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ABSTRACT

Correlated wave and particle measurements obtained on the
equatorially orbiting S3—A satellite show that chorus and other
whistler-mode VLF emissions aré associated wi%h enhanced fluxes of
anisotropic low energy electrons (E ~ 1-10 keV) injected into the
magnetosphere from the plasma sheet during geomagnetically disturbed
periods.. Continuous strong bands of whistler-mode noise are present
outside the plasmasphere only when anisotropic low energy electron
fluxes of the order of 107-108 (cm2 sec ster kev)_l are present.
Correlative studies of the electron pitch angle distributions and the
whistler-mode spectra show that the upper cutoff frequency of the
whistler-mode spectra increases with increasing pitch angle anisotropy
of the cyclotron resonant electrons in agreement with the predictions
of Kemmel and Petschek [1966]. Growth rate calculations using the
observed electron pitch angle distributions and intensities show good
agreemen£ between the calculated and observed whistler-mode spectra.

- Strong electrostatic emissions with frequencies above the local electron
gyrofreéuency, fg, are shown to be associated with very low energy
electrons (E € 1 keV) and are observed in several bands from near fg
up to the upper hybrid resonénce frequency. An example where the
frequency of the electrostatic emissions changes periodically at the

same rate as a PC3 event observed at the same time is presented. These
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observations are consistent with the electrostatic emissions being
produced as a result of an anomalous perpendicular velocity distri-
bution for hot electrons and the frequency of the emissions being

determined by the ratio of the cold to hot electron number density and

the upper hybrid resonance frequency.
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Figure 1

Figure 2
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Expanded time scale freguency-time spectro-

grams of wideband analog data which contain
bands of chorus. The top panel of each set
contains data from the search coil magneﬁometer
experiment and the bottom panel of e;cﬁ'set
contains data from the electric field experiment.
The calibration marks for these spectrograms
occur at one minute intervals and are 1 kHz apart
in freguency. The measvred local electron gyro-
frequency, f,, and fg/E are indicated at the right
side of each spectrogram. The chorus

bands appear more intense in the electric

field data than in the magnetic field data be-
cause the electric field recelver has more
senegitivity and a wider dynamic range. DNote that
the chorus bands usually display a band of

"missing emissions" near fg/B. s i 8 W wE s 5w BT
A one hour frequency-time spectrogram of the

electric field wideband analog data for Orbit

115 on Decenber 22, 1971. The integral half

ix



Figure 3

harmoniecs of the electron gyrofrequency are
plotted on the spectrogram as fenced lines.
Chorus bands with the missing emission band
near fg/? are clearly evident in the lower
portion of the spectrogram, Several bands of
electrostatic emissions are evident in the top
portion. Their frequency limits extend from

just above £ to above 3fg/2' C e e e e e e e .. 59

Expanded time scale frequency-time spectrograms
of electric field wideband analog data which
conbain electrostatic f >-fg emissions. The
calibratvion marks for these spectrograms occur
at one minute intervals and are 1 kHz apart in
frequency. The measured local electron gyro-
frequency is indicated at the right side of each
spectrogram. The electrostatic emissions occur
in several bands and the frequency limits of these
bands can range from fg to Bfg. The arrows at
the top of each spectrogram indicate when the
axig of the electric dipole antenna is most
nearly aligned parallel to the ambient magnetic
field. The nulls in the emission bands occur

very close to when the electric dipole antenna




Figure 4

is most nearly aligned parallel to the ambient
magnetic field. This indicates the electro-
static emissions are propagating nearly per-

pendicular to the ambient magnetic field. . . . . 61

Frequency-time spectrograms of wideband analog
data for Orbit 101 on December 17, 1971;_ The
top spectrogram contains the magnetic %ield
data and the bottom spectrogram contains the
electric field data. In addition to the orbit

parameters L, Magnetic Local Time and Magnetic

"ILatitude, the label velow the speclrograns
2

also includes the measured local electron gyro-
frequency at ten minute interwvals. Chorus is
present in both the magnetic and electrie
field spectrograms. The electrostatic f >'fg
emissions are present only in the electric
field data even when f_ drops to ~ 2.2 kHz

near 1950 UT and the electrostatic emissions
oceur below the 3 kHz upper frequency cutoff of
the search coil magnetometers. This confirms

that the f > fg emissions are primarily electro-

Static e @ . & @ 5 o e o s @ L] L] L] - - . & @ . . 63
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Figure 5

Figure 6

Frequency-time spectrogram of the electric
field wideband analog data for Orbit 214 on
January 23, 1972. The electrostatic T >-fg
emissions arc present as bands throughout the
period the satellite is outside the plasmasphere
until they exceed the 10 kHz upper frequency
cutoff of the wideband receiver. Near apogee
the strongest bands are between l.S-And'Q.O fg
while at lower altitudes the strongest bands
were between 1.0 and 1.5 fg. This is in con-
trast to the electrostatic emlissions observed
for Orhit 115 and shown in Figure 2 where the
strongest electrostatic emissions were between
1.0 and 1.5 fg near apogee but were near or
above 1.5 fg at lower sltitudes. As discussed
later in the text, the frequency limits of the
electrostatic emissions are determined by the

number densities of the hot and cold electrons.

4 plot of the digital output from the 16 channel
onboard spectrum analyzer for the entire Orbit
214, The bottom channel is wideband and

covers the frequency range from 0.1 to 10.0

kHz and the remaining 15 narrowband channels

xii
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Figure 7

have center frequencies from 35 Hz to 100

kHz. The output level of each channel is
approximately linearly proportional to the
logarithm of the measured amplitude. The
vertical lines repreéent the average ampli-
tude measured over 64 second intervals of
time and the dots are peak amplitudgs over

the same time period. The baseline for

each channel is about 2 uv m"l ahd full

scale is about 20 mV m '. PP indicates the
plasmapause locations. The dasghed line
labeled fp indicates the locatlion of the
electron plasma frequency as determined from
the UHR noise. The dashed lines labeled fg
and 2f indicate the location of the first

and second harmonics of the electron gyro-
frequency. Note that near apogee the electro-
static noise extends as high as 31.1 kHz which

corresponds to ~ 1lfg/2. S R S EE GBS

Electron intensity plots and electric field
digital spectrum analyzer data for Orbit 35
on November 26, 1971. The top portion contains

plots of the differential directional electron

xiii
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Figure 8

intensity, electrons (cm2 sec gter keV)—l,

at o ~ 90° for electrons with mean energies
from 1.2 keV to 100.0 keV for the entire
orbit. The bottom portion displays the
electric fieid digital spectrum analyzer
output from 1.0 kHz to 100.0 XkHz for the

same time period. The measured elecﬁroﬁ.gyfo—
frequency, fg, has been drawn in as-; ééshed
line. PP indicates the plasmapause locations.
The shaded area on the electron plots bounded
by vertical dashed lines highlights the en-
hanced low energy electrcn intensities. Note
that the strong continuous bands of chorus

and the electrostatic f > fg emissiong occur
only during the time of the enhanced low
energy electron intensities. The sporadic
bursts of chorus prior to this enhancement are
a result of the relatively high background in-

tensities of the low energy electrons. . . . . . &9

Freguency-time spectrograms of the search coil
magnetometer and electric field wideband analog
data during the time of the enhanced low energy

electron intensities for Orbit 35. The measured

Xiv




Figure 9

Figure 10

local electron gyrofrequency at ten minute
intervals is indicated in the label tbelow the
spectrograms. The most intense chorus bands
lie between ~ 0.L fgrand ~ 0.6 fg but near

the inbound plasmapause crossing the chorus
bands extend down to ~ 0.25 fg. A relaﬁively
weak electrostatic emission band abqvevfg -
is evident for the first hour until it exceeds
the 10 kHz upper frequency limit of the wide-

band electric field receiver. « o o o« « o o o o & 71

A plot of equatorial Dgt from November 17 to
November 30, 1971. S3-A Orbits 35 and 36
occurred about a day after geormagnetic dis-
turbances which had been active for nearly a
week reached peak intensity and slowly began

tosubside. ¢« 4 ¢ &« 4 4 4 4 c e s e s e s e e e o T3

Differential directional intensity of electrons
with pitch angle &« ~90° at L = 5 for Orbit 35.
The outbound I = 5 spectra is plotted as x's

and the inbound L = 5 gpectra is plotted as closed
circles. The shaded area indicates the amount

the inbound low energy electron intensity is




Figure 11

Figure 12

Page
erhanced over the outbound L = 5 levels. Also
shovm and plotted as closed squares is the
mean quiet time spectra at L = 5.2 for Crbits
75-97 on Decerber 9-16, 1971, from ILyons and
Williams [1975]. Thé error bars indicate the
maximum and minimum intensities observed for
those orbits. BEven the Orbit 35 L = 5"§ut—
bound intensities are elevated well abéve the
mean gulet time levels. This accounts for the

sporadic chorus bursts observed in the electrie

field spectrum analyzer data in Figure 7. . . . . 75

Electron intensity plots and electric field
spectrum enalyzer data for Orbit 36 on
November 26, 1971. The notations are the same
as for Figure 7. In addition, between 1520 UT
and 1600 UT a moderately strong half-gyro-
frequency whistler-mode emission band is
evident in the 16.5 kHz and 10.0 kHz electric

Tield channelis. + + « « o o o =« o o o s « o =« &« « T7
Flectron intensity plots and electric field
spectrum analyzer data for Orbit 115 con

December 22, 1971. The top portion contains

xvi
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plots of the differential directional electron
intensity, electronms (cmg sec ster kev)*l,

at o ~ 90° for electrons with mean energies from
1.8 keV to 400 keV for the time period 0500 UT
to 1000 UT. The botfom portion displays the
electric field digital spectpum analyzer output
from 35 Hz to 100 kHz for the same timg period.
The meagured electron gyrofrequency, fg’ has
been drawn in as a dashed line. PP indicates the
plasmapause locations. The shaded area on the
low energy electron plots highlights the enhanced
low energy electron intensities. For this

orbit, the low energy electron enhancement and
‘the moderately intense chorus bands begin and

end nearly coincident with the cutbound and in-
bound plasmapause crossings. The electrostatic

£ >-fg emissions begin slightly before the low
energy electron enhancement begins and end

slightly after it cemses. . + + « ¢+ v v o + ¢« v « 79

Flectron intensity plots and wideband electric
field data for Orbit 115. The top portion
contains plots of the differential directional

glectron intensity at o ~ 90° for electrons

xvii




TFigure 1k

with mean energies from 1.8 keV to 400 keV

for the time period 0730 UT to 1000 UT. The
bottom portion is a frequency-time spectrogram
of the electric field wideband analog data for
the same time period. The moderately intense
chorug bands begin and end coincident with the
low energy electron enhancement and.nearly
coincident with the outbound and inbound plasma-
pause crossings which are indicated by PP.

The electrostatic f >»fg emissions slightly
precede both the ocutbound plasmapause crossing

and the low energy electron enhancement. . . . . 81

Schematic diagram of equatorial cross-sections

of the magnetosphere and the S3—A ocrbit. The
plasmasphere is indicated by light shading
bounded by a dashed line. The dusk to dawm
plasma sheet is indicated by the dark shading.
Panel (a) shows a typical November-December s3-a
orbit. The plasmasphere boundary shown is for the
average plasmasphere during moderately disturbed
periods following Carpenter [1966]. For
moderately disturbed periods an electron

trough, a region nearly void of electrons, with

xviii



Figure 15

Page
a width of 1-3 earth radii usually separates
the plasmasphere and the plasma sheet in the
evening sector prior to midnight. Panels (b),
(c), and (d) show the magnetosphere for Orbits
35, 36 and 115, respectively. The plasma-
sphere and plasma sheet for each orbit have
been modified to agree with the satellite meas-
urements of the plasmapause locations and the
low energy electron enhancements. The hatched
lines show where the chorus and electrostatic
f > f emissions are observed. TFor Orbits 35
and 36 the satellite passes through the elec-
tron trough. before the low energy electrons
are encountered and the emissions are observead.
For Orbit 115 the electron trough has been
filled in several hours prior to midnight and
the satellite passes directly from the plasma-

sphere to the plasma sheet. . . « « « « &« ¢« + + » 83

Comparison between whistler-mode spectra and
electron pitch angle distributions. At the
top are the wideband analog frequency-time
spectrograms for the magnetic and electric

field data for 1833 UT to 1927 UT for Orbit 36.




Figure 16

fage

For this illustration time increases from right to

left. The bottom conbains plots of the pitch
angle distributions at five minute intervals
for electrons from 1.2 keV to 25.6 keV. TFor
each small squarc the scale on the axis of
abscissas is 0° to 180° pitch angle and the
scale on the axis of ordinates is loglo'.
electrons (cm2 sec ster kev)"l and fﬁli scale
covers five orders of magnitude of electron
intensity. The slanted lines between the
bottom of the electric field spectrogram and
the top of the pitch angle plets show vwhen the
pitch angle plots were made. Nobte that the
intense chorus band from 1848 UT to 1903 UT
with frequencies almost enbirely greater than
0.5 fg occurs simultaneously with extremely

anisotropic pitch angle distributions,

especially for the 4.0 and 6.0 keV electrons. . .

Comparison between chorus spectra and electron
piteh angle distribubtions around 1903 UT for
Orbit 36. The top contains an electric field
frequency-time spectrogram from 1853 UT to

191k UT. The bottom contains the electron

86




Figure 17

piteh angle distributions at ~ 1902:30

and 190L:40 for 4.0 and 6.0 keV. DNote that
the rapid change from a very anisotropic to
a less anisotropic piteh angle distribution
exactly coincides wiﬁh the chorus spectra
changing from having frequency components
almost only above fg/Q to having lqﬁerﬁfre- .

quency components both above and below fg/e. 2

Electron pitch angle distributions for Orbit
115 ot one minute intervals from 0831 UT to
€833 UT and 0858 UT to 0900 UL' for 1.8 keV

to 400 keV. Near 0832 UT the 2.7 keV and

4.0 keV pitch angle distributions are nearly
flat from o ~ 55° to & ~ 125° or even display
a relative minimum near ¢ ~ 90°. Around

0900 UT the 6.0 keV pitch angle distribution is
flat if not slightly concave from o ~ 60°

to ¢ ~ 120°. These flat or concave distribu-

tions cccur simultaneously with significantly

‘decreased chorus amplitudes as can be seen Trom

~ 0826 UT to ~ 0827 UT and from ~ 0856 UT to
~ 0908 UT in Figures 12 and 13. The flat or

concave distributions occur at energies

xxd
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Tigure 18

Figure 19

appropriate for cyclotron resonance with

the chorus and thus can cause damping. . . . .

Pitch angle digtributions for 1.2 keV to
25.6 keV electrons for Orbit 36 from 1535

UT to 1610 UT. The rather anisotropic
distribution prior to 1600 UT occurs simul- -
taneously with half-gyrofrequency whisﬁjér—
mode waves evident in Figure 11. Following
1600 UT the pitch angle distritutions become
nearly isobtropic and little evidence of the
half-gyrofrequency whistler-mode waves appear
after 1600 UT. Note that although the pitch
angle distributions become less anisotropic,

the @ ~ 80° intensities remain nearly the same.

Differential directional electron intensities

at o ~ 90° from 1.2 keV to 100 keV and elec-

tric field digital spectrum analyzer output from

35 Hz to 100 kHz for Orbit 67 on December 6,
1971. PP indicates the plasmapause crossings.
As indicated by the shaded area, only the
lowest energy electrons are enhanced. Corres-

pondingly in the electric field data only

xxii

92



Figure 20

Figure 21

electrostatic T >»fg emissions are present
outside the plasmasphere. No chorus

emissions are evident. . o « + o + ¢ » o o o o o 9k

Electric field widebénd analog data from 1800
UT to 2100 UT for Orbit 67. Only electro-
statiec >—fg emissions are presentt yﬁte
that the frequency of the emission banés
changes quasiperiodically from belng above

L.5 fg to being below 1.5 fg. From 1830 UT
to 1845 UT this change is nearly periodic with

-

a pericd of ~ 67 seconds. Around 1940 UT
the pericd is about 85 seconds. Throughout
this time pericd shown in this figure, PC3
micropulsations were observed by the ground
station at College, Alaska. TFrom ~ 1850 UT

to ~ 1905 UT the micropulsations were gquite

periodic with a period of ~ 63 seconds. . . . . . 6

o ~ 90° electron energy spectra at L = 5.2

for Orbits 66, 67 and 68 on December 6,

1971. Orbit 66 is plotted as closed triangles,
Orbit 67 is plotted as closed cirecles and

Orbit 68 is plotted as x's. We have also

xxiii



Figure 22

Figure 23

plotted the mean quiet time spectra at
L = 5.2 for Orbits 75-97. As indicated by
the shaded area, only the lowest energy

electrons for Orbit 67 are enhanced. . « « « « .

Pitech angle distributions from 1730 UT to
1745 UT on Orbit 67 for elecﬁrrms from 12
keV to 400 keV. The 1.2 keV pitch angie dis-
tributions are extremely anisotropic, the 1.8
keV distributions are mildly anisotropic and
all higher energy distributions are nearly

iSOt]'OPiC L a e € @9 LI ] L L] e e & ¢ @ e € s & @

Calculated growth rate plots for L = 5.2 and

L = 4,9 on Orbit 35. N = 10 cm™> was used

for both calculations but fg was adjusted
according to the measured magnetic field.

At L = 5.2, as shown in panel (a), which

was prior to the anisotropic electron enhance-
ment only weak growth up to ~ 0.3 fg could

be supported by the observed electron distribu-
tions. At L = 4.9, as shown in panel (b),

which was during the anlsctropic electron enhance-

ment, strong wave growth from ~ 0.29 fg up to

¥Xiv
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Figure 24

Figure 25

~ 0.55 fg could be supported by the observed
enhanced electron distributions. In panel (b)
in addition to the growth rate for the m = -1
cyclotron resonance for parallel propagation

(6 = 0°), we have also plotted the growth

rates for the m = -1 resonance at wave normal
angles 8 = 10°, 20° and 30° and the m = 0O
(Iandau resonance) damping rate for § = 10°.

Calculeted growth rate plot for ~ 1856 UT

on Orbit 36 during a very anisotropic
electron enhancement. For this calculation
we used N = 8 em S and fg = 4,96 kHz. The
calculation shows that the observed wvery
anisotropic electron distribution would
produce weak growth up to ~ 0.3 fg and then
negative growth (damping) up to 0.51 fg.
Strong growth is then produced up to 0.6 fg.
This pattern of growth is similar to the ob-

served chorus specltra. .« ¢ ¢ « = o &+ & « = o
Calcuwlated growth rate plot for the half-

gyrofrequency whistler-mode noise observed

prior to 1600 UT on Orbit 35. N = 100 em™3

XXV
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and fg = 19.9 kHz. Strong growth is predicted

from 0.25 fg up to 0.63 fg. G  r e e e e e s e
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I. INTRODUCTICN

During geomagnetically quiet periods the S3—A orbit is usually
within the plasmasphere in the evehing sector. The predominant plasma
wave activity observed at this time is plasmspheric hiss. Frequently
a very weak narrow band of noise near the electrpp‘gjrofrequency, fg,
igs also observed. During gecmagnetically disturbed'periods the plasma-
sphere is usually sufficiently compressed such that §3-A can exit the
plasmasphere and enter the outer magnetosphere. In the outer magneto-
sphere in the evening sector $3-A can ve engulfed with a large flux
of low energy particles being convected inward as a result of the gezo-
megnetic disturbance. Two types of moderately intense VIF emissions
are observed that are assoclated with the enhanced fluxes of low energy
electrons that are convected inward, electrostatic emissions above T
and electromagnetic whistler-mode emissions (primarily chorus). In
this report we describe the simultaneous plasma wave and particle ob-
servations and discuss some possible generation mechanisms for these
two types of plasma waves during geomagnetically disturbed periods.

Magnetospheric observations of whistler-mode emissions maﬁe by
the first high altitude satellite VII' experiment on OGO 1 indicated
that the source of the emissions lies close to the equatorial plane
[Dunckel and Helliwell, 1969]. Tsurutani and Smith [1974], in a

study of ELI' whistler-mode emissions observed on 0G0 5, found that in



the midnight sector chorus was confined to regions very close to the
magnetic equator indicating local generation. Both studies noted that
the whistler-mode emissions occurred in regions of the magnetosphere
vhere large fluxes of low energy electrons were likely to be observed.
These investigations were, however, limited only to wave data. In
this study, simultaneous data from both the plasma vave experiment and
the particle detector experiments on the equatorial orbiting 83-A
satellite are used to examine wave-particle interactions @n the nag-
netosphere near the magnetic eguatorial plane. Thezﬁrbit of 53-A
(initial apogee is 5.24 Ry, perigee is 222 km, inclination is 3.6°
and orbital period is 7 hr. 49 min.) plus an extensive set of field
and particle experiments make the satellite particularly favorable

for studies of wave-particle interactions in the magnetospher
[Ionganecker and Hoffman, 1973]. The plasma wave experiment instru-
menbation consists of a 16-channel spectrum analyzer which covers the
frequency range from 35 Hz to 100 kHz [Anderson and Gurnett, 1973].
Both units are connected to a 5.08 meter tip-to-tip electric dipole
entenna. The electron detection instrumentation used in this analysis
consists of a eylindrical electrostatic analyzer-channel electron mul-
tiplier system measuring mean energies from 1.2 keV to 26 keV in eight
energy intervals [Ionganecker and Hoffman, 1973] and a solid state
detegtor with four levels having mean energies from 55 keV to L0 keV
[Williams et al., 1974]. Supplementary data from the flux gate and
search coil magnetometer experiments and the static electric field

experiment are also used.



Plasma waves in the magnetosphere, their characteristics and
occurrence as a function of location and geomasgnetic activity and their
interactions with energetic particles have been extensively studied
by past experiments. First we shall briefly review past investigations
of chorus and electrostatic (f >-fg) emissions, the two types of
emissgions with which this study isrmost concerned. Chorus is an
electromagnetic emission with T <ng that consists of'many randomly
occurring discrete tones lasting a few tenths of @‘ggcondlﬁhat either
rise or fall in frequency. In a morphological survey of VIF emissions
observed with the low altitude Injun 3 satellite, Taylor and Gurnett
[1968] found that for VIF emissions (primarily EIF hiss, chorus and
VIF hiss) the region of most intense emissions moved to lower lati-
tudes (which correspond to lower I-shells at the equator) during
geomagnetically digturbed times. The Injun 3 VIF experiment used a
magnetic loop antenna as a sensor. Similar results were obtained by
Barrington et al. [1971] using Alouette 2 data. The Alouette 2 data
were obtained using an electric dipole antennas as a sensor. Taylor
and Gurnett [1968] also found that offen chorus was confined to lower
latitudes than ELF hiss, Russell et al. [1969] conducted a morpholo-
gical study of ELF noise using data from the search coll magnetometer
experiment on OGO 3. They concluded that the source of burst-like
noise was near the equaftor. Burtis and Helliwell [1969] reported
observations of banded chorus in data from experiments using magnetic
loop antennas on OGO 1 and 0G0 3. Banded chorus is chorus that occurs

in well defined frequency bands. The banded chorus was usually




observed at L shells of 4 or greater which suggested that the noise
was observed primarily outside the plasmasphere. Occurrence of the
banded chorus was positively correlated with magnetic activity. In
a companion study of magnetospheric whistler-mode emissions with the
0G0 1 satellite, Dunckel and Helliwell [1969] found that the upper-
frequency limit of most of the obsérved emissions was proportional to
the minimum electron gyrofrequency along the magnetic field line
passing through the satellite. This was inter;mgpeqrto mean that the
source of the emissions lies close to the equatoriai plane. Using 0GO
5 gearch coil magnetometer data, Tsurutani and Smith [1974] studied
EIF electromagnetic emissions in the midnight sector of the outer
magnetosphere., They detected chorus in conjunction with magnetospheric
subgtorms throughout the region from L = 5 to L = 9 but only during
postmidnight hours. This chorus occurred most fregquently at the geo-
magnetic equator and did not extend beyond + 15° geomagnetic latitude.
From this they concluded chorus was locally generated. They found
the distribution of chorus as a function of L and local time to be
strikingly similar to the distribution of enhanced, trapped and pre-
cipitated substorm electrons with energies > LO keV. The postmidnight
occurrence of the chorus was attributed to the eastward curvature
and gradient drift of the injected electrons.

The first direct associations between whistler-mode waves and
energetic particles were made at low altitudes. Oliven and Gurnett
[1668] observed that microbursts of E = 40 keV electrons detected by

the Injun 3 satellite were always accompanied by VLF chorus emissions.



Using high altitude ballocns launched from Siple station, Antarctica
(L = 4.2) Rosenberg et al. [1971] observed one-to-one correlations
between short bursts of E > 30 keV x-rays and bursts of VIF emissions
at 2.5 kHz. The energy of the electrons contributing to the x-ray
bursts was estimated to be 30 to 100 keV. Burton and Holzer [197h],
in a study of chorus in the outer ﬁagnetosphere, reported experimental
support for the necessity of a critical pitch angle anisotropy for
vhistler-mode wave generation as proposed by Kennel énd Petschek [1966].
On an 0G0 5 pass through the nightside outer magnetgéphere, Burton
and Holzer [1974] observed that the region of maximum pitch angle
anisotropy for 50 to 100 keV electrons coincided with the region of
origin of chorus as identified by their wave normal analysis.
Tredricks [1975] reviews some of the recent theoretical and experiment-
al regearch regarding the association of chorus emissions and wave-
particle interactions in the outer magnetosphere.

Intense magnetospheric electric field emissions near 3fg/2
were first observed by Kennel et al. [1970] on the OGO 5 satellite.
These emissions were localized near the equator and were observed
from 2100 to 1200 LT for 4 <« L < 10. Because of their high frequency
and high electric field amplitudes (typically 1-10 mV m_l)J Kennel
g@_g;:_[l970] suggested these emissions could be the source of strong
pitech angle diffusion and energization of 1-10 keV auroral zone elec-
trons. Scarf et al. [1973] showed that enhanced levels for f » 3fg/2
electric field emissions were asscciated with substorm expansions.

They found post-expansion f ~ 3fg/2 waves to be intense enough to



provide strong diffﬁsion for E > 50-80 keV electrons and changes in
the local pitch angle distributions were correlated with veriations

in wave amplitude levels. Electromegnetic chorus emissions were also
observed during the substorm expansion phase, but they occcurred later
and with lower wave intensities than the f ~ 3fg/2 vaves. TFredricks
and Scarf [1973] using a more expahded set of OGO 5 data than Kennel
et al. [1970] fpund that in the local time region from 1900 to 0700 LT
the occur£ence of emissions tended 1o be concentrated'in the 5L &7
region. The emiggions were also found to occur ffoﬁp%h0° to -50°
geomagnetic latitude. However the most intense 3fg/2 emissions were
found near the geomagnetic equator and near local midnight which is
the area at the base of the plasma sheet. Shaw and Gurnett [1975]
have also observed (n + l/e}fg electrostatic wvaves in the outer mag-
netosphere in data acquired using the long electric dipole antemas

on IMP 6. Shaw and Gurnett [1975] suggested that the electrostatic
noise bands they observed near the plasmapause were related to the
upper hybrid resonsnce noise observed inside the plasmasphere and the

(n + 1/2)fg waves observed in the outer magnetosphere.
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IT. SPACECRAFT AND EXPERIMENT DESCRIPTION

§3-A (the Small Scientific Satellite -- Explorer 45) was
launched from the San Marco Equatorial Range, Kenya, Africa, on
November 15, 1971, into an eccentric equatorial orbit. The perigee
altitude was 222 km, the apogee altitude was 27,031 lm (5.24 Ry
geocentric), the inelination was 3.57° and the orfifgl period was
7 hours 49 minutes. The initial apogee direction was 21.8 hrs. MIT
(Magnetic Local Time) and this direction decreased at the rate of
0.8 hrs. per month. S3~A was spin~stabilized with the spin axis near
the ecliptic plane. The initial spin period was 16 seconds, but this
was reduced a few weeks after launch to ~ 8.4 seconds for dynamic
svability. The electric dipole antenna for the electric field
experiments on ssz consisted of two graphite-coated spheres, 1L em
in diameter, mounted on booms such that the center-to-center distance
between the spheres was 5.08 meters. Fach sphere was connected to
a high input impedance (Cin.m 10 pf, R, =~ 50 megohms ) unity gain pre-
amplifier mounted on the boom about halfway between the center of the
sphere and the center of the spacecraft. The axis of the electric
dipole antenna was perpendicular to the spacecraft spin axis.

The electronics instrumentation for the University of Iowa
plasma wave experiment consists of two principal elements: (1) a

step frequency spectrum snalyzer, and (2) a wideband receiver



[Anderson and Gurnebtt, 1973]. The step frequency spectrum analyzer
has 15 narrowband channels with ceniter frequencies logarithmically
spaced from 35 Hz to 100 kHz and one wideband channel with a bandpass
of about 100 Hz to 10 kHz. The four highest fregquency narrowband
filters of the step frequency spectrum analyzer have bandwidths of

+ 7.5% of their center frequencies; and the remaining narrowband
filters have bandwidths of + 15.0% of their center frequencies. A
differential amplifier is used to provide a signal pfqportional to the
potential difference between the antenna elemenbs: z&he differential
amplifier output signal drives all of the filters simultaneougly.

The filter outputs are then sequentially switched into an 80-db
logarithmic detector to provide frequency spectrum measurements.

The logarithmic detbector output is a de volbage proporticmnal te

the logarithm of the average input amplitude. The input amplitude
range for a sine wave signal was from 10 gV to 100 mV (RMS). The

time constant for the logarithmic detector was 0.04 seconds. The
reprogrammable onboard data system controls the switching of the
spectrum analyzer filters and the sampling of the logarithmic detector
output. (This reprogrammable onboard data system performed satig-
factorily until April, 1973.)

The wideband receiver is an 80 db automatic gain control (ACC)
receiver with a bandwidth of about 100 Hz to 10 kHz. The minimum
detectable sine wave signal for the AGC receiver is 10 uV RMS. The
feedback time constant for the AGC network is ~. Q.5 _seconds. The

output of the wideband receiver modulates the special purpose telemetry



transmitter. The wideband data are recorded on the ground and then
are processed by a spectrum analyzer to produce high-resolution
frequency-time spectrograms. The wideband system was normally operated
one orbit out of three, but for special periods was operated con-
tinuously. The 83-A wideband operations continued until the spacecraft
was turned off in May, 197h.

The electron energy spectra and pitch angle distributions used
in this study were obtained from the electron channeltronldetector
and solid-state electron detector which were moun%e&;such that their
look angles were perpendiculsr to the spacecraft spin axis. The
channeltron detector consisted of a cylindrical electrostatic analyzer
for particle species and energy selection and a channel electron mul-
tiplier zg the sensor. The solid-state electron detector was a
magnetic spectrometer with four surface barrier detectors. The energy

windows established electronically were matched to the energy inter-

vals from the magnetic dispersion of the beam by the magnet [Longanecker

and Hoffman, 1973; Williams et al., 19741, Table 1 shows the level
designation, the mean energy and the energy range for the channeltron
and solid-state electron detectors used in this analysis.

The static magnetic field measurements were made by a three-
axis fluxgate magnetometer that had two ranges controlled by ground
command: + 3000y with 6y Tesolution and + 300y with 0.6y resolution.
The wideband analog magnetic field data were obtained using a per-

meable core search coll magnetometer with a frequency response from
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1 Hz to 3 kHz [Parady and Cahill, 1973]1. The 30 Hz to 3 klz signals
from the search coll magnetometer, amplified at a gain selectable by
ground command, alsc modulated the special purpose transmitter and

were transmitted to the ground simultaneously with the electric field

wideband data.
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ITT. CHARACTERISTICS OF THE PLASMA WAVES INVESTIGATED

A. Whistler-Mode Waves

The most common plasma wave ﬁhenomenon below the local elechron
gyrofrequency, fg, cbserved outside the plasmasphere in the evening
sector by §3-A is chiorus. Chorus is an electromagﬁetié Whistlermmode
emission that consists of short bursts of rising or falling tones.

The bursts typically occur as frequently as ten times per second or
even more often. The bursts can extend in frequency from 0.10 fg

up to about 0.75 I"g but usually lie in the range 0.25 fg to 0.60 fg'
Several exemples of chorus are shown in Figure 1. The top panel of
each set i1s the frequency-time spectrogram of the wideband analog data
from the search coil magnetometer experiment. The lower panel of each
set contains the freqﬁency—time spectrogram of the electric field wide-
band analog data. The calibration marks for these spectrograms occur
at one minute intervals and are 1 kHz apart in frequency. For refer-
ence, fg/E and fg are indicated at the right side of each spectrogram.
As indicated in the examples shown in Figure 1, chorus usually has a
band of missing emisgions near fg/E. This is clearly illustrated in
Figure 2, a one hour frequency-time spectrogram of electric field
wide-band analog data for Orbit 115 on December 22, 1971. The intes-
gral half harmonics of the electron gyrofrequency are plotted on the

spectrogram as fenced lines, Clearly the band of missing emissions
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is centered near fg/E. The width of the band of missing emissions can
vary from as small as 100 Hz up to nearly 1 kHz; i.e. 2% to 20% of

the typical 5 kHz electron gyrofrequency near apogee. Chorus is
observed on almost every orbit that exits the plasmasphere during geo-
magnetically disturbed times in the evening sector. This is in sharp
contrast to the observations of Tsﬁrutani and Smith [1974] who ob-
served no chorus prior to midnight. Iater we will show that the
occurrence of chorus is associated with the injection of iow energy
(1-10 keV) electrons into the evening sector during geomagnetic storms
and substorms. On S3ﬂA chorus is observed only outside the plasma-
sphere. Sometimes it is sporadic -- a few weak bursts every few

.minutes -- but frequently it is nearly continuous.

B, BElectrostatic f >-fg Emissgions

During geomagnetically disturbed times the most common emissions
above f obéerved outzide the plasmasphere in the evening sector are
electrostatic emissions between harmonics of the electron gyrofre-
quency. We shall refer to these plasma waves as electrostatic f >»fg
emissions. In the literature they have also been called ~ (n + 1/2)fg
electrostatic waves. As shown in the 0-10 kHz one-minute frequency-
time spectrograms in Figure 3, the f > fg electrostatic emissions
appear as several spin-modulated bands which can nearly cover the
frequency range from fg to 2 fg. The arrows at the top of the spec-

trograms indicate when the electric dipole antenna 1s most nearly

parallel to the ambient magnetic field. Since the nulls in the electric
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field data are nearly coincident with when the electric dipole antenna
is most nearly parallel to the ambient magnetic field, the electric
field direction is thus determined tc be nearly perpendicular to the
ambient magnetic field. For electrostatlic waves this indicates the
propagation vector is also almost perpendicular to the ambient mag-
netic field. The fact that the emissions above fg are electrostatic
is indicated in Figure U4 which contains one-hour frequency-time spec-
trograms of both the search coil magnetométer daﬁa ahd.the electric
field data for Orbit 10L. This one hour interval oécurred during a
geomagnetic storm of such intensity that near 1950 UT fg fell to about
2.2 kHz and the emissions above fg were below the ~ 3 kHz upper cuboff
frequency for the search coll magnetometers. However, emissions

above fg were observed only in the electric field data. No emissions
above f _ were observed either in the search coil magnetometer wide-
band analog or digital filter data [Parady and Cahill, 1973].

TFigure 5 shows the electric field wideband analog data for the
entire period beyond the plasmasphere for the Orbit 214. The banded
structure of the electrogtatic f >~fg waves persists throughout the
orbit although the ratlo of the frequency of the most intense bhands
to the electron gyrofrequency changes. Near apogee the strongest
bands were between 1.5 and 2.0 fg while at lower altitudes the strong-
est bands were between 1.0 and 1.5 fg. This is not a hard and fast
rule, however. TFor example, the strongest electrostatic f >'fg

emigsions for Orbit 115 shown in Figure 2 are between 1.0 and 1.5 fg

near apogee but are near or above l.5 fg as the altitude decreases.

[
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As will be discussed in detail later, the frequency range of electro-
static £ >-fg emissions is strongly dependent on the ratio of cold to
hot electrons and the ambiert electron number density. Figure 6
contains the digital spectrum analyzer data for Orbit 214. Near
apogee moderabely intense electrostatic f > fg emissions are observed
up to 31.1 kHz. For the measured gyrofrequency of 4.6 klz, 31.1 kHz
lies between 6 £ and 7 f .
g g8

Like chorus, electrostatic f > fg emissions afe observed on
almost every orbit that exits the plasmasphere dﬁriﬁg geomagnetically
disturbed periods. Inside the plasmasphere only the electrostatic
emissions near the upper hybrid resonance (UHR) frequency are ob-
served. Iater we will show that electrostatic T >—fg emissions ob-
served oubtside the plasmapause are sgsociated with very low energy
electrons (energies typically 1 keV or lower) that are injected into

the magnetosphere during geomagnetic storms and substorms.
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IV. RETATIONSHIP OF WHISTLER-MODE WAVES TO THE
ELECTRON DISTRIBUTION FUNCTION

A. QOccurrence of Chorus as a Funchtion of
Low Energy Electron Intensity

Strong and nearly continuous bands of chorus are cbserved by
S3HA only when the satellite is outside the plasmasphere'gnd then
only when large fluxes of low energy electrons afAegergies appropriate
for electron cyclotron resonance with the chorus waves are present.
This correspondence is illustrated in Figures 7 and 8 for Orbit 35,
which occurred on November 26, 1971, The top portion of Figure 7
containsg plots of the differential directicnal electron intensity for
@ ~ g0° for electrons with mean energies from 1.2 keV to 100.0 keV
for the entire orbit. The bottom portion of Figure 7 displays
the electric field digital spectrum analyzer data from 1.0 kHz to
100.0 kHz for the same time period. To aid in identifying the plasma
wave phenomena, the measured electron gyrofrequency, fg, has been
dravn in as a dashed line.

The two points marked PP at 0834 UT (L = L4.25 and MLT = 20.1
hrs.) and 124h4 UT (L = 4.15 and MIT = 0.2 hrs.) are the outhound and
inbound plasmapause crossings as determined by the static electric field
experiment going into and coming out of saturation. The number den-
sity at the point of saturation for the static electric field experi-

memt is 60 em™S to within & factor of 2 [Morgan and Maynard, 1976].

e
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At the outbound plasmapause crossing the UHR noise identified by
Gurnett and Shaw [1973] is observed to fall abruptly from 100.0 kHz
o 1/2
- (€2 + 8 /
R P 8

to 31.1 kHz. £ where fp is the electron plasma

UH

inec is & i lar : ~f .
frequency. BSince fp is several times larger than fg, fUHR fP

fp = 8.985 4/ N kHz where N is the electron number density messured

in electrons cm—3. Thus at the outbound plasmapause the UHR noise
band indicabes that N falls abruptly from ~ 124 cm™> to ~ 12 em™ in
excellent agreement with the determinations made by the étatic elec-
tric field experiment.

As indicated by the shaded area in Figure 7, Jjust before 1100
UT (L = 5.15, MLT = 22.4 hre.) and more than two hours after the out-
bound plasmapause crossing, the electron fluxes from 1.2 keV to 9.2
keV began to increase abruptly as the satellite encountered low energy
particles being injected into the magnetosphere from the plasma
sheet ag a result of a substorm. Somevhat later abrupt enhancements
océurred for electrons up to 25.6 keV and a slight enhancement was
present even up to 55.0 keV. The peak intensities observed for the

8

1.2 keV and 1.8 keV electrons were about 10~ electrons (cm2 sec ster
keV)_l. The intensities decreased with inereasing energy such that
the peak intensities for the 9.2 keV and 13.5 keV electrons were about
lO7 electrons (cm2 gec ster keV)_l. The peak intensities for all
electrons from 1.2 keV to 25.6 keV were about an order of magnitude
greater than the intensities just prior to the enhancements.

Shortly after the abrupt enbancements begin and al about the

time the maximum intensity is observed for electrons from 1.2 keV to
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9.2 keV, strong and nearly continuous bands of chorus are evident.
Because the chorus is impulsive, the peak values are typically much
higher than the average values. The peak amplitudes of the chorus
range from about 2 mV :rn_l for the 1.78 kHz and 3.11 kHz channels at
~ 1120 UT to about 10 mV mhl for the 5.62 kHz channel at ~ 1220 UT.
Frequency-time spectrograms of the search coil magnetometer and elec-
tric field wideband analog data for the time period covering the elec-
tron enhancement are shown in Figure 8. These SPecﬁrogrdms show that
the most intense chorus bands lie between ~ 0.4 fg and ~ 0.6 fg. The
energy of electrons in cyclotron resonance with whistler-mode waves of
£ 3
frequency f is Ep = B ?% (1 - gi)

g
energy per particle. B is the megnitude of the static magnetic field.

vhere By = BE/SﬁN, the magnetic

Expressed in terms of the electron gyrofrequency and the electron_
plasma frequency, EB = 255.4 keV x fge/fg. The UHR noise evident

in the bottom panel of Figure 7 for the period of the electron en-
hancement indicates fp ~ 31.1 kHz. For this same time period fg
increases from ~ 5.0 kHz to ~ 11.5 kHz. Near the beginning of the
electron enhancement, ER'S for 0.4 fg and 0.6 fg waves are 3.6 keV
and 0.7 keV. Beginning about 1125 UT intense chorus is observed down
to ~ 1.k kHz which is ~ 0.25 fg since fg ~ 5.6 kHz. E. for this
frequency is 11.1 keV. At ~ 1220 UT, fg = ~ Q.5 kHz. ER'S for 0.25
fg, 0.4 £, and 0.6 :E‘g are L40.2 keV, 12.9 keV and 2.5 keV. Thus
throughout the time of the electron enhancement, the energies of the

enhanced electrons are the energies appropriate for cyclotron reso-

nance with the observed waves.
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For Orbit 35 the low energy electron intensities remained high
until just prior to the inbound plasmapause crossing then they abruptly
dropped more than an order of magnitude. At this time the intense
bands of chorus ceased.

As indicated in Figure 7, sporadic but moderately intense bursts
of chorus were present throughout fhe outer magnetosphere from the
outbound plasmapause crossing until the abrupt electron enhancement.
These bursts were due to the relatively high background ievel of low
energy electrons due to prior geomagnetic disturbances. Iigure 9 is

a plot of equatorial DS from November 17 to November 30, 1971 [Sugiura

t
and Poros, 1973]. Orbit 35 occurred about a day after geomagnetic
disturbances which had been active for nearly a week reached peak in-
tensity and slowly began to subside. In Figure 10 we have plotted the
differential directional intensity of electrons for two periods: out-
bound L = 5.0 for Orbit 35 prior to the electron enhancement, inbound
L = 5.0 during the electron enhancement. For comparison we have also
plotted the average directional differential intensity at L = 5.2 re-
ported by ILyons and Williams [1975] for a one week quiet period in
December 1971. Due to the high level of geomagnetic disturbances, the
ambient level for the low energy electrons is considerably higher than
the quiet time levels even before the abrupt electron enhancement.

A second example of the close association between strong and
nearly continuous bands of chorus and high intensities of low energy
electrons is shown in Figure 11 for Orbit 36 on November 26, 1971.

An abrupt increase in the intensities of low energy electrons from
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1.2 keV to 9.2 keV began about 1840 UT more than one hour after the
outbound plasmapause crossing. Trom ~ 1840 UT on enhanced fluxes of
low energy electrons up to 13.5 keV were observed until just before
the inbound plasmapause crossing. The peak electron intensities
observed ranged from 7 X lO7 electrons (cm2 sec ster keV)—l at 1.2
keV and 6 x 10! electrons (cm2 aecrster kev)-l Trom 1.8 to 4.0 keV to
107 electrons (cm2 sec ster keV)'l at 9.2 keV and 3 X 106 electrons
(cme sec ster keV)"l at 13.5 keV. In the electric field deta strong
continuous bands of chorus were observed from ~ 1848 UT until just be-
fore the inbound plasmapause crossing. The most intense chorus with
peak amplitudes up to 10 mV m1 in the 3.11 kHz channel and 2 mV m~l
in the 1.78 kHz channel occurred around 1900 UT at the same time as
the peak intensity was observed for all electronz from 1.2 keV to
13.5 keV. As the satellite moved inward, the low energy electron in-
tensities gradually decreased until just before the plasmapause cross-
ing where they dropped abruptly. Similarly the chorus amplitudes tend-
ed to decrease as the satellite moved inward.

A third example of the relationship between enhanced low
energy electrong and the occurrence of chorus is shown in Figure 12
for Orbit 115 on Decenber 22, 1971l. TFor this orbit both the low
energy electron enhancement and the moderately intense chorus bands
begin and end nearly coincident with outbound and inbound plasmapause
crossings. Just prior to the outbound plasmapause crossing &t
0806 UT (L = 5.15, MILT' = 21.5 hrs.) the differential directional in-

tensities of all the low energy electron chamnels were less than

2 % 106 elecbrons (cm2 sec sher keV)“l. The peak intensities observed
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following the outbound plasmapause crossing ranged ffom g x 10
electrons (cm2 sec ster kev)—l at 1.8 keV to 1.2 x 10 electrons (cm2
sec ster keV)_l at 6.0 keV. No enhancement in electron intensities
above 6.0 keV was observed. dJust prior to the inbound plasmapause
crossing at 094ly UT (L = 4.09, MLT = 23.2 hrs.) all the low energy
electron intensities fell abruptlyrto levels below L X 106 (cm2 sec
ster keV)Hl.

VIF' chorus emissions began colncident with;thg'abrﬁpt inerease
in low energy electrbn intensities and terminated Whén the low energy
electron intensities began to drop. This is clearly illustrated in
Figure 13 where both the differential directional electron intensities
and the electric field wideband analog data from ~ 0730 UT to 1000 UT
are presented. The peak chorus amplitude obsexrved during the period
outside the plasmasphere was T00 uVv mul.

The situvation where the low energy electron enhancement
begins just oubside the oubtbound plasmapause crossing exists when the
electron trough normally observed between the plasmasplhiere and the
plasma sheet in the premidnight evening sector becomes filled in with
low energy electrons during gecmegnetically disturbed periods. This
is shown schematically in Figure 1L4. Panel (a) shows the normal quiet
time condition of the evening magnetosphere along with the S3~A orbit
trajectory appropriate for November and December, 1971. During quiet
times the orbit of S3<A seldom exits the plasmasphere in the evening
sector. Panels (b) and (c) show the state of the evening magnetosphere

for Orbit 35 and Orbit 36. During periods of increased geomagnetic
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disturbances the plasmasphere is compressed to the extent that 83—A

can exit the plasmasphere and enter the region where the electron

trough exists., Ag the satellite approaches local midnight it encounters
high fluxes of low energy particles being convected into the magneto-
sphere from the plasma sheet as a result of the geomagnetic disturbances.
These high fluxes of low energy eléctrons are obserwved until the
satellite re-enters the plasmasphere. Panel (d) shows the situation for
Orhit 115. The low energy electrons convected inbfr?ﬁ1théaplasma

sheet have filled the electron trough in the region %hrough which the
satellite passes. Thus as soon as the satellite exits the plasma-
sphere it encounters the enhanced fluxes of low energy electrons. In
order for the trough to be filled in with low energy electrons, the
injeébion region must extend %tc earlier local times than that a2t the
position of the satellite since the electrons drift eastward toward

local midnight and then to dawn.

B. Chorus Spectra as a Muncition of Resonant Electron Anisotropy

The spectra of whistler-mode waves that interact with electrons
via the cyclotron resonant interaction are dependent on the aniso-
tropy of the resonant particles. The growth rate derived by Kennel
and Petschek [1956] and which will be examined in detail in Section VI
includes a term proportional to A - F lf_l where A is the anisotropy

>

and is defined as

= dF
Io V$ dVL tan o 53

co
2fg V, dv T V=,

A=
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vhere '\!'-L and V” are elechron velocities perpendicular and parallel
to the static magnetic field, T is the electron distribution function
and Vﬁ ig the velocity of electrons in resonance with the waves. For
a distribution function whose angular dependence varies as sin® ¢,
the anisotropy factor A is equal to g. A given set of electrons will
contribute to whistler-mode wave gfowth if A for that set of electrons
evaluated at V” = Vﬂ ig greater than T lf_l. For a given anisotropy
wave growth will be supported only up ﬁo a cutoff;f;équenéy, fc,
determiﬁed by A = ?;7%;fi' The factor & - 7 lf_l ié negative for
r>1, and no wave growth will occur. For a sin"o distribution,
fc/fg =m/(m + 2). Thus for a distribution proportional to sin2 o,

A =1 and fc = 0.5 fg and for a distribution proportional to sin2 e,

A

1.5 and f, = 0.6 fg.

An example of the relationship between the spectra of the
chorus and the anisotropy of the resonant electrons is illustratead
in Figure 15. At the top of the figure are the wideband analog
frequency time spectrograms for the magnetic field and electric field
data for 1833 UT to 1927 UT for Orbit 36. The bottom portion of the
figure contains plots of the pitch angle distributions at five minute
intervals for the electrons from 1.2 keV up to 25.6 keV. For each
smll square the scale on the axis of abscissas is 0° to 180° pitch
angle and the scale on the axis or ordinates is loglo electrons (cm2
sec ster kev)_l and full scale covers five orders of magnitude of
electron intensity. Since the pitch angle plots are generated from
left to right according to increasing L-value, time increases from

right to left for the inbound portion of the orbit. The slanted lines
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between the bottom of the electric field spectrogram and the top of
the pitch angle plots show when the pitch angle plots were made.

Ag shown in the wideband analog spectrograms an intense chorus
band with fregquencies from 0.52 fg $o 0.70 fg was present from 1848 UT
to 1903 UT. fg was 4.77 kHz at 1848 UT and increased to 5.00 kHz at
1903 UT. The pealk amplitudes of tﬁe chorus band ranged from 700 uVv m"l
to 8 mV m_l and were typically a few mV ot Only a very weak band
near £ = 0.44 fg is evident below 0.5 fg. As can;benéeen'by comparing
the pitch angle distributions at the bottom of Figure 15 with the
wideband analog data, the intense chorus band with frequencies almost
entirely greater than 0.5 fg occurs simultaneously with extremsly
anisotropic pitceh angle distributions for the cyclotron resonant
elecérons, especially at 4.0 and 6.0 keV., At ~ 1856 UT the pitch
angle distributions for the 4.0 and 6.0 keV electrons are proportional
o 0.85 sin! & + 0.15 sin’’'T @ and 0.80 sin'C o + 0.20 sin®'% 4,
respectively. At ~ 1900 UT the pitch angle distributions for the 4.0

0.2 12

and 6.0 keV electrons are 0.80 sin12 o + 0.20 sin @ and 0.70 sin o

O-E o

+ 0.30 sin ', respectively. As shown in Figure 16, between

1902:40 UT and 1904:30 UT, the 4.0 and 6.0 keV pitch angle distribu-

tions changed abruptly to less anistropic distributions with the

3

dominant term proportional to only sin~ &. At the same time the
frequency limits of the chorus bands dropped to the range 0.30 fg to

0.60 fg witlhh the maximum amplitudes below 0.5 fg' According to the
3

predictions of Kennel and Petschek [1966], a sin” o distribution can



support wave growth only up to 0.6 fg. Wave growth up to 0.70 fg
h.67

requires at least a sin ¢ distribution.

The digital spectrum analyzer data in Figure 11 indicate that
between 1848 and 1903 UT the UHR frequency was between 16.5 and 31.1
kHz, Since fg ~ 5 kHz, this requires the ambient number density to
lie between 3 cm > and 12 cm™S. For £, = 5.0 kHz and N = 8 cm_3,

fp = 25.4 kHz, f = 25.9 iz and Ej = BE/BTW = 255.4 keV x :E‘g2/fp2 =

UHR
9.9 keV. The parallel resonant energy, Ep, for f = O.S_fg, 0.6 fg
and 0.7 fg waves would be 2.5 keV, 1.1 keV and O.L keV, respectively.
The corresponding energies for N = 3 cm-3 would be 6.7 keV, 2.9 keV

3

and 1.1 keV and the corresponding energies for N = 12 cm ° would he
1.7 keV, 0.7 keV and 0.3 keV. ILater we will show that the best
agreément between the cbserved wave spectrum and the calculated
growth rates occurs for W ~ 8 cm'3, the number density we will assume
for the following calculations.

For pitch angles, @, other than zero, the resonant energy is
Bry = ER/cos2 @ Por £= 0.5 f,, the resonant pitch angles for 4.0
and 6.0 keV electrons are 38° and 50°, respectively. For f = 0.6 fg,
the resonant pitch angles are 58° and 65°. Tor f = 0.7 fg, the
resonant pitch angles are 72° and 75°. In Figures 15 and 16 we see
that the slopes of the 4.0 and 6.0 keV pitch angle distributions are
the largest for « from about 45° to about 75°. The slopes of the
pitch angle distributions in this range are sufficienﬁly large to
account for the observed instability. The pitch angle distributions

are less steep near the resonant pitch angles for 0.5 fg waves butb
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wave growth is still possible because waves near 0.5 fg require only
an anisotropy as great as that provided by a sine @ distribution.
Wave growth also depends on the number of rescnant particles.
For the very anisotropic distributions deseribed for the 4.0 and 6.0
keV electrons from 1848 to 1903 UT, wave growth at higher frequencies
ig predominant because the higher frequencies are resonant at larger
pitch angles and the number of electrons increases significantly at
larger pitch angles. For example, at 1856 UT, where tne 4.0 kev
electron pitch angle distribution was proportionai fB.O“BS sinl o +
0.15 sino'l o, the fraction of electrons at 38°, 58° and 72° as
compared to the number of electrons at 90°, are 0.171, 0.416 and
0.747, respectively. At 1900 UT where the 4.0 keV electron pitch

12 0.2
54

angle distribution was proportional to 0.80 sin™™ « + $.20 sin 5

the fractions are 0,184, 0.304, and 0.636. At 1856 UT, where the

6.0 keV electron piteh distribution was proportional to 0.80 sint? o +

0.20 sino'2 @, the ratios of electrons at 50°, 65° and 75° to the
nunber of electrons at 90° are 0.245, 0.495 and 0.764. At 1900 UT
vhere the 6.0 keV distribution was proportional to 0.70 sin12 o +
0.30 sin®+2 o, the ratios are 0.313, 0.509 and 0.760.

The wave particle interactions occurring from 1848 UT to
1903 UT can be explained qualitatively as follows: The injection
source provided a large number of L-6 keV electrons with pitch angle
distributions strongly peaked near 90°. These particles resonanted

with whistler-mode waves and intense chorus bands were produced.

The chorus was of such intensity to quickly diffuse the particles
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toward smaller pitch angles and less anisotropic distributions.
However, as long as the injection source provided frech highly aniso-
tropic electron fluxes, the eguilibrium distribution was highly
anisotropic. But once the injection of highly anisotropic electrons
ceased, the strong pitch angle diffusion caused by the intense chorus
quickly changed the pitch angle diétribution to a less anisobropic one.
Chorus waves will sbtill resonate with the less anicotropic electron
distributions but the wave growth is at lower fregugﬁciesland is less
intense. Since the chorus intensities are less, only weak pitch-angle
diffusion results and the pitch angle distributions change much more
slowly.

- C. Chorus Damping as a Function of Resonant Electron
Pitch-Angle Distribution

In both the digital spectrum analyzer data and the wideband
analog data in Figures 12 and 13 for Orbit 115 it is apparent that
the chorus amplitude decreased significantly from ~ 0826 UT to
~ 0837 UT and from ~ 0856 UT to ~ 0908 UT. From the pitch angle
distributions shown in Figure 17 we see that during the periods chorus
was weak or absent, the pitch angle distributions from o ~ 60° to
~ 120° for the cyclotron resonant electrons were nearly flat or even
displayed a relative minimum near « = 90°. The Kennel and Petschek
[1966] theory predicts zero wave growth for flat distributions and
wave damping for distributions which are concave at the cyclotron
resonant energy. Around 0832 UT the 2.7 keV electron distribution

was nearly flat from o ~ 55° to ~ 125° and the 4.0 keV electron
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distribution was concave from ¢ ~ 55° to ~ 125°. Around 0900 UT the
pitch angle distributions for energies at and below L.O keV are peaked
near ¢ = 90° while the 6.0 keV distribution is flat if not slightly
concave from @ ~ 60° to ~ 120°. At 0832 UT fg = 5.78 kHz and at

0900 UT f_ = 7.08 kHz. The strong UHR band in the 31.1 kHz spectrum

28
analyzer channel indicates that fp ~ 31 kHz. Thus E, = 8.8 keV at

0832 UT and 13.2 keV at 0900. TFor waves with f = 0.6 f a

g.’
frequency near where the chorus spectra peaks forJOrPit 115, ER =
0.94 keV at 0832 and 1.4 keV at 0900 UT. At 0832 UT the pitch

angles where electrons with 2.7 keV and 4.0 keV energies would be in
cyclotron resonance with 0.6 fg waves would be ~ 54° and ~ 61°. At
0900 UT 6.0 keV electrons would be in cyclobron resonance with f =
0.6 fg waves at « ~ 61°. The observed flat or concave pitch angle
distributions thus will cause zero wave growth or damping for waves
at frequencies where previously the peak chorus intensity had been
observed because the pitch angles appropriate for cyclotron resonance
lie on the flat portion of the distribution.

D. Half-Gyrofrequency Whistler-Mode Waves and Their Relationship
to Electron Anisotropies Inside the Plasmasphere

A moderately strong electric field emission assceiated with
electrons and observed during geomagnetically disturbed periods inside
the plasmasphere is prominant in Figure 11 for Orbit 36 from about
1515 UT to 1600 UT first in the 16.5 kHz channel and later in the
10.0 kHz channel. The peak amplitude of ~ 200 uV m_l for the 16.5 kliz
channel occurred at ~ 1526 UT when fg = 28.4 kHz. The peak amplitude

of ~ 60 uv n™L for the 10.0 kHz channel oceurred at ~ 1543 UT when
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3 o 18.5 kHz. Thus the peak amplitudes in the 16.5 kHz and 10.0 kHz
channels occurred for waves at 0.58 fg and 0.5k fgﬁ respectively,
indicating that the observed noise band is centered slightly above
0.5 fg. These waves exist at too high of a freaguency to ascertain
whether or not they have a magnetic component. However, on many
orbits where chorus is present just outside the plasmapause, these
«-fg/B waves appear to be a continuation of the chorus bands except
that they tend to have lower amplitudes than the chofgs and they are
less burst-like and rather tend to be more diffusé ;ﬁd continuous
similar to hiss. BSince these waves have characteristies similar to
chorus and hiss, both whistler-mode waves, we shall assume théy also
are whistler-mocde waves.

The intense UHR noise at 1539 UT in the 100 kHz chamnel indi-
cates fp ~ 100 kXdz. At that time fg = 19.9 kHz so that EB = 10.1 keV.
For waves with firequency f = 0.55 fg, ER = 1.7 keV. The pitch angle
distributions for 1.2 keV to 25.6 keV electrons for 1535 UT to 1610 UT
are shown in Figure 18. Near 1540 UT the differential directional

7

intensity of 1.8 keV electrons at « = 90° was ~ 1.0 X 10' electrons

(cme sec ster keV)"l. The pitch angle distributions for all electrons
from 1.2 keV to 25.6 keV could be characterized as at least sin3 & or
sinLF o distributions. The upper cutoff freguency for such distri-
butions is 0.60 fg or 0.67 fg. The anisotropies observed for the
electrons which are resonant with the f ~ fg/E waves are sufficient

to produce wave growth at the observed frequencies. Little evidence

of half-gyrofrequency whistler-mode waves appear after 1600 UT. In
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the pitch angle distribution plots we see that at this time the low
energy electrons become much less aniscbropic although the o = 90°
intensity remains nearly the same. At 1610 UT the pitch angle’
distributions are less anisotropic than a sin o distribution and thus

would not support wave growbth above 0.33 fg.



V. RELATIONSHIP OF BLECTROSTATIC f > fg WAVES TO THE
ELECTRON DISTRIBUTION FUNCTION

A, Occurrence of RElectrostatic f > f, Waves as a Function of
Iow Energy Electron intensity and Pitch Angle Anisotropy

Electrostatic waves between harmonics of the electron gyro-
frequency are ohserved in the evening sector on_glmgét-eﬁery pass that
exits the plasmasphere during geomagnetically disturbed times. These
electrostatic £ > fg waves usually begin coincident with or slightly
before the abrupt enhancement in low energy electrons is observed.
These elechtrostalic waves are believed to be generated by ancmalous
perpendicular electron velocity distributions at very low energies
most likely below the minimum obhserved energy on SB—A. Electrostatic
f >-fg emisgions were observed on each of three orbits we have already
discussed in regard to chorus: Orbit 35 (Figures 7 and 8), Orbit 36
(Figures 11 and 15) and Orbit 115 (Figures 2, 12 and 13).

On Orbit 35 a relatively weak band of electrostatic emissions
between 1.25 fg and 1.50 fg begins nearly coincident with abrupt en-
hancement of low energy electrons and remains until the enhancement
ends at the inbound plasmapause crossing. Higher frequency electro-
static emissions are weakly evident in the digital spectrum analyzer
data up to 3 fg.

On Orbit 36 (Figures 11 and 15) a moderately strong electro-

static emission ranging from ~ 1.0 fg'to 1.5 fg begins coincident
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with the abrupt enhancement in low energy electrons and precedes the
strong chorus bands by about ten minutes. TFor Orbit 36 the influx of
low energy electrons from the plasma sheet was first observed in the
1.2 keV chamnel at ~ 1738 U, in the 1.8 keV channel at ~ 1757 UT

and in the 2.7 keV chamnel ~ 1831 UT. This observation is consistent
with the plasma sheet being convected inward. The leading edge of
the plasma sheet contains the lowest energy particles. Deeper inside
the plasma sheet the energy density increases. The'factﬂthat the
electrostatic £ > fg emissions precede the chorué ;ndicates that they
are associated with lower energy electrons than those that resonate
with the chorus.

For Orbit 115 (Figures, 2, 12 and 13) intense electrostatic
emissions up to 6 fg were observed associated with the low energy
electron enhancement. Blectrostatic emissions between 1.0 fg and
15 fg actually preceded the enhancement by five minutes. The electro-
static £ >-fg emissions began at 0805 UT while the 1.8 keV electron
intensity abruptly increased at 0810 UT. The electron intensities at
2.7 keV and 4.0 keV abruptly increased at 0816 UT and 0820 UT. The
electrostatic £ > fg emisgions observed on Orbit 115 were some of the
most intense and most broadband emissions observed on 53-A. The peak
amplitudes observed were 1.2 mV m_l for the 5.62 kHz channel, 3.6 mV
m-l for the 10 kHz channel and 1.7 mV m-l for both the 16.5 kHz and
31.1 kHz channels.

Further evidence that the electrostatic f >-fg emissions are

associated with very low energy electrons is provided by the data for
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Orbit 67 on December 6, 1G7L. 1In the electric Field digital spectrum
analyzer data at the bottom of Figure 19 we see that outside the
plasmapause only electric field emissions above fg are present: an
intense band of UHR noise and a moderately strong electrostatic band
near 1.5 fg. No emissions below fg are evident either in the wide-
band analog data in Figure 20. Iﬁ the. differential directicnal
electron plots in the top of Figure 19, only the very lowest energy
electrons (B = 1.2 keV) display an enhancéd inbegsiﬁy.ouﬁside the
plasmapause., In Figure 21 we have plotted the w ~'§O° electron energy
spectra at L = 5.2 for Orbits 66, 67 and 68 and also the mean guiet
time levels for Orbits 75-97 from Iyons and Williams [1975]. At

and above 1.8 keV, the spectra for Orbits 66, 67 and €8 are near the
e quiet time levels. For Orbits 66 and 68 which do not exit the
plasmasphere the 1.2 keV energy spechra are near the projected mean

" quiet time levels. But for Orbit 67 which does exit the plasmasphere,
the 1.2 keV electron intensity, which reaches a peak of 8 X lO7
electrons (cm2 sec ster keV)-l, 1s more than an order of magnitude
greater than the 1.2 keV electron intensities for Orbits 66 and 68.

As shown in Figure 22, only the pitch angle distributions for the 1.2
keV electrons are very anisotropic for the entire period the satellite
is outside the plasmasphere. The @ ~ 90° electron intensities are
more than 8 times greater than the @ ~ 30° electron intensities for

the 1.2 keV electrons. TFor all energies above 1.2 keV, the pitch

angle distributions are nearly isotropic.
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B. Correspondence Between Quasi-Periodic Frequency Limit Changes
for Electrostatic f >'fg Emissions and PC3 Micropulsations

An unusual feature of electrostatic f >-fg emissions shown in
Figure 20 for Orbit 67 is that frequency of the emission bands changes
gquasi-periodically from being above 1.5 fg to being below 1.5 fg. From
1830 UT to 1845 UT this change is nearly periodic with a period of
~ 67 seconds. Around 1940 UT the ﬁeriod is about 85 seconds. Through-
out the time of the occurrence of electrostatic emissions on Orbit 67,
PC3 micropulsations were observed by the ground station at College,
Alaska. From ~ 1850 to 1905 UT the micropulsations were quite
periodic with a period of ~ 63 seconds [R. R. Heacock, private
communication, 1976]. Although the periods are not identical, the
presence of micropulsations on the ground indicates they should also
be present at the satellite. The difference in both L and latitude
between the satellite and the ground station could account far the
difference in periods. The frequency of the electrostatlc emissions
according to the theories of their generation is dependent on the
ratio of the number density of ambient cold electrons to the number
density of warm electrons. The quasi-periodic change in the frequency
of the electrostatic emissions observed on Orbit 67 can be explained
by PC3 micropulsations at the satellite's location modulating either
the ambient electron number density or the very low energy warm

electron number density.
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VI. A REVIEW OF ELECTRON CYCLOTRON RESONANCE INTERACTIONS AND
COMPARISON BETWEEN PREDICTED WHISTLER-MODE GROWTH
RATES AND OBSERVED SEECTRA

A. Vhistler-Mode Wave Amplification as a Result of Tow Energy
Electron Cyclotron Rescnant Interactions

Kennel and Petschek [1966] derived an expression for the growth
rate of whistler-mode waves due to the electron Cycldﬁron.resonance
interaection. They began their analysis with the Vlasov-Maxwell

equations foar a two-component collision-free plasma of ilons and

electrons,
) + =+ +
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£—~(X, V, t) was the one particle distribution function for
each species with the positive superscript for the ions and negative

. . p T
superscript for the electrons. e is the electronic change and m- is
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the mass of each species. They assumed there were no zero-order
electric field, spatial gradients or time variations. For convenience,
the equilibriwn magnetic field was assumed to be only in the %
direction. They allowed the equilibrium state to be varied by small

perturbations of the form

2@, ¥, t) = W) + set(V)e 20t
%(ﬁ, t) =B % + ¥ 1(kz~wt), and
B, 6) = 0 + chet (kz-0t)

and substituted these expressions into the Viasov-Maxwell equations,
disregarding nonlinear terms in the perturbation. For parallel
propagating right-handed circularly polarized waves they obtained the

dispersion relation

.2
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. . . .
For § K w< IQ"|, n? = R is the whistler mode. By assuming the

plasma to be cold, i.e., Fo = §%~ 5(V¢) G(V”), n® = R reduces %o
2
5 (0% ()
n“=1-——_ P (2)
w(uwtQ ) w(w+Q")

The limits on the wave frequency, Q+ K w< IQ'I, allows one to
neglect the ion contribution since it is only a fraction, m /m ,
of the electron contribution. And if the plasma frengncy is at
least a few times larger than the gyrofrequency, %hé% n2 >> 1 and
for the nB = R mode,
_—
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- P
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Re(ng) o
The cyclotron resonance phenomenon results from the rescnant
denominator in Equation 1, (kV“—w—Qi). When this deneminator is
zero, the velocity space integration pick up an imaginary part.
For electron cyclotron resonsnce, the parallel resonant velocity is
defined by

kV. ~w~ﬂ'=OorV_=M

R R k * ()

For electrons whose velocity parallel to the external magnetic field
equals Vp but who are travelling in the opposite direction of the
wave, the wave frequency will be doppler shifted to the electron

gyrofrequency. Since viclation of the first adiababic invariant, a




change in pitch angle without a change in energy, can only occur if

a particle is subject to field fluctuations near its own gyrofrequency,
electrons with parallel veloclty VR can have their pitch angles eagily
changed without a corresponding significant change in energy.

For non-relativistic eleectrons, the cyclotron resonant energy,

1 2
ER, equals Sl VR'
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From Equation 3, we see
22 o, ()
¢k - ._.;E..._...__,.
-6 . “’&Z1Q"[—w)
Thus
-1\2 2
_Ll (w-loD% e -
Bp =58 ~ 5, .2 w(|e7] - o)
0™ (w ")
P 1
= -3 2 w
" | y 3
L (|n l"w)3 2 ) 2me|ﬂ 7 e” (1 Tﬁ:T)
E e = -\ 2
w(w w(w
(2,7) ()

Using the definitions of mP‘ and 9 this reduces to
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To calculate the growth rate, Kennel and Petschek [1966] considered
o = wy + iy where wp and y were read and they assumed y/w, << 1.
They evaluated the singular velocity integrals in Equation 1 using

the Dirac relation:

£im -
+ 1 B e o g w-[Q

y+0 w-lﬂ*] = = Q_lf im(sign k) & (V” - ——i——l)

V- v, -
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where P denoted the principal part. By equating real and imaginary

parts in Equation 1 and by dropping terms of the order (y/wR)d,

they found wp was still given by Equation 3 and that the growth rate

¥ was
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where o = tan_l(—v¢/V“) was the pitch angle.

The above formalism developed by Kennel and Petschek [1966]
has been guite useful in interpreting our observations. We have seen
that whistler-mode wave growth has cceurred when electrons with ener-
gies appropriate for cyeclotron resonance have abrupt intensity enhance-
ments. Az predicted from Equationr6 the upper cutoff frequency
of the wave spectrum is dependent on the anisotropy of the resonant
electron pitch angle distributions. And we have QbS?TVEd-WEVe damping
or lack of wave growbh when the resonant electrons have had flat or
concave pitch angle distributions. However, it is somewhat cumbersome
to do growth rate calculations using Equation 6 since the partiéle
observations are usually presented as functions of energy and pitch
angle, not perpendicular and parallel velocity distributions. For
the growbh rate caleculations to follow we used a modified version of
a numerical integration program developed by Sentman et al. t1976]
which in turn was based on a growth rate expression obtained by
Lerche [1967] who began his analysis with the relativistic Viasov
equation. It is appropriate to use the relativistic formulation
because although the resonant energy for the cases we have been
studying have been non-relativistic, contributions to wave growth or
damping still come from higher energies which are near-relativisitic.
We modified the Sentman et al. [1976] program to make it appropriate for
higher frequency whistler-mode waves and low energy electrons. We
also expanded it to handle non-parallel propagation and the resulting

additional resgonances. For non-parallel propagation the resonant



denominator in Fquation 1 has the form

where Q = |Q_|. For non-parallel propagation Kennel [1966] derived
the following growbh rate expression for whistler-mode waves:
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where em the weighting function for a given resonance, m, is Sm =

h 2
{ [(1L + cos 0) Lone, % (1 - cos 8) Jm_l]/e cos OJ . B is the angle
between the magnetic field and the wave normal direction. Jﬁ is an

ordinary Bessel functblon of integral order., The argumcnts of the

Bessel Tunctions are kL VA/Q_. Yor strictly parallel propagation

only the m = -1 resonance ig non-zero.
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and must be evaluated at the appropriate resonance, For non-

parallel propagation,

(w)
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Using this dispersion relation one finds that for the cyclotron

resonances (m # 0),

Lo
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and that for the Landau resonance (m = 0)

L0 8n Ncos 8 **~ 1 cos 6

Tor our growth rate calculations we used the welghting function de-
rived by Kennel [1966] but used the exach disper;iqﬁ_re]étion,
Equation 1-26 in Stix [1962]. As will be shown, tﬁe results of oux
growth rate calculations are consistent with the Kennel and Petschek
[1966] growth rate expressions, especially the upper frequency cuboff

as a rfunction of the pitch angle anisotropy of the rescnant electrons.

B. Results of the Growth Rate Caleulations

Panel (a) of Figure 23 shows the calculated growth rates based
on the observed electron energy spectra and piteh angle distribubions
for inbound L = 5.2 (~ 1040 UT) for Orbit 35 which was prior to the
anisotropic low energy electron enhancement discussed in Section TV-A.
Panel (b) of Figure 23 shows the calculated growth rates for inbound
L =L.9 (~ 1130 UT) for Orbit 35 which was during the anisotropic low
energy enhancement. N = 10 cm_3 wag used for both growth rate cal-
culations but fg was adjusted according to the measured magnetic
field. Since wave amplitude is proportional to th, the higher #'s
correspond to very large increases in wave amplitude. The total
growth and corresponding wave amplitudes depend on how much time the

wave spends in the interaction region. This in turn is dependent on
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the group velocity of the wave and the size of the interaction
region.

These growth rate calculations indicate that prior to the
anisotropic electron enhancement only very weak wave growth up Lo
~ 0.3 fg could be supported by the observed electron distributions.
In the observed electric field data no strong bands of chorus were
evident prior to the electron enhancement. The growth rate calcula-
tions for 1130 UT indicate strong wave growth from ~ Q‘EQ_fg to
~ 0.55 fg“ And in the wideband analog data in Figu}e 8 around 1130 UT
gtrong bands cof chorus are present in the frequency range from 2.0 kHz
to 3.0 kHz which corresponds to 0.35 fg to 0.53 fg. This comparison
betwesn the caleulated growth rate and the wideband anslog data shows
that the observed wave spectra could be produced by wave amplifica-
tion via the electron cyclotron resonant interaction during the period
of enhanced low energy electron flux.

In addition to showing the calculated growth rate of parallel
propagating waves (0 = 0°) for the n = -1 electron cyclotron resonance,
we have also plotted in panel (b) the growth rates for the m = 1

o

resonance at 8 = 10°, 20° and 30° and the Iandau resonance (m = 0)
damping rate for 6 = 10°. Higher negative and positive resonance
have not been shown because they are much weaker. Since the energy
spectra decrease exponentially with increasing energy and the resonant
energy increases as the order of the resonance increases, the higher

order rescnances have little effect on the growth rate, especlally at

small wave normel angles. The growth rate curves in panel (b) show
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that the positive growth rate decreases and the dawmping increases as
the wave normal angle increases.

Figure 24 shows the calculated growth rates for ~ 1856 UT on
orbit 36 during the very anisotropic electron enhancement discussed
in Section IV-B. For this calculation we used N = 8 cu™>. The
calculation shows weak growth up to ~ 0.3 fg and then negative growth
(damping) up to 0.51 fg. Strong growth is then produced up to 0.6
fg. e hsve mesumed W= 8 em ™S bBecause ab W = o cm_s_and below the
calculated growth rates show growth only below 0133}g. As N is
increased above 8 cm—3, the strong growth begins at values below
0.5 fg contrary to the wideband observations shown in Figure 15.
When the very anisotropic portion of the electron distribution was
repi@cad with a milder distribubtion proportional to sin2 o, while
the electron intensities were unchanged the calculations showed no
growth above 0.5 fg. Thig implies that the intense wave sgpectra
observed above 0.5 fg is a result of wave amplification by the very
anisotropic electrons.

Figure 25 shows the calculated growfh rate for the half-gyro-
frequency whistler-mode noise discussed in Section IV-D for Orbit 36.
Strong growth is predicted from 0.25 fg up to 0.63 fg. This range
includes the location of the observed peak intensities at 0.5h fg
and 0.58 fg. When the half-gyrofrequency noise has been observed in

the wideband analog data the observed frequency limits were ~ 0.3 fg

to ~ 0.6 fg, consistent with these growth rate calculations.
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VILi. COMPARISON OF THE OBSERVED AND PREDICTED CHARACTERISTICS
OF THE ELECTROSTATIC 7 >-fg EMISSIONS

Young et al. [1973] and Ashour-Abdalla and Kemnel [1975] found
that electrostatic £ > fg emissions in the magnetosphere required a
background of cold electrons plus a warm electron species_that has an
anomalous perpendicular velocity distributiocn, i?é,,ftﬁe péak in the
warm electron perpendicular velocity distribution occurs at VL # 0
Such anomalous perpendicular velocity distributions for very low
energy electrons have been observed in the plasma sheet [DeForest and
Mellwain, 1971l; Shield and Frank, 1970] from about 10C eV up to
a few keV. We have not observed such anomalous electron digtri-
butions on S3<A in conjunction with any of the electrostatic
emissiong we have investigated probably because they are below
the 1.0 keV low energy cutoff of the electron detectors. However the
very anistoropic 1.2 keV electrons observed in conjunction with the
electrostatic emissions are an indication an anomalous distribution
could exist at lower energies. The amblent background plasma in the
magnetosphere outside the plasmasphere is cold and has a very low
number density.

Both Young et al. [1973] and Ashour-Abdalla and Kennel [1975]
found that the unstable frequency band for the electrostatic emissions
depended only on the cold to hot density and on the ratio of the cold

UHR frequency to the electron gyrofrequency. In all cases they found
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that the growth rate peaked near but below the cecld UHR frequency.
Ashour-Abdalla and Kemnel [1975] also found that the group velocity
parallel to the magnetic field could have zeroes near the odd half-
harmenics of the electron gyrofreguency, suggesting that the instabili-
ties could be non-convective under certain conditions. Since their
growth rate caleuwlations indicate that all frequencies between the low-
frequency cutoff and the UHR frequency should be unsiable, the non-
convective property could account for the bands of‘eﬁissians near the
odd half-harmonics of the gyrofrequency. |

The dependence of the lower and upper frequency limits,

Xoip = fmin/fg and X . = fmax/fg’ on the hot and cold number densi-
ties, HH and B%, is as follows: If Nﬁ is kept fixed, increasing Nb
3 o LI £ RYa r . 773 - \ (S, i nroaches zer
increases both Xmin and kmax With UH fixed, if NC approaches zero,

the range of unstable frequencies shrinks to zero. If Nb is kept
fixed, increasing Nﬁ decreases Xmin but leaves Xmax fixed. Waves
nearly perpendicular to the ambient magnetiec field have a lower Xmin
than waves more nearly parallel to the ambient magnetic field.

The above theoretical studies suggest that in the evening mag-
netosphere the electrostatic >-fg emissions are generated during
geomagnetically disturbed times when very low energy electrons with
an anomalous perpendicular velocity distribution are convected into
the magnetosphere where they encounter a cold low nunber density
background of electrons. The frequency bands of the electrostatic

emissions are determined by the relative mumber densities of the two

species. As the ratio of these two densities charge, the fregquency




Limits of the emisgsions change. This would account for the observed

fregquency changes in the wideband analog data.
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VIII. DISCUSSION AND SUMMARY

This study has shown that chorus and other whistler-mode
emissions and electrostatic F >-fg.emissions cbserved in the magneto-
sphere are associalied with enhanced intensities of low energy electrons
convected into the dusk to midnight sector of the;méénetdsphere from
the plasma sheet during geomagnetically disturbed pe?iods. Strong
and conbtinuous bands of chorus are observed only oubside the plasma-
sphere and then only when large fluxes of anisotropic low energy
electrens at energies approoriate for cyclotron resonance with the
chorus waves are present. For slrong chorus emissions to be observed,
the differential directional intensities of 1-10 keV electrong must
of the order of lO7 to 108 electrons (cm2 sec ster keV)_1, Using the
estimated number density and the measured gyrofrequency we have shown
that the enhanced electron intensities occur for energies that are
appropriate for cyclotron resonance with.the chorus waves. The
chorus amplitudes tended to be higher the greater the flux of resonant
electrons.

By comparing the spectra of the whistler-mode emissiong and
the pitch angle distributions of the resonant electrons we have shown
that in agreement with the predictions of Kennel and Petschek [1966],
the upper frequency cutoff of the chorus spectra is dependent on the

anigotropy of the resonant electrons. The greater the anisotropy,
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the larger the upper cutoff frequency of the chorus will be. An
example of wave damping when the anisotropy of the resonant electrons
was negative has also heen presented.

Growth rate calculations using the observed electron energy
gpectra and pitch angle distribubions showed that the calculated
frequency limits of the whistler-moﬂe spectra are in good agreement
with the observed spectra. However, the growth rate calculations have
not been able to produce the band of "missing anissions" near fg/z
obgerved in the chorus spectra. Tsurutani and Smitﬁf[i97k] suggested
that a possible explanation for the missing band might be Iandau
damping. For electrons in cyclotron resonance with waves at f = fg/2,
the parallel velocity of the electrons equals the wave phase veloelty
but the electrons are moving in the opposite direction. Assuming
that the electrons are moving along the field not bunched and in both
directions, they noted that there would be electrons also moving in
the same direction as the wave and with a velccity equal to the wave
phase velocity. These electrons will Landau damp the wave provided
they lie on a portion of the particle distribution function that is
decreasing with energy. The problem with this explanation is that
strictly parallel propagating waves do not ILandau damp. Iandau
damping is significant only for waves with large wave normal angles.

Another possible explanation for the missing emission band that
considers separate sources for the f < fg/E and T >-fg/2 waves has
been proposed by Maeda et al. [1976]. They suggest that the f > fg/E

emissions might be generated locally near the satellite while the
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il <:fg/2 emissions are generated in a similar way but slightly
outside the observing location where the loccal electron gyrofrequency
would be lower. When these lower frequency emissions ultimately
propagate to the observing lccation via the ducted mode, their upper
frequency cutoff will belone half'the equatorial gyrofrequency of
the observing location. However, fhese waves would be expected to be
propagabing nearly-parallel to the magnetic field and thus their
electric field should be spin modulated. We have)fbﬁnd no evidence
of this spin modulation. P

A third possible explanation is that the scurce spectra of the
original vhistler-mode wave has a band of missing emissions neax fg/?.
The cyelotron resonant wave intersction process does not "generate"
waveé but rather amplifies low amplitude waves. If the source spectra
were vold of a band near fg/E, the amplified waves would also bz void
of this same band.

Since we have been able to neafly duplicate the observed
whistler-mode spectra in the growth rate calculations using the ob-
served electron gyrofrequency and electron energy spectra and pitch
angle distributions and adjusting the number density, this procedure
could be used to determine the number density. The growth rate cal-
culations are quite sensitive to number density especially when the
number density is low.

This study has shown that electrostatic emissions that can
ocecur in several bands from slightly above fg up to the UHR frequency

are associated with very low energy electrons (E< 1 keV). The



50

emisgions near 3fg/2 are observed to be propagating nearly perpendicu-~
lar to the ambient magnetic field. Throughout an orbit the frequency
limits of the electrostatic bands often change. On one cccasion the
change in frequency limits occurred quasi-periodically with a period
roughly equivalent to that of a PC3 micropulsation event observed at

a ground station at the same time.'»These observations are in agree-
ment with the theory of generation of magnetospheric electrostatic
emissions that predicts the frequency limits are detérminéd by the hot
and cold electron nunber densities. In order %o imp;ove our observa-
tions we require rapid temporal measurements of electron spectra and
pitch angle distributions for electrons with energies well below

1 keV. We also need precise rapid measurements of the ambient

electron number density. Only then can the theory be truly verified.
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Table 1

53—A Tlectron Channeltron and Solid State Electron
Detector Energy Bands

Level Designation

E2

E16
SSEDL
SSED2
S5ED3

SSEDY

Mean Energy (keV)
1.37
1..76
2.69
.ok
6.0L
a,16
13.50
25,62
55.0
100.0

180.0

400.0

AT (keV)
0.36
1 0.55
0.83
1..86
1.88
2.84
.19
7.94
35.0
50'.0
120.0

320.0

59
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Figure 1

Expanded time scale frequency-time spzctrograms of
wideband analog data which contain bands of chorus.

The top panel of each set contains data from the

gearch coil magnetometer experiment and the bottom panel
of each set contains data from the electric field
experiment. The calibrabion marks for these spectro-
grams occur at one minute intervals and are 1 kiz apart

in frequency. The measured local electron gyrofrequency,

£, and -_r-‘g/e ave indicated ab -

spectrogram. The chorus bands appear more imbtense in
the elechric fizld data than in the magnetic field data

because the electric fieid veceiver hap more gensitivity

and a wider dynamic range. Note thab +he chorus bands

usually dieplay a band of "missing emigsions" near f /2.
Y pLay ! 2 g
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Figure 2

o9

A one hour frequency-time spectrogram of the electric
field wideband analog data for Orbit 115 on December 2z,
1971. The integral half harmonics of the electron gyro-
frequency are plotted on the spectrogram as fenced
lines. Chorus bands with the missing emission band
near fg/E are clearly evident in the lower portion of
the spectrogram. Several bands of electrostatic
emissions are evident in the top portion. Their fre-

s

quency limits exbend Trow just above L ©o above 37 /2.
2 g
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Figure 3

61

Expanded time scale frequency-time spectrograms of
electric field wideband analog data which contain elec-
trogtatic £ > fg emissions. The calibration marks for
these spectrograms occur at one minute intervals and
are 1 kHz apart in freguency. The measured local elec-
tron gyrofrequency is indicated at the right side éf
each spectrogram. The electrostatic emissions occur

in several bands and the frequency limits of these bands
can range from fg to 2fg. The errows at the top of
each spectrogram indicate when the axis of the electric
dipole antenna is most nearly aligned parallel to the
ambient magnetic field. The nullsg in the emissién
bands occur very close to when the electric dipole
antenna is most nearly aligned parallel to the ambient
magnetic field. This indicates the electrostatic

emissions are propagating nearly perpendicular to the

ambient magnetic field.
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Figure L
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Frequency-time spectrograms of wideband snalog data
for Orbit 101 on December 17, i971. The top spectro-
gram contains the magnetic field data and the bottom
spectrogram contains the electric field data. In

addition to the orbit parameters L, Magnetic Local.

Time and Magnetic ILatitude, the label below the

spectrograms also includes the measured local electron
gyrofrequency at ten minute intervals. Chorus is
present.in both the megnetic and electric field spectro-
grams. The electrostatic f >-fg emigsions are present
only in the electric field data even when fg drops to

~ 2.2 kiz near 1950 UT and the.electrostatic-emissions
cccur below the 3 kiHz upper frequency cutof? of the
search coll magnetometers. This confirms that the

f >—fg emissions are primarily electrostatic.
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Figure 5
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Frequency-time spectroéram of the electric field
wideband analog data for Orbit 214 on January 23, 1972.
Thelelectrostatic T >-fg emlissions are present és banﬁs
throughout the period the satellite is outside the
plasﬁasphere until they exeeed the 10 kHz upper frequency
cuboff of the wideband receiver. Near apogee the
strongest bands are betweeﬁ 1.5 and 2.0 fg while at
lower altitudes the strongest bands were between 1.0

and 1.5 fg' This ig in conmtrast to the elecﬁrostaﬁic
emigsions cbserved fof Orbit 115 and shown in Figure 2
vhere the strongest electrostatic emissions were between
1.0 and 1.5 fg nesar apogee but were near oxr abéve 1.5 fg
at lower altitudes. As discussed later in the Text,

the fréquency limits of the electrostatic emissions are

determined by the number densities of the hot and cold

electrons.
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Figure 6
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A plot of the digital output from the 16 channel onboard
spectrum analyzer for the entire Orbit 214. The bottom
éhannel is wideb@nd and covers the frequency range

from 0.1 to 10.0 kHz and the remaining 15 narrowband
channels have cenber frequencies from 35 Hz to 100 kiHz.
The output level of each chamnel is approximatekf
linearly proportional to the logarithm of the measured

amplitude. The vertical lines represent the average

amplitude nmeasured over 6l second intervals of time and

the dots are peak amplitudes over the same time period.

1

The baseline for each channel is about 2 uV m — and full

scale is aboub 20 mV m—l

. PP indicates the plasmapnuse
locations. The dashed line labeled fp iPdicates the
location of the electron plasma frequency as determined

from the UHR noige. The dashed lines labeled fg

and 2fg indicate the location of the first and second

- harmonics of the electron gyrofrequency. Note that

near apogee the electrostatic noise extends as high as

31.1 kHz which corresponds to ~ llfg/E.
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Figure 7

69

Flectron intensity plots and electric field digital

spectrum analyzer data for Orbit 35 on November 26,

1971. The top portion contains plots of the differen-

tial directicnal electron iptensity, electrons (cm2 sec
ster keV)"l, at @ ~ 90° for electrons with mean energies
from 1.2 keV to 100.0 keV for the entire orbit. The
bottom portion displays the electric field digital
spectrum analyzer output from 1.0 kHz to 100.0 kHz

for the .same time period. The mzasured elezctrin gyro-
frequency, fg, has been drawn in as a dashed line. PP
indicates the plasmapause locations. The shaded area
on the electron plots bounded by vertical dashed lines
highligpts the enhanced low energy electrop intensities.
Note that the strong contiﬁuous bands of chorus and the
electrosbatic £ > fg emissions occur only during the
time of the enhanced low energy electron intensities.
The sporadic bursts.of chorus prior to this enhancement

are a result of the relatively high background inten-

gities of the low energy electrons.
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Figure 8

r(l

Frequency-time spectrograms of the search coll magneto-

meter and electric field wideband analog data during the

time of the enhanced low energy electron intensities

for Orbit 35. The measured local electron gyrcfreguency

at ten minute intervals is indicated in the label below

the spectrograms. The most intense chorus bands lie
between ~ 0.4 £ and ~ 0.6 fg but near the inbound
plasmapause crossing the chorus bands extend down to
~ 0.25 fg' A relatively weak electrosiatic emisaion
ba?d above fg is evident for the first hour until it
exceeds the 10 kHz upper frequency limit of the wide-

band electric field receiver.
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Figure 9 A plot of equatorial Dst from November 17 to November 30, i
1971. s3-A Orbits 35 and 36 occurred about a day after ;ﬂ
geomagnetic disturbances which had been active for .é

nearly a week reached peak intensity and slowly began

to subside.
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Figure 10

15

Differential directional intensity of electrons with
pitch angle o ~ 90° at L = 5 for Orbit 35. The outbound
I = 5 spectra is plotted as x's and the inbound L = 5
spectra is plotted as closed circles.l The shaded area
indicates the amount the inbound low energy electron
i.nter.'lsi'by is enhanced over the outbound L = 5 levels.
Also shown and plotted as closed squares .is the mean
quiet time spectra at L = 5.2 for Orbits 75-97 on
December 9-16, 1971, from Lyons and Williams [1975].

The error bars indicate the maximum and minimum intensi-

ties observed for those orbits. Even the Orbit 35

L=5 outbound intensities are elevated well sbove the
mean gquiet time levels. This accounts Por the sporadie

chorus bursts observed in the electric field spectrum

analyzer data in Figure 7.
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Figure 11

Flectron intensity plots and electric field spectrum
analyzer data for Orbit 36 on November 26, 1971. The
notatiqns are the same as for Figure 7. In additiomn,
between 1520 UT and 1600 UT a moderately strong halif-
gyrofrequency whistler-mode emission band is evident

in the 16.5 kHz and 10.0 kHz electric field channels.
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Figure 12

79

Electron intensity plots and electric field spectrum

.analyzer data for Orbit 115 on Decenmber 22, 1971. The

top portion contains plots of the differential direct-
ional electron intensity, electrons (cm2 sec ster kev)il,
at @ ~ 90° for electrons with mean energies from 178 keV
to 400 keV for the time period 0500 UT to 1000 UT. The
bottom portion displays the electric field digital
spectrum analyzer output from 35 Hz to 100 kHz for the
same time pariocd. The measured elecbron gyrofreguency,
f , has been drawn in as a dashed line. PP indicates

the plasmapause locations. The shaded arca on the low

energy electron plots highiights the enhanced low cusrgy

electron intensities. Tor this orbit, the /low ensrgy
electron enhancément and the moderately intense

chorus bands bééin aﬁd end nearly coincident with the
outbound and inbound plasmapause crossings. The electro-
static f >-fg emigsions begin slightly before the low
energy electron enhancement begins and end slightly after

it ceases.
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Figure 13

81

Electron intensity plots and wideband electric fileld

data for Orbit 115. The top portion contains plots of

the differential directional electron intensity at & ~
90“‘for electrons with mean energies from 1.8 keV to
400 keV for the time period 0730 UT to 1000 UL. The
bottom portion is a frequency-time spectrogram of the
electric field wideband analog data for the same time
period. The moderately intense chorus bands begin and
end coinciﬁent with the low energy electroen enhencenens
and nearly coincident with the od:bound and inbound
plasmapause crossings which are indicated by PP. The
electraé%éfi;_i;;fE;ﬂémiééions slightly precéde botih: the
outbound plasmapause crossing and the low gneréy elec-

tron enhancement.
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Figure 1L

83

Schematic dlagram of equatorial cross-sections of the
magnetosphere and the SS—A orbit. The plasmasphere is
indicated by light shading bounded by a dashed line.

The dusk to dawn plasma sheet is indicated by the dark
shading. Panel (a) shows a typical November-December s3-A
orbit. The plasmasphere boundary showm is for the

average plasmasphere during moderately disturbed periods

following Carpenter [1966]. For moderately

disturlbed psriods an electron trough, a reglon neariy

void of electrons, with a width of 1-3 earth radii usu-

"
!

ally separates the plasmasphere and the plasma sheet in

the eveping sector pedor to midnight. Panels (b), (),

- and (@) show the magnetosphere for Orbits /35, 36 and 115,

respectively. The plasmasphere and plasma sheet for each
orbit have been modified to agfee with'the satellite
measurements of the plasmapause locations and the low
energy electron emhancements. The hatched lines ghow
where the chorus and electrostatic f >-fg emissions are
observed. TFor Orbits 35 and 36 the satellite passes
through the electron trough before the low energy elec-

trons are encountered and the emissions are observed.
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~For Orbit 115 the electron trough has been filled in

Tigure 1k
(cont'd.)

several hours prior to midnight and the satellite

passés directly from the plasmasphere to the plasma

sheet .
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Figure 15

3

Comparison between whistle:»mode spectra and electron
pitch angle distributions. At the top are the wideband
analog frequency-time spectrograms for the magnetic and
electric field data for 1833 UT to 1927 UT for Orbit 36.
For this illustration time increases from right to left.
The bottom contains plots of the pitch angle distribubi&ns
at five minute intervals for electrons from 1.2 keV

to 25.6 keV. Tor each small square the scale on the
axis of abscissas is 0° to 180° pitchrangle and ‘the
gcale on the axis of ordinates is 1og10 electrons (cm
sec ster kev)_l and full scale covers five crders of
magnitude of electron intensity. The slanted lines
between the bottom of the electric field sﬁéctrogram
and the top of the pitch angle plots show when the piteh
angle plots were made. Note that the intense chorus
band from 1848 UT to 1903 UT with frequencies almost
entirely greater than 0.5 fg oceurs simultaneously with
extremely anisotropic pitch angle distributions, especi-

ally for the 4.0 and 6.0 keV electrons.
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Figure 15

88

Comparison between chorus spectra and electron pitch

angle distributions around 1903 UT for Orbit 36. The

top contains an electric field frequency-time spectrogram
from 1853 UT to 191k UT. The bottom contains the electron
ﬁitch angle distributions at ~ 1902:30 and 1904:40 for

4.0 and 6.0 keV. Note that the rapid change from a very
anisotfopic to a less anisotropic pitch angle distribution
exactly coincides with the chorus spectra changing from
having frequency components almost oaly above fg/E to
having lower freguency components both above and below

£ /2.
g/‘
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Figure 17

Electron pitch angle distributions for Orbit 115 at one
minute intervals from 0831 UT to 0833 UT and 0858 UT

to 0900 UT for 1.8 keV to 400 keV. Near 0832 UT the

2.7 keV and L.0 keV pitch angle distributions are nearly
f1at from @ ~ 55° to o ~ 125° or even display a relative
minimum near ¢ ~ 90°, Around 0900 UT the 6.0 keV pitch
angle distribution is flat if not slightly concave from
@ ~ 60° to o ~ 120°. These flat or concave distributicns
occur simulbaneously with significantly decreased (Lords
amplitudes as can be seen from ~ G826 UT o ~ 0837 UT &nd
from ~ 0856 UT to ~ 0908 UT in Figures 12 and 13. The
flat or concave distribubicns occur ab eneréies appeo -
priate for cyclotron resoncznce with the chorus apd thus

can cause damping.
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Figure 18

92

Piteh angle distributions for 1.2 keV to 25,6 keV
electrons for Orbit 36 from 1535 UT to 1610 UT. The
rather anisotroplc distribution prior to 1600 UT occurs .
simultaneously with half-gyrofrequency whistler-mode i
waves evident in Figure 11l. TFollowing 1600 UT the pitch E
angle distributions become nearly isotropic and 1little |
evidence of the half-gyrofrequency whigbler-mode waves
appear after 1600 UT. Note that although the pitch angle
digbributions beccme less anisotropic, the o ~ Q0°

intensities remaln nearly the same.
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Figure 19

Differential directiocnal electron intensities at o ~
90° from 1.2 keV to 10C keV and electric field digital
spectrum analyzer ocutput from 35 Hz to 100 kHz for Orbit
67 on December 6, 1971l. PP indicates the plasmapause
crossings. As indicated by the shaded avea, only the
lowest energy electrons are enhanced. Correspondingly
in the electric field data only electrostatic f >-fg

emissions are present outside the plasmasphere. No

chorus emissions srs evidens.
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Figure 20

R

Electric field wideband analog data from 1800 UT to
2100 UT for Orbit 67. Oniy electrostatic T >-fg
emissicns are present. Note that the freguency of the
emission bands changes quasiperiodically from being
above 1.5 fg to being below 1.5 fg. From 1830 UT to
1845 UT this change is nearly periodic with a period of
~ 67 seconds. Around 1940 UT the period is about 85
seconds. Throughout this time period showm in this
Tigwe, PC3 wmicropulsations were chserved by the grouul
station at College, Alaska. TIrom ~ 1850 UT to ~ 1905 UT
the micropulsations were guite periodic with a pericd of

~ 63 scconds.
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Figure 21

98

¢ ~ 90° electron energy spectra at L = 5.2 for Orbits
66, 67 and 68 on December 6, 1971. Orbit 66 is plotted
as closed triangles, Orbit 67 is plotted as closed
circles and Orbit 68 is plotted as x's. We have also
plotted the mean gquiet time spectra at L = 5.2 for
Orbits 75-97. As indicated by the shaded area, only

the lowest energy electrons for Orbit 67 are enhanced,
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Tigure 22 Piteh angle distributions from 1730 UT to 17hs UT on
Orbit 67 for electrons from 1.2 keV to L0OO keV. The
1.2 keV pitch angle distributions are extremely aniso-

tropic, the 1.8 keV distributions are mildly anisotropic

and all higher energy distributions are nearly isctropic.
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Filgure 23

102

Calculated growth rate plots for L = 5.2 and L = 4.9 on
Orbit 35. N = 10 em™> was used for both calculations
but fg wag adjusted according to the measured magnetic
field. At L = 5.2, as shown in panel (a), which was
prior to the anisotropic electron enhancement only weak
growth up to ~ 0.3 fg could be supported by the observed
electron distribubions. At L = 4.9, as shown in panel
(b), which was during the anisotropic electroan erhance-
ment, strong wave growbh from ~ 0,29 ig aid up to ~ .55
f  could be supported by the observed enhanced electron
distributions. In panel (b) in addition to the growth
rate for the m = -1 eyclotron resonance for parallel
propagation (9 = 0°), we have also plottedfihe growth
rates for the m = -1 resonance at wave normal angles

& = 10°, 20° and 30° and the m = 0 (Landau resonance)

damping rate for § = 10°.
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Figure 24

10L

Calculated growth rate plot fof ~ 1856 UT on Orbit 36
during a very anisobropic electron enhancement. Ior
this calculation we used N = 8 cm™3 and fg = 4.96 kHz.
The calculation shows that the observed very anisotropic
electron distribution would produce weal growth up to

~ 0.3 i‘g and then negative growth (damping) up to 0.51
fg. Strong growth is then produced up to 0.6 fg, This
pattern of growth is similar to the observed chorus

spechid.
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Figure 25

-
O
3N

Calculated growth rate plot for the half-gvrofrequency
whistler-wode noise observed prior to 1600 UT on Orbit
35, N =100 em> and £, = 19.9 Miz. Strong growth is

predicted from 0.25 fg up to 0.63 fg.
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