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ABSTRACT

Plagma wave measurements using instruments on the IMP 6 and
Hawkeye 1 satellites are utilized in a study of very intense electro-
static waves near the upper hybrid resonance frequency in the region
just outsgide the plasmapause. These intense plasma wave events have
electric field strengths of ~ 1 to 20 mV w L and are among the most
intense waves seen in the earth's magnetoasphere. Detailed studies
of more than 140 of these intense electrostatic disturbances reveal
that the events occur at all local times and at magnetic latitudes
varying from the equator to as high as 50°. The polarization of
these waves is such that the wave electric field vecter is oriented
perpendicular to the geomagnetic field. TIn most cases the center
frequency of the intense waves appears to correspond to an (n + lf2)f;
harmonic near the upper hybrid resonance freguency.

A survey of plasma measurements made simultaneously using the
Hawkeye 1 LEPEDEA shows that the occurrence of the intense electro-
static waves is not strongly correlated with the intensities of
~ 1 to 20 keV electrons, but that specific details of the hot elec-
tron distribution funcbion are directly related to the wave turbu-
lence. All events at magnetic latitudes less than about 10°

show strong pitch angle anisotropy with the greatest electron



intensities at o & 90°. The hot electron distribution function,
ffvi’ ﬂl), is described for a few events showing two sources of free
energy: & temperature anisotropy and a loss-cone distribution.
One event shown suggests that a bump-on-tail in v, may also con-
tribute free energy in some cases. A generation mechanism is
Proposed which is founded in the theory of electrostatic multi-
cyclotron instebilities. Observations are compared with the theory
which suggests that a nonconvective instaﬁility in the (n + 1/2)1‘;
band including the cold upper hybrid resonance freguency gqualita-
tively reproduces observations of the intensifications near the
upper hybrid resonance frequency for a range of plasmé parameters.
The implications of the presence of the intense upper hybrid
resonan§e waves on plasmas in the magnetbsphere are discussed. In
addition, the presence of large electrostatic waves may be related
to the terrestriel radic spectrum. Evidence is presented which
suggests the intense electrostatic waves may be a source of non-

thermal continuum radiation.
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ABSTRACT

Plasma wave measurements using instruments on the IMP 6 and
Hawkeye 1 satellites are utilized in a study of very intense electro-
static waves near the upper hybrid resonance freguency in the region
Just outside the plasmapause. These intense plasma wave events have
electric field strengths of ~ 1 to 20 my m-l and are among the most
intense waves seen in the earth's magnetosphere. Detailed studies
of more than 140 of these intense electrostatic disturbances reveal
that the events occur at all local times and at magnetic latitudes
varying from the equator to as high as 50°. The polarization of
these waves is such that the wave electric field vector is oriented
perpendicular to the geomagnetic field. In most cases the center
frequency of the intense waves appears to correspond to an (ui—le)fé
harmonic near the upper hybrid resonance frequency.

A survey of plasma messurements made simultaneously using the
Hawkeye 1 LEPEDEA shows that the occurrence of the intense electro-
static waves is not strongly correlated with the intensities of
~ 1 to 20 keV electrons, but that specific details of the hot eleec-
tron distribution funciion are directly related to the wave turbu-
lence. All events at magnetic latitudes less than about 10°

show strong pitch angle anisotropy with the greatest electron
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intensities at o & 90°. The hot electron distribution function,
f(vl, v“), is described for a few events showing two sources of free
energy: & temperature anisotropy and a loss-cone distribution.
One event shown suggests that a bump-on-tail in ‘i."J~ may also con-
tribute free energy in some cases. A generation mechanism is
proposed which is founded in the theory of electrostatic multi-
cyclotron instabilities. Observations are compared with the theory
which suggests that a nonconvective instability in the (n + l/E)f;
band including the cold upper hybrid resonance freguency qualita-
tively reproduces obgservations of the intensifications near the
upper hybrid resonance freguency for a range of plasma parameters.
The implications of the presence of the intense upper hybrid
resonance waves on plasmas in the magnetosphere are discussed. In
addition, the presence of large electrostatic waves may be related
to the terrestrial radio spectrum. Evidence is presented which
suggests the intense electrostatic waves may be a source of non-

thermal continuum radiastion.
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Plate L A typical example of intense waves near T

ran be seen ab aboub 2110 UT. This event occurs

at about 12.7 hours magnetic local time and at

a magnetic latitude of 6.9°. The band at fUHR

can be traced from within the plasmasphere at

high freguencies out through the plasmapause and

into the outer magnetosphere near the lower cut-

off of the nonthermal continuum radiation. Also

seen are weak, diffuse electrostatic bands between

harmonies of the gyrofrequency, below bthe upper
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Flate 2 A plasma energy-time spectrogram obtained during
the high latitude wave event dhown in Figure 11.
While incomplete pitch angle coverage does not
allow an analysis of pitch angle anisotropy,
the time correlation of the electron intensities
at about 1 keV with the intense electrostatic

waves seen in Figure 11 is very goods =+ + « « « » TO
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Plate 3 A plasma energy-time spectrogram obtained during
the intense electrostatic wave event shown in
Figure 12. Since this event lies at the equetor,
nearly complete sampling in pitch angle is
possible. DNote the very anisotropic electron
signature at about 1 keV between 2200 and _
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Plate b4 A demonstration of the intensification near fUHR
at (n + I/E)fé bands. In this outbound pass of
the ISEE 1 satellite one can see intensifications
as each of the first five (n + 1/2)f; bands
approaches fUHR near the lower edge of the non-
thermal continuum radistion. This pass is at

about 6 hours magnetic local time and near 20°

magnetic latitude. . « « « = = « + = = « « + & 4 . 82

Plate 5 A striking example showing an intensification as
the band at f . merges with the Bf;/E band.
Notice, also, the intensification in the non-
thermal continuum radiation at about 7 RE at the

same frequency as the intense electrostatic waves,
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suggesting a possible relation between the two.
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Figure 1 An example of intense electrostatic waves
detected just at the plasmapause by the
University of Iowa plasma wave instrument
onboard the TMP 6 satellite. The solid black
areas have a vertical extent proportional to
the logarithm of the awverage electric field
strength during 5.11 second averaging inter-
vals. The dots indicate the peak electric
field detected during the same interval. The
dashed line labeled fUHR illustrates the
expected trend of the upper hybrid frequency
ag a function of time if one assigns a fre-
quency scale to the ordinate so that the base-

line of each channel defines that channel's
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Figure 2 The electric field spectrum of the intense
electrostatic wave event shown in Figure l.
Notice the intense waves are sharply peaked at

56.2 kHz and the peak-to-average ratio is about
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30, indicating large fluctuations in intensity
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Another example of intense waves as measured by
the IMP 6 instrument. This event is approxi-
mately 0.5 RE outside the plasmapause. The
magnetic spectrum analyzer data shown in the
lower panel indicate the presence of a rela-
tively small megnetic component for this event.
The ratio of the electric-to-magnetic field
energy densities in this example is about
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This is a display of all the intense electro-
static wave events (|E| 2 1 my m-l) detected
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A series of histograms showing the number of
intense electrostatic wave events with electric
field amplitudes greater than about 1 mV mt as
a function of radial distance. Each histogram
represents the events detected at each of six
different frequencies. The histogram labeled
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time where all waves are polarized such that
|| B, consistent with the polarization of
nonthermal continuum radiation. The unshaded
region indicates freguencies and times, including
the intense electroastatic event at 31.l1 kHz, when
waves with measurable polarization have electric
fields oriented perpendidular to %o' This
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Figure T A display of plasma wave measurements of the same
event shown in Figure 6, but overlaid with lines
at fé and the lower order (n + lfz)fé bands
using the ordinate as a frequency scale. The
values of f; are calculated from the measured
magnetic field provided by the magnetometer
onboard Hawkeye 1. Notice that a large number
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Figure 8 A demonstration of the variation of measured

electric field strength as & function of §,
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strates the relative orientation of the geomag-

netic field, ﬁo’ the spacecraft spin axis, 3,

and the electric field to be measured, ﬁﬁ.
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FTigure 9 A high-resolution frequency-time spectrogram
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Figure 10 A high-resolution -freguency-time spectrogram
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growth rates shown near the peak of the fourth
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I. INTRODUCTION

This thesis describes very intense electrostatic waves
occurring just beyond the plasmapause at frequencies close to the
local upper hybrid resonance frequency, fi .. (fUHg = {f;}z + (fé)e
where f; and f; are the electron plasma freguency and gyrofrequency,
respectively). The importance of these waves is accentuated by
their large amplitudes, ranging from about 1 to 20 mV mfl, making
them some of the most intense waves detected within the magneto-
sphere of the earth.

Weaker bands of electrostatic waves in the magnetosphere near
- have been studied previously. Gurnett and Shﬁw [1973], Mosier
et al. [1973], Shaw and Gurnett [1975] and Hubbard and Birmingham
[1978a,b] have discussed bands of electrostatic emission at or just
outside the plasmapause. The frequencies of those bands varied
directly with upper hybrid resonance frequency over a region extend-
ing from just inside the plasmapause, across the abrupt decrease in
plasma density (frequency) at the plasmapause, and into the outer
magnetosphere. This signature appeared in about two-thirds of the
IMP 6 plasmapause crassingé. The band near fUHR at the plasmapause
was idenﬁified as upper hybrid resonence noise (in the terminology

of Gurnett and Shaw [1973]). Outside the plasmapause diffuse

electrostatic bands and narrow-band electrostatic noise were



jdentified with emission frequencies between harmonics of f; [Shaw
and Gurnett, 1975].

The intense electrostatic waves reported in this thesis are
probably rélated to one or more of the bands discussed by Shaw and
Gurnett [1975]. In fact, the intense bands studied here often appear
to be very intense upper hybrid resonance noise. It is significant
that Shaw and Gurnett have suggested the possibility of two dis-
tinct populations of events distinguishable by intensity. Evi-
dence for the two populations is presented in their Figure 7 by
means of a histogram for the number of electrostatic noise bands
at 31.1 kHz as a function of peak electric field spectral density.
The primary pesk in occurrence frequency is located at about 107 @
me Hz"l, with a small secondary peak located near 10_9 VE m.-2 Hz_l.
The intensities of the bands contributing to the secondary peak are
gimilar to the intensities of the waves reported in this thesis.

In this thesis we treat only the most intense electrostatic
waves found near the plasmapause and consider them to represent a
class of waves unigue from the low intensity bands discussed by
Shaw and Gurnett [1975], even though the very intense waves are
similar in many respects to the lower amplitude waves. It is use-
ful to present at this early point an archetype of the intense
wave events of interest. ©Plate 1 illustrates many of the features
of the intense waves and will be referred to often throughout

the thesis. The data comprising this illustration are from the

ISEE 1 sweep-frequency-receiver organized to show relative wave



amplitude as a functicn of frequency and time. Dark blue regions
indicate the lowest amplitude waves while red indicates wave
amplitudes four to five orders of magnitude greater than the receiver
threshold. The intense band at about 30 kHz at 2110 UT is indieative
of the waves treated in this work. The peak amplitude of this event
is approximately 7 aV w " and is sufficiently large to saturate the
receiver resulting in the yellow rectangular area immediately sur-
rounding the event. The intense band coincides with the upper hybrid
resonance band which can be traced outward from the plasmasphere

near 2200 UT at 300 kHz, across the plasmapause at about 2125 UT

and out into the outer magnetosphere. Outside the plasmapause the
band at fUHR lies near the lower frequency cutoff of the nonthermal
continuum radiation which appears as a reglon of ﬁeak, diffuse wave
turbulence above about 10 to 30 kHz. Below the band at fUHR are
weak, banded emissions corresponding to the diffuse electrostatic
bands. These bands lie between harmonics of f; and have amplitudes
typically in the uV'mfl range. The intense yellow band between

2015 and 2115 UT is chorus at about fga.

Since the initial report by Shaw and Gurnett [1975] which
alluded to the existence of intense electrostatic waves near fUHR’
there have been other reports of such waves in the literature.
Gurnett [1975] shows a very intense electrostatic wave event in
his Figure 13 which appears to be associated with nonthermal

continuum radiation. Using the passive plasma wave receiver on

board GEOS 1 Christiansen et al. [1978] detected a similar intense



band near f£ at about 6.5 R, and suggested it might be an example

of coherent electron cyclotron harmonic emission. Most recently
Gurnett et al. [1979] have shown the very intense band illustrated

in Plate 1. Until now, no concerted effort has been made to study
the occurrence and origin of these waves in a systematic manner.

It is the purpose of this thesis to explore the intense electrostatic
waves beyond the plasmapause near fUHR in detail. We shall describe
the spectral characteristics, polarization, and the region of
oceurrence of the waves as well as the association of these electro-
statiec waves with other wave modes in the magnetosphere such as odd,
half-harmonics of the electron gyrofrequency and nonthermal continuum
radiation.

The plasma wave receivers on board the IMP 6 and Hawkeye 1
satellites are well suited to study electrostatic waves in the
magnetosphere. The satellites were placed in highly eccentrie
orbits with greatly different initial inclinations of 89.8° and
28.7° (for Hawkeye 1 and IMP 6, respectively), hence, large portions
of the magnetosphere have been sampled. (See Figure 1 of Gurnett
and Frank [1977] for an illustration of the portions of the magneto-
sphere sampled by Hawkeye 1 and IMP 6.) Each plasma wave receiver
was designed to sample the broad frequency range occupied by
characteristic frequencies of magnetospheric plasma. The plasma
wave sensors and receivers on board IMP 6 are described by Gurnett

and shaw [1973] and the Hawkeye 1 plasma wave receiver 1s described



by Kurth et al. [1975]. Recently, measurements have become available
from the ISEE 1 and 2 plasma wave receivers which can greatly enhance
our understanding of the waves investigated in this paper. Plate 1
is an example of the measurements possible with the ISEE 1 sweep-
frequency-receiver which have been included to complement the survey
results obtained with the Hawkeye and IMP 6 instruments. The ISEE

1 and 2 plasma wave receivers are described in detail in Gurnett

et al. [1978].

The interaction of the intense waves with magnetospheric
plasma is important to the understanding of the wave generation
mechanism. In support of this study of intense electrostatic waves
we shall present the results of a survey of the plasma environment
of the intense wave turbulence. Early observations of the plasma
in the region just outside the plasmapause are given by Schield
and Frank [1970] and DeForest and MeIlwain [1971]. These papers
describe the earthward edge of the plasma sheet and the injection
of hot plasma sheet electrons into the electron trough during
magnetic substorms. Anderson [1976] has demonstrated a correlation
between intense electrostatic waves above f; and the injection of
1.2 keV electrons into the region just outside the nightside plasma-
pause. The present study is not meant to be a comprehensive study
of the plasma just beyond the plasmapause, but rather is concerned
with the comparison of these plasmas with observations of intense

g g
electrostatic waves near UHR



Measurements of the intensities of electrons and positive
ions over an energy range from about 50 eV to 4O keV have been gained
with LEPEDEA plasme instrumeﬁtation on board the Hawkeye 1 space-
craft. The nearly rectangular field of view of the plasma analyzer
is directed normal to the spacecraft spin axis, with angular dimen-
sion 30° parallel to the spin axis and 8° in the plane of rotation.
A thin-windowed Geiger-Mueller tube is provided as part of the
plasma instrument to determine the directional intensities of elec-
trons and protons at energies E 2 45 keV and 2 600 keV, respectively.
Instruments similar to the Hawkeye LEPEDEA have been flown on the
IMP and Injun satellites and are described in detail in Frank [1967].

While the survey of plasmas associated with the intense
electrostatic waves has been carried out with the Hawkeye LEFEDEA,
measurements recently geined with the ISEE 1 and 2 Quadrispherical
LEPEDEAs are used to augment the Hawkeye findings. The ISEE instru-
ments provide new opportunities to examine virtually the entire
three-dimensional velocity distribution function associated with
the waves studied here. The Quadrispherical LEPEDEAs are described

in Frank et al. [1978].



II. DESCRIPTION OF INTENSE ELECTROSTATIC WAVES
BEYOND THE PIASMAFAUSE

A. Spectral Properties

An example'of the intense electrostatic wave events detected
by IMP 6 and Hawkeye is shown in Figure 1 to illustrate the main
characteristics of the waves. This illustration shows the average
and peak electric field strengths sampled in the eight highest
frequency spectrum analyzer channels of the IMP 6 plasma wave
experiment for a four-hour interval on January 18, 1972. The solid
black area for each channel has a vertical extent proportional to the
logarithm of the electric field strength averaged over 5.ll-sec.
intervals. The dots represent the peak electrie field strengths
detected during each averaging interval. The event present in the
56.2-kHz channel at about 1950 UT and with a peek electric field
strength of 4.0 mV m" is typical of the electrostatic wave events
discussed in this report. The locaticn of the plasmapause shown
in Figure 1 is identified by observing several characteristic changes
occurring nearly simultaneously in the plasma wave spectrum and
spacecraft-related interference. As the spacecraft exits the plasma-
sphere a rather abrupt decrease in amplitude of plasmaspheric hiss

can be seen in the signal present in the 3.11-kHz channel of Figure 1.



At the same time, an abrupt increase in interference associated
with the solar cell arrays on the spacecraft can be detected in the
lower frequency channels (not shown). The upper hybrid resonance
band is also a convenient aid in determining the location of the
plasmapause since an abrupt drop in frequency of this band is
indicative of the decrease in plasma density at the plasmapause.
(For a discussion of methods useful in determining plasmapause
locations by means of various signatures in plasma wave data see
Shaw and Gurnett [1975].) The dashed line labeled £ in
Figure 1 provides an estimate of the upper hybrid resonance fre-
guency and serves only to illustrate the anticipated drop of fUHR
due to the abrupt decrease in density at the plasmapause. 1In this
case, it is apparent that the intense wave event lies very close
to the plasmapause.

A consistent feature of the electric field spectrum of the
waves studied here is their narrow bandwidth. The spectrum for
the event shown in Figure 1 is illustrated in Figure 2. Notice
that the intense wave spectrum is very sharply peaked at 56.2 kHz,
with responses in the adjoining channels due principally to filter
overlaps in the spectrum analyzer. The bandwidth of the waves is
typically less than about 10 percent of the center frequency. The
event illustrated in Plate 1 also has a very narrow banﬂﬁidth.
Some examples of the intense waves appear in high resolution spectro-

grams made from Hawkeye and IMP 6 wideband analog data. None of



the high resolution spectrograms show any evidence for intense wave
events near fUHB having bandwidths greater than about 10 percent.
Occasionally, other narrow spectral features are present at higher
frequencies in conjunction with the band near fUHR’ and these will
be discussed in the section on the identification of the wave mode.
The intensity of the electrostatic turbulence varies greatly
as a function of time. The dots in Figure 1 show the sporadic
nature of the waves, Variations of more than an order of magnitude
in electric field strength are commonly detected on time scales of
several minutes to a few seconds. The spectrum in Figure 2 illus-
trates the variation of intensity over short time intervals.
While the average electric field spectral density in this example

'l, the peak is about 3 x 1077 v* u8

is gbout T x 1070 v 2 gy
Hz Y, fThis represents a variation of a factor of about 7 in elec-
tric field strength in 5.11 seconds.

The fintense waves near T usually include a weak magnetic

UHR
component. TFollowing the terminology of Shaw and Gurnett [1975],
we have consistently referred to the waves as being electrostatic,
but as can be seen in Figure 3, a small but measurable magnetic
field component is present. The electric-to-magnetic field energy
density ratio for this example is about 1600, while the ratio is
usually equal to or greater than about 1000 for the other events

detected with IMP 6. In some cases, no magnetic component is detect-

able. Because the electric-to-magnetic field energy density ratio
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is very large compared to that for electromagnetic waves in free
space, we refer to these waves as electrostatic. It is important
to mention that magnetic field data for the frequency range of
interest are available only in the IMP 6 data. We have assumed
that features visible in the Hawkeye data which are similar to
IMP 6 events in their electric field characteristics also have

gimilar magnetic field properties.

B. Regions of Occurrence

The initial isolation and characterization of the intense
electrostatic waves discussed in this thesis were achieved through
a semi-automatic search of plasma wave data acquired with the IMP 6
and Hawkeye 1 satellites. Electrostatic bands near rUHR &re Narrow-
band and fluetuate rapidly in intensity on time scales of seconds
or less. A computer elgorithm is used to select narrowbapd
(Af/f € 10 percent) events by seeking responses in a single channel
which are stronger by a factor of at least 3 than the responses in
adjacent chaﬁnela. The algorithm also selects events which exhibit
rapid fluctuations in intensity by requiring a peak-to-average
electric field strength ratio greater than about 3. Finally, only
those events with maximum electric field strengths greater than
about 1L mV m_l are selected. Waves of lower intensity hawve been

studied in detail Blsewhere [Shaw and Gurnett, 1975]-
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Intense electrostatic waves at low frequencies, e.g., near
3f;/2 have been studied extensively [Kennel et al., 1970; Fredricks
and Scarf, 1973; Scarf et al., 1973]. 1In this thesis we seek to
extend the study of electrostatic waves in the magnetosphere to
intense waves at frequencies usualiy much greater than fé, . 15
f; or fUHR' While the electron plasma frequency may drop to as low
as 500 Hﬁ in portions of the magnetotail, f; is usually greater
than about 5 kHz for most regions of the magnetosphere. Hence,
the search was conducted at IMP 6 analyzer center frequencies of
5.62, 10.0, 16.5, 31.1, 56.2 and 100 kHz. Two analyzer center
frequencies of the Hawkeye plasma instrument were located at
glightly different values of 13.3 and 17.8 kHz (versus the 10.0-
and 16.5-kHz channels of IMP 6).

Once the list of possible events with narrow spectral sbruc-
ture and large, sporadic amplitudes was generated, the process of
gaining specific information on individual events proceeded h&
hand. In addition to the intense electrostatic events of interest
the 1list includes events for which (1) the waves are clearly electro-
magnetic, (2) the wave frequencies are well below f;, and (3) the
waves do not oceur within the magnetosphere of the earth, such as
electron plasma oscillations in the solar wind. The list is
refined by hand to accomplish two goals. TIirst, we eliminate events
which are clearly not electrostatic waves near f; or fio in the

magnetosphere and second, we attempt to classify and characterize
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the remaining events. The refining process relies heavily on the
use of high resolution, frequency-time spectrograms which display
the wideband analog data gained with each of the plasma wave
instruments.

Through our search of over five and one-half years of IMP 6
and Hawkeye observations we have collected approximately 145 electro-
static events with intensities 2 1 mV mfl- The positions of these
intense events are identified in Pigure h, with the figure organized
to show four 6-hour segments of local time centered at magnetic noon,
midnight, dusk, and dawn. Positions determined within each six-
hour quadrant have been rotated (not projected) into the designated
meridienal plane (e.g., all local times from 2100 through 0300 are
rotated into the midnight meridian). The points plotted in Figure L
represent events detected in each of the six frequency channels
from 5.62 kHz through 100 kHz.

Tt is apparent from Figure 4 that intense electrostatic waves
near fUHR oceur at all local times and over a wide range of lati-
tudes. An examination of the local time distribution of the events
on & finer scale than that of Figure 4 does not reveal a signifi-
cant preference for any local time. The limits of latitudinal
coverage by the two satellites are indicated by dashed lines, with
coverage within the limits not uniformly distributed. The apparent
cutoffs in the occurrence of events near magnetic latitudes + 50°

may represent observational limits and not upper bounds for the
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phenomena. Orbital coverage is also greatly reduced near the mag-

netic equator due to the relatively large inclinations of the orbits.
Because of this sampli;;-bias greater numbers of intense events

may lie close to the equator than are indicated by Figure L,

Kennel et al. [1970] and Fredricks and Scarf [1973] have reported
increased occurrence frequencies for intense 3f;/2 and (n + lfe)fé
bands near the equator.

With a sample of only 145 events it is difficuit to perform
detailed statistical studies. We believe it is significant, however,
that from the more than five and one-half years of observations
comprising on the order of 1500 plasmapause crossings, the intense
waves were observed during only about 10% of the crossings. This
implies either that the intense waves are not present most of the

time, or that they are confined to localized regions near the

plasmapause surface which cover only about 10% of the area normally

traversed by Hawkeye and IMP 6. The frequency of occurrence of
events at latitudes within + 10° of the magnetic equator is signi-
ficantly higher than 10%. On the order of one of every three passes

of Hawkeye or IMP:6 through the region within 10° of the magnetic

equator for 3§ R & 8 Rg reveal intense waves near I ...

On & few occasions intense electrostatic wave events have
been detected in nearly the same region of the magnetosphere and
at the same frequency on two consecutive orbits. Some of these
event-pairs display striking quantitative similarities suggesting

those are not just random, unrelated occurrences. The observation
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of similar events on consecubive orbits may imply that the lifetime
of those intense wave events can be as long as two to four days
(the orbital periods of Hawkeye 1 and IMP 6, respectively).
Evidently, the conditions necessary for the generation of the
intense waves are present for periods of time of several hours to
a few days and this lifetime could possibly give clues as to the
origin of the waves. A reasonable explanation of event lifetimes
on the order of a few days is that the intense electrostatic ewvents
are related to magnetic storms. A relationship with storms might
also explain the infrequent occurrence of the events. However, a

study of hourly Ds values at times when the intense wave activity

t
was detected yielded a poor correlation between the wave events
and magnetic storms. Only about half of the events showed any
association with storms. The walues of Kb during the intense wave
events were also analyzed. The distribution of EP during the events
is not significantly different from the Kﬁ distribution for all
times, hence, no strong association with magnetic activity appears
to exist. The_events also show littie or no correlation with AE
as might be expected if electrons injected from the plasma sheet
were directly responsible for the instability. In particular,
events detected in the midnight sector (21 to 3 hours magnetic local
time) show no significant correlation with large values of AE.

A strong correlation between wave freguencies and the radial

distance of intense wave events is observed. This trend is illus~

trated in Figure 5 by plotting the number of events detected in
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each frequency channel as a function of radial distance from the
earth. The progressive decrease in wave frequencies of the events
with increasing radial distances is unmistakable. We have observed
approximately 15 events for which the band of emission was present
for an interval of time sufficient for the frequency to drift from
one channel to the next. In all of these events, the drift was to
lower frequencies as a function of increasing radial distance.
lotice that the freguency of the intense band in Plate 1 also
decreases with increasing radial distance. This relationship is
almost certainly due to a close physical connection between the
frequencies of these intense bands of electrostatic waves and
characteristic frequencies of the local plasma. In this region of
the magnetosphere, both the electron plasma frequency and the elec-
tron gyrofrequency show monotone decreases wlth increasing radial
distance. Tt follows that the upper hybrid resonance frequency
decreases at the same time (or over the same region of space). In
general, the intense electrostatic wave events are observed at
frequencies above and often several times greater than fé. There-
fore, we feel confident that the instability is most closely related
to either f; or fi . In the example shown in Plate 1, the ratio
f;ff; is sufficiently large that the difference between f; and fUHR
is not resolvable. Evidence is presented in the next section which
indicates the intense electrostatic turbulence is directly related
to fUHH' The electron gyrofrequency may remaein an important para-

meter through the (n + l/ejf; bands. This idea shall be developed

further in the next section.
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Other parameters which characterize the intense electrostatic
waves detected near fUHR include the duration (or spatial extent)
and the distance from the plasmapause. These parameters are
observed to vary greatly in magnitude from event to event with the
events illustrated in Figures 1 and 3 and Plate 1 demonstrating some
of these variations. Tor example, notice in Figure 3 that the
intense waves clearly lie outside the plasmapause, with the center
of the event located nearly 0.5 RE beyond the plasmapause. In
contrast, the event shown in Figure 1 lies just at the plasmapause.
Typically, the events range from being just at the plasmapause to
a few RE outside. The average distance is about 1.3 RE from the
plasmapause. Since a majority of events are not located at the
plasmapause, but at significant distances beyond, we conclude that
the instability is not directly related to the plasmapause, itself.
It is unlikely, then, that strong density gradients are an important
factor in the instability. The typical event lasts about 5 to
15 minutes which translates into an average radial extent of about
0.35 RE. There is wide variability in the radial extent of the

events, ranging from less than C.1 HF to more than 1 RE.

C. Identification of the Wave Mode

By analyzing the polarization of the intense waves and study-
ing other wave modes present in the vieinity of the intense events
we can gain information necessary to identify the wave mode of the

intense waves. [For example, consider the plasma wave observations
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gained with Hawkeye 1 on January 31, 1976, during an outbound
traversal of the magnetosphere near 10 hours magnetic locel time.

A portion of the observations are presented in Figure 6 and again
in Figure 7 to demonstrate the presence of intense waves with peak
electric field strengths > 10 mV m_l in the 31l.1-kHz channel
between 1840 and 1853 UT. TIigure 6 is divided into three regions
according to wave polerization. The polarization is determined by
analyzing the electric field amplitude as a function of the angle
between the électric dipole antenna and the geomagnetic field, Eo'
A general description of the method of measuring the polarization
using & rotating dipole antenna is discussed in Appendix A. The
shaded regions indicate where the polarization of the waves present
ig such that the electric field of the wave is nearly parallel to
%D. Regions of the figure lacking shading or hatching indicate
where the polarization of waves present is such that the electric
field is nearly perpendicular to 30. The hatching indicates that
region below fé consisting of whistler-mode waves which are not of
primary interest here. BSuperimposed on the presentation of Figure 7
is a solid line to specify the electron gyrofrequency and dashed
lines for the first four (n + l/2)fé harmonics. The magnetic field
intensities required to calculate fé were obtained by means of the
onboard magnetometer, and were provided by J. A. Van Allen [personal
communication, 1978]. Since the spacing of the eight frequency
channels is approximately logarithmic, the ordinate of this figure

may be defined as a frequency scale with the baseline of each
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channel marking the position of the center frequency of that

channel,

As shown in Figure 6 the polarization of the intense electro-
statie bturbulence at 31.1 kHz is such that the wave electric field
is virtually perpendicular to the geomagnet ic field, ﬁo. Figure 8
shows the variation of the electric field as a function of antenna
orientation angle, 6. During the intense event, the spin axis, E,
of the spacecraft is nearly perpendicular to ﬁo and provides an
excellent opportunity to measure the angle between En and the wave
electric field, ®. The analysis, detailed in Appendix A, indicates
8 » 80°., The perpendicular polarization of these wawves provides
the best evidence that the waves are moat closely related to fUHR
and not f;. There are no modes at f% which have perpendicular
polarizations, whereas the modes at fUHR are all peolarized perpen-
dieular to ﬁo [shaw and Gurnett, 1978]. Other events have been
analyzed for polarization with each one showing a perpendicular
rather than parallel polarization.

A characteristic feature of the intense electrostatic waves
is that the intensification generally occurs at fUHR when fUHR e
(n + lf2)fé. This is clearly seen in Plate 1. Notice that there
are weak banded emissions below the intense band at fUHE' These
bands lie at about 3/2, 5/2, 7/2, and 9f;f2. (Wear 1930 UT the
11f;/2 band can also be seen.) The intensification at 2110 appears
to occur when the Qfé/E band coincides with the band at f ..

The megnitude of the intensification is orders of magnitude greater
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than & simple addition of wave amplitudes of the diffuse eslectro-
static bands and the usually weak UHR band.

Although the effect is more difficult to see in the Hawkeye
data, the event in Figures 6 and 7 also shows that the intense
waves occur when f .. ~ (n + 1/2)?;. Figure 7 shows that the
intense electrostatic waves in the 31.1-kHz channel lie directly
at the Tf;fz harmonic. Diffuse electrostatic waves in the 23.7-
and 17.8-kHz channels also align well with the Tféfe band, but
these are very weak. Irom Figure 7 one can visualize a continuous
band at Tf;fz which suddenly intensifies near 1845 UT. Most of
the events studied may be interpreted as intensifications of one
of the (n + l/E)f; bands.

There is sufficient information available in Figures 6 and
7 to identify the frequency of the intensification of the Tf;/2
band as fi; - The waves in the shaded region of Figure 6, con-
sisting of low amplitude waves with i Il Eo’ are almost certainly
continuum radiation propagating mainly in the (L, 0) mode (in the
convention of Stix [1962]). The intense wave event is located very
close to the lower frequency cutoff of the continuum radiation
which must be f;. Since the intense waves are abt about 3.5f;,

fp Ry fl‘}_[_mJ

of the intense wave turbulence unambiguously identifies fUHR ag

and as discussed above, the perpendicular polarization

the characteristic frequency important in the instability. There-

fore, the event shown in Figures 6 and 7 is an intensification of

the Tfé/e band at f ..
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There exist many other examples of intense wave events
oceurring at fm-m when £~ (n + 1/2)1;. Figure 7 displays IMP 6
wideband data in & mode which cycles through bandwidths of 0.65 to
10 kHz, 11 to 19 and finally 21 to 29 kHz (not shown) while alter-
nately switching between a magnetic loop antenna and an electric
dipole antenna. During this time interval the electron gyrofrequency
is about 1.9 kHz (based on IMP 6 measurements of the magnetic field
obtained from the National Space Science Data Center, N. F. Ness and
D. H. Fairfield, principal investigators) and electrostatic bands
near Sfé/e and 5fé/2 are clearly seen. Continuum radiation is
detected in the magnetic spectrogram with a lower cutoff at 15 kHz.
(Due to the AGC characteristics of the receiver, the gain of the
receiver is set much higher in the magnetic portion of the cycle
allowing the detection of the weak continuum radiation. The presence
of the intense band at about 15.2 kHz in the electric portion of the
cycle sets the gain to a low value, hence, the continuum radiation
can no longer be detected.) The intense electrostatic band at
about 15.2 kHz is at a frequency very close to lﬁfé/?. Notice that
the emissions near 15 kHz are separated by & frequency very clese to
f;. Also, if the lower frequency of the continuum radiation is f;,
then fUHR is very nearly 15.2 kHz. The significance of fUHR a

(n + l/E}f; for the intense wave events will be addressed in

Chapter IV.
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The question which remains concerning the event in Figures 6
and 7 is the explanation of the apparent spread in frequency of the
intense event. Tt appears that the emissions oceupy a very broad
band of fregquencies extending at least from 13.3 kHz to 178 kHz.

The responses of all but the two channels adjacent to the 31.1-kiHz
channel are too great to be attributed to a single, narrowband
gignal at 3l.1 kHz. There are three possible explanations for the
responses in the other channels: (1) the event is broadband,

(2) there is distortion due to receiver saturation, or (3) the event
consisbts of multiple bands. From our survey of the high resolution
spectrograms we can eliminate the possibility of the event being
broadband since no evidence for broadband events has been seen.
Without high resolution spectrograms for this specific example,
however, the other two possibilities must remain. Specific examples
of multiple-banded events which are most likely due to harmonic dis-
tortion can be found in the wideband, analog data.

We should point out that evidence of multiple-banded events
has been found in at least one example from cbservations with the
Hawkeye instrument and is displayed in Figure 10. The waves of
interest are the two bands near 27 kHz and 49 kHz. To assure that
these bands are similar to other intense waves in the study, we
have analyzed the polarization. The arrows in Figure 10 indicate
those times when the electric antenna is oriented perpendicular
to the geomagnetic field. Since the times indicated by the arrows

correspond reasonably well to peaks in the intensities of the bands
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at 27 and 49 kHz we can deduce that these bands, like the one in
Figure 6, are nearly perpendicularly polarized. The fact that the
band at 49 kHz is detected at all attests to its significant
intensity since the wideband receiver's sensitivity at 49 kHz is
down by about 7 db in comparison to the sensitivity at lower fre-
quencies. In addition, the gain of the AGC receiver is greatly
reduced due to the intense band at 27 kHz. Since the dynamic range
of the display (i.e., the film) is only about 20 db, the band at
L9 kHz is within an order of magnitude of being the same amplitude
as the band at 27 kHz. We can rule out receiver distortion as an
explanation for the multiple bands in this event because they are
not harmonically spaced. (The effect of receiver saturation and
distortion is to generate false harmonics of the real gignals. )
Also, it is doubtful that both of the bands in Figure 10 are

(n + l/E)fé harmonies. The measured magnetic field yields an elec-
tron gyrofrequency of about 16 kHz as indicated to the right of
Figure 10. The lower band at 27 kHz certainly lies between f; and
Efé, but the second band lies too close to the third harmonic of
f~ to be considered an odd half-harmonic. An alternate hypothesis
is that the band at 27 kHz is not only a so-called 3/2 band, but
also lies at fi . Knowing f - and f; allows a calculation of f;.
Hence, according to this hypothesis f; is about 22 kHz. It is
interesting to note that the band at 49 kHz is approximately 22 kHz

above the band at 27 kHz. Further, close serutiny of Figure 10



yields some evidence of wave activity near 22 kHz. Hence, it is
possible that & mixture of waves at f; and fUHR produces the band

at 49 kHz, although this is a highly speculative supposition.

23
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IIT. PLASMA SIGNATURES ASSOCIATED WITH
INTENSE ELECTROSTATIC WAVES

A. Survey of Plasme Measurements Gained During

Intense Electrostatic Wave Events

As a first step in accumulating information about plasmas
associated with intense electrostatic waves near fUHR we shall
survey plasma measurements taken simultaneously with the detection
of the waves. TFor L7 events detected with the Hawkeye plasma
wave instrument energy-time spectrograms have been produced from
data from the LEPEDEA. The energy-time spectrograms allow large
quantities of information concerning intensities, pitch angle
distributions, energies, etc., to be studied in a simple, compact
form. The spectrograms were analyzed to detect plasma signatures
which might be uniquely related to the intense waves of interest.
Before proceeding, however, we must caution that while the energy
carried by the waves is large, the ratio of the wave energy density
to the thermal energy of the plasma is very small, typically less
than 10"*. Hence, the free energy source in the plasma distribu-
tion function need not be large. It is also crucial to realize
that the measured distribution function is a time-stationary state

which is in pseudo-equilibrium with the intense waves. That is,
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the measured distribution function may not only be that function
driving the waves, but, also, is almost certainly being modified
by the waves through diffusion.

The plasma survey is limited to electrons with energies
greater than several hundred eV. Because the waves are at high
frequencies, the importance of ions in the wave-particle inter-
action must be negligible. Also, measurements of electron inten-
sities below energies of several hundred eV with the Hawkeye LEFPEDEA
at b4 € L € 8 may be aliased by spacecraft charging [Gurnett and
Frank, 1976]. Wwhile this eliminates the study of cold electrons,
it may be that hot electrons will prove to be instrumental in the
wave-particle interaction as indicated by the correlation of 1.2 keV
electron fluxes with electrostatic waves above f; [Anderson, 1976].
Also, Lyons [1974] demonstrated that the energy of electrons diffused
by electrostatic waves above fé inereased as the energy in the waves
increases, hence, the wave studied here could put 1l to 10 keVv
electrons on strong diffusion.

Measurable intensities of electrons at energies E 2 900 eV
are detected with all but one of the intense electrostatic wave
events for which simultaneous observations are available and many
of these show moderate to large intensities, ~ 103 ko th cm? -
sec - sr - ev}hl, typically. Generally, the intense wave regions
are mich more tightly confined (temporally or spatially} than the
regions of a few-keV electrons thought to be associated with the

waves.
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There are striking examples showing excellent correlation
between the occurrence of an intense wave event and a peak in
intensity of ~ 1 to 20 keV electrons. An example of such a case
is shown with the aid of Plate 2 and Figure 11. The center panel
of Plate 2 shows the intensity of electrons as a funetion of
energy and time. The scale at the left of the panel gives the
common logarithm of the energy and ranges from about 50 eV to
40 keV. The color bar at the right is calibrated in units of the
logarithm of the instrument responses, counts (sec)—l. The sinusoidal
pattern of dots just zbove the center panel indicates the pitch
angle, o, being sampled as a function of time. The coverage of
piteh angles or the envelope of the sine wave is a function of time
and depends on the orientation of the spacecraft's spin axis with
respect to the geomagnetic field. In this case the piteh angle
sampling is fairly poor: U45° € o € 135°.

The wave event in Figure 11 is most intense in the 17.8-kHz
channel (nearly 10 mV mfl) between about 2258 and 2305 UT and lower
amplitude wave turbulence occurs somewhat earlier in the 13.3-kHz
channel. The event is centered at about 54° magnetic latitude.

The plasma spectrogram in Plate 2 shows a gradual rise in electron
intensities near 1 keV beginning at about 2250 UT and they become
quite intense near 2258 UT. There is a fairly sharp decrease in
intensity at about 2305 UT. The narrow intensity peaks at large
amplitudes are analyzer responses to scattered solar Lyman-w

radiation.



27

This example, then, shows reasonably good temporal correlation
between the intense waves and intensities of ~ 1 to 10 keV electrons.
About 269 of the cases studied exhibit this good spatial (temporal)
correlation.

The example shown in Plate 2 and Figure 1l of good spatial
correlation between intense electrostatic waves and electron inten-
sities is an exceptional case in that Th% of the events do not show
as good a correlation between the onset and cessation times of the
wave and particle events. A more typical event consists of a fairly
localized region of intense waves which occurs within an extended
region of plasma-sheet-like plasma. The spectrograms do not gener-
ally reveal noticeable changes in the signature of the electron
intensities during the intense wave event. Of the events at magnetic
latitudes greater than 20° virtually all of those events showing
poor correlations between intense wave events and obvious plasma
signatures lie at magnetic local times between about 4 hours and
20 hours. Ivents showing good correlations at latitudes above 20°
lie between sbout 20 hours and 4 hours magnetic local time. TNotice
that the event with a good temporal correlation in Figure 1l and
Plate 2 is an apparent exception to this local time trend. Local
time does not appear to affect the wave-plasma correlation for events
near the magnetic eguateor. The evidence is fairly convinecing that
the intensity of ~ 1 to 20 keV electrons cannot be the only parameter

important in the instability resulting in intense electrostatic waves
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near fUHR' That is, the instability responsible for the intense
waves is most likely related to a feature of the electron distribu-
tion function and not simply electron intensity.

For approximately 30% of the events studied the orientation
of the spacecraft spin axis is such that a fairly complete range of
pitch angles is sampled by the Hawkeye LEPEDEA. All of these cases
which include a wide range of pitech angle sampling show evidence of
electron anisotropy. Dach of the fourteen events exhibiting
anisotropy has maximum electron intensities near @ = 90° with
minima et 0° and 180°, An example of anisotropic electron distri-
butions associated with intense electrostetic waves is shown in
Plate 3. Plate 3 displays the LEFEDEA energy-time spectrogram
coinciding with an intense wave event during orbit 205 which is
illustrated in Figure l2.

The intense waves in the orbit 205 event peak in the 100-kHz
channel of the plasma wave receiver at about 2207 UT on August 15,
1975. Notice that between 2200 and 2210 UT in the electron spectro-
gram of Plate 3 there is a pericdic signature near 1 keV which
extends in energy as high as about 20 keV. Using the sinusoidal
pattern above the panel, we can explain the periodicity in the
signature as a pitch angle anisotropy. MNotice that when the elec-
tron intensity near 1 keV is a maximum, the instrument is sampling
near @ = 90°. This event is located almost directly on the magnetic
equator. The orientation required to allow sampling of the widest

range of pitch angles occurs only very close to the magnetic equator.
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Hence, we have evidence for anisotropic distributions of electrons
only for events close to the equator.

In summary of the plasma survey we have shown that while
~ 1 to 20 keV electrons apparently are a factor in the instability
responsible for the intense electrostatic waves near fUHR’ the
intensity of electrons is not, in itself, the coatrolling factor.
At least for the events near the magnetic equator, it appears that
an anisotropy in the electron distribution could be a more important
feature. It is necessary, however, to look more closely at the
distribution function to anslyze the details of the electrons

which are responsible for the instability.

B. FElectron Distribution Functions Measured During

Intense Electrostatic Wave Tvents

Tn this section we analyze in detail a portion of the electron
distribution function for several events which were included in the
generel survey described above. In order to obtain as complete
distribution functions as possible, we are constrained to events
lying elose to the magnetic equator where the maximum range of
pitch angles is sampled and having adequate analyzer response abt
pitch angles as small as 30°.

We shall now examine two events which demonstrate possible
sources of free energy in the electron distribution function
in the form of a temperature anisotropy and a loss-cone distri-

bution. In Figure 13 we show the electron velocity distribution



30

function, f(vL, Wl} measured during an intense wave event at O430 UT
on April 5, 1977, which is shown in Figure 1l4. The distribution
function covers the energy range of about 1 to 38 keV. Plotted

are contours of constant f{vL, v“). The dashed line is the

100 counts (sec)_l line and indicates that measurements at smaller
¥ (or smaller o) may be suspect due to poor statistics. Two
features of the distribution function shown in Figure 13 may be of
importance with respect to the wave event detected gsimultanecusly.
First, there is evidently a temperature anisotropy with the perpen-
dicular-to-parallel temperature ratio, TL/T”, approximately 2 in
the energy range shown. Second, a loss cone is evident at small
pitch angles (o & 20°). The loss cone appears as an indentation
near the Y| axis and an evaluation of bf(vi, ﬂ])/bvl for v” 2

3 x 107 cm.(sec)'l would result in a positive slope.

Both of these features may be unstable to electrostatic
waves. A temperature anisotropy has been shown to be unstable to
waves between nf; and (n + l)gé if the thermal anisotropy
(A= (T&/T”) - 1) exceeds n [Ashour-Abdalla and Cowley, 1974]. In
the cases examined, however, the anisotropy does not appear to be
large enough to drive instabilities in the higher harmonics unless
the anisobropy condition of Ashour-Abdalls and Cowley might be
relaxed by the addition of cold electrons [Ashour-Abdalla, personal
communication, 1978]. The loss-cone distribution function has been
used by Ashour-Abdalla and Kennel [1978b] as a free energy source

to study multi-harmonic eyclotron waves.
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A second exsmple, similar to the orbit 487 example discussed
above is illustrated in Figure 15. The distribution function shown
here is measured in conjunction with the intense wave event shown
in Figure 16 at about 2155 UT on June 12, 1975. Again, TJ.XT“ is
approximately 2 and there is a suggestion of a loss cone at small
pltch angles. The distribution function measured was actually taken
after the peak in the wave event. Larger counting rates are-present
at about 2200 and after. Measurement simultaneity has been
sacrificed for improved counting statistics in this case. Hence,
it is possible a more pronounced loss cone could be observed earlier
during the peak of the wave event.

The loss-cone distributions presented in Figures 13 and
especially 15 are guite weak and it would be prudent to question
the validity of the effect. Because the LEPEDFA field of view is
finite, measurements at very small pitch angles also include a
response to particles with larger pitch angles. The effect is to
fill in or de-emphasize any loss cone which is in the actual dis-
tribution function. Figure 17 demonstrates the magnitude of the
de-emphasis. The solid contours of f(v¢, ﬁl} in Figure 17 are a
model hot distribution function based on the subtracted bi-Maxwellian
given by Ashour-Abdalla and Kennel [1978al. The dashed contours
in the figure represent the response of a finite-width detector,
such as the Hawkeye LEPEDEA, to the model distribution function.

The point of this exercise is to demonstrate that weak loss-cone

distributions as measured by the Hawkeye LEFEDEA in orbits 487 and
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176 are conservative measurements of the depth of the real loss cone.
The model contours in Figure 17 also serve as a comparilson between
theory and observation. The model is representative of the models

used in the multi-cyclotron harmonic emission theory while Figures 13

and 15 represent the first measurements of distribution functions
in the magnetosphere which may be felated to these waves. DNotice
that there are certainly good gqualitative similarities between the
model and actual observations, especially pertaining to the form

of the loss cone.

Two additional examples are shown which are similar to the
above two examples, bubt suggest there are variations in the character
of the distribution of electrons during the intense wave events and
possibly a third form of free energy. Figure 18 is the electron
distribution function for the intense wave event in the 100-kHz
channel at 2345 UT on November 17, 1975, shown in Figure 19. The
distribution of Figure 18 again shows a loss cone at small pitech
angles and a definite anisotropy. In this event, however, the
increased density of hob electrons with large pitch angles is
confined to pitech angles quite close to 90°.

A similar distribution is shown in Figure 20, corresponding
to the wave event of orbit 205 shown above in Figure 12. The
second dashed line in Figure 20 at smaller v, is the 50 count (seec)”
contour and indicates that electron intensities measured nearly
parallel to Bo are very small and should be disregarded. Hence,

little can be said about the possibility of a loss cone in this
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example. The feature of interest in this example, however, is near
@ =90° and 6 x 107 € v, S 10™% (sec)-l. Again, the distribu-
tion shows greater intensities very near o = 90° but it is intri-
guing to speculate on the possibilities presented by the
f(VL: ﬂl) = 10732 contour. The energy resolution of the Hawkeye
LEFEDEA is quite coarse due to weight and power limitations. While
there is no direct evidence, it is possible that there may be a
local maximum at V| = 0and v =~ 8 x 107 em (sea)hl. Hence, a third
possibility for a free energy source is suggested by the orbit 205
event which is a bump-on-tail in the perpendicular distribution
function.

While this study of the plasma associated with intense
electrostatic waves near fUHR just outside the plasmapause does
not treat the cold electrons, a definite tie between electrons
with energies in the range ~ 1 - 20 keV and the waves can be seen.
The relevant plasma signature is most likely a detail of the dis-
tribution function. Because of the intensity of the waves, it is
obvious that an important signature which might be isclated would
be the source of free energy in the plasma interacting with the
waves. This study exposes three possibilities for such a free
energy source: (1) a loss-cone distribution, (2) a temperature
anisotropy, and (3) & bump-on-tail in the perpendicular velocity

distribution at | = 0, although there is no solid evidence for



thig third possibility in the data shown. The temperature
anisotbropies measured are not great and may not be sufficient to

drive the instability to higher (n + L/E)fé harmonics.

3k
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IV. A COMPARISON OF INTENSE ELECTROSTATIC WAVES OBSERVED

NEAR fUHR WITH LINEAR INSTABILITY THEORY

A. Review of the Theory of Electrostatic Waves

Above the Electron Gyrofrequency

The observations presented heretofore strongly suggest that
the theory of electrostatic, multi-cyclotron instabilities may pro-
vide a straightforward explanation of the intense wave mode explored
in this study. We begin here by reviewing briefly the development
of the linear theory of the (n + 1/2)fé instabilities. Then we
shall draw & scenario relating the theory to the intense, upper
hybrid resonance waves and show that there is substantial, qualita-
tive agreement between the theory and observations.

The development of the theory of electrostatie eyclotron
instabilities may be described as a series of efforts to solve the
Harris [1959] dispersion relation at frequencies above the electron
gyrofrequency. The dispersion relation is satisfied for longitudinal

plasma waves in a uniform magnetic field:

2
k w G (V )dv
B T . n——co 2 R
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where

kv
nf OF OF 2 44
= 2n —] v dv
IJ) fv bv ) dv | “n | @ 0
w* complex frequency;
_’
k wave vector;
H| component of X parallel to the static magnetic field;
o component of ﬁ.perpendicul&r to the static magnetic
= field;
Q electron gyrofrequency (0 = Enfé);
@ electron plasma frequency (wp = 2nf;);
v ,v“ perpendicular and parallel electron velocities,
A respectively;
Jn Bessel function of the first kind;
F normalized electron distribution (£(v ,ﬁl) =
nr(v , ”), where n is the particle *
number "density).

By using a ring distribution of the form

F = % ﬁ(vj_ - u) B{VH) (2)



Fredricks [1971] solved the dispersion relation and showed that
instability above fé was possible for a range of k¢/k". But the
distribution function is unrealistically severe for plasmas in the
magnetosphere, hence Young et al. [1973] improved the situation
by demonstrating that the addition of & cold electron component
with density n, and temperature Tc to a hot loss-cone distribution
could produce instability between f; and 2f;- The source of the
cold electron population is generally assumed to be the ionosphere.
A distribution function consisting of a cold population and a hot,
loss-cone population with density o and temperature T, became the
general form used by all subsequent investigators.

The first detailed numerical solutions obtained to investi-
gate the effect of D By TC, Th and the slope of the loss cone
were by Karpman et al. [1973, 1975]. Karpman et al. identified
the 3/2 instability as the cold upper hybrid mode and found that
the upper unstable frequency limit was .. (fUHs = (f;)2 + (f;c)2
caleulated using the cold electron density, nc). They also found
that there were many normal modes above fé and that instability
was encouraged by strengthening the positive slope of the loss
cone and by using a finite Tc'

The theory of electrostatic cyclotron instabilities was
advanced by the development of an algorithm to give minimum and
maximum unstable frequencies based on marginal stability analysis

[Ashour-Abdalla et al., 1975]. Ashour-Abdalla et al. employed
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the algorithm to analyze bandwidths of the instabilities using a
subtracted, bi-Mexwellian distribution with T, = 0 while varying
n/n, and f‘UHCffé.

Tt was recognized by Ashour-Abdalla and Kennel [1975] that
the convective nature of the electron cyclotron waves was important
to the correct identification of the most rapidly growing modes.
Hence, they calculated the spatial growth rate, Ki (Ki = YXVS)
where v is the temporal growth rate, i.e., the imaginary part of
the wave frequency and vg is the group velocity. Ashour-Abdalla
and Kennel used calculations of Ki to show that finite cold
temperatures (Tc # 0) are required to explain observations of 3/2
bands in the magnetosphere. With the addition of cold electrons
et non-zero temperatures vg$ can approach zero, hence the waves
become nonconvective. As vg approaches zero the spatial growth
rate can become very large, even with small temporal growth rates.

When it became clear that the cyclotron instabilities could
become nonconvective, the analysig of the wave modes as a function
of parameters in the model distribution function as well as the
wave freguency and k*fﬁ[ became significantly more complex. In
order to positively identify relevant trends of the instabilities
with variations of the plasma model Ashour-Abdalla and Kennel
[1978a] employed complete searches in wave-number space. In
addition, they assumed that the mocdes most easily observed experi-

mentally would be those with the largest spatial growth rates.
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By performing complete searches in wave-number space and
finding regions qf nonconvective instability Ashoar-Abdalla and
Kennel [1978a] conducted a thorough study of the parameters impor-
tant in the electron eyclotron harmonic instabilities, particularly
for f_ <f< Ef;. They found that n, coatrolled which of the
harmonic bands could be excited. In general, the highest frequency
(n + 1/2):; band to be unsteble is that band which includes f ..
In addition, if the ratio nt/nh becomes sufficiently large, the
lower frequency bands will stabilize. Ashour-Abdalla and Kennel
also found that as T /T, grows larger than a few times 10"2 the
instebility becomes convective. The loss-cone fill-in parameter,
A, was also varied with the result that nonconvective instability
could still be achieved with & partially filled loss cone (A > 0)
but the bandwidth of strong growth would be narrower than for the
empty loss cone. A significant result was that more than one
band could become nonconvectively unstable simultaneously.

The most directly applicable advance in the theory to the

study of intense electrostatic waves near [ was the prediction

UHR

of a nonconvective instability in the (n + lXE}fé band containing

fUHC [Ashour-Abdalla and Kennel, 1978b]. For values of ncfnh

greater than about 1.5 and less thaao about L, a single band at a

frequency less than about f but within the same (n + le)fé

UHC

band could become nonconvectively unstable, at least for n equal

1, 2, or 3.
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Hubbard and Birmingham [1978a] classified electrostatic
cyclotron harmonic bands observed in the magnetosphere and proceeded
to demonstrate that the various classes of waves could be produced
by varying parameters of the model distribution function. The
model used by Hubbard and Birmingham is nearly the same as that
used by Ashour-Abdalla and Kennel [1978a,b] but makes use of a
Torentzian of order p in the hot, parallel distribution. 8pecifi-
cally, they more or less reproduce the results of Ashour-Abdalla
and Kennel [1978a] for the 3féf2 emission, requiring nc/nh £ 1,
T/T, € 0.2and £ <P € 3where £ is the maximum wave
frequency. Parameters required for multiple (n + le)fé bands are

ncfnh < 1 and fmax s f For diffuse electrostatic bands they

UHC"
predict ncfnh > 1, T /T ~ .0l, and, again, £ = < fo... The
elassification studied by Hubbard and Birmingham which is most
pertinent to the waves treated in this paper are classified as

"f o~ fP waves'". TFor this classification the results indicate

ncfnh may be much larger than unity and Tc/Th is less than about
0.02. The "f ~ fP waves", however, are typified in Hubbard and
Birmingham paper by an event near 10.9 RE. This is ciearly oubside

the region where intense waves near T are usually detected. In

UHR
addition, by polarization measurements we have specifically ruled
out any identification of the waves studied here with the electron
plasma frequency. We assume that any waves treated by Hubbard and
Birmingham using the electron cyclotron instability theory are close

to £~ only because £ << f_ and, therefore, f_~ f __.
g g p 2% > tp ¥ tumR
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B. Comparison of the Theory of Electrostatic
Multi-Harmonic Emissions With

Observations of Intense Waves Near fUHR

In this section we shall apply the theory of electrostatic,
multi-harmonic emissions to the study of intense waves near fUHR'
A reasonable scenario explaining the upper hybrid waves can be
drawn from Ashour-Abdalla and Kennel [1978b] and Hubbard and
Birmingham [1978a]. Both of these papers predict stronger wave
growth near fUHC than at other frequencies (assuming in the case

of Hubbard and Birmingham that f o f;). Both papers indicate

UHC

that a necessary reqguirement for wave growth primarily near fUHC

is nc/nh 2 1 (and possibly ncjnh > 1 in the case of Hubbard and

approaches fUHR and

the identification of the observed waves with fUHR (based on the

Birmingham). If, indeed, ncfnh 2 L then £,
total number density) is reasonable. Through a search of wave-
number space Ashour-Abdalla and Kennel found that the band near

fUHC can be nonconvectively unstable, hence, it is reascnable to
expect large wave growth.

Below is a gualitative comparison of the theory of the
electrostatic cyclotron instabilities and observations of intense
waves which shows good agreement between the theory and observations.
Ultimately, however, one would like to do direct, numerical com-
parisons between growth retes calculated using the measured distri-

bution function and =imultaneously measured waves. This direct,

numerical comparison, however, can only be accomplished when theory
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and observations are at a sufficiently advanced stage. TFor example,
all the theoretical studies until this time have used basically the
same cold electron core plus a hot loss-cone distribution as a model.
The partial distribution functions shown in Figures 13, 15, 18, and
20 represent the first measurements of the real distribution func-
tion associated with the intense upper hybrid waves. Iurther, the
Hawkeye distribution functions yield virtually no information about
the cold electrons which are equally important in the instability.
Only now are more-complete plasma measurements becoming available
with GEOS and TSEE [Borg et al., 1978; Frank et al., 1979]. TFor
example, the ISEE 1 distribution function shown in Figure 22 extends
to about 200 €V, however, this may still not yield any conclusive
information about the "ecold" electrons important in the eyclotron
theory. Measurements with a different mode of the ISEE lnstrument
extending the energy range covered to near 1 eV should provide
significant answers to questions about the cold component.

Now that the observations are beginning to provide detailed
wave and plasma measurements, the theory will have to be revised
to utilize analytic or numerical distributions which more accurately
reflect the true conditions of the magnetosphere. Even so, gquantita-
tive saturation amplitudes will remain incalculable because the waves
we study here are sufficiently intense that they cannot be treated
thoroughly with the linear theories in existence presently. Currently,

there exists a solid quasi-linear theory of diffusicn of hot electrons
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due to intense electrostatic waves above fé [Lyons, 197k], but an
additional saturation mechanism which must be addressed is the heating
of the cold electrons [Ashour-Abdalla et al., 1979]. The qualita-
tive agreement between theory and observation to be shown here,

then, will not provide a complete and unambiguous explanation of

the intenselelectrustatic waves near fUHR’ but will demonstrate

that a sound basis for the instability can be found in the theory

of electrostatic multi-harmonic waves.

Perhaps the clearest indication in the theory that intense
wave growth is to be expected near fUHR comes from a study of the
regions of nonconvective instability as a function of the upper
hybrid resonance frequency and ncfnh. Figure 21 shows the results

of such a study for fé<< f < 5 fé. The abscissa is f

UHC UHC

normalized to the gyrofrequency, and n/n_is scaled on the
ordinate. For chTh =5x 10-2 regions of nonconvective instebility
are plotted for the (n + l/e)f; harmonics with n =1, 2, 3, and 4.
The plasma model used is the subtracted bi-Maxwellian of Ashour-
Abdalla and Kennel [1978a]. Notice that there is a wide range

of ncjnh greater than gbout 1.5 where only the harmonic in the

same band as XUHG is nonconvectively unstable. At the same time,

the other bands are convective. TFor example, if f c is about

UH
3.5f; and ncfnh is about 2, Figure 21 indicates that the third
harmonic band will be nonconvectively unstable while the lower

two bands will show weaker, convective growth. Little growth is
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expected much sbove fUHC’ hence, the fourth harmonic would not

UHC

Figure 21 provides a simple determination of wave amplitude in

show strong growth, either, since T P 3.5f;. Notice that

that growth within a nonconvective region is expected bto be large
and growth elsewhere is expected to be weak or non-existent. As
shown by Ashour-Abdalla and Kennel [1978b] the nonconvective regions
appear to coinecide roughly with contours of constant spatial growth
rate with regions of larger growth within the contours. Tigure 21
also shows that for nc/nh less than about 1, two or more of the
first four harmonics may be nonconvectively unstable simultanecusly
if £6 £ TC/Th has been chosen fairly large in Figure 21 to
limit the regions of nonconvective instability and hence the first
band does not appear to become unstable until XUHC exceeds 2.5.
Refer to Ashour-Abdslla and Kennel [1978a] for a more thorough study
of the first harmonic band.

Given that ncfnh = 1.5, then, a single, intense band near
fUHC should be seen in the wave observations with only weak growth
at lower freguencies. This effect has been demonstrated in
Chapter TIT. Plate 1 and Figures 6 and 7 show that when fUHB lies
near an (n + l/g)fé band, intense wave growth is observed. Recently
obtained measurements from the ISEE 1 plasma wave receiver show
this effect much more clearly. For example, Plate I is a display

of ISEE 1 sweep-frequency-receiver date for an outbound pass through

the magnetosphere. The relatively weak, diffuse wave turbulence



above 2 20 kHz between 1900 and 2230 UT corresponds to trapped,
nonthermal continuum radiation which cannot propagate at frequencies
below the local f; [Gurnett and Shaw, 1973; Gurnett, 1975]. The
weak banded emissions near 2000 UT below the continuum radiation
are diffuse electrostatic bands [Shaw and Gurnett, 1975] which lie
between harmonics of fé. To the accuracy that this display can be
read, fUHR lies close to the lower boundary of the continuum radi-
ation since f_ << f_ over most of the time interval when the diffuse
electrostatic emissions are present. MNotice that at about 17 kHz
there igs an intensification when each of the first 5 diffuse bands
intersects the lower edge of the continuum radiation where f ~ fUHR'
The intensification shown here is not &s great as reported in the
Hawkeye/IMP 6 survey of Chapter II, but the effect is obvious.

Another particularly striking example of intensification
occurs in the 3f;f2 band. In Plate 5 the upper hybrid resonance
band follows the density discontinuity at the plasmapause at about
1110 UT and merges into a diffuse electrostatic band at about 3f;f2-
The rectangular region of apparently increesed wave amplitudes at
about 11L0 UT is the result of receiver saturation due to an
extremely large signal at about 18 kHz. It is at the intensifi-
cation at 18 kHz that the 3f;/2 band appears to merge with the
upper hybrid band. Notice, also, that the intensification occurs
very close to the lower edge of the continuum radiation, as in

Plate 4. Measurements made by the ISEE 1 Quadrispherical TEPEDEA
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during the intense wave event shown in Plate 5 have been analyzed
to obtain f(v,¢) where o is the pitch angle. Figure 22 shows the
average f(v) for 70° < @ < 90°. There are two features in this
distribution function which may be related to the intense waves.
Near 2 x 10° cm (sec)_l a small peak or plateau is seen. This
feature persists over the eight-minute interval during which these
measurements were made and also extends over a pitch angle range

of 20° € ¢ & 160°. The other feature, near 6 x 109

cm (sec)_l or
about 10 keV is clearly a feature with a positive slope with
respect to b i Again, this feature persists in time and over the
range 20° € ¢ & 160° although there is some variation in the height
and energy of the "bump" over the range in pitch angles. Pitch‘
angles sufficiently small to detect a loss cone, if present, were
not sampled during this time periocd, bub certainly the feature at
10 keV and possibly even the one near 1 keV are potential sources
of free energy Lo drive the intense waves. The feature at 6 x 10° em
(sec)"l in Figure 22 is reminiscent of the bump-on-tail suggested in
Chapter III by the distribution in Figure 20.

We can use the event displayed in Plate 1 to serve as a
basis for a detailed comparison of observations of the intense
WaVves near fUHR with the linear instability theory. Plate 1 is
an inbound pass through the magnetosphere including intense electro-
1

statie waves at about 2111 UT. The wave amplitude is about 7 mV m

in this case and the receiver becomes saturated. However, the



diffuse electrostatic bands at lower frequencies can be seen before

and after the event. Notice that while the event at (approxi-

UHR
mately 30 kHz) is very intense, the diffuse bands are weak and barely
detectable.

The theory, as demonstrated in Figure 21, predicts that for
values of ncfnh greater than about 1.5 a single band can become
nonconvectively unstable while instebilities in other bands are
convective, hence, probably much less intense. This effect can
be seen in the lower panel of Figure 23 which illustrates the
maximum spatial growth rate as a function of frequency. The
abscissa of Figure 23 is frequency normalized to the electron gyro-
frequency obtained from measurements of |B| provided by C. T. Russell
[personal communication, 1978]. The plasma model has parameters
A = 0 (indicating the loss cone is completely empty), B = 0.9,

_ -2
T /T =5x 10

, and nc/nh = 3. The parameter P in the Ashour-
Abdalla and Kennel [1978a] model is a measure of the width of the
loss cone where B ~ 1 gives the broadest loss cone, but with a
corresponding weak slope. For the growth rate spectrum in Figure 23
fUHC = .5 f;. As expected, the band at b < f/f;-( 5 is nonconvec-
tively unstable. Since the group velocity becomes arbitrarily
small at & nonconvective instability the spatial growth rates are
unrealistically large. Hence, the growth rates should only be
regerded in a qualitative manner.

The upper panel of Figure 23 is a spectrum taken from the

event in Plate 1 just prior to the time when the receiver saturates.
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Notice that there is very weak wave growth between the Lower
harmonics of ﬂ; corresponding to the small, convective growth rates
in the first three harmonics in Figure 23. As expected, wvery
intense waves are detected between the fourth and fifth harmonics
of fé corresponding to the peak near h.?fé in Figure 23.

It should be pointed out that the growth rates shown in
Tigures 21 and 23 are the result of complete searches in wave-number
space. The regions of noncoavective instability can be very strong
functions of kl and k". An important outpub of the theory then,
is a prediction of k*fk” or 8 = tan™t krfﬁl. For the waves near
fUHC g is typically 86° to 88°. Measurements such as those done
for Figure 6 give 8 @ B0°. (See also Figure 8 and Appendix A.)

The bandwidth of the intense waves near fUHR are approximately
10 percent or less of the center frequency of the wawves as described
in Chapter II. Theoretical bandwidths are in agreement with this
number [Ashour-Abdalla and Kennel, 1978a]. Notice that in Figure 23
the nonconvective band is very sharply peaked in freguency. Turther,
the theory indicates relatively large bandwidths for the lower,
weaker harmonics es seen in the first three bands in Figure 23.

The bandwidth of diffuse electrostatic waves is observed to be
broader than the intense waves, also [Shaw and Gurnett, 1975].
There exists, then, excellent qualitative agreement between

observations of intense waves near f and the theory of electro-

UHR

statie cyeclotron instabilities. The analysis is not complete,

however, until the model distribution function used in the
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computations is addressed. The object of such an analysis is to
compare the model to those plasma observations in hand and determine,
if possible, whether the model is justifiable.

The plasma measurements from Hawkeye 1 presented in
Chapter IIT certainly represent only a small portion of the electron
distribution function, but a few features allow significant checks
with the theory. Most important, there is evidence in all four
distributions shown in Chapter IIT indiceting sourceeg of free energy
with which to drive the instability. These are a loss-cone distri-
bution, a temperature anisotropy, and some suggestion of a bump-on-
tail in f(vl). The bump-on-tail possibility is supported by the
distribution function shown in Figure 22. While the theory has been
based on a loss-cone distribution, the other sources of free energy
may still be viable for the electrostatic cyeclotron instability.
However, theoretical consideration of the temperature anisotropy
and bump-on-tail distribution must be given before the final judgment
can be made.

The logs cone as a source of free energy must be considered
to be well Justified on the basis of the Hawkeye plasma measurements.
Both the orbit LB7 and orbit 250 distributions clearly show & loss
cone effect. Both show gqualities very similar to the model plotted
in Figure 17. 1In fact, the model distribution function plotted in

Tigure 17 is based directly on the hot distribution of Ashour-Abdalla

and Kennel [1978al:
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where
Fh normalized hot electron distribution function;
Af Af = ETE/m (TE is the hot electron temperature
-.'
perpendicular to B and m is the electron mass);
2 2 h
A AL = 2T, /m;
i 1= 25/
A loss cone fill-in parameter (0 < A=< 1);
B determines the width of the loss cone (0 < B < 1).

The model contours in Figure 17 use Tﬁ = 3 keV, TT = 10 kev, A =0,
B=0.9andn =0.125 cme. Notice that the contours of the model
show the same qualitative features as the observed contours of the

Hawkeye distributions, except for a bump-on-tail. We must conclude
that while modified forms of Equation 3 may give more accurate fits

to the observations of the loss cone, the use of Equation 3 in the

theory until this time certainly is a reasonable choice.
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The other important parameter upon which the theory of the
intense upper hybrid waves relies heavily is the ratio ncfnh. The
range of values for this ratio which is reasonable for nonconvective

instability near T only is roughly 1.5 < uc/nh & 10 for the first

UHR
four harmonics, as seen in Figure 21. (Hubbard and Birmingham place
no upper limit on annh for their 'f ~ fp' clags of waves.)
Obviously, the Hawkeye plasma measurements shown give no information
at all on cold electrons. 1In fact, the definition of "cold" and
"hot" electrons must be made carefully in the context of the theory.
It is apparent that the theory is based on "cold", ionospheric
electrons and "hot" plasma sheet electrons. Ashour-Abdalla and
Kennel [1978a] demonstrate that the characteristics of the "cold"
population are critical in determining the nonconvective nature

of the instability. It is likely that, in practice, the meaning

of "cold" will be determined primarily by the energy of resonant
electrons. Those electrons colder than the resonant electrons are
the "cold" perticles of importance here.

With the aforementioned caution in mind, we will present a
value of ncfnh for the orbit 487 event based on crude assumptions.
The result, for the reasons given above, must be taken with a
degree of skepticism. We assume the event in orbit L87 shown in
Figure 14 lies near T ~ 17.8 kHz. (We use the somewhat circular

UHC

argument that the theory predicts maximum wave growth near fUHC')

The gyrofrequency is about 5.3 kHz and, hence, f;c (the cold
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plasma frequency) is about 17 kHz. The value of a,, then, is aboukb
3.6 cm'g. Using the value of n of 0.13 el (based on a crude fit
of the distribution in Figure 13 to a Maxwellian) ncfnh is approxi-
mately 29. Hence, a very rough determination of nc/nh gives a ratio
considerably higher than expected by Figure 21. (For this example
fUHC is in the third of Tfé/E band.) Obviously, the portion of
f(vi,wlj which has been used is very limited and we cannot expect
reasonable accuracy. The example, though, may indicate that a typical
value of nc/nh in the region of the magnetosphere where the intense
upper hybrid waves are detected is greater than unity.

The plasma observations presented do not allow a complete
justification of the model used in the theory of electrostatic
cyclotron emissions, but strong evidence is given which supports
the use of a hot loss~cone distribution such as in Equation 3.

Very little can be said about other parameters of the model,
including nc/nh. A value crudely determined above appears to
qualitatively be consistent with the theoretical model, but the
nature of the assumptions used in the calculation imply that little
weight should be given bto this agreement.

More complete distribution functions are becoming available
from the ISEE and GEOS satellites which should improve the under-
standing of the real distribution function immensely. Even so, it
will be necessary to carefully consider the meaning of "ecold" elec-

trons in the interpretation of these results. In response to the



new observations, the theory will have to adapt to more realistic

distribution functions.
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V. DISCUSSION

A, Intense Electrostatic Waves as a Source of

Nonthermal Continuum Radiation

The electrostatic waves described in this thesis are among
the most intense plasma waves detected in the magnetosphere of the
earth. It is important to consider the possible impact upon the
magnetosphere of waves of this magnitude. Hence, we have sought
to determine whether or not these waves are perhaps related to the
generation of a portion of the earth's radio spectrum. It is
reasonable to examine these regions of strong electrostatic waves
in connection with the generation of the nonthermal continuum radi-
ation. Gurnett [1975] reported the generation region to be a
broad region outside the plasmapause at radial distances between
4.0 and 8.0 R, and between about 0400 and 1400 hours local time.
While this study reveals the intense electrostatic events at all
local times, the radial distance range just outside the plasmapause
is very similar to that found for the intense electrostatic waves.
A significant relation between these intense electrostatic waves
and the generation of continuum radiation is found in Gurnett and
Trank [1976] in which it is argued that continuum radiation appears

to be correlated with intensities of 1 to 20 keV electrons in the
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region 4 & L § 8, similar to the electrons apparently involved in
the instability generating the waves near fUI‘L‘R.

There are several other reasons to expect these electro-
static waves may be connected with the nonthermal continuum. Gurnett
shows a typical spectrum of the continuum radiation (see Figure 4
of Gurnett [1975]) which has a lower frequency cutoff of about 3 kHz
defined by the local electron plasma frequency in the magnetospheric
cavity in which the lower frequency portion of the radiation is
trapped. The upper frequency limit of the feature in Gurnett's
spectrum is about 200 kHz. This range in frequency is very similar
to the frequencies of the intense electrostatic waves near fUHR
(ef. Figure 5). In fact, a few events were seen in the L78-kHz
channels of Hawkeye and IMP 6 but those channels were not included
in the search because of the difficulty in distinguishing between
the electrostatic waves and auroral kilometric radiation.

Perhaps the most striking evidence suggesting these intense
waves are a source for the continuum radiation is shown in Figure 2L.
An example of an intense wave event is shown in the bottom panel at
about 0712 UT centered at about 4.3 Ry, from the earth. In the
interval from about 0720 to 11L5 UT continuum radiation is seen to
decrease smoothly in amplitude, presumably as a function of some
distance. The center panel is a plot of the power flux of continuum
radiat ion es & function of the distance of the satellite from the

earth. We essume that the power flux will decrease as the inverse
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square of the distance between the receiver and a simple, compact
source. The dashed line represents a function with a geocentric
radial distance dependence of R_E. There is clearly no reason to
believe the source for the continuum radiation is centered at the
earth based on the center panel. The top panel is another plot of
the power flux of the continuum radiation, but as a function of
(R-R') where R is the position of the satellite and R' is the posi~
tion of the intense wave region. We have assumed that the earth,
the intense waves and the satellite are collinear for this simple
demonstration. The dashed line in the top panel of Figure 2h is

a function which is proportional to (R—R')_E. There is very good
agreement between the assumed geomebry and the data in this

top panel. We have made no attempt to do a least squares fit or
to adjust R' for a better fit. We seek only to demonstrate that
the continuum radiation clearly appears to be radiating from a
gource near U4.3 RE and that the source is fairly compact.

There are several examples similar to that shown in Figure 2l
which strongly suggest the intense waves are a local source of non-
thermal continuum radiation (see Gurnett's [1975] Figure 13).
Another example of this effect is seen in the IMP 6 orbit 76 event
shown in Figure 1. An excellent example, but of different form,
is seen in Plate 5. MNotice that there is a band of intensified
continuum radiation which is at the same frequeacy as the intense

wave event at 1140 UT, but at significantly greater radial distances.
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We do not propose to explain the connection between the intense
electrostatic band and the intense continuum radiation, but include
the example as another piece of evidence suggesting a relation exists.
We must say, however, that most events do not display & direct
relationship to continuum radiation. The ewvent shown in Figure 11
shows little, if any, continuum rediation which could be related

to the intense waves. It is not clear why some events appear to

be generating continuum radiation and others do not. Two possible
explanations are that either the wave-wave interactions converting
electrostatic waves into the electromagnetic mode is somebimes very
inefficient or non-existent or there is a propagation effect which
dictates regions or directions in which the waves will not propagate.
An example of the latter case might be a wave-wave interaction which
yields waves strongly beamed in particular directions as defined

by wave-veckor selection rules for that interaction.

Tt is not the purpose of this thesis to prove that the intense
electrostatic waves reported here are solely responsible for the
generation of the nonthermal continuum radiation. We have shown,
however, that several features of the electrostatic waves make them
a possible source of continuum radiation. The event shown in
Figure 24 strongly suggests that intense electrostatic waves are at
least secondary sources of nonthermal continuum radiation, even if
there are other mechanisms producing the bulk of the electromagnetic

radiation.
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B. The Implication of Intense Klectrostatic Waves

for the Distributions of Magnetospheric Plasmas

The presence of ~ 10 mV mfl electrostatic waves within the
magnetosphere almost certainly implies that electron diffusion
should take place as a result of the waves. This is consistent
with the work of Lyons [197h] which treats diffusion by electro-
static waves above f . The quasi-linear theory of Lyons shows that
1l to 10 mV m-l electrostatic waves can put 1 to 10 keV electrons
on strong diffusion.

The diffusion of hot electrons is only a part of the complete
nonlinear problem posed by considering the intense waves near fUHR'
Since the duration of many of the events is a large fraction of
an hour, it is necessary to view the turbulence as a quasi-
equilibriuvm or time-stationary state. That is, the source of
free energy, for example, the hot loss cone, must be replenished
continually with perhaps the injection of plasma-sheet-like electrons.
Simultaneously, it is reasonable to expect that the diffusion of
hot electrons may act as & stabilization process, relaxing the non-
monatonic distribution function. Alternately, or simultaneously,
the cold component may be in a guasi-stationary balance of competing
influences. While an influx of cold, ionospheric plasma is taking
place, the cold electrons may be both heated and pitch-angle scattered
by the electrostatic waves [Ashour-Abdalla et al., 1979]. Hence,

we may be measuring waves which have been nonlinearly saturated.
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The only nonlinear saturation theory at present is due to Young
[1975]. The simultaneously measured distribution functions shown
in this work must not only contain the features which are unstable
to the electrostatic waves, but will also reflect the result of the
nonlinear saturation mechanism.

Unfortunately, the nonlinear nature of the intense electro-
static waves may reguire the simultaneous solution of the genera-
tion mechanism and saturation mechanism (including the diffusion
of electrons due to the waves). Hence, an analysis of the impact
of the intense waves upon distributions of magnetospheric plasmas

will not be straightforward.
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VI. SUMMARY AND CONCLUSIONS

We have described a class of very intense electrostatic waves
located at or just outside the plasmapause near the upper hybrid
resonance freguency. The waves at amplitudes from ~ 1 to 20 mV m-l
are only observable in about 10% of the plasmapause crossings made
by the Hawkeye 1 and IMP 6 satellites, however, they are among the

most intense plasma waves seen in the magnetosphere. The ohservable

characteristics of the waves are:
1

Y. The waves are often very intense, > 10 mV m .

2. The waves are narrowband and fluctuate rapidly in intensity.
3. The waves are found at all local times in a magnetic latitude
range from the equator to at least + 50°. -

h. The waves occur at or just outside the plasmapause and the

higher frequency events are found generally at smaller radial dis-

tances, i.e., close to the plasmapause.

B The waves usually lie between harmonics of f;.
6. 1i .
The waves also lie near fUHH
i The waves are polarized such that the wave electric field

is perpendicular to the geomagnetic field.
8. There is a small magnetic field component to the waves in
many cases, but the electric-to-magnetic field energy density ratio

is always very large.
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In addition, evidence is given which strongly suggests the wave
events are at least secondary sources of nonthermal continuum
radiation.

Plasma measurements taken simultaneously with the detection
of the intense waves show only a fair correlation with intensities
of electrons in the energy range from about 1 to 20 keV. However,
all events detected at the magnetic equator when an ample range
of piteh angles is sampled show evidence of pitch angle anisotropies
in favor of o = 90°. Measurements of the veloclby distribution
function for events detected at the magnetic equator reveal two
sources of free energy: & loss-cone distribution and a temperature
anisotropy with Tlf’T|I = 1. There is a suggestion of a third possible
source of free energy in the form of a bump-on-tail in vi-

A possible explanation of the intense electrostatic waves
near fUHR exists in the theory of multi-~cyclotron emissions. Very
good qualitative agreement between predictions of the theory and
obgervations of the waves is demonstrated. The theory of the
(n + l/E)fé emissions indicates that large spatial growth rates
can occur in the band ineluding the cold upper hybrid resonance
frequency for a range of ncfnh greater than about one. The theory
is based on a model distribution function which has many features
quelitatively similar to those measured by the Hawkeye and ISEE

LEPEDEAs. In particular, the theory is based on a loss-cone free-

energy source which is cobserved gimultaneously with several of

the intense wave events.
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The method of polarization determination desecribed here is
a general analysis of the response of a rotating dipole to an
arbitrarily oriented, instantaneous electric field of magnitude
|ﬁ{. Since wave-vectors, ﬁ, are not measured, but only components
of ﬁo’ we must define this "polarization" determination more crudely
than the generally accepted standard. To arrive at a true polariza-
tion, assumptions must be made about the wave mode. TFor example,
an electrostatic wave wit.h._f:D L ﬁo where'ﬁo is the geomagnetic or
stationary magnetic field will give the same result in this analysis
as a circularly or randomly polarized electromegnetic wave propa-
gating in the extraordinary mode. With this precautionsry statement,
we shall begin by transforming the electric field into the coordinate
system of the spacecraft and its dipele sntenna. Then, we will
specialize to the point of assuming that measurements are only
available along the axis defined by the antenna (i.e., there is
only one anktenna on board). An assumption will then be made which
eliminates azimuthal dependence from the problem. Finally, the
results will be interpreted in terms of an electrostatic wave

assumption.

The sketch at the top of Figure 8 defines the coordinate
systems used in this analysis. The static magnetic field forms the
basis of the coordinate system in which we wish to know Eo. The
A

3 A A
z axis is parallel to BO and x and y are arbitrarily chosen, but

I
with X X ¥ = Z. ED lies at a polar angle, B, with respect to z
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(or go) and at an azimuthal angle, ¢, measured in the positive
sense from the + ; direction. (¢ is not shown in Figure 8 in order
to minimize confusion in that figure.)
OQur primary goal is to transform, by a pair of Euler rotations,
ﬁo into a coordinate system defined by the angular momentum vector,

-+ A 2 A
w, of the spacecraft (z') and the dipole antenna axis (x'):

where A. and A. are Fuler transformetion matrices.
il e

A
The first rotation is about the x axis in a negative sense

by an angle B:

1 Q Q
ﬁl =| 0 cosp -sinf
Q sinp cosp .

A -
The second rotation is about the z' or w axis by an angle & in the

positive sense:

cosd sind 0

= | -siné cosh 0

>
n



The total transformation matrix, é, then, 1is:

A R M3

A= Ah = Aoy hap a3
A1 M A

with

All = cosd

RlE = sinbcosp

h13 = -ginbsinf

hEl = -gind

lEE = cosbcosp

123 = -cosbsinf

k3l =0

132 = sinp

k33 = cosp p

The instantaneous electric field in the magnetic coordinate

system is:



7O
E_sin@cosp
E = Eosinasinm

T cos0 :
o]

By Equation Y4, then, the elements of ﬁ; are:

E' = E _sinfcosgpcosd + E_sin@singpsinbcosp -
ox o 0
(5a)
Eocosesinasina
E' = -E sinBcosysiné + E_sinBsingcosbcosf -
oy 0 o
(5b)
EDCDsecosﬁsinﬁ
o — 1 ] 4+ | &
B} Eosin951n¢51nﬁ E_cosfcosp (5¢e)

We now assume the electric antenna is aligned along the
spacecraft % axis and 6 wvaries with time as the spacecraft spins
about :h Hence, Equation 5a gives the component of ﬁo measured as
a function of & (or time) and B. This result is correct for an
instantaneous electric field ﬁo' Further, if an assumption of
linear polarization applies, Equation 5a is directly applicable.

In most cases, however, a time average of Eo will show little
w dependence, in the absence 6f factors such as density gradients
which could eliminate an azimuthal symmetry. A good example would

A A
be an electromagnetic wave with k || B0 which is circularly polarized.
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A time average of such & wave's electric field would show no
azimuthal dependence, assuming _ﬁo is imbedded in an isotropic medium.
Of greater interest to this thesis are electrosfabic waves {i Il ﬁo)
which propagate at an angle, 8, with respect to Eo' We have no
reason to expect azimuthal asymmetry, hence, the response measured
by the dipole receiver averaged over a large number of waves would
be expected to be equivalent to the response to a conical locus
of electric field vectors as indicated by the dashed cone in Figure 8.
The response is obtained by summing the power at each azimuthal
angle, .

The next step, then, is to obtain a quantity proportional
to the power of the wave by simply squaring %0' Hence, squaring

i, 1 -
on we obtain:

(B' )" = Eesinaﬁcosemcoszﬁ +
ox 0
Eisingesinemsineﬁcoszﬁ +
2
Eocoszasinaﬁsingﬂ +
(6)

2E§sineecosmsinwcosasinﬁcosﬂ -
2 - L
2E051n8003951u¢31n &sinPeosp -

EEgsinBcnsBcos@sinﬁcosﬁsinﬁ .
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Now, we sum contributions at various angles, g, by lategrating from
O to 2rr. Notice that the last three terms in Equation 6 are zero

when integrated over the limits O Lo 2m:

e e
2 EE
1 1 _ o B, e 2o s 2
B (on) dp = 5 cos Bsin 6sin B.{.dq; +
0 o 0
EE
EE singecoseﬁb/.coszmdm +
o 0
Eo 2 2 2 A
Eﬁ'Sin Bcos Pein 6 | sin qdo

o0

which yields

I, B e L B
@é;f = Eo(cos @sin”6sin"B + 5sin"Bcos & +

(7)

%sinEEcoseﬁsineﬁ} &

Equation 7 represents the electric field measured with an electric
dipole antenna rotating about an axis which is at an angle B with
respect to the geomagnetic field.

An analysis of Equation 7 may be performed to find the local
maxima and minima of the function as the spacecraft spins. By teking
the first and second derivatives with respect to & it is seen that

the maxima and minima lie at O or m/2. In particular, when 8 & m/h
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the minima oceur when § = 0 (and m) and the maxima occur at & = mn/2
(and 3m/2). Conversely, if @ is closer to m/2 (i.e., n/k € ¢ < n/2)
the minimum occurs at & = m/2 and the maximum is at O.

Detailed information about the angle, 8, can only be deduced
from the depth of the spin modulation nulls. For example, setting
8 = 0 and /2 in Equation 7 and dividing the two gives the result:

ay o
8 = tan JJE Ti sinp (8)
gl

where EJ- is the component of the field measured at 6 = O and E” is
the component measured at & = /2. We can understand this form if
we interpret the sinp factor as a correction based on the orienta-
tion of the spin axis, since the factor is one when the spin axis
is perpendicular to ﬁo' We would expect to arrive at the best
determination of @ if the entire range of components of {ﬁo)g from
perpendicular to parallel to ﬁn can be measured. This can only be
achieved if B is m/2. The factor of /2 comes from the integration
over . We have summed over many wave vectors randomly distributed
in azimuth, thus giving a magnitude greater than an individual
vector.

We can now interpret the measurements shown in the lower
panel of Figure 8. Since we do not a priori know |ED| we must leave
that as a parameter to be determined from the data. Equation T may

be written:



Th

2
on) 2 2 2 2
= 0" (cos"psin"6sin P +

2
(E7) (9)

%sinzauoseé + %singﬂcosgﬁsinzﬁ)

m

where we have chosen (EE) CEEE and defined that (EE} represent

some time-averaged spectral deansity. In practice, we have normalized
the date in Figure 8 by dividing by the average spectral density for
all points sampled within time intervals approximately one minute in
length. The usefulness of this averaging procedwre is twofold:
first, the data are normelized to correspond to the functional form

of Equation 8; and second, amplitude fluctuations with time scales

of minutes will not affect the analysis.

2, if that is of interest) a least-squares

To obtain 8 (and C
fit of the data to the function in Equation 9 is performed, substi-
tuting the proper value for B during the time interval. 1In the
case of Figure 8, B varied by only a few degrees, hence, the median
value was used. The result of thé least-squares fit is g = 81°.

We caution, however, that there are unsymmetrical errors in this
determination. The depth of the null becomes crucial as 8§ approaches
90° since according to Equation 8, Ele” approaches infinity. Hence,
small errors in E” will have a profound effect on 8. Abt the same
time, it is apparent that errors in the other direction will not

be as important, since E;XE“ will assume a smaller value, not as

sensitive to E”- We, therefore, interpret the analysis of the

data in Figure 8 as being consistent with & = 80°.



APFENDIX B:

PLATES

>



Plate 1

A typical example of intense waves near fUHB can
be seen at about 2110 UT. This event occurs at
about 12.7 hours magnetic local time and at a
magnetic latitude of 6.9°. The band at e
be traced from within the plasmesphere at high
frequencies out through the plasmapause and

inte the outer magnetosphere near the lower cut-

off of the nonthermal continuum radistion. Also

seen are weak, diffuse electrostatic bands between

harmonics of the gyrofrequency, below the upper

hybrid band.
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Plate 2

A plasma energy-time spectrogram obtained during
the high latitude wave event shown in Figure 1l.
While incomplete pitch angle coverage does not
allow an analysis of pitch angle anisotropy,

the time correlation of the electron intensities
at about 1 keV with the intense electrostatic

waves seen in Figure 11 is very good.
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Plate 3

A plasme energy-time spectrogram obtained during
the intense electrostatic wave event shown in
Figure 12. Since this event lies at the
equator, nearly complete sampling in pitch

angle is ﬁossible. Note the very anisotropic
electron signature at about 1 keV between

2200 and 2210 UT.

80



2220

BB

T
-.pil"-'-.

T
'
Plate 3

¢

®

RO W

(e
= |
& &
g
—
r~
N
o
~N
LN
~
g
o ¢
Y
—
—d
a0
cC
©
&
Wl
o=
Wl
o
(88
-

2150

| L A . L
B ¥ v L | L]

—
Sm N 8 MmN TON—

HAWKEYE 1
3.7
INV 60.5
I 9.6

HRMN 2140

Re

SNO10Hd SNOW1J313 38N1 WY &

,)




Plate L4

82

A demonstration of the intensification near fUHR

at (n + l/E)fé bands. In this outbound pass of
the ISEE 1 satellite one can see intensifications

as each of the first five (n + le)fé bands

approaches fUHR

thermal continuum radiation. This pass is at

near the lower edge of the non-

about 6 hours magnetic local time and near 20°

magnetic latitude.
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Plate 5 A striking example showing an intensification as
the band at f . merges with the Sféfé band.
Wotice, also, the intensification in the non-
thermal conbinuum radiation at about T RE at
the same frequency as the intense electrostatic
waves, suggesting a possible relation between

the two. This intense event occurs at 3.8 hours

MLT and at 38.1° magnetic latitude.
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APPENDTY C:

FIGURES
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Figure 1

87

An example of intense electrostatic waves detected
just at the plasmapause by the University of Iowa
plasma wave instrument onboard the IMP 6 satellite.
The solid black areas have a vertical extent propor-
tional to the logarithm of the average electric
field strength during 5.11 second averaging intervals.
The dots indicate the peak electric field detected
during the same interval. The dashed line labeled
fUI{R 1illustrates the expected trend of the upper
hybrid frequency as a function of time if one assigns
a frequency scale to the ordinate so that the base-
line of each channel defines that channel's frequency

on the scale.
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Figure 2

The electric field spectrum of the intense
electrostatic wave event shown in Figure 1.
Notice the intense waves are sharply peaked at
56.2 kHz and the peak-to-average ratio is about
30, indicating large fluctuations in intensity

on a time scale of a few seconds.
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Figure 3

ol

Another example of intense waves &s measured by the
TMP 6 instrument. This event is approximately 0.5 Ry
outside the plasmapause. The magnetic spectrum
analyzer data shown in the lower panel indicate the
presence of a relatively small magnetic component

for this event. The ratio of the electric-to-magnetic

field energy densities in this example is about 1600.
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Figure 4

This is a displey of all the intense electrostatic
wave events (|E| » 1 mV'mfl) detected during over
five and one-half years of obgervations-with the
Hawkeye 1 and IMP 6 satellites. REach of four
quadrants in magnetic local time are rotated into
the ncon-midnight and dawn-dusk magnetic meridian
planes shown here. Notice the wide range of
latitudes at which the intense waves are detected.

The events also occur at all local times.
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Figure 5 A series of histograms showing the number of intense
electrostatic wave events with electric field ampli-
tudes greater than about 1 nv w T as a function of
radial distance. Rach histogram represents the events
detected at each of six different frequencies. The
histogram labeled "~ 10 kHz" comprises events from
IMP 6's 1O~kHz channel and Hawkeye's 13.3=kHz channel
and the histrogram labeled "~ 17 kiHz" combines the
&venits from the 16,5~ andz17:8=kiz chapnels frpm, LMP°6
and Hawkeye 1, respectively. Notice the trend towards
lower frequéncies at greater distances, implying that

the instability is closely related to either £, or f;.
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Figure 6
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A display of plasma wave meas-urements Io:IE‘ an intense
wave event detected by Hawkeye 1 with a summary of
polarization measurements superimposed over the data.
The spin modulation seen in many of the features has
been analyzed to determine the orientation of the
wave electric field with respect to the geomagnetic
field. The shaded regions are regions of frequency
and time where all waves are polarized such that

i Il -ﬁo’ consistent with the polarization of nonthermal
continuum radiation. The unshaded region indicates
frequencies and times, including the intense electro-
static event at 31.1 kHz, when waves with measurable
polarization have electric fields oriented perpendi-
cular to 30. This polarization unambiguously
identifies fU}IB as the characterigtic frequency of
the intense waves (see text). The hatched region

consists of whistler-mode turbulence.
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Figure 7

99

A display of plasma wave measurements of the same
event shown in Figure 6, but overlaid with lines at
f; and the lower order (n + le)f; bands using the
ordinate as a frequency scele. The walues of fé

are calculated from the measured magnetic field
provided by the magnetometer onboard Hawkeye 1.
Notice that a large number of the features present
in this complex region lie at or near the (n + l/z)f;
harmonies. Tn particular, the intense event at

3Ll.1 kHz lies directly at the Tf;/E harmonic.
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Figure 8 A demonstration of the veriation of measured electric
field strength as a function of §, the angle of the
electric dipole antenna. The sketch in the upper
portion of the figure demonstrates the relative
orientation of the geomagnetic field, ']50, the :;pace-
craft spin axis, b, and the electric field to be
measured, -E.o. A general description of the polari-

zation determination is found in Appendix A.
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Tigure 9

A high-resolution frequency-time spectrogram of
intense electrostatic waves which occur not only
at an (n + lfz)f; harmonic, but also near £
The gyrofrequency for this event is about 1.9 kiz
and fUHE (using the lower frequency cutoff of the

continuum radiation for f;) is about 15.2 kHz.

103



A-G78-775~-1
IMP 6 ORBIT 29
JULY 11, 1971
IMAGNE TIC|ELECTRIC |
uT 1944:30

26 CONTINUUM
RADIATION

15 INTENSE
ELECTROSTATIC

WAVES

¢ ;
et i e I

FREQUENCY (kHz)
o

PR T — (n+1/2) f¢ BANDS

UT  1943:30 1944:00
R = B.O3R,

Am = -6.0°
MLT = 8.0 HR

FIGURE 9

104



Figure 10
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A high-resolution frequency-time spectrogram of intense
electrostatic waves detected by the Hawkeye plasma wave
receiver. Notice the banded structure of the event

at frequencies greater than f;. The waves are most
intense when the electriec dipole antenna is oriented
perpendicular to the measured geomagnetic field.

Hence, the wave electric field is nearly perpendicular
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Figure 11

A high latitude inte€nse electrostatic wave event to

be compared to the plasma measurements shown in

Plate 2. The time correlation between the presence

of the intense waves in the 17.8-kHz channel and

electron intensities near 1 keV is wery good.
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Figure 12 An intense electrostatic wave event at 100 kHz located

near the magnetic equator. The energy-time spectro-
gram obtained from plasma measurements during this

event is shown in Plate 3.
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Figure 13 The electron velocity distribution measured during
the intense wave event illustrated in Figure 1k.
Notice the loss cone at small pitch angles, and
the temperature anisotropy. The area to the left
of the dashed line through contours of constant
f(vl,v“) is & region of small v for which the plasma

analyzer responses are < 100 counts (3ec)-l.
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Figure 1L

An electrogtatic wave event for which an electron
velocity distribution has been measured and shown
in Figure 13. The intense signal of interest occurs
in the 17.8-kHz channel between about 0415 and

o35 UT.
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Tigure 15

An electron velocity distribution for the event
shown in Figure 16 which shows a very weak loss
cone and also.is anisotropic. The dashed linpe is

the 100 count (sec)"l contour.
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Figure 16

An electrostatic wave event for which an electron
velocitby distribution has been measured and shown
in Figure 15. A high resolution frequency-time
spectrogram obtained during this event is shown

in Figure 10.
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Figure 17 A model loss-cone distribution (solid lines) and the
measured response of a detector with finite width
(dashed lines). Notice the qualitative similarities
between the dashed contours and the contours at small

piteh angles shown in Figures 13 and-15.
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Figure 18

An electron distribution function exhibiting a weak
loss=cone distribution and & btemperature anisotropy.
The wave event corresponding to this distribution

funetion is shown in Figure 19. The dashed line is

the 100 counts (sec)-l contour.
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Figure 19 The intense electrostatic wave event for which an
electron velocity distribution has been measured
and shown in Figure 18. This event, near 2345 UT
in the 100-kHz channel, exhibits extreme fluctuations

in amplitude on & time scale of minutes.



ELECTRIC FIELD STRENGTH (V')

|

UT (HRMN)
R (Ry)

Am (DEG)
MLT (HR)

D-G78-838

HAWKEYE |, ORBIT 250, NOVEMBER I7 1975

2240
.7
-75.7
1.8

2300
19
-52.4
6.l

] J | i | | :
178. kHz

|

|

100, kHz

|

56.2 kHz

_m

az2kHz |

M

311 kHz

23.7 kHz

17.8 kHz

F

13.3 kHz

2320 2340 0000 0020 0040

25 3z 398 4.6 53
-2L3 -39 6.9 4.l 1S
157 135 154 15.3 2.3

Figure 19

12k



Figure 20

The electron distribution function for the wave
event shown in Figure 12. The dashed lines are
contours of 100 and 50 counts (3&c)-1. This

distribution function is, perhaps, suggestive

.of a bump-on-tail distribution at v” = 0. The

function also shows & temperature anisotropy.
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Figure 21

Regions of nonconvective instability for the first
four harmonic bands above fé. Notice that for

large (® 1.5) ucfnh and sufficiently large fome &

single band (the band including f __ ) can become

UHC
nonconvectively unastable.
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Figure 22 The electron veloeity distribution averaged over pitch
angles 70° < @ < 90° during the intense electrostatic
wave event illustrated in Plate 5. Notice that there
are two features which might be suggestive of a free
energy source for the waves in Plate 5. The features

persist from o ~ 20° through o ~ 160°.



f(v), cM® sec3

=29

=30

10

A-GT7B-1032
E 1 T T T T T T T 3
= 8 ISEE | i
o QUADRISPHERICAL LEPEDEA
[ s, ELECTRON VELOCITY R
. DISTRIBUTION
= ..-.. il s 5900 =
= 1137 UT DECEMBER 9, 1977 3
5 - 5
= : E
Z . ;
i * . * . I
— ® -
= . % a 8 10 X 10°
v, cm (secy!

Figure 22

130



131

Figure 23 A demonstretion of the qualitative agreement between
linear instability theory and observations of intense
electrostatic waves near fUHR' The upper panel is
the measured wave spectrum during the intense wave
event shown in Plate 1. Notice the weak growth in
the lower three bands and the intense peak in the
fourth band. The lower panel shows calculations of
the maximum spatial growth rate as & function of
frequency when fUHC is in the fourth band. Notice
there is relatively weak convective growth in the
lower 3 bands, but the fourth band is nonconvectively
uns table. The growth rates shown near the peak of
the fourth band are only represenbative since for

a nonconvective instability vg goes to zero and

Ki goeg to infinity.
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Figure 24
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A demonstration of an intense electrostatic wave
event as a local, compact source of nonthermal
continuum radiation. Power flux plotted as a
function of radial distance from the earth in the
center panel does not show the 3-2 dependence
expected for a source centered at the earth.
However, the plot of power flux as a function of
the distance from the intense event centered at

4.3 RE shows a definite (R-R')HE dependence.
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