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ABSTRACT

This thesis describeslthe design and construction
of a swept-frequency polarimeter for observing Jupiter's
decametric radiation in the frequency range from 15 to
45 MHz. The frequency band is tuned in two parts using
- two receivers for observing the left- and right-circular
components of the radiation in the 15 to 2€ MHz range and
two receivers for observing the circuiar components in
the 30 to 45 Miz range. The receivers ars tuned electron-
ically by mezns of varactor diodes and are of novesl decign
in that they do not have any intermediate-fregquency stazges.
The freguency band can be swept 10 times per second or 100
times per second. The antennas used for the pclarimester
are helical beam antennas, two for each of the circular
components in the 1% to 26 MHz range and two for ths 30
to 45 MHz renge. Model studies of the antennas were
conducted tc establish whether they have suitable character-
istics for observing the polarization of Jupiter's decanmetric
radiation over a wide frequency range. Many spectral records
of Jupiter's decametric radiaticn were obtainesd using 2
preliminary version of the swent-freguency.-receiver and a
log-periodic dipole antenna, Some of the records are
presented and ons record which shows an interesting case

of Faraday rotaticn is analysed.
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CHAPTER I

PROFERTIES COF JUPITER'S DECAMETRIC RADIATION

1.1 INTRODUCTICN

In the fifteen years sinoe‘the chance discovefy of
Jupiter's decametric radiatiorn in 1954 (Burke and PFranklin,
1955; Franklin, 1959) a large store of knowledge of this
phencmenon has been acquired. Some aspects of the
- radiation which have been subject to intensive study are
probability-of-occurrence as a function bf frequency and
central meridian longitude, intensity, period of rotation
of the radio sources, polarization, dynamic spectrum,
effect of icnospheric scintillations and possible effects
of Jupiter's satellites. Any attempt to review the
present state of knowledge of all the above, even if only
superficially, would be well beyond the scope of this
dissertation.

As this thesis is primarily concerned with the
polarization and dynamic spectra of Jupiter's decametric
radiation, we shall review these two important aspects
in some detail. A study of the polarization and dynamic
gspectra cannot be made completely independent of the
other aspects of the radiationiﬁnd consideration of these
aspects will be introduced in appropriate sections.

A brief survey of some of the theories of the origin
of the Jovian decametric radiation will be made in

Chapter II. The main purpose of the survey will be +to



- 2 -
indicate what the theories predict for the polarization
and dynamic spectra and to show how these predictions
compare vith the experimental resﬁlts, These comparisons
'reveal the need for more experimental observations and

additional work on the theory.

1.2 POLARTZATION OF JUPITER'S DECAMETRIC RADIATICN

Briefly, we can make the following coﬂments about
the polarization of Jupiter's decametric radiation.

The first observations of the polarization showed
that the radiation was either right-hamied circularly
polarized or right-handed eiliptically poclarized, according
to the radio convention of locking along the direction of
propagation. The same sense of polarization was observed
in both the northern and southern hemispheres, thereby
ruling out the possibility that the polarization was
produced by the Earth's ioncsphere. This strongly implied
the présence of a magnetic field on Jupiter. Subsequent
observations showed that left-handed polarization occurs
more and more frequently at longer wavelengths. The
polarization depends on the observing frequency as well
as Juplter's System III (1957.0) central meridﬁn longitude
(See Appendix I). |

Subsequent measurements determined the polarization
of the radiation by measuring the polarization fraction and

the axial ratio., The polarization fracticn is sinmply the

ratio of the polarized intensity to the total intensity,
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|
the total intensity being the sum of the polarized and
unpolarized intensities. The axial ratio is the ratio
of the minor axis of the polarization ellipse to the major
axis. The sign of the axial ratio indicates the sense of
polarization - a negative value indicating right-harded
polarization. The peolarization fraction is usually rather
high and is of the order of 0.7 for 80% of the bursts.
| Measuréments at fixed frequencies and swept—frequency
ocbservations .indicate that the sense of polarization can
vary very rapidly from right to left and back again.

- Before we review the above experimental results in
detail, we shall describe the various typés of polarization
that are possible for eléctromagnetic radiation and show
how thesé types may be distinguished from each other with

suitable apparatus.

1.21 Types of polarization and their indentification

Types of polarization:

There are seven basic types of polarization; these
are: eiliptical polarization, circular polarization,
linear polarization; réndom polarization (unpolarized),
elliptical plus random polarization, circular plus random
polarization aﬁd linear plus random polarigation, Our
present discussion will not include linear polarization
as it is unlikely that a natural source, such as dJupiter,

will produce linearly polarized radiation.

Radiation is said to be elliptically polarized if
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the tip of the electric field vector traces out an ellipse,
of constant axial ratio and orientation, in a plane per-~
pendicular to the directidn of propagation. The tip of
the electric field vector of a circularly polarized wave
traces a circle in a plane perpendicular to the direction
of propagation. We shall call radiation "mixed" polarized
radiation when circularly or elliptically polarized radia-
tion is ﬁixed with randomly polarized radiation. If the
polarization of the radiation alternates between left-
handed circular and right-handed circular polarization,

the radiation is of "varied" polarizatidn. Sophisticated
experimental techniqués are required to determine the state

of polarization of the radiation.
Identification of the type of polarization:

There are a number of ways of identifying the state
of polarization of electromagnetic radiation. The method
most freguently used by Jupiter observers regquires the use
0f either two linearly polarized antennas set at right
angles which, with suitable circuitry, yield the oppositely
polﬁrized circular components of the wave, or two cir-
cularly polarized anfennas which yield the oppositely
polarized compments directly. These oppositely polarized
components are usually referred to as the left- and right- -
circularicomponents. }After amplification and detection

these left- and right- circular components are recorded

on pen recorder charts or on photographic film. Measurement
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of the cross-correlation produdt of the left- and right-
circular components in addition to their intensities permits
the deterrination of the polarization fracticn as well.

Another factor which influences the analysis of the
polarization records is the speed of recording. The
detection time constanits of the receivers limit the fastest
changes of polarization from left-handed to right-handed
sense which can be resolved. The chart speed imposes a
further limitaetion. The chart speed must be large enocugh
to enable the time difference between the successive left-
and right-handed polarizations to be apparenf.

If circularly polarized radiation is incident on the
antennas, there will be an cutput on either the left-hand
or the right-hand channel depending on the polarization of
the incident radiation. Elliptically and mixed polarized
radiation will give an output on both channels, the sense
of the polarization being given by the component of larger
amplitude. Itisimpossible to distinguish between complete
elliptical and mixed polarization withouf the use of a
correlation chamel. Radiation of varied polarization
will give outputs on both channels.

Slow recordings (i.e. large time coﬁstants and siow
chart gpeeds), without a correlation channel, cannot dis-
tinguish between elliptical, mixed and varied polarization.
Fast reéordings, without a correlation channel, cannot

distinguish between elliptical and mixed polarizations but

they will be able to resolve the varied polarization into
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alternate left- and right-handed circular polarizations.
Fast recordings, with a correlation channel, can distinguish
between 211 the different types of polarization,

The experimental results will now be reviewed.

1.22 Farly fixed-freguency observations

The decametric radiation from Jupiter has é very
irregular nature with time structure on a number of
different scales. The shortest component of the radiation
is usually referred to as a "burst"; these bursts last
from a fraction of a millisecond to a few seconds. A
number of consecutive bursts constitutes what is kmown as
a "storm". Storms can last from about five minutes to a
few hours but durations of about an hour are more ususl.
Early measurements of the polarization of the radiation
were made on the assumption that the radiation was com-
pletely polarized {(i.e. no correlation channel was needed)
and thus a mixture of polarized and unpolarized radiétion
was classed as elliptically polarized. The sense of the
polarization was however, correctly deduced.

Not long after the discovery of Jupiter's decametric
radiaticn, it was realised that in addition to determinations
of occurrence probability and the intensity of the radiation,
more refined measurements would have toc be made. In 1956
Gallet (1961) proposed the study of the polarization of

the radiation as a meansg of investigating the possidble

exXxistence of a magnetic field on Jupiter. Franklin and
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Burke (1958) and Gardner and Shain (1958) reported
observing predominantly right-handed circular cr right-
handed elliptical polarization. The former group made a
few observations at 22 MHz and the latter a single
observation at 19.6 MHz. It thus appeared'that the

radiation was predominantly right-handed polarized.
Predominance of right-handed polarization:

The initial investigations had indicated a predominance
of right-handed polarization near 20 MHz and this was
confirmed by many workers. Smith and Carr (1959} reported
that the radiation is entirely right-handed polarized at
22.2MHz and concluded that the polarization was a property
of the source. Smith et al. (1960) and Carr et al. {1961)
reported making simultaneous polarization observations in
Plorida and Chile. Right-handed polarization was cobserved
at both stations at 22.2 MHz. This indicated that the
terrestrial icnosphere does not exert any great influence
on the polarization of the Jupiter radiation since similar
polarizations are observed simultameously in magnetically
opposite hemispheres. The axial ratios measured at 22.2
MHz did not sﬁow conclusive dependence onAJupiter‘s central

meridian longitude.
QObservations of left-handed polarization:

Up till the end of 1961 all the observations indicated

that Jupiter's decametric radiation was polarized
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exclusively in the right-handed sense. Barrow (1962) gave
the first indication that, at frequencies below 22 MHz, the
radiation is not entirely right-handed polarized. His
observations at 24 MHz indicated that the radiation was
predominantly right-handed circularly or right-handed
elliptically polarized at‘this frequency. His apparatus

did not have a correlation chamel and thus could not
distinguish between complete elliptical polarization and

a mixture of circularly polarized and randomly polarized
radiation. Mos+t of the radiation at 18.3 Miz was randonmly
polarized. He reports that 86% of all the bursts analysed
at 18.3 MHz were randomly polarized while 12% of the

bursts were right-handed elliptically or circularly polarized.
The remaining 2% of the bursts were left-handed elliptically
or circularly polarized.

Barrow's observations of left-handed polarization
were confirmed by Sherrill and Castles (1963) who reported
observations made on a two-helix polarimeter operating at
eight discrete frequencies between 15.2 and 24.2 MHz. They
assumed that the radiation was completely polarized and they
could thus determine the apparent axial ratio of the
polarization ellipse from the amplitudes of the left- and
right-circular components received on the helices. The
‘polarization survey showed a significant number of 1eft-
handed c¢ircularly polarized bursts and bursts having both

circular compcnents at frequencies below 20 MHz. In view



of the slowness of their recorder and the absence of a
correlation channel, these latter bursts could have been
of elliptical, mixed or varied polarizations. These bursts
showed-changes in the sensge of polarigation on a tine

scale of a few seconds.

Baart, Barrow and Lee (1966) repofted the existence
of very short bursts (less than 50 millisecohds duration).
These very short bursts exhibited both senses of polari-
zation at 22 MHz while normal bursts (0.2 - 2 seconds dura-
tion) were present at 14, 16 and 18 MHz. In most cases the
very short bursts were preceded or succeeded by normal
bursts at the same frequency. The records showed that a
large proportion of the very short bursts were completely

circularly polarized.
Relation of polarization to central meridian longitude:

No conclusive evidence was available to support any
definite relationltetween the sense of polarization and
Jupiter's central meridian longitude until the extensive
observations of Sherrill amd Castles (1963).

Their observations indicated that the sense of
polarization might be related to Jupiter's central meridian
longitude, the lefit-handed polarization being associated
With storms from the subsidiary "sources" B and C rather

than with storms from the main source A (See Appendix II).

Further interesting features were observed below 20 MHz.
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Certain storms showed a systematic change from left- to
right-handed sense at a given frequency over periods of an
hour. Others showed as many as four changes of polarization
sense at a given frequency over periods of a minute.

Dowﬁen (1963) took polarization measurements at 10.1
MHz and found that bursts having both senses of polarization
were often observed. The algebraic mean axial ratic was a
function of Jupiter's central meridian longitude. This is
almost entirely due to the variation with longitude of the
relative proportion of bursts of opposite sense of polari-
zation. If bursts of the two senses (left-handed and right-
handed) are analysed separately the two mean axial ratios
show little or no variation with longitude and are
approximately equal in magnitude.

Barrow {1964a) reported obsefving left-handed polarized
bursts at 16 MHz. In another paper, Barrow (1964b) described
how the polarization at 16,18,22 and 26 MHz was studied
during 1963. He found that in general, for the period of
the observations, most of the radiation at the two higher
frequencies was right-handed polarized, whereas at the two
lower frequencies appreciable proportions of the bursts were
left—handed polarized. He found that most of the left-
'_handed activity was emitted by source C.

Carr et al. (1965) gave a detailed report of the work

done at the University of Florida. Using the observations

made at their stations in Florida and Chile, they showed
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that the lower the cbserving frequency the more sinusoidal
the variation in mean axial ratio with central meridian
longitude becomes.

The observations thus indicate that the radiation is
almost entirely right-handed polarized above 20 MHz while
increasing numbers of lefi-handed bursts are present at
frequencies below 20 MHz. Left-handed emission is observed
chiefly from sources B and C and the mean axial ratio is a
funetion of Jupiter's central meridian longitude at
frequencies below 20 MHz.

A number of workers {Dowden, 1963; Sherrill and
Castles, 1963; Barrow,K1964b and Sherrill, 19653) reported
- storms where the sense of polarization varied rapidly
during periods when the emission showed complex burstiness
on a time scale of seconds. Their intruments could not resolve
the complex burst structure and no explanation of the rapid
variations of the polarization was forthcoming. Warwick
and Gorddn (1965) reported a rapid "flipping" of the sense
of polarization on a time scale of about 40 milliseconds.

We will return to this phenomenon later.

1.23 Determination of polarization fraction

All the axial ratio determinations reported above were
made assuming completely polarized waves. An improved
estimate of the axial ratioc can be made by determining the

pelarization fraction as well.
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Early determination of polarization fraction:

Sherrill {1965a) reported observations made during
1963 on anlimproved two-helix polarimeter at five discrete
frequencies between 15.5 and 24.2 MHz. The use of a
correlation channel permitted the determination of the
polarization fraction and hencé an improved estimate of
the axial ratio and a more complete specifiéation of the
state of polarization of the radiation.. Right-handed
polarizatioﬁ was found to predominate at all observed
frequencies, with the majority of bursts above 15.5 MHz
indicating axial ratios more circular thanm C.7 and with a
polarization fraction greater than 0.8. However, an
increasing incidence of left-handed and mixed polarized
bursts was observed with decreasing frequency. Activity
was also observed where bursts of both right-handed and
left-handed polarization appeared at the same frequency

within a period of seconds.
Polarization fraction at 18 MHz:

Barrow and Morrow (1968) reported the results of an
extensive.pblarization study at 18 MHz. They used crossed
Yagi antennas and could measure the leftAhanded and right-
handed components of the radiation as well as the correl-
-ation ketween the amplitudes of these components. They

reported that the distribution of axial ratio and polari-

zation fraction indicated that some 45% of the bursts are
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circularly polarized and that the polarization fraction is
generally rather high, some 80% of the bursts having polari-
zation fractions greater than 0.7. They found that a
number of circularly polarized bursts are superimposed on
a randomly polarized background and thus appear to be
elliptically polarized if only the left-handed and right-
handed components are used to calculate the axial ratio.
The correlator channel in their studies indicated that many
of the low axigl ratio bursts are almost linearly polarized.
They pointed out that Dowden (1963) had suggested that any
observed linear polarization might be due to simultaneous
observation of circularly polarized bursts of opposite sense.
To sum up, the axial ratic computed for the observing
frequencies between 15.5 and 24.2 MHz indicate that right-
handed bursts predominate at all frequencies, with axial
ratios generally greater than 0.7. The'very short bursts
all show a definite sense of polarization and a large
proportion of them are completely circularly polarized.
In general the sense of polarization at 18 MHz is predominantly
right-handed with almost half the bursts circularly polarized
and frequently superimposed on a randomly polarized back-
ground. The polarization fraction is usually greater than
0.7 for some 80% of the bursts, thereby partially justifying
the usual assumption of completely polarized waves for the

Jupiter activity in the 16 to 24 MHz range. The effect of

assuming complete polarization {(as is often the case when
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only left-handed and right-handed components are measured)
is to obscure the amount of circular polarization present

and hence to reduce the average axial ratio.
Swept~frequency polarization measurements:

Up till the end of 1963 g1l polarization measurements
had been made at fixed frequehcies° The frequency depend-
ence had been studied by making simultaneous observations
at adjacent fixed frequencies (usually 1 or 2 MHz apart).
There are obvious limitations to this method of observation
as little can be said about continuous variations in polari-
zation with freguency. A swept-frequency polarimeter enables
the fregquency and time dependence of the polarization to be
studied.

.During the latter part of 1964, Warwick and Gordon
(1965) operatsd a swept-frequency polarimeter at Arecibo
in Puerto Rico. We shall not present the results of their
obaervations here but rather defer the discussion of their
awept—-frequency polarimetry experiment until after we have
reviewed the spectral characteristics of Jupiter's decametric
radiation in section 1.3.

1.3 THE SPECTRAL CHARACTERISTICS OF JUPITER'S DECAMETRIC
RADIATION

The first cbservations of the spectra of Jupiter's

decametric radiation showed that storms had complicated

structure in both frequency and time. Bursts lasting for
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more than five secondsand having fairly narrow bandwidths
(less than 1 MHz) were common. Storms extending over many

MHz and lasting for periods up to an hour were also observed.
Frequently storms drifted slowly from one frequency to
another; a freguency drift is considered positive if frequency
vincreases with time. Positive fregquency drifts occurred at
central meridian longitudes earlier than 1900, while nega-
tive frequency drifts cccurred at later longitudes.

The spectra of individual storms exhibited certain
characteristic features which tended to reappear near the
same central meridian longitudes on different observing
days. These observations indicated that Jupiter has a
permanent radio spectrum. This permanent radio spectrum
was subsequently shown toc be Io-related.

Fast spectral measurements showed extremely short
bursts which had large drift rates from high to low
frequencies of the order of 20 MHz/sec and showed rapid
"flipping" of the sense of polarization.

Before we describe the above eXperimental results in
detail, we willl indicate briefly how a swept-frequency
receiver operates and how observations with such a receiver

are presented.

1.31 Swept-frecuency receivers

Almost all the early observations of Jupiter's radio

spectrum were made using fixed-frequency receivers - i.e.
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receivers which are tuned tc a particular frequency for the
duration of the observations. Many fixed-frequency receivers
are needed to determine the spectral characteristics of
Jupiter's decametric radiation. Since some of Jupiter's

radic bursts are known to have bandwidths of the order of

50 kHz, receivers would have to be tuned to frequencies
separated by this amount if the spectral characteristics of
these narrow-band bursts are to be studied. This would reguire
many recelvers to cover even a 1 MHz frequency band; and

this is only a small part of Jupifer's radio spectrum.
Swept-fregquency receivers :

The above probiem can be resolved by using a single
receiver which tunes continuously to successive frequencies
in a given frequency band and repeats the tuning cycle within
a prescribed period. The process of tuﬁing continuously
across the frequency band is often referred to as "sweeping"
and such a receiver is called a "swept-frequency" receiver.

Swept-frequency receivers are usually of the super-
heterodyne type employing a sweeping local oscillator stage
and one or more intermediate-frequency stages. The tuning
across the frequency band (sweeping) can be done in one of
several ways. The two most popular methods use motor-driven
variable capacitors or voltage-variable capacitance diodes
(varactor diodes) to change the frequency of the local

oscillator. The output of the local oscillator is mixed

with the incoming signals to give the intermediate frequency
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which then contains all the required information. The out-
put of the final intermediate-frequency stage is detected and
anmplified.

The frequency and time resolution of the receiver depend
on the intermediate-frequency bandwidth, the post-detection
time constant and the sweep rate of the receiver. The inter-
mediate-frequency bandwidth sets the lower limit on the
freguency resolution of the receiver while the time constant
and the sweep rate limit the time resclution. A swept~
frequency receiver which has a small sweep rate, large
bandwidth and large time constant cannot detect very fast
variations in frequency and time. This is a "slow" swept-
frequency receiver. A "fast" or "high—?esolution" swept-
frequency receiver can detect fast variations such as

Jupiter's short bursts.

Preszantation of spectra:

The output of a fast swept-frequency receiver is complex
and usually has to be monitored on an oscilloscope. The
oscilloscope screen_is photographed on a continuously moving
film. The successive fregquency sweeps will then appear as
individual traces across the fidm and the sweeps will he
separated in time along the length of the film. The ampli-
tudes of the signals at any particular part of the frequency
sweep can be shown by the deflections at the corresponding
parts of the trace. The speed of the film past the

oscilloscope screen must be large enough to separate the

individual traces. This usually reguires large film transport
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speeds and long lengths of film are needed for a few
minutes of recording.

It is far more convenient and economical to intensity-
modulate the oscilloscope trace with the receiver output
signal. A frequency sweep appears as a single straight trace
across the screen and the film is blackened during those
portions of the sweep where there are output signals from
the receiver. BSuccessive frequency sweeps aépear as g series
of closely spaced parallel traces across the width of the
film. The recéiver output is thus displayed as a three-
dimensional frequency-time-—intensity plot. .The freguency axis
is across the width of the film and the time axis is along
the length of the film. The blackening of the film at any
point of a particular trace gives the amplitude of the signal
at the corresponding point in the frequency sweeb.

The system of observation outlined above give dynamic
{or continuous) recordings of the spectrum of Jupiter's
decametric radiation.

We shall now review the experimental results.

1.32 Initial work at fixed-frequencies

Some of the earliest observations to determine
the spectral characteristics of Jupiter‘s decametric
radiation were carried out during the 1955/1956 apparition.
These fixed-freguency observations were to determine the band-
width of the radiation as well as the freguency range in which

the radiation could be observed.
Observations reported by Gardner and Shain (1958)
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showed a large decrease in activity with an increase in
frequency. Initial indications of sharp spectral character-
istics were confirmed when it was found that activity at
any particular frequency was not necessarily accompanied by
activity on frequencies 2 MHz higher or lower. Good correlation
over a 0.1 MHz band was observed, estavblishing the radiation
as relatively narrow-bvand, with a bandwidth somewhers between
0.1 and 0.2 MHz (Pranklin and Burke, 1958). Storms having
frequencies between 14 and 27 MHz were detected by Gardner
and Shain,and Kraus (1958) reported an observation at 43 MHz.
Fixed-frequency observations determined the frequency
band over which the radiation could be observed but gave
little indication of the continucus variations of the radiation
with frequency. A swept-frequency receiver enables the
frequency and time dependence of the bursts and storms to be

studied.

1.3% Results of the Boulder High Altitude Observatory
Spectrograph

During 1960 a swept-frequency spectrograph went into
operation at the High Altitude Observatory at Boulder in
Coloradc. The spectrograph was a modified.version of a
swept-frequency interferometer which had been used to study
gsolar radiation. The spectral records of broad-band
radiation all showed characteristic interferometer fringes

which appeared as alternate light and dark diagonal bands



across the records.
Early spectral observations:

Warwick (1961) reported the first dynamic, that is
continuous, recordings of the spectrum of Jupiter's decame-~
tric radiation in the frequency range from 15 to 34 MHz.

The swept-frequency receiver was of the superheterodyne type
using mechanical tuning. The records were presented as an
intensity-modulated display on sensitised paper. The
receiver had 4 sweep rate of 27 MHz/sec, repeated at 1.3
gecond intervals, a bandwidth of 1 MHz and an integration
time constant of about three seconds. Fine structure in
frequency, cn a scale smaller than 1 MHz, could therefore
not be observed. Individual bursts less than several seconds
apart did not show as distinct entities on the records.

Burst structures lasting for 5 or more seconds and
hgving hbandwidths narrower than 2 MHz were frequent, thus
confirming the earlier fixed-fregquency observations. Several
striking features not previcusly reported were apparent.

On numerous occasions broadband storms covering 5 or more

MHz and lasting for periods greater than one hour appeared

on the records. These broadband storms often drifted slowly
from one frequency to another, positive drifts occurred at
central meridian longitudes earlier than 190° while negative
drifts occurred at later longitudes. -One storm drifted up to

the 34 MHz high-frequency limit of the receiver and this was

the ghest recorded frequency since that reported by Kraus in
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1958. Warwick states that these slowly drifting phenomena
could not be attributed to effects in the terrestrial iono-
sphere as one negatively drifting storm was observed simult-
aneously at Yalé University where very limited spectral
observations were made.

During 1961 the Boulder spectrograph was extended in
frequency range to cover the band between 7.6 and 41 MHz
(Warwick, 19633)°_~The receiver bandwidth was decreased to
0.6 MHz and the receiver sensitivity was increased. The
longitude and drift correlations as well as the other
features of the earlier spectra were immediately confirmed
by the improved instrument. However, several new features
were also apparent. One storm remained constant in frequency
for an hour and had 2 bandwidth of about 0.6 MHz, the
frequency resolution of the receivér; Some storms showed
isolated patches of emission made up of bursts which probably
lasted for less than a second. Warwick suggested that these
- short bursts were probably not a property of the source but

were caused by scintillations in the terrestrial ionosphere.
Repeatability of Jupiter's decametric radio emission:

Warwick (1963a,b) reported the results of an extensive
study of the spectra cbtained during 1961 and 1962. A
number of characteristic features in Jupiter's radio spectrum

are reproduced repeatedly when Jupiter presents certain narrow

ranges of longitude toward the Earth. Furthermore the
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freqﬁenoy driftsin the spectrum also repeat, with
virtually identical slopes in the time-frequency domain.
By analogf with the optical features of the planet Warwick
calls the characteristic radio features léndmarks, and
suggests that Jupiter possesses a more or less permanent

set of radio landmarks. i.e. a permanent dynamic specitrum.

Io=-control of the early source dynamic spectra:

The great importance of the Boulder spectrographic
data was emphasised in 1964 by the discovery by Bigg (1964)
that Io, Jupiter's first Galilean satellite, strongly
modulates Jupiter's decametric radiation.

Bigg, using all the Boulder spectrographic data
available at the time, found that the probability of a
Jupiter storm being observed on Earth depended strongly on
the position of Io. Three-dimensional plots of probability-
of-occurrence against central meridian longitude and Io
departure from superior geocentric conjunction, at the times
of the storms, were made. Superier geocentric conjunction
occurs when Io is directly behind Jupiter as seen from the
Earth. These three-dimensional plots showed that for Io
positions between 70° and 110° from superior geocentric
conjunction and central meridian longitudes between 90° ana
185° there is a high-probability peak. Thers is a second

broader and lower-probability peak for longitudes in the

0
range 200° to 280 and Io positions in the range 220° to
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260°. The Io-control of the decametric radiation is more
complete at frequenecies above 30 MHz (Duncan, 19663 Gruber,
1967). The Boulder sPecfrograph can record emission up to
41 MHz which is about 10 MHz higher than the frequencies of
prior observations. It is in this 10 MHEz range that the
radiation responds most sensitively to Ioj this probably
explains why it took so long to discover the Io-effect.

One of the striking inifial results of the Boulder
spectrographic observations was that fhe central meridian
longitude defined Jupiter's radio spectrum. Dulk {1965a,b)
first recognised Io's control of these earlier spectra and
showed that there is a strong ordering of early source
dynamic spectral types according to the exact position of
Ic at the time of emission. The maximum frequency reached by
the emission during an early-source étorm alsc depends on
Io's orbital position. The Io-control of the main source
and the third source spectra is not nearly as complete as the
Lo~control of the early source spectra.

The discovery of the Io-effect on the dynamic spectrum
of Jupiter's decametric radiation caused some modifications
to the theories of the origin of Jupiter's radio noise and

also stimulated much theoreticzl work.

1.34 High-resolution dynsmic spectra
Up til11l the end of the 1963 apparition the only
continuous swept-frequency spectrograpn inh operation was that

at Boulder. This instrument was useful for studies of the
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coarse frequency-time structure of Jupiter's dynamic
spectrum. However the spectrograph, with its sweep period
of 1.3 seconds and long integration time ceonstant, cannot
resolve very rapid variations of intensity. The frequency
resolution is alsc limited by the relatively wide bandwidth,
but the spectral records nevertheless showed a considerable
amount of fine structure in frequency.

Pixed-frequency observations of fine structure in
Jupiter's decametric bursts were reported by Gardner and _
Shein (1958), Kraus (1958), Gallet (1961), Carr et al. (1961},
and other workers. Rapid variations in intensity as a
function of time‘were found, and most workers agreed on the
existence of short bursts with durations of a fraction of a
second. High-resolution spectrum analysers were needed to
study the frequency and time dependence of these short bursts
(roughly 0.1 seconds duration). The high-resolution
spectral observations that have been carfied ocut to date can
be divided into two classes: observations carried out over
a wide range of frequencies and observations carried out over
a narrow range of frequencies. The only high-resolution
observations that have been made over a freguency band
greater than 2 MHz are those of Warwick and Gordon (1965)
at Arecibo in Puerto Rico. Their swept-frequency polarimeter
operated over the frequency range from 24 tc 36 MHz. The

only other high-resolution observations that have been

made are those made by Riihimaa (1964a,b; 1966a,b,c) over
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-a fregquency band of 2 MHz or less.

We shall first present the observations made by
Riihimaa and then describe thé observations of Warwick and
Gordon. It is fitting that the review of the experimental
observationg of the polarization and spectral characteristics
of Jupiter's decametric radiation should conclude with a
discussion of the only swept—-frequency polarimetry experiment

which has been carri=d out.

High-resolution studies by Riihimaa:

Riihimaa's high-rescolution studies were made on two
kinds of receivers: swept-frequency receivers and multi-
channel receivers. The earlier swept-frequency observations
are presented first.

During the 1963 apparition of Jupﬁer, an experiment
was carried out relating to the fine structure in the dynamic
spectra of the Jovian decametric radiation (Riihimaa, 1964a,b).
The swept~frequency receiver was swept electronically
between 20 and 18 MHz with a sweep repetition freqﬁency of
10 sweeps/sec. The bandwidth of the receiver was BO kHz
and the integration time constant was 0.1 milliseconds.

Generally the records showed groups of bursts lasting
from a few seconds to a few tens of seconds. Sometimes a
gfoup of bursts could be resolved into very short bursts
with durations dowm to about 5 milliseconds. On several

occasions storms consisting of several intense short bursts
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were recorded. These high intensity bursts showed band-
widths.narrower than the operating range (18-20 Mhz) and
they gathered intc bands which drifted.negatively in
frequency at rates varying between 0.1 and 0.8 MHz/min.

The structure of the very short bursts was thus seen to be
very complex and more refined apparatus was needed 0 study
these bursts effectively.

During 1964 Riihimaa (1966a) repeated his earlier fine
stfuoture experiment but used different techniques of
observation. He used a high—resolutioh mul ti-channel spectro-
graph to observe a 0.7 MHz band centered at 19.0 MHz. The
individual receivers were spaced at 50 kHz intervals and |
had bandwidths of 5 kHz. The dynamic spectra were recorded
photographically from intensity-modulated indicator lamps,
the integration time constant being 30 milliseconds.

Most recordings showed similar variations of intensity
with time from channel to channel, indicating radiation
bandwidths of the order of 500 kHz or more, the durations
of the‘bufsts ranging from a few seconds to a few tens of
seconds. Some of his records had portions showing fine
gstructure oomposed of bursts with bandwidths of 50 kHz or less.
The duration of the bursts varied from the resoluticn limit
of the equipment (30 milliseconds) to a few seconds.

_ Riihimaa (1966b,c) repeated his multi-channel high-

resolution experiment during 1965. The eguipment was

essentially the same as that for the previous experiment and
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consisted of a l4-channel spectrograph with channel to
channel spacing qf 50 kHz and a centre frequency of 19.1 MHz.

| The new results supported the earlier ones and there
were indications of three types of dynamic spectra. The most
common type of spectrum had practﬁélly no fine details, had
typical bandwidths of 0.5 MHz or more and had bursts of a few
seconds duration. The second type of spectrum showed more
detail. The storms were composed of bursts &hich often had
bandwidths of the order of 50 kHz and the durations of the
individual buféts were about 1 sec, Thé third type of
spectrum wag very complex. It was composed>of pulses which had
bandwidths down to 50 kHz while the pulse durations often went
down to the resolution limit of the equipment (30 milliseconds).
The first type of spectrum occurred most often when the Main
or A source was in the central meridian. The second type
oceurred most often for the early or B source while the third
type occurred most often for the B and C sources.

The experiment skhowed that there were considerable
variations in the bandwidth properties of Jupiter's decametric
bursts. Riihimaa suggested that it was therasfore doubtful
whether a classification of the bursts could be made only on
the basis of thelr duration and suggested further that the
classification of radio bursts from Jupiter should be based
on their high-resclution dynamic spectra.

In two recent papers Riihimaa (1968a,b) reported



= 28 -

high-resolution swept-frequency observations made during
1967/1968 in the 21 to 23 MHz frequency range. The receiver
was swept electronically and had a bandwidth of 50 kHz. The
integration time constant was 1.25 milliseconds and the
sweep repetition rate was 20 sweeps/second.

Riihimaa found that the dynamic spectra of Jupiter's
decasecond bursts consisted mostly of paralliel but irregularly
gspaced bands of emission, separated by 200 to 300 kHz. These
bands drifted in frequency and the drift rate magnitudes
appeared to cluster around 100 kHz/second and the direction
of drift ususlly depended con the central meridian longitude.
Practically all the positively drifting bursts were from
source B while almost all the source A storms were negatively
drifting.

Riihimaa and Warwick (1968) reﬁorted a systematic search
for these parallel lanes of emission in the Arecibo spectra
taken in 1964. They found that the drift patterns exist on
the Arecibo records and that the magnitudes and signs of the
drift-rates are in agreement with the results reported by

Riihimaa in 1968.
Swept-frequency observations of Warwick and Gordon:

Using a receiver originally designed by Riihimaa
(1961) for solar studies and subsequently modified for
Jupiter observations, Warwick and Gordon (1965) and

Gordon and Warwick (1967) made simultansous measurements of

the polarization and spectrum of Jupiter's radic bursts in the
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freguency range from 24 to 36 MHz during the last quarter

of 1964. The receiver was of the superheterodyne type using
voltage-variatle capacitance tuning of the radio frequency
pre-~amplifiers and the local oscillator. The radio-spectro-
graph tuned from 36 to 24 MHz at a sweep-repetition rate of
100 sweeps/second. The bandwidth of the receiver was 65 kHz
and the integrationAtime constant was 54 micro-seconds.

They used the 1000-foot telescope at Arecibo with broad-
band, crossed leog-periodic dipole antennas connected to give
the left- and right-circular components of the radiation. By
combining the left- and right-circular ccmponents they could
measure the cross-correlation product between these components.
The polarization of the incident radiafion could thus he
completely determined. The receiver was operated on a tine-
shared basis between the three modes and was programmed to
sweep the left-circular, correlation, right-circular and
correlation channels consecutively. ZFach sweep in a given
mode took 10 milliseconds to complete. It is thus clear that
the left- and right-circular components are not recorded
simul taneously and that there is a 40 millisecond delay
between successive sweeps on either the left- and right-
circular channel.

The data was presented as an'intensity—modulated dis-
pléy on 35 mm. film, the correlation channel occupying one

half of the film and the left- and right-circular channels the

other half.
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Most of the records showed no variations on a time
scale shorter than about 1 second and most bursts lasted for
a few tens of seconds. These long bursts were often broad-
band and drifted slowly in frequency at negative drift
rates of about 0.9 MHz/min. These bursts were similar to the
bursts observed on the Boulder records. They found that
the long bursts were right-handed elliptically polarized
with roughly constant axial ratio and orientation of major
axis as a function of a frequency above 24 NHz.

Apart from these general observations of the long
bursts, they also reported storms of very short bursts. In'
three of the nineteen storms recorded, bursts occurred which
were less than 0.2 MHz in bandwidth and had durations of less
than 20 milliseconds at a given frequency. These very short
bursts drifted negatively in frequency at the large drift
rates of 25 to 35 MHz/sec. One particular storm consisted of
bursts of the order of seconds which occﬁrred simultaneously
with the very short bﬁrsts. The short bursts appeared super-
imposed on the background of the long bursts. The long bursts
and the short bursts appeared simultaneously for only a few
minutes, after which the storm consisted entirely of short
bursts. On the basis of this observation they concluded that
the very short bursts must be a property of the source and
could not be attributed to scintillations in the terrestrial

ionosphere or the inter-planetary medium.

The polarization of the short bursts was generally



- 31 -

eliiptical'and changed very rapidly from one sense to the
other as the bursts drifted down in frequency. In a
particular section of one of the records the polarization
of the short bursts was c1rcular and varied in an unusual
way . Durlrg a particular sweep there were altermations in
the sense of the circular polarization with fregquency and
during subsequert sweeps there were alfernations cf the
sense of the circular polarization at the same frequency.
The polarization thus varied rapidly with both frequency
and time; they called this specialised variation of
polarization "polarization diversity“.

The above discussion might appear to indicate that
there is a wealth of high-resolution spectrograrhic data
avallable. However, this is not really so. The only
instrument capable of high-resolution polarization obser-
vations over a large frequency range (10 ¥Hz or more), is
no longer in operation and no studies of this nature have
been carried out since 1964. The single record of the
polacization diversity and the large drift rates of the
short bursts have yet to be confirmed by other workers.
Thevobservations of Rithimaa, although more recent,
cover only a narrow band of frequencies. it ig thus clear
that there is a large gap in our knowledge of the high-
resolution swept-frequercy polarization characteristics of

Jupiter's decametric radiation.
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1.4 FARADAY EFPECT ON THE DECAMETRIC EMISSIONS

Electromagnetic waves from Jupiter must pass
through the Earth's ionosphere (and the interplanetary |
medium) to reach our receivers. The ionosphere is a strongly
doubly-refracting plasma at decametric wavelengths. A
partially polarized wave is split into two indeyrendent
modes of propagation, each of Whioh has a different phase
velocity. The polarization ellipse of the emergent wave is
therefore rotated with respect to the incident wave; but
the axial ratio and sense of rotation remain.unaltered if

there is no preferential absorption.

1.41 Discovery of ths Faraday effect for Jupiter

During 1963 the Boulder spectrographic records of
emission from Jupiter contained an unusual anmplitude
modulation as a function of freguency (Warwick and Dulk,
1964; Dulk, l965b} This modulation was evident as zlternate
light and dark bands lying, in most cases, nearly parallel
to the time axis of the dynamic gpectral records. The bands
were more closely spaced at low fregquencies than at high
frequencies and were visible over the frequercy range from
approximately 35 to 15 MHz.

.The structure of the bands suggested that they may be
caused by the reception of elliptically polarized radiation
cn a linearly pelarized antenna, when the direction of the

major axis of the ellipse ig rotated as.a function of

frequency. The maxima and minima of intensity on the
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records are produced as the major and minor axes of
the ellipse are successively aligned with the linearly
polarized antenna. The crowding of the bands towards lower
freqﬁencies is almost inversely proportionzl to the square
of the frequency. The abo#e observations Suggested that
the alternate light and dark bands were caused by Faraday
rotation in the Barth's ionosphere, the interplanetary
medinum or Jupiter's ionosphere, or in all three. Faraday
rotation would be apparent on the Boulder records since
the antennas were vertically polarized corner reflectors.

Warwick and Gordcn (1965) and Gordon and Warwick
(1967) reported Paraday fringes on thelr Arecibo records
of the cfoss~correlation product of the left- and right-
circular components'of the radiation. Riihimaa (1966c)
reported Faraday fringes in his records obtained with a
low-resolution phase-switched swept-frequency interfero-

meter in the frequency range 20 to 15 MH=z.

1.42 Analysis of the data

FProm the Faraday fringes on the Boulder spectro-
graphic rescords Warwick and Dulk (1064) and Dulk ( 1965b)
determined the orientation of the polarization ellipse
at the receiver over the frequency range from 20 to 35
MHz. Then they determined the total amount of Faraday
rotation from the source to the receiver. With the total
amount of PFaraday rotation khown,.they checxed its origin

by attributing all the rotation to effects in the



- 34 -

Earth's ionosphere, computing the electron content of the
ionosphere, and then comparing the results with estimates
of electron content made by other means.

They neglected the effect of Paraday rotation in the
interplanetary medium since this would not exceed 0.3
radian, due to the low electron densities and small magnetic
field in the interplanetary medium, and this is minute com-
pared to the total Faraday rotation. They found fairly good
agreement (ilo%) between the two values for the electron
content of the Earth's ionosphere and concluded that
practically all the Faraday rotation occurs in the Earth's
ionosphere. This result was entirely unanticipated since
it was expected that, on the basis of estimates of electron
densities in Jupiter's ionosphere and the predicted values
for the magnetic field, the Faraday.rotation at Jupiter
would be as much as or even mecre than that of Earth.

From the measured position of the major axis of the
pelarization ellipse at the receiver and a knowledge of the
total Faraday rotation in the Earth's ionosphere, they
extrapolated backward to find the position of the major axis

of the polarization ellipse at the scurce.

1.43 Implicaticns of the observed Paraday effect

The non-existerce of Faraday rotation in Jupiter's

ionosphere does not necessarily indicate that the estimates

of electron density and magnetic field intensity were in error
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but rather that there might be special propagation
conditions in Jupiter's ionosphere under which the waves
do not experience Paraday rotation. Warwick and Dulk
attempted to explain the lack of Faraday rotation in
Jupiter's ionosphere by requiring that the waves leaving
Jupiter are entirely in a gingie mode. Since the waves
impinging on the Earth's ionosphere are eliptically
polarized (as they must be if we are to observe the
terrestrial Faraday effect), the base modes for wave propa-—
gation in Jupiter's ionosphere must be elliptical rather
than circular. In the Earth's ionosphere the base modes
are circular for the frequencies at which Jupiter's decametric
radiation is observed.

They suggested that the radiation is generated in the
extraordinary mode, and since only'one mode is present
the radiation passes through Jupiter's lonosphere unaffected
by Faraday rotation. The radiation thus arrives at the top
of the Earth's ionosphere with a fixed orientation of major
axis i.e. the oriemtation is independent of frequency. On
entering the Earth's ionosphere the radiation splits into
the two characteristic (circular) modes, undergoes Faraday
rotation and arrives at the ground with the observed Faraday
rotation. They conmecluded that the major axis of the
pélarization ellipse is approximately parallel +o the magnetic

equator of Jupiter, and that the polarization properties at

Jupiter show no radical changes over the frequency range from



15 to 39 MHz.

Parker, Dulk and Warwick (1969) reporfed a further
analysis of the Paraday effect on Jupiter's radio bursts.
Using all the Boulder spectrographic data of the early
gource emissions from 1960 to 1967, they found that at
Jupiter, the ellipse has an orientation independent of
frequency over the range 15 to 35 MHz, and that its major
axis has an average position angle of -25° * 15° from the
magnetic dipole axis., The orientation angle is measured
from Jupiter's magnetic north pole to theéllipse, north
through east. This value differs from the preliminary
result reported by Warwick and Dulk. Parker, Dulk and
Warwick also reported the observations of Bennett et al.
(1965), who found that the alignment was very nearly
parallel to Jupiter's rotational eguator. (This reference
is unfortunately not available).

New experimental evidence is needed to clarify the

problem of polarization ellipse orientation at Jupiter.



CHAPTER 1II

THEORIES OF JUPITER'S DECAMETRIC RADIATION

2.1 INTRODUCTION

The present chapter describes some of the theories
which have been proposed to explain the origin of the
obhgserved decametric radiation. No attempt will be made
to describe the theories in detail, but we will indicate
what the predictions for the observed deca