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ABSTRACT

REecent studies of wideband plasma wave data from the ISEE-1 and
ISEE-2 spacecraft have revealed that whistler mode chorus emissions in
the Earth's outer magnetosphere are often accompanied by high frequency
bursts of electrostatic waves with a frequency below the electron plazma
frequency. Investigations have shown that in some cases the electro—
static waves are found to be modulated at the chorus frequency. Further
studies indicate through use of LEPEDEA data on ISEE-1 that these bursts
are being produced by a "beam" of electrons trapped in Landau (longitu~
dinal) resonance in effective potential wells of the chorus wave and
thus moving at the chorus phase velocity. There seems to be a lower
threshold in chorus intensity, below which the electrostatic bursts do
not appear.

The high frequency electrostatic waves appear to be caused by a
type of two-stream instability called the resistive-medium instability,
produced by these trapped electrons. The reduction in the electrostatic
burst frequency to below the plasma frequency is a characteristic of the
resistive-medium instability. The instability is applicable only in the
regime where V,/Vp is on the order of 1, where Vo is the velocity of the
beam and Vp is the averaged thermal velocity of the plasma electrons.
The derivation assumes cold ions but warm electrons in the plasma. The

instability requires Landau damping to operate, and thus the beam

iv



velocity must be in the steep slope region of the plasma electron dis-
tribution function rather than the high velocity tail region. 1In
examined cases from LEPEDEA data the electron thermal energies are on
the order of a few hundred eV. The beam velocities in the observed
cases were =400 eV and =630 eV, thus verifying that the electrostatic
bursts are in the proper regime for the resistive-medium instability.
Evidence is given that the resistive-medium instability is a plausible
generation mechanism for the electrostatic bursts.

Several cases are examined which suggest the relevance of these
electrostatic bursts to features observed in space physics data for

regions other than the Earth's magnetosphere.
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Figure 1

Fipure 2

LIST OF FIGURES

This figure shows an equatorial projectiom of the
Earth's magnetosphere region, showing a typical
ISEE orbit. It indicates by shading the general
region in which the observations of the electro—
static bursts accompanied by whistler mode chorus
were made. The shaded region represents only
where the wideband mode utilized can observe both
bursts and chorus simultaneously, and is not com—
sidered a limit omn the region of occurrence. The
axes have tic marks at intervals of 5 Earth
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Diagram showing the ISEE 1 spacecraft with its
various antennas. The long electric dipole
antenna which has a 215 meter tip—to-tip length
is the one used for all the wideband data from
ISEE 1 utilized in this study. The magnetic
search coil antenna and the magnetometer are

ghown extended on their separate booms. 50l .
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Figure 3 This figure is used to show the general way in

which the LEPEDEA instrument sweeps out its field

of view. There are seven pairs of two detectors,

totaling fourteen detectors in all. Each pair

contains one detector for electrons (E) and one

detector for protons (P), with identical fields

of view. As the spacecraft spins through the

angle ¢, all indicated angles of 6 are sampled,

and 98% of the entire unit sphere is thus

Sampledi L L L - - L] - . - ] - - - L] L] - - - - - L E?

Figure 4 Example of one panel of a LEPEDEA E-¢ spectrogram.
The 6F at the top indicates that the data was
taken by detector pair 6 (8 = 152 degrees), and
the ion detector was used (P for Proton, E for
Electron). Both energy and time are marked along
the ordinate since 128 seconds is required in the
high bit rate for an entire energy scan. The
abscissa shows the solar ecliptic longitude angle

'Df thE flow directiﬂn' L T Eg

Figure 5 ISEE 1 frequency-time wideband data illustrating

the main characteristics of the electrostatic

bursts and their relationship to whistler mode
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Page
chorus waves. In this case, the electrostatic
bursts are correlated to the discrete chorus
"hooks" in the chorus band. The bursts have a
much higher frequency range than the chorus, and a
wider frequency spread. The plasma frequency and
the electron gyrofrequency are indicated at the
right. The lower edge of the continuum radiation,
indicating the plasma frequency, is much fainter
in this figure than is usual. The time interval

covered is three minutes. i A W W W R e 71

Figure 6 ISEE 1 frequency-time wideband data illustrating
the main characteristics of the long time
duration electrostatic bursts when they are
correlated with an intensification of the chorus
band, and no single discrete chorus feature. The

time interval covered is for one minute. . . . . . 73

Figure 7 Two sets of simultaneous frequency-time wideband
data from the ISEE 1 and ISEE 2 spacecraft. The
ISEE 1 wideband receiver was connected to the 215
meter long electric dipole antenna, while the
ISEE 2 wideband receiver was connected to the

magnetic search coil antenna. The spacecraft




Figure 8

Figure 9

Page
separation at this time is 339 lm, and though some
of the chorus features seem to be identical at
both spacecraft, the magnetic search coil antenna
on ISEE 2 has no indication of the bursts at all.
This is a graphic example of the electrostatic

nature of the bursts. A S e A B eE e 75

Frequency-time wideband data shown from the IMP 6
spacecraft, demonstrating that the electrostatic
bursts correlated with chorus hooks are not fea-
tures observed exclusively with the ISEE space-
craft pair. The fp to the left indicates where
the continuum radiation shows the plasma fre-
gquency. The continuum radiation can be seen
faintly in the lower panel at about 0212:30 U.T.,
though it is clearer several minutes later, off of

thﬂ figure N " = B F ® B = s & W ® & 8 @8 ® & 8 w8 & ??

Another example of frequency-time wideband data
taken by the IMP 6 spacecraft, showing that the
longer electrostatic burst accompanying chorus band
intensification is also not a feature observed

exclusively with the ISEE spacecraft pair. . . . . 79
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Figure 10

Figure 11

A blowup of a short tem—second segment of a

frequency-time wideband data set, showing the

occasionally observed harmoniec structure of the

electrostatic burst.

confused with the vertical striations due to the

The harmonics are not to be

rapid time varying nature of the electrostatic

bursts. The harmonic structure has a frequency

spacing corresponding to the chorus frequency

shown in the upper panel.

panel spans only 0 to 600 Hz instead of the usual

0 to 1 kH=z. e

Note that the upper

Example of the electric field spectral density

versus frequency taken at both ISEE 1 and ISEE 2

during a long electrostatic burst which was

observed at both spacecraft. The electric field

spectral density is corrected for the different

length electric dipole antennas on the two space-

craft. The fact that both the chorus and the

electrostatic bursts have almost identical spec—

tral densities indicates that the wavelengths of

both waves are significantly longer than either

spacecraft antenna.
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Figure 12

Figure 13

Page
Rapid sample electrie field déta for the 10 kH=z
channel of the multichannel spectrum analyzer,
showing the longitudinal nature of the electro—
static burst. The burst, centered near 10 kHz, is
sampled at 32 samples per second, and is plotted
against the spin angle ¢ of the spacecraft. As
indicated, the maximum electric field strength is
indicated when the dipole antenna was oriented
along the ;u field as projected into the spin plane
of the spacecraft. This inﬂicates that the burst
is longitudinally polarized with the electric

+
field aligned approximately along the By field. . . 85

The lower panel shows the oscilloscope waveform
pattern taken from the very short burst indicated
in the upper panels of frequency-time wideband
data of the ISEE 1 spacecraft. The low frequency
signal in the bottom of the lower panel is the
chorus waveform, while the high frequency signal
bursts at the top of the lower panel are the elec-
trostatic bursts. The phase of the chorus wave-
form may differ from that shown by a constant
phase factor. It should be noted that the lower

panel is only eight milliseconds in duration. . a7
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Figure 14 Four examples of oscilloscope waveform patterns
are shown. In all cases the top trace is that of
the chorus while the bottom trace is that of the
electrostatic burst. The two left examples (A
and B) are taken from a short burst correlated
with a chorus hook, and have different time
scales, (B) being an expansion of part of (A).
The modulation effect on the bursts is very evi-
dent. The two right examples (C and D) are from a
long burst just a few minutes earlier. These
again have different time scales, (D) being an
expansion of (C). The modulation effect on the

bursts is much diminished in this case. W E W e 89

Figure 15 Four examples of oscilloscope waveform patterns
for two different days are shown. The two right
examples (A and B) are from a long burst, and do
not show a strong modulation effect on the bursts.
The two left examples (C and D) are from a long
burst that had an odd characteristic of almost no
frequency spread, and of being almost exactly at
the plasma frequency as defined by the continuum
radiation. No modulation of the burst is seen at

all. " 8 B & & B B B B & & & ® 8 8 & & & = &8 8 »® » g]'-
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Figure 16

Figure 17

Figure 18

Page
Illustration of the model proposed for whistler
mode electron trapping and burst generation. The
top panel shows how the wavevector angle will pro-
duce an Eu{parallelj, while the middle panel
illustrates how an electron confined to the Eu
field line will see an effective potential and can
be trapped at the whistler mode phase velocity.
The lower panel shows how these trapped and spa-
tially bunched electrons will generate electro—

static bursts modulated at the chorus phase velo—

Eit}rd - . - - - - - - - Ll . - - L] - - - - - - - - 93

Three cases of particle trapping produced by
computer modeling for different wave vector angles
(8) to the ambient Ea field. 2-phase is the phase
relation between the electron and the whistler
mode wave. Trapping is defined when the phase
variation is bounded. In the model, the electric
field intensity of the whistler mode wave
increased linearly with time, and so the abscissa

is marked as both time and Eg. . + 4 4 4 4 + » . . 95
Illustration of a suggested possibility for pro-
duction of a distinct electron beam in the

distribution function. In this suggested scenerio,

xv



Figure 19

Figure 20

Figure 21

the chorus wave phase velocity increases and

trapped electrons are accelerated. The velocity

increase has been exaggerated. . . « « « « « & o«

E-¢ spectrogram for day 222 in 1979 from the
LEPEDEA data on the ISEE 1 spacecraft. The fea-
tures pointed to by the arrows are the ambient
magnetic field-aligned electron distribution
function enhancements, which occured simulta-

neously with the long electrostatic burst. . . . .

E-¢ spectrogram for day 263 in 1980 from the
LEPEDEA data on the ISEE 1 spacecraft. The fea—
tures pointed to by the arrows are the ambient
magnetic field-aligned electron distribution
function enhancements, which occured simulta—

neously with the long electrostatic burst. . . .

Frequency-time wideband data from ISEE 1 space-
craft for a time corresponding to the field-
aligned electron enhancement seen in LEPEDEA data.
The burst start is marked with an A and the burst
end is marked with a B, for this 2 1/2 minute
burst. Note that the time scale shows ten minutes

and is quite different from previous cases. . e
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Figure 22 Time mosaic of detectors 2E and 6E from the E-¢

spectrograms for approximately the ten—minute

interval corresponding to the wideband data in

Figure 21. The A and B marks the burst start and

end times respectively for the electrostatic burst

shown in Figure 21. It is clear that the field-

aligned enhancement at = 400 eV is strongest dur—

ing the burst period, but also persists slightly

for several minutes after the burst end. . . . . . 105

Figure 23 Perspective plot from LEPEDEA data for day 222/79
showing the electron distribution function. The
two counterstreaming magnetic field-aligned

electron enhancements are indicated. . . . . . . . 107

Figure 24 Graph of the imaginary component of w versus the
real component of w for the resistive-medium
instability with several different values of
Vo/Vp. The downshift in frequency of the maximum
growth rate below the plasma frequency (wpe) for
progressively lower values of V,/Vg is very
clear. The dotted lines are used to calculate

the theory points in Figure 26. s s s s s s s o« = 108
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Figure 25 Graph of the frequency of the maximum growth rate
of the resistive-medium instability versus V,/Vy.
This shows that for a range of Vg/Vy from about 1
to 5, the characteristic downshift in burst
frequency below the plasma frequency is clearly
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Figure 26 Plot of observed points in the wideband data show-
ing the frequency bandwidth spread versus the down-
shift in the burst frequency below the plasma fre-
quency. The theory points were made as described

in the text using the graph shown in Figure 24. . . 113

Figure 27 The lower panel shows some digitally transmitted
wideband data from the Voyager 1 spacecraft when
it was passing through the outer magnetosphere of
Saturn in the dayside region. The bursts at about
8 kHz are suggestive of the type of chorus related

electrostatic burst described in this study. . . . 115

Figure 28 Diagram showing the energy flow and general cause
and-effect relationship for the model presented

I this BEUEY: o v 5 o o 5 & @ 4 9w & ¢ 3 ¢ 5 3 2 T

xviii



I. INTRODUCTION

The Earth's magnetosphere has proven to be a rich source of various
types of plasma wave modes. This study treats a type of electrostatic
wave that appears in very sharply defined bursts, and is closely corre-
lated with a type of electromagnetic whistler mode wave known as chorus.
These waves occur in the outer magnetosphere, just inside af the magnet-—
opause boundary layer, on the dayside region of the magnetosphere.

Chorus waves are a type of low frequency electromagnetic wave
phenomenon in the magnetosphere that are believed to result from a Byro—
resonance interaction with energetic electrons. The frequency range of
chorus emissions in the outer magnetosphere is approximately 100 Hz to
800 Hz. Chorus usually has a well-defined frequency, and often has dis-
crete frequency-time features, consisting of narrowband tones increasing
in frequency with increasing time [Helliwell, 1965]. Chorus alsc occurs
as a simple banded emission with little or no structure [Burtis and
Helliwell, 1969].

On the dayside of the Earth, chorus waves are generated by elec-
trons with energies in the range of 5 - 150 keV [Burton and Holzer,
1974), and on the nightside of the Earth are associated with magnetic
substorm electrons of energies > 40 keV [Tsurutani and Smith, 1974].

The generation mechanism is believed to be a Doppler-shifted cyclotron

resonance with these high energy electrons [Dowden, 1962; Brice, 1964;



and Helliwell, 1967]. The generation region is always near the equa-
torial regions [Helliwell, 1967; Helliwell and Inan, 1982]. The
Doppler-shifted electron cyclotron resonance condition is given by Equa—

tion 1

ky vg = w - mfﬂ'] wherem = 0, 1, 2, ... are integers, (1)

vy and ky are velocity and wave vector parallel to the magnetic field,
@w is the angular wave frequency, and 7 is the electron gyrofrequency.
For cyclotron resonance, the integer m must not be equal to zero.
The special case where m is zero is called the Landau resonance. A
careful analysis reveals that the whistler mode is unstable if a posi-
tive pitch angle anisotropy exists in the electron distribution function
at the resonance velocity [Kennel and Petschek, 1966]. A positive pitch
angle anisotropy occurs whenever a loss cone exists in the electron
angular distribution. The electrons resonanting with the wave will be
pitch angle scattered to a smaller pitch angle value, thus precipitating
electrons along the magnetic field line direction. It is important to
note from Equation 1 that the resonanting electroms are moving in a
direction along the field line opposite to the direction of the chorus
whistler mode wave. Preclipitating electrons have been reported [Oliven
and Gurnett, 1968; Rosenberg et al., 1971] which are associated with
chorus emissions and are believed to be pitch angle scattered by these
waves. Since the growth mechanism requires a wave to start the process,
the discrete emissions are believed to be triggered by either natural

waves of small amplitude such as hiss [Koons, 1981] artificial wave



injections [Helliwell and Katsufrakis, 1974], or possibly signals from
electric power transmission lines [Luette et al., 1977]. Once
generated, the discrete frequency of the emission will raise and fall in
various patterns depending on the motion of the generating electrons
toward or away from the equatorial region.

Chorus has been known for many years [Helliwell, 1965] to be propa-
gating in the whistler mode. The index of refraction of the whistler

mode is given to a good approximation by Equation 2, from Stix [1962],

(2)

where n is the index of refraction, Wpe is the electron plasma fre-
quency, w is the wave freguency, Wge 18 the electron gyrofrequency, and
8 is the angle between the wave vector E and the ambient magnetic field.
Chorus thus propagates in a dispersive manner with a velocity much lower
than the speed of light in a vacuum. For the parameters found in this
study, the chorus phase velocity was on the order of 1/10 to 1/20 of the
speed of light in a vacuum. Although the ray path of the chorus wave
tends to follow the ambient field line, the wave vector can be at a sub-
stantial angle 8 to the field line [Kennel and Thorne, 1967; Burton and
Holzer, 1974; Burtis and Helliwell, 1976]. The general magnitude of 8
is still a subject of some debate due to the lack of wave normal mea-

surements but is generally believed to be in the range from about 0 to

30° [B. T. Tsurutani, private communication, 1982].



The electrostatic bursts analyzed in this study have a frequency
much greater than that of the chorus. The frequency is usually somewhat
lower than the electron plasma frequency, and is normally in the range
from about 3 kHz up to 10 kHz. The electrostatic bursts appear to be a
longitudinal electrostatic wave with a wave vector aligned almost
directly along the ambient magnetic field. In some cases, the amplitude
of the electrostatic bursts is shown to have a modulation at the chorus
frequency. This modulation suggests z strong physical interaction
between these two wave modes.

This study details the investigation of this interaction and
provides very strong evidence that the electrons responsible for the
electrostatic bursts are trapped and accelerated by a Landau resonance
interaction with the chorus wave. Particles in Landau resonance with a
wave have a parallel velocity that matches the wave phase velocity along
the field line. This condition is also contained in the generalized
resonance condition given by Equation 1, by setting m equal to zero.
Equation 1 with m = 0 is satisfied when the resonant electrons have a
velocity vy along the ambient field line equal to the phase velocity
component of the whistler mode chorus wave along the field line (w/ky).
If the wave amplitude is sufficiently large, the Landau resonance can
lead to trapping of the particles in the potential well produced by the
wave. Evidence for this resonant trapping includes detection of an
electron enhancement that is aligned along the ambient magnetic field,
by use of the LEPEDEA detector on the ISEE 1 spacecraft. This enhance-
ment is referred to as a beam in this study, though careful examination

shows that it may not correspond to an idealized delta function beam.



This study shows the first clear evidence that Landau resonant trapping
occurs because of whistler mode chorus waves. Recently the theory of
Landau (longitudinal) resonance with whistler mode waves has been
studied by Inan and Tkalcevic [1982].

Evidence is presented that the electron "beam”, which has a velo-
city on the same order as the electron thermal velocity of the plasma,
produces the electrostatic bursts by a specific type of two-stream
instahiliti called a resistive-medium instability. This resistive-
medium instability is distinguishable from the usual bump-on-tail insta-
bility primarily by a frequency downshift below the Electrén plasma fre-
quency. Significant evidence is presented that this resistive-medium
instability is the operational instability for the electrostatie bursts
described in this study.

This study describes both the observations and the theoretical
model used to show the cohesiveness of these observations. The organi-
zation of the material is as follows: Section II deals with the instru-
mentation on the ISEE 1 and ISEE 2 spacecraft, which were used for most
of the data in the study. Section III contains the main observational
characteristics of the electrostatic bursts, and the relationship te the
whistler mode chorus waves. The observed relationship suggests a simple
model for the interaction between the the chorus wave and the electro-
static bursts, that is mediated by electrons trapped in Landau or longi-
tudinal resonance with the chorus wave. This simple model is outlined
in Section IV. To confirm the model, LEPEDEA particle data was investi-

gated to try to observe the trapped electrons, and Section V contains



the results of this successful search. Section VI covers the resistive—
medium instability theory, and evidence that it correctly explains the
observational characteristics of the electrostatic bursts. Section VII
outlines some possibly related phenomenon, and the summary and conclu-
sion are contained in Section VIII. Appendix A contains the derivation
of the resistive-medium instability. Appendix B explains the particle
trapping computer simulation used in this study, while Appendix C con~

tains the Figures for this manuscript.



II. DESCRIPTION OF SATELLITE INSTRUMENTATION

A. Spacecraft and Orbital Characteristics

The primary data used in this work was obtained from the ISEE 1 and
ISEE 2 (International Sun-Earth Explorer) spacecraft, which were launched
into Earth orbit simultaneously on October 22, 1977. These two space-
craft are in almost identical orbits, with a separation of only a few
hundred kilometers in the region where most of the data for this work
were taken. The orbit is very eccentric, with an apogee geocentric
radial distance of 22.5 Rg, and a perigee of 1.12 Rg- A typical orbit
illustrated in Figure 1. The orbit is generally equatorial with an
inclination of about 30 degrees to the ecliptic plane [Anderson et al.,
1981]. The purpose of the two spacecraft was to obtain simultaneous
measurements in order to separate spatial and temporal effects. The
orbital period is 57.3 hours for both spacecraft.

The ISEE 1 spacecraft has a spin period of three seconds. The
spacecraft rotation is valuable in determining many plasma wave para-
meters. This rotation is also used to obtain a complete scan over all
angles for the LEPEDEA data.

The local time of the apogee at launch was about 10 hours, and it
decreases at a rate of about 2 hours per month. This means that as seen
from the solar ecliptic geocentric coordinates, the ISEE orbit precesses

an entire 360 degrees in one year. This precession carries the



spacecraft into very different regions of the magnetosphere at different

times of the year.

BE. Plasma Wave Data on the ISEE Spacecraft

The predominant source of the data utilized for this study was the
ISEE 1 spacecraft which is shown in Figure 2. All of the plasma wave
data used was obtained from the University of Iowa Plasma Wave Experi-
ment on the ISEE 1 and ISEE 2 spacecraft. The instrumentation used for
the plasma wave data is described in detail in Gurnett et al. [1978].

The most commonly used part of the Plasma ﬁave Experiment was the
wideband receiver with selectable 10- and 40-kHz bandwidths and any of
eight selectable base frequencies from O Hz to 2 MHz. The wideband mode
used for this work used two frequency channels, one from 650 Hz to 10
kHz which directly modulates the wideband transmitter, and the other
from 10 Hz to 1 kHz which is transmitted using an FM subcarrier. The
ISEE 2 wideband receiver is identical to the ISEE 1 receiver except that
it is limited to only a 10-kHz bandwidth. The wideband receivers were
used to provide analog waveforms of the received signals. Due to the
large dynamic range the wideband receiver was provided with an Automatic
Gain Control (AGC) which maintained a nearly constant signal amplitude.
Sometimes real signal strength variations are masked by the AGC. An
example is the lack of spin modulation on the electrostatic bursts which
is described im Sectiom III.

High time resolution spectrum measurements were also available on

ISEE 1 from a 20-channel electric spectrum analyzer which covered a



range from 5.62 Hz to 311 kHz, and a l4-channel magnetic spectrum
analyzer covering the frequency range from 5.62 Hz to 10 kHz. Although
a choice of several different antennas for the electric field measure-
ments was possible, in these observations the antenna used was the fine
wire long electric dipole antenna (v axis) which had a 215 meter tip—
to-tip length, and was shared with the Heppner de electric-field experi-
ment. The magnetic spectrum analyzer was connected to a magnetic search
coil antenna. These analyzers have four frequency channels per decade
and bandwidths of *15% up to 10 kHz and *7.5% above 10 kHz. For ISEE 2
a single lé-channel spectrum analyzer was provided with a frequency
range from 5.6 Hz to 31.1 kHz. This spectrum analyzer was selectable
for either electric field measurements from a 30 meter electric dipole
antenna, or magnetic field fluctuation measurements from the magnetic
search coil antenna. The sample rate is 1 sample/s in low bit rate, and
4 samplesf/s in high bit rate. In addition, a rapid sample mode for the
electric spectrum analyzer was available. In this mode 32 samples/s
could be made on any one frequency channel. The channels being thus

sampled were continuously rotated.

C. LEPEDEA Instrumentation

Extremely valuable data on the electrons and ions were ohtained
from the University of Iowa Quadrispherical LEPEDEA (Low Energy Proton
and Electron Differential Energy Analyzer) data. Full descriptions of
the LEPEDEA instrument are given by Frank et al. [1978 a,b]. The
LEPEDEA instrument samples ion and electron velocity distributions over

approximately 98 percent of the unit sphere. This coverage is obtained
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by the use of seven pairs of sensors which are used to segment the over-
all field of view of 6 x 162 degrees into seven contiguous fields—of-
view along the major axis. This coverage is illustrated in Figure 3,
where we can observe that as the spacecraft spins, the field-of-view of
the seven detector pairs covers all except ~ 2% of the entire unit
sphere. Twelve azimuthal sectors are used for the high bit rate mode,
so that the angle ¢ shuwn in Figure 3 is divided into 12 contiguous and
equal segments. Thus the entire unit sphere is divided into 12 % 7 = 84
segments.

The instruments have an energy resolution of AE/E = 0.16, and cover
an energy range of 1 eV to 45 keV for positive ions and electroms in the
all energy mode. In the high bit rate mode used for all cases in this
investigation, an instrument cycle requires 128 seconds to obtain & full
velocity distribution function (32 energy levels x 4 seconds per energy
level). With 12 azimuthal sectors, 7 polar angles, and 32 sampled
energy levels, a total of 2688 samples of velocity space are obtained in
the 128 second period of high bit rate data.

The primary LEPEDEA data output used in this work was the E-4 spec—
trogram plot form. An example of one E-¢ plot format is shown in Figure
4. The standard format uses fifteen of these plots for the entire data
display. There are seven plots for the seven ion detectors (marked with
the detector number and P for proton), and seven plots for the electron
detectors (marked with the detector number and E for electron). A4n
additional central panel marked GM for Geiger-Mueller tube, which has a
40 degree field of view, provides measurements of the angular distribu-

tions of > 45 keV electrons in the spin plane of the spacecraft.



Starting at the lowest energy, the fourteen electron and protom
detectors are sampled simultanecusly at = 0.25 second intervals at one
energy level for 4.0 seconds (one spin period = 3.0 seconds). Thus the
entire azimuthal angle ¢ is covered at one energy before moving up to
the next energy level. This means that the ordinate represents both
increasing energy and increasing time as shown in Figure 4 [Eastman and
Frank, 1982]. The instrument cycle time is 128 seconds in the high bit
rate mode. The time displayed on each E-¢ plot is the start time of
that frame.

The particle energy wvalues are displayed on the ordinate as logyp
of the energy in units of eV. Each frame shows 16 azimuthal sector
marks on the abscissa which corresponds to the spin angle ¢. Because
the spin axis is nearly perpendicular to the ecliptic plane, the
abscissa can be viewed as solar ecliptic longitude, from 0 (or 360)
degrees (sunward flow) to 180 degrees (antisunward flow). Angles less
than 180 degrees correspond to duskward flow, and angles greater than
180 degrees correspond to dawnward flow. The detector responses are
color-coded with a color bar at the right side of the color plates with
values of logjg of the sensor response. Because the distribution fune-
tion is proportional to this response multiplied by 1/E2, care must be
taken that what often appears as a prominant bump in the E-¢ spectrogram

may actuzlly be only a flattening in the distribution function.

11
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III. OBSERVATIONS OF ELECTROSTATIC BURSTS AND

THEIR RELATIONSHIP TO WHISTLER MODE CHORUS

A. Description 0f Phenomenon

This section is devoted to a description of the electrostatic
bursts observed, and their relationship to the whistler-mode chorus
emissions accompanying them. A preliminary study of these relationships
has been published by Reinleitner et al., [1982]. Figure 5 indicates
some of the general features of this phenomenon. In the top panel at
about 300 Hz is the chorus band which is often observed in the outer
magnetosphere just inside of the magnetopause region. The frequency is
somewhat lower than the chorus frequencies usually reported in the lit-
erature, due to the location in the outer part of the magnetosphere.

Tﬁe frequency is about 1/3 to 1/4 of the local electron gyrofrequency,
as is usually expected for whistler mode chorus. Discrete features re-
ferred to as "hooks" by Helliwell [1965] are evident in the chorus band.

The features that are being referred to as electrostatic bursts (or
simply bursts) are illustrated in the lower panel of Figure 5. They ex
tend in a fairly broad band from about 5 kHz to about 8 kHz, and turn on
and off very abruptly (on the order of ten milliseconds). In this case,
the electrostatic bursts appear to be strongly correlated to the dis-
crete features in the chorus band referred to as hooks. Most of the

data shown in this section were obtained from the plasma wave instrument
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on the ISEE 1 and ISEE 2 spacecraft as described in Seetion II. The
electrostatic bursts are found to have a number of distinguishing fea-
tures.

It should be noted at this point that there are two particular
types of electrostatic bursts, both related to chorus. The first type
is shown in Figure 5, where the bursts are of short duratiom, usually on
the order of one second. This type of burst is usually correlated to a
hook-like or other discrete feature in the chorus band. The second type
is of longer duration, and is associated with an intensification of the
chorus band rather than a hook-like feature. This type of burst is
illustrated in Figure 6. The intensification of the chorus band in this
figure is a real feature as determined by the spectrum analyzer data,
and not simply a effect of the automatic gain control. The rather
abrupt nature of the electrostatic bursts turning on and off with chorus
band intensification, indicates that some type of threshold effect may
be occurring. These long duration bursts are observed to extend from
about 10 seconds to several minutes. The longer duration type of elec-
trostatic burst was actually much more commonly observed than the type
associated with the discrete hook-like feature by roughly a factor of
5 to 10, however, the shorter bursts have been very useful in the study

and understanding of the entire phenomenon.

B. Wideband Characteristics

A comprehensive survey of the locations where the bursts can be
observed has not yet been performed. However, all cases observed so

far have been located in the Earth's outer magnetosphere near the
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dayside magnetopause boundary at about 9 - 12 Rg. Cases have been found
on the dayside region for many magnetic lucai times ranging from 7.0 to
17.5 MLT. All cases observed have been within =30 degrees of the mag-
netic equator, however this is probably due to the generally equatorial
nature of the ISEE satellite orbit. Examination of the LEPEDEA data has
shown that most of the observed cases are located inward from the mag-
netopause boundary layer. Only a few are actually located in the bound-
ary layer region. The general region where the electrostatic bursts
have been observed is indicated in Figure l. It should be noted that
for magnetosphere regions closer to the Earth than those cited, the
plasma frequency tends to go above 10 kHz, which would produce electro—
static bursts at frequencies too high to be observed in this mode of the
ISEE instrumentation. Thus the general limitations on the locations of
the observed electrostatic bursts accompanied by chorus should be viewed
as data mode limitations rather than definitive regioms of occurrence.

The frequency of the bursts have always been observed to be below
the local plasma frequency {fp} as determined by the lower edge of the
continuum radiation [Reinleitner et al., 1982; Gurnett and Shaw, 1973].
This difference in frequencies varies from so small as to be undetect-
able, to as much as 60 percent or so. The continuum radiation is some-
times rather faint, and the determination of fp must be made from con—
tinuum radiation occurring a few minutes before or after the electro-
static burst event being displayed. The burst frequency was always well
above the local electron gyrofrequency as determined by the magnetometer
data [Russell, 1978] (fg = 1.2 kHz in Figure 5). The bursts always

occur as a frequency band, as opposed to a sharp monochromatic
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frequency. This band is usually a few hundred Hz to several kHz in
width as shown in Figures 5 and 6.

The bursts have been described as electrostatie because no wave
magnetic field has been detected in association with them. This conclu-
sion is illustrated in Figure 7, where the data from ISEE 1 are shown in
the upper two panels. These data were taken with the wideband receiver
connected to the electric dipole antenna. The bottom two panels from
the same time period were taken with ISEE 2 where the wideband receiver
was connected to the magnetic search coil antenna. As can be seen,
there is a good correlation between the chorus features in the 0 to 1
kHz frequency range at both spacecraft, but no bursts seem to appear in
the 0 to 10 kHz frequency range when the antenna is connected to the
magnetic search coil. While the chorus is an electromagnetic mode, the
bursts do not have a detectable magnetic component. Typically the
broadband electric field strength of the bursts is on the order of 50
uV/m. Because the wave magnetic field remains at the instrument noise
level in all cases observed, a limit can be placed on the magnetic—to-
electric field ratio of about c¢B/E 4, which corresponds to an index
of refraction n { 4. Because no electromagnetic plasma wave mode is
known to exist with cB/E < 4 in the frequency range f5 < fpyrer < fps
the bursts are almost certainly electrostatiec. The typical field
strengths of the chorus emissions associated with the electrostatic
bursts are about 300 uV/m and 40 milligammas (1 gamma = 10~9 Tesla).

Serious consideration was given as to the possibility that the

electrostatic bursts were an instrumental effect. It was felt that the
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frequent occurrence of the bursts, whether accompanied by hooks in the
chorus band, or simply by an 1ntensificatiunlin the chorus band, as well
as the limited physical region of occurance strongly indicate that the
bursts could not be an instrumental effect. To cheek that the bursts
are not due to some cross-modulation effect in the instrument elee—
tronics, wideband data from a completely different instrument on the IMP
6 spacecraft have been examined. Although IMP 6 was not in the correct
wideband mode to observe both frequencies of interest as often as ISEE
1, electrostatic bursts of both the hook-related and long chorus inten-
sification types have, nevertheless, been found in several passes
through the ocuter magnetosphere on the dayside region. Examples of both
types of IMP 6 observations are shown in Figures 8 and 9. In addition,
the good correlation with LEPEDEA electron data shown in Section V also
indicates that the electrostatic bursts accompanying the chorus are not
due to an instrumental effect on the spacecraft.

The electrostatic bursts occasionally have narrowband harmonic
structure of the type shown in Figure 10. The harmonic structure should
not be confused with the vertical striations due to the rapid time
dependence of the bursts. The harmonic structure is only evident when
the chorus emission has a narrow bandwidth, such as when the hook-shaped
features occur. The frequency spacing of the harmonie structure corre-
sponds to the instantaneous emission frequency of the chorus burst.

This feature will be discussed again later in this section.

When chorus hooks are found to be correlated with the electrostatic

bursts, the onset of the electrostatic burst usually coincides with the

minimum frequency of the hook. This may be due to the chorus having the
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greatest intensity at about the minimum in the hook feature, or due to
the rising frequency of the hook after the minimum. It should be noted
that the electrostatic burst usually continues for a time after the hook

has disappeared or merged back into the chorus band.

C. BSpectrum Analyzer Measurements

It is desirable to determine all characteristics of the electro—
static burst under the assumption that it is a normal mode of the
plasma. Comparative studies using both the ISEE 1 and ISEE 2 electric
field multichannel spectrum analyzers have been used to determine the
wave length of the bursts. Figure 1l shows an example of the electric
field spectrums obtained simultaneously for a long burst that was
observed in the wideband data by both ISEE 1 and ISEE 2. These spec—
trums indicate, when corrected for the antenna length from each space-
craft, that the electric field strength for both the chorus and the
electrostatic bursts is the same at both spacecraft even with different
antenna lengths. This result is expected for the chorus because the
chorus wavelength is on the order of 100 kilometers and thus much
greater than the length of either antenna. If the wavelength were
between the two antenna lengths, then the larger antenna would detect a
reduced electric field because the wavelength is shorter than the longer
antenna. If the wavelength were shorter than both antennas then multi-
lobed antenna pattern effects recurring at one half of the spacecraft
spin period should appear. The fact that the electrostatic burst shows
the same electric field strength at both spacecraft indicates that the

wavelength of the burst must also be greater than the length of either
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of the antennas. Thus the wavelength of the electrostatic bursts must be
longer than the ISEE 1 electric dipole antenna so we can conclude that
Aburst » 215 meters.

In addition, studies of the wideband data show that although there
is a good correlation between chorus hooks in both ISEE 1 and ISEE 2
data, there is only moderate correlation between the electrostatic
bursts. There is a strong correlation between the burst appearance,
which is probably due to the correlation between the bursts and the
chorus itself. However there is not a good correlation between the
structure of the individual elements of the bursts at the two satellite
locations. This indicates that the wavelength of the bursts is shorter
than the distance between the two spacecraft. Thus we can say that
215 m £ Apurge < 100 km.

The rapid sample data has also been useful to determine proper-
ties of the electrostatic bursts. In a case where the channel of the
multichannel electric spectrum analyzer on ISEE 1 was set at about the
frequency of the electrostatic burst, and was also in the rapid sample
mode, a study of the wave polarization was possible. An example of this
type of polarization analysis is shown in Figure 12, which shows that the
electric field of the bursts appears to be aligned with the projection of
the ambient magnetic field in the spin plane of the spacecraft. This
result indicates that the electrostatic bursts have a wave vector
generally aligned along the magnetic field. It should be noted here that
even though the long bursts in the wideband data do not show this spin
modulation effect because of the AGC, several checks of the spectrum

analyzer data show that the spin modulation usually occcurs.
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D. Waveform Data Analysis

Since the wideband data is transmitted from the satellite in analog
form and is spectrum analyzed on the ground, it is possible to study the
actual waveform as seen on the electric field antenna by the spacecraft.
One example is shown in Figure 13. 1In the lower panel of Figure 13, the
electric field versus time oscilloscope waveform pattern for both the
chorus and electrostatic burst is shown for the very short burst in the
middle panel. The lower signal is the chorus waveform while the upper
high frequency signal is the associated electrostatic burst. Both sig-
nals have been processed by bandpass filters to eliminate signals not in
the frequency band of interest. Note that the time duration of these
waveform data is only 8 milliseconds. The waveform therefore comprises
only a small portion of the electrostatic burst from which it was taken.
As can be seen, the electrostatic noise is actually composed of many
shorter bursts of a high frequency signal which is modulated at the
chorus frequency. Thus, the harmonics evident in Figure 10 are a modu-
lation effect caused by the periodic modulation of the electrostatic
noise at the frequency of the chorus emission. In the cases where har-
monics are not observed, the electrostatic burst occurs as a frequency
band, which tends to blend any harmonics into the broad continuous spec—
trum. It is also noted that for the long electrostatic bursts, the
modulation effect is either not as strong or nonexistent. This effect
is shown in Figure 14, which shows an example in 14A and 14B of a good
modulation effect on a short burst associated with a hook. In Figure
14C and 14D & longer burst of about 6 seconds duration shows a much

reduced modulation effect. Figure 154 and 15B show a longer burst
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with a limited modulation effect, and Figure 15C and 15D show a case
with no modulation effect at all. The case of Figure 15C and 15D was a
little unusual in that the electrostatic bursts were much more narrow-
band and closer to the electron plasma frequency than usual. Due to
possible phase shifting effects in the filters used for the waveform
analysis and other possible phase shifts related to the wave normal
angle which is unknown, nothing can be said at this point about the
absolute phase relationship between the chorus waveform and the modu-
lated electrostatic burst.

To sum up some of the characteristics covered in this section, we
have noted that electrostatic bursts appear to accompany chorus “hooks"
and simple chorus intensifications in the Earth's cuter magnetosphere.
These bursts seem to have a wavelength such that 215 m < Aburst <
100 km. The electric field vector of the electrostatic bursts is
aligned along the ambient magnetic field line, and thus the wave vector
appears to be generally also aligned along the magnetic field line.
Examination of the waveforms for both the chorus and bursts indicate
that often the higher frequency waveform for the burst is modulated by
the chorus waveform. The strong correlation between the envelope of the
electrostatic bursts and the chorus suggests some strong physical inter-

action between these two wave modes.

20
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IV. MODEL INTERPRETATION OF OBSERVATIONAL DATA

A. General Outline Of the Model

In the previous section, the observations of the electrostatic
bursts accompanied by whistler mode chorus were described. This section
describes a model that explains the observations. The most obvious
characteristic of the bursts is that they are electrostatic and near the
electron plasma freguency. This could suggest some form of Langmuir
oscillation. However, the observed frequency occurrence at below the
electron plasma frequency requires some explanation because the Langmuir
oscillation always occurs at frequencies near or slightly above the
electron plasma frequency. Because the wave vector for the bursts is
apparently aligned in the general direction of the ambient magnetic
field, the observations suggest a two-stream instability with a field-
aligned beam.

The general model that is proposed is illustrated in Figure 16. It
is well known that whistler mode chorus in the magnetosphere has a wave
normal vector that is typically not aligned along the magnetic field
lines [Burton and Holzer, 1974], although there is some question about
the magnitude of the angle 8 between the E vector and the E; field in
the region of interest [Burton and Holzer, 1974: Burtis and Helliwell,

1976]. 1In the top part of Figure 16, it is shown that when the angle 8

is non-zero, the electric field of the chorus wave will have a component
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E” along the E; field. The actual magnitude of this E, is derived in
Appendix B. Because the ambient magnetic field Eu in the region of
interest is on the order of 40 gammas, and the wave magnetic field of
the chorus is on the order of 40 milligammas, it is expected that the
first order motion of the electrons will be the usual helical motion
along the ambient magnetic field line.

The model, as proposed, assumes that the electrons are free to move
along the ambient magnetic field line {;u), under the parallel electric
field {E|} influence of the chorus wave. The perpendicular component of
the chorus wave electric field will not influence the electron motion
along Ea, but would at most move the electrons slightly across the field
lines. Thus the electrons will only be affected by an effective
potential due to Eﬂ along the field line such as that shown in the
middle part of Figure 16. This electric field permits electrons to be
trapped in effective potential wells of the chorus wave, and be carried
along with the chorus wave at the chorus phase veloecity.

These trapped electrons will move in bunches at the chorus phase
velocity in the effective potential wells, and to a stationary observer
would pass by in a periodic manner with the chorus wave. Becsuse the
trapped electrons will move at the same velocity, these electrons
effectively have a delta function velocity distribution, and would
therefore be expected to excite Langmuir waves via a two-stream like
mechanism. The bursts of Langmuir waves would then be expected to have
the modulated characteristics of the short electrostatic bursts as shown

in the bottom part of Figure 16.
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B. Parameters of the Model

For the characteristics of the region of interest, the index of
refraction for the whistler mode is on the order of 10 to 20. This
implies a phase velocity of less than one tenth the velocity of light,
and with the known frequency, can be used to estimate the voltage depth
of any possible potential well. A simple calculation (assuming n=10 and

f = 300 Hz) gives:

A= vpff

A = 100 km

This estimate implies that for a chorus wave with an electric
field intensity of about 300 pV/m such as reported in Section I1, the
largest possible potential well would be 100 km x 300 pV/m = 30 volts.
Thus the potential well for such a typical chorus wave would be less
than about 30 wolts. This value is encouraging, as it is large enough
to be a significant potential to electrons moving at the chorus phase
velocity. With an index of refraction of about 10 or 20, the electroms
moving at the chorus phase velocity will have an energy of = 2 keV or

less.

C. Electron Trapping at the Landau Resonance

It is only recently that considerable effort has hbeen put forth to
study the possibility of particle trapping in Landau resonance (m =0 in
Equation 1) with chorus waves. Early work on resonances such as Kennel
and Petchek [1966] concentrated on studies of electrons in cyeclotron

resonance with chorus waves (m= 1, 2, ... in Equation 1). More recent
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work on Landau type of trapping has dealt with trapping in electrostatic
waves by Nunn [1971; 1973]. A recent work by Inan and Tkalcevic [1982]
deals with the nonlinear equations of motion for particles in Landau
resonance with chorus waves. The work of Inan and Tkalcevie [1982] is
greatly extended in a Doctoral Dissertation by S. Tkalcevie [1982], in
which the Landau resonant trapping properties of whistler mode waves are
explored. His computer model simulations yield highly interesting
results and conclusions, which include the finding that there is a lower
intensity threshold, below which trapping is not possible. Above this
threshold trapping is possible. This threshold varies with different
parameters, most notably the wave vector angle 8 from the En field, but
is in general on the order of 20 pV/m. In all cases of the observation
of electrostatic bursts, the chorus intensity was well above this thres-
hold, usuzlly on the order of 300 pV/m.

To test the trapping of electrons at the Landau resonance for the
specific parameters relevant to this study, a computer simulation was
done by solving the cold plasma dispersion relation for whistler mode
waves propagating at an angle to the Eu field. The resulting wave
electric and magnetic fields were simulated for an electron moving with
a velocity close to the Landau resonant velocity. Using a fourth order
Runge Kutta solution to the equation of motion of an electron in such
fields showed, as in Figure 17, that electron trapping is possible.

Figure 17 shows three examples of the phase of the electron motion
for different wave vector angles 6. In each example (identical plasma
parameters), ?P!ccs 8 is the projected wave phase velocity along the

e
ambient magnetic field (Bg), V; is an arbitrarily set particle initial



25

-+
velocity along By, and AE is the energy difference between an electron

moving at ?P!cus 6 and one moving at V;. The simulation was done using
a box one wavelength long along the wave vector direction with periodic
boundary conditions. Z-phase is the relative phase between the electron
position and the wave front. Trapping is defined as the point in time
when the phase variation of z-phase becomes bounded. In the simulation
the chorus wave electric field amplitude (E,) is allowed to grow
linearly with time and trapping occurs when E, becomes large enough to
produce bounded oscillatory motion (on the order of 40 — 80 uV/m). The
results obtained show that the required E, for trapping decreases as the
wave vector angle 8 increases. The equations and wn¥k on this simula-
tion are given in Appendix B.

It should be noted that this solution was a rather brute force one
of following the particle step-by-step for a step size of much less than
the gyroperiod of the particle. The more extensive work done by
Tkalcevic [1982] was accomplished in a more computationally elegant way
by analytically solving the nonlinear equations of motion and averaging
over an entire gyroperiod [Inan and Tkalcevic, 1982]. This reduced the
total computer time requirements greatly. The simulation in Appendix B
shows particle trapping at electric field intensities that are consis-
tent with those found in Tkalcevie [1982], as seen in Figure 17.

Consideration as to possible metheds of obtaining the modulated
burst appearance other than trapping were studied. The possibility of
electrons being simply repetitively accelerated and decelerated in the
electric field of the chorus wave was considered, but the energy gain

would be limited to about 30 eV as in the potential well calculation.
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This gain would be insufficient to produce a two-stream instability.
Trapping was the only viable method left to explain the well modulated
nature of the short electrostatiec bursts.

Electrons may be trapped into the potential wells by at least two
possible mechanisms. 1In one case the chorus wave amplitude may simply
increase with time, thereby trapping electrons with velocities close to
the chorus phase velocity, as was done in the particle simulation
described. In another case the chorus wave phase velocity may be
increasing, and as the phase velocity matches the velocity of new elec-
trons these electrons are trapped in the potential wells.

Electrons may also be detrapped by several possible mechanisms.
Mutual electrostatic repulsion due to too many trapped electrons could
push some of the electrons out of the potential well (Poisson's equation
was ignored for the simulation). The chorus wave may accelerate in
phase velocity at so great a rate as to dump or "slosh" them out of the
potential wells. Furthermore, as the wave propagates into regions of
stronger magnetic field, the magnetic moment force -y 3B/3z, can become
large enough to detrap the electrons. Any of these detrapping mecha-
nisms could explain the observed saturation in burst amplitudes in
Figure 14,

Trapping alone would probably not explain enough electron enhance-
ment at the chorus phase velocity to create something like a two-stream
bump-on-tail instability, since trapped electrons oscillating in the
potential well still have the same range of velocity as before trapping
occurs. Some mechanism is required to translate these electrons into a

region of velocity space with a lower phase space density, so that a
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double-humped velocity distribution is produced. A likely candidate is
some form of acceleration of a growing chorus wave, which both traps and
simul taneously accelerates the trapped electrons. This process is
illustrated in Figure 18, where a chorus wave moves from the equatorial
regions, roughly following the magnetie field lines. As the chorus wave
moves to higher latitudes, the En field increases, decreasing the index
of refraction, and causing an increase in phase velocity of the chorus
wave, which in turn would accelerate any electrons that were trapped at
the chorus phase velocity. This would, of course, be in competition
with the tendency of the index of refraction to increase due to increas—
ing plasma density at higher latitudes. With the high electron tempera-
ture in the region, it is not clear which trend would dominate. Another
possible acceleration mechanism is made clearer by studying the case of
hooks. The electrostatic burst usually seems to be associated with the
rising portion of the chorus. As the chorus frequency rises, the index
of refraction decreases, increasing the phase velocity. This could be
another possible acceleration mechanism.

The exact method of electron acceleration to create a positive
slope in the distribution function is not conmsidered to be an integral
part of the model described here. Some gain in velocity for certain
electrons is, however, required. The effect of this electron accelera—
tion is to move part of the distribution function up to higher velo-
cities, thereby creating a bump in the new distribution functiom. Only
a small increase in velocity would be necessary if the trapped electrons
have a sufficiently narrow velocity width, and the bump sufficiently

approximated a delta function, for a two-stream instability to arise.

27



B ey

A s [ o iy

28

V. RESULTS FROM LEFEDEA DATA

A. Search For Electron “Beam"

The most obvious feature predicted by the model desecribed in Sec—
tion IV is the existance of the enhanced trapped electrons which should
be moving at the phase velocity of the chorus wave. Knowing the plasma
frequency from the continuum radiation, the Eﬁ field from the Data Pool
tape using the ISEE 1 Fluxgate Magnetometer experiment described by
Russell [1978], and the chorus frequency as obtained from the wideband
data, it is possible to determine the phase velocity of the whistler
mode wave. The only unknown parameter is the wave normal angle 8. The
phase velocity is however, only weakly dependent upon 8, unless 6
approaches the resonance cone angle. Using the theoretical value of the
phase velocity, a search for an electron beam aligned along the ED field
was performed using the LEPEDEA instrument onm ISEE 1.

There are some difficulties in using particle data to search for
this electron beam. The main limitation in the LEPEDEA instrument for
this purpose is the time required for a full energy scan. An entire
three dimensional distribution function requires 128 seconds when the
satellite is in the high bit rate mode, while most electrostatic bursts
are much shorter than a two minute duration. Short bursts accompanying
chorus hooks are simply not possible to observe with the LEPEDEA data.

A careful study was made of the ISEE 1 wideband data to find some cases



of bursts long enough for a study of the LEPEDEA data to be useful. Ten
possibilities were found where either one long electrostatic burst, or
several shorter electrostatic bursts covered at least 70% of a two—
minute period in the wideband data. These possibilities were checked
with detailed computer listings of the LEPEDEA instrument responses. It
was anticipated that some of these cases would not detect a beam due to
several factors. Since only one short sample pericd of the 128 second
energy scan will be at the correct emergy to detect the beam, there is a
possibility that the burst would not be occurring at the appropriate
sample time. In addition, the plasma density in the outer magnetosphere
is usually very low, typically less than 1 electron/em3, so that plasma
analyzers often obtain poor statistical sample rates in this region.

Out of the ten selected cases, there were three that showed no clear
sign of any field-aligned enhancement, and seven that showed some detec-
tion of an electron enhancement. Due to limitations of computer time
only the two best cases in the instrument response listings were con-
verted into E-¢ spectrograms. These two cases are shown in Figures 19
and 20.

In both of these E-¢ spectrogram events the detectors 2 and 6 are
the detectors that will point along the ambient magnetic field line as
determined from the orientation of the spacecraft and the magnetic field
data from the magnetometer experiment [Russell, 1978). From the
magnetometer data used, the angle ¢ for the enhancement shown in both
figures corresponds to that of the field line. Thus, the enhancements
are field-aligned, which is the expected direétian for a beam in Landau

resonance with the chorus.
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B. Characteristics of Electron "Beams"

One clear feature that emerges from Figures 19 and 20 is that there
are actually two counterstreaming electron enhancements at the same
energy. This effect is easily understood if the bounce time for a
mirroring particle is examined. From Van Allen [1961], an equation for
the bounce time of a trapped electron in the Earth's geomagnetic field

is given by:

¥, = G.BS(rGIB} T{ao} seconds (3)

In this equation ry is in Earth radii, B is v/c, T(uy) is a parameter
ranging from about 0.56 to 1.3. Thus the bounce period for r,=10 Bg,
B=1/10, and T(ap)=l is T2 = 8.5 seconds. This bounce time is not
exactly correct as the derivation was for a dipolar field, but it shows
that the bounce period is on the order of 10 seconds. Thus for long
bursts, such as the ones examined by the LEPEDEA instrument, the elec-
trons will be mirroring back and forth along the field line and will
show up in the LEPEDEA data as two counterstreaming electron enhance-
ments.

It is also worth noting here that the LEPEDEA instrument is not
expected to temporarily resolve the modulated or periodic nature of the
electron enhancements. The instrument averages over the 0.25 second
sample interval. It is expected that for the long bursts, the spatial
bunching of the electrons is no longer occuring. In the waveform stud-
ies of the long bursts, the modulation effect is not very dominant and

is often completely absent. It is thus a very strong possibility that



any electron trapping and acceleration may be occuring at some other
location along the field line, and that the electron enhancements
observed by LEPEDEA instrumentation are no longer moving at the local
chorus phase velocity.

For the case in Figure 19, on day 222/79, the following plasma

characteristics were noted:

fp = 5.7 kHz
fchorus = 150 Hz

+

Bg = 25.1 gamma

These parameters yielded a value for the index of refraction of 19.8,
which would correspond to an electron moving with an energy of 650 eV
(*40%), while the center of the enhancement in Figure 19 is at 630 eV
(£20%). This close agreement must probably be regarded as somewhat
fortuitious, since for the second case in Figure 20, on day 263/80, the
agreement is not as good. The plasma parameters for the second case

are:

fp = f.5 kHz
fehorus = 400 Hz

-+

By = 30.8 gamma

These parameters yield a value for the index of refraction of 15.1,
which would correspond to an electron moving with an energy of 1120 &V
(£30%), while the center of the enhancement in Figure 20 is at 400 eV
{;EGK}. Because the local chorus phase velocity and the beam velocity

differ by a significant amount (V = VEnergy), it is thought that the
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acceleration of the = 400 eV electrons is taking place somewhere else
along the Eu field line. In this case, the beam electrons may have been
accelerated by a change in the chorus phase velocity before escaping
from the potential well through one of the mechanisme described in
Section IV.

Both of the cases shown in Figures 19 and 20 were found to have the
electron enhancements appear in the E-¢ spectrograms when the long dura-
tion burst appeared, and to persist for several minutes afterward, fad-
ing out gradually, rather than abruptly turning off as the electrostatic
burst does. The case of day 263/80 is shown in Figures 21 and 22.
Figure 21 shows a standard case of wideband data from ISEE 1 For
September 19-20, 1980. 1In this figure the chorus shows up clearly as a
dark band in the upper panel at about 300 Hz. The electrostatic burst
shows up clearly as a dark band in the lower panel from about 3.5 - 7.0
kHz. The fact that the continuum radiation from about 6.5 kHz up to
the top of the bottom panel ceases when the burst appears is an effect
of the automatic gain control, since the burst is of much greater inten-
sity than the continuum radiation. The time scale is much lower resolu-
tion than the other wideband figures in this work, and covers a period
of 10 minutes with the 2 1/2 minute electrostatic burst labeled at its
start time with an A, and its end time with a B. There is a long period
after the end of the burst with little or no chorus and burst activity.

Figure 22 shows a time series of E-§ spectrogram panels for the .
same time period as Figure 21. Only detectors 2E and 6E are important
in this time period as they show the counterstreaming beam very clearly.

As recalled from Sectionm II, time as well as energy is given on the
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ordinate of each detector panel, with a time of = 128 seconds per panel.
The start times of each panel are given between the corresponding
detector panels, and an A for the start time of the burst, as well as a
E for the end time of the burst is given for each detector. As can be
seen, the field-aligned electron enhancement is strongest during the
burst, and gradually fades away. The strong relationship between the
simultaneously occuring chorus and burst, and the field-aligned electron
enhancements or "beams" seems from this figure to be very clear. This
gradual fading out of the counterstreaming beams would also seem to be
an effect of the mirroring electrons bounding back and forth between
their conjugate mirror points several times before being lost.

A perspective plot showing the entire electron distribution fune-
tion for a 128 second event on ddy 222 in 1979 is shown in Figure 23.
This corresponds to the same event as that shown in Figure 19. This
perspective plot clearly shows the field-aligned enhancements. By inte-
grating over just the enhancement and subtracting the distribution with-
out the enhancement, a value for the beam density can be obtained. This
integration was performed using the data that generated the perspective
plot, and not the perspective plot itself. The value of the beam den-
sity divided by the plasma density was 2.5 x 10~23 for the positive Vy
enhancement, and 1.3 x 103 for the negative Vy enhancement. If there
is a cold electron component to the plasma that is not detected by the
LEPEDEA instrument, then these values would have to be lowered. From
the plasma density values given from the continuum radiation in the

wideband data, these values would have to be lowered by about a factor
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of two. The electron field-aligned enhancements seem thus to be about
three orders of magnitude less than the plasma density.

If an energy gain of about 30 eV is assumed for each electron in
the enhancement, and the chorus wave is assumed to have a magnetic field
intensity of approximately 40 milligamma, the wave energy density of the
chorus is approximately the energy gain per unit volume for the electron
enhancement. Most of the chorus wave energy resides in the magnetic
field. Thus, the chorus wave energy would only have to be twice the
observed value initially to create the electron beam. The electric
field energy density of the electrostatic burst is about three orders of
magnitude less than the energy deneity of the chorus wave if the wvalue
of 50 yV/m is used. Thus, energy considerations for the model outlined

in Section IV would appear to be satisfied.
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VI. THE THEORY OF THE RESISTIVE-MEDIUM INSTABILITY

AND ITS COMPARISON TO OBSERVATIONS

A. Difficulties with Simple Beam Theory

The standard simple two-stream theory, as is described in most
introductory plasma physics texts such as Krall and Trivelpiece [1973],
is not adequate to describe the observations of the electrostatic
bursts. The primary difficulty with the theory is that for a weak beam
the frequency with the maximum growth rate is predicted to be at the
electron plasma frequency, w = Wpes whereas the bursts usually occur
below this fregquency.

A slight improvement is obtained by considering a finite beam den-
sity, as in Equations 1.51 and 1.52 from Mikhailovskii [1970]. This
simple derivation assumes a finite but small beam density represented by
the parameter o << 1 where a = nyp/ng, and ny is the beam density, n is
the plasma electron density. Using a simple Taylor expansion about w(0)
= wpe, the first order corrections to the dispersion relation were ob-
tained with the result that the frequency and growth rate are given by

1/3
& o
Ee w = I.IJPE[]. - m-fﬂl (fl)

Y3 1/3

mpE {E}HIH & (5)

and Imw =
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It is noted that this finite beam approximation provides a

reasonable growth rate for the instability, and a reduction in the real
frequency of the oscillation below the plasma frequency. The reduction
in frequency is, however, not sufficient to explain the large (60%)
reductions sometimes observed for the electrostatic bursts, unless a
totally unreasonable beam density is assumed (¢ = 1). A large beam den-
sity would likewise invalidate the assumption that a << 1, which was
made for the derivation. In Section V, it was shown that the LEPEDEA

data yielded a = 10-3.

B. Resistive-Medium Instability

A very interesting derivation of an instability that appears to
explain many of the above difficulties is discussed in Briggs [1964].
This instability is called the resistive-medium instability. The deri-
vation of this instability is outlined in Appendix A. This derivation
is made for a one-dimensional system. It assumes a weak beam system
with the beam and the background plasma ions being cold, but with the
background electrons being warm. In this derivation, a resonance dis-
tribution was used for mathematical simplicity, which will be shown to
provide a reasonable model under the conditions that exist in the map-
netospheric plasma. The derivation in fact showed two different insta-
bilities, called the reactive-medium instability and the resistive-
medium instability, both of which are important under different regimes
of Vo/Vy, where V, is the "beam" velocity, and Vp is the average longi-

tudinal thermal velocity.



37

The reactive-medium instability has a large growth rate when Vg, >>
Vp, and is essentially the normal bump—-on—tail two—stream instability
and yields results virtually identical to Equations 4 and 5. 1In this
case, since the phase velocity of the waves excited would be near V, and
well out in the tail of the distribution function, the resonance distri-
bution assumed would be irrelevant to the calculations. For the deriva—
tion to be valid, the distribution function used would need to be the
actual distribution function in the region of the beam. This instabil-
ity will diminish in importance as V, approaches Vr since then Landau
damping becomes important, and damps out the wave faster than it can
ETOW.

The resistive-medium instability is a different type of instability
which requires dissipation and occurs when Vo is on the order of Vg
This condition means that Landau damping is essential to the instability
and that the beam must be on the slope of the distribution, not on the
tail. 1In this case, the rescnance distribution is a fairly good assump—
tion. ©Since the reactive-medium instability will dominate in the case
of Vg > Vp, the resistive-medium instability will only be observed for
very low velocity beams, or plasmas with very hot electrons. It is this
latter case for the outer magnetosphere. As given in Section IV, the
thermal velocity in the regions of interest corresponds to electron
energies in the range of 200 - 600 eV. Thus for electron beams with
energies from 200 eV to 2 keV, we are well in the range of the
resistive-medium instability.

With use of Equations 48, A9, and AlO derived in Appendix A, we can

produce a graph of the imaginary component of w versus the real part of



w. The entire imaginary component of w is contained in Sw, and from the
equations it is always multiplied by Wph, the plasma frequency due to
the beam alone. Thus it is a function of beam density. Figure 24 pre-
sents such a graph where w; is scaled by Wphs and the real frequency is
scaled by wpe. Several cases of Vo/Vy are shown. From this figure it
is very clearly seen that for cases where Vo/Vp is close to 1, there is
a very significant downshift in the frequency for which maximum growth
occurs when compared to the electron plasma frequency. This downshift
below Wpe is easier to understand from Figure 25 in which the frequency
of maximum growth is plotted versus Vo/Vp. Since the electron beams
actually observed had energies of 400 eV and 630 eV, and the thermal
velocity in the outer magnetosphere corresponds to electron energies in
the range of = 200 - 600 eV, it is seen from this figure that the down-
shift in frequency below the plasma frequency by factors ranging from a
few percent to sixty percent is easily predicted from the observed para-
meters.

The absolute growth rates predicted by the theory must match the
growth rates shown in Figures 13, 14, and 15 for the burst waveforms.
If wy = 1/t where T is the time required for the envelope of 2 modulated
burst to increase by a factor of e, then to an order of magnitude from

the theory as graphed in Figure 24:

—_— ] (theory)
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as

From the waveforms in Figures 13, 14, and 15 we also observe that:
o 3 x 1072 (experimental)
This experimental value would cause the theory to predict that:
“ob
= 3 x 1072
mpe

which implies that:

mn [11] 2
pe
=9 x 10~H
= 1073 (predicted)

This value predicts from the theory and the experimentally determined wj
that the beam density should be about three orders of magnitude less
than the plasma density, which is in agreement with the LEPEDEA results.
Thus, the absolute growth rate predicted by the theory is of the correct
magnitude as compared to the observed growth rates, and the LEPEDEA beam
density results.

Another important factor was noted in the curves of Figure 24. As

Vo/Ve decreases, the peak in the growth curves becomes less narrow.




This observation predicts a factor that had not been noticed in the
wideband data. There is a tendency for cases of electrostatic bursts
that are downshifted in frequency by a large percentage of fp to have a
wider spread in frequency band excited. This tendency is illustrated
in Figure 26 which shows a large number of cases where the spread in the
observed frequencies divided by the center of the burst frequency is

is plotted versus the center of the burst frequency divided by the
plasma frequency. In simpler terms this is just the burst frequency
spread versus downshift in frequency. Figure 26 indicates that

a clear correlation exists between these two observed characteristics
of the electrostatic bursts.

In order to obtain some idea what the theoretical relationship
between these two parameters should be, an examination is made of the
range of growth rates expected to be observed in the wideband data. The
range in intensity observable in the wideband data is better than 104EB.
Let us assume that the amplitude of the burst at a particular frequency
is dependent on the imaginary component of w (wj) at that frequency. At
one instant in time, the spread of frequencies observed on the wideband
spectrograms will thus be all frequencies that have an amplitude within
10 dB of the central frequency of maximum amplitude. If we define wpay
(wpin) to be the frequency of maximum (minimum) amplitude visible on the
wideband data; where A(w) is the amplitude intensity of the burst wave

at frequency w:

Aw) = Kk, e 291(w) (6)



and kj and ky are arbitrary constants, then:

Power = A(w)~ = kf e2kawi(w) (7

and the power of the maximum intensity visible on the wideband data is:
P o= a(n )F ekl e?¥20i(lnax) (8)

max x

Assuming a 10 db power difference for the frequencies wpax and wpip:

. -l af

Pmin ~ 10 Pmax 10 A {mmaxj (%)
2 2
=104 [mminj A (mmax} (10)
lﬂkf o2kawi(wmin) _ ki o2k201 (Wpax) (11)
in 10 + 2k2 mi{mmin} = zkz“i(”max} (12)
1

= mi‘max = tl";thuin * kz (1.15) (13)

Thus we clearly see that the reduction in the growth rate w;j that is

visible in the wideband data, to that growth rate wi that is just barely
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detectable in the wideband data, is a constant factor. Taking a case

from Figure 24 where mfmpe = 0.85, we observe from Figure 26, that this
corresponds to a frequency spread of fg/fy = 0.3. In Figure 24 a dotted
line indicating fg /fy = 0.3 (where fg is the frequency spread of the
burst, and f is the center frequency of the burst) is drawn on the wj
curve for V,/Vy = 4.0. Using the same w; reduction for the other
curves, the line indicated as theory is obtained for Figure 26. This
comparison shows that the observed frequency spread matches the theory
extremely well in a qualitative sense. This frequency spread derivation
is for a simple mono-energetic beam. If the contributing electrons are
significantly spread in energy this could participate in the frequency
spread.

The theory also prediects that the electrostatic bursts should be
propagating waves with a phase velocity of approximately the beam velo-
city. If a phase velocity of 1/20 the speed of light (corresponding to
a 640 eV electron beam), and a burst frequency of = 10 kHz is assumed,
this will imply Apyrst = 1.5 km. This wavelength is in agreement with
the observationally determined limits on Apyrgy given in Section III.
The resistive-medium instability has thus been shown to display essen—

tially all of the characteristics of the electrostatic bursts.



VII. RELEVANCE TO OTHER PHENOMENON

This study could prove useful in understanding certain phenomenon
in regions other than the Earth's outer magnetosphere also. Figure 27
shows some digitally transmitted wideband data from Voyager 1 during its
encounter with Saturn's magnetosphere. The region is located at 15.6
Saturnian radii on the inward bound leg of the trajectory, and thus is
in the dayside of the Saturnian magnetosphere. This region corresponds
approximately to the same region in the Earth's magnetosphere that the
electrostatic bursts described in this study are located [W. Kurth,
private communication, 1982]. The bursts of noise at about 8 kHz in the
lower panel of Figure 27 is very suggestive of electrostatic bursts,
having the same abrupt turn-on and turn-off, as well as harmonics at
about 1/3 of the local electron gyrofrequency. Thus the harmonics
observed are at about the anticipated chorus frequency, though
unfortunately there is too much instrument noise at the low frequencies
to identify any possible chorus. There is not conclusive proof that
this phenomena is the same as the chorus related electrostatic burst
described in this study, but the evidence is very suggestive.

A report was made by Kennel et al. [1980] on correlated whistler
mode and electron plasma oscillation bursts in the solar wind using data
from the ISEE 3 spacecraft. This spacecraft is kept in a halo orbit on

the Earth-Sun line at about one hour solar wind travel time upstrean



from the earth. The ISEE 3 spacecraft lacked I:hg wideband instrumenta-
tion, and the multichannel electric and magnetic spectrum analyzers were
used instead. It is thus not clear if the "electron plasma oscilla-
tions" reported were below the plasma frequency or not. The interaction
between the two wave modes described in this study is regarded as a
better alternative than the secondary impulsive electron heating
mechanism proposed by Kennel et al. [1980] for his observations. The
instability generating the electrostatic ocscillations could prove to be
the conventional bump-on-tail instability, instead of the resistive—
medium instability. If this is the case, then the electron oscillations
reported would really be at the local plasma frequency.

Another possible application of this work is to the study of xray
microbursts in the auroral zone [Oliven and Gurnett, 1968]. Electron
precipitation (> 10 keV) causing these microbursts is usually considered
to be pitch angle scattered electrons associated with the generation of
chorus. However, at higher magnetic latitudes Landau trapping and
acceleration of electrons by whistler mode chorus itself could produce
these electrons, if the chorus phase velocity is beginning to approach a
significant fraction of the speed of light.

Thus, the interaction between the whistler mode chorus waves and
the observed electrostatic bursts described in this study would appear
to have possible relevence in a large number of space physics phenomena.
Though the interaction is best understood for the region of the Earth's
outer magnetosphere, the interaction could explain some features in

space physics data that are not presently understood.
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VIII. SUMMARY AND CONCLUSIONS

This study has shown a number of relatively new features in the
wave modes at the Earth's outer magnetosphere. It has described and
given the observational characteristics of a form of electrostatic burst
that is strongly associated with whistler mode chorus waves in the same
region. The understanding of this relationship was assisted by a simple
model of electron Landau trapping and acceleration by the electromag-
netic chorus wave. This simple model was supported by a computer
particle simulation of an electron in a growing amplitude chorus wave,
which indicated that trapping should occur. By any of several
mechanisms the chorus wave phase velocity could increase, accelerating
any electrons trapped in Landau resonance with the chorus wave. This
would be similar to the traveling-wave linear particle accelerators used
in high energy physics. Results from the LEPEDEA data showed a
significant field-aligned electron enhancement or beam at approximately
the chorus phase velocity when chorus waves and electrostatic bursts of
long duration are observed.

A resistive-medium instability is used to describe the electro-
static burst generation by the trapped and accelerated electrons. This
instability is valid where the beam velocity is on the order of the
plasma electron thermal veloeity, which is shown from LEPEDEA data to be

the case for the region of interest. The resistive-medium instability
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proved very satisfactory in explaining the frequency downshift in the
bursts to well below the local plasma frequency. In addition, the
theory predicted a frequency spread relationship to the frequency down-
shift for the burst, that is in good agreement with the observed fre-
quency spread of the electrostatic bursts. Overall, very strong evi-
dence is accumulated that the model of the electrostatic bursts and
their interaction with whistler mode chorus is correct and that the
resistive-medium instability is the generation mechanism of the bursts.
A good illustration of the energy flow for this entire model is shown in
Figure 28. The energy densities of the chorus waves, electron enhance-
ments, and electrostatic bursts were shown consistent with this model

and burst generation mechanism.
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This derivation is very similar to that derived in Briggs [1964].
The derivation is made for a one-dimensional system and utilizes a
dispersion relation for a weak electron beam (nj << ne) through a
plasma, where both the electron beam and the plasma ions are cold. The
background plasma electrons are warm, however. The dispersion relation

for such a system is given in Briggs [1964] as:

2
w
pb
=) - Ky (w,k) (A1)
and
2
. i 2 an{szdvz
Ko,k =1 - :B— T Y%e | Tw -k v,)? (42)

where: Kp(w,k) = longitudinal dielectric constant of the plasma in the

absence of the beam.

w = the frequency.

k

the wavevector magnitude.

Vo = the beam velocity.

Wpelwpj) = the electron(ion) plasma frequency.

Wpp = the plasma frequency due only to the electron beam.
foe = the electron distribution function for the warm plasma

electrons.



For mathematical simplicity, a resonance distribution function for

the electrons is assumed to be of the form:

1IFT 1
fuewz} = “—(;i_l_—v:%} (A3)

where Vp is the average longitudinal thermal velocity.

The integral in Equation Al can be solved by taking a contour in

the upper half of the complex V, plane and the result is

£f (v )dv w
oe*’'z’" "2 pe
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Thus Equation A2? becomes:

.o e

Now the solution for beam waves from Equation Al is obtained only

where w = kV,. Thus, Equation Al will be rewritten using:

w = kVg = Sw(k) (AS5)

where 6w <{ kV,. 1In this derivation Sw(k) is considered to be a

“correction” in w at some real k because of the small beam density. It




should be noted that the entire imaginary component of w, forming both
damping and growth, is contained in the 6w term. Since fw is a small

correction we can Taylor expand Equation Al around w = kV, and obtain:

2
w b BK"

Eﬁ?'= k(o = kV ) + Su(z—=) (46)

w=kV
o

Now in general:

Ky(o = kV ) = K + 1 K

where the imaginary part of Kj arises from Landau damping. An
instabiliry will occur whenever a complex §w with Im(8w) < 0 arises from
Equation A6. There are two basic mechanisms as described in Briggs
[1964] that can cause instabilities. These are referred to as the
reactive-medium instability and the resistive-medium instability.

The reactive-medium instability will occur if V, >> Vr, such that
Landau damping can be neglected. This will imply that K1 is vanishingly
small and may be neglected in the solution of Equation A6. The solution
obtained in this case will be essentially the usual dispersion relation
for Langmuir oscillations of the two-stream instability.

Of great interest to this work is the resistive-medium instability.
This instability is derived from Equation A6 when Vo = 0(Vp). When Vg,

is on the order of Vp, Ky is not a vanishing small term, and indeed
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Landau damping will dominate the last term in Equation A6.

The novel

feature in the resistive-medium instability is that it requires Landau

damping to obtain wave growth. If the final term is neglected in

Equation A6 we obtain (using Eguation A4):
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l:m*\n’* =u_ ) +4w)" (=)
pe v
(=]
v
2{&2 {—1;-) 1'.|.12
‘I.Fu pe
- (410)

v
(w*y* - mz }2 + &{M*}z {_r;I'_ 2
pe iu
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and thus 6w may be found by taking the complex square root of

2
mph[x + iy]

1/2
= *
G -upb[x + iy]

oT:

where:
r=4{x + yz
§ = tan“‘-(i‘n where the standard rule of quadrants is used
(6 <O0if y < )
Thus:

6m=ﬁ(cns%+1sin%}

will be the solution for the resistive-medium instability.

(All)
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AFPENDIX B:

PARTICLE TRAPPING COMPUTER SIMULATION

FOR A WHISTLER MODE WAVE
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A simple computer study of the possibility of particle trapping in
a whistler mode wave was performed. The first step in the study was to
obtain the equations for the wave electric and wave magnetic fields, for
a2 whistler mode wave propagating with a wavevector E at an angle B to
the ambient magnetic field. This was done by solving the cold plasma

dispersion relation from Chapter 1 in Stix [1962] using CGS-gaussian

units. From Equation 20 in Stix [1962]:

5 = nzcuszﬂ -iD nzcﬂs 8 sin 8 Ex
iD § - o’ 0 E, = 0 (Bl
nzcas 8 sin B8 0 P - nzsinzﬁ Ez

where the ambient magnetic field B, is in the Z direction, the
wavevector k is in the X-Z plane, and 8 is the angle between Z and ﬁ,
where the parameters n, S, D, and P are defined in Stix [1962].

From the middle line of the matrix Equation Bl:

iD Ex + (S - n?)Ey = 0

which implies:

(B2)
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From the last line of the matrix Equation Bl:

n?cos 8 sin @ Ex + (P - n?sin0)E, = 0

which implies:

2
n cos B sin B
B == P - nfsin®@ x (B3)

Assuming a wave electrie field such that:

E. = E cos(ker - wt) 4
x = Ejcos(ker - w (B4)

where Eg may be complex to contain a phase constant, we can obtain by

using Equations B2, B3, and B4:

R ol sl minthes = ut)
y = Eo Senz i 5 (B5)
nzcos G sin 8 +
Jeos(ksr — wt) (B6)

Ez E Ea(q P — nfsin‘é

To determine the wave magnetic field we use one of Maxwell's

Equations:

I+

_ 13
?xﬁ— i_'_"FE'

I

(o



and Fourier analyzing:

iﬁxﬁ=n%{-i¢u§}

or

kxE=23
C

now defining n = Eiﬁ = (|n|sin 8, O, f;’cus 8) where |n| is the index

of refraction:

+ + +
nxE=R8
Thus:
X y
B
- nx II:"Ir
E E
P Y

Solving this for the defined values of n,, ny and ng:

By = -Ey n cos ©

By = -E; n sin 8 + E; n cos 8

[

(B7)

(B8a)

(BEb)
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By = Ey n sin 8 _ (B8c)

Thus, from a single intensity parameter of the whistler mode wave Egs
and the parameters of the wave used (w = 1885 sec™!, ng = 1.0 cnra, and
By = 40 gamma) all wave electric and magnetic fields can be derived from
Equations B4, B5, B6, and ES.

The computer model used was to make a box with the z-axis along the
k vector of the wave, where the length of the box was exactly one
wavelength long. This gave periodic boundary conditions on the box
where the x and y lengths were arbitrary. The electric and magnetic
fields in the box were thus functions of the z-axis position and time
only. The electron was injected at a velocity slightly greater than the
phase velocity of the wave (corrected by [cos 8]! term to correspond to
the phase velocity along the ambient magnetic field), and the wave
intensity as defined by the electric field was allowed to grow linearly
with time. A fourth order Runge-Kutta solution to the first order
equations for acceleration and position, using the Lorentz force
equation was used. The time step was about one-twentieth of the
electron gyroperiod for the results shown in Figure 16. In the cases of
three different wavevector angles & shown in Figure 16, trapping

occurred when the whistler mode intensity became large enough.
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APPENDIX C:

FIGURES
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Figure 1 This figure shows an equatorial projection of the
Earth's magnetosphere region, showing a typical
ISEE orbit. It indicates by shading the general
region in which the observations of the electro—
static bursts accompanied by whistler mode chorus
were made. The shaded region represents only
where the wideband mode utilized can observe both
bursts and chorus simultanecusly, and is not con-
sidered a limit on the region of occurrence. The
axes have tic marks at intervals of 5 Earth

radii.
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Figure 2

Diagram showing the ISEE 1 spacecraft with its
various antennas. The long electric dipole
antenna which has a 215 meter tip-to-tip length
is the one used for all the wideband data from
ISEE 1 utilized in this study. The magnetic
search coil antenna and the magnetometer are

shown extended on their separate booms.
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Figure 3

This figure is used to show the general way iﬁ
which the LEPEDEA instrument sweeps out its field
of view. There are seven pairs of two detectors,
totaling fourteen detectors in all. Each pair
contains one detector for electrons (E) and one
detector for protons (P), with identical fields
of view. As the spacecraft spins through the
angle ¢, all indicated angles of 8 are sampled,
and 98% of the entire unit sphere is thus

sampled.
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Figure 4

Example of one panel of a LEPEDEA E-¢ spectrogram.

The 6F at the top indicates that the data was
taken by detector pair 6 (8 = 152 degrees), and
the ion detector was used (P for Proton, E for
Electron). Both energy and time are marked along
the ordinate since 128 seconds is required in the
high bit rate for an entire energy scan. The
abscissa shows the solar ecliptic longitude angle

of the flow direction.
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Figure 5

71l

ISEE 1 frequency-time wideband data illustrating
the main characteristics of the electrostatic
bursts and their relationship to whistler mode
chorus waves. In this case, the electrostatic
bursts are correlated to the discrete chorus
"hooks" in the chorus band. The bursts have a
much higher frequency range than the chorus, and a
wider frequency spread. The plasma frequency and
the electron gyrofrequency are indicated at the
right. The lower edge of the continuum radiatien,
indicating the plasma frequency, is much fainter
in this figure than is usuzl. The time interval

covered is three minutes.
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Figure 6

ISEE 1 frequency-time wideband data illustrating
the main characteristics of the long time
duration electrostatic bursts when they are
correlated with an intensification of the chorus
band, and no single discrete chorus feature. The

time interval covered is for one minute.
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Figure 7 Two sets of simultaneous frequency-time wideband
data from the ISEE 1 and ISEE 2 spacecraft. The
ISEE 1 wideband receiver was connected to the 215
meter long electric dipole antenna, while the
ISEE 2 wideband receiver was connected to the
magnetic search coil antenna. The spacecraft
separation at this time is 339 km, and though some
of the chorus features seem to be identical at
both spacecraft, the magnetic search coil antenna

on ISEE 2 has no indication of the bursts at all.

This is a graphic example of the electrostatic

nature of the bursts.
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Figure 8

77

Frequency-time wideband data shown from the IMP 6
spacecraft, demonstrating that the electrostatic
bursts correlated with chorus hooks are not fea-
tures observed exclusively with the ISEE space-
craft pair. The fP to the left indicates where
the continuum radiation shows the plasma fre-
quency. The continuum radiation can be seen
faintly in the lower pamnel at about 0212:30 U.T.,
though it is clearer several minutes later, off of

the fipure.
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Figure 9

Another example of frequency-time wideband data
taken by the IMP 6 spacecraft, showing that the
longer electrostatic burst accompanying chorus band
intensification is also not a feature observed

exclusively with the ISEE spacecraft pair.
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Figure 10

81

A blowup of a short ten-second segment of a
frequency-time wideband data set, showing the
occasionally observed harmonic structure of the
electrostatic burst. The harmonics are not to be
confused with the vertical striations due to the
rapid time varying nature of the electrostatic
bursts. The harmonic structure has a frequency
spacing corresponding to the chorus frequency
shown in the upper panel. Note that the upper
panel spans only O to 600 Hz instead of the usual

0 to 1 kHz.
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Figure 11

83

Example of the electric field spectral demsity
versus frequency taken at both ISEE 1 and ISEE 2
during a long electrostatic burst which was
observed at both spacecraft. The electric field
spectral density is corrected for the different
length electric dipole antennas on the two space-
craft. The fact that both the chorus and the
electrostatic bursts have almost identical spec—
tral densities indicates that the wavelengths of
both waves are significantly longer than either

spacecraft antenna.
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Figure 12

L SR PTTEEET

e e L

Rapid sample electric field data for the 10 kHz

channel of the multichannel spectrum analyzer,
showing the longitudinal nature of the electro-
static burst. The burst, centered near 10 kHz, is
sampled at 32 samples per second, and is plotted
against the spin angle ¢ of the spacecraft. As
indicated, the maximum electric field strength is
indicated when the dipele antenna was oriented
along the EQ field as projected into the spin plane
of the spacecraft. This indicates that the burst
is longitudinally polarized with the electric

e
field aligned approximately along the B, field.
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Figure 13

The lower panel shows the oscilloscope waveform
pattern taken from the very short burst indicated
in the upper panels of frequency-time wideband
data of the ISEE 1 spacecraft. The low frequency
signal in the bottom of the lower panel is the
chorus waveform, while the high frequency signal
bursts at the top of the lower panel are the elec-
trostatic bursts. The phase of the chorus wave-
form may differ from that shown by a constant
phase factor. It should be noted that the lower

panel is only eight milliseconds in duration.
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Figure 14

Four examples of oscilloscope waveform patterns
are shown. In all cases the top trace is that of
the chorus while the bottom trace is that of the
electrostatic burst. The two left examples (A
and B) are taken from a short burst correlated
with a chorus hook, and have different time
scales, (B) being an expansion of part of (A).
The modulation effect on the bursts is very evi-
dent. The two right examples (C and D) are from a
long burst just a few minutes earlier. These
again have different time scales, (D) being an
expansion of (C). The modulation effect on the

bursts is much diminished in this case.
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Figure 15

Four examples of oscilloscope waveform patterns
for two different days are shown. The two right
examples (A and B) are from a long burst, and do
not show a strong modulation effect on the bursts.
The two left examples (C and D) are from a long
burst that had an odd characteristic of almost no
frequency spread, and of being almost exactly at
the plasma frequency as defined by the continuum
radiation. No modulation of the burst is seen at

all.
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Figure 16

93

Illustration of the model proposed for whistler
mode electron trapping and burst generation. The
top panel shows how the wavevector angle will pro-
duce an En{p&rall&l}, while the middle panel
illustrates how an electron confined to the ;n
field linme will see an effective potential and can
be trapped at the whistler mode phase velocity.
The lower panel shows how these trapped and spa-
tially bunched electrons will generate electro-
static bursts modulated at the chorus phase velo—

city.
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Figure 17

Three cases of particle trapping produced by
computer modeling for different wave vector angles
(8) to the ambient Eu field. Z-phase is the phase
relation between the electron and the whistler
mode wave. Trapping is defined when the phase
variation is bounded. In the model, the electrie
field intensity of the whistler mode wave
increased linearly with time, and so the abscissa

is marked as both time and E;.
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Figure 18

Illustration of a suggested possibility for pro-
duction of & distinct electron beam in the

distribution function. In this suggested scener—
io, the chorus wave phase velocity inereases and
trapped electrons are accelerated. The velocity

increase has been exaggerated.
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Figure 19

E-¢ spectrogram for day 222 in 1979 from the
LEPEDEA data on the ISEE 1 spacecraft. The fea-
tures pointed to by the arrows are the ambient
magnetic field-aligned electron distribution
function enhancements, which occured simulta-

neously with the long electrostatic burst.
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Figure 20

E-¢ spectrogram for day 263 in 1980 from the
LEPEDEA data on the ISEE 1 spacecraft. The fea-
tures pointed to by the arrows are the ambient
magnetic field-aligned electron distribution
function enhancements, which occcured simul ta-

neously with the long electrostatiec burst.
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Figure 21

103

Frequency-time wideband data from ISEE 1 space-
craft for a time corresponding to the field-
aligned electron enhancement seen in LEPEDEA data.
The burst start is marked with an A and the burst
end is marked with a B, for this 2 1/2 minute
burst. HNote that the time scale shows ten minutes

and is quite different from previous cases.
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Figure 22

105

Time mosaic of detectors 2E and 6E from the E-¢
spectrograms for approximately the temrminute
interval corresponding to the wideband data in
Figure 21. The A and B marks the burst start and
end times respectively for the electrostatic burst
shown in Figure 21. It is eclear that the field-
aligned enhancement at = 400 eV is strongest dur—
ing the burst period, but also persists slightly

for several minutes after the burst end.
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Figure 23 Perspective plot from LEPEDEA data for day 222/79
showing the electron distribution function. The
two counterstreaming magnetic field-aligned

electron enhancements are indicated.
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Figure 24 Graph of the imaginary component of w versus the
real component of w for the resistive-medium
instability with several different values of
Vo/Vp. The downshift in frequency of the maximum
growth rate below the plasma frequency (wpe) for
progressively lower values of V,/Vy is very
clear. The dotted lines are used to calculate

the theory points in Figure 26.
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Figure 25

Graph of the frequency of the maximum growth rate
of the resistive-medium instability versus V,/Vg.
This shows that for a range of V,/Vp from about 1
to 5, the characteristic downmshift in burst
frequency below the plasma frequency is clearly

explained.
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Figure 26

Plot of observed points in the wideband data show-

ing the frequency bandwidth spread versus the down-—
shift in the burst frequency below the plasma fre-

quency. The theory points were made as described

in the text using the graph shown in Figure 24.
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Figure 27

The lower panel shows some digitally transmitted
wideband data from the Vovager 1 spacecraft when
it was passing through the outer magnetosphere of
Saturn in the dayside region. The bursts at about
8 kHz are suggestive of the type of chorus related

electrostatic burst described in this study.
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Figure 28 Diagram showing the energy flow and general cause-
and-effect relationship for the model presented

in this study.
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