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ABSTRACT

The first satellite-satellite interferometery measurements of
the auroral kilometric radiation (AKR) source region diameter are pre-
sented. By correlating the analog waveforms detected by ISEE-1 and
ISEE-2, the size of the AKR source region is determined. Correlations
have been measured at 125 and 250 kHz for projected baselines ranging
from 20 to 3B68 km.

High correlations are found at all projected baselines, with
little or no tendency to decrease at long baselines. The correlation
is lower for events with wide bandwidths than for events with narrow
bandwidths. The magnitude of the correlation as a function of signal
delay and the spectra of the individual bursts show that sometimes the
bandwidth of AKR bursts varies rapidly and can be narrower than 20 Hz.
The spectra observed by both spacecraft are nearly identical.

Correlation results are interpreted differently for incoherent
radiation than for coherent radiation. If the radiation is incoherent,
the visibility of the source region is the Fourier transform of the
brightness distribution. Assuming incoherent radiation the average
source region diameter for all analyzed bursts i1s less than 9.27 km.
Source region diameters measured for individual bursts range from 1 to

16 km. Generation mechanisms that only amplify incoming radiation



cannot produce high correlations unless the source region diameter 1is
smaller than 25 km. Such small source reglon diameters require growth
rates that are too large to be explained by existing theories. This
result strongly indicates that the radiation is coherent.

For coherent radiation, an upper limit to the source region
diameter can be inferred from the angular width of the radiation
pattern. The similarity of the spectra observed by both spacecraft
indicates that the angular width of the radiation pattern for
individual bursts is at least 2.5°. An angular width of 2.5° implies
that the diameter of the brightness distribution is smaller than 20 km,
but with refraction of the waves near the source region or from the

plasmapause, the source reglon diameter could be as large as 100 km.
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ABSTRACT

The first satellite-satellite interferometery measurements of
the auroral kilometric radiation (AKR) source region diameter are pre-
sented. By correlating the analog waveforms detected by ISEE-1 and
ISEE-2, the size of the AKR source region is determined. Correlations
have been measured at 125 and 250 kHz for projected baselines ranging
from 20 to 3868 km.

High correlations are found at all projected baselines, with
little or no tendency to decrease at long baselines. The correlation
is lower for events with wlde bandwidths than for events with nmarrow
bandwidths. The magnitude of the correlation as a function of signal
delay and the spectra of the Individual bursts show that sometimes the
bandwidth of AKR bursts varies rapidly and can be narrower tham 20 Hz.
The spectra cbserved by both spacecraft are nearly identical.

Correlation results are interpreted differently for incoherent
radiation than for coherent radiation. If the radiation is incoherent,
the visibility of the source region is the Fourler transform of the
brightness distribution. Assuming incoherent radiation the average
source reglon diameter for all analyzed bursts is less than 9.27 km.
Source region diameters measured for individual bursts range from 1 to

16 km. Generation mechanisms that only amplify incoming radiation
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cannot produce high correlations unless the source region diameter is
smaller than 25 km. Such small source regilon diameters require growth
rates that are too large to be explained by existing theories. This
result strongly indicates that the radiation is coherent.

For coherent radiation, an upper limit to the source region
diameter can be inferred from the angular width of the radiation
pattern. The similarity of the spectra observed by both spacecraft
indicates that the angular width of the radiation pattern for
individual bursts is at least 2.5°. An angular width of 2.5° implies
that the diameter of the brightness distribution is smaller than 20 km,
but with refraction of the waves near the source region or from the

plasmapause, the source region diameter could be as large as 100 km.
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I. INTRODUCTION

. Auroral kilometric fadiation (AKR) is the most intense electro-
magnetic radiatiom that is génerated in the earth's magnetosphere.
Ground~based interferometry has been used successfully for the study of
astrophysical radio sources for the last forty years. Until the launch
of the ISEE-1 and -2 spacecraft, the Study of terrestrial radio sources
using spacecraft intetferometfy had.never been éttempted. The purpoée
of this research is to develop the techniques uecessafy to perform
satellite—satellite interferometry and to present thq iirét inter-
ferometry measurements of the AKR source region diameter. In the iast
decade, AKR has generated considerable interest because of its similarf'
ities ﬁith other astrophysical radio sodrces, particplarly Joﬁian
decametric radiation [Kaiser and Stonme, 1975]. "An understanding of the
generation mechanism and properties of AKR can lead ta éhe understand-
ing of other astroph}sicél radio sources, where in situ meas;fements
are not possible.

A. The First Observations of Auroral
Kilometric Radiation

Since kilometric wavelength radiation cannot penetrate the iono-
sphere, AKR was not detected until satellites were launched with plasma
wave receivers aboard. AKR was first reported by Benediktov et al.

[1965] from observations with the Elektron satellites, at frequencies



of 0.725 MHz and 1.5 MHz, Benediktov et al. [1965, 1968] reported that
this radiation was associated with geomagnetic activity, and concluded
that it must be generated near the earth. Dunckel et al. [1970] re-
ported that this radiation was observed primarily in the local night-
time and was strongly correlated with the auroral electrojet (AE) in-
dex. Spacecraft observations over the last decade have revealed that
AKR is closely associated with the auroral electron acceleration pro-
Cess.

Gurnett [1974] provided the first comprehensive study that
showed AKR was directly correlated with auroral processes. Gurnett
[1974] found a high correlation between the observation of AKR with
the IMP-6 spacecraft and the presence of discrete auroral arcs in Dapp
spacecraft auroral photographs. During bright auroral displays,
Gurnett [1974] estimated the maximum power radiated could be as high
as 107 watts. Since the discrete aurora had been directly associated
with intense inverted-V electron precipitation [Frank and Ackerson,
1971;: Ackerson and Frank, 1972], Gurnett [1974] deduced that AKR must
also be associated with inverted-V electron precipitation. Gurnett
[1974] also reported that the observed angular distribution of AKR
could be explained by emission of the radiation at radial distances of
less than 3.0 earth radii (Rg) along auroral field lines. Kurth et
al. [1975] analyzed wave direction measurements from the IMP-8 and
Hawkeye spacecraft and concluded that AKR was generated along auroral
field lines near 21 hrs local time (LT). From an analysis of RAE-2

spacecraft measurements, Kaiser and Alexander [1976] determined that



probability of occurrence for AKR source region locations was sharply
peaked between 21 hrs and 22 hrs LT and the source region locations
appeared to trace out 70° magnetic latitude field lines.

After Gurnett's [1974] deduction that AKR was assoclated with
inverted-V electron precipitation, a number of studies confirmed the
relationship of AKR to auroral processes. Voots et al. [1977] found a
correlation between high-altitude magnetic disturbances produced by
the auroral electrojet current.

Green et al. [1979] used simultaneous observations of inverted-V
electrons with the AE-D spacecraft, and remote detection of AKR with
the Hawkeye spacecraft, to determine that AKR is statistically more
closely correlated with inverted-V electrons than with plasma sheet
precipitation. Since remote observations of AKR can simultaneously
detect signals from many different source regions, and since the
particle measurements can be made only at one location, Green et al.
[1979] eould not show a one-to—-one correspondence between the presence
of inverted-V electrons in a region and the generationm of AKR in that
same region. A good quantitative correlation was found between the
intensity of AKR and the peak energy of the inverted-V events. Benson
and Calvert [1979] reported simultaneous observations of AKR and
inverted=V electrons during AKR source region encounters with ISIS-1.
Benson et al. [1980] found examples with ISIS3-1 where the AKR source
region was identified with the edge of an inverted-V structure. 1In
Benson and Calvert's [1979] previous study, the AKR source region

appeared to be strongly associated with the peak of the inverted-V



structure, when the plasma density was low throughout the inverted-V
structure. Benson et al. [1980] reported that the electron velocity
distribution functions recorded by ISIS-1 always had a positive slope
in the keV energy range near the peak of an inverted-V structure asso-
ciated with an AKR source region encounter, even when the AKR source
region correlated best with the edge of the inverted-V structure.
Benson et al. [1980)] concluded that in order for AKR to be generated it
was necessary to have the coincidence of inverted-V electrons, with an
energy distribution function containing positive slopes in the keV

energy range, and regions of depleted electron density.

B. Location of the AKR Source Region

A number of techniques have been used to determine the location
of the AKR source region. With most of the techniques, an average
source reglion location is determined by an analysis of the character-
isties of the radiation observed by remotely orbiting spacecraft.
Several of the techniques have been able to determine a source region
location for individual events. All of the techniques have found AKR
source region locations that are consistent with generation along
auroral field lines (~70° magnetic latitude) in the local nighttime

(~2000 to ~2400 local time) at radial distances of 1.5 to 3.5 Rg.

l. Spin Modulation Analysis
Kurth et al. [1975] analyzed the modulation, caused by space-
craft rotation, of the received AKR signal to determine the average

source region location. Since this ctechnique can only determine one



component of the source region location, a number of IMP-8 and Hawkeye
observations, with the spacecraft located at different positions in
local time, were combined to find an average source reglon location.
Kurth et al. [1975] determined an average source region locatiom, pro-
jected into the equatorial plane, of 21.25 hrs local time (LT) at 0.835

Rg from the polar axis, for radiation at 178 kHz.

2. Relative Signal Phase Measurements

Calvert [1985b] used the relative phase between the signals
received by two orthogonal antennas on the DE-1 spacecraft to deter—
mine the AKR wave direction. The relative phase of the received sig-
nals is a function of the angle between the wave direction and the Z-
axls antenna (oriented parallel to the spacecraft spin axis), the angle
between the wave direction and X-axis antenna (oriented perpendicular
to spacecraft spin axis), and the wave polarization [Calvert, 1985b].

From wave directions measured at two different spacecraft posi-
tions, Calvert [1985b] located the apparent AKR source region, as a
funetion of frequency, by triangulation. Calvert [1985b] found that to
within approximately 0.3 Rg, the source region locations were consis-
tent with generation of AKR at the gyrofrequency, along a single

auroral-zone field line.

3. Lunar Occultation Technigque
Using the lunar orbiting RAE-2? satellite, Kaiser and Alexander
[1976] were able to find two—dimensional source region locations. By

analyzing the position of RAE-2, relative to the lunar limb, when AKR



signals disappeared and then reappeared, as RAE-2 orbited behind the
moon, a source location could be determined for each individual event.
At a frequency of 250 kHz, most source locations were above the polar
regions, at a radial distance of 2 to 3 Rg. The source region loca-
tions, for frequencies above 300 kHz, were found to be closer to the
earth than the source region locations for frequencies below 300 kH=z.
The probability of occurrence for the source region locations and the
observed power of AKR was sharply peaked between 21 and 22 hrs LT, and
the source region locations appeared to trace out 70° magnetic latitude
(Mlat) field lines. FKaiser and Alexander [1976] reported that approxi-
mately 10 percent of the events appeared to originate at radial dis-
tances greater than 7 Rg. Alexander et al. [1979] later reported that
these anomalous source region locations were probably caused by propa-—
gation effects, rather than actual wave generation at a large radial
distance. Alexander et al. [1979] speculated that strong scattering of
the waves by large-scale density inhomogeneities in the magnetosheath,
or scattering of the waves off ion plasma waves in the magnetosheath
and/or the solar wind, could explain the apparent source region loca-
tions at large radial distances. Kaiser and Alexander [1976] also
found considerable evidence for multiple sources and source motion,

over the time scale of tens of minutes.

4. Angular Distribution of AKR
From a frequency of occurrence study of AKR, Gurmnett [1974] show—

ed that the observed conical radiation pattern could be explained if



the AKR source region was located on auroral field lines in the local
nighttime, at radial distances of less than 3 Rg.

Green et al. [1977] and Green and Gallagher [1985] used observa-
tions of AKR by the Hawkeye, IMP-6, and IMP-8 spacecraft to determine
the angular distribution of AKR. The frequency of occurreance for AKR
above a threshold, as a function of local time and magnetic latitude of
the spacecraft, was found for emissions at 56.2 kHz, 100 kHz, 178 kH=z,
and 500 kHz. The emission cones were found to be centered around 22
hrs LT at auroral latitudes, with the emissions at higher frequencies
beamed in to larger solid angles (1.1 sr at 56.2 kHz, 1.8 sr at 100
kHz, 3.5 sr at 178 kHz, and 5.3 sr at 500 kHz). Green et al. [1977]
also studied the power flux receilved by two widely separated satellites
(separated by 60° to 70° in magnetic latitude and 3 to 8 hrs in local
time), and found that the absolute power fluxes of the signals detected
by the different spacecraft were within 2 dB. Green et al. [1977] and
Green and Gallagher [1985] conclude from these observations that AKR

uniformly illuminates the entire region within the emission cone.

5. AKR Power Dependence on Radial Distance
By studying the average electric-field spectral flux, as a fune-
tion of spacecraft position, Gallagher and Gurnett [1979] deduced the
time averaged AKR source region location. To determine the AKR source
reglon location, the average spectral flux, as a function of spacecraft
position, was examined for a R~2 radial dependence. Source region

locations between 22 and 24 hrs magnetic local time (MLT), and 65°



Mlat, at radial distances of from 2 to 3 Rg, gave the desired R~2
radial dependence of the spectral power flux. Gallagher and Gurnett
[1979] also measured the angular size of the AKR emission cone at fre-
quencies of 178 kHz, 100 kHz, and 56.2 kHz (4.1 sr at 178 kHz, 2.2 sr
at 100 kHz, and 1.5 sr at 56.2 kHz), and estimated the average total

power of AKR to be 107 watts.

6. Source Region Encounters

From southern hemisphere Hawkeye passes, Gurnett and Green
[1978] observed a sharply defined low-altitude frequency cutoff for
AKR, at the altitude where the local electron gyrofrequency was equal
to the_wave frequency. In a few cases the low frequency edge of the
AKR emissions merged, essentially continuously, inte a band of auroral
hiss. Gurnett and Green [1978] concluded that these events were
source region encounters and that AKR is generated slightly above the
local gyrofrequency.

The signature of AKR, observed with the ISIS-1 spacecraft, has
been used to determine the altitude of the AKR source region [Benson
and Calvert, 1979; Calvert, 198la]. With ISIS-1, AKR is observed as
an Iintense nolse band above the local cyclotron resonance. Fenetra-
tion of the source region is indicated by a merging of the AKR noise
band with the emissions at the cyclotron resonance [Calvert, 198la].
From the source region encounters and a ray-tracing analysis, Calvert
[198la] concluded that AKR is extraordinary mode radiation, generated

at a frequency slightly above the gyrofrequency, and propagates



preferentially in a direction perpendicular to the magnetic field. AKR
was observed most frequently between 68° and 72° Mlat over a wide range
of magnetic local times, with the most intense AKR centered about 22

hrs MLT [Benson and Calvert, 1979].

C. Characteristics of the AKR Source Region

l. The Auroral Plasma Cavity

The first evidence that AKR is generated in a region of low
plasma density was provided by ISIS-1. A region of depleted electron
density, with a minimum density of 25 em™3, was found to coincide with
the AKR source region [Benson and Calvert, 1979]. The plasma depletion
region was found to cover a wider extent in longitude than latitude,
and could extend downward to 1.3 Rg. At 1.5 Rg, the plasma depletion
region was found to extend a few degrees 1n latitude. Benson and
Calvert [1979] suggested that the higher plasma density at the lower
boundary of the plasma depletion region was responsible for the upper
frequency limit of AKR. Since ISIS-1 encounters only the low altitude
portion of the AKR source region, Calvert [198lb] used Hawkeye observa-
tions to show that the depletion region extends to much greater alti-
tudes and constitutes an enormous plasma cavity, approximately 6° wide
centered on 70° Mlat. ISIS-1 source region encounters showed that AKR
is generated in regions where the ratio of electron plasma frequency
(fpe} to electron gyrofrequency {fge} is less than 0.2 [Benson and

Calvert, 1979].
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2. Plasma Cavity Density Enhancements
Within the plasma cavity, ISIS-1 occasionally observed sharp den-
sity enhancements of 1000 em™? above the 25 cm™3 plasma cavity density
[Benson and Calvert, 1979]. These density enhancements were often found
to be less than 100 km thick [Calvert, 19Bla]. These density enhance-
ments may be be a common source region feature, but due to their small

size, may not always be detected by ISIS-1 [Benson and Calvert, 1979].

D. The AKER Generation Mechanism

1. The Doppler-Shifted Cyclotron Eesonance

A variety of mechanisms have been proposed for the generation of
AKR (see review by Grabbe [1981]). The observed polarization and
absence of intense electrostatic waves in the source region greatly
restricts the possible generation mechanisms for AKR. The Doppler-
shifted cyclotron resonance instability [Melrose, 1976; Wu and Lee,
1979] appears to be the most viable AKR generation mechanism. Melrose
[1976] showed that an electron beam, with a large thermal anisotropy,
could directly amplify extraordinary mode radiation by the Doppler-
shifted cyclotron resonance instabllity. Since the electrons associated
with AKR have not been experimentally observed with a large thermal
anisotropy, Wu and Lee [1979] showed that, by inecluding relativistic
effects (even though the electrons associated with AKR are not relativ-
istic), magnetically mirrored electrons with a loss—cone distribution
could also directly amplify extraordinary mode radiation. A low back-

ground plasma density, which reduces the frequency difference between
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the cyclotron frequency and the extraordinary mode cutoff frequency, is
necessary for resonance with the electrons associated with AKR. Space-
craft observations within the AKR source region have shown that the
fpeffEE ratio must typically be less than 0.1 to 0.3 for the generation
of AKR [Calvert, 1981b].

Several authors have calculated growth rates using the rela-
tivistic cyclotron resonance condition, and experimentally measured
pitch angle distributions. Omidi et al. [1984] and Omidi and Gurnett
[1984] calculated AKR growth rates, using electron pitch angles mea-
sured by the $3-3 satellite. Path integrated growth rates, computed
with steepened electron distributions, indicate that the amplification
lengths must be on the order of a 70 km or longer to account for the

observed intensities of AKR [Omidi and Gurmett, 1984].

2. The Laser Feedback Model

Calvert [1982] proposed that the generation mechanism for AKR
involves positive wave feedback, rather than open loop amplification.
With the feedback model, AKR is presumed to be generated in a thin,
local density enhancement. Partial reflection of the amplified waves
at the boundary of the density enhancement provides a closed feedback
path. For oscillation, the closed feedback path is required to have a
length equal to a multiple of the wavelength. The feedback model pre-
dicts discrete bursts of nearly monochromatic, spatially coherent
radiation. The feedback model proposed by Calvert [1982] visualizes

the source of AKR as a natural radio laser.

——



12

Statistical studies of the onset of AKR and arrival of solar
radio bursts indicate that AKR is sometimes triggered by type II radio
bursts [Calvert, 1985a] and type III radio bursts [Calvert, 198lc;
Farrell, 1984; Farrell and Gurnett, 1985; Farrell et al., 1986], with
the triggered emission lasting long after the solar radio burst had
ceased., Calvert [198Blec] observed that although AKR onsets appear to
be abrupt and spontaneous, sometimes AKR develops from a discrete
frequency near the leading edge of a type III radio burst. Sometimes
AKR occurs at progressively lower frequencies, following the leading
edge of the solar radio bursts [Calvert, 198lc; Calvert, 1985a].
Calvert [19B5a] concluded that triggering of AKR by external radiation
is evidence that AKR must originate from a natural radio laser.

Sinee the waves are amplified on multiple passes through the
source region, the amplification required to explain the observed AKR
intensity is lower with the laser feedback model than with only simple
wave amplification. Calvert [1982] estimated that 40 dB of wave
growth is required with the laser feedback model, instead of 70 to 120

dBE without feedback.

E. Characteristics of AKR

1. Temporal and Spectral Characteristics
AKR is observed in the frequency range of approximately 30 kHz
to 700 kHz, with the frequency of the spectral peak varying inversely
with the AE index [Kaiser and Alexander, 1977]. Distinct storms

lasting from tens of minutes to several hours are observed. At peak
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intensities, Gurnett [1974] estimated the total power to be approxi-
mately 107 watts, while the average power was estimated to be approxi-
mately 107 watts [Gallagher and Gurnett, 1979]. The onset and termina-
tion of AKR appears to result from a decrease in the bandwidth with the
upper and lower cutoffs pinching together [Gurnett and Anderson, 1981].

AKR has clearly defined upper and lower cutoff frequencies,
which can fluctuate over a wide range in the time scale of tens of
minutes or less [Gurnett and Anderson, 198l1]. The upper and lower cut-—
off frequencies have been explained by the fpe;"fgIE ratio [Benson and
Calvert, 1979; Calvert, 198lb; Gurnett and Andersom, 1981] and addi-
tionally, the lower cutoff frequency can be influenced by the location
of electron accelerating regions in the magnetosphere [Gurnett and
Anderson, 1981]. Calvert [1981b] presented a contour plot of fpe/fge
for the auroral plasma cavity, and noted that the extremes of the 0.1
contour corresponds to gyrofrequencies of 50 kHz and 600 kHz (corre-
sponding to the average frequency range of AKR), and that the minimum
fpe/fge ratio, of less than 0.03, occurs at approximately 1.8 Rg,
corresponding to a gyrofrequency of 250 kHz (the frequency spectrum of
AKR usually peaks at about 250 kHz). From these observations Calvert
[1981b] concluded that the cavity controls the overall emission spec-—
trum of intense AKR and that the cavity is essential for the generation
of AKR.

Many narrow-band discrete bursts f£ill the entire frequency range
between the upper and lower cutoffs. These discrete AKR bursts show a

close similarity to whistler-mode emissions, implying that the basie
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instability mechanisms are quite similar [Gurnett and Anderson, 1981].
The frequency drifts can be interpreted in terms of the propagation of
shoeck like disturbances, along auroral field lines at velocities near
the ion acoustic speed [Gurnett and Anderson, 198l)], with the spatial
extent of the disturbance determining the bandwidth of the emission.

Calvert [1l9B82] interprets the diserete structure of AKR bursts
as different oscillation modes, within a source regilon that 1s a
natural laser. The laser feedback model predicts nearly monochromatic
waves (0.03 to 10 Hz), at discrete frequencles [Calvert, 1982]. The
bandwidth of individual AKR bursts can vary from tens of hertz to
several kilohertz. A possible explanation for signal bandwidths of
several kilohertz is that temporal fluctuations of the gain, the feed-
back path, or the saturation amplitude, modulate the emitted signal
[Calvert, 1982]. Other features of AKR bursts can be explained as
properties of amplification with feedback. An abrupt shift in the
emission frequency has been explained by Calvert [1982] as the quench-
ing of one oscillation mode by another oscillation mode. The splitting
of an emission at one frequency into multiple frequency components can
be explained as triggering of one AKR burst by another [Calvert,

personal communication, 1985].

2. Polarization of AKR
The polarization of AKR has caused considerable controversy
over the last few years. Evidence for both ordinary and extraordinary

mode radiation has been presented by a number of authors. It is now
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believed that AKR consists of both R=X and L-0 mode radiation, with the
most intense and dominant component being generated in the R-X mode
[Shawhan and Gurnett, 1982; Mellott et al., 1984].

Three methods have been used to determine the polarization of
AKR: (1) a comparison of the observed emission cone with the emission
cone predicted by ray-tracing calculations, (2) direct polarization
measurements of the observed radiation, and (3) the cutoff frequency
of the waves observed in the source region. The first technique that
was used to determine the polarization of AKR compared the observed
emission cone with the emission cone predicted by ray-tracing calcula-
tions. Green et al. [1977] compared the results of ray-tracing cal-
culations for both R-X and L-0 mode radiation originating at
different altitudes in a model magnetosphere, to the observed fre-
quency of occurrence (as a function of local time and magnetic lati-
tude) for AKR. Generation of R-X mode radiation slightly above the
R-X mode cutoff was most consistent with the observed emission cone.

Kaiser et al. [1978] have directly measured the polarization of
AKR with the Voyager-1 spacecraft and found that intense AKR is pre-
dominantly extraordinary mode radiation. Shawhan and Gurnett [1982]
and Mellott et al. [1984] have directly measured the polarization of
AKR with the DE-1 spacecraft, and reported the observation of both R-X
mode and L-0 mode radiation. When both modes were observed, Mellott
et al. [1984] found that L-0 mode radiation was almost always observed
at a lower frequency than R-X mode radiation, and that the R-X mode

to L-0 mode power ratioc was approximately 50. R-X mode radiation ray
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paths were found to be confined to a cone within 50° of the source
region magnetic field, and L-0 mode radiation was typically observed
outside of this cone [Mellott et al., 1984]. The local electron gyro-
frequency seemed to constitute an absolute lower frequency cutoff for
both modes, suggesting that both R-X and L-0 mode radiation are pro-
duced within the same source reglon but are refracted differently as
they propagate away from the source region [Mellott et al., 1984].

Since the low fregquency cutoff for R~X mode radiation is
different from the low fregquency cutoff for L-0 mode radiation, the
observed cutoff within the source region can be used to determine the
polarization of AKR. The low frequency AKR cutoff, observed within the
AKR source reglon, is found to be near or slightly above the local
extraordinary mode cutoff [Gurnett and Green, 1978; Benson and
Calvert, 1979]). Gurnett and Green [1978] and Benson and Calvert [1979]
used these satellite observations to coneclude that AKR is generated in
the extracrdinary mode.

There have also been observations of L-0 mode radiation within
the AKR source region. Oya and Morioka [1983] have identified L-0
mode radiation from the low frequency cutoffs of AKR, observed with
the JIKIKEN (EX0S-B) spacecraft. Benson [1982, 1984] has also
identified L-0 mode radiation AKR on ISIS-1 ionograms during source
reglion encounters.

Hashimoto [l984] used ray-tracing, in an electron plasma cavity
density model of the magnetosphere, to show that propagation effects

could explain both the R-X mode and the L-0 mode observatioms. L-0
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mode radiation can be observed over a much larger latitudinal range
than R-X mode radiation because: (1) R-X mode cannot propagate
through regions where the wave frequency is below the R—X mode cutoff.
(2) B-X mode radiation 1is strongly refracted away from the R-X mode
cutoff surface. Hashimoto [1984] speculated that both R-X mode and
L-0 mode radiation are present, with the R-X mode radiation at a
higher intensity. In regions accessible to both modes, R—X mode will
dominate, but in regions not accessible to R-X mode radiation, only
L-0 mode radiation will be observed. The JIKIKEN spacecraft observa-
tions of L-0 mode radiation [Oya and Morioka, 1983] are consistent
with Hashimoto's [1%84] hypothesis because the JIKIKEN spacecraft
predominantly covers a low altitude region, that is inaccessible to
R-X mode radiation.

Since the interferometry receivers are aboard spaceeraft, there
are constraints that limit the type of receivers which can be used and
that dictate the format of the received data. Chapter II discusses
the spacecraft instrumentation and the ground-based correlator that
comprise the ISEE interferometer. Chapter III discusses interfer-—
ometry and the differences between spacecraft interferometry and
ground-based astrophysical interferometry.

The differences between ground-based interferometry and space-
craft interferometry required modifications te the astrophysical
interferometry data processing technlques. Chapter IV presents the
methods that were devised to process the spacecraft interferometry

data. Uncertainty in the absolute time alignment of the received sig-
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nals required new techniques to be developed for determining the
correct signal delays necessary to maximize the correlations.

Chapter V discusses the correlation measurements. The statis-
tica] source region diameter and the source region diameters for the
individual bursts are presented. From these source region diameters
and the received signal stremgths, the spectral density and required
wave growth are calculated. Chapter VI compares the measured
correlations and calculated source region sizes to the measurements

predicted by incoherent and coherent radiation models of the source

generation region.
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II. DESCRIPTION OF INSTRUMENTATION

A. The Spacecraft Instrumentation

Data from two satellites, ISEE-1 and ISEE-2, are used to
perform long-baseline interferometry. Both satellites were launched
on DOctober 22, 1977 into nearly identical orbits. The orbits are
elliptical with initial perigee and apogee altitudes of 280 km and
145,000 km, respectively, an orbit inclination of 28.7°, and an
orbital period of 2.4 days. The separation of the two spacecraft is
controllable, allowing long-baseline interferometry to be performed
with baselines from approximately 10 km to 10,000 km.

Both ISEE-1 and ISEE-2 have wideband receivers capable of
detecting AKR. The waveforms detected by the wideband receivers are
recorded on analog tapes at the NASA telemetry stations, and are the

data used for long-baseline interferometry.

1. ISEE-1
The University of Iowa plasma wave instrument aboard ISEE-1 is
designed to measure the electric field over the frequency range of
5.6 Hz to 2 MHz, and the magnetic field over the frequency range of
5.6 Hz to 10 kHz. The plasma wave receiver consists of four main
elements: (1) a 34-channel high-time resolution spectrum analyzer,

(2) a narrow-band (high-frequency resolution) sweep-frequency
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receiver, (3) a wave—normal and Poynting flux analyzer, and (4) a
wideband analog receiver. A block diagram of the plasma wave elec-
tronics is shown in Figure 1. These four main elements may be con-—
nected in certain combinations to the six plasma wave antennas. The
8ix plasma wave antennas consist of three electric dipole antennas
with tip-to-tip lengths of 215 m, 73.5 m, and 0.6l m, and a triaxial
search coll magnetometer. The physical locations of the six antennas
on the spacecraft are shown in Figure 2.

The 34-channel high-time resolution spectrum analyzer consists
of a 20-channel analyzer, with four logarithmically spaced channels
per decade (in a 1.0, 1.78, 3.11, and 5.62 sequence), covering the
frequency range of 5.6 Hz to 311 kHz, and a l4-channel analyzer, also
with four logarithmically spaced channels per decade, covering the
frequency range of 5.6 Hz to 10 kHz. The 20-channel analyzer is
normally used for electrie—field measurements, and the lé-channel
analyzer 1s normally used for magnetic-field measurements. For fre-
quencies below 10 kHz the effective noise bandwidth is + 15 percent,
and for frequencies above 10 kHz the effective noise bandwidth is
* 7.5 percent. The output voltage from each spectrum analyzer channel
is proportiomal to the logarithm of the electric— or magnetic-field
strength, and has a dynamic range of 110 dB. The sampling rate for
each channel is one sample per second in the low data rate, and four
samples per second in the high data rate. The spectrum analyzer data

are ugseful in identifying periods of intense AKR.
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The narrow—band sweep—frequency receiver consists of 128 loga-
rithmically spaced frequency channels, covering the frequency range
of 100 Hz to approximately 400 kHz with a frequency resolution of
approximately 6.5 percent. The sweep—frequency receiver has an output
voltage proportional to the logarithm of the field strength and has a
dynamic range of approximately 90 dB. The sampling rate for each
channel is one sample every 32 sec.

The wave-normal analyzer consists of five narrow-band frequency
conversion receivers, all tuned to the same frequency. The wave-
normal analyzer receivers can be tuned to one of 32 frequency chan-
nels, each with a bandwidth of 10 Hz, in the frequency range of 100 Hz
to 5 kHz. The wave-normal analyzer provides the detailed phase and
amplitude measurements of the signals received by the triaxial search
coll magnetometer and the orthogonal electric dipole antennas, which
are necessary to compute the wave-normal direction and Poynting flux.
Measurements can be obtained from any one of the 32 frequency channels
every 32 sec, or the wave-normal analyzer may be commanded to step
through all 32 channels at a step rate of one step every 32 sec.

The wideband receiver consists of two frequency channels; the
first channel covers the frequency range of 10 Hz to 1 kHz, and the
second channel is a tunable single-sideband single-conversion
receiver, with a bandwidth switchable by command to either 10 kHz or
40 kHz. The 10 Hz to 1 kHz channel is transmitted as a frequency
modulated subcarrier, and the 10 kHz (or 40 kHz) bandwidth channel

modulates the speclal-purpose analog transmitter directly. A block



22

diagram of the wideband receiver is shown in Figure 3. Frequency pre-
selection filters with a bandwidth of 40 kHz limit the incoming signal
to one of eight possible frequency ranges. The lower bandedge
frequencies for the eight possible frequency ranges are 2.0 MHz,

1.0 MHz, 500 kHz, 250 kHz, 125 kHz, 62.5 kHz, 31.1 kHz, and 0-10 kHz
{(or 0-40 kHz) baseband (no frequency conversion). The filtered input
signal is mixed with quadrature frequency components f and fgp. As
indicated in Figure 3, the upper and lower sidebands are superimposed,
but have different phase relationships in the two legs. An audio-
frequency gquadrature phase shift network shifts the signal in one leg
by an additional 90°, so that when the signals in the two legs are
added together in the summing amplifier, the upper sideband components
add and the lower sideband components cancel. The sideband rejection
is greater tham 25 dB. The output of the receiver is further filtered
by a 650 Hz to 10 kHz (or 40 kHz) filter, and added together with a
reference frequency derived from the receiver's local-oscillator.

This combined signal modulates the spacecraft's analog S-band trans-
mitter. At the telemetry station the received signal is demodulated
and added to a 50 kHz carrier, which has been modulated by NASA 36-bit
time code, and then recorded on an analog tape recorder. To be able
to correlate the two received signals, the wideband receiver's local-
oscillators must be at very nearly the same frequency and, over the
correlation time, the phase between the two frequencles must not

change by more than 1 radian. Laboratory calibration of the receivers
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indicate that stability is better tham 1 = 10~% Af/f over the expected
spacecraft temperature range and over the spacecraft buss voltage
variations [Shawhan, 1979].

To provide a method to accurately determine the oscillator
frequency, a submultiple of the oscillator frequency (62.5 kHz for
ISEE-1 and 15.625 kHz for ISEE-2) is added to the output signal of the
wideband receiver.

To achieve the highest possible signal-to-noise ratio for the
telemetry signal received on the éfuund, an automatic gain control
maintains & nearly constant signal amplitude into the analog trans-
mitter. The automatic gain control signal is digitally sampled once
every second and covers 110 dB dynamic range. The higher frequency
ranges of the wideband receiver are used primarily for long-baseline
interferometry. A more complete description of the ISEE-1 plasma wave

instrument can be found in Gurnett et al. [1978].

2. ISEE-2Z

The University of Iowa plasma wave Ilnstrument aboard ISEE-2 is
designed to measure electric and magnetic fields over the range of
5.6 Hz to 31.1 kHz. The plasma wave receiver consists of two
elements: (1) a l6-channel high time resolution spectrum analyzer,
and (2) a wideband analog receiver. A block diagram of the plasma
wave electronics 1s shown in Figure 4. The two elements may be con-
nected to any one of the three plasma wave antennas. The three plasma

wave antennas consist of two electric dipole antennas with tip—to—-tip
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lengths of 30 m and 0.6l m, and a search coil magnetometer. The
physical orientations of these antennas on the ISEE-2 spacecraft are
shown in Figure 5.

The spectrum analyzer has 16 channels extending from 5.6 Hz to
31.1 kHz. The bandwidths and center frequencies of these channels are
identical to the spectrum analyzer on ISEE-1. The spectrum analyzer
is sampled at a rate of one sample per second at the low data rate,
and at four samples per second at the high data rate.

The wideband receiver aboard ISEE-2 is esaéntially identical to
the ISEE-1 wideband receiver except that the single-sideband single-
conversion recelver has no 40 kHz mode. A more complete description
of the IBEE-2 plasma wave instrument can be found in Gurnett et al.

[1978].

B. Ground-Recording Scheme

At each telemetry station a NASA 36-bit time code is generated
from a Cesium frequency standard, and amplitude modulates a 50 kHz
carrier. This time code signal is added to the demodulated telemetry
signal and recorded on an analog tape recorder. The 50 kHz carrier
and the time code signals can be used, if necessary, to remove tape
recorder wow and flutter on playback and to time align the recorded
data, i1f the data are recorded on two separate tape recorders at dif-
ferent telemetry stations. This modulation scheme and the composite
recorded spectrum for ISEE-1 and -2 are shown in Figure 6. The abso-

lute time accuracy of the Cesium clock is # 25 psec. Since the



25

correlation is reduced when signals are correlated with an incorrect
delay, the time must be accurately known. Appendix A derives the

correlation, as a function of signal delay and bandwidth, for signals
with white-noise and Gaussian spectral characteristics. The required

timing accuracy for interferometry is given by

T = (x AF)"1 (1)

where Af is the bandwidth of the received signal [Shawhan, 1979]. For
the ISEE interferometer system, with a recelver bandwidth of 10 kH=z,
the required time accuracy is approximately 32 psec. This is compar-
able to the * 25 psec accuracy provided by the NASA telemetry station.
The optimum data processing scheme is for the data to be recorded on
adjacent tracks of the same tape. Tape recording on the same tape
minimizes timing errors, and the wow and flutter should be nearly the

same -

C. Description of Ground-based Instrumentation

The ISEE-1 and -2 analog tapes are processed by three different
sets of instrumentation to produce spectrograms and correlograms.
Wideband survey plots or correlograms are produced with dual Federal
Scientific UA-6 spectrum analyzers and the 70 mm camera system. High—
time and frequency resclution spectrograms are produced by processing

the signals with a Nicolet Scilentific Corporation UA-500A spectrum
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analyzer. Strip chart recordings with correlation plotted as a fune-
tion of time, and delay-time correlograms, with the correlation
plotted as a function of both time and delay, are produced by process-—
ing the signals with the correlator system. The signal paths and
assoclated instrumentation are shown in Figure 7.
l. Description of Instrumentation for Survey
Plots and Correlograms

To produce the 70 mm microfilm plots, the analog signals from
the ISEE-1 and -2 tapes are processed by dual Federal Scientific
Corporation (now Nicolet Scientific Corporation) UA-6 spectrum
analyzers. The outputs of the spectrum analyzers are then processed
by a Federal Scientific MCU-2 multifunction computation unlt to pro-
duce either independent spectrograms (with signal frequency plotted as
a function of time), or frequency-time correlograms (with cross-power
spectral density of the two input signals plotted as a function of
frequency and time). The output of the spectrum analyzers and multi-
function computation unit is processed by the 70 mm camera system to
record the data on microfilm. For the interferometer studies, the
spectrum analyzers are set for a total bandwidth of 0 to 10 kHz. A
complete spectrum is produced every 0.025 sec and consists of 250 fre-
quency channels with a bandwidth (resolution) of 40 Hz. The 70 mm
camera system is operated at a film speed of 1/8 inch per second.
When the multifunction computation unit is operating in the independ-
ent spectrum analysis mode, spectrograms for each satellite are pro-

duced. An example of the independent spectrograms for both ISEE-1 and



27

=2 is shown in the top half of Figure 8. When the multifunction com-
putation unit is operated in the cross—power spectral density mode, a
correlation of the two input signals is performed over each of the 250
frequency channels. The density of the plot is a combination of the
signal intensities and the phase (degree of correlation or anti-
eorrelation) of the two input signals. High intensity signals which
are in-phase can be most clearly identified in the frequency-time
correlogram shown in the third panel of Figure 8. Only correlated
signals whose phase difference is within the range of * 90° are dis-
played in this correlogram. A frequency-time correlogram which dis-
plays signals which are anticorrelated (180° out-of-phase) is also
produced (shown in the fourth panel of Figure 8); however, for this
interferometer study the out-of-phase correlogram gives redundant
information and is not used.
2. Description of Instrumentation for
Detailed Spectral Plots
The instrumentation used to produce the detailed spectral plots
consists of a Nicolet Scientific UA-500A spectrum analyzer with digi-
tal outputs, and a microcomputer to record the spectra. The digital
outputs provide the amplitude of spectral data with an accuracy of
better than 0.1 percent. For this interferometer study the spectrum
analyzer was operated in a mode giving a 500 point spectra over a
total bandwidth of 10 kHz every 50 msec. The individual frequency

channels have a bandwidth of 20 Hz and a filter time constant (time
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resolution) of 50 msee. Microcomputer hardware constraints limit the
amount of data that can be continuously acquired to approximately

80 complete spectra over a four—second time interval. An example of
the spectra produced by the UA-500A spectrum analyzer is shown in
Figure 9. The wvertical scale is an arbitrary scale proportional to
the square root of the power spectral demsity (volts/yHz) of the imput
signal, and the horizontal scale is the frequency of the input signal.
The computer interface synchronizes the data acquisition with the
decoded time code recorded on the analog tape. The acquisition of

data can be started within 50 msec of the desired time.

3. Description of the Correlator System

The correlator system consists of three elements: a wvariable
signal delay circuit, quadrature phase shifters, and dual one-bit
correlators. Two types of signal delay circuits have been developed
to delay the signals, one using analog technology and the other using
digital technology. The first delay circult uses a charge-coupled
analog delay line which is clocked at different frequencies to provide
a signal delay from O msec to 10 msec, in increments of 100 psec. To
achieve a higher time reaolutia;, the charge-coupled delay line is
connected to an analog delay line which provides delays from 0 to
100 psec, in increments of 1 psec. The digital delay line was devel-
oped to delay the signals for longer delays than what was possible

with the analog delay line. The digital delay line samples the clip-

ped (one-bit digitized) data at a rate of one sample per psecond, and
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stores the sample data in digital memory. The sample is then read
Erom the memory after the desired number of pseconds has elapsed.
Delays up to 65 msec are possible with a sampling rate of 1 MHz. A
computer interface is also connected to the digital delay line to
allow the one-bit digitized data to be written to a disk. Micro-
computer hardware constraints limit the sampling rate of the one-bit
data to one sample every 7 psec (for each signal), and the total
amount of data acquired, to approximately l.3 sec. Correlations as a
function of both delay and time can be generated from these compu-
terized data. The computer-generated delay-time correlograms clearly
show the correct delay for maximum correlation, and also show the
phase differences between the two input signals. An example of the
delay-time correlogram for a test signal with a white-noise power
spectral density is shown in Figure 10.

The quadrature phase shifter provides two outputs, with a 90°
phase difference, for each analog signal. The two outputs are accu-
rate to within about 5° of the desired 90° phase difference over the
10 kHz bandwidth.

Correlations are performed with two one-bit correlators. For
random noise signals, ome-bit correlators have the advantage of pro-
ducing an output which is normalized to between -1 and +1, but with a
reduced signal-to-noise ratio [Weinreb, 1963; Dulk, 1970]. Addi-
tionally, the output from a one-bit correlator must be corrected by

the term
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Pm - :Bil'l[%: ﬂu] 3 (2)

where pyp is the measured correlation and Cg is the value of the corre-
lation from the one-bit correlator [Van Vleck, 1943; Weinreb, 1963].
The output of the correlator is filtered by a low—-pass filter, Eo pro-
vide time-averaging of the instantaneous correlation and to remove the
2 ®x w frequency terms. The time constant of the low—-pass output
filter is 10 msec. The time-averaged correlation is recorded on a
strip chart recorder. Examples of the correlator output cam be found

in the bottom two panels of Figure 8.
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III. VERY LONG BASELINE INTERFEROMETRY

A. Characteristics of a Cross-Correlation
Interferometer

1. Resolving Power of an Interferometer

Interferometers have played an important role in radio astron—
omy, due to the increased resolving power of an interferometer over
that of a single antenna radio telescope. The angular resolving power
of a two-element interferometer is normally defined by the minimum
lobe spacing of the antenna pattern. A two-element interferometer has
a resolution of A/D, where A is the wavelength of the radio emission
and D is the baseline of the interferometer [Kraus, 1966)]. The
resolution of a radio telescope with a single circular antenna is
1.22 A/D, where A is the wavelength of the radio emission and D is the
diameter of the antenna [Born and Wolf, 1965]. Thus, an interferom—
eter has almost the same resolving power as a single antenna whose
diameter is equal to the baseline of the interferometer. For a base-
line of 5,000 km and a signal frequency of 250 kHz, the ISEE inter-
ferometer system has an angular resolution of 2.4 x 10~% radians. For
a typical source-satellite distance of 15 Rg, an angular resolution of
2.4 x 10~"% radians glves a spatial resolution at the source region of

approximactely 25 km.
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2. Response of an Interferometer

The response of an interferometer to a radio source depends
upon the size of the source region, the spectral characteristies of
the radio emission, the baseline of the interferometer, and the signal
propagation times. The standard procedure with interferometry is to
measure the cross—correlation of the received signals at different
projected baselines and time delays. The cross—correlation as a func—
tion of baseline provides information about the size and structure of
the radio source. A two-dimensional brightness distribution of a
radio source can be synthesized by taking the two-dimensional Fourier
transform of the cross—correlation function, measured at different
two-dimensional baselines. The spatial resolution of the synthesized
brightness distribution is determined by the maximum projected base-

lines [Rogers, 1976].

d« Response to a Point Source

For a point radio source, the magnitude of the eross—correlation
coefficient 1s dependent only upon the spectral characteristics of the
radio emission and the signal propagation times. The phase of the
cross—correlation coefficlent is dependent upon the phase and fre—
quency difference between the wideband receiver local-oscillators, the
center frequency of the radio emission, and the signal propagation
times. Appendix A derives the response of a cross—correlation inter-
ferometer to a point radio source with a rectangular-filtered white-

nolse power spectra, and to a polnt radio source with a Gaussian-shaped



power spectra. Equation (A-46), the cross-correlation funetion for
signals with a rectangular-filtered white-noise power spectra, and
equation (A-51), the cross—correlation function for signals with a
Gaussian—-shaped power spectra, contain an identical multiplicative

cogine term:

Cp = cos[Auwpt + 8 + wgt = w (v = )] (3)

where

gLy e (4)

(< g2

0" gl

Bimide ¢? + ﬁmuftal + TEZJfE - W
This cosine term determines the phase of the cross-correlation. In
addition to belng a function of the source-spacecraft propagation
times, equation (3) is alsoc a function of the propagation times and
Doppler shifts of the telemetry signal transmitted from the two space-
craft to the ground stations, and the frequency difference between
the wideband receiver local-oscillators. The multiplicative sin(x)/x

term in equation (A-46),

sin-%E (t - T'}]
€ "Ha , : (5)
T (z = ")

and the multiplicative Gaussian term in equation (A-51),

33
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E& = Exp[*ﬂmz{t - 1')%/47) 5 (6)

determine the magnlitude of the correlation as a function of delay.
Figure 11 -is a plot of equation (5), the sin(x)/x term, as a function
of delay, for different signal bandwidths. A negative correlation
represents a 180° phase difference between the two signals at the
input to the correlator. Figure 12 is a plot of eguation (6), the
Gaussian term, as a function of delay, for different signal band-
widths. For high correlations, the functions plotted in Figures 11
and 12 are nearly identical. Figure 13 is a plot of the correlation,
as a function of delay, for signals with a 6 kHz bandwidth and a
rectangular-filtered Gaussian-shaped power spectra. A rectangular-
filtered Gaussian-shaped power spectra closely approximates the power
spectra of a signal, with a Gausslan—-shaped power spectra, that has
been received by a receiver with a finite bandwidth or from bandpass
filtering of the signal. 1In Figure 13, the correlation is plotted for
different ratios of filter bandwidth (Afg) to signal bandwidth (Afg).
For Afg/Afg = 0, the power spectral density is nearly identical to a
rectangular-filtered white-noise power spectral demsity, and for
Afg/Afg = = the power spectral density is nearly identical to a
Gaussian—-shaped power spectral density. For the entire range of
Afg/Afg ratios, a time delay in the range of 0 to 150 psec produces a
nearly identical (to within 20 percent) reduction in the correlation.
From Figures 11, 12, and 13, the absolute time accuracy necessary to

maximize the correlation of signals with different bandwidths can be
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deduced. A signal with a rectangular-filtered white-noise power spec—
tral density, and a 1 kHz bandwidth, has its correlation reduced by 10
percent for an error of 250 psec in time delay. For signals with
wider bandwidths, smaller time delays produce a larger reduction in
the correlation. Since the typical AKR bursts observed in the fre-
quency range of 125 kHz to 500 kHz are narrower than 2 kHz in band-
width, it is only necessary to be within #* 25 psec to have less than a
one percent reduction of the correlation.

With the ISEE interferometer system, the largest term in
equation (3) which affects the fringe rate (change in phase of the
correlation as a function of time) is the wideband receiver local-
oscillator frequency difference term (Awgt). The fringe rate is alse
dependent upon doppler shifts of the signal caused by the motions of
the satellites, the earth, and the source region, but these are typi-
cally much smaller than the local-oscillator frequency difference
term. For the typical satellite baselines used to observe AKR with
the ISEE interferometer, the differential Doppler shift caused by
spacecraft motion can be as large as 0.25 Hz. This is smaller than
the ~ 6 Hz local-oscillator frequency difference at 250 kHz. Rapid
motion of the source region, or signal propagation effects, could
induce phase changes in the correlation comparable to the wideband
receiver local-oscillator frequency difference.

The important conclusions to be drawn from the derivation of
an interferometer's response to a point radio source are: (1) the

correlation as a function of signal delay iz a Fourier transform of



the power spectral density; (2) the correlation, as a function of
signal delay, decreases more rapidly for wide bandwidth signals than
for narrow bandwidth signals; (3) the correlation, as a function of
signal delay, for signals with comparable bandwidths but different
shaped power spectral densities, decreases at approximately the same
rate (to within 20 percent); (4) any changes in signal characteristics

or signal propagation times will affect the phase of the correlationm.

b. Response to an Incoherent Source

A two-element interferometer measures one Fourler component of
the two-dimensional brightness distribution of the source region for
each baseline. Appendix B derives an interferometer's response to an
extended incoherent source. The visibility of a source region with a

brightness distribution S(x,v) is [equation (B-37)]:

w(u,v) = [f S(x,y)e 12Ruxhy) gy (7)

From equation (7), it can be seen that the complex visibility function
v is the normalized Fourier transform of the brightness distribution
S5(x,y). - The complex visibility is a function of the two-dimensional
projected baselines u and v (in wavelengths), and the brightness dis-
tribution is a function of the angular positions x and y (in radians).
If the complex visibility funetion is measured over the entire
uv-plane, it is possible to construct the source's brightness distri-

bution by taking the Fourler transform of the complex wisibility
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function. In practice, the visibility function is sampled only at
discrete points. The maximum baseline in each direction determines
the resolution of the synthesized brightness distribution, and the
sample spacing determines the angular size of the region mapped. If
the phase terms in the sampled complex visibility function are not
available, or if the uv—-plane is insufficiently sampled, the avallable
data are usually fit to a model brightness distribution. Figure 14 is
a plot of the correlation as a function of the projected baseline and
angular source size for a Gaussian brightness distribution. The angu-
lar size of the source 1s defined as the angular width between the
points where the brightness distribution is reduced by a factor of

1;’3!

c. Response to a Coherent Source

The response of an interferometer to a coherent source 1s
dependent upon the exact details of the interferometer baseline
geometry, the brightness distribution of the source, and the spectral
characteristies of the radio emission. Some brightness distributions,
such as a uniform linear array of in-phase radiating elements, will
have a multi-lobed radiation pattern with a 180° phase shift between
lobes. The angular size of the lobes is determined by the size of the
source region and the frequency of the emission. Thus, for a multi-
lobed radiation pattern, abrupt phase changes might be seen in the
correlation as lobes sweep past each spacecraft. Since the lobe spac—

ing is also a function of the frequency of emission, wide bandwith
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emissions could be completely de-correlated for certain source-
spacecraft geometries [Ratner, 1976].

Other brightness distributions, such as a circular symmetric
two-dimensional Gaussian distribution, will have only one lobe with a
uniform phase across the entire lobe. For a single lobed radiation
pattern, the signals would be only slightly decorrelated for wide
bandwidth emissions.

Although interferometry does not directly measure the bright-
ness distribution of a coherent source, it does provide some informa-

tion about the spatial coherence of the source region.

3. Oscillator Stability
Any phase instability or frequency difference (linear phase
drift) between the receiver local-oscillators will decorrelate the

received signals. Moran [1976] defines a coherence function
1 7 tece)
A(T) = <5 [ e de>| (8)
o

where ¢ is the phase difference between the local-oscillators, t the
time, and < > the expectation value, to measure the phase stability
requirement. A coherence value of 1.0 means that phase instability
has no effect on the measured correlation, while a coherence value of
0.5 means that the measured correlation will be reduced to 50 percent

of the true correlatlon because of the phase instability. By
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neglecting any receiver local-oscillator frequency difference, and
assuming that the phase 1s a Gaussian random variable, the coherence

function can be approximated by:

A(T) ~ exp(~ <4%>,/2) (9)

[Moran, 1976]. The stability of frequency standards is usually
defined by their fractiomal stability (Af/£f)T. The fractiomal stabil-
ity is determined by measurements of the phase difference between

between two oscillators over the time interval T. Since & = 2Z=wfT,

<¢2>T = [(AE£/£)2nfT]2 . (10)

Moran [1976] defines the coherence time as the time for which A(T) =
0.5 or <$2>1/2 = 68°. The phase stability of the ISEE crystal-
controlled local-oscillators was measured and found to have a short-
term phase stability of better than one part in 10-© [Shawhan, 1978].
Thus, the maximum possible coherence time for the ISEE interferometer
system 1s 1.5 sec for a local-oscillator frequency of 125 kHz and
0.75 sec for a local-oscillator frequency of 250 kHz. Because the
present analysis technique does not remove the local-oscillator fre-
quency difference prior to performing the correlation, the coherence
time is much less than a second. The actual coherence time must

include the linear phase drift caused by the receiver local-oscillator
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frequency difference. The integrators used in the ISEE interferometer
system exponentially weigh the instantanecus correlation in time.
Equation (8), when modified to include the frequency difference of the

local-osecillators and the exponential weighting of the integrator,

becomes :
¢ t'/T 12wAfgt?
f a e 0% g
AT) = |—— , (11)
I e” r% de’

where T is the time-constant of the integrator and Af; is the local-
oscillator frequency difference. Performing the integrals gives the

final form for A(T) as:

A(T) = (1 + 4x2 afg t2)-1/2 (12)

Figure 15 is a plot of the coherence function, for different integra-
tion time-constants, and for different local-oscillator frequency dis-—
tances. A Afg of 3 Hz corresponds to the approximate local-oscillator
frequency difference at 125 kHz, and a Afg of 6 Hz corresponds to the
approximate local-oscillator frequency difference at 250 kHz., TFrom
Figure 15, the coherence time (integrator time constant) for Afg of

3 Hz is 0.092 sec and for Afg of 6 Hz is 0.046 sec. The time constant

of the correlator is 0.010 sec; thus, from Figure 15 or equation (12},
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the true correlation is approximately 2 to 5 percent higher than the
measured correlation. The consequence of using an integration time
that is shorter than the coherence time is that the correlation nolse
18 increased.

An analysis of the response of a low-pass filter (integrator)
at the local-oscillator frequency differences, as a function of dif-
ferent RC time constants, gives the identical result as equation (12).

Since the stabllity requirements are independent of the base-
line, if the system works at short baselines (i.e., with laboratory
test signals), it will work at large baselines (i.e., after the space-

craft have been launched) [Shawhan, personal communication].

4. Tape Recorder Stability

Any fluctuations in the tape recorder speed during the record-
ing or playback process can affect the correlatlon. Speed fluctua-
tions with a period shorter than the time constant of the correlator
will tend to decrease the correlation; while fluctuations with a
period longer than the correlator time constant will have the same
effect as introducing a variable (time dependent) delay into the
correlation, i.e., the magnitude of the correlation will not be
decreased, but will be maximized at different delays as a function of
time. Laboratory measurements of the tape recorder indicate that low
frequency speed fluctuations can shift the delay required for maximum
correlation by up to * 15 psec. The effect of speed fluctuations are

minimized by having the signals from both spacecraft recorded on
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ad jacent tracks on the same tape. Speed fluctuations affect adjacent
tracks almost identically, provided that the signal delay required to
maximize the correlation is small compared to the perlod of the speed
fluctuation. The combined effect of all of the tape recorder speed
fluctuations 1s estimated to decrease the correlation by less than

1 percent.

B. ©Satellite-Satellite Interferometry

Satellite-satellite interferometry uses the same basic tech-
niques as ground-based interferometry, but since the receivers are
placed in orbit, there are differences and unlque problems associated
with data acquisition and data analysis. The limitations imposed by
orbiting recelvers also places constralnts on the types of radio

sources which may be observed.

l. Interferometer Baselines

With ground-based VLBI (Very Long Baseline Interferometry),
radio telescopes with fixed geographie locations perform interferom-
etry on radio sources. Multiple observatories and/or the rotation of
the earth provide different projected baselines. The full range of
possible east-west projected baselines occurs within one-fourth rota-
tion of the earth. Multiple baselines in the north-south direction
require multiple pairs of observing starions at different latitudes
for equatorial radio sources.

The ISEE interferometer system uses a pair of satellites in

nearly identical elliptical orbits. The separation of the spacecraft
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is controllable, but it requires months to adjust the separation from
the minimum to maximum possible projected baselines. Thus, the corre-
lation can be measured only at one baseline for each event. The
inclination of the spacecraft orbits limits the reception of events to
those which are beamed to latitudes lower than approximately * 40°

magnetic latitude.

2. Spacecraft Antennas, Receivers, and Transmitters
Sinee the ISEE interferometer antennas and receivers are
mounted aboard spacecraft, there are severe design constraints which
must be followed (such as size, weight, and electrical power). These
constraints determine the type and sensitivity of the equipment which

can be placed in orbit.

d. Receivin; Antennas

Weight and size limitations dictated the use of long dipole
antennas. Because dipole antennas have a wide beamwldth, it is impos-
sible to direct them away from the source region to measure the back-
ground noise levels, and they are not as sensitive as other types of

antennas with narrower beamwidths.

b« Wideband Receiver

The ISEE wideband receivers were designed to operate over a
large frequency bandwidth and over a large range (~ 100 dB) of signal
amplitudes. To cover the necessary 100 dB dynamic range, AGC (Auto-

matie Gain Controlled) receivers were employed. Although the AGC
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level is digitally sampled and available with the digital data, the
time constant of the AGC is much shorter than the digital sampling
rate. Thus, it is impossible to know the gain of the receiver at all
times. Since the uncorrelated noise on the analog data tapes consists
of noise which 1s gain dependent (background noise levels, spacecraft
interference, and preamplifier noise), and noise which is gain inde-
pendent (telemetry noise and tape recorder noise), correcting the
correlation for the signal-to-nolse ratio is difficult. Since
individual AKR bursts are narrower in frequency than the bandwidth of
the wideband receiver, the system noise level can be estimated by
examining the signal levels at frequencies which do not contain the
AKR burst.

The local-oscillators used in the ISEE wideband recelvers are
crystal controlled. Crystal oscillators have good short-term phase
stability but drift in frequency with age and temperature, making
it impossible for both receivers to have exactly the same local-
oscillator frequency. The local-oscillator frequency difference puts
an upper limit on the correlator integration time constant. This
integration time constraint is not a severe problem since typical AKR
hurst; last for several seconds or less and can change in frequency or
bandwidth on even shorter time scales. 5Short integration times do,
however, increase the noise in the correlation. The difference in
local-oscillator frequencies produces a very noticable fringe in the

correlation at the difference frequency, making it much easier to
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detect the fringe [Hanbury Brown et al., 1955] and determine the

correct delay to maximize the correlation.

c. S-band Analog Transmitter

Electrical power available to the S-band telemetry transmitters
aboard each spacecraft limits the transmitter bandwidth to 10 kHz for

the typical interferometer baselines used.

3. Telemetry Station Recording Equipment

Data acquisition at each of the many NASA telemetry stations
required the use of existing equipment. The use of specialized equip-
ment, such as analog or digital tape recorders with video frequency
bandwidths and precisely aligned rubidium-controlled clocks (with time
synchronization on the order of 1 psec), could not be used.

The bandwidth of the analog tape recorders used in the ISEE
interferometer system is 100 kHz at a tape speed of 15 ips. At each
telemetry station, the time code is generated by a Cesium frequency
standard and is recorded on the data tape with an absolute time accu-

racy of better tham * 25 psec.

4. Operational Constraints
To detect AKR, both spacecraft must be within the AKR emission
cone when AKR is being generated. To perform interferometry, both
spacecraft must be commanded to the same wideband receiver mode and
the telemetry stations must be scheduled to record the analog data.

For the data from both spacecraft to be recorded on the same analog
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tape (which provides the best possible time alignment of the data and
currently are the only data that can be analyzed), the same telemetry
station must be capable of receiving data from both satellites simul-
taneously. At some of the longer baselines, data from both spacecraft

could not be recorded on the same tape.

5. Types of Observable Sources

The characteristics of the ISEE interferometer system limits
the types of observable sources to bursts which have a high intensity
relative to the background noise, are narrow in frequency compared to
the bandwidth of the system, and have a duration of approximately one
second. These burst characteristics give the data a good signal-
to-noise ratio (which allows short integration times), allows the
correlation to be corrected by the signal-to-noise ratio, and gives
multiple fringes over the duration of the burst (which makes the
correlation highly visible). Individual AKR bursts have the signal
characteristics which are necessary to dccurately measure the

correlation.
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IV. METHOD OF ANALYSIS

A. Introduction

The structure of AKR bursts is extremely complex and diverse
[Gurnett et al., 1979; Gurnett and Anderson, 198l; Calvert, 1982].
To simplify the analysis and interpretation of the data, bursts were
chosen which meet the following criteria: (1) a burst duration of
several seconds, (2) relatively constant burst frequency, (3) high
burst intensity, and (4) isolation from other AKR bursts or spacecraft

interference.

1. Burst Duratiom
For a wideband receiver frequency of 125 kHz, the difference in
the local-oscillator frequencies is approximately 3 Hz. Thus, a burst
lasting several seconds will have at least four or five complete
fringes in the correlogram. Having a large number of Eringes makes it
easier to determine the maximum correlation and gives a more accurate

statistical result.

2. Constant Burst Frequency
With bursts nearly constant in frequency, it is possible to
increase the signal-to—-nolse ratio by filtering out the background
nolse. Because of the limited number of events available at long

baselines, some events analyzed were not constant in frequency.
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3. High-Intensity Bursts
High-intensity bursts have a much higher signal-to-noise ratio
than lower intensity bursts. The error in determining the signal-to-
nolse ratio is greater for low signal-to-nolse ratios; thus the corre-
lation for bursts with high signal-to-noise ratios will have a smaller

BLTrOY «

4. Isplation From Other Bursts and Interference
Any uncorrelated signal, such as spacecraft interference, will
reduce the correlatlion. Since AKR bursts generated at different source
region locations would require a different amount of delay to maximize

the correlation, multiple bursts would decorrelate each other.

B. Determination of the Correct Delay

Two methods to determine the signal delay necessary to maximize
the correlation have been developed. The first method determines the
correct delay by measuring the slope of the striations in the
frequency-time correlograms, and the second method uses the delay-time

correlogram to determine the correct delay.

1. The Prequency-Time Correlogram Method
4 two-step process 1s used to determine the signal delay which
maximizes the correlation. First, the slope of the striations on the
frequency-time correlogram is measured to determine the approximate
delay required to maximize the correlation. Second, the correlation is

measured with different delays near the value determined by measuring
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the slope of the striations (typically within * 200 psec of estimated
delay) until the correlation is maximized. For a delay increment of
25 psec, the correct delay can be determined to within + 12.5 psec.
Figure 16 shows a series of frequency-time correlograms produced
by delaying a signal that has a white-noilse power spectral density, by
different amounts, prior to correlating. Under each frequency-time
correlogram in Figure 16 is the value that the ISEE-1 signal was
delayed to produce that correlogram, and the slope of the striatioms
that were produced. The data for these correlograms were obtained
during spacecraft integration by applying identical white-noise
gignals to the antenna inputs on both spacecraft. Table 1 shows the
slope of the striations in correlograms for signal delays in the
range of * 6.0 msec. These results can be explained by examining
equation (3). Since the striations in Figure 16 represent lines of
constant phase as a function of time and frequency, it is possible to
use the slope of the striations to determine the desired delay. For

these lines of constant phase:

¢, = const = Awpt + 8 + wgT — w(T — ') . (13)

Solving equation (13) for w gives the equation of the lines of

constant phase:

Aw (8+w.t—- ¢ )
{'1: _u,tr} t + {'t E T'} = . (13"}

m=
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Thus, the slope Aw/At of the lines of constant phase in the frequency-

time correlogram is:

Aw ﬁmﬂ
E e - (15)

gy

By measuring the slope of the lines of constant phase it is
possible to determine (7t - 1'). From equations (5) and (6), the
magnitude of the correlation is maximized when (7t - t') = 0, and
from equation (15), the slope of the striations is infinite when
{(t - ') = 0. Figure 17 is a plot of the reciprocal of the striation
slope for different amounts of signal delay. A least squares fit to
the data in Table 1 and Figure 17 gives:

(-g-‘t'i’]”l = - 0.536(t + 0.087) (16)
as the equation for {ﬁuﬁﬂt}'l as a function of delay. It can be shown
that correct scaling for the slope of the striations in the correlo-
gram can be accomplished by measuring Awg in units of fringes per unit
length along the time axis divided by frequency in kHz per unit length
along the frequency axis, and 7t in units of msec. After compensating
for the error in the delay line (1.000 msec on the dial of the delay
line is actually 1.086 msec), there i1s a 0.5 percent difference

between the experimental and theoretical wvalues of (Aw/At). The
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frequency-time correlogram predicts the highest correlation with a
delay of -87 psec for this white-nolse test signal. This 87 psec
offset is probably caused by misalignment of the tape recorder heads
used to record and play back the data.

The frequency-time correlogram can be used to calculate the
correct delay for delays up to approximately * 10 msec. For larger

delays, the striations become almost horizontal and merge together.

2. Delay-Time Correlogram Method

The delay-time correlogram was developed to determine the cor-
rect delay for delays greater than #* 10 msec. The delay-time correlo-
gram is a correlogram consisting of a large number of correlations,
each at a different delay, plotted together as a function of delay and
time. The magnitude of the correlation is plotted as intemsity, with
black representing a large positive correlation and white representing
a large negative correlation. Figure 10 is a delay-time correlogram
for the same white-noise test signal that was used to produce the
correlograms in Figure 16. In Figure 10, high correlations are found
between delays of =175 psec and 60 psec, with the highest correlation
at a delay of -60 psec. Individual correlations near the correct
delay can be examined to determine the delay which maximizes the
correlation. With a signal sampling rate of one sample every 7 usec,
the correct delay can be determined to within * 3.5 usec.

The slope of the striations, and the change in correlation as a
function of delay observed in delay-time correlograms, can be

explained by examining equations (3), (4), (A-46), and (A-51).



22

a. Slope of the Striations

If the signal propagation times remaln constant; 8 in equa-
tions (3) and (4) and t' in equation (3) are constants. For constant

8 and t', equation (3) becomes:

Ch = cos(Awgt = mét +8'y |, (17)

where @' is a constant, and uﬁ = (w = mﬂ}. mé is the down-converted
center frequency of the burst, and is in the frequency range of 0 to

10 kHz. Solving equation (17) for the lines of constant phase gives:

6 = Aw t
w0 (18)
c

Thus, the slope At/At of the lines of constant phase is:

Aw

A 0 '
S (19)
c

the period Ty of the fringes along the time axis is:

Tt = 2nfAwg (20)

and the period T, of the fringes along the delay axis is:
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T = 2n/w! . (21)

b« Decrease in Correlation as a Function of Delay

From equations (A-46) and (A-51), it can be seen that the cor-
relation as a function of delay is the Fourier transform of the power
spectral density. In general the correlation will be a maximum when
{t - ') = 0, and will decrease from the maximum value at a rate that
is dependent upon the bandwidth of the signals. The correlation will
decrease more rapidly for wide bandwidth signals than for narrow band-

width signals.

The delay-time correlogram provides, as a function of time,
information about (1) the value of the maximum correlation, (2) the
delay required to maximize the correlatiom, (3) the phase of the cor-
relation, (4) the center frequency of the burst, and (5) the bandwidth

of the burst.

C. Correction for Ome-bit Digitization

The correlation measured with a one-bit correlator differs from

the measured correlation pyp by the relatiom:
2T 5T 172
g = [ain fi-ﬂu] + s5in Ef Cgu]] . (22)

where Cg and Cgg are the quadrature outputs of the correlator

[Weinreb, 1963]. In theory, equation (22) is valid only for signals
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with Gaussian amplitude distributions. The response of a one-bit
correlator to noise with non—Gaussian amplitude distributions has been
investigated by Ochs [Dulk, 1970] and was found to have an error of
several percent, except that in the case of repetitive waveforms with
spiked distribution functions the error was much larger than a few

percent .

D, Determination of Signal-to-Noise Ratio

To obtain the true correlation p of the burst, the measured
correlation py must be multiplied by a factor to correct for the

signal-to-noise ratio, i.e.,

2 2
[< o P e
= L]
° §% & i* 85 4+ NZ ! "
y Ty 2
2 2
5, 8, ~1/2
= [K5>-<5>] P (23)
m
"Jl ?2

5] and 57 are the signal voltages of the correlated burst, N and Nj
are the voltages of the uncorrelated background noise, and V) and V;
are the total voltages contained in the signals from ISEE-1 and ISEE-2
[Ronnang, 1971].

To measure the signal-to-noise ratio of the bandpass filtered
signals, detalled spectral plots are produced for both the unfiltered

signals and the bandpass filtered signals from both satellites. The
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spectra of the unfiltered signals is used to estimate the nolse power
contained within the frequency range of the burst and the signal
voltage contained in the burst. The noise power within the bandwidth
of the burst is estimated by computing the power spectral density of
the background noise at frequencies above and below the Frequency of
the burst, interpolating these values to the center frequency of the
burst (assuming the power spectral density is a linear functiom of
frequency), and then multiplying by the bandwidth of the burst. The
signal voltage of the burst is computed by taking the square root of
the difference between the power contained within the bandwidth of the
burst and the noise power contained within the bandwidth of the burst.
The total power of the filtered signals is computed by integrating the
power spectral density over the full 10 kHz receiver bandwidth. V;
and Vs are the square roots of the total power contained in the band-
pass filtered signals. To estimate the error in the signal-to—noise
correction factor, the correction factor was computed several times
for five of the events and was found to be consistent within 5-
10 percent. The error in the correction factor was largest for the
events with low signal-to-noise ratios.

Figure 9 shows the spectrum of the unfiltered signal and the
bandpass filtered signal from a narrow bandwidth AKR burst observed
on February 27, 1978 at 1241 UT. For this burst the uncorrelated
background noise is assumed to be in the frequency ranges of 125.0 kHz
to 131.0 kHz and 131.15 kHz to 135.0 kHz; the frequency range of the

burst is assumed to be from 131.00 kHz to 131.15 kHz. Comparison of
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the correlograms for the filtered and unfiltered signals in Figure 8
shows that the signal-to-noise ratio can be greatly improved by band-

pass filtering.

E. Field-Aligned Coordinate System

To measure the baseline dimensions, the origin and orientation
of the source centered coordinate system must be determined. Since
AKR bursts may originate anywhere along the auroral oval, and the
actual position of individual bursts could not be determined, the
origin of the source centered coordinate system was chosen to be along
a 70° magnetic latitude field line at 21.0 MLT. Since the viable
theories for the generation of AKR predict the radiation to be gener-
ated at slightly above the local gyrofrequency, the altitude of the
coordinate system was chosen to be at the altitude where the local
gyrofrequency equaled the observing frequency. Thus, the origin of
the source—centered coordinate system was chosen to be the location
where the probability of occurrence for AKR is peaked [Kurth et al.,
1975; Kaiser and Alexander, 1976; Gallagher and Gurnett, 1979; Green
and Gallagher, 1985]. As shown in Figure 18, the 2 axis of the source
centered coordinate system is aligned along the source-satellite line,
and the y axis is aligned so that the magnetic field (or gradient of
the magnetic field, if desired) is in the y-z plane. The error in the
projected baseline caused by uncertainty in the source location is

estimated to be less than 10 percent.
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F. Normalization of Source-Satellite Distance

Unlike ground-based astrophysical interferometry where the
source region is effectively at infinity, the correlations of terres-—
trial signals measured with satellite-satellite interferometry must be
corrected for the differing source—satellite distances. Typilcal
source—satellite distances range from approximately 6 Rg to more than
20 Rg. For the calculation of the statistical source size, the corre-
lation coefficients were normalized to 20 Rg.

If the source region is assumed to have a two-dimensional
Gaussian brightness distribution, the angular source size can be com—
puted for an individual burst. Since the visibility is the Fourier
transform of the brightness distribution [Rogers, 1976], the equation
for the correlation as a function of angular source size for a

Gaussian brightness distribution, is:

p = e-(“b“fz}z ) (24)

where b iIs the projected baseline in wavelengths and a« the angular
width between the points where the brightness distribution is down by
a factor of 1/e. Solving equation (24) for the angular source size at

the source-satellite distance rp, and using the relation:

.. =T & . (25)
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the angular source size «, at the normalized distance r,, can be

shown to be:

2y—in Po Ty

Ecn & b T 3 (26)
n

where pg is the correlation measured at the source-satellite distance
rp. Substituting equation (26) into equation (24) gives the equation

for the normalized correlation:

2/=In p, r 2 2
Py = exp [~ nb = ‘ ;E]fz] } = pgrﬂfr“) s (27)
n

where p, is the correlation normalized to the source-satellite dis-
tance ry. The normalized correlation represents the correlation that
would have been measured if the source-satellite distance was 20 Rg
instead of the actual source-satellite distance, with the same

baseline.

G. Calculation of Statistical Source Size

With the normalized correlation from many different AKR events
plotted as a function of baseline, a statistical source size may be
calculated by fitting the data to a model brightness distribution.
Gaussian-shaped components are commonly used for model fitting because

the brightness distributions of a number of astrophysical radio sources
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approximate a Gaussian and Gaussians have convenient Fourler trans—
forms [Fomalont and Wright, 1974]. A Gaussian—-shaped brightness dis-
tribution [equation (24)] was chosen for the AKR source region model.

H. Calculation of Spectral Density and
Brightness Temperature

The AGC levels of the wideband receiver can be used to deter-
mine the electric-field strength at each satellite, over the full
10 kHz signal bandwidth, and to calibrate the scale on the detailed
spectral plots. The peak spectral density, used in the calculations
of source reglon spectral density and brightness temperature, is the
average of the maximum spectral densities found on each spectrogram,
Iduring periods of high signal correlation. The primary cause of error
in determining the spectral densities is the slow digital sampling
rate of the AGC levels. Over a several second interval, the AGC
levels indicate that the electric—field strength can change by a
factor of 2.5.

If the AKR burst has a signal bandwidth that is large, compared
to the 20 Hz spectrum analyzer resolutiom, the ecalculated spectral
densities are accurate to several percent. If the bandwidth of the
AKR burst is less than 20 Hz, the calculated values represent a lower
limit to the actual spectral density,

The source region spectral densities are computed by extrapo—
lating the spectral density detected by the spacecraft to the radius of
the source region, determined from the correlation measurements (assum—

ing an incoherent source with a Gaussian brightness distribution).
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The Rayleigh—-Jeans law gives the flux density s as

s=Jf —m;g*"} da

, (28)
where k is Boltzmann's constant, T(9,¢) is the brightness temperature
as a function of angular position, df is an infinitesimal element of
solid angle, and A is the wavelength [Kraus, 1966]. Assuming the

Gaussian brightness distribution:

Y B A
7(0,8) =T & T/, (29)

where Ty is the central brightness temperature and a is the angular
width (between the polnts where the brightness is reduced by a factor
of 1/e) of the brightness distribution, the flux density can be
integrated to get the brightness temperature as a function of measured

spectral demsity:

T = 28202

. (30)
b Tl;kr;cz

For wide bandwidth signals, the computed brightness temperature is
within a factor of 6 of the actual brightness temperature, and for
very narrow bandwidth signals the actual brightness temperature could

be orders of magnitude higher.
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V. DISCUSSION OF THE EVENTS

A. Characteristies of the Bursts

The structure of AKR bursts is complex and diverse [Gurnett et
al., 1979; Gurnett and Anderson, 1981; Calvert, 1982]). AKR bursts
often consist of discrete narrowband emissions that increase or
decrease in frequency, as a function of time. Gurnett and Anderson
[1981] attribute the drifting tones to disturbances propagating along
auroral field lines at the ion-acoustic speed. Calvert [1982] explains
the discrete structure of AKR bursts as properties of amplification
with feedback, i.e., a natural radio laser. The bandwidth of the
bursts can vary from less than 20 Hz to over several kHz. Figure 9
shows the spectrum of a very narrow bandwidth AKR event, with a center
frequency of 131.1 kHz, detected by ISEE-1 and -2 on February 27, 1978
at 1322:13.9 UT.

The analyzed events are broken into two classes: (1) events with
projected baselines less than 1000 km, and (2) events with projected
baselines greater than 1000 km. The short baseline events were
detected at a wideband receiver frequency of 125 kHz, and the long
baseline events were detected at a wideband receiver frequency of 250
kHz. Since the angular resolution of an interferometer is inversely
proportional te the projected baseline, the long baseline events

determine the resolution of the interferometer.
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1. GShort Baseline Events

Figures 8, 19, and 20 are spectrograms and correlograms for a
series of AKR events detected on Jume 12, 1978 by ISEE-1 and -2. The
projected baseline for these events is 496 km. The top two panels in
Figure B show the spectra of the signals received by ISEE-2 and -1.
From 1725:05 to 1725:15 UT, the AKR burst is nearly constant in fre-
quency and has a very narrow bandwidth. At 1725:15 UT, the emission at
130 kHz abruptly stops, and simultaneously an emission begins at a
frequency of approximately 132.5 kHz.

Figures 19 and 20 show other segments of the AKR bursts detected
by ISEE-1 and -2 on June 12, 1978. In Figure 19, at 1724:05, 1724:41,
and 1724:45 UT, the AKR emission splits into two components. The
bottom twe panels in Figure 19 show the uncorrected correlation of the
signals in the full 10 kHz receiver bandwidth, and the uncorrected
correlation for the signals between 130.5 kHz and 132.5 kHz. The
uncorrected correlation goes from 50 percent, for all signals and noise
within the 10 kHz receiver bandwidth, te 70 percent, when the back-
ground nolse is filtered from the signals.

The third and fourth panels in Figure 20 show frequency-time
correlograms for the June 12, 1978 events. Between 1724:00 and 1724:05
UT, and between 1724:40 and 1724:45 UT, nearly vertical striations are
found in the frequency-time correlograms. The nearly vertical stria-
tions indicate that the signals are close to being correctly time
aligned. The bottom two panels of Figure 20 show the uncorrected
correlation for the burst. The correlation decreases between 1724:46

and 1724:48 UT. This interval corresponds to the time when there are
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two frequency components present. If these two frequency components
originate at different source locations, the correlation would be
expected to be lower. The true correlation, after filtering the back-
ground noise from the bursts, correcting for the signal-to-noise ratio
(equation 23), and correcting for the one-bit correlator response

(equation 2), is B9 * 4 percent.

2. Long Baseline Events

Figures 21 and 22 are spectrograms of AKR bursts detected by
ISEE-1 and -2, in the 250 kHz wideband channel, on February 20, 1979.
Seven of these bursts were chosen to be analyzed. The bursts that were
chosen are representative of the different characteristics seen in the
AKR spectra. Bursts with rapid changes in frequency, as a function of
time, were not analyzed because of the difficulty in measuring the
correlation over a fraction of a fringe period and correcting for the
signal-to-noise ratio. The projected baselines for the events detected
between 0035 and 0055 UT are between 3801 and 3868 km, and the
projected baselines for the events detected between 0305 and 0315 UT

are between 3251 and 3260 km.

a. Day 51, 1979, 0038:15 to 0038:19 UT

The top two panels of Figure 21 show an AKR burst, detected from
0038:09 to 0038:21 UT, that is slowly increasing in frequency and has a
bandwidth of approximately 1 kHz. The horizontal line at 252.5 kHz on
the ISEE-2 spectrogram is caused by spacecraft interference. The true

{(corrected) correlation for this burst is 45 percent.
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b. Day 51, 1979, 0041:21.5 to 0041:25.5 UT

The middle two panels of Figure 21 show the second burst ana-
lyzed. This burst, detected from 0041l:16 to 0041:26 UT, has an aver-
age bandwidth of less than several hundred hertz, and remains rela-
tively constant in frequency. Figures 23 and 24 show delay-time cor-
relograms for this event. The correlograms show the correlationm for
all signals within the 10 kHz bandwidth of the receiver. The value of
the correlations, shown in Figures 23 and 24, is the output of the
one-bit correlator and has not been corrected for the signal-to—noise
ratio (equation 23) or for the one-bit correlator response (equation
2). The true correlation, after bandpass filtering of the signal,
correcting for the signal-to—-noise ratio, and correcting for the one-
bit correlator response, 1s 99 percent. Over certain time interwvals,
the slope of the striations is uniform, but there are also some very
abrupt phase changes in the correlation. These abrupt phase changes
are indicative of rapid changes in one or more of the signal
propagation times. Changes in the phase of the correlation could be
caused by either signal propagation effects or some real change in the
source region. Since this AKR burst has a narrow bandwidth, the
correlation decreases very slowly as a function of delay. The band-
width of the burst can be estimated by measuring the rate the correla-
tion decreases, as a function of delay. The decrease in the correla-
tion, as a function of delay, was measured at the times when the cor-
relation was the highest (0041:21.9, 0041:22.8, and 004123.5 UT) and

was found to decrease by an average of 5 percent, over a 7 msec change
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in delay. From equation (6), the bandwidth of this event is less than
20 Hz at these times. Another feature shown in Figure 23, at
0041:21.5 and 0041:21.7 UT, is a beating of two correlation fringes,
which have different frequencies, as a function of delay. From equa=
tion (21), the down-converted center frequency of the signals can be
determined by the fringe period, along the delay axis. The periods of
the two fringes, measured on Figure 23, are 0.289 msec and 0.103 msec,
corresponding to down-converted center frequencies of 3.47 kHz and
0.974 kHz. Examination of the spectrograms for this event, shown in
Figure 21, shows signals at approximately 253.4 kHz and 251.2 kHz
(with down-converted center frequencies of 3.4 kHz and 1.2 kHz) for
these times. When correlograms were produced, for the frequEncy_

interval of 250 to 252 kHz, this beating disappeared.

c. Day 51, 1979, 0051:30 to 0051:34 UT

The bottom two panels of Figure 21 show the third burst ana-
lyzed. This burst, detected from 0051:30 to 0051:34 UT, has an aver-
age bandwidth of approximately 250 Hz. There is a portion of the
burst, at 0051:32 UT, where the bandwidth becomes very narrow. The
delay required for maximizing the correlation of this event is 68.40
msec, and the delay predicted, from the assumed source region location
(along a 70° Mlat field line located at 21.0 hrs MLT) and the known
spacecraft and NASA telemetry station locations, is 68.92 msec. A 520
psec difference between the measured and predicted delays is consis-
tent with a source region located in the auroral region. The true

(corrected) correlation for this burst is 93 percent.
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d. Day 51, 1979, 0307:42 to 0307:46 UT

The top two panels of Figure 22 show the fourth burst analyzed.
This burst was detected by ISEE-~1 and -2 from 0307:39 to 0307:56 UT.
The center frequency of the burst is rising at a rate of 300 Hz sec™!l,
Assuming emission at the Eleétrun gyrofrequency and a dipole magnetie
field, the radial component of the source velocity along a magnetic-
field line can be determined from the rate of frequency drift.
Gurnett and Anderson [1981] approximate the source region velocity, as

a function of frequency drift with the equation:

RE 1/3
dk _ _ E go df

where f,, = 1.7 Mhz is the electron gyrofrequency at the surface of
the earth in the auroral region. From equation (31) this rate of fre-
quency change corresponds to a radial source region velocity of 4.8 km

sec™!, The true (corrected) correlation for this burst is 59 percent.

e. Day 51, 1979, 0308:10 to 0308:14 UT

The two middle panels in Figure 22, show the spectrograms for
the fifth analyzed burst. This event is first detected by ISEE-1 and
-2 at approximately 0307:57 UT, and extends to approximately 0308:27
UT. This event starts as a series of very short vertical pulses, with
approximately a 1 kHz bandwidth, at nearly the same frequency. At

approximately 0308:10 UT the vertical pulses form a continuous
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emission for several seconds. The center frequency of the continuous
emission appears to fluctuate inm a cyclic fashion, with a period of
about 0.3 sec. Figure 25 is a delay-time correlogram for this event.
This correlogram shows two important features. The decrease in the
correlation as a function of delay is clearly evident. The delay for
maximizing the correlation of this event is 55.45 msec, and the delay
predicted, from the assumed source region location (aleng a 70° Mlat
field line located at 21.0 hrs MLT) and the known spacecraft and NASA
telemetry station locatioms, is 55.70 msec. A 250 psec difference
between the measured and predicted delays is consistent with a source
region located in the auroral region. The bandwidth of the event
appears to change rapildly. From equation (6), and the measured change
in correlation as a function of delay, the bandwidth of this event can
change from 30 Hz to over 500 Hz in a fraction of a second. The spec-
trogram for this event, shown in the middle panel in Figure 24, also
indicates that the bandwidth of the signal is fluctuating. The uni-
form striations that are expected to be observed when the correlation
is maximized are observed in the correlogram for this event (Figure

25). The true (corrected) correlation for this burst is 81 percent.

£. Day 51, 1979, 0308:32 to 0308:36 UT

The middle two panels of Figure 22 show spectrograms for this
event. The characteristies of this burst are similar to the burst

analyzed from 0308:10 to 0308:14 UT. The same bursty nature is
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observed and the center frequency of the burst also appears to
fluctuate cyclically., The true (corrected) correlation for this event

is 84 percent.

g. Day 51, 1979, 0311:20 to 0311:24 UT

The bottom two panels of Figure 22 show spectrograms for the
seventh analyzed burst. This event is relatively intense (the back-
ground noise and spacecraft interference, in the ISEE-2 spectrogram,
disappears when the gain of the wideband receiver decreases for large
signal amplitudes), and increases in frequency uniformly, at a rate of
2,5 kHz per second. The bandwidth of this event is approximately 2
kHz. The bursty characteristies found in the two events between
0308:00 and 0309:00 UT, is absent in this event.

Figure 26, a delay-time correlogram for this event, shows
another important feature found in the delay-time correlograms. The
vertical spacing of the fringes is dependent upon the center frequency
of the burst. The frequency of this burst increases uniformly with
time, and thus the vertical spacing of the fringes decreases in time.
Near 0311:20 UT the fringe period, along the delay axis, is 1.07 msec,
and near 0311:21.3 UT the fringe period, along the delay axis, is 0.3
msec. From equation (21), a period of 1.07 msec corresponds to a
down—-converted center frequency of 935 Hz, and a period of 0.3 msec
corresponds to a down-converted center frequency of 3.3 kHz, Near
0311:21.2 UT, this correlogram shows a region of uniform striations

and a higher correlation, indicating the correct signal delay for
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maximizing the correlation. The spectrogram for this event, shown in
the bottom panels of Figure 24, shows that the signal bandwidth is
approximately 2 kHz. The true (corrected) correlation of this event

is 56 percent.

B. The S5ize of the AKR Source Reglon

Correlations of AKR bursts, at 125 kHz and 250 kHz, were
measured for baselines up to 3868 km. High correlations were measured
at all baselines, with narrow bandwidth bursts having the highest
correlation and wider bandwidth bursts having a lower correlation.,

1. The Statistical Source Size of
the AKR Source Region

If the source regilon of AKR is assumed to have a specific
brightness distribution, the statistical size of the source region may
be computed. For the analysis of the AKR source region size, the
brightness distribution is assumed te be a circularly symmetric
Gaussilan [equation (29)]. Figure 27 is a plot of the correlation, as
a function of baseline, for all of the events analyzed. Each point
represents the average correlation of the bursts analyzed at each
baseline. To correct for the different source-satellite distances at
each baseline, the correlations were normalized to a 20 Rg source-
satellite distance with equation (27)., To normalize the correlations
to the same source-satellite distance, the radiation is assumed to be
incoherent and the source region is assumed to have a Gaussian bright-

ness distribution. The normalized data were least-squares fit to



equation (24), the correlation as a function of angular source size
and baseline for a Gaussian brightness distribution. The result of
the least-squares fit gives a statistical source diameter of 9.27 km.
A least-squares fit to a straight line was also performed, and gave

the result:

p==3.22 x 10~ + 0.895 * 0.07 A (32)

where p 1s the correlation and b is the baseline. Equation (32) shows
that there 1s only a very small decrease in the correlation as a
function of baseline.

The results of the calculations for the statistiecal source size
are based upon the following assumptions: (1) The radiation is
incoherent; and (2) The AKR source region is circularly symmetriec with
a Gausslan brightness distribution. Although a Gaussian brightness
distribution was used to fit the data, the results would not differ
significantly for other brightness distributions with one central
maximum,

The results of the calculations indicate that: (1) The
statistical source diameter of AKR bursts is less than 10 km; and (2)
The correlation does not decrease significantly as a function of base-

line.

70
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C. The Source S5ize of the Individual Bursts

If the radiation is assumed to be incoherent and to have a
Gaussian brightness distribution, the source size of individual bursts
can be computed by solving equation (24) for the angular source size «
as a function of correlation p and baseline b. The source size was
computed for all seven of the long baseline events analyzed.

Table 2 lists the time of the event, the baseline parameters,
the correlation of the event, and the calculated source diameter for
each of the seven events. The calculated source diameters were in the
range of from 1 to 16 km. The small source diameters were for the
bursts with signal bandwidths of less than several hundred hertz, and
the large source diameters were for the bursts with signal bandwidths
of several kilohertz. If the radiation is coherent, the correlation
is not directly related to the source regionm size.

The results of the calculations for the source size of the
individual bursts are based upon the following assumptions: (1) The
radiation is incoherent. (2) The AKR source region is circularly
symmetric with a Gaussian brightness distribution.

The results of the calculations for the source size of .
individual AKR bursts are: (1) The apparent source diameter of
individual AKR bursts ranges from 1.4 to 15.4 km. (2) The average
source diameter of the individual bursts is 9.3 km. (3) AKR bursts
that have bandwidths of less than several hundred Hz have source

diameters of less than 5.0 km; AKR bursts with bandwidths near 1 kHz
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have source diameters of approximately 10.0 km; and AKR bursts with

bandwidths near 2 kHz have source diameters of approximately 15 km.

D. The Brightness Temperature

The brightness temperature was calculated for the long baseline
events detected on February 20, 1979. From equation (30), the bright-
ness temperature is proportional to the flux density measured at the
spacecraft, divided by the square of the source region's angular size.
Thus, the brightness temperature is proportional to the flux density
at the radius of the source region. The spectral density of the AKR
bursts, received by the spacecraft, was measured from the wideband
receiver AGC levels and the signal amplitudes in the high resolution
spectrograms. The actual spectral densities can be higher than the
measured spectral densities, for bursts with bandwidths narrower than
the 20 Hz spectrum analyzer resolution.

Brightness temperatures of the bursts were in the range of 5.95
x 1019 to 5.52 x 1023 °K, The brightness temperature was largest for
the events with a high correlation and smallest for the events with a
low correlation, except for the event at 0311:20 UT. This burst was
the most intense of the long baseline events analyzed. The spectro-
gram for this event, shown in the bottom two panels of Figure 22,
shows a large decrease in the background noise level during the burst.
This decrease in the noise level on the spectrogram is a result of the
wideband receiver gain decreasing, because the intensity of the

burst is much larger than the background noise. For comparison, the
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lower limits of the brightness temperature for Jovian decametric radi-
ation are from 1016 to 10!7 °x [Ratner, 1976]. Table 2 lists the

brightness temperatures for each of the seven events analyzed.

E. Source Region Spectral Density

If the source region diameter is known, equation (C-18) can be
used to compute the electric—-field spectral density at the edge of the
source region. The spectral density at the source 1s proportional to
the square of the source-spacecraft distance divided by the square of
the source region diameter. Table 2 lists the electrie—field spectral
density for the seven long baseline events analyzed. These results
assume that the radiation is incoherent and that the source region is
circularly symmetric. For source region diameters less than 5 km, the
source reglon spectral density ranged from 9.07 x 10~% to 1.25 x 10~2
v2 m~2 Hz~l, Since the bursts with source region diameters less than
5 km all had very narrow signal bandwidths, these values represent
lower limits to the source region spectral density. For source region
diameters between 5 and 10 km, the source region spectral density
ranged between 3,00 x 1072 to 1.06 x 10~% v2 n=2 Hz~l, For source
region diameters between 10 and 16 km, the source region spectral

density ranged between 1.35 x 10~% and 5.61 = 10~% v2 p~2 pz-1,

F. BSource Region Amplification

If the spectral density of an AKR burst, measured at the
spacecraft, is extrapolated back to the radius of the source regiom,

the amplification within the source region can be computed. From
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equation (C-20) the spectral density of the waves detected by the
spacecraft is proportional to the square of the source region's
angular size multiplied by the total growth, within the source region.
For a constant spectral density at the spacecraft, the required ampli-
fication within the source region is larger for small angular source
region sizes than for large angular source region sizes. Table 2
lists the source region amplification for each of the long baseline
events. For source region diameters less than 5 km, the required
source region amplification ranged from 124 dB to 155 dB (assuming
that the ambient galactic background noise is 1020 to 10~18 § p~2 Hz~!
[Alexander et al., 1970; Brown, 1973]); for source reglon diameters
between 5 and 10 km, the required source region amplification ranged
From 109 dB to 135 dB; and for source region diameters between 10 and
15 km, the required source region amplification ranged from 96 dB to
142 dB. The values for the source region amplification assume that
the received signals are incoherent radiation from a spherically

symmetric source reglon with a Gaussian brightness distribution.

G. Summary

The high correlations, measured for all of Ehe events analyzed,
indicate that the signals received by both spacecraft are nearly
identical. The correlations were also found to be higher for the
bursts with narrow bandwidths than for bursts with wider bandwidths.
The correlation results are interpreted differently for coherent

radiation than for incoherent radiation. If the radiation 1s assumed
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to be incoherent, interferometry will measure the angular size of the
source region. If the radiation is coherent, high correlations would
be expected at all baselines, provided that both spacecraft are
within the beamwidth of the coherent source.

If the radiation generated in the AKR source regiom is
incoherent, the AKR source region diameter is in the range of 1 to 16
km, with a statistical source diameter of 9.27 km. The central
brightness temperature is between 5.95 x 10!? and 5.52 x 1023 °K, The
electric—-field spectral demsity at the edge of the source region is
between 1.35 x 1075 and 1.25 x 1072 V2 =2 Hz~!. The amplification
within the source region is between 96 and 155 dB.

To determine if the radiation is coherent or incoherent, the
results of the interferometry measurements must be compared with the
properties of the AKR amplification region. Amplified waves,
propagating in different directions, must have nearly identical
spectral and phase characteristics. With source region diameters in
the 1 to 16 km range, the wave growth per unit length, within the
source region, will be high. To conelude that the radiation is
incoherent, the wave growth within the source region must be comn-
sistent with the growth rates predicted by the theories, with the
observed electron velocity distributions. Additionally, mechanisms,
such as coherent scattering and wave reflection, must be investigated
to determine if these mechanisms will produce high correlations for

long baselines, with a large incoherent source region.




76

VIi. INTERPRETATION OF THE RESULTS

A. Properties of Incoherent and
Coherent Radiation

High correlations have been measured at projected baselines of
up to 3868 km. To observe high correlations, the radiation detected
by each spacecraft must have nearly identical spectral and phase char-
acteristics. The correlation results are interpreted differently for
coherent radiation than for incoherent radiation. If the radiation
emitted from the source region is incoherent, the visibility of the
source reglon is the Fourier transform of the brightness distributiom.
If the radiation emitted from the source region 1s coherent, an upper
limit to the source region diameter can be inferred from the angular
width of the radiation pattern. The correlation results and the spec—
tral characteristics of AKR bursts can be used to help determine if

the radiation is coherent or incoherent.

1. Incoherent Radiation
For incoherent radiation, the phase difference between the
radiation emitted from different elements within the source region is
random, as a funetion of time., If the radiation emitted from one
element within the source region is cross—correlated with the radia-
tion emitted from another element within the source region, the magni-

tude of the correlation will be zero. When the radiation emitted from
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the entire source region is detected by different spacecraft, the
phase differences between the signals received by each spacecraft will
be a function of both time and frequency. With large source regions
and long projected baselines, the phase differences between the sig-
nals received by each spacecraft will be large, and the correlation
will be low. This definition of incoherent radiation is based upon
the conditions necessary for interferometry to correctly measure the

angular size of the source region.

2. Coherent Radiation

For coherent radiation, the phase difference bhetween the
radiation emitted from different elements within the source region is
constant, as a function of time. If the radiation emitted from one
element within the source region is ecross—correlated with the
radiation emitted from another element within the source region, the
magnitude of the correlation can be any value between zero and one.
With coherent radiation, the signals emitted from different elements
within the source region will interfere, producing a complex radiation
pattern. The radiation pattern from a coherent source region is
dependent upon the exact phase differences between the radiation
emitted from each element within the source region. Multi-lobed .
radiation patterns will have a 180° phase shift between lobes. Since
the radiation pattern is a function of the wavelength, the correlationm
can be less than one, for coherent radiation with a non-zero

bandwidth.
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B. AKR Source Regicn Models

The theories, which explain the generation of AKR, must be
consistent with the high correlations measured with interferometry.
The properties of the AKR amplification region will be examlned to
determine 1if the conditions necessary to produce high correlations
exist.

Two models of the source region have been proposed to explain
the generation of AKR. A number of theories assume that the galactic
background radiation i1s amplified by the Doppler-shifted cyclotron
resonance mechanism, as the radiation propagates through the AKR
source tegion [Melrose, 1976; Wu and Lee, 1979; Omidi and Gurnett,
1982]. The details of the amplification process vary im each theory,
but are consistent with amplification of frequencies slightly above
the gyrofrequency in the source region. The second model assumes that
the AKR source region is a matural radio laser [Calvert, 1982], With
the laser model, radiation is amplified on multiple passes through the

source region and is emitted as a coherent beam.

l. The Amplifying Region

a. Assumptions

Each individual amplifying region 1s assumed to have the fol-
lowing characteristies: (1) For amplifying region sizes much greater
than the wavelength of the radiation, all waves arriving at the angle
$ are amplified simultanecusly and emitted at the same angle 3.

(2) For amplifying region sizes near the wavelength of the radiationm,
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diffraction effects determine the emission angle. (3) All waves
emitted at the same angle are identical. (4) For amplifying region
sizes much greater than the wavelength of the radiation, the angular
size of the solid angle of amplified galactic background noise
illuminating the spacecraft is equal to the angular size of the source
region, as viewed from the spacecraft. (5) For amplifying region
sizes near the wavelength of the radiation, the solid angle of ampli-
fied galactic background radiation illuminating the spacecraft is
greater than the angular size of the source region, as viewed from the
spacecraft. (6) The brightness distribution of the radiation emitted
from the source reglon ls uniform and has a diameter equal to the
diameter of the amplifying region. (7) The amplification length in
the amplifying region 1s comparable to the diameter of the amplifying
region. Thus, the amplifying region can be treated as a spherical
region with properties like a ecircular aperture.

The source region is assumed to (1) consist of one or more
individual amplifying regions (with each individual amplifying region
acting independently), (2) have a Gaussian brightness distribution for
an array of individual amplifying regions, and (3) have an amplifica-
tion length comparable to the diameter of the source region.

The galactic background noise from each element of solid angle
is assumed to be incoherent and have a uniform brightness distribu—
tion. The correlation will be assumed to be proportional to the over-
lap of the solid angles of amplified background radiation illuminating

each spacecraft. Figure 28 shows the geometry of the amplifier model
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and defines the angular size of the satellite baseline, the amplifying

region, and the galactiec background radiation illumination cone,

b. Calculation of the Correlation

The correlation of the signals received by two spacecraft can
be estimated by determining the amount the solid angles of amplified
galactic background radiation illuminating each spacecraft overlap.
The galactic background noise, origimating in the overlapping solid
angles, will be detected by both spacecraft identically and will have
a 100 percent correlation. The galactic background noise, originating
in the areas that do not overlap, will be detected by only one space-
craft and will not be correlated. The correlation of the total signal
detected by one spacecraft with the total signal detected by the other
spacecraft can be estimated by examining the signal-to-noise correc-

tion term in equation (23), with the assumption that

sf = sg = dA (32)

and

2 mlw
Vi=Vi;=4A , (33)

where A is the solid angle of amplified galactic background radiation

illuminating each spacecraft, and dA is the solid angle of overlap.
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Substituting equations (32) and (33) into the signal-to-noise term in
equation (23) gives the estimated correlation as:
1/2 g
S o
The ratio of the overlap dA of two circular disks of the same

radius to the area A of one disk (the model correlation p) can be

shown to be:
dhap -% {sin=1[/1 - (p/@)2] - p/a[/1 - (p/)2]} (35)

where B is the separation of the disks (the angular separation of the
spacecraft), and @ is the diameter of the disks (angular size of the
solid angle of amplified galactic background radiation illuminating
the spacecraft). Figure 29 is a plot of the correlation, as a func-
tion of the ratio of the angular spacecraft separation to the angular
size of the illumination cone, for the amplifying region model

[equation (35)].

c. Calculation of Diffraction Effects

If the size of the amplifying region becomes comparable to the
wavelength of the radiation, diffraction effects can become important.
Diffraction effects can increase the size of the solid angle of ampli-

fied galactic background radiation illuminating each spacecraft. To



estimate the diffraction effects, the amplifying region is modeled as
a circular aperture.
The normalized intensity I(®) of the diffraction pattern for a

eireular aperture is [Hecht and Zajac, 1974]:

EJl{ﬂﬂ sin @) o
nd sin @ :

() = [ (36)

where d is the diameter of the aperture (diameter of amplifying
region) in wavelengths, ® is the angular position from the axis of the
aperture, and J) is the Bessel function (of the first kind) of order
one. By setting I(®) in equation (36) equal to l/e, the angular width
& of the diffraction pattern, as a function of aperture diameter d (in

wavelengths), can be shown to be:
—1¢1.915
R=2sin"lf—=) . (37)

Table 3 gives the amplifying region diameters (aperture diameter) for
different illumination cone sizes (angular diffraction pattern width).
For diffraction effects to be important, the diameter of the ampli-

fying region must be less than about 25 km.

d. Predicted Correlation for a Single Amplifying Region Source

For a fixed angular spacecraft separation B, there are two ways

to have a large correlation predicted with a single amplifying region.
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The amplifying region must either be extremely large or extremely
small.

For large amplifying regions the illumination cone angular size
@ is equal to the angular size of the amplifying region a, as viewed
from the spaceecraft; thus the ratio B/Q can be made as small as
desired by making the angular size of the amplifying reglon large.
Equation (35) gives the correlation, as a funetion of (B/Q), for the
single amplifying region model. Table 4 lists the source size (d;)
predicted with a large amplifying region (at the approximate baselines
and frequency for the events analyzed), for correlations between 50
and 95 percent. All of the source sizes predicted are greater than 1
Rg and cannot be physically justified, since they are substantially
larger than the whole auroral region, and physically the single ampli-
fying region model breaks down for sizes that are much larger than
the wavelength of the emission.

For a small amplification region size, the illumination cone
angular size ! is equal to the angular size of the diffraction
pattern. By making the amplifier diameter very small, @ can be made
as large as necessary to get the desired correlation. The correlation
p, as a function of amplifying region diameter d (in wavelengths) and
spacecraft separation angle B, can be determined for a very small
amplifying region by substituting equation (37) into eqguation (35).
Table 4 lists the source sizes (dj) predicted with a very small ampli-

fying region, for correlations between 50 and 95 percent. For both
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baselines, the predicted source sizes are less than 16 km for all

correlations above 60 percent.

e, Predicted Correlation for a Source Consisting
of Multiple Amplifying Regions

For multiple independent amplifying regions, the correlation is
dependent upon both the source region brightness distribution and the
individual amplifying region size. To estimate the correlation of an
array of independent individual amplifying regions, with a brightness
distribution 5(x,y), the response of the interferometer to one small
amplifying region is integrated over the brightness distribution.
From equation (35), the response of the interferometer to one small
1ndependgnt amplifying region at angular positiom (x,y), with bright-

ness S(x,y) is:
d% = 8(x,y) = {stn~}[/l - (p/@)2] - /[t - (B/@2]}axdy .  (38)

Integrating equation (38) over the entire source region gives the
correlation p for a source consisting of multiple amplifying regions.
For a source region with a Gaussian brightness distribution, the

correlation for multiple amplifying regions is:

p =2 [sin-![/l - (p/@)2] - p/a[/ - (p/@)2]Je”(FR/DZ (39)



85

where b is the baseline in wavelengths and o is the angular width
(between l/e points of the brightness distribution) of the source
region.

For multiple amplifying regions, both the amplifying region
size and the source region size can be adjusted to change the correla-
tion. From equation (39), the size of the individual amplifying
reglons and the source region must be small for high correlations.

For extremely small amplifying regions, a source consisting of
multiple independent amplifying regions is an incoherent source
(interferometry will measure the true source size). Table 5 lists the
source slzes predicted by the multiple amplifying region model (at the
approximate baselines and frequency for the events analyzed), for
correlations between 50 and 95 percent. For all correlations above

70 percent, the predicted source sizes are less than 26 km.

. Eummarx

To be consistent with the measured correlations, both ampli-
fying region models require source sizes and amplification lengths of

2 to 25 km.

2. AKR Laser Feedback Model
Calvert [1982] proposed a model of the AKR source region in
which part of the amplified wave is reflected back to its origin with
the appropriate amplitude, phase, and direction to replenish itself,.
The ARK feedback model [Calvert 1982] visualizes the AKR source as a

natural radio laser. The boundary of density enhancements,
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approximately 100 km across, with an order of magnitude increase in
density [Benson and Calvert, 1979], within the auroral plasma cavity,
are presumed to partially reflect the waves, producing a closed feed-
back path within the source region. The laser feedback model of the
AKR source region predicts: (1) the emission of very narrow band
spatially coherent radiation, (2) no phase shift in the electric field
across the beam, and (3) a Gaussian brightness distribution (with the
brightness distribution diameter dependent upon the length of the

laser) [Calvert, personal communication, 1985].

a. Brightness Distribution Diameter

An interferometer will measure a perfect correlation (p = 1)
with spatially coherent radiation from a laser, independent of the
size of the brightness distribution (provided that both spacecraft are
within the beam). The intensity of a coherent beam of radiatiom, as a
function of angular position, can be computed by taking the Fourier
transform of the brightness distribution [Hecht and Zajac, 1974]. For
a Gaussian brightness distribution, the normalized intensity I(®), and

brightness distribution diameter d (in wavelengths), is:

2
1(g) = o (*dsind) , (40)

where @ is the angular position from the axis of the laser. By set-

ting I(®) in equation (40) equal to l/e, the angular width 6 of the
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coherent beam, as a functlion of the brightness dlstribution diameter d

(in wavelengths), is:
=1l
6 =2 gin 1{;;] F (41)

Figure 30 is a plot of the angular diameter 8 of a coherent beam, as a
function of source region diameter, for a Gaussian brightness distri-
bution [equation (4l)]. For diameters much larger than 15 or 20 km
(at a frequency of 250 kHz), the beam diameter is small enough (less
than 2°) that the probability that only one spacecraft will be in the
beam will begin to become large. The spectra of the AKR events
observed at the long baselines are almost identical for both space-—
craft. A close comparison of the spectra from each spacecraft, shown
in Figures 21 and 22, reveals some small differences. The similarity
of the spectra indicates that the angular width of the beam, for the

laser feedback model, is at least 2.5°.

b. Summary
The AKR laser feedback model will give high correlations at all

baselines, when both spacecraft are withino the beam. For an angular
beam width of 2.5°, the diameter of the brightness distribution must

be smaller than 20 km.
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C. Source Region Amplification

The flux density of the signals detected by the spacecraft is

[equation (C-20)]:

g = — azsg x edY . (42)

where a is the angular width of the source region, 8g is the flux den-
sity of the galactic background noise, d is the amplification length
within the source region, and Y is the growth rate. Substituting
equation (C-7) into equation (42) and solving for the total growth,

dY, gives:

R2
dy = fn (4 =22 & " (43)
a2 ®g

and solving for the growth rate, Y, gives:

1 RS

55 5
= — In —_— & &4
Y =g 42 5g (44)

Figure 31 is a plot of the total wave growth, as a function of source
region diameter. For a constant flux density received at the space-
craft, an order of magnitude decrease in the source region diameter

requires an increase in the total wave growth by 20 dB. From equation
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(C-18), the received flux density is proportional to the square of the
source region diameter. Thus, smaller source region diameters

will require a larger total wave growth. Figure 31 assumes that the
flux density of the galactic background noise is 1019 W »=2 Hz~! and
the flux density of the signals received by the spacecraft, located at
a radial distance of 12 Rg, is 10~15 w m~2 Hz"2,

Figure 32 is a plot of the average growth rate, as a function
of source reglon diameter. The required growth rate rises very quick-
ly for source region diameters smaller than 10 km. This rapid
increase in the growth rate is caused by two factors: (1) The
required total wave growth is larger for small source region
diameters. (2) The total wave growth must be accomplished over a
smaller length. Equation (44) and Figure 31 assume that the growth
rate is constant within the source region and zero outside.

Omidi and Gurnett [1984] used typical electron distribution
functions, measured by the 53-3 spacecraft, to calculate the path-
integrated growth of AKR. Substantial wave growth was found only for
ray paths with wave-normal angles which remained close to 80° for a
considerable length of time. The wave growth, computed with the
electron distribution functions measured by 53-3, was substantially
less than what is required to explain the observed intensity of AKR.
Omidi and Gurnett [1984] also calculated the path-integrated growth of
A¥R for electron distribution functions having much steeper velocity

space gradients. With reasonable velocity space gradients, Omidi and
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Gurnett [1984] found that the galactic background noise could be
sufficiently amplified with an amplification length of 70 km.

Calvert [1982] has proposed wave amplification, with feedback,
to explain the observed intensity and discrete structure of AKR
bursts. Since a portion of the wave 1s reflected, and propagates
through the amplification region more than once, the laser feedback
model requires less gain to explain the observed AKR intensity.
Calvert [1982] estimates that approximately 40 dB of gain per loop is
required with the laser feedback model. Omidi and Gurnett [1984]
point out that during some portions of the feedback loop, the waves
will resonate with the downgoing electrons and will most probably be
damped. The amplification along the upgoing portion of the loop will
have to compensate for this damping. Although the gain required for
the laser feedback model is less, Omidi and Gurnett [1984] show that
gradients in the electron distribution function, steeper than what are

observed, are also necessary with the laser feedback model.

D. Ray-Tracing Results

A ray-tracing analysis was performed to determine if wave
reflection from a convex surface, such as the plasmapause, could
produce a small source reglon image and high correlations. A complete
description of the ray-tracing analysis can be found in Appendix C.

From an analysis of the propagation time difference, for waves
propagating directly to both spacecraft, the source region diameters

are from 2 percent to 24 percent smaller than the source diameters



91

computed with an assumed source region location along a 70° Mlat field
line located at 21.0 hrs MLT. The source region diameters, with the
waves reflecting from the plasmapause, are from 5 percent to 34 per-
cent larger than the source diameters computed with an assumed source
region location along a 70° Mlat fieid line located at 21.0 hrs MLT
with the waves propagating directly to the spacecraft. These adjust-
ments to the source region diameter do not affect the results signifi-
cantly.

The most significant result of the ray-tracing analysis is that
the flux density of waves reflecting from the plasmapause can be 18 to
121 times greater than the flux density of waves propagating directly
to the spacecraft. From equation (C-21), the flux density of the
radiation, detected by the spacecraft, is proportiomal to the solid
angle of amplified galactic background noise illuminating the space-
craft. When the waves reflect from a convex surface, such as the
plasmapause, a much larger solid angle of amplified galactic back-
ground noise will illuminate the spacecraft. Since the flux density
of the waves reflecting from the plasmapause is much greater than the
flux density of the waves propagating directly to the spacecraft, the
waves propagating directly to the spacecraft will have only a small

effect on the measured correlation.

E. Point Scattering of the Waves

When plane waves scatter from a spherical scattering center,

the total electric and magnetic fields, outside of the scattering
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center, are composed of two components: (1) the fields from the
ineident wave, and (2) the fields from the scattered wave. Scattering
of incoherent radiation from a single scattering center can produce
high correlations only if the ratio of scattetred radiation to incident
radiation, detected by each spacecraft, is high.

For a scattering center that is larger than the wavelength of
the radiation, the cross section of the scattering center is twice its
geometric area [Born and Wolf, 1965]. For scattering centers smaller
than the wavelength of the radiation, the total scattering cross
section is [Jackson, 1962]:

o = 23T a2(ka)" , (45)
where a is the radius of the spherical scattering center and k is the
wave number. Since the intensity of radiatlon scattered from a single
scattering center is much less than the intensity of the radiation
propagating directly from the source region, the scattered radiation
would have only a very small effect on the measured correlation.

Under certain circumstances, incoherent radiation scattered
from multiple point scattering centers could produce a high correla-
tion. If the scattering region consists of uniformly spaced point
scattering centers of an identical size, a diffraction pattern can be

produced. With randomly distributed scattering centers, no coherent

phase relationship between the waves scattered by the individual
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scattering centers will exist, and correlation will be low. It seems
very unlikely that a scattering region in the magnetosphere would con-

sist of uniformly spaced scattering centers of an identical size.

F. Properties of the Correlation

l. Correlation Dependence on Signal Bandwidth

The correlation of AKR bursts with a narrow signal bandwidth
was found to be larger than the correlation of AKR bursts with a wide
signal bandwidth. There can be several causes for this effect: (1)
AKR bursts with a wider signal bandwidth are generated in a larger
source reglon. (2) Propagation effects could alter the phase, as a
function of frequency, of the signals detected by each spacecraft,.

(3) If the radiation is coherent, the amplitude and phase differences,
between the signals received by each spacecraft, are a function of the
radiation pattern. Since the radiation pattern 1s a function of
frequency, the amplitude and phase differences between the received
signals would be larger for wide bandwidth signals than for narrow
bandwidth signals.

Although the correlation decreases more rapidly, as a function
of delay, for wide bandwidth signals, an incorrect signal delay cannot
explain the observations. From equation (6), the maximum error in the
signal delay (*+ 3.5 psec) will reduce the correlation by less than 0.1
percent for a 2 kHz signal bandwidth. The observed decrease in the

correlation is approximately 50 percent for a 2 kHz signal bandwidth.
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a. Source Region Size is a Function of 5ignal Bandwidth

Since AKR bursts are generated slightly above the gyro-
frequency, different frequencies are generated at slightly different
radial distances. For the earth's magnetic field, the gyrofrequency,

in kilohertz, along a magnetic-field line is:
y 2 2 112 ..u3
fg = 8.1031 x 10°[4-3r cos®A ] e, (46)

where Ay is the magnetic latitude of the field line, and r is the
radial distance in Rg. From equation (46), at an emission frequency
of 250 kHz and a source region located along a 70° Mlat field line, a
2 kHz bandwidth corresponds to a source region extending 29.87 km in
radial distance. A 100 Hz signal bandwidth corresponds to a source
region extending 1.49 km in radial distance. These source region
thicknesses, as a function of signal bandwidth, are comparable to the

source reglon diameters computed from the measured correlations.

b. Propagation Effects

To measure a high correlation, the phase difference between the
signals received by each spacecraft must be constant, as a function of
both frequency and time. If the waves are refracted or reflected
between the source reglon and the spacecraft, the phase differences
between the received signals will not be constant, and the correlation
will be reduced. From equations (C-3) and (C-4), the index of refrac-

tion is a function of frequency, and from equation (C-1) the R-X mode
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cutoff is also a function of frequency. Since the waves must propa-
gate along slightly different paths to reach the different spacecraft,
differences in the index of refraction along the different paths can
cause phase differences between the received signals, as a function of
frequency. Ray-tracing results [Omidi and Gurnett, 1984] have shown
that there can be significant refraction within the source regionm.
Density enhancements between the source reglon and the spacecraft can
also cause phase differences between the received signals. If the
waves reflect from the plasmapause, the different frequencies contain-
ed within the burst will reflect from slightly different locations on
the plasmapause., Since the waves must propagate along different paths
to reach the different spacecraft, the phase difference, as a function
of frequency, between the signals received by each spacecraft will not

be constant, and the correlation will be reduced.

c. Radiation Pattern Effects for Coherent Radiation

The radiation pattern, for a source reglon emltting coherent
radiation, is a function of the emission frequency. Equations (36)
and (40) are the radiation patterns for source regions with a uniform
brightness distribution (a circular disk), and with a Gaussian bright-
ness distribution. Both equations contain a term equal to mdsind,
where d is the diameter of the brightness distribution and ® is the
angular position from the axis of the brightness distribution. Unless
both spacecraft were located symmetrically about the axis of the

brightness distribution, the amplitude and phase of the received
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signals, as a function of frequency, would be slightly different for
each spacecraft. These amplitude and phase differences would be

larger and the correlation lower for wide bandwidth signals.

2. Abrupt Correlation Phase Changes

Abrupt phase changes in the correlation can be produced by
several effeets: (1) If the radiation is ecoherent, radiation patterns
with multiple lobes are possible. Since there 1s a 180° phase
difference between lobes, spacecraft motion, an abrupt change in the
frequency of the burst, or changes in the source region's brightness
distribution could cause the radiation pattern to sweep past the
spacecraft causing an abrupt phase shift in the eorrelation. (2) If
the position of the source region changes, there will be an abrupt
phase shift in the correlation. (3) Abrupt changes in emission
frequency will introduce a phase shift in the correlation if the delay
is incorrect. (4) Since the spacecraft are moving, the propagation
path for the radiation detected by each spacecraft is continually
changing. Since the phase of the signal received at each spacecraft
is dependent upon the plasma parameters along the entire propagation
path, spatial or temporal changes in density, along the propagation

path, will cause a phase shift in the correlation.

G. Summary
1. Incoherent Radiation
If the radiation emitted from the source region is incoherent,

the AFKR source region diameter, calculated from the correlation
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measurements, is from 1 te 16 km. For source region diameters in this
range, diffraction effects produce partially coherent radiatiom, with
nearly identlcal signals detected at each spacecraft. Amplification
lengths, between 1 and 16 km, are much too short to explain the
observed AKR intensity with the Doppler—-shifted cyclotron resonance

instability and simple wave amplification.

2. Coherent Radiation

d. Coherent Generation Mechanism

Any generation mechanism that produces coherent radiation will
be able to explain the high correlations., The radiation pattern pro-
duced by coherent radiation is dependent upon the phase, amplitude,
and the brightness distribution of the emitted signals. A spatially
coherent source is analogous to an antenna array transmitting broad-
band noise [Dull, 1970]. If the angular width of the radiation
pattern lobes 1s assumed to be equal to the angular separation of the
spacecraft, the source region diameter 1s less than 20 km. An ampli-
fication length of 20 km is too short to explaln the observed AKR
intensity with the Doppler—-shifted cyclotron resonance instability and
simple wave amplification.

If the angular width of the radiation pattern lobes is assumed
to be narrower than the angular spacecraft separation, the source
region diameter could be much larger than 20 km. With a large source
region, the amplitude of the detected signals would vary over a large

range of values, The amplitude of the detected signal is dependent
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upon the spacecraft position within the radiation pattern. The ratio
of the signal strength received by ISEE-1 to the signal strength
received by ISEE-2 would vary widely, for individual bursts. Qualita-
tively, this variation in burst intensity ratios is not observed in
the data. Inspection of the spectrograms shows that intense AKR
bursts observed by ISEE-1 are also intense, when observed by ISEE-2.
Weak AKR bursts observed by ISEE-1 are also weak, when observed by
ISEE~2. HNo case has been identified that shows an intense AKR burst
observed by one spacecraft, that is not observed by the other space-
ceraft, If the angular width of the radiation pattern was much smaller
than the angular spacecraft separation, there would be more differ-
ences observed between the ISEE-1 and -2 spectrograms.

Refraction near the source reglon, or reflection from the
plasmapause, of coherent radiation could spread the radiation over a
wider solid angle. From equation (4l1), the angular width of the
radiation pattern, for a Gausslan brightness distribution B3 wave-
lengths in diameter (100 km at an emission frequency of 250 kHz), is
0.44°, The maximum angular spacecraft separation, for the events
analyzed, is 2.4°. Spreading the angular width of the radiation by a
factor of 5.46 is consistent with the ray-tracing results, for waves

reflecting from the plasmapause.

b. Laser Feadback Model

With the laser feedback model, the source region diameter,

inferred from the measured correlations, is less than 20 km. From an
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analysis of the spacing of multiple discrete frequency components,
sometimes observed in AKR spectra, Calvert [1982] calculated the
source region thickness to be approximately 25 wavelengths, The wave
growth required for the laser feedback model is consistent with the
growth rates predicted by Omidi and Gurnett [1984], with the steepened

electron distribution functions.
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CONCLUSIONS

A, Results

With a source region emitting incoherent radiatiom, the
correlation measurements give source region diameters from 1 to 16 km.
A simple amplifying region model, which only amplifies the incoming
radiation, can produce high correlations only if the source region
diameter is smaller than 20 km. 5mall source region diameters are
required for diffraction effects to produce partially coherent radia-
tion. The wave growth, computed with steepened electron distribution
functions and the Doppler-shifted cyclotron resonance instability, is
not large enough to explain the observed AKR intensity, with source
region diameters less than 20 km. This result strongly indicates that
the radiation is coherent.

The correlation measurements are consistent with generation
mechanisms that produce coherent radiation. The similarity of the
ISEE-1 and -2 spectrograms indicates that the angular width of the
radiation pattern is larger than 2.5°. Source region diameters of
less than 20 km or refraction (reflection) of waves emitted from a
larger coherent source reglon (~100 km) will produce a radiationm
pattern with an angular width of 2,5°. The wave growth, computed with
steepened electron distribution functions and the Doppler—-shifted

cyclotron resonance instability, is large enough to explain the
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observed AKR intensity, if amplification length is greater than 70 km
or if the radiation is generated with the laser feedback model.

The radiation emitted from the AKR source region must be coher-
ent over an angular width of at least 2.5° to explain the observed
correlations. The generation mechanism for AKR must be able to pro-
duce coherent radiation, and have sufficient growth to explain the

observed AKR intensity.

B. Areas for Further Investigation

Several aspects of this research deserve further study. First,
much longer baselines could be achieved by simultaneous interferometry
with three satellites, ISEE-1, ISEE-2, and Dynamics Explorer 1 (DE-1).
Since DE-1 is in a polar orbit and the ISEE spacecraft are in equato-
rial orbits, very large spacecraft separations are possible. With
three spacecraft, the exact source region location can be determined
for individual bursts and data would be provided simultaneously at
three projected baselines. With the the proper spacecraft locations,
orthogonal components of the source diameter could be measured.

Second, the abrupt changes in the correlation phase can be
produced by changes in the characteristics of the burst (such as a
change in the emission frequency), source region motion, or by
propagation effects. Explanation of these correlation phase shifts
could provide information about the generation mechanism of AKR.

Third, measurement of the instantaneous radiation pattern for

individual bursts would provide direct evidence of the source region



10z

diameter, if the radiation 1s coherent. Comparison of the signal
strengths, of the individual AKR bursts detected by two or more widely
separated spacecraft, would provide a map of the radiatlon pattern.
Fourth, in addition to providing information about the spectrai
characteristics of an AKR burst, the correlation, as a function of
signal delay can be used to identify reflected waves and waves
propagating directly to the spacecraft. There should be two peaks in
the correlation, as a function of delay, one for the waves propagating

directly to the spacecraft, and one for the reflected waves.
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Table 1

Slope of the Striations in Frequency-Time Correlograms,
for Different ISEE-1 Signal Delays

ISEE-1 Signal Delay (msec) Slope (°) Cotangent of Slope
6.0 163.00 -3.2709
545 161.50 -2.9887
5.0 160.00 -2.7475
4.5 158.00 -2.4751
4.0 155.50 -2.1943
3.0 148.50 -1.6319
2.5 144 .00 -1.3764
2.0 138.00 -1.1106
1.5 130.00 -0.8391
1.0 120.00 -0.5774
0.5 107.00 =0.3057
0.0 92.50 =0.0437

-0.5 77.50 0.2217
-1.0 63.50 0.4986
=1.5 53.00 0.7536
-2.0 44 .50 1.0176
-2.5 37.50 1.3032
-3.0 33.00 1.5399
=3.5 29.00 1.8040
=4.0 25.75 2.0732
-4.5 22.75 2.3847
=-5.0 20.75 2.6395
=5.5 19.00 2.9042
-6.0 17.50 3.1716
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Table 3

Amplifying Region Diameters for Different Illumination
Cone Sizes, Assuming Diffraction Effects

Q{°) d (wavelengths) d (km) aldeg = 10-3)
70.0 1.06 1.28 0.96
60.0 1.22 l.46 1.10
50.0 .44 1.73 1.30
40.0 1.78 2.14 1.60
30.0 2.36 2.83 2.186
20.0 3.51 4.21 3.15
10.0 6.99 8.39 6.28

5.0 13,97 16.77 12.60

2.5 27.94 33.53 . 25.10

R =12.0 RE’, f = 250 kH=z.



Table 4

AKR Source Size Predicted by Single
Amplifying Region Model

106

B* Correlation (%) p/Q QR (%) dy (km)! dy (km)¥
1 95 0.040 62.5 83488 1.47
1 90 0.080 31.3 41811 2.83
1 85 0.117 21.4 28586 4.11
1 BO 0.157 16.0 21373 5.49
1 75 0.200 12.5 16698 7.02
1 70 0.240 10.4 13915 B.42
1 65 0.280 B.9 11927 9.81
1 60 0.320 7.8 10436 11.21
1 35 0.363 6.9 9191 12.73
1 50 0.403 6.2 8287 14,13
2 95 0.040 45.0 60111 2.00
2 90 0.080 22.5 30056 3.92
2 B3 0.117 15.4 20571 5.70
2 B0 0.157 11.5 15362 7.63
2 75 0.200 9.0 12022 9.74
2 70 0.240 745 10019 11.68
2 65 0.280 Buod 8587 13.62
2 60 0.320 5.6 7514 153.57
2 55 D.363 5.0 6618 17.68
2 50 0.403 4.5 5961 19.62
*Baseline parameters:
B=1, b =23340 km, B = 2.5°, R = 12.0 Rg, f = 250 kHz.
B=2,b=2400 km, B = 1.8°, R = 12.0 Rg, f = 250 kH=z.
rdl is large amplifier solution.
*dg is small amplifier solution.



Table 5

AKR Source Size Predicted by Multiple
Amplifying Region Model

B* Correlation (%) a(deg x 1073) d (km)T
1 95 5.26 7.03
1 90 7.54 10.07
1 85 9.36 12.51
1 80 10.97 14.66
1 75 12,46 16.64
1 70 13.87 18.53
1 65 15.25 20.37
1 60 16.60 22.18
1 55 17,96 24.00
1 50 19.34 25.83
2 95 7.32 9.78
2 90 10.49 14.02
2 85 13.03 17.41
2 80 15.27 20.40
2 75 17.34 23.16
2 70 19.31 25.79
2 65 21.22 28.34
2 60 23,10 30.86
2 55 24.99 33.39
2 50 26.91 35.95

*Baseline parameters:

B=1, b=23340 km, B = 2.5°, R = 12.0 Rg, f
B =2, b=2400 km, p = 1.8°, R = 12.0 Rg, £

Td is small amplifier solution.

250 kHz.
250 kHz.

107
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Figure 1. The ISEE-1 plasma wave experiment block diagram (from
Gurnett et al. [1978]), showing the narrow band sweep
frequency receiver, the coarse resolution specktrum
analyzer, the wave normal analyzer, the wideband receiver,
the three electric dipole antennas, and the triaxial search

coll magnetometer.
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Figure 2. A diagram of the ISEE-1 spacecraft (from Gurnett et al.
[1978]) showing the physical locations of the six electric

field antennas and the triaxial search coil magnetometer.
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Figure 3.
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A block diagram of the ISEE-1 wideband receiver electronics
(from Shawhan [1979]). The ISEE-2 wideband receiver is
identical to the ISEE-~l wideband receiver, except that no
40 kHz bandwidth mode exists, and the reference frequency
mizxed with the received signal is 15.125 kHz instead

of 62.5 kHz,.
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Figure 4. A block diagram of the ISEE-2 plasma wave experiment (from

Gurnett et al. [1978]) showing the two electric dipole
antennas, the coarse resclution spectrum analyzer, and

wideband receiver.
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Figure 5. A diagram of the ISEE-2 spacecraft (from Gurnett et al.
[1978]) showing the physical locatlons of the two electric

field antennas and the search coil magnetometer.
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Figure 6. The ISEE interferometer tape recording scheme (from Shawhan
[1979]). The analog data, frequency references, and time
code information for one spacecraft are recorded on the
same tape recorder track. The reference frequencies can be
used to determine the exact local-oscillator frequency for
each wideband receiver and the time code can be used for

preclse time alignment of the data.
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The ISEE interferometer anaL&g tape processing scheme. The
analog tape can be processed to produce three types of
outputs. Strip chart recordings can be produced, giving
the correlation fringe amplitude, the digital output from a
Nicolet UA-500 A spectrum analyzer is interfaced to a
computer for further analysis of the spectral
characteristics, and 70 mm survey plots and correlograms
can be produced over large time intervals. The one-bit
digitized data can also be computer processed to produce

delay-time correlograms.



121

[/ @2an81g

SWYHI0TIHH0D {1F2+3221) = (')
ONy "
5107d __H.u}mum vHL123dS 03vi3a 30NLITdWY 3oNINS (% (0%
W3LSAS ﬂ
SHOLYT3NH0D
VHIWYO e e S0/ NIS | NIS/NIS
OV ILN % 3
| H3LNaWOD .._..
LINN NOILVLNdWOD [
NOLLONNA- 111N —
2-now
L9 ¥314IHS 3SVHd
] 1 JUNLYHOYND 2051 40 1s05 | 0
YIZATUNY
SHIZATYNY uﬁwﬁ%
“.r:.w:._.m__uﬂ.qm AYI30 3NIL i G
L : VI v
Z540's q
e .._” —=
e |ETNOILHO ) SHILTIS |
LIE-9F S9N | S55vd- GNvE ._ﬂﬁnn

i

3000 3NIL 25 ig
Y30HOD3Y 3dl

JW3HIS ONISSIO04d IdVL DOTVNY

LkL-¥BD =2



D-G81-502
I
5
£
=
]
-
e B
& E
i 130_'5_4‘ ..1‘:.{:-'_'»1 M‘Hﬁkﬁ-“w T..\. v
125 T T l", | :.l I'I I"'['I
1725:00
135 ——— .
3 ‘-.I-*f:.h:'.":‘":»‘ = mLLTnE
m_-*éf%“*.d.n.. W.,,,,,«m e PN e
L s e e 3 o e
1725:00
N\
e
SIN I x SIN 2

(125.0 = 135.0 kHz)

SIN | x COS 2

SIN | X SIN 2

128.5 = 130.5 kHz)

SIN | % €OS 2

WWWWW{A ’u‘W L‘,Wm#

|725 lo I?25 15
DAY 163 JUNE 12, 1978
R=22.327 Ry MAG LAT=98° MLT=200HRS | -R,|-498KM

Figure 8

!

50%
CORRELATION

50%
CORRELATION

100%
CORREI_ ATION

100%
CORRELATION

123



124

Figure 9. The top panel shows the detailed spectrum of an AKR burst
over the full 10 kHz bandwidth. This burst has an
extremely narrow signal bandwidth. The background noise
levels can be measured and filtered before performing the
correlation. The bottom panel shows the spectrum of the
bandpass filtered signal, with the background noise

removed .
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Figure 10. This figure 1s a delay-time correlogram for white-noise
test signals with a 10 kHz bandwidth. The correlation is
plotted as a function of time for different signal delays.
The slope of the striations is a function of the center
frequency of the signals and the local-oscillator fre-
quency difference. The rate of decrease in the correla-

tion is determined by the bandwidth of the signal.
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Figure 1l. This figure shows the correlation, for different signal
delays and bandwidths, of a signal with a white-noise
power spectral density. The wider the bandwidcth, the

faster the correlation decreases.
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Figure 12. This figure shows the correlation, for different signal
delays and bandwidths, of a signal with a Gaussian power

spectral density.
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Figure 13.
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This figure shows the correlation of a signal with a band-
pass filtered Gaussian power spectral demsity, for differ-
ent signal delays and ratios of filter bandwidth to signal
bandwidth. The shape of the curves, for different filter
bandwidth to signal bandwidth ratios, are very similar for
correlations above 20 percent. This indicates that the
bandwidth is more important in determining the rate of
decrease in correlation, as a function of signal delay,

than spectral shape.
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Figure 14, This figure shows the correlation of a two-dimensional
Gaussian brightness distribution as a function of the
source size multiplied by the baseline. The source size
is defined as the angular width of the points where the
brightness has been reduced by a factor of l/e. An inter-
ferometer can directly measure the source size only for

ineoherent radiation.
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Figure 15.
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The integration time constant of the correlator will lower
the measured correlation if the fringe rate is comparable
to the time constant. This figure shows the coherence, as
a function of the integration time constant, for fringe
frequencies of 6 Hz (the fringe rate at 250 kHz) and 3 Hz
{the fringe rate at 125 kHz). The time constant used in
the correlator is 10 ms, thus the correlation is reduced
by 2 percent for the 125 kHz data and by 5 percent for the

250 kHz data.
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Figure l6.
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This figure shows a series of correlograms that was pro-
duced by correlating identical signals with white-noise
power spectral densities, obtained during spacecraft inte-—
gration, with different éignal delays. The slope of the
striations 1s a functlon of the signal delay, and thus can
be used to determine the signal delay required to maximize

the correlation.
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Figure 17. This Eigure is a plot of the reciprocal of the striation
slope as a function of signal delay. From the slope of
the striations, the desired signal delay can be determined

to within = 100 usec.
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Figure 18. This figure shows the geometry of the field-aligned
coordinate system chosen, to determine the projected base-
lines. The z axis of the source—centered coordinate
system 1s along the source-baseline direction, and the
magnetic field is in the y-z plane (the source—centered
coordinate system can also be rotated so that the gradient
of the magnetic field is in the y-z plane), to give base-
line components parallel and perpendicular to the magnetic

field (or gradient of the magnetic field).
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Figure 19. Spectrograms and correlograms for an AKR event detected by
ISEE-l and -2 on June 12, 1978. The top two panels show
the independent spectrograms of the signals received by
ISEE-2 and -1. The second two panels are frequency—time
correlograms for this event. MNearly vertical striations
can be seen in the correlograms, indicating that the

signals are close to being correctly time aligned.
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Figure 20.
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This figure 15 a continuation of the event shown in Figure
19. This event has regions where the bandwidth is
extremely narrow, e.g., between 1725:07 UT and 1725:15 UT,
and other regions where the signal bandwidth is several
kilohertz. Comparison of the correlograms, for the
unfilctered and filtered signals, shows that in addition to
having a higher correlation when filtered signals are
correlated, small amplitude fringes can be observed in the
filtered signal correlogram that were not observed in the
unfiltered correlogram (e.g., between 1724:46 UT and

1724:48 UT).
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Figure 21.
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Spectrograms of three events detected by ISEE-1 and -2 on
February 20, 1979 between 0038 UT and 0052 UT. Comparison
of the signal amplitudes received by both spacecraft may
help determine the size of the solid angle that an

individual AKR event is beamed into.
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Figure 22.
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Spectrograms of three events detected by ISEE-1 and -2 on
February 20, 1979 between 0307 UT and 0312 UT. The burst
starting with a frequency near 4 kHz at 0308:10 appears to
rapidly change bandwidth or amplitude. The burst rising

in frequency at 0311:20 is another of the bursts

analyzed.
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Figure 23. This figure is a delay-time correlogram for an AKR event
detected on February 20, 1979. Since this burst has a
very narrow bandwidth, the correlation remains large over

a wide range of delays.
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Figure 24. This figure is a time~delay correlogram for the same AKR
burst as in Figure 23 but 1 second later. The abrupt
phase changes in the correlation are presently not

understood.
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Figure 25. This delay-time correlogram shows the effect of signal
bandwidth on the correlation for different signal delays.
The correlation is maximized in the region where the
striations are most uniform. There appears to be short
time intervals where the bandwidth of the burst is

narrower than at other times.
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Figure 26. The vertical spacing of the fringes in a delay-time
correlogram is a function of the center frequency of the
correlated signals. As the frequency of the signals

increases, the spacing of the fringes decreases.
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Figure 27. The correlation as a function of baseline is fit to a
model source brightness distribution for incoherent
sources. The source region diameter is determined

primarily by the correlation at the longest baseline.
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Figure 28.
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This figure shows the geometry of the amplifying region
model. If the size of the amplifying region is comparable
to the wavelength of the radiation, the angular size Q of
galactic background illuminating the spacecraft through
the amplifier can be larger than the angular size 8 of the
amplifier as viewed from the spacecraft. For large ampli-
fying regions, the two angular sizes O and 8 are equal.
For this model, the correlation is related to the area of
overlap between the illumination cones for each space-

craft.
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Figure 29. This figure is a plot of the correlation predicted by the
amplifier model for different ratios of spacecraft separa-
tion to the angular size of the illumination come. The
correlation goes to zero when the illumination cones no

longer overlap.
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Figure 30.
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This figure shows the angular size of the radiation
pattern from a coherent Gaussian brightness distribution,
for different angular diameters of the brightness distri-
bution. The angular size of the radiation pattern remains
narrow until approximately 25 km for an emission frequency

of 250 kHz.
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Figure 31 .
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The total wave growth, required to explain the observed
intensity of AKR, is plotted as a function of source

region diameter. Decreasing the source region diameter
by a factor of 10, increases the required wave growth by

20 db.
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Figure 32. The growth rate, required to explain the observed
intensity of AKR, is plotted as a function of source
region diameter. The growth rate within the source region
is assumed to be constant. The growth rate increases very

rapidly for source region diameters less than 10 km.
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APPENDIX A

CALCULATTON OF THE CROSS5-CORRELATION FUNCTION

This derivation of the cross—correlation function follows the
derivation of Rogers [1976], but includes the additional signal
delays encountered with satellite-satellite interferometry.

For simplicity, it is assumed that the radio source is an
unresclved point source, i.e., the angular size of the source 1s much
less than the fringe spacing A/D, and has white-noise or’ Gaussian
spectral characteristics. The signals detected by each spacecraft are
identical, but are displaced in time by an amount equal to the source-
spacecraft propagation time difference. To compute the cross-
correlation function Ryy(t), the spectral and phase characteristics

and delays of the detected signals must be calculated.

A. Cross-Correlation Function for an
Arbitrary Power Spectra

The signals detected by each spacecraft are:

x(t) = z(t - tg1) for ISEE-1 and {a-1)

y(t) = z(t = 135) for ISEE-2 , (A=2)
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where z(t) represents the signal emitted from the source reglon, tg; is
the propagation delay from the source region to ISEE-1 and 155 is the
propagation delay from the source regiom to ISEE-2, and t is the time.

The Fourier transforms of the detected signals are:

X(w) = Z(w)e *¥%sl  for ISEE-1 and (A-3)

w2 gor 1sEE-2 . (A=4)

Y(w) = Z(w)e
At each spacecraft a single-sideband receiver translates the
10 kHz observing frequency window downward to the range of 0 to 10 kHz.
The conversion frequency is derived from a crystal oseillator in each
recelver. The primary cause of the observed frimges in the cross-
correlation function is the small difference (on the order of 1 to
10 Hz) between the conversion frequencies in each receiver. The

single-sideband receiver outputs are:

x'(t) = x(t)eos(u t + ) + [x(t)cos(ut + o+ =/2) ]mz (A-5)

1 ﬂwu ﬁmb
x'(c) =5 x(c)[exp{1[(wg + —=)e + o ]} + exp{-1[(wp + —=)& + ¢ _]}]

Aw

+ (3 E 2 exp{-i[ (wo + -t + 6 ]}

ﬁmu
- expli(ug + =2 + ¢, 111,/ (a-6)
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for ISEE-~1 and

y'(t) = Y(titﬂﬂﬁu?t + ¢F} + [FEthns(w%t + by + “12]]Lnfz (A-7)

1 Buy, By
y'(t) =7 y(e)[exp{i[(wg - —=)e + o, 1} + exp{-1[(wg - )t + o, 1}]
Aw,
+ [ H 2 exp{-1[ (0o - )t + o, ]}

Aw
- exp{~1[ (w0 ~ -t + ¢, ]H], 5 (4-8)

for ISEE-2, where ¢y and ¢y represent the initial phase of the local
oscillators in the ISEE-1 and -2 receivers, and wy and wy are the
conversion frequencies.

Let

Wy = wp + Awp/2  and wy = wp ~ Awo/2 . (A=9)

where

wy is the ISEE-l receiver conversion fregquency,

Uy is the ISEE-2 receiver conversion frequency,

wg is the average receiver conversion frequency, and
fAwp is the difference between the ISEE-1 and ISEE-2

receiver conversion frequencies.
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To compute the Fourier transform of the phase-shifted signal,

we must divide the Fourier transform into pieces.

Let

X(w) = xmx(m} + X‘C*J-k({ﬂ] (A-10)

= ):)_mx{m) + x<_mx{mj (A-11)

and
T(w) = Y>wx(u.1} e Y<wx{m} (A-12)
= Y>_uh(m} + Y‘C“ﬁb:{m) ; (A-13)

where the subscripts indicate the region in which the transform is

NONZEro.

- [R(w) w2 owy -
Xy, (@) { e LB (A-14)

- ¥ w) w <y <3
xmx{m} { 0 e (A-15)

X)_mx(m,) & {]{(m} & —ly {&—lﬁ]
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_ o Xw)  w € omwy A

X{_wx[u] = 0 W P =l Ll
_ of(w) w e

Y>my{w} = {75 o ﬁ (A-18)

= [Y(w) w < Iy
Y(my{m) { 0 w :; (4-19)
Y(w) w»- _
Y}qmyiwj = { 0 w < *u;? (4-20)
¥ () = {Y(wl w < —uwy (4-21)
(_MY 0 w ? —ldy

The Fourier transform of the single-sideband receiver outputs
can be found by taking the Fourier transforms of equations (A-6) and
(A-8) and substituting (A-14) through (A-21) into the result.

The Fourier transform of the receiver outputs are:

X'(w) = 3 [%,._,, (&= wg - Buwg/2)et % + Ry (0 = 00 - Bwg/2)et %
+ Xy, (0w + Awp/2)e 1% 4+ xmx{m + wg + Awg/2ye Lx]

+% [X>_mx(m - wp = ﬂ-mufﬁem“ + X mx(m - wg ~ ﬂmnIE}EM“

&

- x>mx(m + wy + ﬂmGIZJe—i¢x - X, (w+ wg+ &mﬂf2}e_i¢x]L

wy /2

(A-22)
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¥'(w) =% [Y>_uh{m - wg + ﬁmufz}ei‘#? + Y(*uaj.(m - wg + ﬁmufzjeiq’?

+ Y>my(m + wp — ﬂ.wufi}e_i%' + Y(u?{w + wg - &mn!'Z)e_id}F]

+ 3 [¥

2 omuy (0= wy + ﬂmufz_)eiql}'

(w = wg + ﬁmnz’z}eiq’l' + Y<—m},

- Y)my(” + wg - &mufzie_i¢? = Y<w?(m-+ wy -~ ﬁMﬂKEJE_i¢Y1L“¢2

(A-23)

Since the phase of a signal 1s always an odd function of fre-

quency, the Fourler transform of a signal phase shifted by 90° is:

1 Flw) i w
w

>0
P2 =1 4 pewy £0 4 (A-24)

Applying the 90° phase shift to equations (A-22) and (A-23),

and summing gives the Fourier transform of the receiver outputs:

X'(w) = Xw + wp + Awg/De % uw0

= Yw - wg = ﬁmufz}ei¢“ w < 0 for ISEE-1 (A-25)

and
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TG WO e Ml e Yy s

Y(w - wg + ﬂmuf2}21¢? w < 0 for ISEE-2

. (A-26)
At the telemetry station the received signals are:
x*(t) = x"(c - 151} for ISEE-1 and (A-27)
y*"t) = y'(t - ngj for ISEE-2 , (A-28)

where Tgl is the propagation delay from ISEE-1 to the telemetry

station and tgy is the propagation delay from ISEE-2 to the telemetry
station. The Fourier transforms of the signals received at the

telemetry stations are:

X"(w) = X'(we 9%l  for ISEE-1 and (A-29)

Y w) = Y'(w)e *9%82  for ISEE-2 . (4-30)

I"(w) and Y"(w) in terms of Z(w), the Fourler transform of the
signal emitted from the source region, can be found by substituting
equations (A-3) and (A-25) into equation (A-29) and by substituting

equations (A~-4) and (A-26) into equation (A-30).
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The results of these substitutions are:

A" w) = e-i[mtgl+¢x+(ur!~mu+ﬂmuf2]1311 Z(w + wp + Awg/2) w»0

e Llutgr=tx(urwg=dwo/2) %1l Ze - o - Awg/2) w < 0 (A-31)

and

E-i [n:-'i.:g 2+|11y+( whg—Awg/ 2) g 2]

Y"w) = Z(w + wg — Auwp/2) w0

(A-32)
The cross-spectral function,

Sx?(m) = X"(w)Y"*(w) : (A-33)

is the Fourier transform of the cross—correlation function nyft}.
The result of substituting equation (A-31) and the complex conjugate

of equation (A-32) into equation (A-33) is:

S. = Z({w + wy + Awp/2)Z%(w + wg - ﬁmﬂfﬂe—i[{mn]r'ﬁ] B

xy

- )
= 2(w = wp - Awg/2)Z*(w - wo + Awg/2)e TL(UrwOIT=Bl W <O,

(A-34)
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where

T' = 151 * Tg1 ~ Tg2 T Tg2

and

0 = dx = ¢y + Bugltgy + 752)/2 = woltgy = Tg2) (A=35)

Using the approximation

F(o + Aw/2)F*(w - Aw/2) ~ F(w)F*(w)e 4% (A-36)
[Rogers, 1976],
5,y = K + w20 + woye 110 T WOIT B duetl -, 5
(A4-37)

= Z(w - quZ*{m = wu)e*iffw = wg)t' = 8 = Awpt] G <0

The cross—correlation function Ryy(<) is defined by

Ry (7 = =1 Exr{m}eimt da . (4-38)
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-1 [( urwg) T'-0-hAwgt | Eim-r

0
R“T(T} - % I_n Z(ru: - wpZ¥(w - wple dw

—1[(whwg) t'+0+HAwgt] _iwe

o
+ % I Z(w + wp)Z*(w + wgle dig s

(u]

(A-39)
Let
w' =w=-w for w < 0 and
w' =w+wy formwa20 .
Thus,
El .].'__. ' & 1 ‘i(_ﬂlﬂut‘fm‘ T"—B) i{ﬂl""ulu}'t .
Xy 1 I Z(w')Z%(w')e e dw
—
. —_ L4 L |
+% [ 2(w")z¥*(w')e 1(Awpttw' v'+8) i(w'-wplT 4 .
g
(A=40)

=
u -
[ 2(e"z*(en)el? (7T gy

-

R = A [ei{ﬂmut‘l'ﬂ-l-wn 1) I
Xy 2n

1 [E‘i( Awpt+B+wgT) 1 f

7n z(m')z*{m' Jeim'{‘c—tl) st )

+
g

(A-41)
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We can introduce the receiver bandwidth into equation (A-41) by
integrating from -wj), to -wg and from wyp to wy, where w) is the upper

band-edge frequency for the receiver.

—g 1 1
R = i__[eiiﬁmut+ﬁ+wut}] f Z{m'}Z*(m‘}eim (esld duw'
xy 2=
-y
i 4 w] 1 '
+%[e 1(Awg EH‘mu'l:}]J- E(W.Jz*tm,]eim{vt) dutc .
wg
(A-42)
where
g = - +Aw (¢ + <t )/2 ~w (s =7 )
‘._q_""_,;"-"', 0 sl 82 0 gl g2
= e -’ b S e
Local oscillator Average source-spacecraft Spacecraft-ground
phase difference propagation time station propagation
at T =0 time difference
and

' =15 + Tgl T Tg2 T Tg2 ’
L —— -

Total propagation
time difference
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frequency difference between receiver local oscillators

1]

Awg
(radians/sec),
twg = average local oscillator fregquency (radians/sec),

1 = delay (sec), and

L
m

time (sec).

B. Cross—Correlation Function for a
White-Noise Power Spectra

We will now compute the cross—correlation function for a rec-
tangular filtered 'white-noise' power spectra with a center frequency
e, Within the passband of the receiver.

For a rectangular filtered 'white-nolse' power spectra, normal-

==}
ized so that [ 2Z(w)Z*(w)dw = 2=,
-

" _ (WAw  for we - Aw2 < |w| <€ we + Aw/2 _
2(w)z™(w) = {7 thatlsa . (A-43)

Substituting equation (A-43) into equation (A-42) gives the cross-

correlation funection:

Ei ( Awgt+EuwgT) ] J-mc+ﬂuﬁ2

"uE-EuEE

T !

iw'(t1") '
ny The a dw

[

i) +.|':'|.L|.\(2 T [ ]
A [E—i{ﬂmut+ﬂ+mg1}I I c eim {t<') di' (A=44)

+
2440 m&-ﬁuﬁz
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sin[-%E (t - 1'}1

32 (z - 1)

E—i[ﬁmut+ﬂ+m01-mc(1—1'}]

1
ny T{

Bin[-%E (v = 1")]

2 1 {Ei[ﬁmut+ﬂ+mu':—w:{'r-1')]} (A-45)
< A8 p - gy
2
HIHE%E (t=-1"]
ny = cos[Awgt + 8 + wgT - welT = T')] .$E ——— ‘
(A-46)

C. Cross—Correlation Function for a
Gaussian-Shaped Power Spectra

We will now compute the cross-correlation function for a
Gaussian-shaped power spectra with a center frequency w., within the
passband of the receiver.

For a Gaussian—-shaped power spectra, normalized so that

Jﬂ Z(w)2*(w)dw = 2,

Z(w)Z* (w) =‘£t [E-n{m—mgizfﬁmz ” E*u{m+mﬂ)2fﬂm2] . (A=47)

Substituting equation (A-47) into equation (A-42) gives the cross-

correlation function:
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—g = A 2 2
ij‘__di_i_hi[eifﬂmut+ﬂ+mu‘r}]j [e ' =w.) </ Aw
-y

+ E-ﬂ{m'-l-mcj 2f &mz]eim‘ (t=1")

Al Ziw [E-i(ﬁmut+9+wutl]
" jml [E—ﬂ{m'—mt}zfﬁmz " E-ﬂ(m‘+ut}zfﬁmz]eim'{t—r')dm. .
wp

(A-48)

For a Gaussian-shaped power spectra with a bandwidth that is
narrow compared to the bandwidth of the receiver the cross—correlation

function can be approximated by integrating from —= to +=.

1 i(Awgt+e+ ® et ) 2 Aw?  iw' '
Ry =iy (MM [ et Y het gut(er g

-

+ﬁ[e—i(ﬂmut+ﬂ+muﬂ] J-w E-ﬂ{m'*-mc}zfﬂwz eim'{'r-'r'} dw'

(A-49)

R il {Eifﬂmnt+ﬁ+¢uu':—mc(1*-1';l] -Aw?(t=1') %/ 4n
xy 2 ¢

+ e L [BuoE+OrugTuc(T-1")] -AuX(t=c') Y/ 4n) (a-50)
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)]
e R
s[Awgt + 8 + wgT = W

co

ny =

~pw(t=t") 2 b4n
X e

(A-51)
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APPENDIX B

DERIVATION OF AN INTERFEROMETER'S RESPONSE

TO AN EXTENDED SOURCE

This derivation of an interferometer's response to an incoher-
ent extended source follows the derivation of Tyler [1966] but uses
the geometry pertinent to satellite-satellite interferometry. For
this derivation, the exact details of the recelver's operation are
neglected. (See Appendix A for an analysis of the receiver—correlator
response to a wide bandwidth signal from a point source.) The quadra-
ture outputs of the receiver—correlator are modeled as a phase shift,
multiplication, and low pass filtering of the radio signals detected
by each spacecraft. The baseline length is assumed to be very much
shorter than the distance to the source, the source is assumed to be
small (i.e., smaller than the angular beamwidth of the individual
antennas), and the brightness distribution is assumed to go to zero
away from the center of the source. The brightness of the source is
normalized so that the integral of the brightness distribution over

all space is equal to l.
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A, Definition of Coordinate System and Parameters

Consider an arbitrary orthogonal coordinate system (x',y',z')

centered on the midpoint of the ISEE-1 and -2 baseline, as shown in

Figure B-1. The r, ®, and ¢ components are the normal spherical polar

coordinates, with distances measured in wavelengths. The parameters

and vectors used to define the baseline and source location in the

(x',¥',2') coordinate system are:

D/

5 = (3 D/7,0p, 6p)

E = {l,@b,{hh}

8q = (50,20,%0)

sp = (1,80,80)

s = (5,0,6)

s = (1,0,6)
5

)

Length of baseline (wavelengths)

Length and direction of baseline wvector

Baseline unit vector

Distance and direction to center of source
location

Unit vector pointing to center of source
Distance and direction of arbitrary vector
extending to point s

Unit vector in direction of 8

Angle between G and s

Angle between b and ;0

The orthogonal source centered coordinate system (x,v,z) is

chosen so that: (1) its origin is at the center of the source region,

(2) its 2z axis is in the same direction as ;u, and (3) the dot

product of x and z' is zero (i.e., x has no z' component). The
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brightness distribution, in source-centered coordinates, has
coordinates measured as angular positions, relative to the origin of
the baseline-centered coordinate system. The parameters used to
define the baseline and brightness distribution relative to the source

centered coordinate system are:

x = (g = #)sin @ Source-centered coordinate (radians)
y = (8g — @) Source-centered coordinate (radians)
S(x,v) TWG-dimEnaiunal brightness distribution
in source~centered coordinates
{ff S(x,v)dxdy = 1)
u Projection of the baseline in the
% direction (wavelengths)
v Projection of the baseline in the
y direction (wavelengths)
w Projection of the baseline in the

z direction (wavelengths)

The correlator has two quadrature phase outputs, Cp and Cgg.
The Cp output is the correlation of the ISEE-1 signal with the
ISEE-2 signal. The Cgp output 1s the correlation of the ISEE-1 signal

with the 90° phase-shifted ISEE-2 signal.
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BE. Source Relative Baseline Projections

The response of an interferometer to a two-dimensional bright=-
ness distribution is dependent upon the projections of the baseline
relative to a the source—centered coordinate system. The baseline
projections are computed by taking a vector dot product of the
baseline unit vector b with unit vectors in the source-centered
coordinate system (X, v, and z) and multiplying by the length of the
baseline.

From the geometry shown in Figure B-1, the direction to the

center of the source location is:

sg = sin Op(cos dox' + sin boy') + cos 02" N (B-1)

the unit vectors of the source—centered coordinate system are:

x = sin ¢g£' - cos oy’ {B-2)
y = — cos Op(cos ¢u§' + sin ¢u§'] + sin BUE' (B=3)
z = sin Op(cos dgx' + sin ¢gf'} + cos Gué' " (B-4)

and the baseline unit vector is:

b = (sin Bb(cas ¢b£' + sin ¢h§'} + cos Ghﬁ' . {B=5)
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The baseline projections are:

u=D/A x+ b=D/Asin 6 sin(dg - ¢p) (B-6)

v=D/A ¥y b

D/A(- cos @y sin Oy cos(dpg = $p) + sin Bg cos By) (B=7)

D/AzZ * b

E
i

D/A(sin Bp sin O cos(dg = ¢y) + cos Og cos By) X (B-8)

where u, v, and w are the baseline projections in the x, ¥, and z
directions, respectively.

We can compute the angle between the baseline and an arbitrary
source element S(x,y) by taking the vector dot product of the base-
line unit vector b and a unit vector s (with components 1,8,4)
pointing toward the source element.

Thus,

cos(§) = sin @ sin EE cos(d - ¢h} 4+ cos O cos Gb " (B=9)

where & 1s the angle between b and s. By examining equation (B-9) and
equations (B-6) through (B-8), we see that the baseline projections

can also be written as:
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L dlcos &)
u = - D/Af ]’ (B-10)
sin @ od b0 00
— nn[—a—(‘ig-;—mﬂ (B-11)
¢ﬂraﬂ
w = D/A(cos 6}i¢u iy D/h cos 6g . (B~12)

C. Response of an Interferometer to a Point Source

We want to determine the response of the interferometer to a
point source of flux density S(x,y) = &(x - xg)&(y - yg) with position
coordinates (s,8,¢). The normalized outputs from each receiver

(assumes a gain of V2 for each antenna-receiver combination) are:

Ey = V2 sin(wt - EEE cos 6] for ISEE-1 (B-13)
and
D
Ep = Y2 sin(wt + 5= cos §) for ISEE-2 . (B-14)
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The phase-shifted ISEE-2 receiver output is:

= /2 cos(ut + 2 cos 8) (B-15)

E2/n/2 %

where & is the angle between the baseline unit vector and the vector
;, which points toward the source.

The output of the multiplier, Cp'(58), is therefore
Cg'(6) = EE, = [cnsfg%g cos 6) - cos(2ut)] . (B-16)

The low-pass filter rejects the higher frequency term, giving

the output of the correlator:

Co(8) = cnsﬂg§2 cos &) (B-17)
and in a similar fashion

Cgg(8) = - s:l.::l[-%EE cos 8] . (B-18)

A

D. Response of an Interferometer to an Extended Source

To determine the response of an interferometer for anm
extended source region, we must integrate equations (B-17) and (B-18)

over the extended source. Consider the elemental solid angle
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dQ = sin 0dAdd = dxdy located at (8,4¢) or (x,y), having brightness
S(x,y). From equation (B-17), the response of the interferometer due

to this small portion of the source is:
2 27D
deCplx,¥,u,v,w) = S{x,y}casf—x- cos E]dxdy . (B=19)

By expanding cos(6) in a Taylor series about the origin of the
source-centered coordinate system and keeping only the first—order
terms, we get an expression for cos(&) in terms of the source-centered

coordinates, x and y.

cos & ~ sin @g sin Oy cos(dg - ¢y) + cos Op cos By

+ (6 = o) g2 0 + (0 - 0g) Deoe &) ¥
Q0> b0 g, b
(B=-20)
cos 6§ ~ cos 8 - x 51; Bu.ﬁ{c%; &) = ¥ a(cgg 5) .
B, o B0, do
(B=-21)

Substituting the expressions for the baseline projections [equa-

tions (B-10), (B-11), and (B-12)] into (B-21), we get:

cos & ~ A/Dlux + vy + w) : {B-22)
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Substituting equation (B-22) into equation (B-19) gives:

d?Cy(x,y,u,v,w) = S(x,y)cos[2xn(ux + vy + w)]dxdy

= S(x,y){cos(2Zmw)cos[2n(ux + vy)] (B-23)

- sin(2mw)sin[2n(ux + vy} ] }dxdy . (B=24)

Integrating over the entire source region gives:

Colu,v,w) = cos 2w II S{x,v)eos[2nlux + vy) |dxdy

- sin 2mw [[ S(x,y)sin[2n(ux + vy) ]dxdy (B-25)
Cgo(u,v,w) = cos 2mw C(u,v) - sin 2w S(u,v) , (B-26)
where
C(u,v) = [[ 8(x,y)cos[2n(ux + vy)]dxdy (B-27)
S(u,v) = [[ S(x,y)sin[2n(ux + vy)]dxdy . (B-28)

In a similar fashion the qradrature output Cgg{u,v,w) can be

shown to be:

Coplu,v,w) = — sin 2mw C(u,v) — cos 27w S5(u,v) . {B-29)
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We can define the complex visibility v of the interference
pattern as:
iEFw

vix,y) = e (Cqg + iCgg) . (B-30)

The el2™W factor compensates for the different source-spacecraft

signal propagation time for each spacecraft,

v(x,7) = et2™ [(cos 2mw - 1 sin 2mw)C(u,v)
~ 1(cos 27w - 1 sin 2m)S(u,v)] (B-31)
v(x,y) = et2™ 12 (o0 v) - 1 S(u,v)] (B-32)
v(x,y) = [Clu,v) = 1 S(u,v)] (B~-33)
v(x,y) = V(u,v)e 10¥) (B-34)
where
V(u,v) = [C2(u,v) + S2(u,v)]*’? (B-35)

and
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o= - ant[S0Y] (B-36)

V(u,v) represents the magnitude of the complex correlation and 2 is
the phase of the complex correlation.
Upon substituting equations (B-27) and (B-28) into equa-

tion (B-33), we get:

v(u,v) = [[S(x,y)cos[2n(ux,vy)dxdy + 1ffﬂ(x,y}ain[Zn(ux+vy}dxdy

—1i2n(uxtvy) dxdy . (B-37)

o J-I S(x,y)e

By having the brightness distribution go to zero at a small
distance from the center of the source region, we can extend the
limits of integration to plus and minus infinity, with the right-hand
side of equation (B-37) becoming the normalized Fourier transform of

the brightness distribution. Therefore,

s(x,7) = [] v(x,7)e 2™ g40 (B-38)

Thus, if it is possible to measure the amplitude and phase of the visi-
bility over all u and v, we can compute the brightness distribution by

taking the inverse Fourier transform of the complex visibility.
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In practice, the complex visibility is measured at discrete
values of u and v. The necessary sample spacing in the u-v plane is
determined by the angular size of the brightness distribution. For a
brightness distribution with ma;imum dimensions of X by Y radians, the

necessary sample spacings (in wavelengths) Au and Av are:

1
A = -z—x {3—39:!
and
vk A (B-40)
2Y

[Tyler, 1966].

The desired resolution of the radic map determines the maximum
baseline required. For a resolution of Ax by Ay radians, the visi-
bility needs to be sampled only up to the maximum baselines U and V

are given by:

1
U :.Eﬁm (B=41)
and
Vv £ o, (B-42)
2hy

[Tyler, 1966].
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This figure shows the source-baseline geometry, relative
to a coordinate system moving with the spacecraft
(primed system), and the coordinate system associated

with the source region (unprimed system).
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APPENDIX C

RAY-TRACING RESULTS

A ray-tracing analysis was performed to determine the effects
that different source region locations have upon the measured source
region size, the wave propagation times, and the projected baseline.
The ray-tracing analysis was performed for waves which propagate
directly to the spacecraft and for waves which reflect from the
plasmapause. For direct source-spacecraft propagation paths, the
source reglon location affects: (1) the angular width of the source
region, as viewed from the spacecraft, (2) the projected baseline,

(3) the propagation time for the waves to reach the spacecraft, and
(4) the emission angle, with respect to the local magnetic field inm
the source region, of the waves detected by the spacecraft. For waves
reflecting from the plasmapause, the different source region locations
and L-values of the plasmapause affect, in addition to the four param—
eters for direct propagation paths: (1) the shape and orientation of
the resulting source region image, relative to the projected baseline,
and (2) the size and location of the solid angle of amplified galactic

background radiation detected by the spacecraft.
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A. The Ray-Tracing Program

1. The Source Region
For the ray-tracing analysis, the source region is assumed to
be spherical with a radius of 0.02 Rg (127.56 km). Since the source
region can be located at any position within the auroral regionm,
calculations were performed for source regions with positions along
magnetic field lines between 65° and 75° Mlat and between 18.0 and 6.0
hrs MLT. The altitude of the source region was chosen to be the alti-

tude where the local gyrofrequency is 250 kHz.

2. The Spacecraft Positions
The spacecraft positions used in the analysis are the approxi-
mate positions of ISEE-1 and -2 on February 20, 1979 between 0030 and
0050 UT, and between 0300 and 0320 UT. These times correspond to the
measurements made at the two longest baselines. The actual spacecraft

positions used in the ray-tracing analysis are listed in Table C-l.

3. The Reflecting Surface
Measurements of the polarization of AKR have found that AKR is
predominantly R-X mode radiation [Kaiser et al,, 1978; Mellott et al.,

1984). Free space R-X mode radiation has a lower freguency cutoff of:

(C-1)
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where wee 15 the electron gyrofrequency and whe is the electron plasma
frequency [Stix, 1962]. The index of refraction for right—hand
polarized waves (wave propagation parallel to the local magnetic

field) is [Stix, 1962]:

2
2

T w(w + lwee|) ’

w

n? =1 (c-2)

and the index of refraction for extraordinary mode waves (wave

propagation perpendicular to the local magnetic field) is [Stix 1962]:

w2 W2 = w2,
uinl-Z[2 2" 2] : (C=3)
1] ws = mce - L“PE-

Within the magnetosphere, the plasmapause can be a suitable
surface for kilometric waves to reflect from. The plasmapause is the
boundary between the plasmasphere and the outer magnetosphere. Inside
the plasmapause there is a cool dense plasma, and outside the plasma-
pause there is a much more dilute and hotter plasma. At the plasma-
pause, the density changes abruptly from several hundred particles per
em™3 on the inside to approximately 10 em~? on the outside. Within
the plasmapause, the density is nearly constant along magnetic field
lines, and proportional to L™@, where m is between 3.0 and 4.0
[Carpenter et al., 1981; R. Anderson, personal communication, 1986].

The plasmapause is typically found between L-values of 3.0 and 5.0.
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The shape of the plasmapause is not symmetric in magnetic local time,
but contains a bulge at approximately 18.0 hrs MLT [Carpenter, 1966].
During magnetically active times, the plasmapause contracts and during
magnetically quiet times the plasmapause expands [Block, 1973].

Figure C-1 shows the geometry of the plasmapause, the source
region, and the R-X mode cutoff surface. In Figure C-1, the plasma-
pause is assumed to be located at an L-value of 3.75, the density out-
gide the plasmapause is assumed to be 10 em™3, and the density inside

the plasmapause 1s assumed to be:

ng = 2.3 10 L3 (c-4)

Equation (C-4) predicts a density of 475 em~3 at an L-value of 3.75.
The density predicted by equation (C-4) represents the median demsity
deduced from over 150 ISEE-1 plasmapause crossings, with L-values
between 2.0 and 5.0 and radial distances between 2.0 and 3.5 Rg. From
Figure C-1, in the region where the ray-tracing analysis predicts the
reflections should occur, the R-X mode cutoff closely follows the
plasmapause. When there is a steep density gradient at the plasma-
pause, the index of refraction can go from zero at the plasmapause to
nearly one just outside of the plasmépause. In the reglon where the
ray-tracing analysis predicts the reflections should occur, the gyro-
frequency is approximately 100 kHz and the plasma frequency, outside
of the plasmapause, is approximately 28 kHz. From equation (C-2), the

index of refraction for right-hand polarized waves propagating
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outside of the plasmapause is 0.989, and from equation (C-3), the index
of refraction for extraordinary mode waves propagating outside of the
plasmapause is 0.992. Since the waves are not propagating exactly per—
pendicular or parallel to the magnetie field, the actual index of
refraction for the waves is between the values of the index of refrac-
tion for right-hand polarized waves and the index of refraction for
extraordinary mode waves. With a steep gradient in the density, most of
the refraction takes place very close to the plasmapause, and can be
approximated as a total reflection at the plasmapause. The ray-tracing

program assumes that the waves are totally reflected at the plasmapause.

4. The Computed Parameters

For waves which propagate directly to the spacecraft, the ray-
tracing program computes the angular width of the source region, the
difference between the source-spacecraft propagation times, the pro-
jected baseline, and the wave-normal angle (at the source region) of
the waves detected by the spacecraft. For waves which reflect
from the plasmapause, the ray-tracing program computes the size and
shape of the solid angle of amplified galactic background radiation
detected by the spacecraft, the size and shape of the source region
image, the difference between the source—spacecraft propagation times,
the projected baseline, the angle between the projected baseline and
the major axis of the source region image, and the wave-normal direc-
tion (at the source region) of the waves detected by the spacecraft.

The angular widths and projected baselines are used to compute the
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source region diameter. The propagation time difference can be used
to estimate the approximate source region location. The wave-normal
angles, for directly propagating waves and reflected waves, can be

compared to the theoretical wave-normal angles for comsistency.

B. The Apparent Source S5ize

The correlation, as a function of angular width and projected
baseline, for a source reglon with a circularly symmetric Gaussian

brightness distribution [equation (24)] is:

o= e-(mba/2)? (C-5)

where b is the projected baseline in wavelengths and & is the angular
source region width. The angular source region width, as a function

of the source diameter d, and source-spacecraft distance Rgg, is:

o = 2 tan~}(d/2Rgg) . (C-6)

For source diameters which are small compared to the source-spacecraft

distance, equation (C-6) can be approximated as:

@ = d/Rgg (c-7)

Substituting equation (C-7) into equation (C-5) gives the correlation
as a function of projected baseline, source diameter, and source-

gpacecraft distance:
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p= e=(mbd/2Rgg) 2 | (Cc-8)

Solving equation (C-8) for the source diameter, as a function of

correlation, projected baseline, and source-spacecraft distance gives:

d=2_p W . (c-9)

nb =58

From equation (C-9), the source diameter is proportional to Rgg/b,
when the correlation is held fixed. Thus, only the source-spacecraft
distance and the projected baseline affect the measured source
diameter, for waves propagating directly to the spacecraft.

For waves which reflect from the plasmapause, the shape and
size of the source reglon image 1s a complicated function of the shape
and position of the reflecting surface. For source region or image
brightness distributions which are not clrcularly symmetric, the two-
dimensional visibility can be found by taking the Fourier transform of
the brightness distribution [equation (B-37)]. A two-dimensional
Gaussian brightness distribution of an elliptically shaped source

region has the form:

b ~l(2x/a)? + (2y/e))?]

s(x,y) = T oy . (c-10)
2
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where o, is the angular width of the major axis and a

1 is the angular

2
width of the minor axis of the source region. Substituting equation
(C-10) into equatien (B-37) and integrating gives the visibility of

an elliptically shaped source region:

S F 2.2
. g, [n4(u at + v mz}fﬁ]

; (C-11)
where u and v are the components of the projected baseline. The
baseline projections can be transformed into circular coordinates with

the equations:

u=Db cos 8

(C-12)
v = b sin 8 .

where b is the magnitude of the projected baseline and 8 is the angle
between the major axis of the elliptically shaped source region and
the projected baseline. Substituting equatiom (C-12) into equation
(C-11) gives the visibility of an elliptically shaped source reglomn
with a Gaussian brightness distribution:
—[=252¢ 42 2 2 2

oy [w<b (ulcus 8 + afsin 8)/4] ) (C-13)

From equation (C-13), the visibility is a function of the projected

baseline, the size and eccentricity of the elliptically shaped source
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region, and the angle between the projected baseline and the major
axis of the elliptically shaped source region. Comparison of
equations (C-5) and (C-13), gives the effective angular width, ag, of

an elliptically shaped source region as:

T = ufcasze 2 m%sinzﬂ . (C-14)

From Equatin; {C-14), if the angle between the major axis of the
source reglon image and the projected baseline is 0°, interferometry
will measure the angular width of the major axis of the source region
image, and if the angle between the major axis of the source region
image and the projected baseline is 90°, interferometry will measure

the angular width of the minor axis of the source region image.

C. The Ray-Tracing Results

1. Signal Propagation Times

An estimate of the true source position can be obtained by
comparing the predicted signal propagation time difference with the
actual delay which maximizes the correlation. If the actual signal
propagation time differences were known, it would be possible to
determine a surface on which the source regionm must be located. The
uncertainty in the propagation time differences can be estimated by
examining the ways in which the signals can be delayed in the
telemetry link and recording process. Manufacturing tolerances for

the type of tape recorders used for recording and playback of data
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are: (1) head separation is 1.5 * ,001 in and (2) gap scatter is %
100 pinch [Willard Zoernmer, Sangamo/Weston, personal communicationm,
1986]. Thus, tape recorder head alignment could cause a maximum time
offset of 146.6 psec between the two data channels, at a recording
speed of 15 in sec™l. For data recorded during spacecraft calibra-
tion, a =87 psec time offset was found between the calibration signals
from each spacecraft. In addition to an offset caused by tape
recorder head alignment, there is an additiomal signal delay in the
ground station telemetry equipment. Measurements of the telemetry
equipment at NASA ground stations put an upper limit on the site delay
of * 50 psec [Jim Braun, NASA, personal communication, 1986]. The
combination of tape recorder head alignment and site delay produces an
upper limit for the total time offset of * 200 psec.

Figure C-2 is a plot of the propagation time difference, as a
function of magnetic local time, predicted for a direct propagation
path to the spacecraft. The spacecraft positions used to compute the
data in Figure C-2 are the approximate positions of the spacecraft on
February 20, 1979 between 0030 and 0050 UT. From Figure C-2, it can
be seen that for source regions in the local evening, along magnetic-
field lines between 65° and 75° magnetic latitude, the signal propaga—
tion time difference changes by less than 50 psec for a 5° change in
magnetic latitude of the source region field line. For source regions
near 6.0 hrs MLT, the signal propagation time difference changes by
300 psec for a 5° change in magnetic latitude of the source region

field line. For waves propagating directly to the spacecraft, the
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signal propagation time difference can decrease by as much as 2 msec
as the source location is moved from 18.0 hrs to 6.0 hrs MLT. For a
source region along a 70° Mlat field line at 21.0 hrs MLT, the pre-
dicted signal propagation time difference is -35.8 msec. The propaga-
tion time difference, for the data received on February 20, 1979
between 0030 and 0050 UT, which maximized the correlation, was 520 %
200 psec less than the predicted propagation time difference for a
source location along a 70° Mlat field line at 21.0 hrs MLT. The
actual propagation time difference corresponds to source region loca-
tions in the range from 22.75 to 2.25 hrs MLT.

Figure C-3 is a plot of the propagation time differences, as a
function of magnetic local time, predicted for waves which reflect
from the plasmapause. The spacecraft positions used to compute the
data in Figure C-3 are also the approximate positions of the space-
craft on February 20, 1979 betwen 0030 and 0050 UT. From Figure C-3
it can be seen that for source regions in the local evening, along
magnetic~field lines between 65° and 75° magnetic latitude, the signal
propagation time difference can change by as much as 1.0 msec for a 57
change in magnetic latitude of the source region field line. For
source regions near 6.0 hrs MLT, the signal propagation time differ-
ence changes by 250 psec for a 5° change in magnetic latitude of the
source region field line. For waves reflecting from the plasmapause,
the signal propagation time difference can decrease by as much as 4.2
msec as the source region location is moved from 18.0 hrs to 6.0 hrs

MLT. The propagation time difference for waves reflecting from the
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plasmapause is up to 3.3 msec longer for source regions located at
18.0 hrs MLT and 1.7 msec longer for source regions located at 6.0 hrs
MLT, than for waves propagating directly to the spacecraft. For
reflected waves, a source-spacecraft propagation difference of -35.3

+ 0.2 msec is consistent with source regions located at positions from

3.0 to 6.0 hrs MLT.

2. The Projected Basellne

The projected baseline 1s dependent uﬁnn the exact positions of
both spacecraft and the location of the source region, or the source
region image for waves reflecting from the plasmapause. Figure C-4 is
a plot of the projected baseline, for waves propagating directly to
the spacecraft and for waves reflecting from the plasmapause, as a
function of magnetic local time, for source reglon locations along
65°, 70° and 75° magnetic-field lines. The spacecraft positions used
in the ealeulations for Figures C-4 and C-5 are the approximate
positions for the correlations measured on February 20, 1979 between
0030 and 0050 UT.

For waves propagating directly to the spaceecraft, the minimum
projected baselines occur near 18.5 hrs MLT with values between 3495
and 3546 km, and the maximum projected baselines occur near 6.0 hrs
MLT with values between 4456 and 4860 km. The source regilons located
along lower magnetic latitude field lines have larger projected base-
lines at 6.0 hrs MLT than do the source regions located along higher

magnetic latitude field lines. For source regions located at 21.0 hrs
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MLT, the projected baselines are in the range of 3611 to 3635 km and
for source reglon locations between 22,75 and 2.25 hrs MLT, the
projected baselines are in the range of 3777 to 4467 km.

From Figure C-4, the minimum projected baselines, for waves re-
flecting from the plasmapause, occur near 19.75 hrs MLT with values
between 3874 and 4182 km, and the maximum projected baselines occur
near 6.0 hrs MLT with values between 4940 and 5092 km. The projected
baseline for source regions located on lower magnetic latitude field
lines varies over a larger range of values than the projected baseline
for source reglons located on higher magnetic latitude field lines.
For source locations at 21.0 hrs MLT, the projected baselines are in
the range of 3911 to 4205 km, and for source locations between 3.0 and
6.0 hrs MLT the projected baselines are in the range of 4729 to 5092
km.

Figure C-5 shows the projected baseline as a function of mag-
netic local time, for waves reflecting at different plasmapause L-
values., For source locations at a fixed magnetiec local time, waves
reflecting from lower L-values have a larger projected baseline. For
gource locations between 18.0 and 6.0 hrs MLT, an increase in the L-
value of the reflecting surface by 0.25 decreases the projected base-
line by approximately 50 km.

Figures C-4 and C-5 also show that the projected baseline for
waves reflecting from the plasmapause is greater than the projected
baseline for waves propagating directly to the spacecraft. For source

reglons along 75° Mlat field lines, the difference between the
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projected baselines for waves reflecting from the plasmapause and for
waves propagating directly to the spacecraft can be as large as 672 km
at 18.0 hrs MLT. For source regions along 65° Mlat field lines, the
difference between the projected baselines for waves reflecting from
the plasmapause and for waves propagating directly to the spacecraft

can be as small as 181 km near 2.5 hrs MLT.

3. Angular Source Region Shape

For waves which propagate directly to the spacecraft, the
angular width of the source region is dependent upon the source region
diameter and the source-spacecraft distance. For directly propagating
waves, the shape of the source region image is not distorted by
refraction. Source regions located near the magnetic local time of
the spacecraft, and at low magnetic latitudes, will have the largest
angular source width. The angular width of the source region, as a
function of magnetic local time, varies by * 6 percent for source
regions along 65° Mlat field lines, and by t 4 percent for source
regions along 75° Mlat fields lines.

Since the plasmapause is a curved surface, the image of the
source region 1s distorted when the waves reflect from the plasma-
pause. For small source region diameters, the shape of the source
region image is approximately elliptical, and for large source region
diameters, the source region image is shaped like a sausage. Figure
C-6 is a plot of the angular magnification and orientation of the

source region image, for a source region located along a 70° Mlat



215

field line at 21.0 hrs MLT with the wave reflecting from the plasma-
pause at an L-value of 4.0. The position of the spacecraft, used in
the computation of the source region image shape in Figure C-6, is the
approximate position of ISEE-1 and -2 on February 20, 1979 between 0030
and 0050 UT. The angular width of the major axis of the elliptically
shaped source region image is 1.066 times larger than the angular width
of the source reglon, when viewed directly by the spacecraft, and the
minor axis of the elliptically shaped source region image is 0.239
times smaller than the angular width of the source region, when viewed
directly by the spacecraft. The solid angle extended by the source
region image is 0.255 times smaller than the solid angle extended by
the source region, when viewed directly by the spacecraft. _Fur source
region field lines located between 18.0 hrs and 6.0 hrs MLT, the eccen-
tricity of the elliptically shaped source region varies from 0.95 to
0.99, depending upon the magnetic latitude of the source region

magnetic-field line and the L-value of the reflecting surface,

4. Source Region Diameter
From equation (C-9), the diameter of the source region, when
the correlation is held fixed and the waves propagate directly to the
spacecraft, is proportional to the source-spacecraft distance divided
by the baseline. Figure C-7 is a plot of the normalized source region
diameter, as a function of magnetic local time, for source regions
located on 65° to 75° Mlat field lines, when the waves propagate

directly to the spacecraft and the correlation is held fixed. The
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normalized source region diameters are relative to the diameter of a
source region located along a 70° Mlat field line at 21.0 hrs MLT,
with the waves propagating directly to the spacecraft. The normalized
source reglon diameter, for source regions located along 65° Mlat
field lines, varies from a maximum value of 1.10 at 18 hrs MLT to a
minimum value of 0.73 at 4.5 hrs MLT. The normalized source region
diameter varies over a wider range for source regions located at lower
magnetic latitudes than for source regions located at higher magnetic
latitudes. The change in projected baseline is the major cause of

the variation of the source diameter, as a function of magnetie local
time. For source reglons located along magnetic field lines from 65°
to 75° Mlat and between 22.75 and 2.25 hrs MLT, the source region
diameter varies from 0.76]1 to 0.936 times smaller than the diameter of
a source region located along a 70° Mlat field line at 21.0 hrs MLT
with the same correlation.

For reflected ray paths, the normalized source reglon diameter
is a complicated function of the ray path and the position of the
spacecraft. From equation (C-13), the visibility (correlation) is
dependent upon the projected baseline, the shape of the source region
image, and the orientation of the source region image relative to the
projected baseline. Figure C-8 is a plot of the normalized source
region diameter, as a function of magnetic local time, for source
regions located on 65° to 75° Mlat field lines, when the waves reflect
from the plasmapause at an L-value of 4.0 and the correlation is held

fixed. The normalized source reglon diameters are relative to the
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diameter of a source region located along a 70° Mlat field line at
21.0 hrs MLT, with the waves propagating directly to the spacecraft.

From Figure C-B, there are two minimums in the normalized
source reglon diameter as a function of magnetic local time, for
source regions along 65° magnetic field lines. These two minimums can
be explained by examining the projected baseline, the shape of the
source region image, and the angle between the major axis of the
source reglon image and the projected baseline, as a function of mag-
netie local time, From equation (C-14), the effective angular width
of the source region image is large when the angle between the major
axis of the source region image and the projected baseline is small.
The angle between the major axis of the source region image and the
projected baseline has a minimum value of 35.0° at 19.75 hrs MLT and a
maximum value of 60.17° at 6.0 hrs MLT. The angular width of the
major axlis of the source region image reaches its maximum value at
19.25 hrs MLT, and the angular width of the minor axls of the source
region image has a maximum at 20.75 hrs MLT. The combination of
maximums in the angular width of the major and minor axes of the
source reglon image and a minimum in the angle between the major axis
of the source region image and the projected baseline, at nearly the
same magnetic local time, produces a maximum in the effective angular
width of the source region image. The maximum value of the effective
angular width of the source reglon image is 0.956 at 19.5 hrs MLT.
For a constant correlation and projected baseline, the normalized

source diameter 1s inversely proportiocnal to the effective angular
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width of the source region image. Although the projected baseline has
a minimum at 19.75 hrs MLT, the maximum in the effective angular width
of the source region is large enough to produce a minimum in the
normalized source region diameter of the source region at 19.75 hrs
MLT. Fur.suurce regions along 70° and 75° Mlat field lines, the
angular width of the major and minor axes of the source reglon image
is smaller, and the angle between the major axis of the source region
image and the projected baseline is larger, than the values for source
regions along 65° Mlat field lines. Thus, the effective angular width
of the source region image is smaller for source regions along higher
magnetic latitude field lines than for source regions along lower mag-
netic latitude field lines. The maximum effective angular width of
the source region image is 0.788 at 19.25 hrs MLT for source region
locations along 70° Mlat field lines, and 0.730 at 19.0 hrs MLT for
source region locations along 75° Mlat field lines.

The second minimum in the normallized source region diameter
occurs at 3.0 hrs MLT, for source regions located along 65° Mlat field
lines. From Figure C-4, it can be seen that the projected baseline
increases for source regions located between 20.0 and 6.0 hrs MLT.

The combination of the decreasing effective angular source region

image width and the increasing projected baseline produces a minimum
in the normalized source reglon diameter at 3.0 hrs MLT. Minimums in
the normalized source diameter are also found between 3.0 and 4.0 hrs

MLT for source reglons located along 70° and 75° Mlat field lines.
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Figure C-9 is a plot of the normalized source region diameter,
as a function of magnetic local time, for source regions located along
70° Mlat field lines, with the waves reflecting from the plasmapause
at L-values between 4.25 and 3.75. The normalized source region
diameter has a maximum value of 1.22, for a source location of 18.0
hrs MLT, with the waves reflecting from the plasmapause at an L-value
of 4.25, and a minimum value of 1.073 for a source location of 3.75
hrs MLT, with the waves reflecting from the plasmapause at L-values
between 4.0 and 4,25, From Figure C-9, the normalized source region
diameter changes by only 1 percent for a change of 0.25 in the
plasmapause L-value, for source reglons located between 3.0 and 6.0
hrs MLT. For source reglons along 65° and 75° Mlat field lines
located between 3.0 and 6.0 hrs MLT, the maximum normalized source
region diameter is 1.17 and the minimum normalized source reglon
diameter is 1.05. Although the individual parameters that determine
the normalized source reglon vary by as much as 35 percent, the

normalized source region diameter itself varies by only 15 percent.

5. Wave Emission Angle
In situ measurements of the wave-normal angles of AKR near the
source region indicate that the waves are emitted within % 30° of the
perpendicular to the magnetic field [James, 1980]. Previous ray-tracing
results [Omidi and Gurnett, 1984), for waves within the source region,
indicate that there can be significant refraction upward. Thus, the

wave-normal angle could vary significantly from the wave-normal
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measurements at the source region and still be consistent with the
current theories. For northern hemisphere source locations, the
magnetic field is toward the earth; thus, waves propagating downward
have wave-normal angles which are less than 90° and wave travelling
upward have wave-normal angles which are greater than 90°.

Figure C-10 is a plot of the wave-normal angle, as a function
of magnetic local time, for waves propagating directly to the
spacecraft and for waves reflecting from the plasmapause at an L-value
of 4.0. For source region locations along 65° Mlat field lines, with
the waves propagating directly to the spaceecraft, the wave-normal
angle has a maximum value of 164.5° at 1.5 hrs MLT and a minimum value
of 79.0° at 18.0 hrs MLT. The wave-normal angles vary over a wider
range for source region locations along 65° Mlat field lines than for
source region locations along 75° Mlat field lines. For source
regions aleng 65° te 75° Mlat field lines located between 22.75 and
2.25 hrs MLT, the wave—normal angle varies from 127.8° to 164.5°.

For waves refleeting from the plasmapause at an L-value of 4.0,
the wave-normal angle has a minimum value of 68.1° at 18.0 hrs MLT
and a maximum wave-normal angle of 144.5° at 1.75 hrs MLT. The wave-
normal angles vary over a wider range for source locations along 65°
Mlat field lines than for source region locations along 75° Mlat field
lines. Figure C-11 is a plot of the wave-normal angle, as a function
of magnetic local time, for source regions along 70° Mlat field lines,
with the waves reflecting from the plasmapause at L-values between

3.75 and 4.25. Waves that reflect from the plasmapause at lower
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L-values, have larger wave-normal angles than do waves that reflect
from the plasmapause at higher L-values. An increase in the L-value
of the reflecting surface by 0.25 increases the wave-normal angle by
approximately 5°. For source regions along 65° to 75° Mlat field
lines located between 3.0 and 6.0 hrs MLT with the waves reflecting
from the plasmapause, the wave-normal angle varies from 92.1° to

144.6°.

6. Source Region Brightness Temperature
To compute the brightness temperature of the source region
image, equation (28), the flux density as a function of the source
region brightness distribution, must be integrated with an ellipti-
cally-shaped Gaussian brightness distribution. Substituting the

Gaussian brightness distribution,

~4(x?/a? + y?/a?)

T(x,y) = Tpe (C=15)
into equation (2B) and integrating gives the result:
ke, «
22

for the flux density, where Ty is the central brightness temperature,
k is Boltzmann's constant, A is the wavelength, @, is the angular

width of the major axis, and a, is the angular width of the minor

2

——
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axis. Solving equation (C-16) for the brightness temperature, as a

function of the source region angular width, gives:

2
T 2sh

b kﬂulm2

(c-17)

Equation (C-17) reduces to equation (30) for eircularly symmetric
Gaussian brightness distributionms; i.e., when @ = a,. From equation
(C-17), the brightness temperature is proportional to the flux density
divided by the solid angle that the source region subtends. The flux
density can be increased significantly if the waves are focused on the
spacecraft by the reflecting surface.

For waves propagating directly to the spacecraft, the flux
density s, measured at the spacecraft is related to the flux density

8g, at the outside edge of the source region by:

Bﬂdz
8§ = — " (C-18)

2
4 Rgg

where d is the diameter of the source region and R;g; is the radial
distance of the spacecraft from the source region. Within the source
region, the wave growth is exponential; thus, the flux density at the

outer edge of the source regiom is:

sg = 8g X edY i (C-19)
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where y is the growth rate and s, is the flux density of the galactic
background noise., Substituting equations (C=7) and (C-19) into
equation (C-18) gives the flux density, as a function of the angular
width of the source region and the amplification lemgth within the

source region,
5 =-é uzsg x edY . (C=-20)

For waves propagating directly to the spacecraft, the solid angle sub-
tended by the source region is equal to the solid angle of amplified
galactic background noise illuminating the spacecraft. Thus, the flux

density at the spacecraft is:
s ==As x ed¥ (c-21)
b E !

where Ap is the solid angle of amplified galactic background noise
illuminating the spacecraft.

For waves which reflect from the plasmapause, the solid angle
of amplified galactic background noise illuminating the spacecraft can
be significantly greater than the solld angle subtended by the source
region image or the solid angle subtended by the source region.
Substituting equation (C-21) into equation (C-17) gives the brightness

temperature of the source region image:
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A4 s x edT A s % EdT

T = g = E i (C-22)

b S
Iﬂkﬁiﬂuluzj 2k ﬁi

where %ﬂmimi = A; is the solid angle subtended by the source region
image, Ay 1s the solid angle of amplified galactic background noise
illuminating the spacecraft, and d is the amplification length within
the source regiom.

For waves propagating directly to the spacecraft, the bright-
ness temperature is proportional to the flux density of the waves,
measured at the spacecraft, divided by the solid angle subtended by
the source region [equation (30)]. The source region brightness
temperature varies from 0.94, near 18.0 hrs MLT, to 1.81, at 6.0 hrs
MLT, times the source region brightness temperature of a source region
located at 18.0 hrs MLT along a 70° Mlat field line. For source
regions located between 22.75 and 2.25 hrs MLT, the brightness temper—
ature varies from 1.09 to 1.53 times the source region brightness
temperature of a source region located at 18.0 hrs MLT along a 70°
Mlat field line.

For waves reflecting from the plasmapause, the brightness
temperature of the source region image can be much greater than the
source region brightness temperature. From equation (C-22), the
brightness temperature of the source region image is proportional to
the solid angle of amplified galactic background noise illuminating

the spacecraft, divided by the solid angle subtended by the source

region image. Figure C-12 is a plot of the solid angle of amplified
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galactic background noise illuminating the spacecraft, for a source
region located along a 70° Mlat field line at 21.0 hrs MLT. Figure
C-12 is normalized so that the solid angle of amplified galactic
background noise illuminating the spacecraft is a circle of radius
equal to one for waves propagating directly to the spacecraft. An
equation, which gives a close fit to the calculated solid angle of

amplified galactic background noise illuminating the spacecraft is:

r? = aZcos?(6-¢) + aZsin?(6-¢) , (Cc-23)

where a, is the maximum angular radius of the curve, a, is the minimum

angular radius of the curve, and ¢ is the inclination of the curve.

The solid angle enclosed by the curve defined by equation (C-23) is:

A = g{af + agj . (C-24)

The solid angle of amplified galactic background noise illuminating

the spacecraft, for waves propagating directly to the spacecraft, is:

A = naé . (Cc=25)

where ag 1 1is the normalized angular radius of the source region.
The normalized solid angle of galactic background noise illuminating

the spacecraft, for waves reflecting from the plasmapause, is defined
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as equation (C-24) divided by equation (C-25). Thus the normalized

solid angle of galactic background noise is:

o ltin? 4 a2 "
ﬂh E{El + 32} . (C=-26)

Figure C-13 is a plot of the normalized solid angle of galactic
background noise illuminating the spacecraft, as a function of mag-
netic local time, for source regions along 65° to 75° Mlat field
lines, with the waves reflecting from the plasmapause at an L-value of
4,0. The positions of the spacecraft, used in the computation of
Figure C-13, are the approximate positions of ISEE-l and -2 on
February 20, 1979 between 0030 and 0050 UT. The normalized solid
angle of galactic background noise is largest for source regions along
65° Mlat field lines and smallest for source regions along 75° Mlat
field lines. The largest value for the normalized solld angle of
galactic background noise occurs at 1.75 hrs MLT, which corresponds to
the magnetic local time of the spacecraft. The largest value for the
normalized solid angle of galactic background noise is 78.4 occurring
for a source location along a 65° Mlat field line at 1.75 hrs MLT,
with the waves reflecting from the plasmapause at an L-value of 4.25.
The smallest value for the normalized solid angle of galactic back-
ground noise is 11.9, occurring for a source location along a 75° Mlat
field line at 18.0 hrs MLT, with the waves reflecting from the plasma-

pause at an L-value of 4.25. For source reglions between 3.0 and 6.0
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hrs MLT, the maximum value for the normalized solid angle of galactie
background noise is 73.3, at 3.0 hrs MLT, and the minimum value for
the solid angle of galactiec background radiation is 17.8, at 6.0 hrs
MLT. Since the flux density of the waves detected by the spacecraft
is proportional to the solid angle of galactic background noise
illuminating the spacecraft, the flux density of the waves reflecting
from the plasmapause is from 17.8 to 73.3 times greater than the flux
density of the waves propagating directly to the spacecraft, for
source locations between 3.0 and 6.0 hrs MLT.

From equation (C-22), the brightness temperature of the source
region image is proportional to the solid angle of amplified galactic
background noise illuminating the spacecraft divided by the solid
angle subtended by the source region image. For a source region
located along a 65° Mlat field line at 3.0 hrs MLT, with the waves
reflecting from the plasmapause at an L-value of 4.25, the solid angle
subtended by the source region image is 0.232 times smaller than the
solld angle subtended by the source region. Thus, the brightness
temperature of the source region image can be up to 316.0 times
brighter than the source region. For a source reglon located along a
65° Mlat field line at 6.0 hrs MLT, with the waves reflecting from the
plasmapause at an L-value of 4.25, the solid angle subtended by the
source region image is 0.208 times smaller than the solid angle sub-
tended by the source region. Thus, the brightness temperature of the
source reglon image can be a minimum of 85.6 times brighter than the

source region.
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D. Summary
1. February 20, 1979 from 0030 to 0050 UT

If the waves are assumed to propagate directly to the
spacecraft, the propagation time difference predicts a source location
of 22.75 to 2,25 hrs MLT. For source locations between 22.75 and 2,25
hrs MLT, the source diameter will be from 0.761 to 0.936 times smaller
and from 1.09 to 1.53 times brighter than the results computed with an
assumed position of 21.0 hrs MLT along a 70° Mlat field line.

If the waves are assumed to be reflected from the plasmapause,
the propagation time difference predicts a source location of 3.0 to
6.0 hrs MLT. For source locations between 3.0 and 6.0 hrs MLT, the
source diameter will be from 1.05 to l.l7 times larger than the
results computed with an assumed position of 21.0 hrs MLT along a 70°
Mlat field line. The brightness temperature of the source region
image will be from 85.6 to 316.0 times brighter, and the flux density
of the radiation detected by the spacecraft will be from 17.8 teo 73.3
times greater than the brightness temperature and flux density if the

waves propagate directly to the spacecraft.

2. February 20, 1979 from 0300 to 0320 UT
The ray-tracing results for February 20, 1979 from 0300 teo 0320
UT do not differ significantly from the results computed for 0030 to
0050 UT. If the waves are assumed to propagate directly to the space-
craft, the propagation time difference predicts a source location of

21.5 to 1.75 hrs MLT. For source locatlions between 21.5 and 1.75 hrs
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MLT, the source diameter will be from 0.867 to 0.982 times smaller and
from 1.02 to 1.22 times brighter than the results computed with an
assumed position of 21.0 hrs MLT along a 70° Mlat field line.

If the waves are assumed to be reflected from the plasmapause,
the propagation time difference predicts a source location of 1.25 to
6.0 hrs MLT. For source locations between 1,25 and 6.0 hrs MLT, the
source diameter will be from 1.10 to 1.34 times larger than the
results computed with an assumed position of 21.0 hrs MLT along a 70°
Mlat field line. The brightness temperature of the source region
image will be from 112.2 to 420.8 times brighter, and the flux density
of the radiation detected by the spacecraft will be from 27.5 to 120.6
times greater than the brightness temperature and flux density 1f the

waves propagate directly to the spacecraft.



Table C-1

Spacecraft Coordinates Used in the Ray-Tracing Analysis

Radial Magnetic Local Magnetic
Spacecraft uT Distance Time Latitude
(Rg) (hrs) (deg)
ISEE-1 0030-0050 11,249 1.625 27.703
ISEE-2 0030-0050 12.838 1.789 24.633
ISEE-1 0300-0320 13.867 1.935 29.459
ISEE-2 0300-0320 15.149 2.051 27.394

230
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Figure C-1. This figure shows the geometry of the AKR source region,
the plasmapause, and the R—X mode cutoff surface. 1In
the region where the waves are predicted to reflect, the

B-X cutoff surface closely follows the plasmapause.
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Figure C-2. This figure shows the propagation time difference, as a
function of magnetic local time, for waves which

propagate directly to the spacecraft.
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Figure C-3. This figure shows the propagation time difference, as a
function of magnetic local time, for waves which reflect

from the plasmapause at an L-value of 4.00.
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Figure C-4. This figure shows the projected baseline, as a function
of magnetic local time, for waves which propagate
directly to the spacecraft and for waves which reflect
from the plasmapause at an L-value of 4.00. The pro-
jected baseline for waves which reflect from the plasma-
pause is 1arger.than the projected baseline of waves

which propagate directly to the spacecraft.
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Figure C-5. This figure shows the projected baseline for waves which
reflect from the plasmapause at different L-values, and
the projected baseline for waves which propagate directly
to the spacecraft, with a source region located along a

70° Mlat field line.
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Figure C-6.
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This figure shows the size and shape of the source region
image when the waves are reflected from the plasmapause.
The size is normalized so that the source region has a
diamecter of one, for waves which propagate directly to
the spacecraft. The shape of the source region image is

approximately elliptical, for small source regions.
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Figure C-7.
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This figure shows the normalized AKR source region
diamerter for waves which propagate directly to the space-
craft. The source region diameter is larger for source
reglion locations near 18.0 hrs MLT than for source region

locations near 6.0 hrs MLT, with the same correlation.
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Figure C-8.
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This figure shows the normalized AKR source region
diameter for waves which reflect from the plasmapause at
an L-value of 4.00. The curves are normalized so that a
value of one is the same diameter as a source region
located along a 70° Mlat field line at 21.0 hrs MLT, with

the waves propagating directly to the spacecraft.
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Figure C-9. This figure shows the normalized source region diameter
for waves which reflect from the plasmapause at different
L-values, and for comparisomn, a plot of the normalized
source reglon diameter for waves propagating directly to
the spacecraft. The normalized source diameter changes
only slightly for different L-values of the reflecting

surface.
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Figure C-10. This figure shows the wave-normal angle of the emitted
waves which propagate directly to the spacecraft, and
the wave-normal angle of the emitted waves which reflect

from the plasmapause at an L-value of 4.0.
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Figure C-1l.

251

This figure shows the wave-normal angle of the emitted
waves which reflect from the plasmapause. An increase

of 0.25 in L-value causes a maximum increase in the

 wave-normal angle of 5°, for plasmapause L-values

between 3-75 and 4.00.
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Figure C-~12. This figure shows the normalized size and shape of the
solid angle of amplified galactie background noise
illuminating the spacecraft, for waves reflecting from
the plasmapause. The radius is normalized so that a
circle of radius equal to one is the solid angle of
amplified galactic background noise illuminating the
spacecraft when the waves propagate directly to the

spacecraft.
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Figure C-13.
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The flux density of the waves received at the spacecraft
is proportional to the solid angle of amplified back-
ground nolse illuminating the spacecraft. This figure
is a plot of the solid angle of amplified background
radiation 1l1luminating the spacecraft. The flux density
of the received signal is from 17.8 to 73.3 times
greater for waves reflecting from the plasmapause than

for waves propagating directly to the spacecraft.
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