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Summary

The paper describes observations with a 40-240 Mc/s radio spectroscope leading
to the discovery and preliminary investigation of harmonics in the spectra of sporadic
bursts from the Sun. It is found that spectral features of bursts are commonly
duplicated with a 2:1 frequency separation. The ratio is sometimes appreciably
lower though apparently never greater. This and other features of the spectra are
shown to support the hypothesis that the fundamental frequency corresponds to the
natural plasma frequency of the corona in the vicinity of the source. By applying
this result to a standard model of the corona, information on the position, velocit’y,
and size of the sources is deduced. The results suggest that the generation of bursts
may be associated with longitudinal plasma oscillations excited by fast streams of
charged particles.

I. INTRODUCTION

Most of the energy that reaches us from the Sun at wavelengths in the
radio spectrum between 1 and 20 m does so in short-lived sporadic bursts of
seconds’ or minutes’ duration and in occasional storms which may continue for
days. Since its discovery by Dr. J. S. Hey in 1942, the intense variable radiation
has been studied extensively on a world-wide scale. But its origin is still largely
unknown. We know from the application of the theory of ionized media to
optical data that waves of such length must originate entirely in the outer layers
of the solar atmosphere. We know from radio observations that the sources
of some of the greater bursts move outwards through several hundred thousand
kilometres of the solar corona during the few minutes in which they are received.
We know also that the radio disturbances have a general association with visible
. activity, particularly large sunspots and solar flares. The experimental work
which led to the present paper was undertaken with the object of looking for
further clues on the physical nature of the radio disturbances.

The experiment consists of observing the spectrum of the high intensity
radiation, as a function of time, over a wide continuous range of frequency.
The range extends from 40 to 240 Mec/s, that is to say between wavelengths of
1-25 and 7-5m. Some previous spectroscopic observations were made in the
range 70-130 Mc/s (Wild 1950a, 19500, 1951 ; Wild and McCready 1950);
experience gained in this work emphasized the importance of extending the
frequency range and helped to shape the design of the present experimental
programme.
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On November 21, 1952, some four months after the start of regular observa-
tions, a large outburst of radio noise was recorded which revealed a new
phenomenon. The record showed that spectral features in the lower part of
the observed range were unmistakably duplicated at about double the frequency.
In a preliminary report of this occurrence (Wild, Murray, and Rowe 1953), the
authors pointed out that the duplication was almost certainly due to the emission
of fundamental and second harmonic frequencies from a common source. In
view of subsequent evidence this conclusion now seems definite. Indeed it
appears that harmonics are received in a considerable proportion of all sporadic
bursts.

In the present paper we give details of observations on the harmonic effect
(Section IIT), suggest an interpretation of the results (Section IV), and show how
the data may be used to study the location, speed, and size of the sources
responsible for generating sporadic bursts (Section V). . The conclusions of the
paper are summarized in Section VI. Before considering these topics a brief
outline is given of the experimental method. '

II. THE EXPERIMENTAL METHOD
(a) Choice of Site
The choice of site for this investigation was influenced mainly by the
requirement of avoiding interfering signals, especially those from high frequency
radio transmitters. The observing station was set up near Dapto, N.S.W., some
50 miles to the south of Sydney. It is effectively screened from Sydney by
nearby mountains.

(b) The 40-240 Mc|s Spectroscope

A detailed description of the instrument is beyond the scope of the present
paper. Here we shall consider only the main features which determine its
capabilities and the type of record produced.

The spectroscope is represented, in considerably simplified form, by the
block diagram in Figure 1. Spectra are obtained by rapidly tuning through the
range with a receiver of small bandwidth. The whole range is covered by three
separate receiving units sweeping in succession through ranges of 40-75, 75-140,
and 140-240 Mc/s. The three ranges have their outputs connected to common
displays.

Each receiving unit consists of a broad-band rhombic aerial connected to -a
swept-frequency superheterodyne receiver. The receivers are tuned by con-
tinuously rotating tuning condensers connected to a common shaft which is
driven by a motor at 2 r.p.s. FEach range is swept in one-quarter of a revolution,
the complete range in three-quarters. Thus a complete spectrum is swept out
in § sec and two complete spectra are obtained each second.

The receivers are controlled by an electronic sequence switch which allows
the output of each receiver to be passed to the display only during its operative
periods.

The frequency resolution of the instrument is determined by the response
curve of the intermediate-frequency amplifier whose bandwidth between half-
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power points is 0-5 Me/s. The output time-constant, which must necessarily
be short in view of the rapid sweep, is about 103 sec. The noise factor of the
receivers varies slightly over the range with an average value of about 10.

The aerials are equatorially mounted and motor driven to follow the Sun.
Their effective areas are between 5 and 10 m2.

RHOMBIC AERIALS
SWEPT —~FREQU ENCY RECEIVERS

40_75 Mc/s]- -[75-mo Mc/s}‘ -lio 240 Mc/]

SEQUENCE SWITCH C.R.T.

MOTOR )\/‘\/( HORI-
ZONTAL

(2 R.P.S.) \( SWEEP
\ GENERATOR

Fig. 1.—Simplified block diagram of the 40-240 Me/s
spectroscope.

(¢) The Display and Recording Unit

Two types of recording display are used, each having a 12-in. cathode-ray
tube and a camera operated with continuously moving 35-mm film.

One display is similar to that used for the previous observations (Wild and
McCready 1950) and corresponds to the ‘“ A scan ’ of radar sets ; frequency is
displayed horizontally and receiver output vertically. This arrangement is
suitable for precise measurements of absolute intensity but suffers from the
disadvantages that (i) the rate of film consumption (36 in/min in our case) is
excessively high for continuous operation and (ii) the process of reducing records
to a useful form is too laborious for handling extensive data.

F
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For continuous operation the second display is used in which frequency is
again displayed horizontally but receiver output is registered by modulating
the intensity of the spot. Since the response of photographic film is approxi-
mately logarithmic it is possible to record intensities of vastly different mag-
nitudes. Using Ilford HP3 film it is found that aerial temperatures in a 1000 : 1
range can be satisfactorily accommodated. With a film consumption of 1 in/min
(120 traces per inch), successive traces are recorded with no overlap.

(d) Calibration

Frequency calibration is provided by injecting into the receiver signals
from a standard signal generator at frequency intervals of 5 or 10 Mc/s. The
probable error associated with the frequency measurement of a sharply defined
feature is determined mainly by the reading accuracy and is estimated to be +1
per cent.

Intensity calibration is provided by switching on temperature-limited noise
diodes which are permanently connected across the aerial terminals of each
receiver. The noise-source impedance is then provided by the aerial itself.
This arrangement has two advantages : firstly, the anode-cathode capacity of
the diode (which would be difficult to tune out over a broad frequency band with
the conventional method of substitution) forms part of the input tuned cireuit,
thus eliminating calibration errors due to this cause ; and secondly, if calibration
is performed with the aerial directed towards the undisturbed Sun, the power
injected by the noise generator corresponds to the excess power above cosmic
noise, which is the quantity required to be measured. The standard calibration
procedure consists of injecting power at seven levels each separated by a 2 : 1
interval. By this means the records are directly calibrated for levels of flux
density between 5 x10-2! and 3-2 X10-1° Wm~2 (¢/s)-!; for higher levels it is
necessary to extrapolate according to the receiver gain law.

Time marks are inserted on the record by photographing a clock beside the
display which is illuminated by a flash at 1-min intervals.

The complete calibration procedure is performed at least once per day.

(e) The Reduction of Records

Spectra which vary with time are conveniently presented in the form of
intensity-frequency-time diagrams in which intensity is shown by contours in
the frequency-time plane. Such dynamic spectra were used to present the results
of the previous observations. Experience then gained indicated that a practical
limit to the amount of data that could be examined was set by the labour
involved in producing the diagrams. However, by using the intensity-modulated
display, we obtain the information in a form from which the salient features
of the dynamic spectrum can be immediately recognized (see Plate 1 for examples).
It is a simple process to trace these features and redraw them on a proper scale
of frequency. These ‘ sketches ’ are adequate for many purposes.

‘When higher precision is required (e.g. for the detailed study of the harmonic
effect) it is more satisfactory to use an A-scan record and deduce the fully
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calibrated profiles and dynamic spectrum. When only the intensity modulated
record is available, it is necessary to analyse the film with a high resolution
microphotometer.

ITI. THE OBSERVATIONS

Solar observations were started in August 1952 over the frequency range
40-140 Mc/s, and in November 1952 over the complete range 40-240 Mc/s.
The observations described here cover the period August 1952 to August 1953.
The equipment was operated for about 1000 hr during the year, preference being
given to periods of solar activity.

In addition to several days of continuous activity (‘‘ noise storms ”’) we
recorded at other times several hundred bursts of sporadic occurrence. In the
present paper we shall be concerned only with the sporadic bursts. In describing
their spectra the following terms, previously introduced by Wild and McCready
(1950), will be adopted and where necessary extended :

Spectral Type 11.—The type of dynamic spectrum exhibited by bursts
or ‘“ outbursts ”’ of some minutes’ duration in which the spectral features
drift slowly, though perhaps irregularly, in the direction of decreasing
frequency. The typical drift rate is of the order of 1 Mec/s per sec. These
bursts often occur at the time of solar flares.

Spectral Type I11.—The type exhibited by sporadic bursts of a few
seconds’ duration in which the frequency of maximum intensity drifts
rapidly in the direction of decreasing frequency at a rate of about 20 Me/s
per sec.

In the current series of observations the great majority of sporadic bursts were
found to belong to one of these two spectral classes ; four type II bursts were
recorded and several hundred type III, the latter occurring mainly in small
groups or compact clusters lasting for about 1 min.

The coexistence of first and second harmonies has been recognized in both
classes of spectra—in two of the four observed type II bursts, and in 20 type III
bursts. The spectrum of many other type IIT bursts suggested that harmonics
might have been present though their certain recognition was masked by the
large bandwidth of the bursts.

() Harmonics in Type II Spectra
The two recorded harmonic outbursts of spectral type II occurred onr
November 21, 1952 and May 5, 1953. The earlier one is the larger and more
complete disturbance but the later one has yielded more exact data because an
A-scan record was obtained. Details of the two outbursts are as follows.

(i) The Outburst of November 21, 1952

General data.—The outburst lasted from 23 hr 50 min to 24 hr 05 min U.T.
and was followed immediately by a noise storm lasting for about 2 hr. The
disturbance was accompanied by a large solar flare starting at 23 hr 45 min
located above a big spot group near the centre of the Sun’s disk. It was also
accompanied by a radio fadeout and geomagnetic crochet.
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The dynamic spectrum.—The outburst was recorded on the intensity-
modulated display and the record reduced photometrically. Part of the record
is shown in Plate 1 (a) and the dynamic spectrum in Figure 2 (a). It consists of
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Fig. 2.—The outburst of November 21, 1952, 23 hr 50 min U.T. (a) The dynamic

spectrum. The intensity contours correspond to levels of approximately 5 and

20 Wm-~2 (c¢/s)"t. (b) Profiles at 1-min intervals. The second harmonic is shown
dotted and displaced in frequency by a factor of 2.
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two main bands, widely spaced in frequency, which drift at a rate typical of
type II spectra. Each band shows a fine structure which for much of the time
congists of two well-defined peaks. Two features are of special interest. Firstly,
the structure of the two bands is strikingly similar ; peaks appearing in one band
seem to be duplicated simultaneously in the other. Secondly, although the
frequency of each band drifts over a range of at least 3 : 1, the frequency ratio
of corresponding features in the two bands remains approximately constant and
lies within a few per cent. of 2. The first of these features was interpreted as
signifying that the two main bands were emitted from the same source; the
second that the duplicity was due to radiation from the source at a fundamental
frequency and its second harmonic.

The profiles.—Figure 2 (b) shows the instantaneous spectral profiles of the
two main bands taken at 1-min intervals ; the bands are plotted in superposition
such that a frequency f in the fundamental (full line) coincides with a frequency
2f in the harmonic (dotted line). - When compared in this way the two sets of
profiles are by no means identical in shape. One feature seems to be systematic :
peaks in the harmonic band always lie slightly to the left of corresponding ones
in the fundamental, i.e. the frequency ratio is consistently less than 2. The
measured ratios lie between 1-96 and 1-99 for sharp peaks, and as low as 1-90
for the more diffuse peaks. Peak amplitudes in the two bands are of comparable
magnitude

(ii) The Outbwst of May 5, 1953

General data.—The type IT burst lasted from 04 hr 59 min to 05 hr 02 min
U.T. It was preceded by a cluster of type III bursts and other activity starting
at 04 hr 55 min, and was followed by a general increase in level at the lower
frequencies lasting from 05 hr 04 min to 05 hr 08 min. No flare observations
are available but the outburst accompanied a partial radio fadeout. Visible
activity on the disk was confined almost entirely to western heliographic
longitudes, between 30° and the limb.

The dynamic spectrum.—The outburst was recorded on both displays, the
A-scan record being used exclusively for deriving the data presented below.
The dynamic spectrum is shown in Figure 3 (a). Both the duration and rate of
frequency drift are smaller than for the previous outburst. The spectrum is
simpler and, except near the finish, each harmonic band consists of a single
peak.

The profiles (Fig. 3 (b)).—Owing to the greater precision of the A-scan
record, the profiles have been plotted on a larger scale and at more frequent
intervals (15 sec). The profiles of the fundamental peaks are seen to be markedly
asymmetrical, the low frequency edge being the steeper of the two. Indeed
in the last four profiles, the slope of this low frequency ‘‘ cut-off ’’ is indistinguish-
able from that of the receiver’s response curve, indicating that the slope on the
true spectrum was too steep to be resolved by the instrument. The harmonic
band is more symmetrical but on the average the low frequency edge is again the
steeper. With the passage of time the ratio of peak frequencies gradually
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increases from about 1-7 near the start to 2-004+0-01 at the finish and the
amplitude of the fundamental relative to the harmonic increases from about

0-5 to 10.
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‘Fig. 3.—The outburst of May 5, 1953, 04 hr 59 min U.T.

spectrum (contour levels as in Fig. 2), (b) profiles at 15-sec intervals.
that scales are different from those in Figure 2.

(a) The dynamic
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(b) Harmowiecs in Type III Spectra )

The fast-drift, short-lived bursts of spectral type III, first observed with
the previous equipment (Wild 19500), have been found to constitute the great
majority of all bursts observed at times other than noise storms. With the
wider frequency range of observation it is now possible to give what seems to be
a complete description of their spectral characteristics. The new finding of
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Fig. 4—Dynamic spectra of harmonic type III bursts. Times (U.T.): (a) October 3, 1952,
23 hr 21 min ; (b) June 7, 1953, 01 hr 08 min ; (¢) June 5, 1953, 01 hr 35 min ; (d) June 5, 1953,
01 hr 37 min; (e) January 14, 1953, 06 hr 07 min; (f) June 5, 1953, 01 hr 32 min.

immediate interest is the recognition of dynamic spectra consisting of two similar
formations in which the features of one are duplicated at about double the
frequency. Following the evidence given above for type II spectra, there
seems little doubt that this effect is again due to the emission of a fundamental
frequency and its second harmonic.
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Figure 4 shows examples of harmonics in type III bursts. In cases (a), (B),
and (c) both fundamental and harmonic bands are seen to drift off the low fre-
quency edge of the observed range, the rate of frequency drift decreasing con-
tinuously with time. In cases (d), (¢), and (f), however, the frequency drift

+ decreases so rapidly at the lower frequencies that one or both bands become
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Fig. 5.—Comparison of the fundamental
and second harmonic bands of the
type IIT bursts shown in Figure 4.

almost stopped at a fixed frequency : the spectrum finishes in a vertical * tail *’.
In all cases the fundamental and harmonic parts of the dynamic spectrum are
similar in shape although the former tends to be of narrower relative bandwidth
(Aflf)-

In the type II spectra considered above it was shown that the ratio of peak
frequencies in the two bands never exceeded 2 but was often slightly lower. A
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similar effect is demonstrated for type ITI spectra in Figure 5 in which relevant
portions of the spectra in Figure 4 have been replotted with the harmonic band
displaced two-to-one in frequency. There is seen to be a consistent displacement
of the harmonic band to the left of the fundamental, again indicating a frequency
ratio less than 2. In the great majority of cases the ratio lies between 1-85
“and 2-00.

Of the several hundred type IIT bursts observed during the year, the
recognition of harmonics was considered certain on 20 occasions. In addition
there were many doubtful cases. Certain recognition is often made difficult
owing to the combination of wide bandwidth and rapid frequency drift, which
may result in the merging of the two bands. In cases where the bursts show
tails, however, it is possible to decide without ambiguity whether or not the
two bands are present. Of 19 such cases recorded, 12 were found to have the
two bands. If it is assumed that the cause of harmonic production is independent
of the cause of tail production, this result suggests that the proportion of bursts
in which fundamental and harmonic are both of detectable magnitude may
exceed 50 per cent.

(¢) Summary of Observational Results

The main observational results are summarized below.

(1) The dynamic spectrum of sporadic bursts, both type II (slow drift)
and type ITL (fast drift) sometimes show simultaneous duplication of features
separated by a frequency ratio of about 2 : 1. The duplication is attributed to-
the emission of both fundamental and second harmonic frequencies from a
common source.

(2) Bursts showing detectable fundamental and harmonic bands in their
spectra account for a considerable proportion of all bursts, perhaps 50 per cent.
ormore. At the higher frequencies, in the vicinity of 200 Mc /8, it is not unreason-
able to surmise that the greater part of radiation received in sporadic bursts
is due to second-harmonic emission.

(3) The intensity of the second harmonic may be comparable with, or even
greater than that of the fundamental. No third and fourth harmonics have
been detected ; had they been present with an intensity one-tenth of that of the
second harmonic, they would certainly have been detected on several records.

(4) There appears to be a general rule that the ratio of peak frequencies
never exceeds 2 but is often slightly lower.

(3) Detailed analysis of one outburst of type II for which sufficiently precise
data were available indicated that the low frequency edge of the fundamental
band may be extremely sharp and that the relative amplitude of the fundamental
increases as the frequency ratio approaches 2.

IV. INTERPRETATION

(@) General Inferences
The first three conclusions listed above imply that the sporadic solar radiation
is rich in second harmonics. This surely means that the emitting process is one
involving oscillations of charge, as distinet from non-periodic accelerations such
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a8 those of thermal motions in the absence of a magnetic field. To produce a
harmonic the oscillators must be non-linear. Also, since an even harmonic is
observed, the emitted waveform must be asymmetrical in the sense that values
of the electric vector at two instants of time separated by half a cycle are not
equal and opposite. This asymmetry may provide an important restriction
on the types of processes admissible.

In some bursts, especially those of type II, it was noted that the width of
each band is extremely narrow, perhaps only 2 or 3 per cent. of the mid frequency,
between half-intensity points. We infer that in these cases all the oscillatory
charges which constitute the source oscillate at roughly the same frequency.
In other words there appears to be some proper frequency controlling the
oscillations.

We know of two classes of proper frequency for oscillations in an ionized
medium : the gyro frequencies of charged particles in a magnetic field, of which
the electron gyro frequency is the most relevant in the present problem ; and
the plasma frequency.

(i) The Hlectron Gyro Frequency, fy =eH/2wme.—Here ¢ and m denote the
electronic charge (e.s.u.) and mass, H the magnetic field, and ¢ the velocity of
light. Tt has been shown by Schwinger (1949) and others that electrons gyrating
in a magnetic field generate harmonics when the orbital velocity approaches the
velocity of light. The difficulties associated with the escape from the solar
atmosphere of radiation at the fundamental of the gyro frequency (Ryle 1948)
are well known, though it is possible that the harmonics 2fuy 3fuy - - . could
escape (Roberts 1952). Indeed Roberts suggested that spacings between
harmonics offered a possible experimental test for the gyro theory of generation ;
he pointed out that adjacent harmonics would be in the ratios 3 : 2,4:3,5:4,
ete., but not 2 : 1. The observation of harmonics at a 2 : 1 spacing now provides
a negative answer to this test and indicates that a process is required in which
fundamental frequencies can escape.

(ii) The Plasma Frequency, f,=e+/(N/nm).—Here N is the electron density
of the medium. In the presence of a magnetic field, not considered here, the
plasma frequency is split into three components one of which is f,.

Several authors (see for instance Shklovsky 1946 ; Martyn 1947 ; Bohm
and Gross 1949 ; Jaeger and Westfold 1949) have suggested oscillations at the
plasma frequency as the source of high intensity solar radio noise although no
complete theory has yet been given. Difficulties are again encountered regarding
escape because the plasma frequency coincides with the critical frequency at
which the refractive index reduces to zero. If emission takes place from a
localized region in which only the plasma frequency is excited, the radiation
can escape only within an infinitesimally narrow cone normal to the surface of
zero refractive index. However, there is no such escape restriction on the
higher harmonics.

Let us now suppose that the excited region generates not merely the plasma
frequency but rather a narrow band of frequencies about the plasma frequency
together with their harmonics. Since propagation can take place at frequencies
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above the critical frequency, the received spectrum would congsist of all second
and higher harmonic frequencies generated but only the high frequency part of
the fundamental band. This is strongly suggestive of the observed harmonic
spectra and seems to offer a natural explanation both of the reduction of the
harmonic ratio below 2 and the sharp cut-off in the fundamental band. We
now examine this interpretation in more detail by considering the spectrum
from a point source in a model corona.

(b) The Escape of Frequencies mear the Plasma Frequency from a Model
Corona

The approach to be adopted may be summarized as follows. We consider
a localized source in the solar corona situated in a region specified by an electron
density N. We suppose that if a probe connected to a radio spectroscope
were inserted into this region the resulting spectrum would consist of a narrow-
band peak centred on the plasma frequency fo and others of similar shape but
lower amplitude at the harmonic frequencies 2fy, 3f, . . . We refer to this
spectrum as the natural spectrum. Next we consider the propagation of energy
through the solar atmosphere and calculate the fraction of the source brightness
capable of reaching a terrestrial observer. The fraction transmitted is a function
of frequency which we call the propagation characteristic. TFinally we deduce the
received spectrum by multiplying the natural spectrum by the propagation
characteristic.

For the electron-density distribution in the corona we shall assume the
idealized, spherically symmetrical model given by the Baumbach-Allen formula.
The effects of coronal irregularities and magnetic fields will be neglected for the
present calculation but will be considered in Section V. We shall be concerned
merely with illustrating the type of result obtained and it will be sufficient to
consider the case of a fixed point source whose height we choose to be at the
50 Mc/s plasma level (2-3x105km above the photosphere in the Baumbach-
Allen corona). .

(i) The Natural Spectrum.—For present purposes it is convenient to consider
a natural spectrum of definite form, though its choice is relatively unimportant.
We shall assume the profile of each harmonic to be symmetrical, on a logarithmic
frequency scale, about the plasma frequency and to have the shape of the
Gaussian error curve. . The assumed spectrum is shown in Figure 6 (a). The
bandwidth has been chosen to be comparable with observed profiles and the
amplitude of the second harmonic has been set arbitrarily to one-tenth that of
the fundamental.

(ii) The Propagation Characteristic—The propagation and escape of radio
waves from point sources within the Baumbach-Allen corona has been treated in
detail by Jaeger and Westfold (1950). The problem consists of calculating
(1) the paths of rays between source and observer, in general these paths are
curved owing to the steady increase with height of refractive index in the corona ;
and (2) the absorption along each path.

Figure 7 shows the paths of rays of different frequencies escaping from a
source at the 50 Mec/s plasma level. The lowest frequency capable of escape is
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the plasma frequency itself which can be propagated along the radial ray only.
Higher frequencies can escape in directions contained within a sharply defined
cone about the radial direction ; the higher the frequency the wider the cone.*
Thus to a terrestrial observer the propagation characteristic depends on the
position of the source on the Sun’s disk. Figure 6 (b) shows the
derived characteristic for various source angles 0 (defined in the inset below
Figure 6 (a)). The effect of absorption is included and accounts merely for the
slight drop in values of transmission at frequencies immediately above the cut-off
frequency. Apart from this small effect the cut-off is perfectly sharp. As
implied by Figure 7, the cut-off frequency coincides with the plasma frequency
for a source at the centre of the disk and increases with the source angle.
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Fig. 6.—The derivation of spectra for an assumed model (see Section IV). (a) The
assumed natural spectrum for a point source, located at the 50 Me/s plasma level of the
solar corona, emitting harmonics of the plasma frequency ; (b) the calculated propagation
characteristic (from Jaeger and Westfold) for radiation escaping from the 50 Mc/s level at
various angles 0 (see inset below (a)) ; (c) the received spectrum derived from (a) and (b).

(iii) The Received Spectrum.—Combining the data of Figures 6 (a) and 6 (b)
we obtain the received spectra of Figure 6 (¢). For a source at the centre of
the disk (6=0°), the ratio of peak frequencies of the fundamental and second
harmonic is exactly 2, but the low frequency half of the fundamental band is
completely cut off. For §=10° the ratio is reduced to 1-96 and for 6—20°
t01-90. In the latter case the amplitude of the fundamental is greatly reduced,
and at 6=40° it is no longer present. For these values of 6 the second harmonic

* Each ray path shown in Figure 7 is that which leaves the source tangentially to the spherical
strata of the assumed atmosphere. In general the * outermost >’ ray (i.e. that which emerges
from the atmosphere at the greatest angle) is one which leaves the source in a direction having a
slight inward component. The difference in the angles of emergence of these two types of limiting
ray is negligible except for very oblique emergence.
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is unaffected, but for sources near the limb (e.g. 6=70°) it too becomes modified
by the cut-off characteristic.

(iv) Comparison with Observations.—The derived spectra of Figure 6 (c)
illustrate how localized emission at harmonics of frequencies around the plasma
frequency can explain the following characteristics observed in type II and
type III spectra :

(1) The normal occurrence- of harmonic peak-frequency ratios slightly
less than 2.

(2) The sharp low frequency cut-off observed in the fundamental band.

(3) The reduction in amplitude of the fundamental peak relative to the
harmonic as the peak-frequency ratio diminishes.

There is seen to be a marked resemblance between the derived profiles and
the detailed observed profiles shown in Figure 3.

Mc/s)
70 60 55 51 50 51 55 60 70
80 80
100 100
//// \\\\
e SOURCE S
s ~
/7 N
?HoTOSPHERE

Fig. 7.—The limiting rays of outward emission at various fre-

quencies from a source at the 50 Mc/s plasma level in the

Baumbach-Allen corona. The numbers refer to frequencies in
Mc/s. Data from Jaeger and Westfold (1950).

(¢) Conclusions on the Mechanism of Burst Generation

The general agreement between the above interpretation and the observa-
tions supports the basic proposition that the sources of sporadic bursts radiate
their energy mainly at harmonics of frequencies near the plasma frequency of the
surrounding medium. Indeed it appears that, of the processes which have been
suggested to explain the high intensity of solar noise, those involving plasma
oscillations are the only ones capable of accounting for the harmonic phenomenon.
Nevertheless, it should be stressed that our knowledge of plasma oscillations is
far from complete and the conditions under which electromagnetic radiation
can be obtained from them are not properly understood.

Evidence will be given in Section V that the source regions are in rapid
motion through the solar corona and it is likely that the observed movements
are associated with streams of ionized matter. As Shklovsky (1946), Bohm and
Gross (1949), and others have pointed out, ionized streams projected through the
corona provide a means of exciting plasma oscillations. Oscillations of this
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kind are longitudinal and, if the amplitude becomes appreciable in comparison
with the wavelength, the charge density exhibits excess ‘ bunching ”’ near the
nodal points. This effect may provide the required non-linearity and asymmetry
for the generation of the second harmonic.

V. THE PoOSITION, MOVEMENT, AND SIZE OF THE SOURCES OF BURSTS
(@) The Position and Speed of the Sources of Type II Outbursts

The conclusions of Section IV (b) suggest that in idealized circumstances it
should be possible to determine both the source height and the source angle as a
function of time directly from the dynamic spectrum of a burst. It is of course
necessary to assume a standard electron-density model of the corona, and it is
only possible to treat simple cases in which the observed profiles resemble the
theoretical ones (Fig. 6 (c)). Under these conditions we can determine (1) the
plasma frequency (and hence the height in the corona) from the observed peak
frequency of the second harmonie, and (2) the critical escape frequency (and
hence the source angle) from the observed cut-off frequency of the fundamental.

The relation between the critical escape frequency f,, the plasma frequency
fo, and the source angle 6 is a complex one, but it has been shown by Smerd
(unpublished data) that for the Baumbach-Allen corona the approximate formula

f.=fysec (0-870)

agrees with the values calculated by Jaeger and Westfold (1950) to within a
few per cent. for frequencies between 20 and 100 Mec/s and source angles between
0 and 80°. A tabulation of plasma frequency for Varlous coronal heights has
been given by Smerd (1950).

The application of this method of source location is demonstrated in Figure 8
for the outburst shown in Figure 3. Figure 8 (a) shows plots of the observed
values corresponding to f, and f,; Figure 8 (b) the derived source height and
angle as a function of time ; and Figure 8 (¢) successive positions of the source
at }-min intervals. The calculated path is seen to be mainly across the line of
sight. Since the active areas on the disk at the time of the outburst were
confined almost entirely to western heliographic longitudes (see Fig. 8 (c)) we
might infer that the source travelled across the disk from west to east. The
mean speed of travel is found to be about 4000 km/sec.

The results given in Figure 8 emphasize the importance of knowmg the
rate of change of source angle. In previous determinations of the velocity of
outburst sources, either the determination was confined to the radial component
(spectroscopic method, Wild 1950a) or the speed was calculated on the assumption

- that the motion was strictly radial (directional method, Payne-Scott and Little
1952). Had the speed been derived on the assumption of radial motion in
the present case, the less plausible conclusion would have been reached that the
source initially travelled slowly inwards and subsequently turned and accelerated
outwards.

The outburst of Figure 2 is less suitable for similar analysis partly because
of its greater complexity and partly because the profile data are less accurate.
Near the finish, however, the peaks are well defined, and the closeness of the
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(¢) The variation with time of (i) the peak frequency of the

fundamental (triangles) and (ii) half the peak frequency of the

second harmonic (dots) ; (b) The derived height and “ source

angle ” (0 in Fig. 6); (c) Successive positions of the source at

1-min intervals. The heliographic longitudes of sunspots etc.
are indicated, and refer to the western hemisphere.
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peak-frequency ratio to 2 suggests a central position on the disk. Since the
associated flare was also located near the centre, it may be inferred that the
source travelled approximately radially outwards in the direction of the Earth.
The derived height plot is shown in Figure 9, and represents the most extensive
range of travel we have yet observed in an outburst. The plot indicates an
approximately constant velocity of 475 km/sec over a 6 :1 range in heights.
The time delay between the fadeout and the start of the outburst suggests that
the source could have been ejected simultaneously with the onset of the ultra-
violet emission from a region low in the corona, some 2:5x10* km above the
photosphere.

The emission of second harmonics in outbursts suggests a reason for the
unexpectedly large source heights deduced by Payne-Scott and Little (1952)
from their directional observations. These authors considered the typical
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Fig. 9.—Derived height plot for the outburst in Figure 2. Where

possible heights are derived from the fundamental frequency band

(dots). The range is extended to greater heights by using half the
frequency of the second harmonic (squares).

minimum height for 97 Mc/s radiation to be some 2 X105 km above the photo-
sphere. This, they point out, is about three times as high as the 97 Mc/s plasma
level in the Baumbach-Allen corona. Rather than indicating a radical alteration
to the electron density distribution, as suggested by these authors, the dis-
crepancy could be simply accounted for in terms of emission at the second
harmonic : for the assumed electron-density distribution, the height of the
97/2 Mc/s plasma level is 2-4 X105 km.

(b) Sources of Error in Velocity Determinations
The two main sources of error in the above method of velocity determination
are likely to be (i) the use of a particular spherically symmetrical model of the
corona, and (ii) the neglect of coronal magnetic fields. We now consider these
in turn. :
(i) Coronal Irregularities.—It is well known that the electron-density
distribution of the corona can depart considerably from the spherically sym-
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metrical model we have assumed. In the first place the mean electron-density
distribution changes with the solar cycle. From his analysis of optical data,
van de Hulst (1950) concludes that the mean density at any height decreases by
a factor of about 1-8 between maximum and minimum phases. For the
equatorial region, his sunspot-maximum model agrees closely with the Allen-
Baumbach model, while heights in his sunspot-minimum model are about
5 % 10* km lower in the range of interest here. However, the spacing between
levels of different electron density is scarcely affected ; for instance the spacing
between the 50 and 100 Mc/s levels changes by only 5 per cent. This indicates
that the determination of velocity along radial directions is not significantly
affected by changes in the mean distribution with the solar cycle. Effects due
to departures from the mean values, manifest in the complex structure of the
corona, are likely to be much more important. The optical data, which have
recently been reviewed by van de Hulst (1953), seem to indicate that the electron
density in coronal rays may be some 10 times that between the rays while the
gradients in the two regions are similar.

Let us now re-examine the outburst analysed in Figure 9, bearing in mind
the effects of coronal structure. Assuming the true source velocity to be
constant, the linearity and smoothness of the height plot indicate that the
“ ghape *’ of the assumed electron-density law is the correct one along the path
of the source. Suppose, however, that the source travelled along a coronal ray
whose density was 10 times that given by the assumed model. Source heights
are then increased by some 4 X105 km, and the velocity (still essentially constant)
by a factor of 1-6. Taking van de Hulst’s sunspot-minimum model to represent
the other extreme, it is estimated that the outburst’s true outward component
of velocity probably lay between 400 and 750 km/sec.

In cases where the motion is largely transverse (e.g. Fig. 8), the derivation
of speed depends on the large-scale angular distribution of electron density, and
the quantitative results are less certain.

(ii) Coronal Magnetic Fields.—The presence of a magnetic field at the source
causes two additional proper frequencies to exist either side of the plasma
frequency (Westfold 1949). The three frequencies correspond to those of the
magneto-ionic theory at which the refractive index vanishes; each shows a
characteristic polarization. At the coronal heights with which we are concerned
the three frequencies are probably closely spaced (i.e. f;<<f;) and the effects of
neglecting magnetic fields could cause no significant errors in the derivation of
velocities.

Application of the magneto-ionic theory shows that from any one point only
two of the three frequencies can escape from the Sun. It was previously
suggested (Wild 1950a) that the presence of closely spaced double peaks, like
those in Figures 2 and 3, could be due to this effect of magnetic splitting. An
alternative explanation is in terms of two sources separated in space. The
former explanation now seems more likely because in both instances described
here the two peaks are seen to fade simultaneously, thus suggesting a common
source. Combined observations of spectrum and polarization should help to
decide this question.

G
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(¢) The Size of Outburst Sources

In the simple interpretation outlined in Section IV it was assumed that
burst radiation emanates from a point source. For sources of finite size we should
receive the spectrum due to the excitation of a finite band of plasma frequencies.
Lack of knowledge of the natural spectrum prohibits the estimation of source
dimensions from the width of the observed peaks. We can, however, use the
bandwidth data to set an upper limit on at least one of these dimensions.

In the vicinity of 50 Mc/s, bandwidths as small as 1-5 Mc/s between half-
power points are not uncommon. With the standard coronal model this means
that the source responsible for the peak is contained within a height range
of less than 104 km. Also, in cases such as Figure 3, it can be inferred from the
abruptness of the cut-off that the gradient of the outer edge of the source is such
that the intensity may change by a factor of 2 within a height range of less
than 500 km.

(@) The Sources of Type LII Bursts

The main conclusions of Section IV, that the burst-generating sources
probably radiate at harmonics of the plasma frequency of the surrounding
medium, apply to type III as well as to type II bursts. This provides an
experimental foundation to the speculation (Wild 19505) that the fast frequency
drift of type ITI bursts is to be interpreted in a similar fashion to the slow drift
of type IT bursts. On this basis the type ITI sources are found to move outwards
through the solar corona with initial radial velocity components of between
3 X10* and 10° km/sec, showing steady deceleration along their path. Those
with “ tails "’ are apparently brought to rest at heights of a few hundred thousand
kilometres.

The interpretation of type III bursts has been discussed briefly by Wild,
Roberts, and Murray (1954) and will be considered in more detail in a later paper.

VI. SUMMARY OF CONCLUSIONS

The observational results of this paper are summarized at the end of
Section ITI. The presence in the spectra of sporadic bursts of intense narrow
emission bands accompanied by their second harmonies indicates that the sources
consist of oscillatory charges which oscillate, according to a non-linear law, at or
near some proper frequency. From considerations of the escape of radiation
from resonance levels in the solar atmosphere it is concluded that the plasma
frequency is the only known proper frequency capable of accounting for the
observations. If the natural spectrum of emission from the plasma level is
assumed to show a slight spread in frequency about the plasma frequency, it is
possible to give a natural explanation of certain peculiar features of observed
spectra. The sources are found to be in rapid motion through the corona and
it is suggested that the generation of high intensities is associated with longi-
tudinal plasma oscillations excited by fast streams of ionized matter.

Assuming a standard, spherically symmetrical corona, application of the
plasma hypothesis to observed spectra yields information on the position (both
height and angular displacement from the centre of the disk), velocity, and size
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of the source. Velocities of 500 and 4000 km/sec were deduced for two long-
duration outbursts, and velocities as great as 10° km/sec for the short-lived.
type IIT bursts.

VII. ACKNOWLEDGMENTS
The authors wish to thank Dr. J. A. Roberts and Mr. S. F. Smerd for valuable:
discussions on theoretical aspects of this work, and Mr. J. Joisce for assistance
in the regular running of equipment.

VIII. REFERENCES

BorM, D., and Gross, E. P. (1949).—Phys. Rev. 75: 1851, 1864.

van pE Hunst, H. C. (1950).—B.4A.N. 11: 135.

vaN pE Hurst, H. C. (1953).— The Sun.” Ch. 5. (Univ. Chicago Press.)

JAEGER, J. C., and Westrorp, K. C. (1949).—Aust. J. Sci. Res. A2: 322-34.

JarGER, J. C., and Wrstrorp, K. C. (1950).—Aust. J. Sci. Res. A3 : 376-86.

MarTYN, D. F. (1947).—Nature 159 : 26-7.

PaynNe-Scorr, RuBy, and LiTTiE, A. G. (1952).—Aust. J. Sci. Res. A5: 32-49.

RoOBERTS, J. A. (1952).—Incoherent radiation of electrons in a magnetic field. Ph.D. Thesis,.
University of Cambridge. '

RyrE, M. (1948).—Proc. Roy. Soc. A 195: 82-97.

SCHWINGER, J. (1949).—Phys. Rev. 75: 1912.

SmxLovsky, I. S. (1946).—Astr. J., Moscow 23 : 333-47.

SmeeDp, S. F. (1950).—Proc. Instn. Elect. Engrs. IIT 97 : 447-52.

Westrorp, K. C. (1949).—Aust. J. Sci. Res. A2: 169-83.

Wip, J. P. (1950a).—Auss. J. Sci. Res. A3: 399-408.

Wirp, J. P. (1950b).—Aust. J. Sci. Res. A3 : 541-57.

Wip, J. P. (1951).—Aust. J. Sci. Res. A4: 36-50.

Wmp, J. P., and McCrEaDY, L. L. (1950).—Aust. J. Sci. Res. A3: 387-98.

Wip, J. P., Murray, J. D., and Rows, W. C. (1953).—Nature 172 : 533-4.

Wip, J. P., RoBErTs, J. A., and MURRAY, J. D. (1954).—Nature 173 : 532.





