of the way in which the intensity of the received frequency varies 

1-1ith the distance of the source from the plasma level of the fre­

quency, as the received signal will arise from a higher level the 

greater the displacement toward the solar limb according to Smerd 1s 

equation P13. Supposing a linear plot ·Has established in (a); 

then one might expect the slope to vary viith source angle in a way 

1..rhich depended on the above variation. 

The intensity of a given frequency radiated from a certain 

plasma level depends on the shape of the instantaneous bandwidth 

profile of the generated radiation. Jaeger and Westfold (~) sug­

gested an inverse second or fourth power relationship; Shuter (~) 

measured anything between an inverse 7th and an inverse 20th power 

fall off on dynami c spectra of isolated bursts. 

The position of a source in the corona can be determined by 

observation of the coordinates of the associated flare, and hence 

the corresponding r ay trajectory found . The absorption integral 

over this path may then be f ound, and the effect of absorption on 

the r eceived intensity quantitatively estimated. 

Most of the following treatment is based on calculations 

on ray trajectories by Jaeger and vJestfold ( 1950) (j[j.) outlined pre­

viously. Four graphs labelled I, II, III and IV (obtained as describ­

ed later), will be referred to: 

Gra.E!:!_! : Polar plot of p (as defined in P2) vs (} (from P13) for 
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various values of 11 a 11 (from P9). 

GraDh II : Plot of rr (from Pll) vs p for various values of ll all • 

Qraph III : A diagram giving directly the value of @ corresponding 

to any set of heliographic coordinates on the sun's surface. 

GraDh IV Plot of GJ vs e T • 

From visual records the coordinates of the associated flare 

on the solar disc are determined, and using Graph III, the corres-

pending source angle can be found. It will be assumed that the dis-

turbance producing the burst is moving radially outwards, and that at 

the time of commencement of the burst the semi-angle of the cone of 

escape will be equal to the source angle. 

From Smerd's approximate (unpublished) formula we have that 

the critical escape frequency fc, and plasma frequency at the level 

of origin f
0 

and the source angle 8 are related by the expression 

fo sec (0.87 e) (See PD) 

At the onset of a burst f will be the frequency at which we are re­
c 

ceiving the radiation, thus from PlJ the value of f
0 

may be determined. 

This is used to find the height of the radio source in the corona in 

terms of p via the Tonks-La.ngnruir expression for natural plasma fre­

quency (P5, giving N), and the Baumbach-Allen formula (P2) giving p . 

VIe now have, for any particular burst the value of {) (from 

Graph III), and p This enables us to plot the position of the 

source in the corona on Graph I, and hence to ascertain the tra ject-

ory followed by the radiation. The characteristic value of "all, 
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corresponding to this ray path is then used with the value of p (de­

termined above) on Graph II to find the value of r , the optical 

depth for any particular burst. The apparent intensity of the rad-

iation (as received outside the corona) i s then related to the gener-

ated intensity by the expression 

- T 
I = I e 0 

where I = received intensity. 

I 0 = intensity without absorption. 

r = optical depth. 

(P24) 

It wa s found, however, that on plotting p vs a on Graph I, the ·points 

of origin of the bursts all lay along the locus of the turning points 

of the ray trajectories for 0 < 80°, which suggested that Smerd de-

rived Pl3 using this locus. It was therefore assumed that the locus 

represented the tryg points of burst commencement over the whole range 

0 < (} < 90°. This meant that for any burst when first observed 

(i.e. before the source had moved further out into the corona) the 

radiation would undergo abs orption along the full length of the tra-

jectory, so that for a particular value of "a 11
, the value ofT would 

be the maximum possible on Graph II. For any 11a", the magni tude of 

p at the turning point is known ( p a), so that a curve of p a vs 

r may be dra•m . 
max 

We now have J vs p a; p a vs r ; and it is easy to establish 

the relation r vs e 7 , thus it is possible from the available data 
T 

to dra\.J the curve of 0 vs e • (Graph Dl) • From P24, the corrected 
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intensity is given by 

T 
I 0 = Ie · 
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(P25) 

So finally for a burst with an assumed associated flare, e is ob-

tained from Graph III, and the observed intensity is then multiplied 
T 

by the 11 correction factor11 e (from Graph IV), giving the generated 

intensity of the burst. 

Derivation of Graph I, II and III. 

Graph I - p vs e for various values of 11 a 11 • 

Let f.1- be refractive index (\·lithout magnetic field) at a point P in 

Fig.W. From the application of Snell's Law to a spherically strati-

fied corona we have the result 

f.1- R sin i =Constant 

~Jhen R ~ oo , then R sin i ~ p; and also outside the corona J.i, ~ l. 

• • p = Constant 

• • f.1- R sin i = p 

vle kn0'-T R = p R0 and 

whence P26 becomes 

p = aR 
0 

J.l.P sin i = a 

• • cosec2 i = 

(P26) 

I!:_ 
2 

p 
2
- (P27) 

2 
a 2 2 

= 1 + [ dR l = 1 + [~i_e_J 
[RdO_.~ ~J 

Also \oJ'e know cosec2 i 
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= +_l_ ~a,o]. 
1 P 2 La t:J 

Comparing P27 and P28. 

• • 

1 = 1 + -­p2 

d o =~ 
p 

Integrating from P to co 

2 

r
oo d 

0 = a Q ~ :;.::=---:=-::-
; - l"l / 11 "'" -.!. ? 

(P28) 

(P29) 

(P30) 

p p \ f.L ,0 - a"' 

For convenience in calcnl c:liion -..:q introduce a new variable X = _l_ p 
1 

then dX = - p 2 d p , 
.L. 

r> -- a r;o d X (P3l) Equation P30 then becomes v 

o rz;·;z-=a.~x 2. -
'\j 

By the Lorenz theory the value of th-; variable f.L is obtained from 

Equation P6; 1-1hich for 125 rac/s gi~:as u s 

S o 

2 -11 - 1 -
6 10 

.736X (1 + 1.68X ) 

that Equati on P31 finally becomes 

1 

0 = a [ j 1 - ~7J6·X~~+ 1 .68x 10 ) - a2X 2 

(P32 ) 

(P33) 

For a given vc-tlue of "a11
, the values of 0 for various values of X 

(i.e. p ) may be fm1nd by numerical i ntegration of the function in 

P33 from p = 00 ~ p a where p a and e a are the poL.'U' coordinates 
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of the point of nearest approach of the ray to the sun, i.e. the 

turning point. 

:.J is plotted against p on polar graph paper for various 

values of 11 a;1
, to give a set of ray trajectories at 125 mc/s. 

Graph II - 7" vs p for various values of 11a 11
• 

The absorption along a trajectory from any value of R to oo 

l!'.ay be expressed in terms of the optical depth r, defined by Eqns. 

Pll and Pl2, \-Jhich after substituting for v (collision frequency) 

from P4 becomes 
00 

_J/2 
42NT 

c X 
l- p2 ds (P34) 

J.l 

'"here ds is an element of path length measured along the tra jectory. 

Again ,.,e wish to express this in terms of p and hence X . 

2 2 2 2 ( 2 2) He have ds = (Rd6 ) + dr = R
0 

( p dO) + d p 

We substitute for dQ in this expression from Eqn. P29. 

ds
2 R 2 ( 

a2 
l) 

2 = + d p 
0 2 2 2 

f.L p -a 

= R 2 g 28.2 d~-
0 p 2p 2 _ a2 

• • ds Ro P dP 
• • ds = R __!:!f!. d p 

• . 0 J.l -r-:z- 2- 2 I 2 2 2 J.l p -a 
'\ f.L p - a '\ 

Substituting in P34 

42NT-J/2 (l - y 2 ) R
0 

p d p 
c · G---;;-----2 

' ' · t:. a. 
'\}' f.L p -
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2 
(1 - Jl ) RodX 

2 . 
x / Jl2 _ a 2X2 

\: 

2 
If we substitute for N from P2; T from P3; Jl from P32; 

10 10 
R0 = 7.05 x 10 em, and C = 3 x 10 em/sec, -..1e then get 

r = 
4

"
954 t ~:::~:~o~~f2~ot~36 :t(1•1.68 xro-)_,2 ;2 

" (P35) 

By numerical integration values of r are plotted against p for 

various values of nan. 

Granh III. The solar longitude and · latitude lines are projected 

onto a plane at right angles to the sun-earth line1 and upon this 

are superimposed circles corresponding to different source angles, 

similarly projected. From this diagram the source angle corres-

ponding to any set of coordinates is readily determined. 
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CRAFTER FIVE . 

RESUL'!S AND CONCLUSIO:t5. 

(A) Quantitative Measurements at 125 Hc/s. 

The application of the treatment described in Chapter 4 to 

the 125 Hc/s records was limited in its effectiveness by the short­

comings of the "importance" scale as a measure of flare magnitude. 

The small number of steps comprising the scale allowed at best the 

observation of trends, whose reliability depended on the nebulous 

nature of the flare categories and on the intensity calibrations, 

which were at times suspect. 

Altogether about 150 daily records were examined, when it 

was found that 60 complex bursts and 23 isolated burst occurred dur­

ing the lifetime of at least one or other solar flare. Often a 

flare had more than one accompanying burst and vice versa. The maxi-

mum generated intensity of each burst was found using Graph IV as pre­

viously described, assuming to begin with that all radio sources Here 

situated on the same part of the solar disc as the accompanying flare. 

It was assumed that should any definite relationship between generated 

intensity and flare importance be found, a non-conforming result could 

be attributed to a flare coincident in time by chance, but not other-

vrise associated with a radio burst. For this reason too, if more 

than one flare accompanied a single burst, each was considered, al­

though obviously only ~ could give the expected result. The same 

is of course true of a number of bursts concurrent with the se.me flare 
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although there is the possibility in this case that several succes­

sive radio events can occur as the result of a single visible dis­

turbance. It is interesting to note at this point that according 

to Haxwell, Stone and Swarup (12), half the coincidence of type III 

bursts with flares are pure chance, so that some scatter in results 

is unavoidable. 

As could be anticipated this preliminary investigation gave 

no indication of a relationship or trend of any sort as events over 

the entire disc were considered. For the source positions at the 

onset of the burst far different values of the source angle 0 lie 

along the locus of the turning points on Graph I, so that a burst 

originating nearer the solar limb will be corning from a level further 

removed from the plasma level of the received frequency (previously 

discussed). Tentatively assuming that the intensity-frequency pro­

file dropped off according to an inverse square law (Fig.D., Ref~), 

the author applied a further correction to give the generated inten­

sity of complex bursts when the source was at the received frequency 

plasma level and radiating radially only, (before the burst was ob­

served). The correction was considerable at larger source angles, 

Graph IV becoming modified as shown in Graph V. The precise manner 

in "rhich the above correction was effected will become apparent dur­

ing the discussion of isolated burst profiles later (Section C). The 

effect of this refinement was at least to introduce some semblance 

of order in the previously haphazard data, shown by Fig~X. This 

indicated that more positive results might be expected from the 
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application of some other inverse p~·rer law .. 

To this end, according to aim (b) at the beginning of 

Chapter 4, the results corrected for absorption only were divided 

into 5 groups falling between values of source angle that divided 

the hemispherical solar surface into equal areas. This gave the 

first group which all originated from a circle in the centre of 

the disc, a falling between 0° and 36°. The successive groups 

formed concentric rings round this centre described by 37° < e < 

53°; 54° < () < 66°; 67° < 0 < 78°; and '79°< e < 90° respective­

ly. The relationship between corrected radio intensity and flare 

importance was studied for each of these groups separately. These 

results were not in themselves as consistent as those shown in Fig. 

X, but they nevertheless showed unmistakably the expected trends 

for lower flux densities for larger source angles - Fig.Y. The 

evident lack of relation between flare magnitude and burst intensi­

ties apparent in both Figs.X andY would seem to indicate that the 

amplitude of plasma oscillation causing the radio event is not 

affected by the magnitude (i.e. area and /or lifetime according to 

Ellison (~)) of the associated flare. This is not altogether sur-

prising. Obviously a more useful comparison could be made if re-

liable records of the flare H a intensities could be obtained. 

Hoviever, the appreciable difference of the mean burst in­

tensities between say the 1st, 3rd and 5th groups may be used for a 

semi-quantitative estimate of the mean frequency fall-off. We may 

conveniently tabulate our information in the following way:-
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GROUP Ib Q f 
--- _Q 

1 196 18 115 

2 86 45 93 

3 67 60 77 

4 92 72 60 

5 11 84 36 

where Ib is the mean burst intensity (arbitrary units) of any group. 

Q is the mean source angle of the group. 

f 0 is the plasma frequency of the corresponding critical es­

cape level in Mc/s (according to Smerd's equation PJ.3). 

The means in the second column are not necessarily those ex-

pected from Fig.Y, as the bursts are not equally distributed between 

the importance categories. 

For any group we can say that if the intensity falls off 

according to f-·n, the burst intensity Ib at 125 Hc/s is given by 

\ =[~f I 
125..-

(PJ6) 

where I = intensity generated at the 125 Mo/s plasma level, assum-

ing the amplitude of oscillation to be equal at the two 

levels. 

Substituting values of \ and f
0 

from groups 1 and 3 and eliminating 

I we get 
n 

122 - [.lli.l 7J7- 77 
whence n = 2.7 
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Similarly for groups 3 and 5 and 1 and 5 we obtain n = 2.4 and 2.5 

respectively giving a mean of about 2.5 If we include group 2 in 

the consideration (discarding group 4 as unusable owing to the very 

large mean value of Ib compared to the other groups) we still obtain 

a mean of 2.5 for n, but with a much larger standard deviation. 

(Values ranging from 1.3 to 3.8). This at least indicates that the 

power index governing the shape of the frequency profile is probably 

of a low order for complex bursts (comprising mainly type II events). 

Any attempt at comparison with Wild 's (1950 a) (~) records of out­

bursts is thwarted by the complexity of the dynamic spectra. (See 

Fig .H.). 

It is later suggested by the author that the decay constants 

observed are related to n and the source velocity v by an equation 

of the form 

k = (An - B)v (P37) 

This may well be consistent with the higher values of n 

measured by Shuter from vlild 1s isolated burst records (1950 b) (ft2). 

Unfortunately the determination of k for the manifold overlapping 

peaks of complex bursts is exceedingly difficult, although it appears 

that these separate elements decay more slowly than do single peak 

bursts at the same frequency. This is what one would expect from 

Equation P37, as n appears to be, and v certainly is smaller for 

type II . bursts. 
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(B) 9Yalitative Investigations at 125 Mc/s and 300 }b/~. 

In addition to flares, sudden rises in filaments or promi­

nences (knmm as "disparitions brusques11 - D.B. 1s) were examined in 

relation to 125 MC/s bursts. It was found that of those D.B. 1s 

,.,hich occurred during the recording period, about half were associat­

ed with at least one, and in some cases several radio bursts, vlhich 

were almost invariably complex in nature. Apart from this no assoc­

iation between source angles and burst intensity could be established, 

so it seems likely that what coincidence were found occurred merely by 

chance. Comparison with 300 r.ic/s records taken a year l ater was just 

as uninteresting. 

1-/hile not directly concerned with the foregoing investigation 

it was decided to examine the local (Cape) records of "Sudden Ionospher­

ic Disturbances" (S .I.D. 's) for possible correlation with 125 Me/ s and 

300 N~/s records and flares. These S.I.D. 1s invariably took the form 

of 11Sudden Enhancement of Atmospherics"(S.E.A. 1s). In this case the 

results \.rere slightly more positive at the higher radio frequency, out­

bursts in particular being liable to coincide with flares ~ S .E .A. 1s. 

Neither result \vas of any great significance. 

However, flare - burst comparisons at 300 !<Io/s did provide 

a useful addition to the already existing data. Again it was found 

that outbursts and storms rather than isolated bursts t,Tere likely to 

be associated with flares, vrhich were usually of a high magnitude • 

This prompted the author to investigate all the flares of importance 

2 or more over the period \>Then the 300 Nc/s receiver was known to be 
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functioning properly. 70/o of such flares were accompanied by some 

farm of activity at 300 l~c/s, the radio event often occurring soon 

after the onset of a flare, which according to Maxwell et al (12) is 

indicative of gerruine association. These results are particularly 

noteworthy as there was not a profusion of activity on these records. 

A similar procedure on the 125 Mc/s records did not yield 

such gratifying results. Of the large flares that occurred during 

the operation of this receiver, only 25% were accompanied by radio 

noise of any sort, although a few very good correlations were f'ound. 

This shows, as is to be expected, that the conditions Jf 

burst origin in the chromosphere (at JOO 1-'ic/s) are probably quite 

different to the comparatively familiar coronal conditions (at 125 

Hc/s). It seems likely that chromospheric f'lares could excite radio 

0isturbances in thi s r egion, . without ejecting ionized matter of 

the kind which would induce coronal oscillation. This notion is 

supported by the fact that flare associated radiation at JOO Mc/s was 

practically all of the complex type I and II sort, rather than the 

simple bursts consistent with the outward moving agency concept. 

The one positive result that was obtained by the concurrent 

operation of the JOO tic/s and the ill-fated 150 Mc/s receiver is in­

teresting in the light of the foregoing suggestion. The maxima of 

two large outbursts near 07.15 U.T. on 17/8/59 on JOO l.fc/s coincided 

exactly in time with two smaller bursts on 150 i~Ic/s, while a short­

lived flare was observed by various stations to start at 07.10 and 

end at 07.40. Several interpretations are possible. Assuming 
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the disturbance to have been localized at the 300 Mc/s level, it is 

conceivable that the generation of sub-harmonics might account for 

this weak 150 Hc/s sigml. However, no mechanism whereby this could 

occur is known to the author. In any case sub-harmonic radiation 

would probably not be able to escape, except possibly via a differ­

ent mode of propagation described by Denisse (1960) (76), analogous 

to the so-called 11whistler mode" in the ionosphere -.rhich requires a 

magnetic field which gives a gyro-frequency much higher than that of 

the propagated wave. As there is very little physical separation 

between the 150 and 300 I~/s levels, the former, and other levels 

near the base of the corona (which is at about the 175 Mc/s level) 

could be excited by shock waves without the actual ejection of cor­

puscular streams, or by storm particles prevented by the solar mag­

netic field from moving too high into the corona (Denisse (]§) ). The 

time delay that one would expect between the two frequencies could 

well be too small to have been detected by the equipment in this 

case in view of the complex nature of the profiles. On this mode 1 

then, one would expect to get a great deal of flare associated radio 

noise (outbursts) at chromospheric frequencies, and at high coronal 

frequencies. Only by obtaining a third result at an appreciably 

lO\ver frequency could this point be decided (See Section D). 

The qualitative results in the foregoing pages are useful 

in that they confirm the conclusions of previous workers about high­

er correlation at higher radio frequencies. In particular the re­

sults at 300 Mc/s confirm Rabben's (1960) ~) report that radio 
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events are especially associated with the larger flares. 

The quantitative results based on the absorption calcu­

lations in the foregoing chapter give us no reason to change the 

hitherto accepted view (with the possible exception of that of 

Edelson, McCullough, Santini and Coates (..22)) that flare import-

ance has no bearing on the magnitude of any associated radio events. 

These calculations have, however, an important theoretical applica-

tion which was developed incidentally to the main project. This 

is discussed in the following section. 

(C) The Effect of Absorption on Isolated Burst Profiles . 

The variation of the generated intensity of the received 

frequency (f say) with p for a given source assuming an inverse 
th 

n power fall off as the source moves away from the f-plasma level, 

may be represented as in Fig.Z. by curve (i). The fractional 

transmission from the successive levels is given by the correspond-

ing values of the e- T, is represented by curve (ii). The actual 

received intensity, will thus vary with time (assuming a constant 

source velocity, that the decay of oscillations at successive levels 

is very rapid, and neglecting the slight delaying effect of extra 

equivalent path on the earlier portions of the burst) according to 

the product of the · tv1o curves, - curve (iii). The shape of this 

resultant curve should thus be a faithful representation of a typi-

cal single-frequency intensity-time record. The author has plot-

ted a number of these curves for various values of n from 2 to 10, 

for various source angles, at frequencies of 60,100 and 125 ::c/s 
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(using Jaeger and Westfold s (!IJ.) absorption curves for the first 

two.) It \vas found that in every case a plot of log I vs p gave 

a li-lear decay portion sometimes varying about the mean in a way 

similar to that found by Sbuter ((~) opp. page 51) and P.A.T. Wild 

(opp. page 56) in their burst analyses. 

Taking an average value of source velocity of 10
5 

km/sec 

(after Hild, Sheridan and Neylan (1959) (29) the author calculated -
values of k for various cases. The values which appear in the 

0 
following table are for radial propagation (g = 0 ) • 

k calculated from Fig.Z. 

Frequency mc/s n = 2 n=4 n = 10. --
125 .61 1.2 4.1 

100 .60 1.2 

60 .58 1.1 

* 20 .3 

* 175 1.9 

* The last ~ro marked are approximations based on the trends 

shCJI.m by the accurately known data. The r esults for other source 

angles are substantially the same as those shown here . It can 

readily be seen that for n = 2 and 4, the values of k are of the 

order expected from results of various workers. In the case of 

n = 10 we can obtain a better result if we assume a source velocity 

of about 2 x lo4 km/sec. This is entirely consistent with Shuter' s 
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(~) measurements on isolated bursts - viz.7.5 < n < 19.5 (opp. page 

61) and source velocities derived from double-humped burst time de­

lays at 125 ";·ic/ s (page 54) in the range 0.6 - 4.1 x 104 km/ sec. 

The curves which the author obtained also predict (a) that 

the rise times are shorter for larger source angles, and for lower 

frequencies, and (b) that the maximum intensities at frequencies 20, 

60, 100, 125, 175 ft1c/s are approximately in the ratio of 8 . 2 : 5.6 

4.2 : 3 .1 : 2.9 respectively, for n = 2; while for n = 4, the 60, 

100 and 125 Mc/s maxima are in the ratio 5.2: 3.1: 1.9. (N.B. the 

values for 20 H::/ s and 175 :He/ s are again very rough). 

It can be seen from this model that k depends upon ~~o un-

knowns; n, and source velocity v, which can, however, both vary to 

give a constant value of k. The model as it stands is thus of 

little more than academic interest. The result, however, becomes 

useful when applied to the case of a single burst observed on two 

well spaced frequencies. If the decay constant is measured at 

each frequency, and sets of absorption integral curves are available 

for both frequencies, then the follovring set of equations derived by 

the author (See Appendix II) may be used to find n and v . The 

treatment presupposes both quantities to be constant over the fre­

quency range considered. 

Consider measurements taken at two frequencies f 1 and f 2, 

then the subscripts 1 and 2 to the quantities in equation P38 below 

pertain to those respective frequencies. 
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(P38) 

where 6 r in each case is determined by finding the value of 'T at 

a certain value of p ( = p ) , and at p = p and subtracting the 
X y 

two. The criteria for p x and Py are that they should correspond 

to points on the curve (iii) in Fig.Z . which both lie in the appar­

ently exponential region (i.e. where the log I vs p graph is linear) 

for all values of n. I f we assume that p is the smaller of the 
X 

two, then it is found that p x can conveniently be given by p 
0 

+ .1, 

where p 
0 

is the plasma level of frequency concerned; unless, as for 

larger source angles, the value of p at the critical escape level, 

p 
0 

is > p 
0 

+ .1, in which case we take p x = p c. p y is "in both 

cases given simpzy by p x + . 1. If the corresponding values of r 

are r and r , then 6 r = r - r . 
X y X y 

In a similar way 6 log10f 
0 

is given by the difference of the logs of the plasma frequencies at 

the t 1.ro leva ls p and p • 
X y It is convenient to have a plot of p 

vs f 0 on hand to facilitate the finding of f 0 for various p , thus 

avoiding laborious calculations involving P2 and P5 every time. 

The value of n thus obtained may then be substituted into 

P39 below to give v in km/sec. 

km/sec. (P39) 

where m can be either 1 or 2. 

In practice it was found that the answer depends very 
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critically on the small differences in the numerator and denominator 

of P38, so that the values of k, T and f 0 must be accurately known. 

The simplifications introduced at the beginning of this section 

seem still to be of little import as far as the present calculation 

is c one erned . The decay time of the oscillations at any level, 

according to e-vt only becomes comparable to the lifetimes of iso­

lated bursts beloVJ 60 !:c/s, so that this method should be used only 

above this frequency. The delay due to the different times of 

travel from different coronal levels is compl etely negligible ex­

cept possibly for very large source angles ( > 80°) and high fre-

quencies. It will, if anything, have the effect of slightly in-

creasing the value of k . 

As a final corollary to the foregoing treatment - if the 

values of n and v are already kno1-m for a particular burst, then 

the decay constant at any particular frequency may be predicted 

from P39. 

The substitution of average values of k at 100 ~ :c/s and 

60 1-b/s as determined by various 1-1orkers gave unsatisfactory re-

sults, but this is only to be expected in view of the requirements. 

Dynamic spectrum records also proved to be unusuable. It is clear 

that particular care will have to be taken in the measurement of k 

for j.~dual bursts at the t1-10 frequencies, and a method devised 

for accurately interpolating the values of T from the absorption 

curves for intermediate values of 1;a11 , before significant results 

can be obtained. It may be found that the simple equations P38 
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and P39 need further refinement to allow for the errors previously 

mentioned, although it seems likely that irregularities of electron 

distribution and other complicating factors would make such a pro­

cedure unwarranted. 

(D) §yggestions for Further Research. 

The natural implication of the preceding section is that 

this investigation could profitably be carried further. This 

would necessitate the construction of two speciallY sensitive narrow 

band, single frequency receivers with logarithmic response upon 

which k could be measured to two significant figures . This pro-

ject in itself would hardly justify such a construction, but if the 

receivers were, for instance, tuned to harmonic frequencies further 

useful general work could be carried out. The two frequencies 

would have to lie \.rithin the coronal range, but if a third receiver 

could be made to operate at twice the highest of these, at a chromo­

spheric frequency, a further line of investigation of the comparison 

between chromospheric and coronal oscillations is opened, and in 

particular the question raised in Section B about sub-harmonics and 

the effect of chromospheric disturbances on the lower corona might 

be resolved. This v1ould most easily be realized by running the 

present 300 £ ~c/s receiver (where 1{ is not accurately required) con­

currently with two log response receivers at 150 l~c/s and 75 !:.c/ s 

respectively. 

In the field of correlations between radio events and 
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flares, it is clear that useful application of the author's treat-

ment can only be realized when we have available other flare data 

such as H a intensities, or if in some way the extent of ioniza-

tion of the group of particles farming a travelling source can be 

determined. Again radio readings taken with the three receivers 

suggested above would prove an invaluable aid in assessing the sig-

nificance of the results. 

APPENDIX I. 

From the treatment of absorption in the ionosphere given by 

Ratcliffe (77), one viould expect a value of r which is only balf 

that obtained here. The factor of 2 arises from the different 

definitions of 1<: in terms of 

(a) wa vefield strength ( JC ) by Ratcliffe, and 
E 

(b) intensities, (1<: I), used by the author where /CI 2/C • 
E 

Jaeger and Westfold (~) actually calculate what they call 

11 the absorption integral11 (F) which uses K 
E 

To get the true opti-

cal depth, this value is doubled. The author, however, used JC 
I 

directly for his calculations at 125 Nc/s. 
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APPENDIX II . 

Derivation of P38 and P32. 

From curve (iii) in Fig .z. we see that the negative slope 

of the line obtained by plotting the natural log of the resultant 

intensity vs p wi ll be given by 

Slope = 6 lni 

6 p 
where 6 p ( = p y - p x) and 6 ln I are obtained as described in 

the text. 

I is the product of two terms,[~Jn from curve (i), and.- r from 

curve (ii) . 

• 
= ln[~T -

f J 
• • lni 

• 
• • 6 ln I = 2.3n 6. log f 0 - 6 T 

__ _ ( . 2.3 n Slope 

We want now to express the denominator in terms of R (See 

P2) rather than p , so that we have 6 R := 6p R0 where R0 = 7 x 10
5 

Ion. For convenience we put 6. p = .1, and the expression becomes 

(
2.3 n 6 log f 0 - 6 T\ 

1
...,.,-l 

S lope = - ) ,..,, 
7 X lo4 
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The value of k as usually defined is then directly giveri 

by 

k = 2.3 n 6 log f 0 - 6 T 

7 X 104 
v 

-1 
sec 

where v is the source velocity in km/sec; the denominator now giving 

the time taken by the source to t raverse the distance. 

different frequencies f 1 and f
2 

we have 

k = 1 

and k = 2 

2.3 n 6 log f 01 - 6 Tl 

7 X 104 

2.3 n 6 log f - 6 T 0 2 2 

X V 

XV 

which gives us upon eliminating v, and solving for n: -

n ::: k2 6T1 - k1 6 T2 
--------------------

2.3 [ k2 6 log10fo1 

Tlru.s at two 

By substituting thi s value of n in the above expressions for k1 and 

k2 we can obtain v. 
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