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ABSTRACT

Direction-finding measurements with the plasma wave experiments
on the HAWKEYE 1 and IMP 8 satellites are used to find the inter-
planetary source locations of type III solar radio bursts in helio-
centric latitude and longitude in a frequency range from 31.1 kHz to
500 kHz. Three events in the period from June 1974 to August 1974
were suitable to analyze completely. IMP 8 has its spin axis perpen-
dicular to the ecliptic plane; hence, by analyzing the spin modulation
of the received signals the location of the type III burst projected
into the ecliptic plane can be found. HAWKEYE 1 has its spin axis
nearly parallel to the ecliptic plane; hence, the location of the
source out of the eecliptie plane can also be determined. Using an
emperical model for the emission frequency as a function of radial
distance from the sun the three-dimensional trajectory of the type III
radio source can be determined from direction-finding measurements at
different frequencies. If the electrons which produce these radio
emissions are assumed to follow the magnetic field lines from the sun
these measurements provide information on the - three-dimensional struc-
ture of the magnetic field in the solar wind. The source locations
projected into the ecliptic plane were found to follow an Archimedean
spiral. Perpendicular to the ecliptic plane the source locations

were found to usually follow a constant heliocentric latitude. When
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the best fit magnetic field line through the source locations is
extrapolated back to the sun this field line usually originates within
a few degrees from the solar flare which produced the radio burst.
With direction-finding measurements of this type it is also pnss;ble-
to determine the source size from the modulation factor of the re-
ceived signals. For a type III event on June 8, 1974, the half angle
source size was measured to be ~ 60° at 500 kHz and ~ 40° at 56 .2 kHz

as viewed from the sun.
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The IMP 8 orbit projected into the ecliptic
plane. The angle 5y is the angle from the pro-
jection of the satellite-sun line into the spin
plane to the antenna. The angle 63 at which a
null of the modulated signal occurs determines
a meridional plane through the spin axis in
which the source must be located. The approxi-
mate location of the HAWKEYE 1 orbit plane is

also indicated. ; R R = i T T

The HAWEKEYE 1 orbit plane and spin axis orien-
tation relative to the orbit plane. The angle

ﬁy is the angle from the projection of the satel-
lite-sun line into the spin plane to the

antenna. The angle 5y gt which a null of.the
modulated signal occurs determines a meridional
plane through the spin axis in which the source
must be located. The IMP 8 spin axls orientation
and orbit plane are shown relative to the
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Figure 3

Figure U
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The normalized electric field amplitude as a

function of the antenna orientation angle éy

for a type III burst at 178 kHz. The modula-

tion pattern is clearly observed. § is the

position of the null camputed by a least squares

fit of the data to the theoretical modulation

pattern. Each point is the average of many data

points accumulated in the 10° angle bins. . . . . 54

The position of the source plane relative to the
satellite spin axis, null position (&), and the

sun for HAWKEYE 1 and IMP 8. The vector n is per-
pendicular to the source plane, and the spin axis
(E) is perpendicular to the spin plane. The source
planes for IMP 8 and HAWKEYE 1 intersect, and

the source is located along this intersection. The
source location is computed by taking the cross
product between ﬁl’ a vector normal to the IMP 8
source plane, and EE, a vector normal to the
HAWKEYE 1 source plane. 6 is the angle between the

spin axis of the satellite and the satellite-sun
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Figure 6
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A type III burst observed simultaneously by
HAWKEYE 1 and IMP 8. The type III burst is
characterized by a rapid decrease in frequency
with increasing time, and at each frequency the
intensity has a rapid rise time followed by a
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The amplitude, Geocentric Solar Ecliptie longi-
tude and modulation factor of a type III burst
detected by IMP 8 on June 10 at 500 kHz. Note

the strong modulation and that mGSE_is relatively
constant at this frequency. The spin modulation
ig evident as a small amplitude, periodiclchange
in the observed intensity. The angular position
of the earth is shown to help discriminate between

solar and terrestrial events. . « « « « ¢ « - . . 60

The amplitude, Geocenﬁric Solar Eeliptic longl-
tude and modulation factor for a type III event
detected by IMP 8 on June 9 at 178 kHz. Note
the modulation factor is lower and that ¢Gsﬁ
changes during the event. There is a terr-

estrial noise source with a large modulation
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factor being detected before and after the
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Figure 8 The amplitude, Geocentric Solar Ecliptic longitude,
and modulation factor for a type III event de-
tected by IMP 8 on June 21 at 100 kHz. The
duration of this event is considerably longer than
the duration of events at 500 kHz and 178 kHz.

The longitude of the source location also changes
over a greater range than at 500 kHz or 178 kHz.
The longitude drifts from near zero degrees near
the beginning of the event to about 45° near the
end. The modulation factor near the beginning of
the event averages about 0.65, dropping to about
0.25 at the end of the event. The apparent

shift in source loecation could be caused by pelari-
zation effects, density inhomogeneities, or by
radiation from different source regions at both
the fundamental and second harmonic of the plasmﬁ
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The amplitude, Geocentric Solar Ecliptic

longitude, and modulation factor of a type III
event detected by IMP 8 on June 10 at 56.2 kHz.
Note the very low modulation factor. The ex-
ponential decay is very evident in the amplitude
plot. The modulation factor is so low at this
frequency that the angle shift is caused by the
increasing amplitude during the rise portion of
the event and the decreasing amplitude during the
decay of the event. To get accurate direction-
finding measurements the signal must be suffi-

ciently modulated. . « « « ¢ o + ¢ ¢ & = - - - . 66

The RAE emission level scale gives the average
radial distance of a type III burst from the sun
as a function of frequency of emission. The
density scale assumes emission at the second har-
monie of the plasma frequency. For one of the
events analyzed the RAE emission level scale wa.s
adjusted so that the density at 1.0 AU agreed

with in situ measurements at 1.0 AU. . .. ... 68
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Figure 11

Figure 12

Three models of the solar magnetic field.

Constant Iatitude: Archimedean spirals wound

on cones of constant heliocentric latitude.
Near the poles the field lines will form =

cork screw.

Convergent Field Line Model: Archimedean

spiral field lines which extend to lower helio-
centric latitude with increasing radial distance.

Divergent Field Line Model: Archimedean spiral

field lines which extend to higher heliocentric

latitudes with increasing radial distance. . . .

Radio direction-finding analysis for the first
type ITI event. The source locations follow

an Archimedean spiral configuration in the -
ecliptic plane. The source locations out of
the ecliptic are shown as a function of helio-
centric latitude and radial distance from the
sun. The bottom panels show the geocentric
longitude and latitude predicted byla least
squares fit of the constant latitude field line
model to the observed genceﬁtric longitudes and

latitudes. Note that this event deviates from
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the constant latitude model for the 56.2 kHz and
42.2 kHz emissions and implies that the megnetic
field lines may extend to lower heliocentrie
latitudes with increasing radial distance. The
predicted flare location is found by extrapola-
ting the least squares fit field line back to
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Direction-finding measurements for another type

IIT event (July 5). Projected into the ecliptic
plane the source locations follow an ﬂrchimedean
gpiral configuration. Out of the ecliptic plane the
source locations are at nearly constant helio-
centric latitudes, Except for the 100 kHz

Emiséion the data is consistent with the constant
latitude model of the solar magnetic field. Ex-
trapolated back to the sun the least squares fit

field line originates near a solar flare. . . . . T7h

Direction-finding measurements for the third
type III event (July 6). Projected into the
ecliptiec plane the source regions follow an

Archimedean spiral configuration. Out of the

ecliptie plane the source locations are at a wvery
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nearly constant heliocentric latitude, which
is excellent agreement with the constant lati-
tude model for the solar magnetic field. Extra-
polated back to the sun the least squares fit field
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The modulation factor (index) as a function of
half angle source size as viewed from the earth
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The modulétian factar (index) asla function of
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for different elevation angles, o. The source is
modeled as a sphere with each volume element radia-
ting at the same intensity. If the satellite is
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The source size of a type III burst as a function
of frequency as seen from the earth, using a thin,

flat disk as the modeled source. The frequency
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of a type IIT burst is related to the plasma
density in the solar wind. As the radial distance
from the sun increases the frequency of emission
decreases. As the source region gets nearer to
the earth the source size increases, as would be

e - e TR E L i L. -

Source sizes as a function of frequency for the
same event as in Figure 17 using a source
modeled as a thin, flat disk but as viewed from
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I. INTRODUCTION

Broadbend radio emissions of solar origin characterized by a
rapid decrease in frequency with increasing time were reported by
Wild and McCready [1950] and designated as type IIT radio bursts.
These first observations of type III bursts were made in the frequency
range from 70 to 130 MHz. In addition to being characterized by the
rapid frequency drift, type III bursts have a lifetime which inéreases
with decreasing frequency and have shorter rise times than decay
times. The amplitude of the burst during the decay is proportional
to e_kt [Wild, 1950], where k is the decay constant and t is time.
Ground based radio observations are limited to fregquencies above
gbout 10 MHz by the terrestrial ionosphere. For a general review of
observations of type III radio bursts from the ground see Kﬁndu [1965].
Wild et al. [1954] speculated that the rapid frequency drift
is caused by charged particles moving outward through the solar
corona emitting electromagnetic radiation at a frequency characteris-
tic of the solar wind plasma density. Satellite measurements of ener-
getic electrons emitted by golar flares confirm that these electrons
generate the type IIT radio bursts. Solar flare electrons with energies
of ~ 40 keV were first observed in the interplanetary medium and identi-
fied o be of solar origin by Van Allen and Krimigis [1965]. A high

correlation between the onset of solar flare electrons in the energy



range of 1 to 100 keV and type III emission near 1.0 AU indicates
that these electrons generate the type III bursts [Lin, 1970; Alvarez
et al., 1972; Frank and Gurnett, 1972; Lin et al., 1973; Alvarez et
al., 1975; Gurnett and Frank, 1975] .

Measurements of the frequency drift rates of type III bursts
provide information on the solar wind demsity, if the frequency of
emission as a function of heliocemtric radial distance is assumed to
be related to the local plasma frequency. The velocity of the exciter
electrons may also be determined from the frequency drift rates.
Exciter velocities ranging from 0.2 to 0.8 times the velocity of
light, ¢, with an average velocity of 0.45 c were calculated for fre-
quencies between 60 and 45 MHz [Wild et al., 1959]. The average ex-
citer velocity calculated from measurements by the RAE 1 satellite
for frequencies between 0.7 MHz and 2.8 MHz was 0.38 ¢ [Fainberg
and Stone, 1970]. Other drift rate measurements give similar results
[Hartz, 1964; Hartz, 1969; Alexander et al., 1969; Haddock and Graedel,
1970; Fainberg and Stone, 1971]. These drift rate measurements give
electron velocities that are in agreement with the energy range of the
solar electrons observed in the interplanetary medium by the satellite
experiments.

Ginzberg and Zhelezniakov [1958] suggested that type IIT bursts
are generated by a coherent Cerenkov process. The energetic particles
generate plasma waves at a frequency near the lﬁcal plasma freguency
by a two-stream instability. Then the plasma waves scatter off ion

density inhomogeneities to produce electromagnetic radiation near the



plasma frequency and also scatter off other plasma waves to produce
radiation near the second harmonic. The theory has since been revised
but the process is basically the same [Smith, 1970, 1974]. To produce
plasma waves more rapidly than they decay the energy distribution
(veloeity distribution) must have two peaks. Double peaked distribu-
tions associated with type III bursts have been observed with the

IMP 7 and 8 satellites but plasma oscillations were seldom observed

in association with solar electron events and type III bursts at 1.0
AU [Gurnett and Frank, 1975]. The measured electric field strengths
of plasma oscillations are greater than the field strengths pre-
dicted by the current theories by approximately four orders of mag-
nitude [Gurnett and Frank, 1975].

Models of the density of the solar wind can be used to deter-
mine the radial distances from the sun at which type III bursts
radiate at different frequencies. Kaiser's [1975] study of the solar
elongation of type IIT bursts indicates that the density of the solar
wind from approximately 0.1 AU to 1.0 AU varies as R Y where 2 < y < 3,
Measurements of several thousand events were used to formulate the
RAE emission level scale [Fainberg et al., 1972; Fainberg and Stone,
197L]. The RAE emission level scale rélatea the frequency of emission
of a type III burst to the radial distance of the burst from the sun.
A solar wind density model can be computed from the RAE emission 1eve1
scale if it is assumed that the radiation ocecurs at the fundamental
or second harmonic of the plasma frequency. Initially the radiation

was assumed to be at the fundamental of the plasma frequency [Fainberg



et al., 1972]. For emission at the fundamental, the density n, =

-2.63 and the observed fréquency : § = 6.68 R~1-312

7
5.52 X 10" R SR

where R is the radial distance from the sun in solar radii, R > 10R ,
and fob is the observed frequency in megahertz. Alvarez and Haddock

s
[1973] have obtained a similar density scale from type III observations

where n_ = N(E%%-E.BS. N is the plasma density at the earth and R =
3.5 Ro‘ The solar wind density models formulated from the analysis of
type III bursts usually disagreed with the observed plasma densities
at 1.0 AU [Newkirk, 1967] leading to the speculation that the bursts
were generated along regions of enhanced density. However, density
enhancements greater than a factor of 10 above the average density are
rarely seen at 1.0 AU [Hundhausen, 1968]. ZEvidence now exists that
radiation is predominantly at the second harmonic for low frequencies
[Fainberg et al., 1972; Fainberg and Stome, 1974; Lin et al., 1973;
Haddock and Alvarez, 1973; Alvarez et al., 1975; Kaiser, 1975] .

At frequencies greater than several megahertz, type III radia-
tion is predominantly at the fundamental of the plasma frequency.
However some bursts are observed to radiate in nérrow bands at the
fundamental and second harmonic of the plasma frequency. The fre-
quency ratio of the second harmonic to the fundamental in the majority
of events lies between 1.85 and 2.00 [Wild et al., 1954; Kundu, 1965].
A ratio of less than 2.00 is probably cuased hy.the sharp cutoff
below the plasma frequency, allowing only the high frequency portion
of the fundamental band to propagate. Haddock and Alvarez [1973]

report that near 1 MHz the radiation appears to shift from predominantly



fundamental to predominantly second harmonic radiation. The assumption
of second harmonic emission brings densities calculated from the RAE
emission level scale to better agreement with solar wind density
measurements at 1.0 AU. TFor a model of the solar wind plasma density
this paper uses the RAE emission level scale with the assumption of
cecond harmonic emission. For a review of density measurements see
Newkirk [1967].

The first satellite observations of type III bursts were made
by Hartz [1964] with a receiver on the Alouette 1 spacecraft. With
satellite observations it is possible to detect type III bursts down
to frequencies of near the solar wind plasma frequency, which is
typicdlly about 25 kHz at 1.0 AU. The lowest frequency at which a
type IIT burst has ever been observed is 10 kHz [Kellogg et al., 1973] -

Satellite observations of type III bursts at hectometric wave-
lengths (frequencies between 0.3 and 3.0 MHz) usually, but not always,
correlate with ground based observations of type III bursts at deca-
metric wavelengths (frEquencies between 3.0 and 30 MHz). More deca-
metric bursts are reported than hectnmetriclbursts, poggibly due to
the higher sensitivities of the ground based receivers. However, cases
heve been reported of high intensity bursts at lower frequencies that
are weak or entirely absent at higher frequencies [Hartz, 1969;
Fainberg and Stone, 1970a].

If the electrons that generate type IIT bursts are assumed to
travel along the solar magnetic field lines, information can be ob-

tained about the structure of the interplanetary magnetic field by



analyzing the direction of arrival of a type III burst as a function of
frequency. The source location, the region of interplanetary space
where the type IIT radioc emission is generated at a particular fre-
quency, can be determined from the direction-finding measureﬁents and
the radial distance of the emission from the sun, computed from a model
of the solar wind density. The source locations of the burst as a
function of frequency, and hence radial distance, trace the magnetic
field out from the sun.

The first direction-finding measurements of type III bursts were

made by Slysh [1967] using spin modulation and lunar occultations of

the Tuna 11 and 12 satellites to determine the source locations.
Direction-finding measurements on the IMP 6 spacecraft confirmed that
the type III emission regions as & function of frequency, and hence
the electrons generating the type III bursts, follow the Archimedean
spiral structure of the interplanetary solar magnetic field [Lin et al.,
1973; Fainberg et al., 1972; Fainberg and Stone, 197L; -Stlone, 1974].
Up to the present time direction-finding measurements of type
III radio bursts have provided only one coordinate, in the plane of
rotation of the antenna, of the direction of arrival. These one-
dimensional measurements therefore only give a projection of the
source location and do not provide & unigue determination of the tra-
jectory of the radio burst. Measurements of the source size from the
spin modulation are similarly ambiguous for such one-dimensional

measurements since the modulation factor of the received signal is a



function of the unknown elevation angle of the source above the plane
of rotation of the antenna.

The purpose of this paper is to present a serles of two-dimen-
sional direction-finding measurements of type III radio bursts using
spin modulation measurements from two satellites (IMP 8 and HAWKEYE 1)
which have their spin axes nearly perpendicular to each other. BSi-
multaneous direction-finding measﬁrements from these satellites provide
a unique determination of the direction of arrival (along a line)
and the angular size of the source. This two-dimensional direction-
finding technique is used, together witﬁ a model for the solar wind
plésma density, to provide determinations of type III source locatioms
out of the ecliptic plane and information on the three-dimensional
structure of the solar magnetic field at radial distances of 0.2 to

1.0 AU from the sun.



|

II. DESCRIPTION OF INSTRUMENTATION

Date from two satellites, IMP 8 and HAWKEYE 1, are used in the
direction finding analysis. To determine the source locations of the
type III bursts the spin modulation of the observed signal intensity
was analyzed to determine the apparent direction to the.type ITI
source. All of the data presented in this paper were taken while the
satellites were in the solar wind. Therefore, it was possible to
analyze the events to frequencies near the solar wind plasma frequency,

which is typically about 25 kHz at 1.0 AU.

A. IMP 8

The IMP 8 spacecraft was launched into earth orbit from the
Eastern Test Range on October 26, 1973. The orbit is slightly eccen-
tric with initial perigee and apogee geocentric radial distances of

147,434 km and 295,054 km respectively, orbit inclination of 28.6°,

and a period of 11.98 deys. The spacecraft is spin stabilized with its

spin axis oriented very nearly perpendicular to the ecliptic plane,
and hes a épin period of about 2.59 sec. Figure 1 gqualitatively
shows the IMP 8 orbit. o '

The University of-Icwa plasma wave exeriment on IMP 8 measures
the average electric field intensity in a frequency range from 4O Hz
to 2 MHz and the average magnetic field intensity from Lo Hz to 1.78

kHz. The electric field receiver is connected to a dipole entenna



with a nominal tip-to-tip length of 121.8 meters extended perpendicu-
lar to the spin axis, and the magnetic field receiver is connected
to triaxial search coil magnetometer.

In the range from 40 Hz to 1.78 kHz two identical seven
channel spectrum analyzers measure the peak and average intensities
for both electric and magnetic fields with a dynamic range of 120 db.
The effective noise bandwidths for each channel are + 15% except for
the 40 Hz channels which are + 30%. Each channel of the spectrum
analyzers is sampled every 10.24 sec. The input voltages are com-
pressed by a circuit, a logarithmic compressor, which provides an
output voltage proportional to the logarithm of the input voltage.

Tn the frequency range from 5.6 kHz to 178 kHz an eight channel
step frequency receiver with an effective noise bandwidth of + 7.5%
for each channel measures the average electric field inteﬁsity with a
dynamic range of 100 db. Each step frequency receiver channel output
is sampled every 10.24 seconds.

A tunable widebaﬁd receiver, with apprﬁximately 100 db of
dynamic range, measures the average electric or magnetie field in-

tensity from zero to one kHz or the electric field intensity at 31.1

kHz, 125 kHz, 500 kHz, or 2 MHz with a bandwidth of + 1 kHz. The

wideband receiver provides intensity measurements every 1.28 seconds.

B. HAWKEYE 1

The HAWKEYE 1 spacecraft was launched into polar earth orbit

on June 3, 1974, from the Western Test Range. The orbit is highly

eccentric with initial perigee and apogee geocentric radial distances
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of 6847 km and 130,856 km respectively, inclination of 89.79° to the

equator and period of 49.94 hours. The initial ergument of perigee

is 274.6°; thus apogee is almost directly over the north pole. The

spacecraft is spin stabilized with a spin period of about 11.0 sec.
The spin axis lies in the plane of the orbit and is nearly parallel
to the equatorial plane with a right ascension of 300.7° and declina-
tion of 6.8°. Figure 2 shows qualitatively the HAWKEYE 1 orbit.

The HAWKEYE 1 plasme wave experiment is similar to the IMP 8
plasma wave experiment. This experiment measures the electric field
intensity in a range from 1.78 Hz to 178 kHz, and the magnetic field
intensity in a range from 1.78 Hz to 5.62 kHz. The electric field
receiver is connected to a dipole antenna with a nominal tip-to-tip
length of L42.45 meters, extended perpendicular to the spin axis. -
The megnetic field receiver is connected to a search coil magnetometer
that is oriented parallel to the spin axis.

The eight lower frequency channels, 1.78 Hz to 5.62 kiz,
alternately measure the electric and magnetic field intensities
every 23.04 seconds. The upper eight frequency chemnels, 13.3 kHz
to 178 kHz, measure the electric field intensity every 11.52 seconds.
The output voltages are proportiomal to the logarithm of the input
voltage.

In addition to the digital outputs fram the spectrum analyzer
described ebove, the experiment has a wideband analog output with
selectable bandwidths of 10 kHz or 45 kHz. Either electric or

magnetic antennas can be switched to the wideband receiver. The
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wideband receiver is automatic-gain controlled (AGC) to provide good
amplitude resolution over a given spectrum with large dynamic range.
This paper is concerned primarily with the HAWKEYE 1 and IMP 8

electric field data in the range of 31.1 kHz to 500 kHz.
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ITT. DIRECTION FINDING TECHNIQUE

A. Method of Analysis

A rotating dipole antenna pattern provides a simple metheod of
determining the directioﬁ to a source of electromagnetic radiation.
The amplitude of the detected signal is a function of the angle be-
tween the source and the antenna axis. As the dipole antenna rotates
the signal is modulated, with a null in the modulation pattern occur-
ring when the antenna is most nearly parallel to the propagation
vector and a maximum when the antenna axis is perpendicular to the
propagation vector. The depth of the null is determined by the size
of the source and the elevation angle, o, between the plane of rotation
of the antenna and the direction to the source. As o increases or as
the source size increases the depth of the null decreases. TFigure 3
shows the spin modulated pattern with a one hour averaging period
for the IMP 8 178 kHz channel during one of the type III events
analyzed. The normalized field strength is plotted as a function of
the orientation angle ﬁy, the angle between the +y antenna and the
spacecraft-sun line projected into the spacecraft spin plane.
(Figures 1 and 2 define the angle 6y for both HAWKEYE 1 and IMP 8.)
Fach point represents the average of the normalized field strengths
which have been accumulated in each 10° angle bin. The angle &, at

which the null occurs, is computed by a least squares fit of the
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normalized field strengths, as a function of ﬁy’ to the theoretical
modulation pattern.

For both HAWKEYE 1 and IMP 8 the interval between samples is
greater than the spin period; thus, many rotations of the satellite
are required to cbtain a uniform angular distribution of samples through
360°. HAWKEYE 1 rotates through 360° plust about 17° between consecu-
tive samples so that on the order of 21 rotations of the satellite are
required to obtain a uniform distribution of samples through 360°.

IMP 8 rotates through four rotations minus about 19° between consecu-
tive samples so that on the order of 75 rotations of the satellite
are required to sample uniformly through 360°. The period of time
necessary to sample uniformly through 360° will be referred to as a
sampling eyecle. TFor both HAWKEYE 1 and IMP 8 a sampling cyclelis
approximately 3 or 4 minutes.

The direction-finding routines used for analysis normalize
the data to reduce the effects of amplitude changes that take place
in a time interval that is long compared to the spin period. This
normalization is performed by subtracting the average of all samples
in the sampling cycle from each of the individuvual samples. Since
the samples are proportional to the logarithm of the electric field
intensity the normalization process is equivalent to dividing each
sample by the geometric mean intensity during the sampling cycle.

The normalized samples taken over many of the sampling cycles are
sorted into 10° angle bins and the normalized samples within each bin

are averaged. ©Since the dipole pattern is assumed to be symmetric
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the data from 90° < 5y < 270° are shif‘ted into the range from -90°
< 6y.5 90° by subtracting 180°.

For the IMP 8 data two direction-finding methods are used. The
first method sccumulates the normalized samples in the 10° binsg for
the entire analysis period. When the analysis period has ended the
normalized samples are averaged within the 10° bins, each normalized
sample receiving an equal weighting. The analysis period for this
method usually will last from 30 minutes to sewveral hours, depending
upon the duration of the event. This method is used for determining
the least squares fit 6 over the duration of the event. The second
direction-finding routine computes the null direction averaged over
10 minute intervals, rather than the average null direction for the
entire event. This method averages the normalized samples within
each 10° bin at the end of each sampling cycle. Tor averaging,

samples from different sampling cycles are weighted differently.

th

The weighting factor for a normalized sample from the i sampling

eyele 18 6~ B/R e X 1a the time comstant, t; s the time

asgociated with the ith

sampling cycle and t is the time associated
with the current sampling cycle. Thus the newly acquired samples
have a weighting factor of 1 while the previous samples have a
weighting factor which decreases exponentially for earlier times.

The time constant used for the analysis in this paper is 10 minutes.
§ is computed from the averages in the 10° bins approximately every
6 minutes. This method of analysis is used in order to study changes

in the direction of arrival during the event, and aids in choosing the

analysis period for the first method.
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The HAWKEYE 1 data were analyzed by accumulating normalized
samples in 10° bins for the entire analysis period. When the analy-
sis period has ended the normalized samples within each 107 bin are
averaged, each normalized sample having an equal weighting. & is
computed at the end of the analysis period. The analysis period
usually covered the duration of the event. To aid in choosing the
analysis period the program was run for 10 minute averaging pericds,
computing & at the end of each averaging period.

For both HAWKEYE 1 and IMP 8 an accurate determination of 6 is
found by doing a least squares fit of the normalized field strengths

E/Eo to the theoretical expression for the modulation envelope given by
E)° = (@-B) - Ecos [2(s, - 6)] (1)
Eo 2 2 ¥

where E/'ED is the normalized intensity and éy is the orientation angle
of the electric antenna axis in the plane of rotation of the antenna.
The null direction, 6, is the direction to the centroid of the source
projected into the spin plane of the antemna. The modulation faector,
m, provides a quantitative measure of the null depth: m is zero for
no spin modulation, and m is cne for the maximum modulation. The null
direction computed represents the least squares fit § over the duration
of the event. 6y is computed from the optical aspect data and the
receiver time constants. The receiver time constant correction for
HAWKEYE 1 is 1.3" + .2° and for IMP 8 is 11.96° + 2°. The time

constant correction angle is found by calculating the angle through
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which the spacecrafts rotate in one time constant of the receiver.
6y is thus the angle at which the antennas are physically oriented

with respect to the sun minus the time constant correction angle.

B. Geometry in the Apalysis

The null direction computed from each setellite locates a
plane in which the source must lie. The source location lies along
the intersection of the source planes determined by the two satellites.
Figure 4 defines the geometry of the source planes and the angles and
vectors used for the computation of the source location. The spin
plane is the plane in which the antemna rotate. The spin axis, B,
is perpendicular to the spin plane. The source plane is the plane
in which both the spin axis of the satellite and the source lie, The
angle between the satellite-sun line projected into the spin plane
and the intersection between the spin plane and the source plane is 0.
Normals to both source planes are constructed. ;1 is normal to IMP 8's
source plane and 32 is noﬁm&l to HAWKEYE 1's source plane. The source
direction vector is given by El X 32. There is, however, a 180°
ambiguity in the source location. At high frequencies this ambiguity
is decided by assuming that the source is in the direction toward the
sun. At lower frequencies, where the source could be located at
radial distances beyond 1.0 AU if the emission is at the secoﬁd harmonic
of the plasma freguency, the ambiguity is decided by requiring the
source position to be in agreement with an extrapolation of the meas-
urements at higher frequgnciea. The source direction computed from

A A
ny X Ny, after deciding the ambiguity, is given in Geocentric Solar



17

Bcliptic coordinates, lGSE and PesE* The angle AGSE is the Geocentric
Solar Ecliptic latitude of the source, measured positive northward
from the ecliptic plane. The angle PosE is the Geocentric Sclar Eclip-
tic longitude of the source, measured positive counterclockwise from
the satellite-sun line as viewed from the north ecliptic pole. Since
the IMP 8 spin axis is perpendicular to the ecliptic plane the null
angle 6, which is referenced to the sun direction, is identical to

the Geocentric Solar Ecliptic longitude of the source. The source
location at a particular frequency is determined by the intersection

of the source direction vector, ﬁl X 52, with a sphere centered on

the sun with a radius equal to the radial distance from the sun of the

* type III emission.

C. Possible Errors in Analysis

The accurate determination of 6 -and the ncdulgtion are depen-
dent upon a number of cansiderafions. First the data must not be
contaminated with sources other than the type IIT bursts. A high
percentage of the time Auroral Kilometric Radiation QAKR) from the
earth is seen by one of both satellites. IMP 8 detects AKR for
approximately 424 of the time in the 178 kHz channel. HAWKEYE 1
detects AKR far 60% of the time in the 178 kHz channel [Green,
personal commuﬁicatiou, 1975]. This considerably reduces the number
of events that can be analyzed. Second, at predominantly the lower
frequencies, & changes over a fairly wide range of angles during the

type ITI event. The 6 used in the analysis is computed over the
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duration of the event and represents a least squares fit § for the
duration of the event. Third, when the modulation factor is low,

the determination of & is sensitive to changes in amplitude of the
radiation during the event and to noise spikes unrelated to the

type III event. The noise spikes should not be used in the analysis
to determine §. When the modulation factor is low the quantizing
steps of the spacecraft analog to digital converter also reduces the
accuracy in computing 6. The errors due to a low modulation factor
affect primarily the 56.2 kHz, 42.2 kHz and 3l.1 kHz channels. TFourth,
the polarization of the radiation may cause errors in the determina-
tion of 6. TIFf the source position were collinear with the spin

axis, the null angle would correspond directly to the smallest
transverse electric field vector. A randomly or circular polarized
source will produce no error due to polarization. A polarized source
in the spin plane will also produce no error due to polarization. For

IMP 8 measurements the source is usually near the spin plane, which

minimizes polarization errors.
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IV. CHARACTERISTICS OF TYPE ITIT BURSTS AT LOW FREQUENCIES

At low frequencies the type III bursts have several readily
observed characteristics. Some of the characteristics are ob-
served at high frequencies, while other characteristics are observed
predominantly at the lowest frequencies. These characteristies are

illustrated by the events shown in Figures 5 to 9.

A. Trequency Drift Rates

Type III bursts are characterized by a rapid drift in freguency
with time. The higher frequencies are observed first, followed by
the lower frequencies. The drift rates can be measured from the burst
onset times at each of the frequencies or from the time for the peak
amplitude of the burst at each of the frequencies. Figure 5 shows &
type III event observed simultaneously by both IMP 8 and HAWKEYE 1.
This figure is a plot of the logarithm of the electric field intensity
measured by the plasma wave experiments on board the two satellites.
The data from seven frequency channels of each experiment are dis-
played as a function of time. Notice that in addition to a type III
event, other naturally occurring radio signals such as auroral kilo-
metric radiation and magnetosheath electrostatic noise are observed.
The characteristic frequency drift is evident in the type IIL event

shown in Figure 5.
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On en individual basis the measurement of drift rates yields
little information other than the exciter speed. If the electrons
have a non zero pitch angle then the path of the electrons is longer
than the distance along the spiral to fhe sun and the exciter speed
will not correspond to the electron energy. ILin [1974] reports that
electrons have appreciable pitch angles at 1.0 AU and that the total

path travelled is longer than the average spiral path.

B. Burst Rise and Decay Times

For an individual frequency the amplitude rises quickly with
increasing time followed with a much slower exponential decay [ Kundu,
1065]. The decay time increases with decreasing frequency. At fre-
quencies of several hundred megahertz the burst duration is on the
order of éeconqs, while at the lowest opservﬁble frequencies (tens of
kilohertz) the burst duration is several hours. Figureé 6 through 9
show type III bursts at frequencies of 500 kHz, 178 kHz, 100 kkHz and
56.2 kHz. The burst duration at 500 kHz is approximateiy 20 minutes
(Figure 6) while at 56.2 kHz (Figure 9) the burst lasts for more than
4 hours. Since the logarithm of the burst's amplitude is plotted as
a function of time, the exponential decay is a straight line. The

exponential decay is very clear in the 100 kHz (Figure 8) and 56 .2 kHz

(Figure 9) channels.

C. Modulation Factor of Type ITT Bursts

The modulation factor of the burst varies with frequency and

time. The modulation factor at a particular frequency is usually
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greater near the start of the burst than near the end of the burst.
The modulation factor also decreases with decreasing frequency. At
500 kHz the modulation is usually greater than 0.80 while at frequen-
cies on the order of the local plasme freguency at 1.0 AU the modula-
tion disappears completely. In the top panel of Figures 6 to 9 the
logarithm of the electric field intensity is plotted as a function of
time. The modulation of the received electric field intensity caused
by the rotation of the dipole antenna is seen as & periodic amplitude
Pluctuation with a periodicity of about 100 sec., one half of the

beat period between the sampling rate and the spin period. The bottom
panels of Figures 6 to 9 display the modulation factor calculated from
Eq. (1) as a function of time. The modulation factor for the burst
shown in Figure 6 at 500 kHz is .80 near the start of the burst but
then drops to .70 near the end of the event. For the burst shown in
Figure 7 at 178 kHz the modulation factor is aﬁpruximately .75 near
the start, but then drops to Elightly greater than .5 near the end

of the burst. For the burst shown in Figure 8 at 100 kHz the modula-
tion factor at the start of the burst is about 0.65 while near thé

end of the burst the modulation factor is about 0.25. The burst

shown in Figure 9 at 56.2 kHz is very near to the earth and has a very

large source size, and thus has no modulation.

D. Variations in Direction of Arrival During Type III Bursts

The direction of arrival is observed to vary in time for any
one frequency. At a particular frequency the direction of arrival

changes systematically during the duration of the burst, usually
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starting near the sun and deviating away from the sun later in the
event. The direction of arrival usually varies over a wider range at
the lower fregquencies. At 500 kHz (Figure 6) there is a shift in the
Pogg OF the source of about 10°. The position of the earth is also
shown to aid in the identification of AKR and other terrestrial sources
which may contaminate the signal from the type III burst. At 178 kHz
(Figure 7) there is a shift in guqp of the sources of approximately
25°, A highly modulated source of terrestrial origin is present before
and after the type III burst. At 100 kHz (Figure 8) Pagp 18 initially
near 0° (in the direction of the sun), but then changes to approxi-
mately 45° at the end of the event. BSince the burst shown in Figure 9
at 56.2 kHz has no spin modulation the slope of the rise and decay
positions of the event dominates in the direction finding analysis

and produces incorrect longitude for this example. The direction of
arrival for a burst cannot be determined if the modulation factor

ig too small. To compute the source locations for the events analyzed

in this paper, the direction of arrival is the least squares fit §

computed over the duration of the event.
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V. PILASMA DENSITY AND SOIAR MAGNETIC FIELD MODELS

Models of the solar wind density and the solar magnetic field
are necessary to determine the source locations of the type III burst
in three dimensions. Since data from only two satellites are used
in the analysis, only two components of the source locations can be
determined. A model of the solar wind plasma density provides the
information reguired to determine the third component of the source

locations.

A. PRAE Emission Ievel Scale
The frequency of emission of type III bursts is a function of
solar wind density; therefore, if a density scale of the solar wind
as a function of heliocentric radial distance is assumed, it is
possible ‘to calculate the distance from the sun to the type III burst
emission region. The RAE emission level scale [Fainberg and Stone,
1970b, 1974; Fainberg et al., 1972].gives the frequenc§ of emission as

a function of heliocentric radial distance.

Fainberg and Stone [1970b] analyzed the burst drift rates of
gseveral thousand type IIT bursts observed by the RAE I satellite to
determine an average density scale for the solar wind. The burst
drift time, the time delay between emission at two frequencies, shows

a dependence on the heliocentric longitude of the associated active
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region [Fainberg and Stone, 1970bl. The drift time depends not only
on the time required for the exciter pa;ticles to travel between the
plasma levels but also depends upon the propagation times from the two
gsource regions to the observer. A least squares analysis of the RAL
data provides the best fit values of the geparation between plasma
levels and also provides the average exciter velocity between the
plasma levels. The heliocentric radialldistance to the emission level
for the source nearest the sun (the higher frequency source) was
assumed in Fainberg and Stone's analysis; however later a self con-
sistent method based on the emission level separations was used to de-
termine the heliocentric radial distance to the emission level for the
source nearest the sun. By combining the results from the drift rate
analysis for a wide range of frequencies the RAE emission level scale
was computed. TFainberg and Stone's [1970b] analysis determined the
average heliocentric radial distance of a type IIT source location

as a function of frequency, independent of any assumptions about the
solar wind density. A density scale as a function of heliocentric
radial digtance for the solar wind can be computed by assuming that
the frequency of emission is at either the plasma frequency or at a
harmonic of the plasma frequency. The density scale shown in Tigure 10
is based on the RAE emission level scale and assumes emission at the
second harmonic of the plasma frequency. The plasma density scale

agrees more closely to the average in situ measurements of the density

at 1.0 AU if second harmonic emission is assumed.
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Since the RAE emission level scale is an average of many thou-
sands of bursts, it is desirable on an individual basis to adjust
the RAE emission level scale so that the density scale agrees with
the plasma density measured at 1.0 AU in the solar wind. When the
trajectory of the exciter electrons passes near the earth and in situ
measurements of the solar wind density are available, the RAE emission

level scale is adjusted to agree with the in situ density measurements.

B. Models of the Solar Magnetic Field

1. Solar Magnetic Field Line Configuration in the Ecliptic Plane
In the interplanetary medium the magnetic fields aie constrained

to move with the soler wind plasma flow. For the simplest model the
solar wind plasma flows radially out of the sun at a constant velocity
of approximetely LOO Jm sec T. Since the sun is rotating the result-
ing magnetic field projected into the ecliptic plane corresponds to
an Archimedean spiral [Parker, 1963, 1964, 1965]. Measurements in
the ecliptic plane confirm the general spiral structure of the mag-
netic field [Schatten et al., 1968; and review by Schatten, 1972];
however, the magnetic field is usually distorted from ﬁ perfect spiral
configuration. For example, changes in the velocity of the solar
wind will produce kinks in the spirals. Other distortions may be
caused by variations in the magnetic field near the sun and by
magnetic field loops in which the field lines near the sun reconnect
back to the sun [Schatten, 1972]. The solar magnetic field has a
sector structure in which the magnetic field is predominantly inward

or outward in adjacent sectors [Schatten, 1968; Wilcox and Ness, 1967].
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The sector pattern has a 27 day periodicity related to the 27 day
rotation period of the sun as viewed from earth. Evolution of the

sector structure can be observed in consecutive rotations of the

sun [Schatten, 1968].

2, Solar Magnetic Field Line Structure in the Meridian Plane
No direct measurements have been made of the solar magnetic
fiel& configuration out of the ecliptic plane, in the interplanetary
medium. The structure of the solar magnetic field may be deduced by
indirect measurements, such as the analysis of type III bursts, because
the trajectory of the electrons that generate type III bursts is along
the solar magnetic field lires.

a. Constant Iatitude Model. The simplest model of the solar

magnetic field out of the ecliptic plane is the constant latitude
model shown in Figure 11, which corresponds to a uniform radial flow
of thé solar wind plasma away from the sun. Projected into the eclip-
tic plane the field lines are Archimedean spirals, while in a meridian
plane the magnetic field lines are at a eonstant latitude. The con-
stant latitude model corresponds to Archimedean spirals wound on cones

of constant heliocentric latitudes.

b. Convergent Field Line Model. The structure of the solar

corona photographed during solar eclipses indicates that high latitude
polar fields may extend to low latitudes at 1.0 AU [Schatten, 1972].
The convergent field line model shown in Figure 11 is suggested by

these observations. 'For this model the solar magnetic field projected
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into the ecliptic plane follows the Archimedean spiral but in the
meridian plane the magnetic field lines extend to lower heliocentric
latitudes with increasing radial distances.

c. Divergent Field Line Model. Magnetic field measurements

near 1.0 AU show a consistent skewing of the magnetic field away from
the equatarial plane [Coleman and Rosenberg, 1971; Rosenberg and
Winge, 1974]. Such skewing may be caused by megnetic field diffusion
in the interplanetary medium [Schatten, 1972]. Stream interactions
may contribute to an azimuthal velocity component in the solar wind

or to a nét divergence of mass and magnetic flux away from the equa-
torial plane [Suess et al., 1975]. The divergence of the magnetic
field away from the equator could also be caused by magnetic pressure.
The magnetic field spiral angle and, therefore, the magnetic pressure
changes with heliocentric latitude. The magnetic pressure is greatést
near the equator, causing mass and magnetic flux to be carried away
from the equatorial plame [Suess, 1974; Suess and Nerney, 1975]. These
observations suggest the divergent field line model shown in Figure
11. In this model the magnetic field projected imto the ecliptic
plane follows an Archimedean spiral, but in the meridian plane the
magnetic field lines extend to higher heliocentric latitudes with in-
creasing radial distances.

Coronal photographs and in situ measurements of the solar mag-
netic field each suggest different models of the solar magnetic field.
It may be possible to more accurately determine the actual scolar mag-
netic field structure by tracking the trajectories of the exciter parti-

cles of type ITI bursts.
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VI. ANALYSIS OF EVENTS

Twenty events were initially chosen from the first 43 orbits
of HAWKEYE 1 and from the same time period for IMP 8 to analyze.
However of the initial 20 events only three events were analyzed
completely. Events were thrown out for several reasons. TFirst, same
of the bursts were thrown out because they were actually multiple
bursts originating from different regions of the sun. When there is
electromagnetic radiation coming from two different sources the
direction-finding analysis cannot resolve the separate sources, but
gives the average of the two source locations. Second, where there
might be good frequency'coverage from one satellite, the data from
the other satellite would not have adequate coverage. Third, even
when there was good coverage on both of the satellites some of the
bursts had to be thrown out because there were large errors in deter-
mining the source location of the burst, caused by Auroral Kilometric
Radiation and other sources contaminating the type III burst. Only
those channels with a modulation factor exceeding .20 were used.

The direction-finding results yield only the_direction of
arrival. To compute the Heliocentric radial distance of the type IIL
burst it is necessary to use a model of the solar wind density. For
the events analyzed the RAE emission level scale, assuming second

harmonic emission, was used. Where it was possible the emission level
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scale was adjusted so that the density at 1.0 AU agreed with in situ
measurements. An Archimedean spiral is fit through the source loca-
tions projected imto the ecliptic plane. A solar wind velocity of
400 lm sec - was used to construct the Archimedean spiral. Since
HAWKEYE 1's spin plane is not oriented exactly perpendicular to the
ecliptic plane it is necessary to know the PeSE coordinate of the
source position before A,qp can be determined. If qgqp could not be
determined from the IMP 8 data it was computed from the least squares
fit Archimedean spiral through the available IMP 8 data points.
Errors in RGSE cauged by computing PeSE are estimated to be smaller
than 3°. The GSE latitudes (AGSE) and GSE longitudes (¢b5E) for the
three events are summarized in Table I. Any AGSE in Table T that
required the Archimedean spiral fit to compute PaSE is indicated by

an asterisk.

A. Direction of Arrival Analysis

1. June 8, 1974 14%00-1600 UT
For the first event analyzed, shown in Figure 12, the RAE
emigssion level (assﬁming second harmonic emission) was adjusted to
agree with the local plasma density. The levels were adjusted so
that emission at 1.0 AU would occur at Ll kHz. The emission levels
give the heliocentric raﬂial distance at which the bﬁrst occurs for
the various freguencies. Plasma oscillations (probably not due to
solar electrons) were observed in the 22 kHz channel on IMP 8, thus

type IIT emission at 1.0 AU would probably occur at Lt kHz. An



30

Archimedean spiral was least squares fit to the 500 kHz, 178 kiz,

100 kHz and 56.2 kHz IMP 8 data. The spiral, representing the magnetic
field line along which the electrons generating the type ITIT burst
travel, is near the earth; therefore, the local plasma density at the
earth is probably close to the plasma density at 1.0 AU along this
trajectory. The upper left-hand panel in Figure 12 shows the source
locations projected into the ecliptic plane and the least squares fit
Archimedean spiral through the source locations. The lower left-hand
panel shows the Geocentric Solar Ecliptic longitude (mGSE} of the
least squares fit Archimedean spiral as viewed from earth as a func-
tion of heliocentric radial distance. The experimental values of

PggE 2T also shown.

Since Quap is not evailable from direct measurements by IMP 8,
at 42,2 kHz and 31.1 kHz, PggE WBS caleulated from the least squares
it Archimedean spiral for these two frequencies. These calculated
longitudes are used with the HAWKEYE 1 data to determine the latitude
at 42.2 kHz and 31.1 kHz. The upper right-hand panel in Figure 12
shows the heliocentric latitude of the source location as a function
of frequency, and the least squares fit magnetic field line using the
constant latitude model. The heliocentric coordinate system has its
X axis along the sun-earth line and its Z axis perpendicular to the
ecliptic plane. The lower right-hand panel shows the Geocentric
Solar Ecliptic latitudes (LGSE) of the best fit field line as a
function of heliocemtric radial distance and the observed RGSELDf

the source locations.
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For this event the ehliocentric latitude of the source locations
fit poorly to the constant latitude model of the solar magnetic field.
At L42.2 kHz and 31.1 kHz the heliocentric radial distance is greater
than 1.0 AU, thus the radiation must propagate towards the sun to be
observed by the spacecraft. As the frequency of the emission approaches
the plasme frequency, scattering and refraction become important. The
modulation factor of the 31.1 kHz HAWKEYE 1 channel is very low, making
it diffiecult to obtain accurate measurements of the source location
at this frequency. The measurements taken with the 56.2 and 42.2
HAWKEYE 1 channels indicate that the source locations.lie near the
ecliptic plane suggesting that for this event the magnetic field may be
best represented by the convergent field line model (Figure 11).

The most probable flare location is found by extrapolating the
magnetic field line obtained from the constant latitude model back to
the sun. The actual flare location differs from the most probable
flare location by one degree in heliccentriec latitude and twelve

degrees in heliocentric longitude.

2. July 5, 1974 2130-2300 UT
The RAE emission level scale was not adjusted for this event
because the trajectory of the burst was so far from the éarth that the
densities measured by IMP 8 could not be considered represent&five
of the density at 1.0 AU along the trajectories of the burst.
From July 4 to July 9 the density varied considerably, indicating
that the density at the earth may have been significantly different

than the density at the source location. The emission level used in
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this analysis predicts a second harmonic emission at 57 kHz for a
radial distance of 1.0 AU. The 500 kHz and 56.2 kHz IMP 8 channels
were contaminated with non-type III radiation and thus were not used
in the analysis. An Archimedean spiral was fit to the IMP 8 178 kHz
and 100 kHz channels. The longitudinal positions necessary for the
determination of A op for the 56.2 kHz and 42.2 kHz channels were
calculated from the least squares fit Archimedean spiral through the
178 kxHz and 100 kHz IMP 8 channels. The upper left-hand panel in
Figure lé shows the source locations projected into the ecliptic
plane and the least squa}es it Archimedean spiral through the source
locations. The lower left-hand panel shows the Geocemtric Solar
Ecliptic longitude of the least squares fit Archimedean spiral and
the experimental wvalues of PasE* The upper right-hand panel shows
the heliocentric latituﬂe of the source locations and the least
squares fit magnetic field line using the constant latitude model.

The lower right-hand panel shows the Geocentrie Solar Eeliptic latitudes
of the source locations and the least squares fit magnetic field line.
The latitude of the 100 kHz emission is smaller than what

would be predicted by the constant latitude model. If the 100 kHz
channel is not used the best fit heliocentric latitude for the mag-
netic field line is 31°3. A heliocentric latitude of 31°S is consis-
tent with the constant latitude model. With the 100 kHz channel used
in the analysis the best fit heliocentric latitude is 25°S. The accu-
racy of the latitude for the 42.2 kHz emission is probably reduced be-

cause of scattering and retraction of the radiation. The flare
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location associated with this event is 16°S 26°W [NOAA, 1975]. The
extrapolation of the best fit magnetic field line (with the 100 kHz

channel used in the analysis) to the sun predicts a flare location of

25°8 32°W.

3. July 6; 1974 1030-1300 UT

For this event, shown in Figure 14, the emission level scale
was also not adjusted duée to the density changes that occurred between
July 4 and July 9 and the large distance from thé earth of the source
locations. An Archimedean spiral is least squares fit to the longi-
tudes of the 500 kHz, 178 kHz and 100 kHz IMP 8 channels. The longi-
tudinal source locations were calculated from the least squares fit
Archimedean spiral for the 56.2 kHz, 42.2 kHz and 31.1 kHz channels.
The calculated g,qp ig used for the caleculation of hGSE for the
HAWKEYE 1 56.2 kHz, 42.2 kHz, and 31.1 kHz channels. The left-hand
panels in Figure 14 show ﬁhe measured longitude and least squares fit
longitude of this burst. The right-hand panels show the measured
latitudes and least squares fit latitude of this burst.

This event is best represented py the constant latitude model
Fore o1 Yhe Prequmnciess e sxirapolstion of s lesat agmaves Fidi
line back to the sun predicts a flare location of 17°S 39°W cnmpared

to the probable flare location of 17°8 30°W, [NOAA, 197h].

B. Source Size of Type III Bursts

The modulation factor of the emissions can give an estimate

of the source size when the elevation angle, «, of the source is known.
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The source size is defined as the angle between a line from the observer
to the centroid of the source and a line from the observer to the

edge of the source., Figures 15 and 16 give the modulation factor as

a function of half angle source sizes as observed from the satellite
for various elevations for two source models. « is the elevation
angle. The first model, shown in Figure 15, is for a source which

is modeled as a thin, flat disk with the intensity of radiation
emitted from the disk uniformly distributed. For a given source size
the solid angle of the disk remains constant for all elevation angles.
The modulation factor for the disk model decreases with increasing
source size until the modulation factor is zero. (The source size at
which the modulation factor goes to zero is less than 90°.) Then the
source size increases in angle, the null angle shifts by 90° and the
modulation then increases with increasing source size. The disk model
breaks down for large elevations with large source sizes.

The second model of the source assumes that the source region
is a sphere where the intensity of radiation emitted from each volume
element is uniform. Figure 16 gives the modulation as a function of
source size as viewed from the earth and elevation angle for a
spherical source. The spherical source model has the complication
that if the source is large, the satellite will probably be inside
the source region, but does not have the problem that the modulation
inereases with increasing source size for very large sources. If
the satellite is inside the source, the size of the source may be
computed because the modulation factor is a function of the ratio of

the radial distance, R, from the center of the source to the earth (or
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satellite) and the radius of the source, Rg. The center of the source
can be found from the RAE emissiﬁn level scale and the direction find-
ing measurements. Once tﬁe position of the center of the source is
known, the radial distance R from the center of the source to the earth

can easily be computed. The modulation factor gives us RXRS, hence

Rq = (ﬁf%g) X R.

can then be computed from BS and the position of the center of the

The half angle source size as viewed from the sun

source. The computed source sizes represent the longitudinal extent
of the source. Figure 17 shows the source size of the first event
analyzed as viewed from the earth for a disk sowce. As would be
expected, the source size increases with decreasing freguency (or
increasing radial distance from the sun). Figure 18 shows the source
sizes for a disk source as viewed from the sun for the same event.

The modulation factor, m, for 500 kHz is .855, for 178 kHz m = .691,
for 100 kHz m = .467, and for 56.2 kHz m = .230. The source sizes are
on the average over twice as large as the 60° full width half maximum
values that Iin [1974] and Alvarez et al. [1975] observe for the
particle fluxes in a type III event, but source size does remain
relatively constant over the range of radial distances. Scattering
of the radio 'emissions may be responsible for the large apparent
source sizes. If the source is assumed as spherical, the satellite is
inside the source at 100 kHz and 56.2 kHz, but the source sizes
viewed from the sun do not differ significantly from the disk source

mod_e g
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VII. DISCUSSION

™o of the three type III events presented in this paper are
in agreement with the constant latitude model of the solar magnetic
field. One event (June 8) is more consistent with the convergent
field line model. For this event the magnetic field lines at radial
distances from the sun of less than 1.0 AU appears to move to lower
heliocentric latitudes with increasing radial distance as in the
convergent field line model. At a radial distance greater than
1.0 AU the latitude is consistent with the constant field line model,
but the error involved in the meaéurement at 31.1 kHz is quite large
due to the lower modulation at this frequency. However the convergent
field line model contradicts some measurementé of the skewing of the
magnetic field away from the equatorial plane which have been made at
1.0 AU [Coleman and Rosenberg, 1971; Rosenberg and Wing, 1974]. Nonme
of the data anlyzed indicates that the magnetic field lines cross
the ecliptic plane or that the divergent field line model is valid.
Additional evidence supporting the constant latitude model is that
the predicted flare locations are in good agreement with the observed
flare locations.

The data presented is consistent with the assumption of emission
at the second harmonic for the frequencies analyzed. The fact that

type III emissions are seen at low frequencies for flare locations
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with large range of longitude (fundamental radiation would have a
much narrower cone of emission), and the fact that large differences
in densities are rarely seen [Hundhausen, 1968] indicates that the
observed radiation is primarily at the second harmonic of the plasma
frequency.

However there are some features of type III bursts that might
be explained by radiation at both the fundamental and second harmonic.
The source sizes measured are a_f&ctcr of two larger than the angular
gizes of the solar electron emissions from a flare reported by Iin
[1974] and Alvarez et al. [1975]. The modulation factor tends to be
largest near the beginning of an event, and the direction of arrival
of the radiation varies systemmatically during the event, usually
starting near the sun and deviating away from the sun later in the
event.

1f a type III burst radiates at both the fundamental and second
harmonic of the plasma frequency signals would be received from two
source locations. One source location would correspond to the funda-
mental emission region and the other source location would correspond
to the second harmonic emission region. With two separate sources of
electromagnetic radiation the modulation factor decreases very rapidly
as the angular separation between the two sources increases. The
modulation factor of a signal received from two separate sources will
be much lower than the modulation factor of the signal received from
a single source model (thin, flat disk source model or spherical

source model) with the angular source size of the single source equal
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to the angular separation of the two separate sources. With simul-
taneous emission of both fundamental and second harmonic radiation
the received signal would be from two separate source regions and the
modulation factor would be much lower than the modulation factor for

a single source, making the source size appear to be very large. This
may explain why the observed source sizes are larger than the source
sizes determined from particle flux measurements.

If a stream of particles generating a type ITT burst moves
outward from the sun and generates emission at both the fundamental
and second harmonic of the plasma frequency the radiation near the
start of the burst would be predominantly fundamental emission and
near the end of the burst the radiation would be predominantly
second harmonic. The aﬁparent source size of the fundamental emission
would be smaller than the apparent source size of the second harmonic
emission for several reasons. Since the size of the emission region
inereases with increasing heliocetric radial distance, the fundamental
emission region would be smaller because it is generated closer to the
sun. The source region for the fundamental emission is usually farther
from the earth than the second harmonic source region; thus, the app-
arent source size would be smaller for the fundamental emission. There-
fore, the modulation factor would be larger near the start of the event
as is observed. |

The shift in the direction of arrival of the radiation could be
explained by emission conmtaining both fundamental and second harmonie

radiation. The fundamental emission region would be closer to the sun
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than the second harmonic emission region; therefore, for most Archi-
medean spiral positions the direction of the source would start near
the sun and drift away from the sun in a systemmatic way, as is cbser-
ved in many cases. An example of the shift in direction of arrival at
100 kHz is shown in Figure 8. Initially PasE is near zero, possibly
caused by emission predominantly at the fundamental, then near the end
of the event g,qp is approximately 45°, possibly caused by emission
predominantly at the second harmonic. For events which have a large
enough modulation factor in the 56.2 kHz channel a similar effect is
seen. Quop will also be near zero, but will shift to a larger angle
than what is seen for the 100 kHz channels. The larger angular shift
during the type III event for the lower frequencies is consistent
with emission at the fundamental and second harmonic since the angular
separation between the fundamental source location and the second
harmonic source location is greater at the lower frequencies.

There are other possible explanations for the systemmatic
drifts in source location and variations in the modulation factor which
should also be considered. Irregularities in the solar wind density
could cause different regions to radiate at the same frequency at
different times thus causing the observed changes in the angular
position of the source. If there are several regions of the source
that are more intense than the rest of the source the most intense
region would dominate in the direction-finding analysis. As different
regions change in intensity the source location will aﬁpear to change.

The changes in source location would be expected to be random unless
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there were some systematic longitudinal variation in the electron

flux or solar wind density while the burst is being generated. The
source sizes are large enough that the changes in the source location
could be as large as the observed angle drifts. The angular separation
of these regions as viewed from the earth would be larger for the

lower frequencies, thus the angle drifts would be expected to be

larger for the lower frequencies. As more regions begin to radiate

as the burst progresses the source gize will grow and the modulation
factor would decrease as a function of time.

If the radiation is not circular or randomly polarized, changes
in the polariza.tibn could affect the directign—finﬂing measurements and
produce a shift in the source location. The effects due to polariza-
tion increase as the angle & (the angle between the plane of rotation
of the antenna and the source location) increases. & is generally
larger for the lower frequencies thus polarization effects, i.e., a
shift in the source location, would be greater for the lower freguen-
cies as is the case for the data presented in this paper. At high
frequencies the type IIT radiation has circular or random palarilzation
if viewed by receivers with a wide bandwidth. The IMP 8 and HAWKEYE 1
receivers have a wide bandwidth.

Although irregularities in the solar wind density or polariza-
tion effects may cause the systematic drift in the direction of
arrival of radiation from a type III event at one frequency, there is
currently no completely adequate explanation of the drift in source

position. Although the changes in the direction of arrival could be
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caused by a combination of fundamental and second harmonic emission
there is still no direct evidence that emission occurs at both frequen-
cies. Fainberg and Stone [1974] presents the review of the results
from many thousands of events with no evidence that the emission occurs
at both the fundamental and second harmonic at low frequencies. Even
if the emission did occur at both the fundamental and second harmonic,
the fundamental would probably not always be cbserved since the-cone
of emission for the fundamental radiation is much smaller than the
cone of emission for radiation at the second harmonic. (It cannot be
assumed thet the fundamental emission occurs along a density enhance-
ment, as a density enhancement is rarely seen [Hundhausen, 1968].) It
would also be extremely difficult to separate the fundamental and
second harmonic emissions from each ether since both emissions would
be occurring nearly simultaneously.

The effects of changes in the source position are thought to
be reduced in this study since the source locations are averaged over
the duration of the event. However, the explanation of the drift
may provide important insight into the type III emission processes
in the solar wind and should be stuﬁied in detail.

. The results of the analysis presented in this paper are model
dePEHdEnt.. It is necessary to use a density scale to determine the
heliocentric radial distance at which the radiation is generated.

The requirement to assume a density model can be eliminated if the
source position is determined by triangulation. For Example,_simulta;

neous direction-finding measurements from three spacecraft, two
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located near the earth to establish the earth-source line and one
located far from the earth to determine the source position along the
line, can provide measurements of this type. We hopelthat simultaneous
radio direction-finding measurements from the HELIOS 1 and 2 spacecraft,
which are now in orbit around the sun, and from the IMP 8 and HAWKEYE 1
satellites near the earth will be able to provide such measurements.

If suécesaful, these multi-spacecraft direction-finding measurements
will make it possible to study the three-dimensional structure of

the magnetic field in the solar wind completely independent of any

modeling assumptions.
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TATITUDE AND LONGITUDE OF TYPE III RADIO BURSTS

TABIE 1

(GEOCENTRIC SOIAR ECLIPTIC

Freguencg

500 kHz
178 kHz
100 kH=z
56 .2 kHz
Lho.2 kHz
31.1 kHz

Freguencx

178 kHz

100 kHz
56.2 kHz
k2.2 kHez

Frgueng_g

500 kHz
178 kHz
100 kHz
56 .2 kHz
Lh2.2 kHz
31.1 kHz

COORDINATES)
June 8, 197k4
Iatitude Longitude
—_— _?H ilo
-- -16° +1°
-2k° +6° -20° +1°
...ll" —_tlrﬂ 9:: ilu
-10° +9° % s
-32° +32°% e
July 5, 197k
Iatitutde Longitude
-21° +7° -2° +1°
HEOD iEO lsu _‘t6 o
-30° i]_ﬁﬂ* e
-32° T25°* e
July 6, 1974
Iatitutde Longitude
R _55 ill’
e _85 __'tlu
s Llﬁ :tlo
-31° +8° ¥ i
-25° +15°# .
0 i1_5°-1+ sy

* Involves model fitting, not a direct measurement.
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Figure 1

The IMP 8 orbit projected into the ecliptic plane.

The angle éy is the angle from the projection of the
satellite-sun line into the spin plane to the antenna.
The angle 51’r at which a null of the modulated signal
occurs determines a meridional plane through the spin
axis in which the source must be located. The approxi-
mate location of the HAWKEYE 1 orbit plane is also

indicated.
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Figure 2

52

The HAWKEYE 1 orbit plane and spin axis orientation

relstive to the orbit plane.  The angle § iz the angle

P4
from the projection of the satellite-sun line into the
spin plane to the antenna. The angle 5y at which a null
of the modulated =signal occurs determines a meridional
plane through the spin axis in which the source must be

located. The IMP 8 spin axis orientation and orbit

plane are shown relative to the HAWKEYE 1 orbit.
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Figure 3

5k

The normalized electric field amplitude as a function of
the antenna orientation angle ﬁy for a type IIT burst

at 178 kHz. The modulation pattern is clearly observed.
6 is the position of the null computed by & least squares
fit of the data to the theoretical modulstion pattern.
Each point is the average of many data points accumulsated

in the 10° angle bins.
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Figure L4

56

The position of the source plane relative to the satellite
spin axis, null position (§), and the sun for HAWKEYE 1.and
IMP 8. The vector h is perpendicular to the source plane,
and the spin axis (g) is perpendicular to the spin plane.
The souree planes for IMP 8 and HAWKEYE 1 intersect, and
the source is located along this intersection. The source
location is camputed by taking the cross produect between
ﬁl’ a vector normel to the IMP-8 source plane, and ﬁE’

a vector normal to the HAWKEYE 1 source plane, 0 is

the angle between the spin axis of the satellite and.

the satellite-sun line.
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Figure 5

58

A type III burst observed simultaneously by HAWKEYE 1 and
IMP 8. The type IIT burst is characterized by a repid
decrease in frequency wifh inereasing time, and at each
frequency the intensity has a rapid rise time followed

by a slower exponential decay.
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Figure 6

60

The amplitude, Geocentric Solar Ecliptic longitude and
modulstion factor of a type III burst detected by IMP 8
on June 10 at 500 kHz. DNote the strong modulation and
that PasE ig relatively constant at this frequency. The
spin modulation is evident as a small amplitude, periodic
change in the observed intensity. The angular position

of the earth is shown to help discriminate between solar

and terrestrial events.
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P,

Figure 7

62

The amplitude, Geocentric Solar Ecliptic longitude and
modulation factor for a type IIT event detected by IMP 8
on June 9 at 178 kHz. Note the modulation factor is
lower &nd that PSR changes during the event. There is
a terrestrial noise source with a large modulation factor

being detected before and after the type III event.
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Figure 8

6L

The aﬁplitude, Geocentric Solar Ecliptic longitude,

and modulation factor for a type III event detected by
IMP 8 on June 21 at 100 kHz. The duration of this

event is coﬁsiderably longer than the duration ﬁf

events at 500 kHz and 178 kHz. The longitude of the '
source location also changes over a greater range than
at 500 kHz or 178 kHz. The longitude drifts from near
zero degrees near the beginning of the event to aboutb
45° near the end. The modulation factor near the begin-
ning of the event averages about 0.65, dropping to about
0.25 at the end of the event. The apparent shift in
source location could be caused by polarization effects,
density inhomogeneities, or by radiation from different
source regions at both the fundaﬁental‘and second har-

monic of the plasma frequency.
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Figure 9

The amplitude, Geocentrie Solar Eﬁliptic longitude, and
modulation factor of a type III event detected by IMP 8
on June 10 at 56.2 kHz. Note the very low modulstion
factor. The exponential decay is very evident in the
amplitude plot. The modulation factor is so low at this
frequency fhat the angle shift is caused by the increas-
ing amplitude during the rise portion of the event and
the decreasing amplitude during the decay of the event.
To get accurate direction-finding measurements the signal

mast be dufficiently modulated.
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Figure 10

68

The RAE emission level scale gives the average radial
distance of a type III burst from the sun as a function
of frequency of emission. K The density scale assumes
emission at the second harmonic of the plasma frequency.
For one of the events analyzed the RAE emission level
scale was adjusted so that the denaity at 1.0 AU agreed

with in situ measurements at 1.0 AU.
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Figure 11

Three models of the solar magnetic field.

Constant Iatitude: Archimedean spirals wound on cones
of constant heliocemtric latitude. Near the poles the
Field lines will form a cork screw.

Convergent Field Line Model: Archimedean spiral field

lines which extend to lower heliocentrie latitude with
increasing radial distance.

Divergent Field Line Model: Archimedean spiral field

lines which extend to higher heliocentric latitudes

with increasing radial distance.
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Figure 12

T2

Radio direction-finding analysis for the first type

III event. The source locations follow an Archimedean
spiral configuration in the ecliptic plane. The source
locations out of the ecliptic are shown as a function
of heliocentric latitude and radial distance from the
sun. The bottom panels show the geocentric longitude
;nd latitude predicted by a least squares fit of the
constent latitude field line model to the observed
geocentric longitudes and latitudes. Note that this
event deviates from the constant latitude model for the
56.2 kHz and 42.2 kHz emissions and implies that the
megnetic field lines may extend to lower heliocentric
latitudes with increasing radial distance. The predicted

flare location is found by extrapolating the least squares

fit field line back to the sun.
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Figure 13

h

Direction-finding measurements for another type ITT

event (July 5). Projected into the ecliptic plane the

" source locetions follow an Archimedean spiral configura-

tion. Out of the ecliptie plane the source locations
are at nearly constant heiincentric latitudes. Except
for the 100 kHz emission the data is consistent with the
constant latitude model of the solar magnetic field.
Extrapolated back to the sun the least squares fit field

line originates near a solar flare.
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Figure 14

76

Direction-finding measurements for the third type IIT
event (July 6). Projected into the eclip’cic plane the
source regions follow an Archimedean spiral configuration.
Out of the ecliptic plane the source locations are at a
very nearly constant heliocentric latitude, which is
excellent agreement with the constant latitude model for
the solar magnetic field. Extrapolated back to the sun

the least squares fit field line originates near a solar

flare.
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Figure 15 The modulation factor (index) as a function of half

angle source size as viewed from the earth at different
elevation angles, «. The source is modeled as a thin,
flat disk with each surface element radisting at the

same uniform intensity.
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Figure 16

80

The modulation factor (index) as a function of half angle
source sizes as viewed from the earth for different ele-
vation angles, ®. The source is modeled as a sphere with
each volume element radiating at the same intensity. If
the satellite is inside of the source the modulation be-
comes & function of the radial distance frdm the center

of the source divided by the source radius.
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Figure 17

82

=

The source size of a type III burst as a function of
frequency as seen from the earth, using a thin, flat
disk as the modeled source, The frequency of a type
ITT burst is related to the plasma density in the solar
wind. As.the radial distance from the sun increases
the frequency of emission decreases. As the source

region gets nearer to the earth the source size increases,

as would be expected.
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Figure 18

8l

Source sizes as & function of frequency for the same
event as in Figure 17 using a source modeled as a thin,
flat disk but as viewed from the sun. Note that the
source gize remains quite constant between the 500 kHz,
178 kHz and the 100 kHz channels. The source sizes are
however twice as large as what might be éxpected.from

particle measurements.



85

ZHX Ol

gT aan3Tg
AJN3IND3YA

ZHX QO0l

____—__ 4

ZHW |

nvoe
|

Nnv o'l

_______ 1

— o0l
_I «02
— o0OF
— o0
— o0G
— 09
— 0L

e oom

1-$96-6.9-2

NNS WOY4 3ONVLSIA TvIavy
1N 009I-00FI #.61°8 ANNP
8-dINI

06

NNS WOH4 @3IM3IA 304N0S MSId
( 379NV 471VH ) 3ZIS 324N0S ‘g



