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Jupiter is tne largest planet in the solar system. Its distance ~roo 

the S'..t..'1 is five til:::es that of the Earth and its mass is nearly tv1o and. 

a l1o..lf times t hat of all tr1e other planets added together. Jupiter 

t·..u'ns about its own axis rather rapidly, once in just under ten hours, 

and it coffipletes one revolution about the Sun in just under twelve years. 

J:hus :3a.rth has to pass almost directly between the Sun and Jupiter once 

every thirteen months. \"ihen this happens Jupiter is said to be in 

11 opposition11 , as its position is then opposite to that of the Sun, when 

viewed from 3arth. Around this time the plru:1et v1ill be most favourably 

pla ced for observations, as it is at its closest to Earth and up in the 

slcy for a large part of tne nignt. During the day observations on 

radio frequencies are oore di:E:ficul t, as the Sun is a source of great 

interference. 

Besides being an emitter of thermal electroma9Letic radiation, as one 

would expect, Jupiter also emits two kinds of non-tnermal radiation, 

OiLe in the decimetre wavelengtn range and the other in the decam.etre 

wavelength range. A large number of scientists have worked on the, 

prooler~ of decimetre and decametre radiation. 

some aspects of decametre radiation. 

This thesis deals with 

It is usually thought that radio astrono:c:JY involves the use of ratner 

expensive equipment. However observations in the decametre wavelength 

region can be carried out 'ilittl.out having to budget for large sums. 
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~~-:.e sor-:. of research reported in t:i:1is tnesis was done :for a fraction of 

t~1e 8.Dou:1t :::-equ.ired for decirr.etre observations. Our Jupiter researci1 

project vrao started in 1961, us:il1g second-ha.."ld world vrar II equipment .. 

The total :i.l1itial costs of all apparatus needed was certainly less tbcl,.n 

R300. 

In the ea:::-ly days of Jupiter observations on radio frequencies, most 

observations were made ~ound 20 r.Ic/s. For t:a.is reason our first 

observations were attempted at 18 r.Ic/s and 22 r.:c/s. This equipment 

was set up il1 a hut built near the Jameson water reservoir, about eight 

mles from Graha::nstm'm. ilu.ring July 1962 the author was able to record 

his first observation of signals which were definitely coming froo the 

"GiD.n'!; Planet". Alt:hougn tl1is \las seven years after the discovery 

that Jupiter eDits electro~gnetic radiation in this frequency rru1ge, 

the feeling of achievement was still very exciting. 

':'he results of the J'eart s observation which sho\7ed the dependence upon 

rotational period of the planet, con.firDed previous observations by 

other observers. After publication we were invited by Professor C.H. 

Barrow of Plorida State University, Talla.'-'lassee, to collaborate with 

him in a joint program, as we could observe Jupiter, when it VIas 

unobservable from Florida, due to the rotation of the Earth. 

At the beginning of 1964 a new site was chosen closer to the tovm ru1d 

near a better road. On account o:t' this we could think of extending 

our observations and since theoretical considerations at that time 
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ll1~icatec tl1at observations of polarization of Jupiter bursts were ~st 

i.r::por·~ant il;, the frequency region 15 Ec/s to 25 ]';1c/s, it Ylas decid.cd 

'...:.pon to cor2struct a swept frequency pola.ri:meter covering this frequency 

ra.'1ge. ~Il.is instrument 1 s pri.I:c.ry function nas to deterr:ti.ne the sense 

of :?Olurization of Jupiter's radiation and its possible variation \'lith 

frequency. 

Ini-'cial tests were carried out during 1964. For the 1965 observing 

' season ~?- conpletely redesigned. receiver was constructed, as described 

later, c:u1d C.cfinite observations were carried out. During the tioe 

bet\"1een coopletion of the apparatus and tne start of the observing 

season, the author's interest was directed towards results published 

in an International Geophysical Year report. L1 this report results 

obtained by an J~erican group of Scientists during five years of 

observations \7ere presented. 

A rer.ark by Professor Gledhill, my supervisor in this research project, 

led we to do some statistical L'1Vestigation usb1g these results. As 

one thil1g leads to another, interesting conclusions snowballed and 

sor::1e completely new aspects were obtained. These are presented in 

Chapter V of this thesis and, should the author be correct, influence 

future observations of decarnetric radiation e~~ating from the pla.'1et 

Jupiter. 
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CH_t,.I'TER I 

So~~e ~.s"ects of Juni ter 1 s dccG.~-:!ctric radiation 

It was purely by chance that one of the strongest sources of decametric 

radiation was discovered (Burke and Franklin 1955; Franklin, 1959). 

During the f'irst few x:::.onths of 1955, Burke and Franklin were improving the 

~oceiver ~~cl auxiliary e~uipment attached to the 22.2 Mc/s Mills Cross, an 

ant(.n.~ which had been built to produce a survey of the sky at that · 

fre~uency. In order to judge the results of their improvements, they 

decided to direct the pencil beam (about 2.5° wide at half-power points) 

to the declination of the Crab Nebula, the strong radio source in Taurus, 

and coupare records before and after each modification. They also decided 

to build up a two dimensional picture of this part of the sky, during which 

0 they arbitrarily directed the antenna beam southward by about 1 at three 

to four week intervals. 

The records showed the characteristic hump as the Crab Nebula passed tr...rough 

the antenna beam. At times the recordings showed a feature which appeared 

to be one of interference. They joked that it was probably due to faulty 

ignition in the car of a fartl hand returning from a date. 

Investigating this interference more fully, Burke discovered that this was 

turning out to be 11 so::n.e strange romance". The "swain" was retu-..vning home 

earlier each evening. Upon further investigation it was found that 

whenever this "interference 11 was received, Jupiter was in the reception 

' 
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beam of the antenna. Not only did t his source have the same direction in 

space as Jupiter, but it also exhibited the same change of direction as 

this planet during its retrograde loop of 1955. Fron this it was concluded 

that Jupiter must be the source of the decametric radiation. 

They determined t he pryner density received on Earth at 22.2 Mc/s to be of 

-23 -2 -1 the order of 5xl0 w.m. • cps • From this they suggested that the 

radiated peak power per burst must be at least 300 watts per cps of bandwidth. 

Since tr..a.t time 10 years have passed and a lot of observations have been 

carr ied out. Theoreticians as well as practical workers have applied 

thenselves to the problem. of Jovian decametric radiation. 

To attempt relating, even in a very superficial manner all the research work 

that has been done on Jupiter's decametric radiation would be far beyond the 

scope of this investigation. As certain aspects of Jupiter's radiation are 

to be discussed, we will show what is knovm about them in some detail. 

1.1 The l on.¥tude dependence of Juoiter 1s deca!':'.et ric rc.di ation 

Following Burke and Franklin's discovery, Shain (1955, 1956), who found 

traces of Jupiter radiation on some of his recordings going back as far as 

1951, plotted burst activity versus longitude of the Central Meridian (C1lli), 

using System I as well as System II co-ordinates. These two systems of 

co-ordinates describe the mean rate of rotation of the clouds seen in the 

equatorial and temperate zones of the planet. Although there was a definite 
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dri:ft with respect to System I co-ordinates, Shain found that when System II 

co-ordinates were used, there was little dri:ft. He concluded that the 

source of radiation rotated with·the planet, at a rate approximately equal 

to -~:ne System II rate, but, as indicated by a slight negative dri:ft with 

respect to those co-ordinates, somewhat faster. He also plotted a histpgram., 

allowing for the slight drift rate. This shows the characteristic appearance 

Jupiter Observers know so well. 

These results were confirmed by a nu:nber of workers, (e.g. Barrow et al, 1957; 

Car:c et al, 1958; Gallet, 1957; Burke, 1961; Franklin and Burke, 1958). 

Carr et a1 (1958) proposed the so-called "System III11 , which had a rotation 

equal to that of the radio sources. Three years later they published a 

revised equation (Carr et al 1961) which gives the relationship between 

System III (LIII) and System II (LII) co-ordinates and the Julian date (J). 

This equation is 

(1957) ( ) 
~II =LII + 0.2747 J - 2435839.5 

This means that System III rotates with a period of 9h55m29.37s and 

coincided with System II longitudes at Oh UT on January lst, 1957. 

It is now generally accepted that the period of rotation of System III is 

the probable rotation period of the magnetic field of Jupiter. 

Histograms, showing the probability of occurrence as a function of System III 

C1lli of the planet, have been published by many investigators for virtually 



- 15 -

the whole frequency range, aver Vlhich Jupiter noise has been observed. 

Jupiter's decametric radiation, which is generally very burstlike in nature 

has to date been observed on all frequencies from 3.5 Mc/s (Zabriskie et al, 

1965) to 43 Mc/s (Kraus 1958). The last mentioned limit was however only 

an aural observation and has not been confirmed by any other observer. 

Warwick (1963) shows spectograms, which do indeed show beyond doubt, that 

Jupiter emits decametric radiation beyond 38 Mc/s. 

The largest number of observations can be made in the vicinity of 18 Mc/s. 

Fig. 1. shows the histogram constructed from data obtained by the author 

at 18 Mc/s at our local observatory (Gledhill et al. 1963). It shows the 

usual characteristic features. The various peaks are generally called 

"Sources". The following nomenclature for source regions on Jupiter was 

adopted by the Jupiter Observers Conference at Goddard Space Flight Centre 

during April 1965. 

System III longitude range in degrees Designation 

0 70 D 

70 190 B 

190 280 A 

280 360 c 

Histograms constructed for different years and frequencies practically all 

shov1 a prominent peak between 200° and 2S0° CML and a secondary peak between 

0 0 0 90 and 160 CML, as well as one around 320 CML. Franklin and Burke (1958) 



16 

~ 

0 
0 
I""-
C't 

Q 
0 
QQ -

' 9--

In ~ ~ g 0 ~ 
0 0 .,· 0 0 

~~0 Jo ~q'lXl~J. 

~ 
0 

~ 
~ 
~ 

·I 
:&-M 
~ 

~ 
i{l 

~ 
.....-. 

• 

. ~ 

! / 
I'.\ 
t~' 



- 17 -

and Gardner and Shain (1958) noticed that the main peak was narrower at 

hi~1er frequencies. 

Since 1960 a swept-frequency receiver (Lee and Warwick, 1964) has been 

operating at the High Altitude Observatory at Boulder, Colorado. (Warwick 

196l, 1963a). From the recordings it was established that the emissions 

occur over a range of frequencies throughout a storm. It was also noticed 

that there was a tendency for positive frequency drifts to occur at what is 

now known as Source B and negative frequency drifts to occur at large values 

of ~II, now lmown as Source A. These characteristic features of the 

spectra tend to be repetitive and have durations of several minutes to an 

hour. Finer details do not repeat. 

Fast recordings (Gardner and Shain, 1958; Gallet, 1960) show that the bursts 

come in groups. Ellis (1964b) found that the stronger bursts seemed to be 

superimposed on a fairly weak background signal. Short pulses have been 

reported by Gallet and Kraus (reported by Douglas and Smith 1961) and 

con:firmed by Douglas and Smith (1961). Recently Baart et al (1966) reported 

having observed very short pulses, the occurence of which is also depen~ent 

upon System III longitude. 

There is another interesting feature, which must be mentioned. Ellis (l962b), 

when reporting his observations at 4.8 Mc/s showed, that while the number of 

'occurrences of Jupiter storms at that frequency was uniformly distributed 

over the System III longitude co-ordinates, the relative average power was 
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indeed greatly dependent upon the System III m,ffi position. The histograms. 

0 show two distinct peaks, one just below 180 CML and another one just below 

360° <1/IL. 

In a recent paper (McCulloch andEllis 1966) it is shovm that there is 

little difference in histograms, irrespective whether the relative power or 

the probability of occurrence is considered for events which take place at 

frequencies above 20 I'.'Ic/ s. If, however, frequencies below 20 Mc/s are 

considered, it is found that for frequencies above 10 Mc/s histograms of 

probability of occurrence tend to lose their characteristic appearance of 

three peaks. The histograms plotted using relative power tend to become 

nore distinct in their characteristic appearance. This indicates that weak 

events can occur wer a wide range of longitude, while the stronger events 

are confined to narrow longitude intervals corresponding to the peaks in 

the power longitude profiles. The longitude profiles obtained for the 

probability of occurrence by including only strong events can be very 

different from that obtained by including all events strong or weak. 

These results are in agreement with those published by Stone et al (1964), 

who reported that when using high sensitivity instruments the peaks in 

their histograms are somewhat broadened in comparison to results of other 

workers at the same frequency. Even though the sources are 11broadened11
, 

they were unable to detect any activity whatsoever in the longitude interval 

0 0 from 330 to 70 C1ffi. They reported that this preliminary analysis of the 

intensity distribution at 26.3 Mc/s suggests two components of emission. 

If this suggestion is supported one would h5re to consider the possibility 



- 19 -

that the radiation is emitted in two modes, from two radiation belts or 

even by two different mechanisms. 

Until 1963 most observers, who attempted to establish estimates of the 

rotational period, found no significant departure from the adopted mean 

Ho·wever in September 1963, 

Douglas and Smith (l963b) reported that from observations which they had 

carried out during 1961- 1963 at a frequency of 22.2 Mc/s, it appeared as 

if the rotational period of the radio sources had lengthened by approximately 

o. 8 sec. This was confirmed by Smith et al (1965). An interesting feature 

of this occurrence was the :fact that a similar change in period of the 

Great Red Spot was also reported at the same time. The conclusion was 

therefore drawn by some workers that the rotational period of the whole 

planet may have changed. However Vlaruick, using his method of 11 landmarlcs 11 , 

did not find such a deviation for the System III period for the same 

observing seasons. 

Since most theories, which try to explain the origin of Jupiter's decametric 

radio emission, link the emission to the planets magnetic field and thus by 

presumption to the core, such observations are very important in formulating . 
models of the planet. 

In a rough draft of a paper to be published by Gulkis and carr (1966 ), it is 

pointed out that upon critical re-examination of the available data of 

18 Mc/s observations of Jupiter, it can be concluded that the apparent 
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rotation period drifts cyclically about a constant mean value. The most 

probable drift period appears to be 11.9 years, Jupiter's orbital period. 

They find that the mean rotational period during one revolution is about 

0.3s longer than the accepted System III period. This agrees closely with 

determinations of the rotational period using decimeter results. It is 

pointed out that this probably represents the true rotation period of the 

magnetic field. They also point out, that the inverse sun-spot relationship, 

which has puzzled observers for many years, might be due to the variations 

of the emission cone with the variation in the declination of the earth as 

seen from Jupiter. This had previously been pointed out by the author 

(Gruber 1962), but never carried further. 

Smith et al (1966) in another draft publication use results for four 

different frequencies, 15 lfu/s, 18 Mc/s, 22.2 Mc/s and 27.6 Mc/s. They 

find that there is evidence that the observed source drift is frequency 

dependent. This implies that the drift may be a virtual effect which might 

perhaps be related to the mechanism of escape of the radiation. 

1.2 The Io dependence of Jupiter's decametric radiation 

Some of the earliest Jupiter workers (Carr et al, 1958) had already noticed 
\ 

that Jupiter's activity seemed to occur in cycles consisting of 3 or 4 days 

of sporadic radiation follmYed by a iike period of relative inactivity. 

They found the average period of this effect to be 8.0 days. They 

suggested that it might arise from tides in Jupiter.' .s ionosphere due to one 

of the satellites (Ganymede; period 7.17 days). However Carr (1959) 
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reports that Douglas and Smith of Yale have pointed out that it is much more 

likely to be a stroboscopic effect between the rotational period of t he 

active areas on Jupiter and the observers rotational period on Earth. 

Six (reported by Dulk, l965c) noted in his Ph.D thesis that a seven-day 

cycle appeared in the 60 days of data centred on 1961 opposition, but that 

a similar cycle was absent in the 1960 data. 

Warvrick (1964) states that observations at the HAO indicate that spectra are 

often of startling similarity. These similar spectra do not necessarily 

occur in the same year, but several event; s have been observed where pairs 

of similar spectra had occurred with a time interval of approximately one 

month. 

Dulle (l965c) pointed out that all these effects can be explained by the beat 

phenomenon be~veen Jupiter's period, Io's period and the one-day observational 

period due to the Earth's rotation. 

The fact that Jupiter's largest Galulean satellite Io affects the emission 

pattern of the decametric emission was pointed out by Bigg (1964). Ar~g 

that since the moon exerts at least some control on the Earth's magnetic 

field through the electrons in or beyond the Ionosphere, it might be possible 

that Io influences the signals coming from Jupiter. 

Using the results of Warwick and Kreiss (1964), Bigg calculated and plotted 

the product of total intensity times the duration in each 10 minute interval 
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versus the departure of Io from Superior Geocentric Conjunction (SGC). 

Vs:ing all the data independent of frequency, he found that there is a 

0 0 maximum at 93 and at 246 from SGC. Using data cases where the top 

frequency of the storm exceeds 30 Mc/s, he showed that the apparent control 

is far mor-e complete. Bigg also showed that it is mainly source B which 

emits when Io is in the vic:inity of 90° from SGC and mainly source A wheq 

Io is in the vicinity of 240° from SGC. He pointed out that although there 

is a possibility that the other satellites may contribute to this effect it 

would require much more sophisticated treatment to reveal the extent of 

their influence, as the ratio of their period is approximately 1 : 2 : 4 : 8. 

His treatment does at least predict with certainty that Io 1s period has the 

strongest influence. Bigg also showed that the effect depends on the 

position of Io with respect to the Earth - Jupiter line and not the Sun -

Jupiter line. 

lebo et al, (1965) examined the data obtained at Gainesville. They find, 

that their results, obtained at a variety of frequencies since 1957, confirm · 

Bigg1s observation. The correlation is weaker when only the number of storms 

is included in the analysis. Evidence is also presented of a similar 

influence by the satellites Europa and Ganymede, using their results a~ 

18 Mc/s, obtained during 1962. A similar study based on data for 18 Mc/s 

from 1957 through to 1963 failed to show up any peaks. 

Alexander and Stone (1965) show that their observations at 26.3 Mc/s are 

also influenced by the position of Io. 
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Dulk (1965a) reported an analysis of HAO spectrograph data far the years 

1960 to 1964. ' He Shows that Io affects both the probability of emission 

and the character of the emission spectrun4 The emission probability is 

Shown to approach 1.0 when Io.'s position and Jupiters longitudes are 

simultaneously favourable. 

In a very recent paper, Bigg (1966) reports a systematic search for 

periodicities in Jupiter's decametric radio emission and discusses their 

statistical and physical significance. He shows that while there is no 

detectable influence by the satellites Ganymede (III), Callisti (IV) and 

Amalthea (v), Europa (II) does seem to reduce Jupiter's decametric emission 

when it is in the vicinity of 40° past the Sun - Jupiter line. It is also 

shown that certain claims by Lebo et al (1965) and Duncan (1965) are 

questionable. Lebo et al had suggested that the simultaneous conjunction 

of the first three Galilean satellites affects the emission, while Duncan 

thought that a period of 0.5397 days may be detectable in the data. 

This period represents the time between successive sweeps of a given 

meridian past Io. Bigg also suggests that the radiation is triggered 

off, by some tidal effect in the magnetosphere. 

1.3 Polarization of Jupiter' s decametric r adiation 

Already the earliest Jupiter observers had been attempting to measure the 

polarization of Jupiter1 s radio emission, although the experiments were of 

secondary importance compared to the determination of occurrence probability, 

spectrum and intensity. Franklin and Burke (1958) and Gardner and Shain 

(1958) reported observing right hand (in the radio sense) elliptical 
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polarization. Carr et al, (1961) report having made polarization 

observations both in Florida and Chile on a frequency of 22.2 MC/s. 

Right hand polarization was observed at both stations. This was interpreted 

as evidence that the observed polarization was due to conditions on Jupiter 

and not an effect of the terrestrial ionosphere. 

Barrow (1962) reports observations at 18.3 W~/s and 24 Mc/s. He found 

that a smaller proportion of R.H. bursts was to be :found at the lower 

:frequency. In a later paper, Barrow (1964b) reports having observed L.H. 

polarized bursts at 16 :Mc/s. In another paper, Barrow (1964a) describes 

the observations he made during 1963. Operating on the frequencies of 

16 Mc/s , +8 Mc/s, 22 Mc/s and 26 Mc/s he :found that :for that observing 

season most of the radiation received at the two higher frequencies were 

right hand polarized, while at the two lower :frequencies an appreciable 

prop'ortion o:f the observed bursts were le:ft handed. Analysing his data 

according to the source emitting the radiation, he :found that most left­

hand activity was emitted by source C. He also suggests that the changes 

in polarization mode observed :from one frequency to another may indicate 

magnetic and ionospheric conditions on Jupiter. This would allow parameters 

to be deduced to within quite narrow limits. 

Barrow's observations are confirmed by Sherrill and Castles (1963) who 

reported polarization observations at seven different :frequencies ranging 

from 15.2 Mc/s to 24.2 Mc/s. They :found that there was a signii'icant 

trend towards left hand and mixed polarization at frequencies below 20 ltic/s. 
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Source B appeared to emit signi:ficantly more elliptically than source A. 

Barrow suggests that the observations o:f mixed polarized events below 20 Mc/s 

implies the existence o:f highly unstable propagation conditions in the 

interplanetary medium or in Jupiter's magnetosphere. 

Dov1den (19.63) took polarization measurements at 10.1 Mc/s. He :finds that 

:frequency bursts o:f both senses o:f polarization are readily observable. 

The algebraic mean axial ratio is :found to be a strong :function o:f Jupiter's 

longitude, while bursts o:f the two senses o:f polarization, which are 

analysed separately, show no such variation. 

Carr et al, (1965a) give a detailed report o:f the work done at the University 

o:f Florida. Using the observations made at their stations at Chile and 

at Florida they show that the lower the observing :frequency the more 

sinusoidal the variation in mean axial ratio becomes. They also report 

a very unusual effect noticed in their observations :from a valley near 

Cerro La Peineta, about 650 km north o:f Maipu, Chile. They found that as 

the critical frequency of the ionosphere increased, the right circular 

component of Jupiter's radiation grew progressively weaker relative to the 

left circular component. Thus they conclude that polarization observations 
\ 

at lower frequencies might be misleading unless they are corrected for 

ionospheric effects. 

During the later part of 1964, Warwick and Gordon (1965) operated a swept 

frequency receiver at Arecibo in Puerto Rico. Using the 1000 ft dish they 

observed in the frequency range 24 Mc/s to 36 MC/s. They find the radiation 
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t o be right hand elliptical with roughly constant axial ratio and 

orientation as a function of frequency above 24 Mc/s. Extremely fast 

drifts from high to low frequencies, varying between 5 Mc/s2 to 35 Mc/s2, 

are also reported. It is also suggested that more than one mechanism is 

responsible for the eiliission. 
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CHAPTER II 

A short survey of past and present theories 

The knowledge gained to date from both decametric and decimetric observations 

suggests that the origin of the radiation is to be found in acceleratio~ 

processes of electrons in a magnetic field. Especially observations o~ the 

polarization of the emission gave valuable clues. It is therefore thought 

advantageous before going into the description of theories to discuss shortly 

various radiation mechanisms and the polarization those mechanisms are 

likely to produce. Only those radiation mechanisms of interest to 

astronomy will be discussed. 

2.1 Radiation mechanisms and polarization 

(a) Gyro- and Synchrotron radiation 

As electrons moving in a magnetic field describe helical paths, and are 

therefore constantly accelerated, they will emit radiation. There are two 

cases to be considered relativistic and non-relativistic electrons. The 

latter case corresponds to a type of emission usually refered to as gyro-

or cyclotron emission. In this case the emitted radiation will have a 

frequency, the gyro-frequency fG' 

eB 
fG = 2lii 

where e = charge of the electron 

B = magnetic field 

m = mass of the electron 

(Note: theory assumes emission 

by a single particle) 

I:f the electron is slightly relativistic, the emitted frequency will be fG 
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plus harmonics, which increase in number and magnitude as the velocity 

becomes greater. 

The radiation emitted will in general be elliptically polarized, ·but the 

observed polarization will depend on the observing geometry. The radiation 

emitted parallel to the magnetic field line will be circularly polarizeq, 

while the radiation observed at right angles to the magnetic field line will 

appear to be linearly polarized, the plane of polarization lying in the , 

plane of the electron orbit. 

As the electron velocity approaches the velocity of light, the observed 

radiation is called synchrotron emission. In this case the radiation is 

emitted in a continuum. The radiation is beamed along the direction of 

motion, i.e. perpendicular to the magnetic field line, and is emitted into 

a narrow cone, the half-angle of which decreases as the electron velocity 

increases. The cone of emission from these relativistic electrons produces 

linear polarization, whose plane of polarization is orientated parallel to 

the plane of the orbite 

(b) Cerenlcov radiation 

If an electron enters a medium, it is decelerated and will emit radiation. 

Should the electron velocity have been greater than the group velocity of 

light in the medium, then the radiation is emitted in the Cerenkov mode. 

The radiation is emitted into a cone with axis parallel, and in the sru;:~e 

direction, as the electron velocity. When the group velocity falls to 



- 29 -

zero, which happens for certain electron concentrations, directions of 

propagation and frequency in an ionosphere, we get reflections of 

electromagnetic radiation. (cf·. Warwick's theory discussed later). 

No intrinsic polarization characteristic can be defined, as the details of 

the emtted Cerenkov radiation are determined by the mode of excitation and 

the properties of the medi~ For example if, in a certain medium, only 

one characteristic wave can propagate, then highly circular polarization 

would be observable. 

(c) Plasma oscillations 

An ionized plasma consists of electrons and ions. Since there is a very 

large difference in mass, it is relatively easy to displace the electrons. 

Should this occur through the influence of some external force, then the 

electrons Ylill attempt to return to the equilibrium position. They will 

oscillate about this position. Electromagnetic radiation will be given 

out at the so-called plasma frequency tp 
2 .l. 

fp = ( N : )2 

where e = charge of the electron 

N = electron density 

m = mass of the electron 

Also for this process no characteristic polarization can be defined and any 

observed polarization will .depend upon the properties of the medium where 

it is generated, as well as the media through wh:i.ch the radiation travels 
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on its way to the observer. The latter is a very important point to 

consider and will therefore be discussed later on. 

2.2 Theories of Jupiter's decar.etric radiation 

There are at present two theories, which appear to explain Jupiter's 

decametric radiation to a certain extent. One was proposed by Warwick 

(1961; 1963a; 1963b), the other by Ellis (1962a; 1963) and Ellis and 

1kCulloch (1963a). As we Shall see presently, the latter one is the only 

one worked out in 81JY detail. Before actually discussing the abovementioned 

theories we shall shortly survey other theories so far proposed. 

After an initial assumption that the decametric emission can be attributed 

to thunderstorms in Jupiter's atmosphere (Shain 1955), it was thought that 

the radiation was due to plasma oscillations in Jupiter's ionosphere 

(Zheleznyakov 1958; Gardner and Shain 1958; Gallet 1961). 

Landovitz and Marshall (1962) discuss the possibility of stimulated electron 

spin-flip transitions. They Sllggest that the radiation is a maser-like 

phenomenon. The emission is caused by electrons mal~ spin-flip 

transitions in the perturbed magnetic field of Jupiter. The solar p~ticles 

are supposed to impinge on Jupiter.'s magnetic field and stimulate 

perturbations which in turn caune very sudden changes in the magnetic field. 

The incidence of a cloud of solar particles subjects an electron population 

in a static magnetic field to an oscillating magnetic perturbation causing 

the electron population to emit radiation at the Lamer (gyro) Irequency, 
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Characteristic of the static magnetic field. 

Strom and Strom (1962) suggested· that the decametric radiation does not 

actually originate on or near Jupiter, but comes from a distant background 

of discrete sources of radio stars. Jupiter's ionosphere is said to act 

like a gigantic spherical lens focussing energy onto Earth, when these 

sources are temporarily occulted by Jupiter. 

by Smith et al (1963) and Jelley (1963). 

This theory was discounted 

Hirschfield and Bekefi (1963) proposed that the radiation might be due to 

cyclotron radiation emitted by the electron stream itself. Assuming that 

the radiation is generated in the magnetosphere in the region of zero 

plasma density, they show that this process produces radiation intensities 

similar to those observed. 

other property. 

No attempt was made by them to account for any 

Chang (1963) describes how amplified whistlers could be the source of 

Jupiter.'s decametric radiation. Starting With the assumption that the 

decimeter radiation ·is due to synchrotron emission, he shows that there is 

a possibility of whistler generation and amplification. 

(a) Warwick's radiation ~odel 

Warwick based his model on a group of dynamic spectra, most of which were 

later proved to be Io related. This implies therefore that even if Warwick's 

model should be correct, it only explains the spectrum of the Io related 

emission. 
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Warwick assumes that the radiation is produced by fast electrons which 

originate from the radiation belts located at a distance of be~veen 2 and 

3 Jupiter-radii. These electrons enter the ionosphere along the magnetic 

field line, where they enter regions of low propagation velocity and wiJ_l 

therefore emit Cerenkov radiation. This is supposed to occur slightly 

below the local plasma gyro-frequency. The radiation is beamed dova1 towards 

the planet in a narrow cone (about 10°). The lower ionosphere or the · 

planetary surface reflects the radiation and· it is received on Earth only 

for favourable orientations of the magnetic field lines and the surface. 

It is the geometry of these reflections which accounts for the observed 

spectrum of the longitude profile. The emissions are supposed to be 

initiated by magnetic disturbances of the radiation belts. 

The magnetic field is said to be a dipole field with the dipole inclined to 

the rotat:i:-onal axis at 9°. This was based upon a deduction by Morris and 

Berge (1962) who observed the polarization of the microwave emission. 

Using these assumptions, Warwick found, by trial and error, that profiles 

similar to the observed ones require the dipole to be located: 

1) near the axis of rotation but well away from the equatorial , 

plane to achieve a slowly varying spectrum; 

2) south of the equatorial plane and towards the Earth, when 

the CML is 200°, to achieve the correct senses of frequency 

drift either side of CML 200°; 

3) displaced slightly from the Lrrr= 200° plane to achieve the 

small asymmetry of the spectra about CML 2000 
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To fit the frequency scales a magnetic moment of 4.2 x 1030 gauss.cm3 was 

chosen. The resulting synthetic spectra reproduced quite closely the 

observed (Io-related) spectral features (source A and source B). To 

account for the polarization it is supposed that the emitted radiation is 

generated in the extraordinary mode, i.e. right hand, and the northern pole 

of Jupiter must be a magnetic north-seeking pole. This implies that Jupiter.'s 

magnetic field has the opposite sense to the Earth,1.s field with respect to 

the direction of the rotation of the planet. It is also pointed out that 

the other sources could be explained by a second inner radiation belt. 

In the derivation of hi.s theory, Warwick bases his estimates upon the 

behaviour of a single particle. Further unsatisfactory features are the 

highly asymmetric dipole position, and the fact that Cerenkov radiation is 

not emitted in the direction of particle motion, as Warwick assumed, but 

rather at an angle to it. For emission near the gyro-frequency the 

refractive index is high, which implies that substantial refraction v1ill talce 

place when the ray emerges into free space. This means that the radiation 

is emitted in a fairly large cone, a fact which seems to be wrong (Gulkis 

and Carr 1966 ). 

At the time Wa.rvvick proposed his theory, polarization observations were still 

rather few. Warwick's theory cannot explain at all the present observations 

of variation of axial ratio with frequency and longitude. (cfe 2.lb) 
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(b) Doppler cyclotron model 

The history of this model is complicated. Field (1960) discussed cyclotron 

radiation as a source of Jupiter.' s decimetric emission. Dowden (1962) 

discusses Doppler shifted cyclotron radiation from electrons as t he possible . 
' source of the VLF emission from the Earth's exosphere. Ellis (1962a) takes 

the cyclotron model a bit further and finds that it can explain the rising 

and falling frequency-time characteristics, the average intensity variation 

with CML, a high frequency spectral cut-off and the general variation of 

polarization sense with planetary rotation. The following year Ellis (1963) 

discusses some further proper ties of cyclotron radiation from bunches of 

electrons trapped in Jupiter's exosphere, taking into account a magnetic 

field at the poles of 15 gauss and an inclination of the magnetic a."<:is of 

10° to the rotational axis. Later the same year, Ellis and McCulloch 

(1963a) publish a fairly polished version of their theory of doppler shifted 

cylotron emission. We shall survey this theory to a certain extent and 

shoVI how much this particular model can explain. It considers the radiation 

only of a single particle, but Fung (1966b) shows that Ellis and McCulloch 

findings still hold if radiation from electron populations are taken :into 

account. 

Starting with the assumption that Jupiter is surrounded by an extensively 

ionized exosphere, the density of which, like that of Earth, is roughly 

proportional to the magnetic field intensity, they consider bunches of 

electrons which are disturbed near the outer regions of the exosphere. 

These electrons are accelerated and will therefore emit radiation. During 

this process they are travelling down high latitude field lines. 
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Assuming that the electron emitting the radiation (note: single particle) 

is relativistic then the gyro-frequency changes to 

( 
2 2 1--

fG' = fG 1 - v /c )~ 1) 

Vlhile spiralling along the magnetic field lines, the frequency will shift 

(Doppler effect) and the observed frequency will be 
f t 

f 
.. G 

c 1- (v/c) ncos j5 cos 0 2) 

where = pitch angle 

v = velocity of the electron 

n = refractive index of the magneto-ionic medium 

0 = wave normal direction of the emitted radiation 

with respect to the magnet_ic field vector 

It Should be noted that n = f (o,B,N,f), all variables. 

where = electron density 

B = W~gnetic field intensity 

f = wave frequency 

In the forward direction the emission of radiation is limited to a cone 

given by 

sin oL = n. sinP 3) 

i.e. the cone angle depends on the ratio of the local gyrofrequency to the 

local plasma frequency and on the pitch angle of the electron. The,medium 

limits the propagation and it escapes only in the extraordinary mode. 

If the re~vard radiation is considered, no cone limitation exists and 

radiation will always occur. Both Cyclotron and Cerenkov radiation are 

possible, however propagation conditions are such that the radiation cannot 

escape from the planetary exosphere. 
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It was also assumed that the bunches of electrons occur with equal probability 

in all magnetic longitudes and to be zero at magnetic latitudes less than 

75°, increasing linearly from 75° to 85°. The lines at a latitude of 85° 

are supposed to extend . to the magnetopause, so that they are likely to be 

a:ffected by solar disturbances. In all their calculations they use the · fact 

that the observer's magnetic latitude changes by about ± 10° during one 

revolution. 

Using the above assumptions theoretical probability calculations are carried 

out. Since this theory, based on a simple dipole, obviously gives a 

sinusoidal variation of probability, it was necessary to introduce 

modifications to fit the observations at higher frequencies. These 

modifications are taken to be magnetic anomalies from the dipole field 

close to the planet. It is interesting that Roberts and Komesaroff (1964) 

do indeed report some sort of asymmetry of Jupiter.'s van Allen belts. 

The theory a+so predicts the distribution of the polarization of bursts, 

since the axial ratio of the polarization ellipse will depend mainly on 

the angle of the emission cone (ct.,). It is given that the a:x:ial ratio A 

+ A = - cos o(, (4) 

Since the cone angle is a function of the pitch angle, which is itself a 

function of the number of bunches, the axial ratio is a function of the 

bunch number. If one integrates this over pitch angle, latitude and 

longitude, one gets the result that the summsd axial ratio is a function of 
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the total number of observable bunches. 

Thishas actually been found to be true by two independent observers 

(Sherrill, l965a; Dowden, 1963). 

Theory also predicts that the li~tegTated power should be proportional to 

the l.3th power of the number of bursts. Dowden (1963) did actually find 

that such a power relationship exists, but that the exponent was 1.51. 

Ellis (1965) suggests that this discrepancy may be due to the incorrect 

pitch-angle function for the radiated power or due to failing to take 

account of superimposed bursts in counting the number. 

T:his theory of Ellis and 1\'icCulloch, having been adjusted to the probc:.~le 

magnetic field distribution, does predict with very reasonable accuracy the 

ru~ape of the frequency- time variation of the Io-controlled emission. 

It also predicts spme fine structure within this spectrum. In the 

derivation of the theory it had also been assumed that the radiation cones 

from the individual electron bunches are all of negligible angular ti1iclmess. 

If this assumption is dropped, then the theory predicts, assuming electron 
' 

energies in the range 30 - 60 keV, fine frequency-time structures with drif·c 
I 

rates in the vicinity from 30 Mc/s2 to 50 Mc/s2• 

Ellis (1965) suggests that, before the theory can be successfully developed 

further, it is necessary to obtain frequency-time spectra with time 

. -2 
resolution of less than 10 sec. He also points out that in order to 
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explain t he influence of the satellites a general theory of a rapidly 

rotating magnetosphere has to be investigated in detail. 
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CHIIPT3R III 

We have so far discussed some of the properties of Jupiter's decarretric 

radiation, as an experimenter on Earth would observe it and we have surveyed 

shortly present ideas of how thi s radiation can be accounted for. Whatever 

the process responsible for the radiation, the emission will still have to 

pass through some parts of Jupiter's ionosphere, the interplanetary medium 

and finally the Earth's ionosphere, each of which will affect the radiation 

to a greater or lesser extent. 

Since the observed sense of polarization of Jupiter's bursts are the same 

in both hemispheres of Earth, the polarization must be an intrinsic feature 

of the decametric radiation. This is generally accepted, as the 

interplanetary medium is thought to be unable to impose the features usually 

observed. 

Wa~vick and Dulk (1964) report that some of the decametric radio emission 

from Jupiter observed by them exhibits effects which are attributable to 

Faraday rotation within the Earth's ionosphere. This effect was noticed 

on their spectrograms as alternate li,gb.t and dark bands, .which in most cases 

were lying parallel to the time axiso The bands appeared to be unrelated 

to the more prominent interferometer fringes and were more closely spaced 

at lower frequencies. They are also not affected by a change in the delay 

line. Riihima (1966) reports Faraday rotation observations in his 

spectrographs which slowly drift in frequency, indicating that the total 

electron content over the ray path is slowly changing. 
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Warv1ick and Gordon (1965) report the construction of a receiver which by 

observing Jupiter's decametric radiation in the extraordinary and ordinary 

mode, is capable to allow for the effects of the Earth's ionosphere. They 

do this by arranging their antenna connections in such a way, as to iimnitate 

a dipole antenna, rotating at the same rate as the incoming radiation 

ellipse. The results they obtain seem to indicate that they have observed 

a Faraday effect which was not due to the Earth.' s ionosphere but may have 

been due to Jupiter's ionosphere. 

Smith and Douglas (1962) reporting results obtained with a spaced site 
. 

eA~eriment suggest that diffraction patterns of interplanetary irregularities 

might affect the reception of Jupiter's radiation. 

It seems therefore indicated that propao~tion effects should be looked at, 

to enable one to appreciate the difficulties of interpreting observed results. 

3.1 1:ode of propagation in the terrestrial ionosphere 

(Ratcliffe 1959; Kelso 1964) 

Considering a plane electromagnetic wave of small intensity propagating in 

a slowly varying, absorb~g, ionized medium in the presence of a magnetic 
l 

field, which is constant in space and time, various equations relating to 

the behaviour of the wave may be deduced. The two most important forms 

which specify the proper-ties of a given ionized medium in the presence of an 

electromagnetic field, are the 11Appleton-Hartree polarization equation11 and 

the "A~pleton-Hartree dispersion equation". These equations are named 

after E. V. Appleton, who with M.A.F. Barnett was the first to establish 
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experimentally the existence of the ionosphere and D. R. Hartree who derived 

the equation for the refractive index for an isotropically absorbing medium 

and for the general magnetic field problem. 

Both the equations mentioned above may be reduced to one describing th~ 

polarization of the wave R = H/Hx 

where 

R = 
y2 + 
T - ~ + 

2j(l-X-jZ) YL 

Y = fo/f = ratio of gyro frequency to observing frequency 

X = f~f2 ~ square of the plasma frequency to the square 

of the observing frequency 

0 = angle between the external magnetic field and the wave 

normal 

YL = Y cos ~ 

j = square -root of (~) 

Z = ratio of frequency of collision of electrons with 

heavy particles to the angular wave frequency 

w (= 2 iT f). 

The above equation describes the two self consistent waves that exist in 

the magneto-ionic medium. The polarization associated with the one sign 

is that of the ordinary mode and that of the other sign the extraordinary 
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mode. Any wave entering the medium described by the above equation with 

different polarization to either of these characteristic waves will split 

into these components, the rela~ive amplitudes depending on the polarization 

of the incoming wave. Both the resulting waves will then travel with their 

polarizations unchanged, provided the parameters of the tra.nsversed medium 

vary only slowly. They will have different phase velocities. 

If collisions are neglected and observations take place during the night at 

frequencies above 15 Mc/s and the gyrofrequency of the Ionosphere is in the 

vicinity of 1.5 Mc/s and the critical frequency is close to 2 Mc/s, an 

approximation can be made since in that case X << 1 ' and Y << 1. ·-

i.e. 
4 ( 1 - X - jZ )2 << 

This defines the quasi-longitudinal apprax:imation and the two Appleton-

Hartree equations reduce to the relatively simple form 

1 X 

(1 - . jZ .± ) 

and RQL = .±. j 

This implies that when the QL approximation is valid the two characteristic· 

waves are circularly polarized. 
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3.2 The effect of Faraday rotation (Kelso, 1964; Riihimaa, 1966) 

The two characteristic waves propagating through the ionosphere would be 

detected by an antenna as the ve-ctor sum of the two individual waves. Since 

any elliptical polarization can be represented as the sum of two circularly 

polarized Tiaves of opposite sense of rotation, it is clear that in the 

general case of elliptical polarization the major axis of the polarization 

ellipse \vill rotate as the wave transverses the magneto ionic medi~ The 

sense of rotation will be the same as that of the component of larger 

amplitude •. 

If the ionosphere is assumed not to vary horizontally, then the Faraday 

rotation is given by 

where 

- jh 
= Kf-

2 NBL sec X dh 
. 0 

'I' = total angle through which the plane of polarization 

is rotated 

K =constant = 2.97 x 10-2 

N = electron density 

BL = component of the magnetic field along the ray-path 

~ = angle between the ray and the vertical 

dh = element of ray-path 

h = upper extreme of the one end of the path 

Thus the total angle of rotation of the plane of polarization is a measure 

of the integrated electron content. It is also seen that the spectrum of 
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radiation disperses into a continuum of waves, v1ith their polarization 

ellipses in different orientations at the receiving plane. I:f the 

observations are made with a swept-frequency polarimeter using a linearly 

polarized antenna, then constant frequency minima will occur at intervals 

of 180°~ The spacing of these Faraday fringes is inversely proportional 

to the square of the frequency. 

Faraday rotation takes place in any magneto-ionic medium. It .will there­

fore also ~ake place in the interplanetary medium. However, Gordon (1966) 

performs the calculation for a wave frequency of 26 Mc/s and he finds the 

rotation to be of the order of 17°, which taken relative t .o the rotation due 

to the Earth's ionosphere (approximately ~SO Ti radians) is negligible. 

3.3 The effect of ionospheric and interplanetary scintillation 

In the previous two sections we have been considering two kinds of effects 

which are due to the plasma characteristics. The various parameters were 

taken to be slowly varying •. , If however this is not the case and there are 

irregularities present, then these will affect the signals received. 

The first experiments on the role of scintillation in Jupiter's radiat~on 

were carried out by Gardner and Shain .(1958 ). They used receivers at two 

stations 25 lon apart. They concluded from their observations that the 

ionosphere can have a very pronounced effect on the short-term characteristics 

of the received radiation • . 
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Other observers, Douglas and Smith (1961), Smith and Douglas (1962) and 

Carr et al (1961) reported having carried out correlation experiments with 

baselines from a few kilometers·to several thousand kilometers. These 

experiments show that all degrees of correlation can be experienced. 

Barrow et al (1964) report considerable differences in day-by-day frequency 

of occurrence between stations located at Tallahassee-Florida, St. Osyth­

England and Grahamstown-South-Africa. 

While thi? shows that the Earth's ionosphere is capable of introducing large 

variations, Douglas (1964) reports observations of a phenomenon which he 

interprets as due to interplanetary scintillation produced by irregularities 

in the solar wind. One particular record taken at 22.2 Me/ s on the 1st 

november 1963 shows almost perfect envelope correlation, except that the 

signals, arriving at two ·stations 100 km apart, were recorded with a time 

lag of approximately t s~c. This correlation lasted for 15 minutes. The 

observations over the whole observing period showed that this lag reversed 

at opposition. The suggested drift velocity for the hypothetical 

diffraction pattern cast on Earth, is between 200 ~sec and 500 ~sec. 

The above observations suggest that the decametric source on Jupiter has a 

small angular width, a fact which seems to be borne out by recent 

investigations by Slee and Higgins (1963; 1965; 1966)~ 

Therefore it is important that care be taken when drawing conclusions about 

the actual conditions at the origin of Jupiter.•s decametric radiation. 
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3.4 Pol arization and its detect i on 

Elliptical polarization can be considered to be the resultant of either 

a) ~vo linear polarized waves of the same frequency, or 

b) t wo oppositely polarized circular waves of appropriate relative 

intensity and phase difference. 

To specify the polarization ellipse completely, we would have to lmow the 

ratio of the magnitude of the minor axis to the major axis, usually t ermed 

the 11a.xial ratio" and the angle of tilt of the major axis relative to some 

Often however there is also an system of co-ordinates of ... the observ:er. 

unpolarized component, which complicates matters. It is found that to 

completely specify the state of partially polarized radiation quantitatively 

four numbers are required• These are the Stokes parameters. 

Cohen (1958) treats this problem in detail. We shall just highlight some 

of t he derivations as far as they will help our further discussion. 

Suppose that the receiver of knovm bandwidth receives a signal which is 

part i ally polarized. The total intensity I is made up of the two components 

Ip' the polarized and Iu' the unpolarized component, so that 

I =I +I p u (1) 

The electric J. 
1c.~t +I . ) vector E e ~ o 

0 
can be resolved into two components 

along two arbitrarily chosen axes X and Y. Suppose that the major axis 

of the ellipse is inclined to the X axis at an angle o. 
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The object of the analysis is to derive sufficient parameters to describe 

the polarization completely, i.e. ellipse and unpolarized component, in 

terms of the observables of the Vlave. 

The axial ratio is defined as 

t d = + minor axis anp . . 
- maJor run.s =.±r (2) 

Sherrill (1964b), going through the treatment in a way similar to that found 

in most advanced optics textbooks, derives the Stokes parameters: 

where 

I = I + I = I + I p U X y 

Q = I w I = I - I = I cos ~.cos 20 
xp yp x y p 

U = I cos ~.sin 20 
p 

V =I sin~ p 

tan 20 = U/Q 
1 

I = ( Q 2 + u2 + v2 yz 
p 

m = polarization frac~ion = I~I 

sin~= 
v 1 

The following limits are placed on the angles 0 and ¢ 

- Ti /2 ~ 0 ' Ti /2 and - 1i /4 ~ ¢ -~ II /4 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) ' 

Radio astronomy adopts the "radio" convention when discussing polarization. 

This convention states that a wave is left hand (right hand) polarized if 

the approaChing wave rotates in a clockwise (counterclock wise) fashion, 

when observing from a fixed plane along the direction of propagation. 
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To detect the radiation antennas are used. The Stokes parameters can then 

be rewritten to take the form of the detectors into account. It was stated 

above that any elliptical polarization can be represented as ~1o opposite 

circular components. Suppose these can be represented by "R" and "L" and 

that they differ in phase by an amount (RL). Let the phase reference be 

taken at the instant R is along the "X" axis.. -From this one can obtain the 

Stokes parameters for circularly polarized components. 

I = Ip + Iu = IL + IR 

Q = 2 R.L cos (RL) 

U = 2 R.L sin (RL) 

(13) 

(14) 

(15) 

(16) 

(Note that the above set of equations is similar to equations (3) - (6), 

except that the definitions of Q and V are interChanged). 

m = ~ (IL - IR)2 + 4 R2L2 ~ 
).._ 
2 

(17) 
IL + IR 

I L - IR 

~ I )2 4 R
2
L
2 ~ 

1. 

(IL- + 2 
R 

(18) sin 2_95 = 

0 = i (RL) (19) 

r = tan¢ 

The measurements required for complete determination of the polarization with 

the aid of a polarimeter are, as seen from above 
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However, if the incoming radiation is 100'}6 polarized, i.e. no random. 

component is present, results showing the axial ratio only are meaningful 

(Sherrill and Castles, 1963; Carr et al. 1961; Dowden, 1963). We shall 

therefore follow their example and assume that Jupiter's decametric radiation 

is completely polarized. 

The axial radio is then given by 

r = L- R 
L+R 

The values will vary between +1 (left-hand) to -1 (right-hand). 

(20) 

Fig. 2 shows an antenna connection which is capable of detecting circular 

components of polarization. A and B are two linear dipoles. A1 and B' 

are two output points. The antennas A and B are mutually perpendicular -and interconnected with a cable introducing a phase change of ll /2. 

Suppose right hand circular polarization is incident upon the antennas. 

This will produce a signal of the form E cos w t in antenna A and a signal 

E cos (w t + Ti /2) in antenna B. The signals at the outputs A' and B' 

will then be 

At A' -- E cos t..J t plus E cos (41 t + 71/2 + if /2) , i.e. ZERO. (21) 
• 

At B' -- E cos (C4J t + if /2) plus E cos (161 t + 7i /2) = 2 E sin w t I 

If the signal is left hand circularly polarized then the two outputs will be 

reversed, i.e. the output at A1 will be 2 E sin ~t and the output at B' 

will be zero. 
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Therefore the antenna connections as shown in Fig. 2, will allow, assuming 

complete polarization, the determination of sense of polarization and 

ellipticity, both described by the same quantity r, the axial ratio. 
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CHAP~PER IV 

The ffiVept frequency polarimeter 

4.1 Auparatus: General outline (Fig. 3) 

The receiver was designed to receive radiation in the frequency range 15 Mc/s 

to 25 :Me/ s. Its main objective was to determine the sense of polarization 

and its variation with frequency over the designed range. Determination 

of axial ratios was to be of secondary importance, as Barrow (1964a) had 

suggested that one .should look for possible changes in polarization mode 

with frequency and that the axial ratio is not necessarily a very significant 

q~tity, when observed at an antenna on Earth. 

thought necessary to include a correlator. 

It was therefore not 

The radiation was received by two log-periodic antennas arranged in such a 

way that tv1o outputs were provided, one sensitive to RH circular, the other 

sensitive to LH circular polarization. The radiation was then fed via 

RG 8/U - 50 ohm coaxial cables to the wide-band preamplifiers, which also 

$vitched between the two antennas. By switching the receiver between the 

tv1o different inputs, one representing right hand, the other left hand 

polarization, it was possible to use the same receiver to amplify boih 

signals. This meant that the result displayed on the oscilloscope screen 

would be unaffected by any possible differences in gain, which would have 

upset any form of analysis. 

The antenna system was made sensitive to the mode of polarization by 



! L! · .. .. 

ll! 

/, DEL:AY LINE -~ 
~~ ~" 

Preamp. ... Switch ~ Preamp . . , - " 

t_ Mixer ./ 
I ' ' 

... t ~~ , ·, 

I. F. Osc. 
~~ + 1 . 

Multi vi b. Osc. ... Mixer Sweep , 

t + _+ 
Delay B/width Trigger 

t ,, 
,:, Ampl. 

t 
.... , 

Switch ,, 
,, 

-
~ 

~ 
I 

I 

N'tNWWN . ,, 
~ 

" 

FIG. 3 GENERAL OUTLINE. 



- 54 -

interconnecting the two log-periodic antennas, mounted mutually perpendicular, 

with a line whose length was ~/4 for one particular frequency. Although 

there were varying lengths of delay line on hand, only the 18 Me/ s delay 

line was used. This does indeed introduce an error, which will be discussed 

in detail later in this thesis. 

Prom the switch, the signals were fed into a mixer, where they were mixed 

with a signal varying in frequency between 45 Mc/s and 55 Mc/s. The 3.0 

Mc/s IF was then picked out and amplified by a tuned amplifier, before being 

mixed once more with a frequency of 29.4 Mc/s. The resulting beat frequency 

was further amplified and passed through an adjustable band-pass filter and 

a voltage linear detector circuit of variable time constant. The output 

voltage of the receiver is therefore proportional to the input voltage. 

A second mvitch distinguished between signals of left hand and right hand 

polarization and fed these to the appropriate inputs of a double beam 

oscilloscope. 

This receiver had an output which was proportional to the input voltage, due 

to the inclusion of a voltage linear detector. Since the mixer circuits 

will also give a linear output provided the oscillator voltage input is 
' . 

much larger than the signal input, deviations from linearity will only result 

from the input of very large signals, when some of th~ tubes would tend to 

saturate. This design facilitates the immediate determination of axial 

ratios without having to lmow the exact background noise level, provided the 

input is not too large. 
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Originally t here were supposed to be two wide hand pre-amplifiers, with a 

gain of 30 dB and a low noise figure, connecting antenna and switch. They 

were commercially manufactured by an American firm. Unfortunately one of 

the tv1o amplifiers was burned out accidentally during the testing stage of 

.the equipment and replacement transistors arrived too late to repair the 

amplifiers before the close of the last observing season. 

4.2 The log-periodic antenna 

The log-periodic antenna system was based on a design by Robert Carrel of 

t he University of Illinois. The antenna consists of a number of parallel 

elements arranged side by side in a plane. The lengths of the dipole elements 

and the spacings between the elements form geometric progressions. Adjacent 

elements were connected in an alternating fashion to the two parallel pipes, 

which formed a transmission line (Fig. 4 ). The coaxial cable, which connects 

the antenna to the receiver, is fed up one of the pipes. At the top (higher 

frequency) end the outer conductor is led to the other pipe and connected to 

...... 
~~~. In this way the antenna becomes its own balun • At any given frequency, 

within the designed range, there is then a unique electrical center of the 

antenna which is located near the appropriate resonant dipole element. The 

other elements are then passive and tend to act as reflectors and directors 
\ 

similar to a multi element Yagi array. 

The characteristic impedance of the antenna is controlled by the ratio of the 

half length of element to element radius, as well as the ratio between the 

separation of the two pipes, constituting the feeder, and the radius of the 

pipes. In the operating frequency region the antenna receives radiation end 
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on from the direction in which the smaller elements are point :ing. 

The antenna design is as followsi 

Lowest frequency 

Highest frequ~ncy 

Geometric progression ratio 

.Angle subtended between axis of antenna 

and ends of the elements on one side 

Input impedance 

Number of elements 

Ratio of half length of elements to radius 

Ratio of separation of feeder pipes to 

radius of pipes 

15 Mc/s 

25 Mc/s 

0.84 

8 

800 

2.3 . 

The above design gives an antenna with a total theoretical forward gain in 

the region of 7 dB. The nominal gain is given as 7.5 dB, but this is 

decreased by about 0.2 dB for every doubling of the ratio of . half length 

of elements to radius over the ratio of 125. The bea.ImVidth of the antenna 

. . b t ,..0° ~s g~ven as a ou o • (The values specified above were determined by 

Carrel from a model built to operate in the microwave region.) 

Tvlo such antennas were constructed and mounted, with their planes of 

polarization at right angles, in a structure made of creosoted telephone 

poles and 2x2in wooden beams (cf. plate A). The whole structure was 

rotatable on a semi-circular track on solid rubber wheels. The drive was 

manual and had to be adjusted to fo~low the movement of the planet Jupiter 
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through the sky. With this set up it was possible to observe Jupiter for 

a period of over four hours, two hours each side of meridian transit. 

The meridian, i.e. the direction of north was marked, so that should the 

sky be overcast the antenna could still be pointed into the right direction. 

Fig. 5 shows the VSUR curve for the two separate antennas. 

some idea of the operating efficiency of the instrument. 

This gives 

No verification of the theoretical radiation-pattern was attempted, as the 

physical size of the antenna made any experimental determination too 

difficult. 

4.3 The soectrograuh 

In this section, we shall only describe the overall characteristics of the 

instrument. A detailed description of the polarimeter electronics is given 

in Appendix A. We shall subdivide this discussion into four sections, one 

dealing with the actual receiver, one dealing with the sweeping circuitry, 

the third dealing with the switching circuitry and the fourth with the 

recording equipment. 

a) The receiver 

The signals from the two antenna outputs A1 and· B1 (cf. Fig. 2) were each 

fed into a wide-band low noise pre-amplifier of voltage gain just less than 

eight. The amplifiers were designed to amplify uniformly to beyond 25 tlc/s, 

but to cut off rapidly after that, in order to reduce any signal coming 

through at the IF of 30 Me/ s .. 
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In the mixer the signals were mixed with a varying frequency from a 

voltage-tuned oscillator so that an IF of 30 Mc/s contained all the 

required information. Since design difficulties prevent selection of 

suitable bandwidths at that frequency, the 30 Mc/s signal was beaten 

again with a fixed frequency signal. The difference frequency was then 

passed through an M- derived low-pass filter with rather sharp cut-off. 

Three cut-off frequencies could be selected to give bandwidths of the 

order of 100 kc/s, 200 kc/s and 400 kc/s. 

The passed band was then amplified once more and fed through a switch to 

the oscilloscope, where the signals were displayed and photographed. 

Selection of the . bandwidths and time constant in the detector circuit is 

governed by the amount of noise variation the observer wishes to detect. 

It can be proved that the ratio of the detectable noise variation to the 

total noise is related to the receiver characteristics by 

t!).N 
N 

-r=L' 
- ~B T 

where B = bandwidth of the receiver 

'7: = time constant of the detector 

Sometimes ~B is also referred to as the pre-detection time constant 

and 7: the post detection time constant. 

7: was selected in such a way as to be small compared to the time it took 
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to sweep over the equivalent of the bandwidth. Our instrument had, in 

its usual operating condition, a bandwidth of 100 kc/s and a time constant 

of 10-3 sec. This means that ·the mvept-frequency receiver could detect 

a variation of about 10% of the background noise. For comparison, the 

fixed frequency receiver.swe operated at the same time could detect a 

variation of about 3% of the background noise. (The sky temperature in 

our operating range amounts to approximately 50.000°K) 

The choice of bandwidths is however not only governed by the above 

considerations. There are two effects which define an upper and a lor1er 

limit to the suitable bandwidths. 

Should the bandwidth be too low 11ringing11 will occur. This effect results 

from the inability of the receiver to pass sufficient frequency components 

of the Fourier frequency representation of a sharply pulsed signal, to 

permit the reconstruction of the accurate pulse shape in the time domain 

after detection. 

There are two possible sources of sharp pulses. One is the sharp pulses 

received by the antenna and the other source is of our own making. In 
\ 

operating our instrument on a time-shared basis we are mvitching between 

~vo different inputs at a rate of 5 kc/s. This switching is done using 

a square wave from a multivibrator. This means that whenever the cycle 

changes, very sharp pulses have to be passed by the receiver. In order 

to partly overcome this problem, the switching waveform was adjusted to 

give a longer rise time than would normally be possible. This reduces 
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the higher frequency components. Interference from actual signal pulses 

would have been negligible compared to the first mentioned proble~ 

The minimum bandwidth requirement is 

where ~ t = the rise time of the sharpest pulse. 

In our case, where the rise time of the square wave had been adjusted to 

be of the order of 5% of the cycle, the minimum bandwidth would have to be 

of the order of about 5 kc/s. This condition is more than sufficiently 

complied with in our case. 

The second limit applies to the maximum bandwidth. In a polarimeter 

where the four Stokes parameters have to be determined there is an upper 

limit to the bandwidth. Since Faraday rotation is a function of frequency, 

the bandwidth of the receiver must be so small that the dispersion ~-rithin 

one bandwidth due to Faraday rotation is negligible. For a bandwidth of 

100 kc/s the dispersion is approximately Tif/20, which we shall neglect. 

At a bandwidth of 400 kc/s this effect would have to be corrected for in 

calculating the axial ratio. The dispersion effect increases the observed 
\ 

axial ratio. 

b) The sweeping circui t ry 

In this section we shall shortly describe the functions of the triggering 

and sweeping circuit. 
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~1e trigger circuit was employed to start the ffiVeeping of the ramp 

circuit, supplying the varying voltage to the voltage tuned oscillator, 

and the double beam oscilloscope. This ensured that any particular 

position on the oscilloscope screen corresponded to a certain determinable 

:frequency. 

-1 Sweeping was done at a rate of 4 sec 

c) The switching circuitry 

• 

This part of the apparatus provided the signal which operated the ffiVitch 

between the two possible inputs A1 and B1 and directed the output to the 

receiver into the right channel. Since there was a slight phase delay 

in the actual receiver, this had to be allowed :for by delaying the signal 

operating the output ffiVitch with respect to the signal operating the input 

switch. 

The switching was done at a rate of 5 kc/s. This allowed each 

polarization to be sampled a number of times, during the time it took the 

receiver to sweep a band equal to the bandwidth of the receiver. 

d) The recording eauipment 

The signals coming from the separator switch were :fed into a double beam 

oscilloscope, Telequipment Type D47, triggered externally :from the 

multivibrator, which also triggered the voltage sweep. The traces on 

the blue screen were photographed on Kodru{ positive safety :film, type 

5302, with a continuous feed camera Type C/F/100, made by D. Shackman and 
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Sons. This camera took 100 ft of film at one time and the film could be 

' run at speeds varying from 1 ~sec to 36 ~sec. The speed was set to 

about 5 ~sec, as the ~1eep repetition frequency was in the region of 

-1 4 sec and this speed gave sufficient space be~veen the traces. 

4.4 Cali brating and operating procedure 

The sv1ept frequency polarimeter was kept operating continuously during the 

total period over which observations were attempted. Only the double beam 

oscilloscope was switched off, outside scheduled observing periods. 

Each night observations were attempted the following procedure was adopted 

t o test the equipment. 

After arrival at the field station the auxiliary equipment was switched on. 

Then the antenna was al~gned, eith~r visually or by calculating the correct 

position -from information obtained from the Astronomical Ephemeris. 

Tests were carried out to determine whether any leakage existed between the 

two antennas due to dampness in the supports. 

The next step was to check through the performance of the instrument. 
' 

First the switch.ing circuits were checked and aligned to allow for possible 

phase delays in the receiver. The gain of the instrument was checked using 

a Hewlett-Packard signal generator, type 606A. An:y difference betv1een 

the tv;o cl~els was adjusted with the fine control of the oscilloscope 

amplifiers. The linearity of the gain was also checked and usually found 

to be within 10% over the dynamic range, for a range of input frequencies. 
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The overall gain was adjusted until the noise level occupied about 2 to 

3 mm of screen. It should be remembered at this point that the 

sensitivity of the instrument was limited by the amount of noise the 

input switch introduced into the circuit. Therefore any checks of the 

gain were carried out to establish, whether any deterioration of the gain 

relative to the noise level had taken place. The main object of the 

check of the individual channels, was to ensure balanced amplification, 

so that later evaluations of axial ratios were a true reflection of the 

input ~aracteristics. -1 The mveep rate was adjusted to roughly 4 sec 

and the frequency range adjusted and calibrated. 

During the course of the observation, the position of the antenna was 

adjusted to follow Jupiter. In this way the maximum deviation of Jupiter 

from the antenna axis was never more than 10°, ensuring minimum possible 

error with the system in determining axial ratios. This maximum deviation 

was at the end points of the possible observation period of 2 hours each 

side of meridian transit. 

Fixed frequency recordings apparatus operated throughout the watch at 

16 Mc/s, 18 Mc/s, 20 Mc/s and 22 Mc/s. When any indication was given at 
\ 

any of these fixed frequencies that Jupiter radiation was being received, 

the film recorder was mvitched on for short periods. Continuous operation 

of the film recorder was uneconomic as the film speed was in the region 

of 5 ~sec (100 ft/4 min), and Jupiter storms are likely to last for 

anything up to a fev1 hours. 
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4.5 Results and their ~~lysis 

Before attempting to present any results obtained, we have to stop a 

moment and consider the corrections that have to be applied due to the 

Characteristics of our particular instrument. It was pointed out that 

the instrument had a voltage linear detection characteristic. This 

ioplies that the signal visible above the noise fluctuation is 

proportional to the voltage variation at the input of the receiver. 

There was, however one major failing of the instrument, which could not 

be rect~ied without completely redesigning the receiver. Switching 

between the two inputs introduced so much noise into the system that only 

very strong bursts were recorded as deflections large enough for any 

quantitative interpretation. 

It has been mentioned in the section describing the receiver, that the 

two log-periodic antennas v1ere interconnected with a ,A /4 line to make 

the system responsive to the sense of polarization. This line introduced 

a phase difference of T/ /2 at a frequency of 18 Me/ s, above this 

frequency the phase angle was larger, below this the phase angle was 

smaller. This meaps that for circular polarization of one sense, ~he 

cancellation and addition was not complete. We shall consider this po~t 

now in a little more detail. 

a) Correction to the axial ratio 

Let us consider the case depicted in Fig. 2, when the phase difference 

introduced is not lT /2. (Previously discussed in section 3.4). 
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Suppose right hand circular polarization is incident upon our antenna 

system. The antenna "A" will receive a signal E cos c..~t and the antenna 

11B11 E cos ({..) t + iT /2). ,, I II The phase delay introduced by the ~ 4 line 

will now depend upon the frequency of the incoming radiation in a manner 

such that the phase angle will be 

0 Cl 
f • ;; 
18.2 

where f is the wave-frequency. 

VIe 'JJJEJY now make use of some A. C theory and add the two resulting signals 

in vector form. 

The output at A1 will now not be zero, but will be the vector sum of 

E cos~.»t plus E cos (~t + 7T /2 + iTf/36), and have an amplitude 

E J. 2(1 - sin o) 
1 

(1) 

The output at B' will be less than before. It will be the vector sum 

of E cos (wt ~ ii" /2) plus E cos ("'t + iT f/36), and have an 

amplitude 

E J 2(1 + sino) 
1 

(2) 

If the received radiation is left hand circular the voltage formerly at 

A' will appear at B' and the voltage formerly at B.1 will appear at At. 

As the received Jupiter emission is elliptically polarized, there will 

normally (unless circular) be an output at both A1 and B'. Due to the 

phase being different from Ti /2 the outputs will be changed. The output 
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at B 1 will contain some of A1 output and vice versa. 

VIe can therefore calculate the-real axial ratio in terms of the observed 

axial ratio. The correction graph is shovm in Fig. 6. 

b) Appear~~ce of recoTded bursts 

It will be realized that due to the bandwidth, time constant and sweeping, 

resulting traces on the oscilloscope screen may not be what they seem to 

be. 

Two subdivisions have to be made in this discussion, pulses which have 

short duration in time and pulses which have narrow frequency bands. We 

shall discuss each in turn. 

Consider a pulse, lasting for at least a couple of sweeps, appearing 

between the frequency limits f 1 and f 2 (Fig. 7a), f 2-f1 being very ~uch 

larger than the bandwidth of the receiver. After this pulse has been 

detected by the instrument, it will appear as shown in Fig. 7b on account 

of having passed through a circuit of time constant RC. In this case, 

although the edges have been deformed, the bandwidth of the pulse will 

still be reasonably represented by the bandwidth as shmvn by the distorted 

pulse. The amplitude will be truly represented. A pulse whose width 

is of the same order as the bandwidth of the receiver would appear as shovn1 

in Fig. ?c. If the pulse has a still narrower bandwidth it will hardly 

be detected by the receiver and will appear as a "weaker" signal. 
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If we have a pulse which is emitted over a large range of frequencies 

("' . .c l.g. 7d) but which last for only a short time, then this pulse will only 

be visible on-the film if it is received during the time that the receiver 

was actually sweeping across the frequency band. If we assume that this 

pulse appeared while the receiver was in the middle of its frequency sweep, 

and tnat the pulse lasted while the receiver m•ept from frequency f 1 to 

the frequency f 2 , then the film will show a trace as shown in Fig. 7e. 

It should be noted that in this case it is impossible to tell the 

difference bet·ween the two traces shown in Figo 7b and Fig. 7e. Both 

will have the same appearance. But as the pulse shown in Fig. 7b will 

appear :in more than one trace, because it lasted for a time long compared 

to the repetition rate, we may conclude that in this case the frequency 

limits were correct. The only thing we may conclude in the case of the 

short pulse is that the frequency range extended at least froiil f 1 to f 2 , 

and Iilay have been larger. 

There is a second question that must be answered before samples of the 

records and some analysis can be presented. This is how certain is it 

that these traces actually represent Jupiter signals. To do this it is 

best to describe how the author chose these photographs from over 1000 ft 
I 

of recorded film. 

It should be remembered that the oscilloscope camera was only switched on 

to take samples, when activity, which had the usual Jupiter-characteristics, 

'ivas shown on any of the four fixed frequency receivers. 
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Jupiter's decametric radio emission has a very characteristic sound, very 

much like the breaking of a wave on a pebbly beach, as some noted scientist 

once described it. This can only seldom be confus~d With terrestrial 

interference or distant radio stations. Although the storms are some­

times not unlike thunderstorm activity it is virtually impossible to 

confuse the two as thunderstorm activity would give a very close burst for 

burst correlation over a wide band of different frequencies, while Jupiter 

activity usually was a bandwidth of the order of half a megacycle. 

For proper identification of weak signals they have to be at least tr.ree 

times the RMS value of the noise to be accepted. 

When the photographs were developed it was established whether there v1as 

any continuous i.nterfere~ce noticeable. If this was the case then no 

attempts were made to analyse that part of the film. If there was no 

interference then the film was scanned trace by trace for any evidence of 

Jupiter activity. (It should be remembered here that the sensitivity of 

this instrument was very much inferior to the fixed frequency receivers) 

Whenever such activity could be ascertained the film was marked for later 

analysis. 

At the end of the observing season all marked film was compared and the 

most interesting sections enlarged and copied. 

discussed later. 

These will be shovm oncl 

When adjusting the receiver matters were arranged in such a way that tvvo 
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traces, one representing left hand, the other right hand polarization, 

were close together. It was usual for the left hand polarization to be 

represented by the upper trace· and the ri~1t hand polarization by the 

lower trace. The sweep rate was 10 Mc/s in 60 msec, repeated every 250 

msec. 

The work described here is nevv, as no-one has as yet observed Jupiter 

emissions on a swept frequency polarimeter in this particular frequency 

region. It has recently come to the author~ notice that Gordon (1966) 

has operated such an instrument covering the frequency range 24 l\-1.c/s 

to 36 Me/ s. The only other swept frequency instrument, sweeping over IJ.Ore 

than a few li:c/s, is a svtept frequency interferometer operating at the High 

Altitude Observatory (HAO) at Boulder, Colorado and it does not distinguicl1 

between the various forms of polarization. Some results obtained at the 

P...AO will be discussed later on in this report. Riihimaa, in Finnland, 

also operates a swept frequency receiver. It is a phase-switched 

panoramic interferometer, sweeping the range from 15 Mc/s to 20 Mc/s once 

every 6 sees. He also 9perates a high-resolution multi-channel 

spectrograph operating in the vicinity of 19 Mc/s. (Riihima., 1961; 1964a, 

1964b, 1966b) 

We are now in a position to show some of the results obtained. It will 

be appreciated, that not all successful photographs of Jupiter activity 

can be shown here. We will show a few which may show something of the 

characteristics of the observed eoission. Some of the more prominent 

bursts recorded, shown and not shm~, have been investigated for values 
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of axial ratios and these will be compared with the v10rk of other 

observers. 

Fig. 8 shorTs some activity recorded during the night of the 6th Novetlber 

During this activity source A (238° - 265° cr:IL) was pointing 

towards Earth and Io was in the vicinity of 220° from SGC. The total 

duration of this burst group was about 2.5 sec. Although activity may 

have been all over the band, two main regions of activity can be seen to 

be well above the noise level, one activity region is in the vicinity of 

16 lt1c/s and the other is in the vicinity of 23 l:.lc/s. 

For comparison and easy surveyance Fig. 9 was prepared to show the activity 

of the right hand trace only. It can be seen that both bursts are stable 

in frequency, no appreciable drift in frequency could be established. 

The structure and amplitude seem.\ to vary. Axial ratios were determined 

for the maxi.I:Jum peak of each burst in each sweep. The accuracy is of the 

order of 207~. 

The lower frequency burst varied in axial ratio from -0.15 to -0.66 and 

for the higher frequency burst the axial ratio varied from - 0.17 to -1.0. 
' 

The mean axial ratio for the burst amounted to -0.40 and - 9.46 respectively. 

There appears to be a division of the lower frequency pulse into two 
' 

sections. Comparing traces b and c, it seems possible that the divi sion 

may be due to another pulse having drifted up from lower frequencies, the 

pulse not being noticeable in trace b, while trace c shows them both. 
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There is also a second explanation. The pulse observable in trace b just 

above 16 11c/s could have split by the neJI.-t sweep, remaining at a slightly 

lower frequency until trace f, ·after this drifting to lower frequencies. 

Pulses drifting to lower frequencies have actually been observed on more 

occasions and will be described a little later. 

The higher frequency pulse is less intense and its bandwidth is also less . 

It is possible that the higher frequency activity is the tnird harmonic of 

a fundamental, whose second harmonic is the lovter frequency activity. 

The suggested harmonic relationship would then be 8 Mc/s , 16 Mc/s and 

23 r.Ic/ s. This suggestion appears more plausible in the light of tv10 

recent publications. Carr et al (1965) report that the activity of 

Jupiter appears to be greatest between 5 Mc/s and 10 Mc/s, while Dulle and 

Carr (1966) report almost continuous radio emission at 8. 9 Me/ s and 10 J.'ic/ s. 

Fig. 10 shows four pictures (I, II, III, IV) each presenting three mveeps 

across the frequency band. At that time source B was pointing towards 

Earth. Io was at tnat time in the vicinity of 300° from SGC. · Traces Ia 

and Ib shovv the build up of a left hand polarized pulse (axial ratio +1) 
~ \ 

around 16 I1c/s. By the time sweep Ic took place the emission was over. 

Since there was no trace on the ~veep before Ia (not shovvn), the total 

duration vtas in the region of half a second and the bandwidth about 200 kc/s. 

It will be seen later that it is unusual for left hand pulses to be recorded 

at such longitudes . Barrow (l964a) does report bursts in that vicinity , 

which are left hand polarized. 
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Fig. 10 
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In the second picture we see left hand activity in trace a. This can 

still be seen in the second trace (AR = +1) at a frequency of 17 Mc/s. 

However there is also some RH activity to be seen at a slightly lower 

frequency (16 Mc/s) extending downwards, out of the range of the 

instrument. When the third trace was taken. activity is noticeable in 

both traces. It appears as if the RH pulse might be at a slightly higher 

frequency. Picture II was taken a "few seconds after picture Ie The' 

a~ial ratio of the RH pulse in IIb is of the order of -o.2. 

Picture III also shows a left hand pulse (AR = +1), while the "fourth 

picture shows activity with a bandwidth of approximately 1 Mc/s at a 

frequency o"f 16 Mo/s. The axial ratio is about +0.13. In the same 

picture, we can al.so make out some activity around 16.5 Mc/s which is 

completely left hand (AR = +1). 

Fig. 11 shows four pictures, each of which might exhibit the phenomenon 

of travelling pulses. Pictures I, II, III were taken during a storm on 

the night of the 7th November 1965, picture rv on the night of the 22nd 

November 1965. On the 7th November CML longitudes were about 100° during 

this emission·r. and Io about 90° from SGC, while on the 22nd November 283° 

CML was pointing towards Earth and Io was about 266° from SGC. We shall 

see from the discussion which follows in the next chapter, that both these 

occurrences may have been Io-related. We cannot be certain as we do not 

know the highest frequency these storms attained. 

It is not at all certain that these pulses do indeed represent travelling 
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pher~~ena, as the evidence is much too scanty. The only way in Vlhich we 

could have been certain is if the sweeping rate had been higher. Thio 

possibility and its advantages ·will be discussed i.."l due course. Hov1ever 

pic·ture III seems, in the author's opinion, to be the clearest cut case 

for partially proving the e:ris.tence of travelling pulses. If •;re look at 

IIIa v1e note that a right hand polarized pulse is evident at 24 Mc/s. 

No other activity can be seen until about 22 Mc/s. In IIIb we note two 

pulses of equal stre~h separated by about 1 Mc/s and in IIIc two pulses, 

also of equal strength, one at about 24 Me/ s the other 21. 5 Me/ s, with 

no detectable emssion in between. 

It is interesting to note that similar patterns could be attributed to 

pictures I, II and IV. If this had occured only once, it would have been 

pu·t; down to chance. This multiple occurrence of similar patterns is taken 

to be evidence, for the existence of travelling pulses. Theory also 

predicts them. In a lot of other groups of traces no possible patterns 

were detectable. Therefore it was decided to interpret these traces aa 

travelling pulses and see how they do fit in with evidence collected by 

other observers. The suggested paths are outlined on the covering tracing 

paper. It is also interesting to note that the suggested travell~g 

pulse changes the a~ial ratio from -1 in Ilia to -0.4 in IIIc. If we 

average the axial ratios for the nine traces and plot them against the 

frequency we get the graph shown in Fig. 12. Although the axial ratio 

seems to vary considerably, v1e can still see that the polarization is 

definitely right hand. The suggested drift rate reaches at least 8 I.ic/s
2

, 

it increases with time. If picture IV can also be interpreted as drifting 
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pulnes, then this drift rate is still higher. (Ellis 1 s theory predicts 

drift rates of over 30 l'.:Ic/s2). It is also interesting to note that the 

axial ration in the fourth picture are much more closely spaced. The 

actual determined values vary from -0.48 to -0. 56 over the whole frequency 

range. In all four pictures, most of the emission noticeable is of 

short duration re.,lc;~.tive to the repetition rate. 

Fig. 13 shows thre!'! pictures taken also on the 7th November 1965. 

(C£1lL = 100°; Io = 90° from SGC). In picture I we can see a group of 

pulses (marked X) between 18 Me/ s and 20 11c/ s. In Ia they seem to be 

circular polarized, changing into elliptical (AR = -0.3). In Ib we can 

also see ~other RH pulse just above 22 Mc/s. Comparing I a and Ib it 

appears as if, in the vicinity above 16 J'Jc/s, a RH pulse can be seen in 

Ia and a LH pulse in Ib. Both seem to be circular polarized and they 

seem to be related ih some fashion. In picture II activity is noticeable 

throughout the band, but little correlation seems to exist between the 

three sweeps. In the third picture broad-band activity is noticeable 

in III b reaching as far as 19 1f.c/ s. The axial ratio is in this case 

,mdeter.ninable, as it ·is virtually impossible to locate the levels 

accurately. It is however clear that the burst is strongly right hand 

polarized. 

Pig. 14 shows some further traces. Pictures I and III were taken on 

the 22nd ~Jovember 1965, picture II on the 7th November 1965. Picture I 

shows some short :burst activity in sweep b, with virtually nothing visible 

in trace a or c. The activity seems to take place throughout the observed 



- 85 -

- -

Fig. 13 



- 86 -

Fig. 14 

u 
('.. 

l[) 
('J 



- 87-

frequency band. The polarization seems to be complete circular. In 

IIa RH activity is seen at about 16 Mc/s and in lib at about 19 Mc/s. 

The shape of the two pulses appears to be similar, could it be a drifting 

pulse? If it is the drift rate is in the vicinity of 10 Mc/s2• In 

Ilia and IIIb activity is seen in the higher frequency region, but gone 

by trace IIIc. The axial ratio seems to vary, from about -1.0 at 24 :r.Ic/s 

to about -0. 5 at about 20 Me/ s . 

In the i'ollowing pictures (Fig. 15) we can detect v1hat may be an 

interesting phenomenon, definite and sudden changes in the axial ratio 

within quite narrow frequency limits. These pulses are marked with an 

"X". In Ib we see tvm pulses around 20 Mc/s. The one has an AR close 

to zero (exact value undeteminable) while about 500 kc/s higher the 

polarization seems to be circular (AR = -1.0). In lib we see a similar 

ei'i'ect close to 18 Mc/s. In this case it appears as if the polarization 

I 
might change from -1.0 to +1.0 and back to -1.0 within less than 1 11c/s. 

It seems possibl t E> interpret the activity around 18 Mc/s in IIIb in a 

s:ii:lilar way. Other, weaker activity is noticeable in all three pictures. 

\'" These ~1eeps were also excepts of the storm recorded on the 7th of November 

1965. 

Pig. 16 shows some pictures of what might be termed general activity. A · · 

few of the pulses can be seen in more than one sweep staying fixed in 

frequency. The third picture shows some fairly strong activity. Liost 

of the pulses are. strongly RH polarized. 
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Fig. 15 
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Fig. 16 
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Tne last three pictures are to be seen in Pig. 17. Picture I SflO\'IS SO:::;J.e 

unrelated snort activity. 
ohlT' 

The second picture} shov1s some unrelated 

activity. In the last picture some stationary pulses are evident . i'llece 

are marked X. The pulses ~ked + are thought to be interference. 

' 

4. 6 ~)iscussion 

The time duration of Jupiter 1 s ~ecametric emission varies from bursts 

lasting for a feY/ seconds, down to bursts lasting less than 0 . 05 sec. 

The latter pulses have sometimes been referred to as 11spitting11 pulses. 

The Jupi ter observers corJerence held in 1964 at GSFC proposed that the 

pulses be grouped as follows: 

Burst type Time scale in sec NASA class. name 

long greater thru1 2 . 0 3 L 

normal 0. 2 - 2.0 2 

short less than 0 . 2 1 s 

Baart et al (1966a) have recently proposed that the 11S- group11 be 

subdivided into short pulses (range 0 . 05 - 0 . 2) and very snort pulses 

(less than 0 . 05 s ec). The latter type t hey named 11I - pulses11
• 

This classificati on covers all the types of bursts we are likely to observe 
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from Jupiter. In the light of this classification, we have to ask 

ourselves what the capabilities of our instrument were. 

It was said that the receiver swept the frequency range in approxi..IJately 

60 msec once every 250 msec. This means that only pulses which last 

longer tl~ roughly 310 msec are likely to be recorded on ~vo successive 

sweeps, while pulses which last longer than 500 msec are definitely 

recorded on two successive sweeps. 

To be able to interpret any characteristics of a pulse we would have to 

see it in at least three sweeps, and even then this may be difficult. 

\'Te IJaY however, say with certainty that any pulses which last longer than 

1 sec, can be investigated properly, provided they stay reasonably f~{ed 

in frequency. Should the pulse drift, then vre have further difficulties. 

\7e have seen in Section .. 3. 5 (Fig. 11), that certain pulses were detected 

which were thought to drift at a rate of approximately 8 Mc/s2• This 

:means that between each successive sweep, the pulse will have shifted 

in frequency by about 2 Mc/s. In that case, although we have said that 

these pulses were drifting in frequency, one cannot be certain at ¥1• 

A frequency drift of the order of 0.5 ~c/s2 could be interpreted as such, 

without much doubt, but once the drift exceeds 1 Mc/s2 the argument becomes 

weak, if an instrument of such low time resolution is used. 

To sum up, we may conclude that this particular instrument may be 

sufficient to investigate class 3 pulses, · provided they do not drift in 
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frequency by mo:re than 1 i:.Ic/s2• 

Iiowever if' v1e consider the latest publications in this field (Harwick and 

Gordon, 1966; Riihimaa, 1966), we find that they have observed pheno:oena 

v;hich drift in frequency at a much higher rate. Vfarwick and Gordon 

report :hav:i..ng observed drift phenomena moving from high to low frequencies 

at a rate varying between 5 M:c/s and 35 11c/s, while Riihir.oaa reports drifts 

(His instrument was incapable of detecting hieher 

dri:ft rates). We may therefore conclude that all types of drift rates 

can be observed. Theory predicts drifts varying from 30 Mc/s2 to 

50 Nc/s2, but the limits are only imposed by the choice of electron 

energies. 

We can deduce the eiectron energy of our observed drift pulses from 

relatively siople geometrical considerations. Davis and Chang (1961) have 

determined from decimetric observatiom of Jupiter, that the planets 

:rw.gnetic raoment is 4.24 Jt l011weber.meter. For the purpose of this 

calculation, let us assume that the drift velocity is 8 Mc/s2 at 20 Mc/s 

~~d that the radiation is emitted at the gyro-frequency. 

With the above dipole moment, a difference of 2 Mc/s corresponds to a 

difference of height of 3250 km in the magnetic field along the magnetic 

polar axis. The drift rate of 8 Mc/s2 therefore corresponds to a linear 

velocity of 13,000 ~sec, and a bandwidth of 0.5 Mc/s corresponds to a 

length, of the electron cloud e~tting the radiation, of 800 kc. The 

negative drift rate implies that the electron cloud is travelling into the 
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direction of decreasing magnetic field, i.e. away from the pl~~et, since 

the gyro-frequency is decreasing. The assumption of gyro-frequency 

emission means that the electrons, when emitting the radiation of 20 I:Ic/s, 

are gyrating about the magnetic field line at a rate of 20 1:c/ s. :Due 

to the drift velocity of 13,000 km/sec they will travel along a helical 

path. If these electrons have velocity 11v 11 , and pitch angle G, then 

v cos G = 13,000 ~sec (l) 

since the component of their velocity along the field line must equal 

the drift velocity. 

The electrons, gyrating at 20 Mc/s, will drift a distance 

d = 13. 000 ,_;cycle 
2 X 10 1 .I.Uo/ 

If the radius of the heli cal path is 

R, then it follO\'/S from the diagra.t1 

2R on the left, that there is a relation 

between the pitch angle and the radius. 

We may therefore write 

~(--:> 
tanG 2 R (2) = ----------------~ t X 13,000/2 X 107 

We may also derive a third relationship, if we consider that the t otal 

velocity is the sum of the drift velocity and the velocity along the 

circumference of a circle of radius R, i.e. 

2 

13. 000) 
2 X 107 } 

t 

. 
(3) 

Solving between the three equations given above, one obtains the value 
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for the velocity and radius 

v = 16,000 1rrn/ sec R = 1.2 m 

~nis implied that the electron emitting this drifting phenomenon is 

travelling at five per cent df the velocity of light. They are therefore 

probably non-relativistic. 

of 5 kev. 

The energy of such electrons is of the order 

The reason why _only negative frequency drifts are observed can be two fold, 

either no electron clouds dri.f.t into regions of stronger magnetic field, 

or if they do, this radiation is unobservable. Ellis and McCullochfs 

theory does indeed have an explanation for this effect, because accordli1g 

to their theory, emission can only take place in the forward direction and 

is emitted into a narrow cone only. Emission in the direction opposite 

to that of the emitting electrons has no narrow cone limitation, but can 

also not escape. 

Pig. 18 shows the smoothed curves obtained by Carr et al (l965a) showing 

the longitude variation of polarization at three ~requencies. 

Superimposed upon this graph marked (X), are the fev1 measurements we were 

able to make successfully. 

There is only one result. vrh:b h seems to be outside the lir::lits of error. 

The point corresponding to .AR = +0. 5 in the vicinity of 18C
0 m.IL. 

However we have to remember that the graph upon which these points were 

superimposed is one of meru1 axial ratio and the point in question is only 

the mean of four observations. The method of sampling may have precluded 
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observation before and after which would have put t:O.e point into the rit;11t 

poGition on the graph. :i1owever it may also be pointed out, t:O.at both 

Barrow and Sherrill have reported having observed LH polarized pulseo in 

simlar CI.:iL positions. Barrow (l964a) reports having observed lli at 

16 Me/ s at some slightly higher 01\iL values during 1963, while Sherrill 

(l965b) reports observations of IH polarized pulses at 16 Mc/s at s~~lar 

Cl.iL values. 

Sudden variations of axial ratios similar to those observed will be 

discussed in the next chapter, when a suitable model will have been 

introduced to explain various phenomena. The other pictures which shor:ed 

generalized activity have been included in our analysis of axial ratios. 

To say much more about them would be futile at this point, as neither the 

apparatus nor the statistics would allow a more detailed analysis. 

The general trend of our observations appears to correlate with previous 

observations. This is in spite of the fact that our apparatus was only 

able to detect strong Jupiter bursts and the difficulty of correlation 

due to the method of recording. The first mentioned fact resulted in 

the difficulty of observing Jupiter-bursts in the background noise. It • 
can be seen on a number of traces that this was a most serious complication. 

The influence of the second major defect \Vas the inability of determining 

trends in the records, due to the large distance between sweeps, and the 

large amount of film per storm. 

All the same we may conclude that the apparatus has actually performed the 
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tuck for r:hich it was intended. \'fe have been able to dcter-.uine tne scn:.;e 

of polarization, and in addition we VTere able to deterr.:ri.nc the axial rc.tio 

a.'1.d its variation for a m.u"!lber of bursts. To be able to deternine mucfi 

z-,ore ti.la..YJ. that would require a much oore sophisticated i..."'lstrunent. . ' •. e 

have le.::trned by our IJ.istakes and the instrur:lCnt, at present in its 

co:opletin5 s~.;ages vrill improve upon the one used during the last ooservir..s 

season. Its sweep rate will be 100 sweeps/sec o..nd the :former switching 

hc.s been eliJ::linated, thereby increasing the sensitivity greatly. The 

instru.oent will sweep throucn tile frequency rnnge ampli.fyi..."lg during 

alternate sweeps first the left llan.d channel, then the right hand channel. 

·rhe phase difference between the "two inputs is provided by a hybrid ril1G 

whicl1 adds all frequencies between 15 rae/ s and 25 ::..:c/ s with phase 

differences of 90° and 270° thereby producing two outputs, one representjng 

left-l~d circular thG other right hand circular polarization. Finally 

the recording is to be done on fi~ using Z-modulation. This will allm7 

us, while s~ill being able to deter~e some axial ratios, to deter:oi...'1.e 

trends and characteristics on a ,basis of high resolution. V.' e will also 

be able to record continuously, a fact which v:ill imp:::-ove the system. 

A large number of bursts wQS. certainly missed with the past method of 

s~pling during activity. 

We sh.:l.ll not go into detail of interpretation at this stage, as in the ne:-::t 

c!lapter additional evidence will be introduced. T'.o.is evidence will allow 

us to 3)ostulate, with the aid of zllis a.'1.d l:IcCulloch's theory, a :u1odel 

wlucil eY.hibits some of the characteristics of present observations of tile 

decanetric radiation. 
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A nt~tistical a~~lysis 

5.1 Tntrocluction 

In this cho.pter we shall attem.ut to analyse data obtained by Warwick's 

gro'..lp (1:ia.rwick and Kreiss, 1964; Wa.rv1ick and Dulk, 1965) at the Hign 

Altitude Observatory at Boulder, Colorado. The data published contained: 

(a) Date of observation; 

(b) Ti.I:J.e during whi ch observation took place; 

(c) Time during which Jupiter activi ty was observable on the 

frequency-t~ r ecordings; 

(d) Intensity of a stor~ on a scale 3,2,1; 

(e) Burstiness of the emission; 

(:f) Frequency range over which the st or1:1 was observed; 

(g) System III m~ffi co- ordinates of observed emission. 

These data r1ere obtained witn a swept- frequency interferometer sweeping 

from 7. 6 Me/ s t o 41 Me/ s. The equipment integrates over about 600 kc/s 
. 

of spectrum, and had a $~eep recurrence rate of 1 . 30 sec from Januo.ry 1960 

tnrough to July 1963 ~~d 0. 65 sec from August 1963 on. The eq uip!llent 

permits identifying each Jupiter event lasting more than 2 or 3 min~tes, 

or coveri..."'lg rore than one or two 11c/s. Its sensitivity is higfl. enough 

to record the bright radio stars Cassiopeia A and Cygnus A. 
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The observa"!;ions were carried out over such a large period of t~, tlurt 

it ;:;ay be assumed that each part of Jupiter was po:inting towards 38:rtll 

a11 equal number of ti.I:les. The resulting information would therefore 

correspond to that obtained by a random s~ling process. It is therefore 

unnecessary, from a distribution point of view, to calculate probability 

of occurrence, as an analysis with respect to n~ber of occurrences gives 

similar results. 

Table I gives a summary of Wa.rwick1 s data which was used for the analysis. 

The analysis which is about to be presented, was designed to determine 

wnetJ.1er any significant variation can be found, when analysing the data 

on a oasis of 11hla.:x:imum. Frequency" (llF ). This l;::J!' was the top frequency 

an eLlission from the planet Jupiter reached during one particular event . 

Suppose, for example, durinG an observation on one particular day Jupiter 

emission was recorded by the P~O spectrometer between the frequency liDits 

15 Nc/s and 31 Mc/s, nothing having been observed above 31 Mc/s. 

case 31 Iiic/ s is the MF . 

In this 

Furtilermore it mu.st be re:tlized that such an analysis could not be 

performed by an observer, who observes Jupiter on a few fixed frequencies. 

This observer, supposing he operates a set on 18 Mc/s, will observe ~ 

storr:lS, which have a "frequency component" of 18 l:c/s. 

Fig. 19 shows a graph of all the 1304 storms used in this analysis plotted 

versus the 1~ observed during each storm. It is seen from this graph, 



Apparition l~umbcr Total Avera5c 
of time time per 

I ~pposition 
events (min) event 

BeginninB End (min) 

1960 2. 12. 59 5. 1.61 20. 6. 60 57 1397 25 . 0 

1961 6. 1 . 61 8. 2. 62 25. 7. 61 244 9008 37. 0 

1962 9. 2. 62 16 . 3. 63 31. 8 . 62 352 17411 49 . 5 

1963 17. 3. 63 22. 4. 64 8.10.63 430 28625 66 . 6 

1964 23. 4. 64 29. 5. 65 13.11.64 229 11341 49.5 

Total 1312 67782 51.7 

Table I Swrunary of Jupiter events, apparitions 1960 - 1964. 

Observing 
time 

(min) 

-

187201 

197384 

231992 

192220 

808797 

Average 
:Perccntaec 
:Probability 

-

4.8 

8. 8 

12.3 

6.0 

8.4 

1-' 
0 
1-' 
• 
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tc.a.t the largest number of storms had a r·.w i...."l the vicinity of 18 r.:c/s. 

':.?hc:::-e is a second pe~ at an LIP of 28 me/ s and a third peak appears at 

35 IJc/s . There are also tVIo definite mini.I:la, one at 21 I&c/s and another 

one at 33 rtic/s. The latter one is not as obvious as the former, most 

probably due to the smaller number of storms recorded with a high L~. 

The observations were analysed for relationships to the angular position 

fron Superior Geoc~~tric Conjunction (SGC) of ' Io, the first Galilean 

satellite, and for relationships to System III Central Meridian Longitude 

co-ordinates (CML). The variation of emission with "apparition phase11 

is also investigated. 

Bigg's discovery and the subsequent work along similar lines were reported 

in Cila.pter I. Bigg in his calculation had originally only used observations 

for the three apparitions of 1961 to 1963, and had also used an intensity 

weighting. He multiplied the time of Jupiter storms by factors rangins 

bet\7een 3 and 1, depending on the strength of the emission, as published 

by \'/arwi.ck. As a first step in this investigation, Io-relationships were 

recalculated using data published for the five apparitions 1960 to ~964 

and omitting this intensity weighting used by Bigg. 

The published information was transferred onto punched cards and fed into 
' 

a computer (I.C.T.l30l) programmed to Vlork out the number of ti.I:les Jupiter 

storms occurred for each 1° interval of departure of Io from SGC. The 

results were plotted as a graph, v1hich is shown in Fig. 20. 
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0 0 The maximum peaks are located at 94 and 245 • This is similar to the 

results of :Bigg v;ho obtained peaks at 93° and 246°. However it may oe 

seen quite readily when comparing the tv;o individual graphs, tr..at when 

Eisg included the intensity weighting, he obtained r:mch sharper pea.Y.s. 

A comparison of the ratio of ma."Cimum to mini.mu.m of the graphs is very 

interesting. In Fig. 20 this ratio comes to 9.34, while in Bigg 1s graph 

the ratio amounts to 15.41. Co:oparison therefore reveals that when 

including intensity weighting the ratio of maximum to minimum is increased 

roughly in the ratios 5 : 3. It may therefore be concluded that we have 

here definite evidence that the intensity of Jupiter.' s decametric radiation 

is also related to the position of Io from SGC. 

Since there is sufficient inforcation so that reasonable subdivision still 

gives statistically significant results, i t ·was decided to divide the <io.ta 

according to the 2 Me/ s intel"Val in v1hich the 1Th~ observed during a complete 

storm fell. The dependence of emission upon the position of Io v;o.s 

calculated in each interval. The results are shovm in Fig. 21. (For 

convenience Fig. 21 and Fig. 24 have been placed at the back of this 

thesis) 

It can be seen from the graph that while for certam MF ranges Jupiter's 

decaoetric radiation is strongly dependent upon the relative position of 

Io, there are others where it does not seem to matter much in Which position 
~ 

Io is. 

\'ihenever emission of Jupiter's decametric radiation has been recorded at 
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the HAO at frequencies higher than 30 Mc/s, then Io was in either the 

vicinity of 90° or 250° from SGC. Storms which had a maximum or cut-

off frequency betv1een 20 I.ic/ s ·and 30 I\lc/ s are relatively unaffected by 

the position of Io. Y!e see t :hat emission Vlith a 1:1F in the range betvrecn 

18 11c/s and 19 Mc/s does, once again, depend~ in a more pronounced fashion 

upon the relative position of Io. It may be significant that the one 

region of Io-dependent activity (30 - 39 l.:c/s) contains the second harmonic 

of the other (18 - 19 Mc/s) . However this aspect will be discussed 

further after other results have been presented. 

It is interesting to note that whenever emission takes place with an I;;F 

higher tila...'l 31 Me/ s, Io is above a certain region of Jupiter longitudes. 

Fig. 22 shows the geometry of lo relative to- Jupiter when emission in the 

higher frequency regions takes place. 

5.3 Dependence on Juniter longitude 

It was reported in Chapter I that, soon after the discovery of Jupiter's 

decametric radiation, the dependence of emission probability upon the 

CML position VIas noticed. Pig. 23 shov1s Ylar~·lick 1 s data plotted in a 

fashion which indicates the variation of number of emissions with relatice . 
Cr.IL. The graph shov1s the usual pattern obtained. 

It is seen that most emissions takes place when Jupiter's longitudes 

0 around 240 are pointing towards Earth. There are tv10 minima to be 

0 0 seen, one around 190 and one around 50 • The general appearance of 

the graph does suggest a tilted dipole field as used by V/arwick and Bllis 
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and r.:cCulloch in their theories. It is also seen that the hump around 

0 
320 , usuo.lly called source c, is relatively small. 

The investigation of the longitude dependence ac·cording to tile ME' 

observed does give some very interesting results. (Fig. 24) We 

see that source A emits a large number of storms which have an ME' in the 

region of 28 Mc/s or 29 Mc/s. Source B emits largely with l:IE's in tile 

~ange above 31 Mc/s and Source C emits virtually only below 21 11c/s. 

Emission by source D appears to be only an extension of the emissions 

by the source C region. It is also noted that the MFs of source E ~o 

to higher frequencies than those of source A. 

It may be significant that source C and the emission peak around 170° 

in the 18 - 19 Mc/s ME' interval are nearly 180° apart . 

5. 4 CoL'.narison betv1een Io a11d. S;vsteo III dependence 

We shall nov1 attempt to compare and contrast between the Io and System III 

dependence in the various lJF intervals . For the convenience of the 

reader the two graphs have been plotted side by side, in order that he 

ma.y follow the argument and appreciate the.: impor tance of these reru,lts. 

We shall di scuss each subdivision separately. 

There was during the five apparitions only one r ecord which went beyond. 

39 11c/s. This was in spite of' the recorder being able to examine tile 

spectrum. up to and including 41 l.lc/s. This emission was due to source ~ 

and Io was in the vicinity of' 100° f r om SGC. 
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Here ·we see, that while Jupiter emission v1as received over wide cr.:IL values 

of source B virtually all the emission took place when Io was within quite 

0 0 narron limts. These are :from below 80 to above 110 • Source A shovrs 

virtually no activity. 

The pa·~tern of source B emission in this interval is still very sii:Jilar 

in outline to the one discussed above, but more storms were recorded. 

There seems to be also a little more activity by source A, with Io 

apparently within narrow SGC limits. 

In this interval we see a sudden increase of emission due to source A. 

By comparison with the previously discussed intervals we may conclude 

that emission from A will only talce place i:f Io is in the vicinity of 

240° f rom SGC , while emission from source B will take place if Io is lll 

the vicinity of 90° from SGC. It is also interesting to note that for 

emission :from source A, Io seems to have a far vrider "Bandvridth" of 

allowed deviation from SGC, while the emission pattern with regards to 

Lrrr seems to be very much the same as in (c) above. 

e) .2_2-32. £:!cLs_l.:F inte_;:v_£1 

~he activity of source B seems to decline in this interval, while the 

activity of source A remains at about the same level as in (d). However 

there seems to be a slight shi:ft of the Io position w.r.t. SGC, to a 

smaller angle for the higher SGC values, while the lo·wer values show no 

such change. 

llost of the emission is fron source A and is still Io dependent. A 
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shift to lower values of Io 1 s departure from SGC is once again noticed · 

for the values around 240°. 

There is very little emission from source B. However a curious effect 
~ 

can be noticed on careful scrutiny. \'lith decreasing WF intervals, the 

~II position of source B seems to shift to higher values of Longitudes. 

By the 18-19 Me/ s interval, source 11B 11 seems to have shifted to a · 

longitude close to 180°. 

The dependence of emission upon the position of Io seems to have been 

almost cotipletely smeared out. Although there are still a number of 

positions of Io where there is more emission than at positions close by, 

this effect may purely be due to statisti cal fluctuations. On the other 

hand it could be possible, that Io-control "splits" in this interval. 

This could be deduced from the indication of a minima in the 30-31 :Jc/s 

interval at 230° from SGC and the possible minima at 215° from SGC in 

this interval 

The general shape of the nUJJber of emissions versus ltii plot seeras to 

broaden out towards larger values of I:LII• Hardly any Io dependence 

can be noticed, a possible peak appearing in the vicinity of 250° from 

SGC. 

i) 1,4-22. 1.!cLs_!vll!' in_!e~_§;l 

The Lrii dependence is very similar to (h) and from the Io dependence 

plot vte can deduce :n:ore a position for which it is unlikely that raciiation 

is received than to say radiation will be received if Io is in a certain 

vicinity. 
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The ~r- pattern is broadened still further and no real Io dependence can 
.l .L 

be deduced. 

In this interval we can notice that source A and source C patterns rJD.Y be 

Io control seems to become a little more prominent again. 

Tb.is is deduced from the disappearance more than the appearance of 

deflections on the Io dependence graph. 

In this section there are quite a few changes as compared to the last few 

sections discussed above. Emission from source B becomes a bit oorc 

promi.nent, although the so~~ce region has shifted to higher Lrrr longitudes, 

as pointed out above. Emission from source C is very prominent, vrill.le 

emission due to source A has increased too, but not as much as source c. 

Since it is not obvious what the CLt.L is of those storms where Io is in 

the range 90° - 115° i.e. the reappearance of To-dependence, a sepa=ate 

check was carried out. It was found that this To-dependence, when e:>..-presGed 

as e~ssion of CML, can be attributed as follows: Source A was emitting 

for 17 events,source B for 11 and source C for 20 events. This latter 

result is thought to be very significant and will be discussed again at . 
a later stage. 

The activity seems to be smaller on the whole , but a very noticeable 

decline can be observed for emission from source A. Source C is still 

ver-:r active. Emission from source "B" has shifted a bit further towards 
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. n) BelaY!_ 15_!1~s i:liF_inter:yal 

There is too little information available and no real trend, different 

from the above, can be establiShed. The lack of data is due to the 

decrease in useful observations at lower frequencies, due to the increase 

of interference from the Earth's ionosphere. 

5.5 Percentage probability of decametric emission 

?ne calculations in this section were carried out with the intention of 

determining whether t~ere was any noticeable difference in the rate of 

observed e.-nissions during the appari tiona. This v1as originally done 

with the idea of determining a possible influence -of Jupiter's 

magneto~pheric tail (Gruber, 1965) It has recently come to the author's 

notice that Six et al (1963) had noticed this effect, of decrease afte+ 

opposition, in their fixed frequency data. They explained it as an 

eclipse of Jupiter by the Earth.1s magnetosphere. 

For the purpose of this investigation the period between tv1o superior 

geocentric conjunctions was divided into 27 intervals each of 15 days, 

except for the first and the last which riJ8Y have less than 15 days. The 

intervals were numbered from 1 to 27; interval 14 was cent~ed on the day 

of opposition. For each of these intervals the total time for which 

Jupiter was observed was computed as well as the total time during which 

Jupiter events occurred. The ratio of the latter to the former gives 

the percentage probability of occurrence in that particular interval. 

This was initially done without taking into consideration the frequency 

distribution of .the bursts. The results are shown in Figs. 25 to 29. 
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It can be seen from these graphs that there is a tendency for Jupiter 

emissions to talce place before opposition rather than after opposition. 

Co::n.bining t~1e values for the t'ive apparitions , that is, calculatinc; the 

average percentage probability for the correspondingly numbered intervals, 

this tendency becomes much more pronounced. 

From the graphs it appears that the rate of emission before opposition to 

the rate of emission after opposition is approximately in the ratio 3 : 2. 

Furthermore a rather sharp cut off is apparent immediately after opposition. 

DuDe (l965b) noticed this effect ·when draYfing histograms separately for 

the period before and after opposition for the apparitions 1964 and 1965. 

He suggested that this effect mgh·t be due to the influence of the I:l.a.Xiraur.J. 

usable frequency of the Earth's ionosphere on Jupiter reception. Hovrever, 

I think, that this is most probably not the case. 

a bit further. 

let us consider this 

The ionosphere determines the lowest frequency which can be observed co~g 

from outside Earth. Therefore, if variation of ionospheric conditionG is 

responsible for the sudden decrease of percentage probability, one Tiould 

eJ..-pect that during the same period there ·would be an increase in the 

lowest possible frequency one can observe. To check this point, the 

"mean lowest frequency" observed was calculated for each interval for the 

five apparitions. This \'las done by noting the lowest frequency of each 

storm and finding the average for the fifteen day interval. 

for all five apparitions is shovm in Fig. 30. 

The result 
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From the graph it seems obvious that the variation of ionospheric 

conditions is not likely to be responsible for the observed decrease of 

percentage probability after opposition. If it were we would expect the 

g-.caph to show a sudden change on or after interval 14. The graph ho\7ever 

shows little variation. The cause of this effect must therefore lie 

somewhere else. 

Comparing1¥ig. 29 and Pig. 30, it can be seen that the rise in percentage 

probability starting at interval 5 and the fall of percentage probability 

starting at interval 22 my be explained by the fall and rise of the lowest 

observable frequency, i.e. ~ionospheric effect. 

Fig. 31 s¥ows the percentage probability versus interval number when ..... .. ne 

hlF observed during a storm is tween into consideration. The fall of 

percentag~ probability after opposition is most noticeable in the 18-19 

Mc/s interval. It can also be seen quite strongly in the IiiF region from 

26 Mc/s to 29 Mc/s. It is difficult to say whether the effect is less 

in the other intervals, due to the :fact that in the particular intervale, 

where the effect is most noticeable, there are also more storms recorded 

than in the remainder~ The variation may therefore only be due to 

statistic&l influence . 

S:il1ce a relatively large ar.1ount of data was available in the 18 - 19 1Ic/s 

interval it VIas decided to determine whether a:n:y variation of percentage 

probability could be determined with the two major sources in that 

interval, i.e. source A and source c. This is shown in Fig. 32. The 
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drop is noticeable in both sources. Hovrever there is a very intereoting 

phenomenon noticeable in the graph illustrating the variation in the 19 

I.:c/s interval. The percentage probability drops after interval 13, but 

does come back to the original value at interval 19. This means some 

process apparently cuts off er:ti.ssion, with a maxi.Imlm frequency of 19 1:c/s, 

for a pe.riod of close to 10 weeks. Similar trends are noticeable in 

the graphs representing the t otal percentage probability for the apparitions 

1961, 1962 and to some extend f or the apparition 1963. In the 1964 

.apparition a drop is noti ceable in the corresponding intervals. This 

might account for the rclatively equal values after opposition in the graph 

representing the average for the f i ve year per i od • 

. 
One further significant detail, vrhich becomes apparent when comparing the 

figures for the five years, is the fact that there was a maximum number 

of emiosions during the apparition 1963. (This is also obvious v1hen 

scanning table l.) This is additional evidence that the sources emit 

into very limited ranges of declination. 

There is another way of l ooking at these phenomena. During one Jupiter 

year (11.9 Barth years) Jupiter's position relative to Earth changes and 

with it the declination of Earth, as seen from Jupi ter. During the 

observing periods Earth itself moves, so that Earth 1s apparent declination 

changes considerably with tiDe. Thi s variation is given in the 

Ephemeris as D"' • 
..!, 

Fig. 33 shows the various graphs of percentage 

probability plotted versus the time of observation and superimposed on the 

saoe graph are the variations of DE. 
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\'fe csn deduce from this graph that as the axis of rotation of Jupiter 

chru1ges and Jupiter' s North pole becomes more visible, the percentage 

probability increases. There is however one point which shows that ti1is 

argument does not hold throughout. On the above argument we would 

expect the percentage probability to have increased further, also durli1G 

the apparition 1964. This is however not the case, as the percentage 

probability is seen to have decreased quite rapidly during the apparition 

1964. 

We have mentioned before that decimeter observations have suggested tb.at 

the magnetic a.""Cis of Jupiter is inclined to the rotational axis by about 

10° and that the magnetic axis is located in the plane containing 

longitude 200°. This implies that during one revolution of Jupiter the 

m.gnetic equator woall wobble heavily as observed from Earth. 

\'l e can eJ~..'J)ress this movement as the variation of the apparent magnetic 

declination of Earth. The magnetic declination is the position angle 

Earth occupies as seen by an observer located at the magnetic equator on 

the CtiL. This means that Earth Ylill have a different mag1.1etic 

declination for every value of C1'lL and these values will change throughout 

one Jupiter year. 

Fig. 34 shows the percentage probability variations plotted against the 

magnetic declination as observed from that value of m1rL where most 

emission appears to come from in source A. The variation of source A 

CIIIL values have been calculated from the forllD.lla given by Gulkis and Carr 

(1966). 
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= 253.5 - 17.8 sin (Year - 1956. 22) 
1.1.9 

V!e see ilnr'..ediately that the previous paradox has di~appeared. When tne 

maximum number of emissions were recorded on Earth then the Earth was at 

its largest magnetic declination, i.e. the furthest north relative to the 

magnetic zenith. The fall-off either side of the 1963 apparition is also 

in accordance with the variation of the magnetic declination. For the 

production of Fig. 34 source A was used, as any variations will be most 

noticeable in it, seeing it is re~ponsible for the largest number of 

emssions. 

\'!e ma:y conclude from Fig. 34 that it appears probable that the variations 

of magnetic declination and the emission probability are related. 

5. 6 Influence of other Juniter satellites 

Fig. 35 chows a plot of number of storms versus departure from SGC for 

the second largest satellite Europa. Europa is nearly ~vo-third t he 

size of Io, both in mass and in volume, and its orbit is fifty percent 

further from the planet than that of Io. It appears, from the graph, 

that this satellite does not have any appreciable influence upon Jupiter 

emission in this frequency range. There is however some indication of 
0 a drop in emissions, when Europa is 40 from SGC. This phenomenon was 

noted by Bigg (1966). 

No correlation could be detected with the remaining two large satellites 
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of Jupiter. The fact that I.ebo et al (1965) did find some correlat ion 

for one particular year is most probably due to insufficient data, as 

a similar study for six years .shovts a negative result. 

5.7 A diuol e model 

Before we attempt a discussion of the effects observed in this analysis, 

it ooy be informative to discuss what radiation we would expect from a 

perfect dipole field. This would then allow us to introduce possir i e 

corrections to the field, to explain the observed phenomena. 

Fig. 36 shovts a magnetic dipole field. In calculating this field we have 

assumed that the magnetic field strength at the poles is 15 gauss. \'/e 

are choosing values which, according to various workers, are likely to be 

applicable in Jupiter t s ·case. Assuming gyrofrequency enrission the 

positions were calculated and indicated where emission of a certain 

constant frequency is taking place. 

For t he purpose of this model, let us suppose that a van Allen type of 

particle belt surrounds this hypothetical model of a planet. We furt her 

suppose, that gyro-radiation is erai tted into a narrow cone in the forward 

direction only, i.e. in direction of particle velocity. It is also 

supposed that the magnetic axis is inclined to the rot.ational axis at an 

0 ru1gle of about 10 • 

At 5 Mc/s radiation v1ill be emitted at least ±n:to latitudes within t he angle 

defined by A from the northern hemisphere and latitudes defined by A' fro~ 
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the southern hemsphere. i'he actual angle Will depend also upon the cone 

angle into ·which the radiation is emitted. . The radiation fro:Gl the "norti111 

pole will be right hand polarized, i:f the emitting Particles are electrons 

and the emission from the southpolar regions will be left hand polarized. 

This assumes a field direction identical to that of Ear1h. 

As the planet rotates, we will see different proportions of northern and 

southern emission. When the north pole is pointing towards the observer, 

he r1ill observe more radiation with right hand polarization. 180° 

degrees later, he will observe more radiation with left hand polarization. 

If the observer calculates the meru1 axial ratio, he Will deduce that the 

a.""<:ial ratio chan~es between two li:Glits, one denoting mostly RH, the other 

denoting mostly LH polarization. 

The observer could also detect a variation of intensity, but this will 

depend upon the variation of intensity with declination of the observer. 

If the directions of L1aXimum intensity are located along declination 

values greater ·tl1an 10°, and the intensity varies fairly rapidly over the 

emission region, then the observer will most probably observe a variation 

of intensity during one rotation of the planet. 

However, if the observer should attempt to analyse the results on a basis 

of emssion probability, then assuming the Particle belt is uniform. he 

will find no such variation with longitude. 
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This result has actually been observed. No probability variation with 

loneitude, but a strong longitude dependence of polarization and, to a 

lesGer ex'l.iend, intensity dependence have been detected in the radiation 

received below 10 Mc/s. (Fig. 37) 

If we now assume that in addition to the magnetic axis being til ted to 

the rotational axis, the rotational axis is tilted to the ecliptic, then 

we do get additional complications. 

. 3o. 

Let us assume that this inclination 

~s 

Since the angle of emission is relatively large compared to the a~gle of 

tilt, we would not expect much variation at lower frequencies. 

If h0\7ever we consider e:::aission at a higher frequency, say 20 Me/ s, we 

see that the emission angle is smaller and is also pointing further av1ay 

from the pl~J.et. These emission regions have been denoted by B and B.1 

in the northern and southern hemisphere respectively. (Fig. 36) 

For the observer to record emission at that frequency he would have to be 

li1 the direction of these emission latitudes, i.e. his declination ~as to 

be high enough. If the emission angle is small enough, then an observer 

might observe two sources located sym.etrically about the magnetic 1::1.cridian. 

This is due to the observer mving through the emission latitudes tnice, 

as the planet rotates. 
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If we consider emissions at still higher frequencies, then vre mir;ht get 

to a point where the observer will not come into the emission latitudes. 

In this case, although emission still talces place, the observer will have 

deduced a cut-off frequency, above which no further observations can be 

made. 

There is no~ever another important point to consider. For emissions to 

truce place the particle belt will have to reach dovm to those regions. 

If the particle belt has ended or become very thinly populated, then no 

emission Tiill be observed. There is also th~ possibility of an Ionosphere, 

which will not pass frequencies below a certain value. Tl'lis depends upon 

the electron density. 

The close:r we get to the planet, the less likely are we of o bta:inin& 

emission as 11end-effects11 of the particle belts will become troublesooe. 

Another effect which will be noticeable is the gradual disappearance of 

emissions from one hemisphere VIi th increasing frequency. This is due 

to the geometry of the observer. If the observer is in the ecliptic 

and he observes the longitude regions containing the magnetic axis, then 

he will only record at higher frequencies emissions from one hemisphere 

as emissions from the other hemisphere will be in a direction far off 

course from his position. :C:ven when the geometric position is such that 

the rotational axis is at its ~cimum posit ion on the other side, i.e. 

the angle of tilt of the rotational axis is subtracted from the angle of 

tilt of the magnetic axis, then the observer will still not be in a 
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sui'ficiently southern position to observe emission ;from the southern pcirt 

of the source lying around ti1e longitude containing the magnetic axio. 

As an example of this geometrical condition let us for the moment return 

to Jupiter. 
\ 

Jupiter's ~1etic axis lies in the plane containll1g 

longitude 200 °. The maxi.I:Iu.."'D. tilt of the rotational axis is about 3° • .;.:-

This has two maximum positions. One when the two tilts add, i.e. 

10° + 3° = 13°, the other when they subtract, i.e. 10°-3° = 7°. 

e.g. 

I JI. · 

This r.1.eans that during onE:l Jupiter year the magnetic axis will occupy tvro 

eJ...-treme positions as seen from Earth. At any other time this apparent 

tilt will take up some value in bet>Yeen the two extremes. In position 

II we are more likely to observe emission coming from the northern regions, 

while in position I we will no·~ ice an increase of emission coming from the 

souther11 hemisphere. However we can also see clearly from the abo:ve 

sketch that on no occasion ·will we see as much from the southern hemis:pl1erc 

as we will see from the northern hemisphere, at least not around l ongitude 

(->:- This includes the effect of Earth's orbit) 

If we apply a similar argument to the other side of the planet , i.e. the 

longitude 200° + 180° = 20° the opposite argument holds. More will be 
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seen from the southern hemisphere (cf sketch II). 

But back to our model. \"/ e have seen above that it is likely that a 

specific cut-off frequency can be observed by an observer located D1 the 

ecliptic. This cut-off frequency could be varied if the magnetic field 

is so:m.ehoY/ perturbed. Depending upon the geometry of the emitt:ing region 

an apparent additional dip of the magnetic axis of 1° might produce the' 

observed cl~ge in cut-off frequency (Io-control). 
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5.8 Discussion 

In the previous sections we have presented an analysis of data collected 

over five appariti6ns. This analysis was based on a new grouping of 

the data and some additional facts are revealed. However if we combine 

' some of the results of the previous sections, there are some further 

results. 

rle have seen in Fig. 19 tb.at, if the observations are grouped w.r.t. the 

r,IF observed during a particular storm, the data falls into three sections, 

the I.1Ii' below 21 Mc/s, the MP between 21 Mc/s and 33 Illc/s, and the last 

the I.TP above 33 Me/ s. For convenience s~ce, let us call these regions 

3, 2 and 1. 

From the discussion in section 5.4, we have determined that the Io 

depenclenc:e is not uniform over the MF range. Above 32 Mc/s the Io 

control is complete, between 20 r.:c/ s and 31 Me/ s Io control is wealc ancl 

in the 18-19 Mc/s MF interval some definite Io control can again be 

detected. If we write this in terms of the three regions, we may say, 

that in region 1 Io control is complete, in region 2 Io control is very 

weruc and in region 3 Io control can again be detected to a notable ~xtent. 

There is a third point which l1as to be called to mind, before the 

conclusion that is to be drawn makes sense. Carr et al (1965a) have 

published a paper wherein they state that Jupiter activity is greatest 

between 5 l:£/ s and 10 1ic/ s. For argument s~e, let us assume that there 

is a peak in a hypothetical r,JF plot at 9 1ic/ s. Since the activity is 
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confined to the above limits, this assumption is not far fetched. 

If we consider Fig. 19 along those lines, we have a ma.x:imum at 9 Me/ s, 

there is a very definite peak at 18 Mc/s, another one at 28 Mc/s and the 

last one at 35 Mc/s. 'i7e can now select a very interesting and perhaps 

important relationship, i.e. 9 Mc/s, 18 Mc/s, 27 Mc/s and 36 Mc/s. 

~1ese are li1 the ratio of· 1 : 2 : 3 : 4. 

"harmonic" rel ationship. 

There seems to exist a 

We cannot apply the true term harmonic, as the different "harmonics" 

are NOT emitted by the same CIYIL co-ordinates but the co-ordinates change 

(cf. Fig. 24 and discussion in section 5.4g)~ 

However there is some further interesting comment to be made. Region 1, 

the fourth "harmoniclf, is strongly Io-related, region 2, the third 

11harmonic11
, is weakly Io-related and region 3, the second "harmonic" 

shows again some definite peak in Io-relationship. 

The emission belovr 10 Ilic/ s is reported to be virtually continuous, and 

only the intensity is slightly Io-dependent (Dulle and Clark, 1966)~ 

\'le have, therefore, the interesting result, that "harmonic It emission 

takes place and that I o controls the even "harmonics", while the odd 

"harmonics" do not depend to any large degree upon the position of Io. 

If we split the analysis of Fig. 19 and plot the number of storms with 

a particular :MF for each opposition, then this "harmonic" relationship 
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beco~es loss distinct in certain years than in others (Fig. 38). The 

data for the 1960 apparition is somewhat unreliable due to teething 

trouble in the HJ\.0 apparatus. During the 1961 apparition we note a 

max:inn.un for 18 Mc/s and a broad IVIF band around 28 lfic/s. Both become 

very much more pronounced during the 1962 apparition and to a slightly 

lessor extent during the 1963 apparition. It is interesting to note 

that during the 1964 . apparition the peaks have become considerably 

diminished. 

Let us remember that most emission is due to source A and that it was 

shovm in Fig. 34 that the variation in percentage probability for 

successive apparitiOns, can to a large extent be accounted for by the 

variation of magnetic declination of Earth, as seen from ~ource A on 

Jupiter. 

We observe from Fig. 38 that the variation of both "harmonics" follows 

similar trends. We may therefore conclude that during the variation 

of the ~.gnetic declll~tion Earth enters both emission angles by a 

sim:i.lar amount. 

~his trend can be explained by assuming that Jupiter possesses two 

particle belts, an inner and an outer belt, which are located in such a 

way that an observer on Earth determines the cut-off frequencies as being 

in the vicinities of either 18 Mc/s or 28 Mc/s. 

Io's influence is noted in the probability of emission of both belts. 
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In the one belt Io' s influence is such that it pushes up the ME' to the 

regions beyond 30 Mc/s, while ~ the second belt Io's influence is felt 
-

only a little bit, pushing some of the MF up to 18 Mc/s. If this second 

belt, the outer one is also responsible for the l~rer frequency emissions, 

then this would explain why the 18 Mc/s Io-controlled bursts occur in 

0 the vicinity of 180 CML, with a second peak of Io-controlled emission 

180° later when source C is affected. 

We have mentioned before that the emission in the MF interval 18-19 Mc/s 

when Io is in the vicinity 90° to 115° from SGC can be split up into three 

source regions A, B and C in the ratio 17, ll and 20. I.et us consider 

for a moment the emission of source C. The peak of source C in that 

interval is around 320° CML. If we reduce Io's SGC co-ordinates to 

System III longitudes it is found that 100° SGC value corresponds to a 

value of 40° system III longitude. This is close to the meridian opposite 

to the one containing the magnetic axis. (Fig. 39) We also lmow from 

polarization observations that source C has a large amount of emission 

which is left hand polarized. This implies that the emission is likely 

to come from the southern hemisphere. We have then the interesting 

phenomenon that Io appears to enhance emission from the southern 

hemisphere, when the satellite is close the meridian which contains the 

magnetic axis. This argument is derived from the fact that if the 

magnetic axis is tilted at 10° in the northern hemisphere then we will 

also observe the "other· end" 180° later inclined at 10° to the rotational 

axis. 
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From ·what has been said in the last few paragraphs we conclude that 

two separate particle belts may be responsible for the observed emissions, 

one for the emission having a ·cut-off frequency in the vicinity of 18 

I.1c/s, the other belt responsible for the emission wi-th high :MF, mostly 

around 28 llc/s. If this is indeed the case then the apparent "harmonic" 

relationship is but a coincidence. 

There is further evidence to be found in a recent publication of Rili1imaa 

(1966e). He reports that there are indications of three types of high 

resolution dynamic spectra. These he calls A, B and s. 

The type A emission occurs most often when source A is in the central 

meridiane Type B emission seems to favour source B, while type S 

emission, often referred to as "spitting" Jupiter seems to favour source 

~ and source C. These observations were made with a high-resolution 

spectrograph and si.rice no MF, i.e. upper cut-off frequencies were 

determined, it is difficult to relate these results to our analysis. 

However we shall attempt to draw some conclusions. 

The S-type pulses seem to favour the late source B longitudes and source 
' 

C longitudes. From our NiF diagra.:qJS we can conclude that they have a 

fatiJ;y low MF, i.e. fall into the category of emission which has been 

attributed to emissions from the suggested outer particle belt. 

While one cannot be sure that this argument holds, one may however conclude 

that it may be of,oonsiderable advantage if future observations of Jupiter 
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characteristics of any Y~d are subdivided according to the MF reached 

during a particular event. This approach may allow us to divide tJ.1e 

various characteristics into definite classes, such that present 

observations will fall into place and that further order r:JJey become 

apparent. 

The results of this analysis show that Io has a very pronounced influence 

over certain Jupiter events. This division is sharp when analysing on 

a basis of r~. It is also apparent that the Io-control may split below 

30 Mc/s and become fairly weak. 

It had been suggested that the Io-effect may be due to Io breaking tlU'out;h 

the boundary of Jupiter's ~1etosphere. However calculations reveal 

that the boundary of Jupiter's magnetosphere lies far outside the path 

of Io 1 s revolution around the planet a Calculated values, using a range 

of parameters , ranged between 40 and about 400 Jupiter radii for the 

distance of the magnetospheric boundary, while Io 1 s orbit is just under 

6 Jupiter radii. 

It has been suggested (Bigg , 1966) that it may be a possible tidal,effect 

in Jupiter's ionospheric regions. While we agree to a possible tidal 

effect produced by Io being responsible for some of the emissions, there 

are some difficulties which any detailed explanation will have to 

disperse o 

Io controls, as we,have seen, the probability of emission of the hi ghest 
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frequency emission of the two suggested particle belts. But it has also 

been pointed out by various workers (e.g. DuJJc and Clark, 1966) that Io 

centrals the intensity output at the low frequency end of the decametric 

spectru.-n (to 10 Mc/s). The emission in the 4 Mc/s region takes place, 

according to our simple dipole model, at a height of approximately l 

• Jupiter radius. We have also seen that emission seems to be beamed into 

the hi~1er magnetic declinationse From this it can be deduced that a 

uniform change in the position of the particle belt would explain such 

phenomena. This implies that the apparent magnetic declination of Earth 

is sometimes increased, when Io is in certain positions. It is 

significant, as has been pointed out earlier, that for the emissions above 

30 Mc/s, i.e. the highly Io dependent radiation, Io.1 s position is always 

near the meridian containing the magnetic axis. This is also true for 

type S pulses of Riihima (l966e), to a lesser degree for type B, while 

no definite relationship was established for type A pulses. 

It is suggested here that the possibility should be taken into account 

that Io affects the position and direction of the magnetic field. This 

suggestion seems somewhat farfetched, however we should remember tl1at 

magnetic observations on Earth have determined a cyclic departure ~ the 

degree of magnetic disturbance on a given day~ This average level of 

disturbance tends to repeat itself, usually in a dimi.nished degree, 27 

or 28 days later. (Moon 29.53 days) 

Chapman (1964) states that for a time this was, interpreted by some observers 

as an indication of lunar influence. 
~ 

This view is however no~ longer 
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taken as there is only a very limiteQ. influence that the moon can ex~ert 

upon the Earth. 

We can apply the sa:me argument to Io.'s influence upon Jupiter's 

decametric emission; there is little reason to believe that Io should 

excert a large physical influencee However VIe have here two phenomena 

which could be explained by the influence of a moon upon the magnetic 

field of the planet. 

Chapman also states that todays observers attribute the 27-day recurrence 

tendency to the rotation of the sun relative to the moving Earth. It is 

agreed that as the sun appears to rotate with a similar period, the 

distinction is not easy to make. But we have here a different phenomena 

which recurs at a rate similar to the rate of · rotation of Io, Jupiter.'s 

largest moon, and the sun is definitely not directly responsible for the 

Io-relationship. 

There is still further evidence that can be added to the argument. 

Bigg (1966) reported that when Jupiter's second biggest satellite is in 

the vicinity of 40° from SGC, then a d~crease of activity can be noticed. 
' . 

Since source A is the most active one, we shall investigate how Europa 

could influence decametric emission. Fig. 40 ~ows the geometry at the 

time source A is active. The longitude containing the magnetic axis is 

Therefore this longitude will be S0° to the East of CML. This 

means that the position of the longitude containing the magnetic axis 

and the position where Europa hinders emission are 180° apart. 
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We then have the phenomena that source A emission (northern hemisphere) 

is enhanced when Io is in the vicinity above the meridian containing 

the magnetic axis and emission of source A is reduced when Europa is 

180° away from this position. 

ITe have also seen above that emission from the southern hemisphere is 

enhanced when Io is above the meridian containing the southern extremity 

of the magnetic axis, i.e. 200° + 180° = 20°o 

It seems therefore possible, although difficult to understand, that there 

is an influence of the planet.1_s satellites upon its magnetic field. This 

influence should definitely be investigated further. The influence could 

possibly be an internal perturbation upon the mechanis~ responsible for 

the magnetic field, but it could also be an external perturbation upon 

currents in the planet 1 s magnetosphere. 

The sudden decrease after opposition of the probability of ~ccurrence 

is also very interesting. Six et al (1963) had also noticed this effect. 

T!1ey assumed the -decrease to be due to an eclipse of Jupiter by the Earth's 

magnetosphere. 

They reported that at opposition the terrestrial magnetosphere eclipses 

roughly 3% to 16~ of the area of the solar disc. They say that a weal\: 

point in their hypothesis is the short duration of the eclipse compared 

to the period of loVF Jupiter activity around opposition. The noticed 

asymmetry about opposition could still be explained as due to the 
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magnetospheric tail being swept back behind the path of Earth. However 

there is a noted increase again, at least in some years, after a low 

activity period of two months.· Simple calculations give the extent of 

the magnetospheric tail as approximately 2 x 104~ if the above argument 

is true. If we compare this with the measured value of the forward 

boundary of approximately 10 ~' then we realize that there is doubt about 

this hypothesis. 

If we compare the data with the variation of the magnetic declination of 

Earth as seen from Jupiter, then we notice that some of the decline can be 

attributed to the decrease in the magnetic declination (Fig. 34). The 

increase after the low activity period is then still a mystery, as it does 

not coincide with a definite variation of the magnetic declination. 

Ellis and rZcCulloch 1 s theory predicts narrow cone emission by a small 

source. Interferometer observations, mentioned earlier (Slee and Higgins, 

1963, 1965, 1966), showed that the source is smaller than the visible 

dis:t. Vie have shown using sta~istical methods that the source has, at 

least, very narrow limits. It was shovm previously (Gruber 1962) that 

the miniiiiUlil of Jupiter activity observed during 1959 coincided with the 

maximum angle of tilt of Jupiter's south pole. If we express this in 

terms of the magnetic declination of Earth as seen from source A, it is 

found that during that period of low activity Earth's declination was in 

the vicinity of 5°. This value will again be reached during 1968. 

We see therefore that it appears that a change of magnetic declination of 
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Eart h of about 2° changes the probability of occurrence l;>y about threefold. 

~nis does indeed give additional evidence that the decametric emission from 

Jupiter is radiated into very ·limited latitude regions. This also implies 

that we are at present going through a period where Jupiter activity will 

be observed to be limited, at least from source A. 

The emission appears to be due to two particle belts. The higher 

frequency emission of each belt is influenced by Jupiter's satellites. 

This was suggested to be due to a possible perturbation of the magnetic 

field. As yet we have not mentioned to any large extent the observations 

of polarization. We have shortly investigated what polarization phenomena 

we are likely to observe if the planet were surrounded by a perfect dipole 

field. 

Right hand polarization was said to come from the planet~ northern 

hemisphere, while· left hand polarization would come from the southern 

hemisphere. The general drift of polarized pulses to lower frequencies 

only suggests that the theory of Ellis and McCulloch does explain the 

mechanism responsible, as their theory assumes doppler shifted cyclotron 

emissi on, which can only be observed when emitted in the forward direction. 

This means that observation can only be successful if the observer is 

located in the direction of electron travel. This implies in our case 

that the electron bunches we are observing must travel towards us, i.e. 

away from Jupiter. This also means they are travelling into regions of 

decreasing magnetic field and we will observe the emitted radiation as 

having a negative frequency drift, 
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Tne general characteristic of purely right hand polarization for the higher 

frequency emission can also be explained from the geometry. The inner 

radiation belt is non-uniform·and is more prominent on the side containing 

the magnetic axis. We will therefore not get any emission from source C 

and D. Due to the geometry of the emission relative to the tilt of the 

magnetic axis we can only observe the emission belt of the northern 

hemisphere as at no time does Earth enter a sufficiently low magnetic 

declli1ation to enter that emission region. 

As the frequency of observations decreases, the emission latitude range 

becomes larger (cf. section 5.7; Fig. 36). Earth i~ therefore in such 

a position that, while still receiving the major share of the emission 

from the northern hemisphere, it also is in the boundary regions of the 

southern emission directions. With decreasing frequency therefore the 

amount of left hand polarization will increaseo If the observer uses 

a high resolution instrumerrG he will record a variety of pulses either 

left hand or right hand polarized. The axial ratio will not be unity, 

as this still depends upon the position of the observer relative to the 

emission cone. The mean axial ratio, when it is calculated, will give 

an indication of the effect of both observing geometry relative to the 

emission cone and geometry relative to the latitude range of emissions. 
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CHAPTER VI 

Conclusions 

6.1 An emission model 

During the course of the last chapter, we have introduced bit by bit an 

explanation of Jupiter's decametric emission. We shall here attempt to 

put the various suggestions in some sort of logical order. 

~he basic assumptions are the following: 

a) Emission takes place from electron bunches in such a way 

that only the emission which is radiated into the general 

direction of electron travel, reaches the observer. Ellis 

and McCulloch's theory of doppler shifted cyclotron emission 

is quite sufficient. 

b) 

c) 

Jupiter possesses at least two particle belts. Each of 

these particle belts emit radiation in an intermittent 

mannere The outer belt is fairly uniform and is responsible 

for the radiation observed from the vicinity of 3 Mc/s up 

to about 18 r~/s. This belt is located in such a way that 

the received radiation shows maxima of intensity and axial 

ratio when 170° and 320° CML are pointing towards Earth. 

The inner belt is responsible for the radiation usually known 

as source A and source B. Both belts are influenced by 

Jupiter's satellites in such a way that the higher the 

frequency the greater the influence. 

It is suggested that Io affects the magnetic field. It 
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was seen .that small variations of magnetic declination 

affect the observed emission tremendously. The influence 

is most strongly felt, when satellites pass the meridians 

containing the magnetic axis. It appears as if gravitational 

perturbation might possibly account for the observed effect. 

We shall therefore assume that this pertubation results 

in an effective additional tilt of the magnetic axis. 

d) The emission mechanism as such is not defined, but emission 

is thought to be dependent upon some external parameter, 

whose variation sets of f the emission of a burst of radiation 

into certain limited regions. 

We shall now attempt to build up this physical model. It was pointed. 

out by Stone et al, (1964) that when more sensitive equipment is used , 

radiation is received over a wider. range of longitudes. VIe shall t ake 

this to imply that Jupit.er radiation is emitted into a certain range of 

magnetic latitudes walue. A center band of intense radiation is bordered 

by werucer intensity emission. 

Fig. 41 shows the limits L and L' 

between which radiation will be 

emitted. The intensity variation 

over the emission angle G is also 

shown. Emission comes from the 

particle cloud P. 

We know that the magnetic axis of 

,, 
,' <'a ..... ...... ... 

F;~. l/_1 

L' 
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Jupiter is inclined to the rotational axis by 10°. This means that as 

the planet rotates this emission angle will mveep across space. Depending 

upon the position of an observer, he will either receive radiation or not 

receive radiation. If Q is small enough the emission regions may mveep 

past the observer tvfice and emission will be s~tric about the meridian 

containing the magnetic ro...'"is. 

Vfe have seen from Fig. 36 that the higher the magnetic latitude the higher 

will be the maximum frequency that can be observed. This will continue 

until a certain latitude; when radiation will have ceased completely due 

to the termination of the particle belt. This type of emission geometry 

predicts one further phenomenon. As the latitude increases we should 

observe a decrease in the lower frequency emission. This would explain 

the lower frequency cut-off noticed in some of the Io-related emission 

from sources A and B. Fig. 42 shows the outline of the observed spectra. 

20 A 
M 
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VIe have stated that Io1 s influence "tilts" the magnetic axis. 

tilt would be expected when the satellite is above the two meridians 

containing the extremes of the magnetic axis. As the satellite approaches 

either meridian the axis would be tilted by a smaller amo~t. This impli~s 

that the maximum freq_uency we observe would be less. Fig. 43 shows the 

theoretical carves of number of storms versus Io position for the higher 

MF intervals. The observed minimum, which broadens as the frequency 

decreases is due to storms reaching a higher frequency when Io's position 

corresponds to those particular co-ordinates. 

Such a tendency could be deduced from our ME' curves. The number of 

observations is too small for a definite deduction, as this tendency could 

still be put down to a statistical var1ation. It is however an interesting 

thoughto This argument is strenGthened by an unexplained magnetic 

variation on Earth, with a recurrence period equal to that of our own moon. 

The variation of polarization is also explainable on this model. The 

inner particle belt is situated in such a way that we can only observe 

the activity of the northern hemisphere. This would account for the 

right hand polarization at the higher frequencies. As the observing 

freq_uency is reduced we are able to receive more and more radiation from 

the southern hemisphere and the polarization will become mixed. Sudden 

changes in the axial ratio could be due to radiation being received 

simultaneously from both the northern and the southern hemisphere. At 

very low freq_uencies (about 5 Ivic/ s) eq_ual amounts of th.e radiation belts 

are visible and as the planet rotates we are moved into regions of varying 
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polarization. As has been said in the previous chapter only mean axial 

ratio calculations will truly reflect this variation as in any position 

we are liable to receive radiation from both the northern and southern 

hemisphere. 

The narrow emission angle hypothesis does also give a better value for the 

emitted pe~ power. For a burst of bandwidth ! :Mc/s the maximum value 

of power lies in the vicinity of 10 1&1. 

6.2 Conclusions 

The geometrical model we have been discussing will explain a considerable 

part of the observed characteristics of Jupiter's decametric radiation. 

VIe have attempted to show that the variation of probability of occurrence 

varies in a wa:y related to the variation of the magnetic declination of 

Eaxth as seen from source A on Jupiter. 

It was seen that certain definite effects are observed when Io occupies 

particular positions. 

Both the above observations have served to suggest that. Jupiter's magnetic 

axis may be perturbed through influences of tlw first and second Jupiter 

satellites. 

The variation of emission with frequency was put down to the probab~ 

existence of more than one radiation belt. It was possible to draw 
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some conclusions as to their uniformity. 

It was also possible to put ~orv1ard a possible explanation ~or the variation 

o~ emission probability over part of a Jupiter year. This phenomenon had 

been previously described as the inverse sunspot relationship. 

Observations can be class~ied into two classes. Firstly those that 

allow deductions to be made as to the physical conditions of the emission 

regions and secondly those observations which give us an insight into the 

basic emission mechanism or mechanisms. 

The results o~ both sections of this thesis falls mainly into the ~irst 

ca--tegory. The instrument we are at present completing, a high resolution 

polarimeter, ~alls ·into r> the seconq. class. 

The analysis presented in chapter V has used the largest number of 

consistent results at present available. It is hov1ev~r seen, that a l t}?.ough 

results ~rom five apparitions give over 1000 pieces of data, this is not 

enough for the detailed. analysis that is suggested by the results presented 

here. 

There are some calculations which would be interesting to carry out: 

a) Recalculations of all the data in the MF intervals according to 

the magnetic declination of Earth. This should give more 

detailed results which would allow ~urther conclusions to be 

drawn as to the emission angles. These calculations should 
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also be attempted distinguishing between the various sources, 

as it was suggested that the different sources emanate from 

different regions of ·the planet. 

b) Calculations of Io and ~II relationships for the individual 

apparitions. This mey prove difficult due to insufficient 

data. However it should be possible to establish some trends. 

c) It would be interesting in the light of Io and Europa influences, 

to determine whether any relationship exists between emission 

and relative positions of Jupiter's satellites. 

There are two types of eKperiments which would follow up this investigation. 

a) East and present records of the HAO spectrometer should be 

re-analysed stating the maximum frequency reached during, 

0 say, each 5 of CML. In the present analys~s the absence of 

the exact MF will have c~used a broadm1ing o~1 the graphs. 

With the exact values one could then attempt constructing a 

more exact model of Jupiter's radiation belts. 

b) Very high resolution m;ept frequency polarimeter observations 

analysed taking into account the various MFs reached, might 

,. provide further evidence of the existence of two individual 

particle belts. These observations should be able to 

distinguish individual pulses down to S-pulses, as Riil1ima 

calls them or I-pulses, as the FSU group calls them. 

Although the existence of even "harmonics11 controlled by the satellite 

Io is open to doubt, it should nevertheless be investigated further, 
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until definite evidence is obtained, one way or the other. 

' 

There would be another interesting investigation to carry out. It is not 

directly connected with Jupiter research but has, as we have seen, po~sible 

connections. As the influence of more than one satellite is evident and 

due to the altering of the radiation directions which our geometrical model 

suggests, it might be profitable to investigate again the possibility of 

lunar influence upon the magnetic field of Earth. 

An investigation of this· sort may have far reaching results. As the 

possible physical influences are rather limited it would, should the 

perturb~tion definitely _~e proved, leave only a limited range of possible 

explanations. This would allow mpre definite conclusions to be 9-rawn 

as to the possible orig~ of magnetic fields of planet~ • 

. -

.-
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APPElfDIX A 

Receiver electronics 

A.l Pre- amplifier and Switch 

The pre-amplifier, described in this section, has a very low noise factor, 

which means it can be made use of to detect signals of small amplitude. 

11le pre-amplifier, whose circuit diagram is shown in Fig. 44 is based on 

the theory of distributed amplification. This form of amplifier structure 

was first proposed byW.C. Percival in 1935, but it was not until after 

1948 that such amplifiers were constructed. The basis of this design 

is shown in Fig. 45. The networks ~ c1 are the so-called gridline , a 

~scade of filter sections in which the capacitors c1 are the input 

capacities of the tubes. Similarly, the networks L2c2 are the plate line , 

c2 being the output capacities of the tubes. The two lines are designed 

to have the same phase velocity and are terminated by their characteristic 

impedances so that no reflections take place. 

, • 

Within the limit of these idealized conditions, the follovdng relationship 

holds: 

and 

Plate current in each tube = ~ v1 

Because the phase velocity is the same in the grid and plate circuits, 

the plate currents in successive tubes are all in phase at the load. 
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Load current = 
ng V 

m l 
2 

The factor 2 comes in because half the current contributed by each tube 

is lost, as it flows to the left and is lost in the terminating resistor 

R
02

• The resistor R
02 

cannot be left out as otherwise waves are 

reflected from that end of the line and could cancel out, at certain 

frequencies, the wave travelling to the load. 

- n~v1 The output voltage is given by V 
2 

= 
2 

R
02

• We therefore get an 
ng R 

2 mo amplification of 2 • The amplification increases with the number 

of stages used , and the total gain .. can be made as large as required by 

adding a sufficient numb~r of tubes. 

.-
' 

The tubes used in constructing the · pre-amplifier were two EF 1841 s, whose 

This gives a theore~ical gain of 15~ The measured gain o:f 

the amplifier was in ac~ual fact less than 8. The loss of gain i s du7 

to the insertion of a cathode follower-amplifier to match the pre-amplifier 

into the mixer stage. ~e series-resonant circuit in ·the cathode 

follower's grid circuit is designed to cut down any signal at the IF of 

30 Mc/s. 

Since the same amplifier was used to amplify the si@Lals representing 

right and left handed polarization, the receiver input was ~{itched between 

the ~vo inputs A1 and B1 (see Fig. 2) at a rate of 5 kc/s. This was 

achieved by applying the 5 kc/s square wave to the suppressor-grids of 

the EF 184's of the pre-amplifier. The square wave was applied to the 
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~10 pre-amplifiers out of phase. That means amplifier A, when it had 

the negative part of the square wave applied, was cut off and therefore 

not conducting, while ampli:fier B was conducting. 

Thus the receiver was amplifying the signals from the two antennas 

alternately each for half a cycle. 

The rejection ratio between the two channels was of the order of 20 dB. 

A. 2 Eixer and 30 Mc/s l:P - amplifier (Fig. 46) 

The mixer used an ECC 88. Both halfs of the tube were connected in 

parallel to give a higher current rating. In place of a grid-leak 

resistor a 2.5 mH inductance was used, in order to provide a low resistance 

de path. This provided .a higher signal to noise ratio· and improved the 

performance as a mixer. ' The plate load of the triode was a parallel 

resonant circuit tuned to the IF of 30 Mc/s. There were two inputs, one 

from the wideband amplifier-~vitch, the other from the .swept-frequency 

oscillator (to be described in a later section). 

; 

Further amplification 'was then provided with three EF 91 pentodes, whose 

plate loads were also parallel resonant circuits tuned to 30 Mc/s. Gain 

control was provided by a variable resistor in the cathode circuit of the 

first amplifier st~ge. 

A.3 Oscillators. I·!Iixer and Filters (Fig. 47) 

The oscillator was constructed with the triode part of an ECH 81. The 
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output ·was fed into the hexode part of the same valve, where it was mixed 

\'lith the 30 Me/ s IF. 

The signals were then fed into a M-derived low-pass filter circuit, vrith 

a rather sharp cut-off. The design was such that three different values 

of cut-off frequency could be obtained, namely 100 kc/s, 200 kc/s and 

400 kc/s. The response curves of the three filters are shown in Fig. 48. 

The lower cut-off was provided by the IF amplifier, which followed (cf 

next section). 

A.4 Low-frequency amplifier 

The Circuit diagram is shown in Fig. 49. The coupling capacitors and the 

grid resistors were chos~ in such a way, as to give a lower cut-off 

frequency in the region of 1 kc/s. :' This was done to cut out low 

frequency interference. :. A potentiometer was put into "the cathode lead 

of the second stage to act as a volume control. •' 

A.5 Separator switch (Fig. 50) 

~nis swit~~ was necessary to sort out the signals representing one sense 

of circular polarization from those representing the other sense, directing 

eacn into a separate channel. 

The circuit was made up with tvro silicon transistors of the type OC 203. 

They are high voltage transistors and more stable than germanium 

transistors, because of better temperature stability. 



j 
. 
~ 

~ 0 .... .,:) -::to 
. . 

0 
0 
..-;t-

8 
I() 

Q , 

I~ 
~ 
~ 

~ 

~ 
~ 

"J,b 
~ 

' i · a 

l 
co 
-~ 

• 
.~ 
fl.-



3·qK 1·-tK 
HT.o---~-----~--~~~~----~~~w~~---o---

IS\( 

E F'H EF ~l 

·05 

·0!5 ·05 

FIG. 4q l . F. AMPLIFIER. 



c c 
~!· 00 

.220K Joos 
Ol>T ... 

OA&5 A -! 3:/,~l ...... 
\N 

32~3 OA&5 
OUT 

50~~ B 
l.J 

~10K 
·OOS 

c c 

FIG. 50 SEPARATOR SWITCH. 



- 172-

Wnen the transistor has a large positive signal applied to its base, 

the effective resistance bet\7een collector and emitter will be low, 

and the transistor will act like -a short circuit. Vfhen a large negative 

signal is applied to the base the transistor will be cut off, and act as 

a high resistance. The biasing of the transistors is done with the 

square waves from both plates of the delay unistable multivibrator 

(described later). Thus when one transistor is in a state of low effective 

resistance the other is in a state of high effective resistance. \'/hen 

properly adjusted for possible delays in the receiver, mfitChing the 

transistors will channel . signals repi.'esenting one sense of polarization 

into output A, while channeling the other into output B • 

.. ,. " 

The OA 85 diodes detect the -.signal l:Lrtearly provided the fo:rward resistance 

of the diodes is very nn.lch· less than .the lltl resistor or the input resistor 

of the follovdng piece of apparatus, whichever is the lower. The 

folloYiing time constant cif;'cuit sm.oothes the variation ilttroduced by the 

switching. The switching frequency was chosen to be 5 kc/s so that 

switching would take place · a few times in the time it took to sweep through 

the equivalent of one band~idth, so that no information would get lost. 

·A.6 &vent-frequency oscillator (Ames, 1949) (Fig. 51) 

This section of the apparatus was to provide the frequency varying bet't1een 

45 Mc/s and 55 Mc/s, which \7as to be mixed with the incoming signals to 

give an intermediate frequency of :50 Mc/s. 

I• 

In Fige 51 valve A is the actual oscillator. It will operate at a 
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frequency determined by the phase delay, due to the four cathode 

followers, i.e. at a frequency where the total phase change is 180° 

between the grid and plate of· the oscillator. This phase change depends 

on the cathode resistor of the valves as well as the actual valve 

parameters. If one changes the voltage of the grids of the cathode 

followers, the valve parameters change and therefore the frequency. 

The output signal is fed through two cathode followers to isolate the 

oscillating circuit, as any change in the external circuit system would 

affect the frequency, .• 

., 

Fig. 52 shows the _graph, of frequency versus applied vo~tage. It is seen 

that the variation of frequency given out by the osci~;t.ator is linear 

with respect to the applied potential. 

" 
A. 7 Tl1e sweep generator (Fig. 53) 

This was to provide the varJing VQltage necessary to ~veep the frequency 

of the oscillator. The ECC 82 was wired up as a free-running 

multivibrator. The lli potentiometer (A) allowed acijustment of the mark­

space ratio, while the 47k potentiometer provided the frequency control. 

The output waveform was used to cut off the EL 86. The output voltage 

would then begin to rise from a value determined by the setting of the 

4.7K potentiometer, at a rate determined by the setting of the liu 

potentiometer (B), in the plate circuit of the EL 86, and the 2}'F 

capacitor. ~~en a positive pulse was applied to the h~ 86, the valve 

would begin to conduct again and the plate voltage would drop to its 
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original value. The two OA 85 diodes in parallel clamp the plate to a 

voltage determined by the 4.7k potentiometer. 

\'lith the circuit components as shown, the frequency could be varied from 

about 1 cps to about 10 cps, while the voltage mveep could be varied from 

the lowest voltage of about 25V to the highest voltage of about 85 v. 
Since the mYeep provided to be sufficiently linear no boot strap circuit 

was necessary. 

A.8 Multivibrator and. delay circuit (Fig. 54) 

The multivibrator provided the square wave used to switch the pre-amplifier 

(discussed previously). To allow for delays ll1 the receiver this square 

wave was delayed, using a unistable multivibrator whose retum time could 

be controlled. This ;retur.a pulse was then used to trigger a second 

unistable multivibrator. This multivibrator was th~refore delayed by 

an amount determined by the retu:t11 time of the unistable multivibrator. 

The outputs of the two plates of multivibrator C were then used to switch 

the separator switch (discussed previously). 

The first ~vo valves operated as a free-running multivibrator. Mark . 
srace ratio and frequency control were provided by tb,e lOOk and 47k (A) 

potro1tiometers respeptively. Outputs for the switches were taken from 

.the tv1o plates. One output was differentiated and clipped, the negative 

pips being used to trigger off a unistable multivibr~tor, whose retum 

time was determined by the setting of a 4Tic (B) potentiometer. The 
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return pulse was used to trigger off another unistable multivibrator. 

The OA 85 diodes were used an clippers. 

The free-running multivibrator was set to run at a frequency of 5 kc/s. 

The square waves could be delayed in excess of half a cycle. 

I. 
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