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ABSTRACT

gimultaneous observations between the Hawkeye spacecraft in the
AKR emission cone and the low altitude polar orbiting spacecraft Triad
and AFE-D reveal that auroral kilometric radiation (AKR) is correlated
with a variety of auroral particle precipitation in the evening to
midnight local time sector. It is found that as the AKR intensity
increases so does the integrated current sheet intensity of auroral
zone field-aligned currents observed by Triad increase from a survey
of 257 simultaneous observamions. Statistically, the linear correla-
tion coefficient between the log of the AKR power flux and the log
of the current sheet intensity is 0.57.

A quelitative survey based on 93 simultaneous observations or
AKR and electron particle precipitation observed by AE-D shows that
auroral kilometric radistion is more closely associated with inverted-Vv
electron precipitation than with plasma sheet precipitation. Quantita-
tively, a good correlation (linear correlation coefficient of 0.65) is
found between the log of the AKR power flux and fhe peak energy of
inverted-V events. In addition, systematic increases in the differ-
ential particle flux in the high energy tail of the most field-aligned
portion (~0 + 7 1/2° pitch angle) of the distribution functions of the
inverted-V events are associated with AKR power flux increases. From

s determination of the simultaneous power in the high energy tail of
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the precipitating inverted-V events and the AKR bursts, the efficiency
of converting the charge particle energy into EM radiation increases
from lDdB% to a maximum of about 1%. The 1% conversion efficiency may
be possible for a dynamic range in AKR intensity as large as 40 db.

Auroral kilometric radiation observations from Hewkeye during low
altitude (2.0 to 2.5 RE) auroral zone passes reveal that intense AKR
has a low freguency cutoff near the local electron gyrofrequency (f;)
with meximum electric field strengths as large as 12 mV/m. The large'
electric fields observed near fé are consistent with high altitude
cbservations of AKR using a simple 1/32 scaling indicating that the
kilometric radiation in or near the average source region is almost
completely electromagnetic. Evidence is presented which explains the
observed frequency cutoff as being consistent with AKR propagating in
the right-hand extraordinery (R-X) polarized mode.

The results presented in this study indicate that kiiometric
radiation is generated by inverted-V electron distribution functions
in a direct coupling mechanism between particle energy and R-X mode
electromagnetic waves in the region of the auroral zone where f; =
£~ (the local electron plasma frequency). Only two proposed genera-
tion mechanisms are able to account for most of the observations. It
is not possible to conclusively determine if either of these direct

generation mechanisms plays a major role in the generation of auroral

kilometric radiation.
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as observed by the Hawkeye spacecraft near
apogee at 178, 100, 56.2 and 42.2 kHz. The
sporadic nature of this radiation is exhibited
in the intensity of the noise which varies by
- more than 20 db in a few minutes or less and 80
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auroral Ikilometric radiation lasting for several
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Figure 2 Schematic representation of the results from
Gallagher and Gurnett [1979] on their determination

of the AKR source region(s). The average source

region of auroral kilometric radiation at 178 kHz
is found in the 11 to 23 hour magnetic local time
meridian et approximately 2.5 Rp (earth radius)
l geocentric radial distance along auroral field

- lines (~ T0° invariant Jatitude) on the nightside.

The borders of the emission- pattern (shaded region)

were defined by a drop in the ohserved AKR power

flux by two or more orders of magnitude. . . . 92
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Figure 3

Figure U

Figure 5

Page
The freguency of occurrence diagram of auroral
kilometric radiation (from Green et al. [197T])
as observed from the IMP-6 and Hawkeye space-
craft at 178 kHz as a function of magnetic
local time and magnetic latitude. DNote that the
threshold used varied as l/RE. Since the source
region of AKR was not well known at the time of
this study, the R variasble used was the satellite's

geocentric radial distance. . .« + « ¢« o 0 . .

Scatter plot of simultaneocus measurements of AKR
electric field intensities at 178 kHz from IMP-6
(normalized to 30 BE) and the AR index from a paper
by Voots et al. [197T]. ZEach point represents a
10-minute averasge obtained while IMP-6 was in

the AKR emission cone (black shading in Figure 2)
which was determined by Green et al. [1977]. The
linear correlation coefficient of the log of the
AXKR power flux versus the log of the AE index was

Found £0 Be 0.5L. & « v « + « o o o o o o o« 0. 96

Two dimensional polar plots of the intensity
distribution of the AKR emission cone in fhe

northern hemisphere are shown in two latitude
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Figure 6

Page
and local time coordinate systems. The third
dimension, radial distance, is taken into account
by applying a l/R2 scaling to the power flux
measurements relative to the origin of each
coordinate system and normalizing to T RE about
the origin. The left-hand panel has organized
all the Hawkeye and IMP-6 observations in the
familiar earth-centered system of magnetic
latitude and magnetic local time. The best
representation of the intensity distribution of
the AKR emission cone (shaded) is found in the
source-centered plot (right-hand panel) where
all the observations are transformed into a
coordinate system with the average source region
of-AKR at the origin. The average source region
used is consistent with the results of Gallagher

gnd Guronett [1979]. « s+ « & = « s =5 & & s % = % : 98

The source-centered AKR emission cone at 178 kHz
is shown in greater detail at five representa-
tive local times. Note the rapid drop in the
average intensity (2 to 3 orders of magnitude)
g3 & function of decreasing latitude for the

B.5 and 4 hours local time side panels. There



Figure T

Page
is less than 10 db wvariation in the averaged
intensity in almost all of the emission cone
as illustrated in the 18,5 and 0.5 hours local
time side panels. Unlike the intense decametric
radio emissions from Jupiter which are believed
to be generated into a large hollow cone its
terrestrial counterpart, auroral kilometric radi-
ation, is beamed into a nearly homogenous

emissioncone...................100

The top panel presents simultaneous (R/T RE)2
normalized (with respect to the average AKR
source region, see text) power flux measurements
from the Hawkeye and IMP-6 spacecrafts., The
botfom shows the trajectories of these two
satellites in the emission cone (crossed-
hatched boundaries) during the time of the
simultaneous cobservations. All enhanced emis-
sions observed by Hawkeye are attributed to
guroral kilometric radiation. When IMP-6 is in
the emission cone (after ~ 23 hours universal
time) both satellites observe nearly identical

AKR power flux illustrating that the source of
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Page i

auroral kilometric rediation illuminates the

entire emission cone uniformly and

simultanecusly. =« + « » ¢ = ¢ st 0T . . . 102

Figure 8 The three panels (A, B, and Z) on the right-
hand side are plots of the meagured ambient mag-
netic field (BM) from the triaxial sensors on
board Triad minus a theoretical geomagnetic

field (BT) in units of gammas., The large pertur-

bation from the baseline formed by the BM--BT curve
in the A panel is attributed to twe east-west
field-aligned current sheets. The left-neand side
illustrates the orientation of the A, B, and

7 magnetic field sensors onboerd Triad during

a paés over College, Alaska. The direction of
the magnetic field sensors is used in determining
the orientation of the auroral zone current
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Figure 9 A polar plot in magnetic local time and invariant
latitude of field-aligned currents observed by
Triad during weakly disturbed times (]ALl < 100v)
from Iijima and Potemra [1976]. The crossed-

hetched section from 19 hours to 01 hours is

xii




Figure 10
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the magnetic local time region where the most
intense bursts of AKR are believed to originate.
Note, also, that this is the region where the
most complicated auroral zone current system is
found. Only Triad magnetometer measurements
inside the cross-hatched region will be used

in this stUAY. =« « « « « o & « o o o o« o o0 o e 106

The top panel shows power flux measurements

as a function of time from the Hawkeye satellite
while it is in the AKR emission cone during the
four consecutive passes of the Triad spacecraft
through the auroral oval in the northern hemi-
sphere. The Triad magnetometer measurements
fr&m the A sensor plotted with respect to the
baseline formed by BM—BT are shown in the
bottom panels, A, B, C, and D. Note that when
Triad observes large deflections in the magnetic
field due to field-aligned currents Hawkeye
observes intense kilometric radiation (times B,
C, and D) but when little disturbances in the
auroral zone are found, Panel A, Hawkeye does

not detect kilcmetric radiation above the

receiver's threshold. +« « « « s+ « o + + o & & o s 108
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Figure 11

Figure 12
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Simultanecus power flux measurements of AKR at
178 kHz versus the integrated current intensity
of suroral zone Tield-aligned currents. A (R/
7 RE)2 normalization to the power flux measure-
ments is applied to take into account the radial
dependence of this radiation. The R variable
is the distances from the satellite to the
average source region of AKR (see text). The
triangles represent an upper limit to the

power flux since AKR was not detected at those
times. A correlation can be seen in that, as
the power flux increases SO does the integrated
current sheet intensity of field-aligned

currents.....................,llO

The top panel shows electric field measurements
as a function of time from Haﬁkeye while it is
in the AKR emission cone during three consecu-
tive AE-D auroral zone passes. The panels
labeled orbi? 698, 699, T00 are energy-time
spectrograms%from the LEE experiment onboard
AF-D. Note {hat AKR appears to be more closely
related to inverted-V electiron precipitation

then to plasma sheet precipitation. . . . v . . . . 1l
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Figure 13

Figure 1k

Figure 15

Scatter plot of simultaneous measurements of AKR
intensity (normalized to 7 Ry and having a l/R2
scaling) and the peak energy in inverted-V events
observed by AE-D., The correlation coefficient
between the log of the power flux and the peak

ppeppr e .88y v o e x 2 ey wow y wmomow o w ow s

Three electron distribution functions at ~ 0°
pitch angle (+ T 1/2°) during the inverted-V
events used in Figure 13. In the upper right
corner of each panel is the simultaneous AKRl
power flux measurement from the Hawkeye space-
craft. These three distribution functions are
representative of the AE-D observations during
times of weak (top panel), moderate (center

panel), and intense (bottom panel) auroral

kilometrie radiation. « ¢« « « + ¢ o ¢« & & & 2 0 .

Scatter plot of the (R/7 RE)2 normalized AKR
intensity at 178 kHz and the effective tail
temperature (T” defined in text) of the electron
distribution functions at ~ 0° pitch angle of

the inverted-Vv events used in Figure 13. The

triangles represent times when auroral
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Figure 16

Figure 17
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kilometriec radiation was not detected above

the recelvers thresheold, During times when the
. =17 2

power flux is weak (< 10 watts/(m“Hz)) T“

8o

is less than 1.8 x 10~ °K. 1In addition, for

T greater than 1.8 x 108 9K the associated

I
17 15

AKR power flux is moderate {10 watts/

to 10~

(mEHz)) to intense (>-10H15 Watts/(mEHz)). o o b 118

Scatter plot of simultaneous measurements of
AKR intensity at 178 kHz (normalized to T Ry
end having a l/R2 scaling) and the energy

flux of the same inverted-V events plotted in
Figures 13 and 15. The top scale is an estimate
of the amount of power available in the preci-
pitating inverted-V events. The far right hand
scale is an estimate of the amount of power in
the AKR bursts. HNote that if the precipitating
inverted-~-V events are the sole energy reservoir
for AKR that the generation mechanism can have

a maximum efficiency of about 1%. . . . . . . . . 120
Scatter plot of simultaneous measurements of
AKR intensity et 178 kHz (normalized to 7 R_

end having a l/RB scaling) versus the energy
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flux of the inverted-V events in Figure 16 inte-

grated from 6.88 keV to 25 keV. If the high energy
tail in the distribution function of the precipitat-

ing inverted-V events plays a major role in the
generation or amplification of aurcral kilometric
rediation then efficiencies as high as 0.1 to 1%

mey be possible for a dynamic range in AKR intensity
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Figure 18 The main feature of intense auroral kilometric
radiation observed by Hawkeye during low altitude
auroral zone passes is that it occurs in regions
where the wave frequency (178 kHz in this case)
is greater than both the local electron gyro-
freduency and the local electron plasma frequency.
The dashed line marked f; is the measured local
electron gyrofrequency. The electron plasma
fregquency, f;, is estimated on the basis that

it is the low~freguency cutoff of the continuum

radiation and the upper-frequency cuteff of

the auroral hiSS. o « v o = + « o & o o o « o « o+ 124
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Figure 19

Figure 20

Page
A scatter plot of electric field measurements at
178 xHz from Hawkeye southern passes on the night-
side of the earth plotted as a function of the
ratio of the wave frequency to the local electron
gyrofrequency (f/f;). The maximum electric field
of AKR measured is nearly 12 mV/m. Note that
there is a sharp cutoff of at least five orders of
magnitude in the AKR intensity at the local elec-
tron gyrofrequency. To clearly illustrate the
cutoff of AKR at f; passes for which intense
suroral hiss emissions at 178 kHz occurred where
eliminated. Virtually all the data below 10-16

watts/(mEHz) is continuum radiation which dis-

plays no cutoff at f = f;. R . - &

The expected radial variations of f;, f;, and fp_q
along an auroral magnetic field line. The
frequencies f; and fo_, present propagation
barriers or cutoffs to downward propagating
radiation with left-hend (L-0) and right-hand
(R-X) polarizations, respectively. Note that

in regions where f_ << f_ then f_ ~f _.. . . . . 128
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The top and bottom panels are contour plots of
typical electron distribution functions F(v), in
velocity spece used in the theories of Wu and Lee
[1979] (top panel) and Melrose [1976] (bottom
panel) for the generation of AKR. In the bottom
panel the source of free energy for AKR amplifi-
cation is in the precipitating portion of F(v).
The contour at 1 sec3/km6 shows the shape of a
high velocity precipitating beam (large WIJ which
also extends to large perpendicular velocities.
In the top panel the source of free energy is in
the ascending part of F(v). This distribution
has a loss-~cone feature which is characterized
by a depletion of upgoing electrons having

small pitch angles (small V¢). P - |

On the left-hand side are three contour plots

of inverted-V electron distribution functions in
velocity space observed by AE-D. These three
distributions are associated with weak (top),
moderate (center) and intense (bottom) auroral
kilometric radiation observed simultaneously

by Hewkeye. The corresponding energy flux of

each distribution as a function of pitch angle
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is shown on the right-hand side. Note that in
precipitating portion of the distribution
functions (from o to 90°) there is at least an
order of magnitude more energy than in the
ascending portion (from 90° to 180°). The
high velocity beam or peak in the distribution
functions, nearly centered about zero degrees
piteh angle, is a characteristic feature of

inverted-V electron distributions. =« » « » » - . . 132

Ray paths in the noon-midnight meridian for the
Melrose (bottom panel) and the Wu and Lee (top
panel) generation mechanisms in the model
megnetosphere shown in Figure 20. The resultant
angular distributidén for Melrose's mechanism
(shaded region, bottom panel) is that of a
filled-in emission cone and agrees well with the
observations (see Figure 5 or 6). However, in
the sbsence of near source propagation effects
the Wu and Lee mechanism {shaded region, fop

panel) produces a hollow emission cone. . . . . . . 13k
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I. INTRODUCTION

Auroral kilcmetric radiation or AKR is the most intenée electro-
magnetic radiation that is generated by the earth's magnetosphere. AKR
is observed in the frequency range from 30 kHz to about 700 kHz. A
typical spectrum of auroral kilometric radiation (zee Gurnett [19Th4] or
Kaiser and Alexander [1977a]) decreases rapidly with increasing and
decreasing frequency from the épectral peak near 250 kHz., Thus, the AKR
spectrum has almost a spike appearance in plots of intensity versus
frequency with a width (bandwidth) of 200 kHz at half of the intensity
of the spectral peak. Kaiser and Alexander [1977a] have determined
that the frequency of the spectral peak of auroral kilometric radi-
ation varies inversely with geomagnetic-activity from 300 kHz during
very quiet times to below 200 kHz during very disturbed times. Gurnett
[1974] estimated that at peak intensity the total power of auroral

9

kilometric radiation is sometimes as high as 10° watts.

An example of kilometric radiation observed near apogee (~ 22 Rps
RE = earth redius) by the Hawkeye spacecraft is illustrated in Figure 1.
This figure shows the electric field intensities (height of verticel
bars) in units of power flux of auroral kilometric radiation et fre-

quencies 178, 100, 56.2 and 42.2 kHz. ‘As can be seen in Figure 1,

auroral kilometric radiation occurs in distinet bursts or storms



lasting typically from tens of minutes to hours and extending above the
receiver noise level by 60 db or more.

The scientific research on auroral kilometric radiation in the past
five years has primarily centered on determining the source location(s)
for this redio emission. The origin of this radiation has been diffi-
cult to determine since auroral kilometric radiation is extremely
sporadic and can vary in intensity by as much as 80 db on a time
scale of minutes and possibly seconds (see Figure 1). A recent study by
Gallagher and Gurnett [1979], however, demonstrates quite clearly that
the intense kilometric radiation‘near 178 kHz is generated, on the
average, at low altitudes (~ 2.5 RE) on the nightside of the earth at
aurorsl zone latitudes. The source region(s) of auroral kilometric
radiation, shown schematically in Figure 2 from Gallagher and Gurnett
[1979], agrees extremely well with the previous published results of
Gurnett [1974] and of Kurth et al. [1975] and corresponds to the "region
of frequent TKR (or AKR) éctivity" determined by Alexander and Kaiser
[1976].

The angular digtribution of auroral ¥ilometric radiation was
determined at several frequencies from a frequency of occurrence survey
by Green et al. [1977]. TFigure 3 is from Green et al. [1977] and is a
frequency of occurrence diagram of kilometric radiation at 178 kHz. The
frequency of occurrence analysis determines the percen%ange of times
Hewkeye and IMP-6 observed kilometric radiation at the magnetic latitude
and magnetic local time of the spacecraft. The black shading in Figﬁre

3, termed the AKR emission cone, is the region of magnetic latitude



and magnetic local time where Hawkeye and IMP-6 had the highest prob-

sbility of observing auroral kilometric radiation. Green et al. [1977]
found that at 178 kHz the highest probability of observing AKR occurs at
magnetic latitudes = 60° on the dayside of the earth, and = 20° on the
nightside (see Figure 3). In addition, from simultaneous observations
from IMP-8 and Hawkeye and from ray tracing in a model magnetosphere
Green et al. [1977] concluded that the topside plasmasphere on the
nightside produces an abrupt latitude propagation cutoff to the radi-
ation and prevents suroral kilometric radiation generated in the
southern hemisphere from being observed in the northern hemisphere.
Figure 2 also schematically illustrates these results.

From ray tracing calculations Green et al. [1977] concluded that
auroral kilometric radiation propagating in the R-X (right-hand extra-
ordinary) mode could reproduce the angular distribution (from Figure 3)
cbserved. GCurnett and CGreen [1978] using cutoffs in the radio emission
spectrum of aﬁroral kilometriec radiation observed by the Hawkeye space-
craft near perigee in the southern hemisphere (possibly even in the
source region) determined that AKR was propagating in the R-X mode.
Direct measurements of auroral kilometric radiation by Kaiser et al.
[1978] confirmed these results. In addition, Kaiser et al. have
observed the degree of polarization in some kilometric storms to be &as
high as 95%.

One of the most interesting aspects of auroral kilometric radiation

is that it has been observed to be related to auroral phencmensa.
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The intense kilometric radiation has been correlated with high-latitude
ground-based magnetic disturbances produced by the auroral electrojet
current as measured by the AE index. Dunckel et al. [1970] were the
Pirst to determine that AE was highest at the time of AKR noise bursts
and significantly lower both before and after the bursts from a study of
32 AKR storms. The most extensive study of the correlation between
guroral kilometric radiation and the AE index was done by Voots et al.
[1977]. Figure 4 is from Voots et al. [1977] and illustrates that as
the mean of the AKR power flux increases so does the mean of the AR
index. Kaiser and Alexander [1977b] like Voots et al. [1977] found that
there is a good qualitative association in individual AKR bursts with
AE.

A close association between auroral kilometric radiation and
diserete auroral arcs was demonstrated by Gurnett [197h] and by Kurth et
gl. [1975]. This was accomplished by comparing photographs of the
nightside auroral zone taken by the optical scanner on board the DAPP
satellite with the electric field me&sureﬁents of AKR by IMP-6. The
oceurrence of sporadic bursts of the kilometric radiation with the
occurrence of discrete auroral arcs led Kurth et al. [1975] to refer to
this radio noise es auroral kilometric radiation which, up until then,
was commonly referred to as terrestrial kilometric radiation (TKR). 1In
addition, Gurnett [19T4] concluded that auroral kilometric radiation
must be associated with inverted-V electron precipitation in the auroral
zone since Ackerson and Frank [1972] had previously shown that inverteé—

V electron precipitetion events are correlated with discrete aurcral arcs.




The purpose of this thesis is to investigate possible correlations

between aurorsl kilometric radiation and auroral zone particle precipi-
tation to determine if there are specific features in the distributions
of the precipitating particles which play a major role in the generation
or amplification of kilometric radiation. To accomplish the task of
correlating auroral kilometric radiation with particle precipitation,
simulteneous measurements from several satellites will be used. This
thesis uses the polar orbiting Hewkeye spacecraft, far from the earth
(=7 RE), to observe the integrated AKR power flux intensity while low
altitude polar orbiting spacecraft such as Triad and AR-D will be used
to measure field-aligned currents and electron precipitation, respec-
tively, in the pre-midnight auroral zone. Field-aligned currents
determined from megnetic field observations are a measure of the
current along the geomagnetic field due to all species of charge
particles at all energies.

In-addition, this thesis presents low altitude auroral zone
observetions of auroral kilometric radiation from the Hawkeye space-
craft in or near the average source region. The maximum electric
field strength measured in or near the average source region is
presented. From cutoffs in the radio emission spectrum of auroral
zone emissions the polarization of auroral kilometric radistion and
characteristic frequencies in the auroral zone plasma 1s determined.
These observations aid in the determination of which proposed genera-

tion mechanism(s) are most consistent with the observations.



II. THE DETAILED INTENSITY DISTRIBUTION OF

THE AKR EMISSION CONE

Multi-satellite comparisons between auroral kilometric radiation
and auroral particle precipitation can not be properly carried out
without considering Hewkeye's position in the illumination pattern of
the kilometrie emission. It is important to note that the decametric
rediation from Jupiter, which may be the Jovian counterpart to the
earth's auroral kilometric radiation, is believed to be beamed into a
hollow emission cone (see for example, Dulk [1970]). The frequency of
occurrence survey in Figure 3 (from Green et al. [1977]) iliustrates
that the AKR emission cone does appear to be filled in to at least a
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power flux level of T.35 x ‘(o watts/(m?Hz) at T Ry (normalized to

T ﬂE). Tt should be noted that bursts of auroral kilometric radiation

with intensities greater than lO"lu

watts/(mgHz) (normalized to 7 RE)
are common. Thus, Figure 3 does not rule out the possibility that, like
the Jovian decametric radiation, the center of the AKR emission cone may
at least be pertially hollow. If the emission cone is hollow it would
greatly corplicate multi-spacecraft comparisons since special considera-
tions of Hawkeye's position in the emission cone would have to be made.
Tt is clear that a study of the detailed intensity distribution of

AKR must first be done to determine when the Hawkeye observations are '

representative of kilometric radio emission from the auroral zone.



The satellites used to determine the intensity distribution of the AKR

emission cone at 178 kHz are Hawkeye and IMP-6, since they have nearly
identical plasma wave experiments whose outputs, once calibrated, are
easily combined (see Green et al. [1977]). In addition, the combined
orbital coverage of Hawkeye and IMP-6 provided observations over essen-
tially the entire northern hemisphere (see Figure 1 of Gallagher and
Gurnett [1979]). Hawkeye and IMP-6 were in highly elliptical earth
orbits. The apogee of Hawkeye was over the north polar region (inclina-
tion of 89°) at a geocentric radial distance of nearly 22 RE. The
Hawkeye spacecraft provided observations of auroral kilometrie radilation
up to 46 hours for a given 52 hour orbit from launch on June 3, 19Tk,
until it reentered the atmosphere on April 28, 1978. The apogee of IMP-
6 was near the equatorial plane (orbit inclination of 28.7°) at about

33 R IMP-6 observed auroral kilometric radiation less than 50% of

B
the time.

Each of these satellites had a long dipole antenna for electric
field-measurements. The Hawkeye antenna was the shortest, measuring
42.45 meters from tip-to-tip and the IMP-6 antenna had a 92.5 meter tip-
to-tip length. To determine the electric field intensity at various
frequencies the antenna signals were periodically analyzed with spectrum
analyzers. The spectrum analyzers on both Hawkeye and IMP-6 had 16
frequency bands with center frequencies from 36 Hz to 178 kHz on IMP-6

and from 1.78 Hz to 178 kHz on Hawkeye. Only observations of auroral

kilometric radiation at 178 kHz will be used in this study.



Plotted in polar form, Figure 5 shows equal intensity contours of

AKR power flux measurements from 3.3 years of Hawkeye observations and
3.1 years of IMP-6 observations for two different local time and lati-
tude coordinate systems. Observations made at radial distances less
than 5 RE are not used in the determination of the intensity distri-
bution of the emission cone in order to avoid complications due to near
earth propagation effects, such as reflection or refraction of AKR at
the plasmapause (see Green et al. [197T]). Tﬁe left hand panel of
Figure 5 organizes all the satellite observations into the familiar
earth-centered coordinate system of magnetic latitude and magnetic local
time. In this coordinate system the position of the satellite at the
time of an electric field observation is determined to be in one of 86l
bins which divide up the northern hemisphere into blocks of size one-
half hour local time (7 1/2° longitude) by 5° latitude. The observa-

tion is placed into the eppropriate bin after the normalization factor,
p=[A—| P (1)

has been applied, where PO is a spin-averaged power flux measurement.
The (R/T7 RE)E factor taekes into account the l/RE radial dependence of
auroral kilometric radiation and normaelizes all observations as if they
were made by one setellite in a circular polar orbit of radius T RE'
The R factor in the (R/7 RE)2 normalization term is the distance from
the center of the earth (coordinate origin for left panel Figure 5) to

the satellites position at the time of each observation. All the power
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flux measurements in each bin, after all the data has been sorted, are
averaged to obtain a representative measurement at that local time and
latitude from which intensity contours can easily be drawn.

Ideally, the R in the normalization term should be the distance
from where the radiation was generated to the observation position.
The right hand panel of Figure 5 shows the results of a coordinate
transformation on the same data used in the left hand panel, which takes
into account the l/R2 drop in the intensity of the AKR emission cone by
taking as the coordinate origin the average AKR source region. The
average source region used is consistent with the observational results
of Gallagher and Gurnett [1979] (2.5 RE along a T0° invariant latitude
geomagnetic field line at 23 hours magnetic local time). Each Hawkeye
and IMP-6 position is transformed into a new local time and latitude
coordinate with respect to the average source region origin. The noon-
midnight and dewn-dusk planes in the new source-centered coordinate
system are parallel to the respective planes in the earth-centered
system. Each observation is scaled to take into account the 1/R2 drop
in intensity, relative to the average source,'and placed into one of the
new 864 latitude and local time bins where it is averaged. The source-
centered contour pattern of Figure 5 would be the same as what would be
derived from observations made by & hypothetical satellite in a circular

polar orbit of radius T RE about the average AKR source position used in

this study.




The shaded region (in both polar plots of Figure 5) is the AKR
16

emission cone as defined by the 4 x 10~ watts/(mEHz) contour. Note
that in either coordinate systems the emission cone is well filled in.
The earth-centered plot shows many large "islands" of enhanced intensity
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=3 x 10 Watts/(mEHz) inside the emission cone. From a comparison
between both penels in Figure 5 it is evident that most of the large
intensity islands in the earth-centered plot can be attributed to the
use of the earth-centered coordinate system and not to any real physical
intensity enhancements. Islands of enhanced intensity above the average
power flux level of the cone in the source-centered plot which are not
transformed away may be due to possible motion of the source region or
perhaps to multiple sources which are effects that are Ilmpossible to
correct for at this time,.

A detailed look at data partially making up the source-centered
plot of Figure 5 is shown in Figure 6. The side panels of Figure 6
show the bin aVEragea points in the 5° latitude bins (all spin-average
data in each bin was averaged) at five representative local times. The
error bar at the lower right’in each side panel is the maximum probable
error found in the latitude bins for each of the local times shown.
Over 645,000 spin-averaged power flux observations from Hawkeye and IMP-
6 went into this emission cone survey. The smallest number of cbserva-
tions in a bin was Tl and the largest was 1917. Thus, the intensity
contour plots of Figure 5 (énd Figure 6) are stetistically well
gubstantiated. Note the rapid drop in the average power flux (2 to 3

order of magnitude) as a function of decreasing latitude for the 8.5



and U hours local time side panels of Figure 6. The two dark shaded
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areas (=22 x 10 watts/(mEHz)) inside the emission cone (also found in
the earth-centered system of Figure 5) are observations from two separ-
rate intense kilometric radiation storms lasting tens of minutes which

dominated the total averaged power flux in one or two coordinate bins.

The 18.5 and 0.5 hours local time side panels of Figure 6 illustrate the

extent to which the AKR emission is uniformly illuminated. There is
less than 10 db variation in the averaged power flux intensity in almost
all of the emission cone when plotted in the source-centered system,

It is now of interest to determine if individual bursts of auroral
kilometric radiastion wniformly and simultaneously illuminate the large
emission cone illustrated in Figure 6 or could this region be the result
of & much narrower cone or beam which varies in time. IMP-6 and Hawkeye
were simultaneously in orbit from June to late September 1974, A com-
puter search found gix separate time periods for which both satellites
wvere in the AKR emission cone in the northern hemisphere and simulta-
neous dgta were available, The top panel of Figure T presents simulta-
neous power flux spin-averaged observations. from Hawkeye and IMP-6,
for one specific case which is representative of the six other examples
found by computer. The power flux observations have a (R/T RE)E
normelization relative to the average AKR source region. The open
circles are the IMP-6 observations and the solid circles represent
Hawkeye observations. The trajectories of these satellites within the

emisaion cone depicted in Figure 5 are illustrated in the bottom panel

of Figure T and they show that during the time of the simultaneous
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observations the satellites were separated by more than 60° in latitude
and as much as 12 hours in local time.

At 22 hours universal time (UT) IMP-6 is near perigee inside the
plasmasphere (crossed-hatched region in the top panel of Figure 7l. It
is not until 2245 UT that IMP-6 crosses the plasmapause and by 23 hours
ﬁT is well situated in the average AKR emission cone. Meanwhile,
Hawkeye from its position inside the emission cone at radial distances
= 18 RE has been observing intense bursts of auroral kilometric radi-
gtion during the entire time period. Because of the large densities
found in the plasmasphere, auroral kilometric radiation cannot propa-
gate inside the plasmasphere.(see Gurnett [19T4] or Green et al. [19771).
The moderately intense noise burst seen shortly after 2230 UT by IMP-6
(top penel, Figure 7) is called upper hybrid resonance noise and is
commonly observed nesr the plasmapause (see Shaw and Gurnett [1975]).
411 enhanced emissipns observed by IMP-6 after 23 hours are attributed
to auroral kilometric radiation.

Tt is clear in Figure 7 that both satellites are observing the
same intense source(s) of auroral kilometric radiation since at times
the power flux observed by Hawkeye and IMP-6 are nearly identical to
within less than 1 db. The variations in intensity between the simul-
taneous obgervations in Figure T are almost always less than 10 db which
is consistent with the intensity variations in the detailed time-
averaged intensity distribution of the emission cone shown in Figure 6.

¢
Tt is interesting to note that there is a difference of over 6 orders

of magnitude in the power flux observed by IMP-6 from inside the



plasmasphere (2215 UT) to the time when it is in the AKR emission cone

(2300 UT). Figure T illustrates that the source of auroral kilometric
radiation illuminates the entire emission cone uniformly (within 10 db)
and simultaneously, thus, supporting the results from Figure 6 on a much
shorter time scale.

This section clearly demonstrates that multi-satellite comparisons
can be carried out without considering Hewkeye's position in the emig-
sion cone. The size of the uniformly illuminated emission cone (see
Figure 6) makes it possible to reliably use observations of auroral
kilometric radiation from a large part of Hawkeye's orbit. To properly
scale the radial dependence of kilometric radiation a (R/T RE)2 normali-
zation factor relative to the average source region must be applied to
each power flux measurement. This normalization factor scales all Inten-
sity measurements with an uncertainty of less than 10 db. With Hawkeye
properly monitoring the integrated power flux of kilometric radiation
generated in the auroral zone, simultaneous observations with low
altitude polar orbiting satellites can now be employed to study correla-
tions between auroral kilometric radiation eand auroral particle precipi-

tation.
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IIT. A CORRELATION BETWEEN AURORAL KILOMETRIC

RADIATION AND FIELD-ALIGNED CURRENTS

A. Observations Of Field-Aligned Currents From Triad

The field-aligned currents used in this study are determined from
triaxiel fluxgate magnetometer measurements taken by the Triad space-
eraft over College, Alaska, Launched on September 2, 1972, into nearly
a circular orbit of 8500 km altitude and inclination of 90.1°, Triad is
gravity gradient stabilized and, thus, has a spin period of one revolu-
tion per orbit.

The determination of field-aligned currents from Triad magnetometer
data is illustrated in Figure 8. The right-hand side of Figure 8 is a
plot of the measured ambient field {BH] for the three sensors A, B, =nd
7 on the spacecraft minus a theoretical geomagnetic model field {B.»
IGRF 1965.0 updated to time of data) as a function of time for day 78 of
1975. The vertical axis for each panel on the right side of Figure 8 is
plotted in units of gammes and covers & range of 1000v. The magneto-
meter on boerd Triad measures ambient magnetic fields to a resolution of
12y. In the three penels on the right-hand side of Figure B, deviations
of BH_BT from OV are due to sources such as field-aligned currents,
spacecraft bias fields, inaccuracies in the model field, and slow devi-
ations of the spacecraft altitude from a nominel position. Several of

these sources can easily be recognized. For example, the difference



15

between the spacecraft altitude or position from its predicted position
produces low frequency deviations with a period as long as 20 minutes in
plots of BM-ﬂT (see panels A, B, end Z in Figure 8). The spacecraft
bias fields, due to inflight maneuvers Just after launch, produce a
constant magnetic field within the spacecraft which is also measured by
the Triad magnetometer [see Armstrong and Zmuda, 1973]. TField-aligned
currents produce obvious deviations from a baseline formed by BH-BT as
easily seen in the A penel of Figure 8 from 25820 to 25970 seconds
universal time. Little or no deflection in EMfBT due to field-aligned
currents is seen in the B or Z panels which aids in the identification
of this source as an external current. The orientation of the current
sheets with respect to the spacecraft is believed to be the reason that
the deflection from the baseline of EMFBT was almest entirely seen in
the A panel (see below). The magnetic perturbations in the A panel of
Figure 8 from 25840 to 25870 seconds and from 25915 to 25940 secondc are
due to two east-west current sheets flowing out of and into the lono-
osphere, respectfully.

The orientation of the three megnetometer szensors on board Tried is
illustrated on the left side of Figure 8. The A and B sensors are both
horizontal with respect to the ground end are 90° apart. The B sensor
is mounted L5°% away from the spacecraft velocity vector (black arrow).
The Z sensor completes the orthogonal coordinate system end points anti-
parallel to the geomagnetic field vector et aurorsel zone latitudes in
the northern hemisphere. When Triad is tracked by the College, Alaska

station, the horizontal 4 sensor measures the component of the ambient
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megnetic field that points nearly along constant invariant latitude.
Field-aligned current sheets which lie entirely along constant invariant
latitude produce magnetic fields which partially cancel the geomagnetic
field measured in the A sensor. This can easily be seen by applying
Ampere's lew to a field-aligned current sheet. Using a coordinate
system whose unit vectors [i, Q, -E} are in the direction of the Triad
megnetometer sensors (B, A, Z) a field-aligned current sheet of thick-
ness dx and infinite length (in Y direction) has a ecurrent j, where

<+ =+
oy s o
@ xB), = uyd, (2)

and Bc is the magnetic field of the current. Equation 2 becomes

thy _ bch g
Bx oy oz L

and as illustrated on the right side of Figure 8 panel B, if ch ~ 0,

i.e., no deflection or perturbation to the geomegnetic field then
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thus,

J, = 8 x 19‘“{&3} Amps/m

where AB is in gammas and is the magnetic deflection from the baseline
formed by BH*BT in the A panel of Figure 8 and J, is the integrated

|
current scross the sheet current. TFrom Figure 8 panel A, AE = 343y

or J, = 0.27 A/m.

B. Constraints On the Triad and Hawkeye Ohservations

Triad magnetometer measurements ensbled Iijima and Potemra [1976]
to determine a magnetic local time and invariant latitude summary of the
1§rge scale field-aligned currents flowing into and out of the ion-
osphere. TFigure 9 illustrates the auroral zone current system during
weekly disturbed times from Iijime end Potemra [1976]. Note that in
Figure 9 field-aligned currents are observed at all magnetic local times
and that the current sheets are oriented nearly along constant invariant
latitude. In contrast, the intense auroral kilometric radiation is
believed to be generated nﬁ the nighﬁside between 19 and 01 hours mag-
netic loecal time (see region bounded by the crossed-hatched lines in
Figure 9) and in the auroral zone near 70° invariant latitude.

Several characteristies distinguish the field-aligned currents in
the local evening from those observed at other local times. In Figure 9
from 22 hours to 0 hour magnetic locel time, on the everage, a compli-

cated system of current sheets exist being first into, then out of,
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gnd finally poleward, a current sheet igtn the ionosphere. Emude and
Armstrong [19T4] believe that this cmﬁaicate:i current system iz a
transition region between the two patterns of current flow in the dawm
and dusk local times. In addition, the complicated current system
illustrated in Figure O between 22 and Ol hours, in part, is believed to
he associated with the intensification and intrusion of the westward
electrojet into the evening sector [Iijima and Potemra, 1978]. The
simultaneous observations of auroral kilometric radiation with field-
aligned currents are selected from times when Hawkeye is in the Al
emission cone (see Section II) at radial distance =T Ry {to avoid loecal
propagetion cutoff effects) and when Triad is in the auroral oval from
19 to Ol hours magnetic local time in the northern hemisphere. The 19
to 01 hour magnetic local time region is where the most intense kilo-
metric radiation is generated and the most complicated pattern of field-

aligned currents ere found.

C. Qualitative Comparison Of Aurorsl Kilometric

Radistion and Field-Aligned Currents

Between the period June, 19Tk, to August, 1975, there were
257 Triad suroral zone passes meeting the criterion outline in the
previous section while Hawkeye was in the AKRE emission cone. Some
typical simulteneous measurements from Hawkeye and Triad are illus-
trated in Figure 10. The top panel of Figure 10 are electric field
intensities in units of power flux at 178 kHz from the plasme wave

instrument on board Hawkeye. All the radio emission sbove the
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receiver noise level are attributed to auroral kilometric radiation.
Simultaneous megnetic field observations made by the Triad space-

craft on four consecutive passes through the auroral zone in the
northern hemisphere at about 23 hours magnetic local time are shown

in the panels merked A, B, C, and D. The magnetic field measurements
are from the A sensor on board Trisd and are plotted in terms of AB
deviation from the baseline formed by BH_ET. The A penel illustrates
that the Tried pass through the auroral zone shows little evidence

of east-west field-aligned current sheets. The maximum deviation
occurs at sbout 0816:30 UT with 4B ~ 43y, Simultaneously, the

Hawkeye plasma wave experiment does not detect puroral kilometric
radiation (see arrow labeled A in the top penel of Figure 10).
Approximately ninety minutes later on the next pass through the

auroral oval in the northern hemisphere the Triad megnetometer
experiment revealed an extremely complicated system of east-west
field-eligned current sheets which is & typical Triad observation

in this megnetic local time sector (see Section III-B}. The integrated
current across the mejor current sheet (0957 to 0959 UT) of the Triad
pass in the B panel is 0.52 Amps/m. Meanwhile, Hawkeye observed intense
auroral kilometric radiation from its position in the emission cone of
more than 10-16 watts/ (n°Hz) (see arrow labeled B in Figure 10). Panels
€ and D of Figure 10 also indicate complex east-west current sheets in
the auroral oval as seen in these perturbations from the geomagnetic
field. In both cases intense bursts of auroral kilometric radiation are

detected by the Hawkeye plasma wave experiment simultaneously as pointed
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to by the C and D arrows in the top panel of Figure 10. The integrated
current intensity of the field-aligned current sheets at 1320 UT in
panel D of Figure 10 is nearly 0.85 Amps/m while the AKR power flux, the

Iy |
0 1k watts/

largest observed for this time period was greater than 1
{m;Hz}. Figure 10 is consistent with the idea that intense aurcral
zone Tield-aligned currents are correlated with intense bursts of

guroral kilometrie radiation.

D, Quantitative Analysis Of Auwrorsl Kilometric

Radiation and Field-Aligned Currents

To provide a quantitative evaluation of the relationship between
auroral kilometric radiation end field-aligned currents, Figure 11 is a
scatter plot of simultaneous three-minute average AKR pcwer flux
measurements at 178 kHz versus the integrated current intensity across
the largest current sheets observed on each Triad pass. A three-
minute average of the electric field measurements from Hawkeye takes
into account any spin modulation effect and gives & power flux deter-
mination on & time scale comparable to the complete crossing of Triad
across the aurorsl zone. To take into eccount the radial dependence
of auroral kilometric radiation, & (R/T HE]E normalizetion is applied
to the average power flux measurements. The R variable is the distance
from the satellite to the average source region of auroral kilometric
radiation. The triangles in Figure 11 are the times when auroral
kilometric radiation was not detected by Hawkeye above the receiver's

noise level and thus represent en upper limit. A correlation can be




seen which is, as the AKR power flux increesses so does the integrated

current intensity increase. Statistically, the linear correlation
coefficient of the log of the power flux versus the log of the inte-
grated current intensity is 0.57. From Figure 11, when the AKR power

18 wﬂitsf[mzﬂz}} the integrated current intensity

flux was weak (<10
is less than 0.36 Amps/m while for integrated current intensities
i greater than 0.6 Amps/m the AKR power flux is moderately intense

(167 to 107 vatts/(n%Hz)) to very intense (> 1072

vatts/(nHz)).
The correlation in Figure 11 indicates that field-aligned currents

may play an important role in the generation of aureoral kilometric

radiation, since the currents are always observed by Triad in the

auroral zone when Hawkeye observes AKR (see Section V).

E. Possible Sources Of Scatter In the Correlation

Between AKR and Field-Aligned Currents

Several sources of uncertainty and fluectuation could have contri-
buted to the scatter in Figure 11 which we will presently discuss. The

result of Section IT shows that the scatter in Figure 11 due to the

position of Hawkeye in the AKR emission cone is expected to be less
than 10 db. Keiser and Alexander [1977a] found that the peask in the

emission spectrum of auroral kilometric radiation decreases with

increasing AE. Since the 178-kHz channel on Hawkeye is near the
everage spectral peak, changes in the peak freguency could produce
an increase in the observed power flux. The enhancement at 178 kHz

due to this effect could produce & meximum incresse of much less than




22

10 db. Probably the largest source of scatter in Figure 1l iz due to
using global (power flux) versus point (field-aligned currents) measure-
ments. Triad on any given pass, cuts through the nighttime auroral oval
at nearly constant local time and it is certain that Triad will not
always observe the most intense part of the pre-midnight field-eligned
current system. Hawkeye, however, from its position in the AKR emission
cone observes an integrated power flux of surorasl kilometric radiation
from the entire evening active auroral region. Global versus point
measurements could easily produce the scatter in Figure 11 since many
intense bursts of suroral kilometric radiation {::-.10‘15 watts/(m°Hz))
would then be associated with relatively small field-aligned currents

(< 0.3 Amps/m), but there would be no cases of intense field-aligned
currents (> 0.6 Amps/m) associated with weak (‘:lﬂ_lT wuttsf{mEHz]}
aurorel kilometric bursts. The relatively low linear correlation
coefficient (0.57) indicates that the correlation between auroral
kilometric rediation and pre-midnight field-aligned currents is not
particularly good. However, from the present discussion of the sources
of scatter in Figure 11 it is obvious thet many factors mey have contri-

buted to the determination of the low correlation coefficient.



IV. AN INVESTIGATION OF THE RELATIONSHIF BETWEEN

AURORAL KILOMETRIC RADIATION AND AURORAL PARTICLE FRECIFITATION

-

A, Constraints On the AE-D and Hawkeye Observations

One of the most important gquestions which can be investigated
by using simultaneous cbservations is what are the energies of the
particles which can play a major role in the generation of auroral
kilometric radiation. To determine such a particle distribution
requires in situ observations of the precipitating auroral particles
at relatively low sltitudes in the region where the radiation is
generated. Although its apogee was below the average source region
of auroral kilometric radiation, the low altitude satellite, AE-D,
examined in detail aurcral particle precipitation during part of
the time Hawkeye was in orbit. This section will study simultaneous
observations of amuroral kilometric radiation from Hawkeye and
aurorgl particle precipitation as observed by AE-D.

AE-D was launched on October 6, 1975, into a polar orbit with
initial apogee and perigee altitudes of 4,000 lm and 150 km, respec-
tively, ané an inclination of 90°. During its brief b-month lifetime,
the Low Energy Eiectrnn (LEE) experiment measured electron fluxes in 16
energy channels ranging from 200 eV to 25 keV in a one-second instrument
cycle. Each of the Low Energy Electron detectors has an acceptance

angle of ebout 15° and an energy acceptance band (AE/E) of 30%.
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Since auroral kilometric radiation is well correlated with the
occurrence of discrete aurorsl ares, it has been assumed that AKR
must also be correlated with inverted-V electron precipitation
because this type of auroral precipitation has been found to be
essocisted with discrete arcs. Lin and Hoffman [1979] have shown that
inverted-V electron precipitations observed by the LEE experiment
on board AE-D are found at all local times not only in the auroral
zone, but in the polar cep region as well. In contrest, a5 mentioned
earlier, Gallagher and Gurnmett [1979] and others have determined that
the most intense bursts of auwroral kKilometric rediemtion originate
from 22 to 24 hours magnetic local time in the auroral zone. There
are, however, several characteristics which distinguish the inverted-V
electron precipitations in the local evening (from about 19 to 01 hours
magnetic local time) from those observed at other loecal times. Lin
end Hoffman [1979] determined that the inverted-V events observed in
the local evening are on ithe average much broader in invariant latitude
and the characteristic peak energies of the events are on the average
higher than those at other local times.

In order to insure that Hawkeye has the highest probability of
observing auroral kilometric radistion, if it is being generated,
the Hawkeye observations are again selected from the times when
Hawkeye was in the AKR emission cone as discussed in Section II and
et radial distances = T HE to avoid local propagation cutoff effects.
Only the AE-D observations from 19 to 01 hours magnetic local time

will be used since this is the region where the most intense bursts
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of auroral kilometrie radiation are believed to originate and
interestingly, the most energetic inverted-V events are cbserved.
The simulteneous AKR power flux measurements and AE-D particle
observations are taken from the times when both satellites were in

the northern hemisphere.

B. Quelitative Comperison Of Auroral Kilometric

Radiation and Auroral Particle Precipitation

During the 4 months that Hawkeye and AE-D were simultaneously
in orbit there were 93 passes which met the criterion outlined in
the previcus section., Figure 12 is & qualitative comparison of
some typical events. The top panel of Figure 12 shows the electric
field intensities detected by Hawkeye at 178 kHz while it is in the
AR emission c;ne. All these enhanced radioc emissions ere attributed
to auroral kilometriec radiation. During this period of Hawkeye cbser-
vations, AE-D transversed the nighttime aurorsl oval in the northern
hemisphere on three consecutive passes. The energy-time spectrograms
from the Low Energy Electron array of stepped detectors on AE-D are
shown in the bottom three panels labeled orbits 698, 699, and 700.

In the first two auroral passes, orbits 698 and 699, the AE-D space-
craft was in the de-spin mode where the spin period was one revolu-
tion per orbit. During these two passes, the stepped electron
detectors had a view angle of -T7° to the radius vector and

were looking at precipitating electrons with pitch angles of less

than 11°. The bottom panel, orbit 700, corresponds to a period
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when the AE-D spacecraft was in & spinning mode with a spin period
of 15 seconds.

Inverted-V electron precipitation events are charscterized by
electron fluxes which inerease from a few hundred eV to keV energies
gnd then return to a few hundred eV energies as the spacecraft crosses
this narrow band of surorel electron precipitation. This type of
precipitation creates an inverted-V shaped intensity band in energy-
time spectrograms [Frank and Ackerson, 1971]. On orbit 698 in
Figure 12, the Low Energy Electron detectors on AE-D measured three
energetic inverted-V electron precipitation events at 1102, 1102:15
and 1102:30 UT with peak energies of 1.9 keV, 1.30 keV end 13.1 keV.
Approximately two hours later, on the next pass through the auroral
oval in the northern hemisphere, the Low Energy Electron experiment
measured at lemst two energetic inverted-V's with peak energies of
6£.88 keV and 3.62 keV plus moderately intense electron plasma sheet
precipitation. Simultaneously, the Hawkeye plasma wave experiment
measured moderately intense bursts of aurcral kilometric radiastion at

6 wattsf{mEHz} (see arrows lasbeled 698 and

178 kHz in excess of 107+
699 in top panel of Figure 12). Much of the electron precipitation
referred to here as plasma sheet precipitation has the same charac-
teristies that Winningham et al. [1975) described as coming from
the central plasma sheet region of the magnetotail and corresponds
to regions of diffuse aurora. The plasma sheet precipitation has

large electron fluxes at low energies extending in latitudinal width

to as much as 10° and is quite easily distinguishable from inverted-V



events in the energy time spectrograms. Oo orbit T00, moderately

intense electron plasma sheet precipitation is observed by AE-D
while no evidence of inverted-V precipitation is found. The spin
modulation of the electron fluxes in the bottom panel indicates the
precipitating nature of these electrons. No auroral kilometrie
radiation is detected during the last AE-D auroral pass (arrow
labeled T00) in Figure 12.

The results of the gualitative survey of simultaneous cbserva-
tions of suroral kilometric radiation and electron precipitation in
the nighttime auroral oval are summarized in Table 1. The Hawkeye
observations are classified asccording to whether or not aurcral
kilometric radiation is detected above the noise level of the
plasme wave instrument. The electron measurements arc classified
according to all possible combinetions of two basic types of elec-
tron precipitation patterns measured by AE-D in the nighttime auroral
oval; inverted-V and plasma sheet precipitation. Energetic inverted-V
precipitation and no plesma sheet precipitation (see the E-t spectro-
gram from orbit 698 in Figure 12 as an example) occurred on 15% of
the simulteneous observations and Hawkeye always detected AR at
those times. During 49% of the auroral zone passes where AE-D
observed inverted-V and electron plasma sheet precipitation (see
the E-t spectrogram of orbit 699 as an example), Hawkeye detected
auroral kilometric radiation. However, on two auroral passes (2§
of the time) when AR-D observed energetic particle precipitetion in

the form of inverted-V and plasma sheet precipitetion, Hawkeye did



not detect AKR. AE-D observed electron plasme sheet precipitation

and no inverted-V precipitation on 25% of the simultaneous observa-
tions (see the orbit TOO E-t spectrogram in Figure 12 &s an example)
while Hawkeye did not observe auroral kilometric radiation above the
receiver's noise level, The plasma sheet precipitation on seven of
these AE-D aurcral pesses when Hawkeye did not detect AKRE had intense
energy fluxes > 1[}B keV/(sec en’ ster) (comparable to the energy
fluxes in meny of the inverted-V events). In addition, by far the
largest percentage of times for which Hewkeye did not detect AKR
(column sum of 27%) occurred while AE-D was simulteneously observing
electron plasma sheet precipitation and no inverted-V precipitation
(25% of the time). This qualitative survey supports the conclusion
of Curnett [19TL] that auroral kilometric radiation is more closely
associated with inverted-V electron precipitation than with plasma
sheet precipitation in the nighttime suroral zone.

If auroral kilometriec radiation is generated by precipitating
inverted-V electrons,; then an explanation must be sought for the
cases in which AKR was detected when AE-D cbserved plasma sheet
precipitation and no inverted-V precipitation (9% of the time).
Quite obviously the AE-D detectors do not survey the nature of the
particle precipitation over the entire pre-midnight active auroral
region in one pass. Since the precipitation pattern of inverted-V
events, like discrete suroral arcs, does vary considerably in local
time it is reasonable to assume that inverted-V structures could be

miﬂééﬂ.
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C. Quantitative Analysis Of Auroral Kilometric

Radistion and Inverted-V Events

It is of importance to explore more quantitatively any relation-
ship between auroral kilometric radiation and energetic inverted-V
electron precipitation if indeed these particles are the ultimate
source of energy for this electromegnetic radiation. If auroral
kilometric radiation and inverted-V events are correlated, as sug-
gested by Figure 12 and Table 1, then it is reasonable to expect
that as the energy in the inverted-V events increases, so might the
intensity of the kilometric radiation. Figure 13 is a scatter plot
of simultaneous three-minute average AKR power flux measurements at
178 kHz versus the inverted-V peak energy which is used here to
characterize the perticle energy in the event. A three-minute
averaged power flux measurement takes into account any spin modula-
tion effect and gives an electric field measurement on a time scale
comparable with the complete crossing of AE-D across the auroral
oval. A (R/T RE}E normalization is again applied to the average power
flux meesurements to take into account the radial dependence of this
radiation. The veriable R is the distance from the satellite to the
average source region (see Section II) of the most intense bursts of
A¥R. The two triangles represent the minimum detectable signals by
Hawkeye since no AKR was detected at those times. During AE-D passes
where several inverted-V events were observed, only the event with the

largest peak energy is plotted. The peak energy is the center energy
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of the channel where the peak particle flux associated with the
inverted-V event is observed. There appears to be an obvious relation-
ship between these two parameters, that is, as the AKR power flux
measurements increase so does the characteristic peak energy of the
precipiteting inverted-V. Statistically, the linear correlation
coefficient of the log (power flux) versus the peak energy is 0.65.

An examination of the distribution functions at ~ 0° pitch angle at
the time of the peak in the inverted-V events used in Figure 13 reveal
striking differences when ordered by increasing magnitude of the
simulteneous power flux observations of auroral kilometric radiation.
The distribution function at 0° pitch angle (+ T 1/2°) is the most
field-aligned part assuring us of exemining electrons of magnetospheric
origin which have been presumably accelerated down to AE-D altitudes.and
possibly through the AKR source region (see Section V-B). Figure 1k
shows three representative electron distribution functions when Hawkeye
observed week (top panel), moderate (center panel), and intense (bottom
panel) aurorel kilometric radiation in the AKR emission cone. The
actual power flux measurements associated with the AE-D observations of
Figure 1k are given in the upper right corner of each panel. The elec-
tron distribution functions th} of Figure 14 are caleculated from the
cobserved differential fluxes J at energies E by

i 2

F(V,) = = -E‘I = 1.616 x 1077 % (L)
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with

F(V”J in electrons seuafkmﬁ s

J in electrons

> (at 0 + 7 1/2° pitch angle) ,
cm sec ster keV

E in keV F)

m, equals the electron mass in kg .

A major difference between the distribution functions in Figure 1k,
as suggested by Figure 13, is that the peak in each inverted-V event
increases as the AKR power flux associated with the event increases.
The peaks of the inverted-V events in the top, center, and bottom
panels occur at parallel velocities of sbout 3 x lﬂh, b x lﬂh, and
6.7 x 10h km/sec, respectively. In general, for the times when

11 watts/

Hawkeye observes wesk suroral kilometric radiation <10~
{m?Hz} (normalized to T HE] the peaks of the inverted-V events
observed by AE-D have values of F{v"} that range from 1.0 electron
sec3fkm§ to &8s high as 40 electrons sen3fkm§ and are easily distin-
guishable in the F{?”} distributions (see for example top penel of

Figure 14). In contrast, when Hawkeye observes very intense aurcral



kilometric radiation > 10'11‘ wattsf{maﬁa} (normalized to T HE} the

value of F{ﬂ]} at the peek of the inverted-V events range from 0.1 to

6

L.0 electrons sec3fkm with the pesks almost indistinguishable from

a plateau-like structure in these distribution functions. A platesu
or horizontal flattening in F{?ul at large velocities (see for
example the bottom panel in Figure 14 from 2 x th to 6 x lIDh km/sec)
is a common feature for the distribution functions associated with

=15

power fluxes of auroral kilometric rediation =10 wattsf[meﬂz]

(normalized to T HE]. The slope of the plateau or tail in the

distribution functions can be gquentitatively determined by calculsat-

ing an effective tail temperature given by

f v“%(v )av,
' (5)

uﬂm

where

RB equals Boltzmann's constant,

v, equals 4 x lDl+ m/sec,
L
Vy equals 8 x 10 km/sec, and

Vs

N = density = f F(V, }cw
Vi

The quantity ql is an effective temperature since calculation of the

temperature requires knowledge of the distribution function at all
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veloeities plus knowledge of any streaming in the distribution.

Figure 15 is & scatter plot of the power flux measurements of aurcral
kilometric radiation versus the effective tail temperature T” in the
distribution functions at ~ 0° pitch angle of the inverted-V events
simultaneously observed by AE-D. The integration limits for caleculat-
ing T“ are determined such that at the high velocity (very high energy)
limit the observed fluxes for all the inverted-V events are above

the threshold of the LEE detectors and the lower wveloeity (low energy)
limit is above major inverted-V peaks in the distribution functions,
The correlation coeffieient in Figure 15 between the log of the

power flux and the effective tail temperature {T”} is 0,49, Even
though this is & relatively low linear correlation coefficient when
the AKR power flux is weak (< lﬂth wattsf{mEHzJ} qr iz less than

1.8 = lDEI °K while for T” greater than 1.8 x lDEI %K the associated

AKR power flux is moderate (10717 to 10717 watts/(n’Hz2)) to intense

12

(> 10" watts;"{mEHz}}.

Figure 16 is a scatter plot of three-minute average AKR power
flux meassurements versus the energy flux at the time of the pesk
in precipitating inverted-V events used in Figures 13 and 15. The
energy flux (EF) is determined from numerically integrating the
energy (E) of the precipitating electrons times the differential
flux (J) at that energy over the energy range of the Low Energy Elec-

tron detectors {200 eV to 25 keV).



The sdditional vertical scele in Figure 16 (right hand side) is for

the corresponding AKR total power output derived from the Hawkeye
pover flux messurements (PF) and from previous knowledge of the time-
aversged AKR bandwidth (BW) of 200 kHz [Keiser snd Alexander, 1977a]

and the angular distribution of 3.5 steradians (2) [Green et al.,

1977]1.

inerﬂxﬂfwamts} = PF EEEEE—*A{WE]*BW{HE}
m Hz

where

and

r =T Ry (radius at with PF normalized to)

The top scale is the amount of total power in the precipitating
inverted-V events (not counting plasma sheet precipitation) and is
derived from the actual measured particle fluxes and assumed everage
1atitudinal width of 1.5° for these events as recently reported by

Lin and Hoffman [1979] and en estimated longitudinal width of T5°
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which is a typical longitudinel extent of =a discrete suroral arc.

Power (watts) = S - S W{ster}*ﬁ(cmE)*C doules
In-v keV
sec cm ster
where
en m/2
m= fﬂm 5 inodoy
o ©

(integration over the precipiteting pert of the electiron distribution
with pitch angle @)
3 A= an
q is the assumed solid engle extent of the inverted-V

events.

r is the average geocentric radial distance ©o inverted=V

events obeserved.

Cc=1.602 x lﬂ'lﬁ JEE%EE-{unit conversion)

The far right vertical scale and the top horizontal scale ere only
used as rough estimates of the auroral kilometrie radiation and
charged particle power in these events since simultaneous measurements

of all the paremeters necessary to determine these values is not

possible.
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An important feesture of Figure 16 is that if inverted-V precip-
itation is the ultimate energy source, the efficiency of converting
the cherge particle energy into electromagnetic radiation increases
to a maximum of about 1% for the most intense AKR bursts. This
result is in excellent agreement with earlier estimates. As Figure 16
illustrates, however, & 1% efficiency occurs in only & few percent of
the cases. The median of the distribution in Figure 16 is at asbout
0.001% efficiency with the lowest conversion efficiency near 107%%.

In Figure 16 inverted-V events with large energy fluxes = 10%Y keV/
(sec t:mE ster) have characteristic peek energies ranging from 2.62 keV
to 24,9 keV, but the most intense bursts of AKR are associeted with
inverted-V events which have peak energies = T keV. This indicates
that even though there may be = 10°-C watts of power in a precipitating
inverted-V event it ls not necessarily true that at the same time there
will be intense kilometrie radiastion. It is then reasonable to assume
that the generation of AKH may be very sensitive to other plasma para-
meters in the source region and special anisctropies in the distribu-
tion function of the precipitating particles.

Figure 15 suggests that the tail temperature T” of FWH} may be
a special feature of the distribution function needed for the efficient
generation or amplification of auroral kilometric radiation. Many of
the inverted-V events that are associated with weak-to-moderste AKR

(=< 10'16

watts![m?ﬁz}} have large energy fluxes (from 10° to 10%° xev/
(see cm? ster) of Figure 16) because they are cbserved to have very

large differential fluxes at low energies and very small differential



fluxes at high energies (small qi]. The inverted-V events that are
1L

associsted with intense AKR (> 10~ wattsf{m?ﬂz}} have reletively
small differential fluxes at low energies bub moderately large fluxes
at high energies (large T”}. To illustrate this effect on the calcu-
lation of the energy flux, Figure 17 is & similar scatter plot to
Figure 16 except the lower limit of integration has been changed from
0.2 keV (as in Figure 16) to 6.88 keV. The inverted-V events in
Figure 17 with energy fluxes less than 1&5 keV/(sec cm> ster) had
comparatively small tail temperatures and are associated with weak-
to-moderate auroral kilometric radiation {4:10_15 wattsf(mﬂﬁz}}. In
contrast, these data in Figure 17 had energy fluxes greater than 103 keV/
(sec cn® ster) illustrating that these inverted-V events were observed
to have high electron differentisl fluxes at low energies (< 6.88 keV).
In addition, the most intense bursts of auroral kilometriec radiation

-1k

(=10 wattsf(m?ﬂz}] in Figure 16 and Figure 17 were associated with

inverted-V events with energy fluxes greater than 10° keV/(sec e
ster) illustrating that these inverted-V events had large electron
differential fluxes in the tail of ?{F”J and comparatively large Tj).

If the tail of the distribution function F(?h} of inverted-V events is
important for the amplificetion of auroral kilometriec radistion through,
for example, a possible resonance interaction, then Figure 17 illus-
trates that in many cases efficiencies as high as 0.1 to 1% may be
possible for a dynamic range in AKR intensity as large as 40 db.

Sinece there are some data points in Figure 17 which show that weak

AKR bursts are associated with intense particle precipitations and
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large differential fluxes at high energies in the tail of F{ﬁ[J, the
efficient generation of kilometric radiation, in these cases, may

still be sensitive to other plasma parameters besldes the tall tempera-

ture.

). Possible Sources Of Scatter In the Correlation

Between AKR end Inverted-V Events

As discussed in Bections II and IIT-E, the scatter in Figure 13
(also in Figures 15 and 16) due to the position of Hawkeye in the AKR
emission cone is expected to be less than 10 db. In addition, scatter
due to changes in the AKR spectrum is also estimsted as less than an
order of magnitude. If the source region of an auroral kilometric storm
was different than the averasge source position used in the (R/T HE]E nor-
melization to the intensity then this would contribute to the scatter.
Any difference in actusl source position from the average source used
in this thesis would introduce a relatively small scatter of a Tew db if
the AKR source remained in the nighttime auroral zone. Changes in the
electron distribution due to the mirroring effect is greatly reduced by
using particle observations at ~ 0° pitch angle (+ T 1/2°) eand, there-
fore, is not considered to be a large source of uncertainty. It is
provable that the largest source of scatter in Figures 13, 15, and 16
is due once again to plotting globel (power flux) versus point (inverted-
V peak) memsurements. Since AE-D cuts through the nighttime auroral oval
at nearly constant local time, it is certain that AE-D will not alweys

observe the most intense part of the electron precipitation pattern.



Thus, the correlation between auroral kilometric radiation asnd the

peak energies of the precipitating inverted-V events at ~ 0° pitch

angle as shown in Figure 13 is relastively good despite the problems

outlines above.
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V. INTERPRETATION AND DISCUSSION OF THE SIMULTANECUS
OBSERVATIONS OF AURORAL KILOMETRIC RADIATTON

AND AURORAL PARTICLE FRECIPITATION

A. Possible Role Of Field-Aligned. Currents In the

Generation and Amplification Of AKR

It is important to speculate on the role which field-aligned cur-
rents might pley in the generation and possible amplification of auroral
kilometric radiation as suggested by Figure 11. One direct relationship
is that field-aligned currents ere probably bringing into the AKR source
region the particles or current whose energy; at least in part, is con-
verted into the kilometric radiation. Increases in the integrated
current intensities of field-aligned currents may be due to progres-
sively larger and larger particle fluxes at progressively higher velo-
cities. As indicated in Figure 13, increases of the peak energy of
inverted-V events (large fluxes at progressively higher energies
velocities) are mssociated with incremses in the AKR power flux within
the emission cone. Since Triad does not have a particle experiment on-
board, the snergies and fluxes of the actusl precipitating magneto-
spheric particles and upgoing (out of the ionosphere) ionospheric
particles making up the field-aligned currents observed are not known.
There are only a few examples of the simultaneous observation of field-

aligned currents and particle measurements in the literature. The
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basic result from these studies (see, for example, Casserly and Cloutier
[1975]) is thet the particle fluxes, in the energy range of the particle
detectors flown, (typically 0.5 to > 20 keV) usually esccount for only
20% or less of the inferred current deduced from the eccompanying
magnetometer deta, This result implies that the mejority of the cur-
rent cerriers are particles et low energies (< 0.5 keV). TFigure 17
suggests that the precipitating tail of inverted-V electron distribu-
tions are important for the efficient generation of auroral kilametric
radiation. The current carried by the precipitating tail (particle
energies = 5 keV) of the inverted-V distributions used in this study
renges from a meximum of 46% to a minimum of less than 0.1% of the
current in the observed precipitating (~ 0° pitch angle) electron dis-
tribution. BSince the current in the observed distribution may be
€ 20% of the total euroral zone field-aligned current (deduced from
megnetometer messurements) then the current in the high energy
inverted-V tail can at best comprise less than 10% of the total cur-
rent. This effect mey help explain why the inverted-V correlation
(see Figure 13) is relatively good and the field-aligned current
correlation (see Figure 11), in comparison, is not as good.

1f the majority of the field-aligned currents observed by Trisd are
cerried by low energy perticles then the correlation between A¥R end
field-aligned currents as shown in Figure 11 may also indicate more of
an indirect relationship. For example, current instebilities producing
low frequency wave turbulence, such as electrostatic ion cyclotron waves

or ion acoustic waves in the suroral zone, have been postulated by



Kindel and Kennel [1971]. Kintner et al. [1978] have observed intense
electrostatic ion cylotron waves (-~ 25 mV/m st 115 Hz) with the S53-3
spacecraft near 20 hours magnetic local time at an eltitude of over
6,000 kilometers in the aurorsl zone and found +them to be consistent
with the current driven model proposed by Kindel and Kennel [1971]. 1Iem
heeting due to electrostatic ion cyclotron turbulence has been shown
theoretically by Palmadesso et al. [19T4] to produce anomalous resis-
tivity and, thus, field-aligned potential drops. Field-aligned poten-
tial drops or parallel electric fields are generally believed to be
responsible for the formation and acceleration of inverted-V electron
precipitation events which may be in some way responsible for the
generation or amplification of aurcral kilometric radiation (see Figure
13). Figure 11 msy be illustrating that increasing field-aligned cur-
rent intensity increases the growth of the electrostatiec ioo cyclotron
waves enhancing snomslous resistivity which leads to larger field-
aligned potential drops and the production of auroral kilometric radi-
ation. This is a rather idealized interpretetion since the process of
producing field-aligned potential drops from snomolous resistivity is
not related eimply to the current intensity. Double layer and electro-
static shocks, which also produce field-eligned potential drop can be
esteblished by a current gbove a certain threshold. However, the
magnitude of the field-aligned potential drop (for inverted-V accelera-
tion) in e double layer or electrostatic shock is determined not from
the intensity of the current but from the external generator such as

the megnetospheric tail (see for example the review by Goertz [1979]).
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From these general considerations of accelerating mechanisms it is
clear that the relationship between AKR with fleld-sligned currents
and inverted-V events may be extremely complicated.

There are, in addition to the quantitative results of Figure 11,
qualitstive features of aurcoral kilometric radiation and field-aligned
currents which deserve mention. The conditions which lead to the
generation of auroral kilometric radiation must be easily met since,
when Hawkeye is in the AKR emission cone, aurorsel kilometriec rediation
is detected above the receiver noise level nearly 90% of the time.
Similarly, Triad observes field-aligned currents as & nearly permanent
feature of the aurcral zone. As easily seen in panels E, C, end D
of Figure 10, either much structure exists in the separate current
sheets or rapid temporal variations in field-aligned currents exist
on & time scale of seconds or both. The guestion of whether field-
aligned currents exhibit rapid temporal fluctuations or have fine
structured current sheets within current sheets cannot be discerned
with the single Triad spacecraft. It is interesting to note, however,
that one besic charscteristie of auroral kilometrie radiation is that
repid fluctuations in the intensity of this radiastion, like field-
aligned currents, exists on & time scale of seconds and even less
than & second (see Gurnett et al. [1979]).

In summary, Figure 11 illustrates quantitatively thet field-

aligned currents in the pre-midnight suroral zone sre correlasted with

suroral kilometric rediation such that as the log of the AKR power
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flux increases, so does the log of the integreted current intensity
inerease, It is suggested that field-aligned currents may play nct
only a direct role in the generation of AKR, but possibly also an
indirect one with the development of parallel electric fields that
Droduce inverted-V electron precipitation which hes also been associsted
with auroral kilometric radietion. It is clear that the exact relation-
ship between AKR and field-eligned auroral currents is Pfar from being

understood and that much work is needed in this area.

B. Possible Role Of Inverted-V Electron Precipitation

In the Generation and Amplification Of AKR

It ie important to note that Figure 17 is very similar to the
correlation of AKR intensity with the AE index shown in Figure 3.
AE is directly proportional to the suroral electrojet current and
is believed to be fed by field-aligned currents flowing into and
out of the ionosphere in the auroral zones. Figure 3 shows that
during times of large excursions of the AE index (~ 1000y) a large
range of intemsities of AKR have been observed (fram 1020 to 107+
mtts!(maﬁz] normalized to 30 BE]. However, for times when AE index
is below 158y 68.7% of the power flux measurements are below 6.31 x
10719 watts/ {mzﬂz}. Figure 1T in & similar way illustreates that at
times when large amounts of power are present in precipitating
inverted-V events there is a large range in the observed intensity of
AKR bursts (from 10-13 to 10733 watts/ {mzﬂzl normalized to 7 BEJ.

_ Inverted-V events with peak energies ~ T keV and with energy fluxes
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:-109 keV/(sec em” ster) are associated with the most intense bursts
of aurorsl kilometriec radisztion. TFigure 17 and Figure 3 suggest
that it is not sufficient to have lerge amounts of power availaeble
in the charged particles precipitating in the surorel zone for the
simultanecus production of intense aurorael kilometric radiation,

but in addition to the power reguirements, special features or
anisotropies in the particle distribution function or in the plasma
pafameters in the source region are needed for the instaebility to
obtain high efficiencies. A determination of these other important
features in auroral zone plasmas mey have to wait until the launch of
Dynamics Explorer in 1981, since this spacecraft may be able to make
similteneous observations of AKR and particle distributions in the
source region of asurorsl kilometric radiation.

The result of correlating AKR with auroral particle precipitation
iz that auroral kilometric radiation is more closely essociated with
inverted-V electron precipitation than with plasme wheet precipita-
tion. It is found that as the observed AKR power flux increases,
so doee the simultanecusly observed peak energy in inverted-V electron
precipitation events increase. In addition, there is evidence that
sugzests that the efficiency of generating auroral kilometrie redietion
from inverted-V particle precipitation ranges from 107°% o & maximum
efficiency of about 1%. Any realistic theory on the generation of
auroral kilometric radistion must account for such & wide range in

efficiencies.



VI. HAWKEYE PLASMA WAVE OBSERVATIONS OF
AURCRAT, KILOMETRIC RADTATION AT LOW

ALTITUDES IN THE AURORAL ZONE

A. The Observed Low Frequency Cutoff Of AKR At the

Local Electron Cyrofreauency

The initial perigee of the Hawkeye spacecraft after lesunch was
6,847 km geocentric radial distance in the southern hemisphere. The
initial ergument of perigee was 27h.6° {sﬁ that apogee was almost
directly over the north pole), but due to orbital perturbations,
within two teo three years the argument of perigee decreased to less
than 250° and perigee increased to near 11,000 km. These changes
enabled Hawkeye to cross auroral field lines at geocentric redial
distances greater than 13,000 ¥m (» 2.0 HE] in the region where
auroral kilometric radiation is believed to be generated.

A typicel example of aurcoral kilometric radiation observed by
Hawkeye in the auroral zone of the southern hemisphere is shown in
Figure 18 (from Gurnett and Green [1978]). The dashed line lebeled
f; is the locszl electron gyrofrequency calculsted from measurements
made by the onboard triaxisl fluxgate magnetometer which measured
the éﬁbient megnetic field in the southern hemisphere to +125y on
each axis. The dashed line labeled f; is an estimate of the local

electron plasma frequency determined by the low frequency cutoff

L6
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of continuum radiation and the high fregquency cutoff of suroral hiss.
It has been well established in other regions of the magnetosphere
by Gurnett and Shaw [1973] and Gurnett and Frenk [19Tk] thet the low
freguency cutoff of the left-hand ordinery polarized (I-0) component
of continuum radiation can be used as & relisble (at times within
+1%) indicator of the local electron plasme freguency. Both f; and
f; are plotted over the electric field intensities on a frequency
versus time scale where the frequency scale at the baseline of each
channel is that channel's frequeney. Thus, at 0312 UT in Figure 17,
f; = 178 kHz and f; = 30 kHz. Note that in Figure 18 auroral
kilometric radiation is observed only in regions where the local
electron gyrofrequency and locel electron plasma frequency are below
the wave frequency (178 kHz in this case). A general feature of =all
the Hawkeye AKR southern hemisphere observations is that no intense
euroral kilometric radiastion is observed at radial distances below
the level where the weve freguency is less than the loecal electron
gyrofrequency. In addition, surorael kilometric radiation was only
observed at low altitudes (2.0 - 2.5 RE} on the nightside from 18 to
06 hours magnetic local time.

The low frequency cutoff of awroral kilometriec raedistion at the
local electron gyrofreaquency is further illustrated in Figure 19.
This figure is & scatter plot of Hawkeye southern ﬁémisphere electric
field measurements (over 225 passes) from 18 to 06 hours magnetic local
time at 178 kHz plotted as a function of the ratio of the wave freduency

to the local electron gyrofrequency {fff;].
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To clearly illustrate the cutoff of AKR at f; pesses for which intense
auroral hiss emissions at 178 kHz occurred were eliminsted. Virtually

all the date below 10'16

watts/(m°Hz) is contimuum redistion which is
observed not only in regions where the wave fregquency is sbove, but also
below the local electron gyrofrequency. This figﬁre shows & sharp
cutoff of at least five orders of magnitude in the AKR power flux at
the locel electron gyrofreguency.

The meximum measured electric field strength of auroral kilo-
metric rediation in Figure 19 occurs where T ::f; end is nearly
12 mV/m. Since Hawkeye does not have the capebility of detecting
any magnetic component associated with the electriec field cbservations
at 178 kHz, it is not known what fraction (if any) of the 12 mV/m
fields observed in or near the AKR source region are electrostatic.
Note also that the lerge electric fields in Figure 19 correspond to
power fluxes grester than 10— watts/(n°Hz). In order to estimate
what fraction of the large (x 10 mV/m) electric fields in Figure 19
is electrostaticrit is instruective to compare the observed power
fluxes with previous measurements of intense AKR bursts cbserved far
from the earth. Using & l,H'H2 extrapoletion, esceping electromagnetic
radiation with an intensity of 107" wetts/(m°Hz) generated at low
a.ltit;us;l;f-sn\mulﬂ be observed far from the source (T BE] with an

-13 watts{{mgﬂz} which is in excellent agreement with

intensity of ~ 10
the maximum intensity of AKR bursts found in this study (see Figures 11,
13, 15 or 16). This close agreement provides additional evidence of

the low altitude (~ 2.5 RE) origin of auroral kilometric radiation,
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but more importantly illustrates that large electrostatic fields are

not found in association with AKR in the auroral region sampled by

Hawkeye.

B. Interpretation Of the Low Freguency Cutoff

As & Propagation Effect

An interpretation of the observed low frequency cutoff of auroral
kilometric radiation as discussed by Gurnett and Green [1978] is
illustrated in Figure 20 (taken Trom that paper). This figure shows
the expected radial variations of the cutoff frequencies f; and fH=D
for the left hand (LFG}land right hand (B-X) polarized modes of
propagation respectively, along & 70° invariant latitude auroral field
line. The local electron plasma frequency (f;} is qualitatively
consistent with the plasma density cbservations made below 10,000 km
by Isis I (see Benson and Calvert [1979]), near 14,000 km by S53-3
(see Tobert et al. [1979]), and from the low frequency cutoff of
continuum radiation observed by Hawkeye between 14,000 to 16,000 km
geocentric radial distance, The cutoff frequency for the R-X mode

(fR=G) is caleculated from the cold plasma formulation by Stix [1962]

and involves knowledge of f; and f;;

1/2

5 6w

Under low density conditions the fR=D cutoff for R-X mode radiation is
nearly egual to the local electron gyrofrequency which is in the fre-

guency range from sbout 50 kHz to 500 kHz in Figure 20, As illustrated
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in the upper right corner of Figure 20, if either R-X or I-0 mode radi-
etion is generated ebove both the loecal electron plasma frequency

end the Tpog cutoff, only the R-X mode would not be sble to penetrate
into regions below the fp_, cutoff, or below the locel electron gyro-
frequency. Since f; = f,_,» the observed cutoff at fE pProvides strong
evidence that auroral kilometric radistion is propagating in the right~
hend (R-X) polarized mode. Recent direct polerization measurements
made by Voyasgers 1 and 2 (see Kaiser et al. [1978]) indicate that the

degree to which AKR is right-hand polarized (in the plasme convention)

may be as high as 95%.
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VII. COMPARISON OF THE CHARACTERISTICS OF AKR
PRESENTED IN THIS STUDY WITH

FROPOSED GENERATION MECHANISMS

A, Introduction

A brief summary of baesic cheracteristiecs of all the proposed
generation mechanisms for auroral kilometric radiation is given in
Teble II. As can easily be seen, a wide variety of processes have
been proposed which produce electromagnetic radiation into not only
purely the R-X or IL-0 polarization modes, but also & mixture of these
free space or escaping modes. The term escaping radiation is used
here to characterize radiation which can propagate into regions where
its wave freguency is much greater than the loecal characteristic
frequencies of the plasme {fz or f;}. The results of Section VI pro-
vide strong evidence that auroral kilometric radiation is propagating
in the B-X mode. As mentioned earlier, Kaiser et al. [1978] measured
the degree of right-hand (in the plasme convention) polarization of
AKR emission from Voyagers I and IT to reach at least 95%. In view
of these findings only generation mechanisms which produce electro-
magnetic radiation in the R-X mode will be discussed in any detail
and compared with other findings of this study.

Most of the theories listed in Table II rely on coupling mechanisms

to eventually produce asuroral kilometric radiation from electrostatic



52

waves at the upper hybrid resonance frequency, fﬂHR' where (see Stix
[1962])

g rece AR
Fo & {fP} + {rg} . : (8)
According to the generation mechanism proposed by Barbosa [1976]
(based on linear theory) electrostatic waves with amplitudes from 1 to
3 volts/m at the fiup ore needed. Roux and Pellat [1979] propose that
the generation of AKR from 100 mV/m electrostatic waves at f and

UHR
fLH“.H (lower hybrid resonance frequency) is possible from non-linear
wave-wave interactions, From Equstion 8 f; < g < fpep and when
f; ::a:-f; then fim :E‘;. As discussed in Section VI the condition f;
“—"fH=CI eppears to be a general feature in the high sltitude auroral zone
(see Figure 20). Thus, the assumption that T zf; is believed to be
valid in the AKR source region. The large electric fields of =~ 12 nV/m
attributed to suroral kilometric radiation in Figure 19 that are
measured by Hewkeye in auroral reglons where the wave frequency is
greater than the local electron gyrofrequency could conceivably be fUHR
waves, However, the radiation intensity of these waves are consistent
with the electric fields being almost completely electromagnetic in
nature and not electrostatic. Another coupling mechanism proposed by
Jones [1977e end 1977b] uses a wave-wave interaction from two low fre-
guency electromegnetic 7 mode waves to produce suroral kilometric
radiation. The Z mode radiation is in a trapped propagation mode (not

gble to escape) and exists at frequencies below £ The generation

UHR"
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of auroral kilometric radiation from & mode coupling mechanism is what
is generally described as an indirect process involving one or more
steps. The overall efficiency of any indirect mechanism is the product
of the efficiencies of each of the intermediate steps. As illustrated
in Pigures 16 and 17, a maximum efficiency of 1% may be obtained from

precipitating inverted-V electrons. TFrom the present knowledge of
magnetospheric radio emissions the conversion of charged particle

power direetly into electromagnetic radistion with an overall conver-
sion efficiency of 1% is an extremely efficient process [Gurnett, 19747,
Thus, the absence in the cobservations of large electrostatic Tields at

funR

conversion efficiencies which are needed in indirect processes to obtain

{:;f;} in or near the average AKR source region plus the large

the observed 1% efficiencies puts serious doubts upon the validity of
those generation mechanisms which require the intermediate generastion of
electrostatic waves (see Table II).

The two remaining generation mechanisms in Teble II which produce
R-X mode electromegnetic radiation in a direct process are the ampli-
fied doppler shifted gyroemission proposed by Melrose [1976] and the
relativistic normel cyclotron resonance amplification mechanism of
Wu end Lee [1979]. The basic properties of these two mechanisms will
be discussed and edditionsl comparisons will be made in the remaining

part of this thesis between these direct mechanisms end the results of

this study.
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The energy of aurorasl kilometric radistion must come from sources
of free energy manifested in either configuration space (density gradi-
ents, ete.) or in velocity space (nonthermsl features in the particle
distributions). The existence and nature of any plasma instability is
determined by the form of the free energy. The direct mechanisms of
Melrose [1976], and Wu end Lee [1979] are both microinstabilities where
the source of free energy is in the electron distribution funetions.
Both theories use anelytic expressions for the electron distribution
function which are believed to be representetive of the high altitude
(1 to 3 RE] aurorsl zone plasmas. The distributions in which free
energy is available, in esctual suroral zone plasmas, can be examined by
AE-D during passes in which it was in the spinning mode. Thus, it may
be possible to determine qualitatively if sufficient free energy is

availeble to drive the proposed direct mechanisms.

B. Review Of the Theory Of Amplified Doppler Shifted

Gyroemission As & Mechanism For the Generation

and Amplification Of AKR

In the theory of amplified doppler shifted gyrocemission the
source of free energy driving the instebility exists in the descending
or precipitating part of the eleetron distribution function as a supra=-
thermal beam. The high veloeity precipitating beam initially produces
escaping doppler shifted gyroemission sbove the fR=G cuboff. In order

that gyroemission can occur the doppler shift condition must be

satisfied,
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: (9)

Hy

= ¥(1 - uPcosocosf)

vhere

=
]

=
'—i
1

el

B = vfc

i is the refroctive index

o is the pitch angle

® is the wave normel Engle‘{angle between propagation vector T
and the geomagnetic field)

f = wave frequency

The moment of the beam speed Es{= ?st} is {Pcosw) and with v = 1 (for

discussion purposes) then

£ fg{l + uﬁEcasa} -

For esceping R-X mode radistion f> f___> f; then

where

R=0

uﬂscoaa >0 (10)
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BS has been observed to be as large as 0.33 (making v = 1.06)
but more Lypically ES ~ 0.17

i must be = 1.

The growth rate for the amplification of the doppler shifted gyro-
emission as determined by Melrose (see below) is insensitive to wave
normal angles g = ]6G°| (see bottom panel of Figure 23). In other
words, escaping radiation must be emitted entirely in the forward
direction.

Since the total power output of auroral kilometric rediation has
been estimated to be as high as 10° vatts [Gurnett, 197L] it is widely
held that the sctuzl generation mechanism must be based on a coherent
process. Coherent, as used here, means that incoherent emission from
particles rediating independently is not applicable and some sort of
amplification or collective process is taking place. The type of
collective process in Melrose's mechenism is from & negative sbsorption
or amplification of the doppler shift emission by the precipitating
electron distribution function. The form of the distribution function

which Melrose uses is

2,2 =(pcosx - B_)
1 1 =f sin o s (11)
F(B @) = ] * EXP 2 2B
’ {2")3;2 BLGEHD Ea¢a lio
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EELD’ cﬁln are the mean perpendicular and parallel velocity
5préaﬂs (characteristic constants of the distribution func-
tion) about the local geomagnetic field.

cﬁs is the beam wvelocity.

This distribution function has the edvantage of describing the precipi-
tating suprathermsl beam in a form such that the sbsorption coefficient
or growth rate can be ecalculated analytically. Using this distribution

function Melrose determines the growth rate of the radistion as

e 1/2 n, fp

2 E; fE“D cosa|
" (13)
-(f - fE - uﬂﬂcusﬁ}

ETEuEBﬁQCGSEE

%{1 + CDEEB}g(f,B] * EXP

where
t, B, I
Effﬂi} = % + A f:]. - -fﬁ - HESCDSE}
Ao
and
n, = the electron density in the beam
B, = the local electron density
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The sign of Y(f,8) is determined by the sign of g(f,B). For amplifi-

cation, ¥ must be negative which reguires

2
1--224p |cose)| <0
BE llo
llo
Since the index of refraction is close to 1 for the escaping free space

modes, then,

.uicnsﬂl =1 (14)
For amplification the reguired anisotropy of the distribution function

must become

2
Fio ™ Pllo - (15)
A threshold anisotropy for marginal instability is thus

2 16
Pro = Blo ' )

A quelitative plot of the Electrﬂn.distributiun function in wveloeity
space used in Melrose's analysis for the threshold anisotropy of

Efn = ﬁ[u is given in the bottom panel of Figure 21. The contour values
are merely used to indicate orders of megnitude in f(v). Note the large

veloeities: to which the beam (contour 1) extends.
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The threshold enisotropy in Melrcse's model is obteired es =
result of the mirroring effect on the initially narrow (confined to
very smell pitch engles) beam in the precipitating distribution func-
tion. The mirroring effect converts some of the beam's parallel
energy into perpendicular energy by the conservation of the first
adisbatic invariant =s the precipitating part of the distribution
moves down the aurorsl field lines. Thus, for this expression

2 2

] = 525;L|1-:z (17)
B 2

to remsin constant, as B increases the pitch angle (@) must increase.
The beam produces doppler shifted gyroemission which is amplified
efficiently when ﬂfn > B”D. At equilibrium, the decreazse in the
perpendicular energy due to the amplification of the waves is balanced
by the increase of the perpendimﬂai energy due to the mirroring effect.
The upper limit to the energy density in the waves is estimated by

Melrose as

W< nm Ei;FE 5 (18)

During the times in which the threshold snisotropy condition is

maintained the energy density becomes

W< |:1]_1:1EB“D¢2 - (19)




C. Review Of the Theory Of Relstivistic Normal

Cyclotron Resonence As & Mechanism For the

Generation end Amplification Of AKR

In the theory of relativistic normal eyclctron rescnance the
suérc; of free energy used in the generation and emplificatien of kile-
metric radiation exists in the ascending or reflected part of the elec-
tron distribution function. The upgoing electrons with energies of
~ 1 keV amplify doppler shifted electromagnetic waves (generated by =
relativistic normel cycldtrnn instability) provided that there exists &
loss—cone feature in the ascending part of the.ﬂistributian funetion.
The loss-cone feature is characterized by a depletion of upgoing elec-
trons having small pitch angles relative to the geomagnetic field. This
feature constitutes a2 population Inversion in the perpendicular energy
of the electron distribution function. The anisotropy (or population
inversion) in the perpendicular part of the ascending velocity distri-
bution is the source of free energy which drives the instability.

In a loss-cone distribution, since the average particle energy
parallel to the geomagnetic field is much less than the average particle
energy perpendicular to the field the most efficient coupling to excited
modes occurs for perpendicular propagation. The dispersion relation-
ship given by Wu and Lee [1979] for electromagnetic waves propagating
perpendicular to an ambient magnetic field in the extraordinary mode

is:
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il
dJl{b)j (20)
. v.:l.( db

where

w = wave frequency

w, = 2m f%
ﬂe = 2 fE

F = n+F+ +nkF

nF is the ascending part of the electron distribution function
+ + ;
and its density [n+}

nF_ is the precipitating part of the electron distribution
function and its density (n )

n, =n,_+ n_(total electron density)

kw

Ji(b} = Jy i: ) ; first order Bessel function
e

In generel, for the extreaordinery mode, the dispersion relation for
perpendicular propagetion is represented by = twe by two determinant,

The asbove relationship is a good approximation when cgka:ﬁbtui as




62

demonstrated by Montgomery and Tidman [196L4], In addition, & sum over
all particle species and orders of the JH('I::} bessel function in Dﬁ'i, w )
have been reduced to integrating over just the electron distribution
function and the J,(b)(N=1) bessel function which produces the largest
contribution to the integral. IT relativistic effects are neglected
an unstable wave mode I:IJ{-}'L, w = 0) occours for m:ﬂe and thus, electro-
megnetic waves occur at the local electron gyrofrequency. These waves,
however, (if they are allowed to grow) can not escape since nE <

2n When relativistic effects are considered then en excited wave

fE=D i
Y
mode determined from D(k,w) = 0 occurs slightly sbove ne by & doppler

ghifted amount. TWhen w_ =< L‘IE, allowing w > En‘fE_D then the doppler
shifted cyclotron emission can escape. The condition w, << ﬂa according
to the Wu apd Lee mechanism iz satisfied only along muroral field lines

where parallel electric fields exist. The parallel electric fields are

believed to deplete the very low energy electrons thus reducing w_.

Wu and Lee [1979] determine under what conditions the doppler
shifted cyclotron emission will grow by examining the sign of Wy
Since plane wave solutions have been assumed, when ws = 0 the cyclotron
instability will grow. Assuming that the wave freguency w can be
written in terms of a real and imaginary part, w il 4 iuJi and that

LUB == w, then

i
Y - -Di(i,wr}
A bDr(-I:,wr}
ow

r
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Substitution of the dispersion relation into the expression for wi
yields:
ﬁzwé B 2 vE
w, = — | dv, dv v *ﬁl:u:-ﬂ(l-—— v]
! Ewr n, Il £k £ e EEE ﬁf]|
oF Bl
+ +
— + k e 1
e v, Vs EW“ (21)

Where only the ascending part of the distribution fumction (F ) is
involved in the growth of the instability. This can be seen by noting

that wy # 0 when the delte function (§) in wy is

2
v

X lokv, =0 4 (22)
Ecﬂ) I

w - (L -
r e

This condition is possible Tor particles with k v, = 0. For waves

111l
genereted primarily perpendicular to the local magnetic field but with

e small k” > 0 component, only ascending electrons (v” > 0) can

resonantly amplify the weves., For w, to be positive, F+ should

oF
contain a loss cone feature F—bh"“"'; = 0) = 0 vhich makes s =0 for

v
L
a certain range of v velocities., The top panel of Figure 21 is a

contour plot of the loss-cone distribution funection plotted in veloeity
space proposed by Wu and Lee which is necessary for growth of the

normal cyclotron instebility. TFor v“ 2 0 the dashed contour lines
(13
(top panel of Figure 21) produce a region where E-v—~+ > 0. Substituting
L

the loss—cone distribution function
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J ViV =
AL 2

where o ., < @ (adjustable velocity parameters)

2

u¢ is a charscteristic perpendicular velocity
and with the condition

=0
I
in the expression for uw; 5 Wu and Lee have determined that the maximum
growth rate for the escaping doppler shifted normel cyclotron instabilily
(in the X propagation mode) occurs vhere f = f__, when fo_, = fg. In
addition, the maximum growth rate occurs for waves generated nearly
perpendicular to the local geomagnetic field (with initiel wave normal

engles T0° < | § 85°; see Figure 23 top panel).

D, Comparison Of the Direct Generation Mechanisms

With AE-D Plasme Observations

The direct generation mechanisms discussed in Section II-B and -C
require certain features in the electron distribution functions of
auroral zone plasmas for the generation and amplification of guroral

kilometric radiation. Until the actuel distribution functions
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responsible for AKR generation are examined in detail the form of the
free energy ultimately responsible for this emission will not be pre-
cisely known. It is almost certain that the AE-D auroral zone plasma

! observations are made at altitudes below (not necessarily directly
below) the source region for AKR. However, it still is of interest to
examine and constrast the suprathermal electron distributions observed
in the auroral zone by AE-D with those proposed for the generation of
kilometric radistion (in Figure 21). A comparison of this nature would
be important if striking similarities were found.

The amplified doppler shifted mechenism proposed by Melrose has
many features which are in close agreement with the observations
presented in this study. Inverted-V electron precipitation events are
essential for AKR generstion in Melrose's mechanism. The results of
Section IV show that the occcurrence of inverted-V eventz are clearly
correlated with auroral kilometric radistion. The AKR power flux as
rroposed by Melrose is related to the sguare of the charescteristic

perpendicular velocity in the precipitating electron distribution:

2
We= ﬁ;ﬂ '

For the threshold anisotropy of Bfu = BHO then

Woes ﬁiﬂ .
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Since the mean parallel veloecity {a"ﬂl is related to the beam veloecity,
Melrose's mechanism would thus prediet & relationship between the AR
power flux generated and the peak energy in the inverted-V events,

A good correlation between these two parameters has been demonstirated

in Section IV-C. These results provide strong arguments in favor of
the generation of kilometric radiation by amplified doppler shifted
gyroemission. However, a closer examinetion of the auroral zone plasmas
is necessary to determine the validity of the Wu and Lee mechanism

(additionel comments concerning Melrose's mechanism will also be made).

During the passes in which AE-D wes in the spinning mode the LEE
experiment measured electron particle fluxes with energies from 200 eV
to 25 keV at 15 different pitch angles per spin. This enabled a com-
plete electron distribution function F(v), with velocities from about
8,000 km/sec to greater than 90,000 km/sec to be determined. The
celculation of F(v) from the observed differential particle fluxes at
specifiec energies is discussed in detail in Section IV-C., Tigure 22
shows three inverted-V eleectron distribution functions and their
energy fluxes which are associated with weak (top), moderate (middle)
and intense (bottom) aurcoral kilometriec radiation. The actusl asso-
ciated AKR power fluxes are directly below (center) each event. The
inverted-V electron distributions on the left hand side of Figure 22
are shown as contour plots in velocity space like those of Figure 21.
The dot pattern at the center of each distribution function is the part
of the distribution that is not observed by AE-D and is st velocities

less than 8,400 km/sec. The corresponding energy flux (defined in
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Section IV-C) in each part of the distribution function &t the observed
piteh angle has been caleulated and is plotted in polar form (megnitude
versus pitch angle) on the right hand side of Figure 22. The loss-cone

angle oy, for each distribution is celculated from the formula

5 B Ry 3 thsaE”E
stve =5 o\5 | |Eo, hat)

A 8

vhere

B is the magnetic field intensity at the szatellite

B, is the magnetic field intensity at the top of the atmosphere

A (100 xm)
Rs = geocentric radial distance of the satellite
RA = geocentric redial distance to the top of the atmosphere

L = L value of the satellite

The value of the loss cone is labeled only for the ascending part of
the distribution function.

One important characteristic of the inverted-V distribution fone-
tions which is elearly evident in Figure 22 is that in the descending
part (from 0° to 90° pitch angle) there is & beam or peak at high
velocities and nearly centered about 0° pitch angle, The 6 x 10*1 see3f

kmﬁ contour in the distribution function 75/328 1734 UT (bottom panel)

of Figure 22 is & platesu feature. Note also that there is alwaysz from

1/2 to 1 order of magnitude more energy flux in the loss cone for the
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descending portion of F(v) than in the ascending (from 90° to 180°
pitch angle) portion. A loss cone feature is partially evident in the
ascending part of the distribution funetion 75/323 1715 UT (top panel),

The formation of & loss cone in the ascending portion of an
inverted-V electron distribution is widely believed (see, for example,
Lin end Hoffman [1979]) to be due to electrons trapped between their
mirror points (just above the atmosphere) and the accelerating potential
drop (at high altitudes). Isotropic back-scattered electrons fill in
the loss-cone feature, It is interesting to note that from an examin-
ation of ten inverted-V electron distribution functions at the time of
the peak energy (three are shown in Figure 22) the loss-cone feature
is not present in six of the distribution functions and only weakly in
the remaining four.

It is important to note when comparing these observed auroral
zone plasmas (Figure 22) with the theoretical models (Figure 21) that
according to the Wu and Lee mechanism the asecending portion of
the distributions cbserved by AE-D are the plasmas whose energy will
be used in AKR generation. According to Melrose, the descending por-
tion of the inverted-V distributions observed by AE-D heve already
been involved in the generation of AKR.

Let's examine the Wu and Lee theory with respect to the observed
distribution functions. There appears to be no distinctive loss-cone
feature in the ascending part of the inverted-V electron distributions.
Since the AE-D plasma observations are made at relatively low altitudes

it is not known whether the observed distributions asre representative
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of those in the source region. If a strong loss-cone feeture could
develope in these ascending distributions, es they move rapidly upward
toward the source, there is still characteristicslly from 1/2 to 1
order of megnitude less energy availsble then what was found in the
descending portions (see Figure 22), This indicates that conversion
efficiencies much higher than 1% may be needed for the amplification
of the normel cylotron waves to the intensities observed for the
kilometric rediation.

A major feature in the amplified doppler shifted gyroemission
theory proposed by Melrose is the large anisotropy Efa = E"n in the
precipitating beam (see Figure 21) required for merginal instability,
If the inverted-V cvents in Figure 2 were the ultinate source of
energy for AKR generation then it has been determined that these dis-
tributions represent the conditions for the highest efficiencies found
(see Figure 1T7). A qualitative comparison of the inverted-V distribu-
tions in Figure 22 with Melrose's model distribution in Figure 21
indicates that the oxtreme aonisotropy required by Melrose for cofficient
amplification of AKR is not found in the observed inverted-V distribu-
tions. Calculations of B[In {whereﬂllen =2 {( (Bcosr - ESJE} ) and
B & (where Efo = {ﬂsingcr}} for the distributions in Figure 22 reveal
that ﬂfn is too small to satisfy even the threshold anisotropy {Bfn B
a”DJ by a factor of 12 to 13 for the electron distributions shown in
the top and middle panels and by & factor of 5 for the distribution
function in the bottom panel. Since the AE-D observations in Figure 22

were Trom the auroral zone at altitudes of less than 1,000 km it is
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expected that E;n would have been even smeller for these distributions
at altitudes of 1.5 HE (average AKR source region) due to the conserva-
tion of the first adiabatic invariant.

In summsry, the festures in auroral zone distribution functions
necessary for the amplificetion of doppler shifted gyroemission and
normal eyclotron waves are not found at AE-D altitudes (< 1000 km}.
Whether these features gctuslly exist in electron distribution func-
tions in the source region can not be determined in this study. Bince
1/2 or 1 order of magnitude less energy flux exists in the ascending
portion of inverted-V electron distributions than in the precipitating
portion conversion efficiencies higher than 1% may be needed for growth

of the normal cyclotron instability.

E. Comparison Of the Direct Generastion Mechenisms

With Hawkeye Emission-Cone Observations

Another observational aspect of this study which can be compsred
with the two direct generstion mechanisms discussed, is the detailed
intensity distribution of the AKR emission cone determined in Section
II. It is important to recognize at the onset of this discussion thet
the detailed intensity distribution of the emission cone may be deter-
mined by either the generation mechanism itself or by propagetion
effects. The term propagation effect, as used here, implies that after
the radiation has initially been generated its propagation direction is
drastically altered by, for example, scattering in or near the source

region or reflection or refraction of the radiation by the plasmasphere.



Multiple sources spread out in longitude or latitude could also affect
the illumination pattern as cbserved far from the earth. To exhaustively
study all possible propagation effects on the kilometric waves is beyond
the scope of this study. But if the illumination pettern plotted in
the average source-centered coordinates in Figure 6 is representative
of the initial wave normal angles (angle between the prnpagatinn vector
and the local magnetic field) in the average source region then a
straightforward interpretation can be made. The results of ray tracing
celculations in the model magnetosphere presented in this study (Figure
20) for the Melrose, and Wu and Lee mechanisms is shown in Figure 23.
The initial wave normal angles ( § and 8) in the two direct generation
mechanisms discussed are considerably different. In Melrose's
mechanism (bottom penel of Figure 23), emission along the geomagnetic
source field (B) and to within 60° of B produces a filled in emission
cone (shaded region) as observed far from the earth. However, radi-
ation with wave normel angles (%) almost exclusively perpendicular to
B in the source region are the only angles sllowed for escaping radi-
gtion in the Wu and Lee mechanism producing a hollow emission cone &s
cbeserved far from the earth (shaded region in the top panel of Figure
23). Tangents to the suroral field lines where AKR is generated, on
the average, will point near a latitude of 60° at 0 hours local time

in Figure 6. Since the emission cone is uniformly illuminated through-
out this region then only the generstion of AKR along i, as demanded

in Melrose's mechanism, in the absence of propagation effects, would

qualitatively reproduce the observations.
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Tf aurorel kilometric radiation is generasted initielly perpendicu-
lar to ﬁ, as demanded by the Wu and Lee mechanism, then propegetion
effects must be responsible for the resultant illumination pattern. I
seems unlikely that multiple sources alone could be distributed well
enough and emit comparsble power independently to fill in the emission
cone, on the average, to within 10 db as illustrated in Figure 6 if, in
each source region, only radiation perpendiculaer to E*was allowed to
escape., In addition, all the simultaneous observations of auroral
kilometric radiation from Hewkeye and IMP-6 in the northern emission
cone (see Figure T as en exsmple) indicate that they are observing the’
same source which illuminates the entire emission cone simultanecusly

# and uniformly. Green et al. [1977] observed thet the plasmasphere on
the nightside of the earth ascts as a propegation barrier to AKR. The
ray trecing of the Wu and Lee mechanism shown in the top panel of
Figure 23 illustrates that radiation generated nearly perpendicular
to B in the average source region suffers less than a T0° refraction
from the nightside plasmasphere. For refraction or reflection off the
nightside plasmasphere, to fill in the emission cone, up to nearly
180° deflections of the incoming waves would be required. IT auroral
kilometric radistion is generated perpendicular to the geomagnetic
field then ceettering in or very near the source region would be the
most likely explenation for the filled-in beam pattern at 178 kHz

cbserved far from the earth (see Figure 6).
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VIII. CONCLUSICHS

A study of the detailed intensity distribution of the AKR emis-
sion cone revealed that the source or sources of aurcrsl kilometric
radiation illuminate the emission cone nearly uniformly (to within
10 db) and simultaneously when examined in a coordinate system with
the average AKR source region at the origin. It is found on the
basis of the emission cone study that auroral kilometric radiation
is correlated with suroral particle precipitation in the 19 to 01

hour magnetic local time sector. The correlations are:

1) As the observed AKR power flux increases, so does the
integrated current sheet intensity of field-aligned auroral
zone currents increase.

2) Qualitative AKR emission is more closely correlated with
inverted-V electron precipitation than with plasma sheet precipi-
tation.

3) As the cbserved AKR power flux increases, so does the
simultaneously observed peak energy in inverted-V electron
precipitation events increase.

L) As the observed AKR power flux increases, so does the
tail temperature &t ~ 0° pitch angle in inverted-V

distribution functions increase,



Th

'5) As the observed AKR power flux increases, so does
the energy flux in the high energy tail of the precipitating

inverted-V events increase.

4 study of the amount of power in inverted-V particle precipite-

tions and the amount of power in simultaneocus AKR bursts hes lead to
the conelusion that the efficlency of converting cherge particle power

into euroral kilometric radiation ranges from 107°% o as high as 1%.

Anslysis of low altitude (~ 2.0 to 2.5 HE] southern hemisphere

auroral zone observetions of auroral kilometric radistion from the

Hawkeye spacecraft have led to the following conclusiong:

1) Intense auroral kilometric radiation has an observed low
frequency cuteff near the locel electron gyrofreaguency vhen

f; << :E';.

2) This low fregquency cutoff is consistent with AKR propaga-
ting primerily in the right-hand extreordinery (R-X) polarized
mode,

3) The meximum electric field strength of AKR observed in or
near the average source region is 12 mV/m.

L) The maximum power flux of AKR observed in or near the average
source reéinn is consistent with this radiation being almost com-

pletely electromagnetic.

—ae T
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The generation mechanisms of auroral kilometric radiation proposed by
Melrose [1976] and Wu and Lee [1979] have many features which are

consistent with the observations presented in this study. These are:

1) Direct conversion of particle energy intc electromagnetic

redietion is the most probeble explanation for the observed high

efficiencies.

B 2) The rediation is generated primarily in the R-X polarized

mode
:i 3) The radiation can escape only in regions where f; ;;-E;.
Evidence has been presented which supports the following features
in the amplified doppler shifted generation mechanism proposed by

' Melrose:

1) The inverted-V electron precipitation events are the source

of energy for surorsl kilometric radietion.

2) Under certein circumstances the AKR intemsity increases eas
the beam speed of the inverted-V event increases.

I 3) The AKR emission cone as observed far from the earth would be

filled in.

However, the conditions for amplification of auroral kilometric radi-
ation from large perpendicular velocity components in the inverted-V
beam as proposed by Melrose, gualitatively, are not found in the low

pltitude AE-D observations.




Several observations presented in this study are not in close

agreement with predictions by Wu and Lee [1979] of AKR generation from

e normel eyelotron resonance instability. These ineclude:

1) Strong loss-cone features necessary for the wave growth of

the normal cyclotron instability were not found in the asecending
inverted-V electron distributions at eltitudes below 1000 km.

2) If intense aurcral kilcmetric radiation was generated from the
aveilable energy in the cbserved ascending portions of inverted-V
distributions conversion efficiencies greater than 1% would be
necessary.

3) In the absence of propagation effects neer the source region
the emission cone (as cbserved far from the earth) of the escaping

normal cyclotron radiation would be hollow.

Since the suroral electron distribution functions presented in
this study are not observed in the AKR source region, it is not possible
to conclusively determine if either of the direct generation mechanisms

plays a major role in the generation of auroral kilometrie radiation.
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Figure 1 Burste or storms of auroral kilometric radiation as
observed by the Hewkeye spececreft near apogee at
178, 100, 56.2 and 42.2 kHz. The sporadic nature of
this redistion is exhibited in the intensity of the
noise which varies by more then 20 db in a few minutes
or less and 80 db over the course of the storm.
Storms of auroral kilometric radiation lasting for

several hours are not uncommon.
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v Figure 2

Schematic representation of the results from Gellagher

and Gurnett [1979] on their determination of the AKR
source region(s). The average source region of surcral
kilometric radiation at 178 kHz is found in the 11 to
23 hnui magnetic local time meridian at epproximately
2.5 Ry (earth radius) geocentric radial distance along
auroral field lines (~ 70° inveriant latitude) on the
nightside. The borders of the emission pattern (shaded
reginn} were defined by a drop in the observed AKR power

flux by two or more orders of magnitude.
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Figure 3

The freguency of occurrence diasgram of suroral kilo-
metric radiation (from Green et al. [1977]) as
observed from the IMP-6 and Hawkeye spacecraft at
178 xHz as a function of megnetic local time and
magnetic latitude. Note that the threshold used
varied as 1{32. Since the source region of AKR was
not well known at the time of this study, the R
variable used was the satellite's geocentric radial

distance.
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Figure b

Scatter plot of simultaneous measurements of AKR

electric field intensities at 178 kHz from IMP-6
(normalized to 30 RE} and the AE index from a paper
by Voots et &l. [1977]. Each point represents a
10-minute average obtmined while IMP-6 was in the
AKR emission cone (black sheding in Figure 2) which
was determined by Green et al. [1977]. The linear
correletion coefficient of the log of the AR power
flux versus the log of the AE index was found to be

0.51.
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Figure 5

Two dimensional polar plots of the intensity distribu-

tion of the AKR emission cone in the northern hemi-
sphere are shown in two latitude and local time coor-
dinate systems. The third dimension, radial distance,
is teken into eccount by applying a l,fRE scaling

to the power flux measurements relative to the origin
of sach coordinete system and normaslizing Lo

T RE gbout the origin. The left-hand panel has
organized all the Hawkeye and IMP-6 observations in
the familiar earth-centered system of magnetic lati-
tude and megnetic local time., The best representa-
tion of the intensity distribution of the AKR emission
cone (shaded) is found in the scurce-centered plot
(right-hand panel) where 2ll the observations are
transformed into a coordinate system with the average
source region of AKR at the origin. The average
source region used is consistent with the results of

Gallagher and Gurnett [1979].
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The source-centered AKR emission cone at 178 kHz is

shown in greater detail at five representetive loecal |
times. Note the rapid drop in the average power flux
intensity (2 to 3 orders of megnitude) as a function of
decreasing latitude for the 8.5 and b4 hours local time
side panels. There is less than 10 db variation in the
averaged intensity in almost all of the emission cone
as illustrated in the 18.5 and 0.5 hours local time
side panels. Unlike the intense decemetric radio
emissions from Jupiter which are believed to be
Eeneratea into a lerge hollow cone its terrestrial
counterpart, auroral kilometric radiation, is beamed

into & nearly homogenous emission cone.
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Figure T
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|

The top panel presents simultaneous (R/7 RE]E normalized
(with respect to the average AKR source region, see
text) power flux measurements from the Hawkeye and
IMP-6 spacecrafts. The bottom shows the trajectories

of these two satellites in the emission cone (crossed-
hatched boundaries) during the time of the simultaneous
observations. All enhanced emissions cbserved by
Hawkeye are attributed to aurorel kilometric radiation.
When IMP-6 is in the emission cone (after ~ 23 hours
universal time) both satellites observe nearly identical

AXR power flux illustrating that the source of auroral

——

kilometric radietion illuminates the entire emission

cone uniformly and simultenecusly.
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Figure B

10k

The three panels (A, B, and Z) on the right-hand side

are plots of the measured eambient magnetic field {BM} ‘
from the triaxial sensors on board Triad minus a theoret-
ical geomagnetic field {BT} in units of gammaes. The
large perturbation from the baseline formed by the

BM—BT curve in the A panel is attributed to two east-
west field-eligned current sheets. The left-hand side
illustrates the orientation of the A, B, and Z megnetic
field sensors onmboard Triad during a pass over College,
Alaska, The direction of the magnetic field sensors

is used in determining the orientation of the auroral

zone current sheets.
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Figure 9
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A polar plot in magnetic local time and invariant
latitude of field-eligned currents observed by Triad
during weekly disturbed times (|AL| < 100y) from
Iijime and Potemra [1976). The crossed-hatched
section from 19 hours to Ol hours is the magnetic
locel time region where the most intense bursts of
AKR are believed to originate. Note, also, that

this is the region where the most complicated suroral
zone current system is found. Only Triad masgneto-
meter measurements inside the crossed-hatched region

will be used in this study.
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Figure 10

108

The top panel shows power flux measurements as &a E
function of time from the Hawkeye satellite while it

is in the AKR emission cone during the four consecutive
passes of the Triad spacecraft through the suroral

oval in the northern hemisphere. The Triad magneto-

meter measurements from the A sensor plotted with

respect to the baseline formed by BMTBT are shown in

the bottom panels A, B, C, and D. Note that when

Triad cbserves large deflections in the magnetic field j
due to field-aligned currents Hawkeye cbserves intense
kilometric radiation (times B, C, and D) but when

1little disturbances in the suroral zones are found,

Panel A, Hawkeye does not detect kilometric radiation

sgbove the receiver's.threshold.
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Figure 11

110

Simultaneous power flux measurements of AKR at 178 kHz
versus the integrated current intensity of surcrsl zone
field-aligned currents. A (R/T RE}E normalization to
the power flux measurements is applied to take into
account the radial dependence of this radiation. The
R wvarisble is the distances from the satellite to the
average source region of AKR (see text). The triangles
represent en upper limit to the power flux since AKR
was not detected st those times, A correlation can be
seen in that, as the power flux increases so does the
integrated current sheet intensity'nf field-aligned

currents.
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Figure 12

The top panel shows electric field measurements as &
function of time from Hawkeye while it is in the AKR
emission cone during three consecutive AE-D auroral
zone passes. The panels lsbeled orbit 698, 699, T0O

are energy-time spectrograms from the LEE experiment

112

onboard AE-D. Note that AKR sppears to be more closely

related to inverted-V electron precipitation than to

plasma sheet precipitation.
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Figure 13

Scatter plot of simultaneous measurements of AKR
intensity (normalized to T RE gnd having a 1!RE
sceling) end the peak energy in inverted-V events
observed by AE-D. The correlation coefficient
between the log of the power flux and the peak

energy is 0.65.
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Figure 1b

Three electron distribution functions at ~ 0° pitch
angle (+ 7 1/2°) during the inverted-V events used in
Figure 13. In the upper right corner of each panel is
+the simulteneous AKR power flux measurement from the
Hawkeye spacecraft. These three distribution func-
tions asre representative of the AE-D observations
during times of week (top panel), moderate (center
penel), and intense (bottom panel) auroral kilometric

rediation.
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Figure 15

118

Scatter plot of the (R/T RE}E normalized AKR
inténsity at 178 kHz and the effective tail temper-
ature (Th defined in text) of the electron dis-
tribution functions at ~ 0° pitch angle of the
inverted-V events used in Figure 13. The triangles
represent times when auroral kilometric radiation was
not detected sbove the receivers threshold. During

17 watts/

times when the power flux is weak (< 10
(n°H2)) T is less than 1.8 x 10% °k. Tn adaition,
for T" greater than 1.8 x 10B 9K the associated AKR
power flux is moderate (20727 4o 2077 watts/(xHz))

+to intense (}-10—15 vatta!{m?ﬂz}}.
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Figure 16

120

Scatter plot of simulteneous measurements of AKR
intensity at 178 kHz (normalized to T R, and having

a 1}32 sealing) and the energy flux of the same
inverted-V events plotted in Figures 13 and 15.

The top scele ie an estimete of the emount of power
available in the precipitating inverted-V events.

The far right hand scale is an estimate of the

amount of power in the AKR bursts. Note that if

the precipitating inverted-V events are the sole
energy reservoir for AKR that the generation mechanism

can have a maximum efficiency of about 17%.
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Figure 1T

122

Scatter plot of simultanecus measurements of AKR
intensity at 178 kHz (normalized to T HE and having

B ;|_,fHE scaling) versus the energy flux of the
inverted-V events in Figure 16 integrated from 6.88
keV to 25 keV. If the high energy teil in the distri-
bution funetion of the precipitating inverted-V events
plays & major role in the generation or emplification
of guroral kilometric radistion then efficiencies as
high as 0.1 to 1% may be possible for a dynsmic range

in AKR intensity as large as 40 db.
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Figure 18

12k

The main feature of intense auroral kilometrie radi-

ation observed by Hawkeye during low altitude auroral

zone passes is that it occurs in regions where the i
wave frequency (178 kHz in this case) is greater then

both the local electron gyrofreguency and the local

electron plasma ?requency. The dashed line marked f;

is the measured local electron gyrofrequency. The

electron plasma fregquency, f; is estimated on the basis

that it is the low-freguenecy cubtoff of the continmuum
radiation and the upper-frequency cutoff of the auroral

hiss.
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Figure 19

126

A scatter plot of electric field measurements at
178 kHz from Haewkeye southern passes on the night-
gide of the esrth plotted as a function of the ratio
of the wave frequency to the local electron gyro-
frequency {f!f;}. The meximum electric field of
AKR measured is nearly 12 mV/m. DNote that there is
e sharp cutoff of a£ least five orders of magnitude
in the AKR intensity at the local electron gyro-
frequency. To clearly illustrate the cutoff of AKR
at f; passes for which intense auroral hiss-emissions
at 178 kHz occurred where eliminated. Virtuelly ell

16

the data below 10 wattaf{m?ﬁz}_ia continuum radi-

ation which displays no cutoff at £ = fs.



C=-G79=160-]

SIDE DATA

NIGHT
18 TO 6 HOURS MAGNETIC LOCAL TIME

(|2H 5 W SLLVM) XNTd ¥3MmO0d
g
Q
| | I
— — od
B
o =
=
m
J g ¥

od L T o w P

j]llllll I My ri myrv T MTTT T r]llllll T |I'|||||] 1 o

© 'o 'o 'o 'o 'o =]

(43 LIW/SLT0A) @314 21412373

127

Figure 19



Figure 20

128

The expected radial variations of f;, f;, and fo_o

along en euroral megnetic Tield line. The freguencies
f; and fp_, present propagation barriers or cutoffs
to downward propageting radiation with left-hand (1~0)
and right-hend (R-X) polarizations, respectively.

Note that in regions where f_ << f_ then f_ =~ f._..
P g g = B=0
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130

Figure 21 The top and bottom panels ere contour plots of typicael
electron distribution functions F(v), in velocity space
used in the theuri;s of Wu and Lee [1979] (top panel)
and Melrose [1976] {bqttum panel) for the generation
of AKR. In the bottom panel the source of free energy
for AKR emplification is in the precipitating portion
of P(v). The cnntour1at L 4 sec3fkm6 shows the shape of
& high velocity precipitating beam (large w'} which
also extends to large perpendicular velocities. In the
top panel the source of free energy is in the ascending
part of F(v). This distribution has e loss-cone

feature which is cheracterized by a depletion of

upgoing electrons heving small pitch angles (small ?l}.
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Figure 22

132

On the left-hand side are three contour plots of
inverted-V electron distribution functions in velocity
space observed by AE-D. These three distributions are
associated with weak (top), moderate (center) and
intense (bottom) aurﬁral kilometric radiation observed
gsimulteneocusly by Hawkeye. The corresponding energy
flux of each distribution as & function of pitch angle
is shown on the right-hand side. Note that in the
precipiteting portion of the distribution functions
(from 0 to 90°) there is at least an order of magnitude
more energy than in the escending portion (from 90°

to 180°). The high velocity beam or pesk in the distri-
bution functions, nearly centered about zero degrees
piteh angle, is a characteristic feature of inverted-V

electron distributions.
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Figure 23

134

Rey peths in the noon-midnight meridien for the Melrose
(bottom penel) and the Wu end Lee (top panel) generation
mechanisms in the model magnetosphere shown in Figure 20.
The resultant angular distribution for Melrose's
mechanism (shaded region, bottom panel) is that of =
f£illed-in emission cone and agrees will with the obser-
vations (see Figure 5 or 6). However, in the absence

of near source propagetion effects the Wu end Lee
mechanism (shaded region, top panel) produces & hollow

emission cone.
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