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ABSTRACT

Electron plasma oscillations in the Earth's electrom foreshock
region are observed to shift above and below the local electron plasma
frequency. As plasma oscillations shift from the plasma frequency,
their bandwidth increases and their wavelength decreases. Observations
of plasma oscillations well below the plasma frequency are correlated
with times when ISEE-1 is far downstream of the electron foreshock
boundary. Although wavelengths of plasma oscillations below the plasma
frequency satisfy kip. = 1, the Doppler—-shift due to the motion of the
solar wind is not sufficient to produce the observed frequency shifts.
A beam-plasma interaction with beam velocities on the order of the
electron thermal velocity is suggested as an explanation for plasma
oscillations above and below the plasma frequency. Frequency, band-
width, and wavelength changes predicted from the beam-plasma inter-
action are in good agreement with the observed characteristics of

plasma oscillations in the foreshock region.
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ABSTRACT

Electron plasma oscillations in the Earth's electron foreshock
region are observed to shift above and below the local electron plasma
frequency. As plasma oscillations shift from the plasma frequency,
their bandwidth increases and their wavelength decreases. Observations
of plasma oscillations well below the plasma frequency are correlated
with times when ISEE-1 is far downstream of the electron foreshock
boundary. Although wavelengths of plasma oscillations below the plasma
frequency satisfy kip, = 1, the Doppler-shift due to the motion of the
solar wind is not sufficient to produce the observed frequency shifts.
A beam-plasma interaction with beam velocities on the order of the
electron thermal velocity is suggested as an explanation for plasma
oscillations above and below the plasma frequency. Freguency, band-
width, and wavelength changes predicted from the beam-plasma lnter-
action are in good agreement with the observed characteristics of

plasma oscillations in the foreshock region.
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LIST OF FIGURES
Page
Figure 1 Electrons streaming from the bow shock are
convected downstream due to the motion of the
solar wind. Electrons originating from the
tangent point with very high energies define
2 boundary called the electron foreshock
boundary. Downstream of this boundary is a
reglon called the electron foreshock region.
In this reglon the "beam"™ of electrons
originating from the bow shock has a
characteristic lower cutoff wveloecity. This
cutoff velocity occurs because electrons
below a certain critical velocity are
convected downstream before they reach the
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Figure 2 A frequency-time spectrogram from ISEE-l.
Fluctuations in the plasma frequency may be
caused by the presence of oblique, nonlinear
magnetohydrodynamic waves. The presence of
ion acoustie waves indicates the presence of

ions streaming from the bow shock. These

vi



Figure 3

Figure 4

ions are believed to provide the free energy

source needed to drive the MHD waves. . .

The upper panel is a frequency-time wideband
spectrogram from the ISEE-1 wideband receiver
taken when the spacecraft was located in the
foreshock region., The lower panel is a plot
of the plasma frequency determined from elec—
tron density measurements. From 0633 to
0633:30 and from 0638:30 to 0639, plasma
oscillations are observed to shift well below
the plasma frequency. Coincident with these
gshifts is an increase in the bandwidth of the
emissions from a few hundred Hz at the plasma
frequency to *2 kHz well below the plasma
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A plot of a 20-minute average spectral den—
sity versus frequency, for an event when
plasma oscillations occurred well below the
plasma frequency. The plasma frequency for
this event was about 30 kHz. For frequencies
between 10 and 20 kHz, the spectral demsity
from ISEE-2 is greater than that from ISEE-1

by about a factor of 5. This difference
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indicates that the wavelengths of the plasma
psclllations well below the plasma frequency
are shorter than the ISEE-]1 antenona (215
meters) and longer than the ISEE-2 antenna
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Figure 5 Plasma oscillations are observed below the
plasma frequency coincldent with times when
LSEE-1 is located far downstream of the elec-
tron foreshock boundary. In the left panel,
from 1259:15 to 1300:19, ISEE-] was about 15
Earth radii from the foreshock boundary.
Coincident with this time, plasma oscilla-
tions occur well below the plasma frequency.
In the right panel, from 1322:45 to 1323:49,
ISEE~]1 was located less than one Earth radii
from the foreshock boundary. Colncident with
this time, plasma oscillations occur at the

plasma frequency¥s « o« « o s 5 o ¢ 5 o 2 8 & & » 53

Figure 6 The upper panel is a plot of iso—contours of
the reduced one-dimensional distribution for
electrons propagating upstream from the bow
shock., A shift of a contour from low to high

velocities 1s an Indication of an Increase in
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Figure 7

the flux of electrons at low velocities. The
middle panel is a frequency-time spectrogram.
The narrowband emissions at 18 kHz are elec-
tron plasma oscillations. The lower panel is
a plot of Diff. A large, negative value of
Diff implies that ISEE-l is far downstream of
the foreshock boundary. From 1237 to 1239,
ISEE-~] penetrates deeply into the foreshock
region, the flux of energetic electrons
shifts to lower velocities, and plasma oscil-
lations shift first above, then below the
plasma frequency. The reverse happens from

124ﬂt012‘12. = & ® ® ® ® ® ®W = W ®F =W E ¥ ® o ®

The reduced one-dimensional distribution depends
on the spacecraft location in the foreshock
region. When the spacecraft is located far
downstream the foreshock boundary (case 1), the
critical velocity is on the order of the elec—
tron thermal velocity. When the spacecraft is
located near the foreshock boundary, (case 2),
the critical veloecity is much greater than

the electron thermal velocity. a5 5 8 8 = B ®
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Figure 8

Figure 9

In the upper panels, three reduced one-
dimensional distribution obtained from 3
seconds of data spaced 18 seconds apart are
illustrated. The middle panel is a plot of
high resolution wideband data. The lower
panel is a plot of Diff. At 1237:51 - 1237:54,
a second peak is observed in the reduced dis-
tribution. At 1238:09.2 - 1238:12,2, a plateau
is observed in the reduced distribution. At
1238:27.6 - 1238:30.6 when ISEE-1 is about 25
Rg downstream of the foreshock boundary, no
beam is visible in the reduced distribution.
One reason why no beam is visible may be that
the beam is wvarying in velocity space much
faster than the 3 seconds used to generate the
distribution. Observations of short duratiomn
bursts of plasma oscillations at varying fre-
quencies may be evidence of temporal vari-
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Solutions to the linear dispersion relation
D{k,w) = 0 are illustrated. The growth rate
or imaginary part of the frequency is plotted
versus the real part of the frequency. The

number density ratio and beam temperature
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ratio were fixed at 0.01 and 0.0, respec-
tively. Curves representing w(k) for various
values of V,/Vy are illustrated. For
specific values of Vi/Vy and np/ng, the
observed frequency will be the frequency

with the maximum grﬂwth rate., « &= = = 8 = ®w = =

Figure 10 The frequency of maximum growth determined
from solutions of D(k,w) = 0 is plotted
versus Vu/Vp. The number density ratio was
fixed at 0.01. Curves for various values of
Tp/To are illustrated. For 2 < Vp/Ve < 5,
plasma oscillations occur above the plasma
frequency. For ?hfvt ¢ 2, plasma oscilla-

tions occur below the plasma frequency¥. . « «

Figure 11 The wave number of maximum growth is plotted
versus ?bf?t. The number density ratio was
fixed at 0.0l1. As Vy/V. decreases, wavelengths
of plasma oscillations decrease. For Vy,/Vy ¢
4.5 wavelengths of plasma oscillations are

less than the 215 meter anteona on ISEE-1. . .

Figure 12 Three examples of model distributions are illus-

trated. In the first panel, a beam with a



Figure 13

velocity of =10,000 km/sec is added to the model
solar wind distribution. The resulting distri-
bution is comparable to the observed distribution
in the first panel of Figure 8., The next two
panels show the effects of averaging beams at
different velocities. No positive slope 1s
observed in either distribution. These distribu-
tions serve to illustrate that an average of
beams at different velocities could account for
the lack of a positive slope in the observed

reduced distributions in Figure 8. « + « s s «» « 67

The definition of Diff depends on whether
ISEE-1 is upstream or downstream of the
tangent field line. If ISEE-1 is upstream of
the tangent field line (left panel), then
Diff is defined as the length of the lime \
segment that is perpendicular to both the
spacecraft magnetic field line and the bow
shoeck, If ISEE-1 is downstream of the fore-
shock boundary (right panel) then Diff is
defined as the distance from the tangent
field line to the spacecraft, measured along

the solar wind direction. . o « « o« « & 2 s & & 69
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I. INTRODUCTION

In this thesis, observations of electron plasma oscillations are
interpreted using a beam-plasma theory. Electron plasma oscillations
upstream of the Earth's bow shock were first reported by
Fredricks et al. [1968]. Using 0GO-5 spacecraft data, they reported
enhanced electric field intensities near the local electron plasma fre-
quency. Also using 0GO-5 spacecraft data, Scarf et al. [1971] identi-
fied electric field enhancements near the local plasma frequency and
associated Chese enhancements with electrons streaming from the bow
shock., The waves were lidentified by Scarf et al. as either electron
plasma oscillations or upper hybrid waves. Fredricks et al. [1971]
demonstrated that observations of electric field enhancements near the
plasma frequency were consistent with the interpretation that the waves
were electron plasma oscillations generated by a beam—-plasma interac—
tion. The electrostatic nature of the waves was confirmed by Rodriguez
and Gurnett [1975], using simultaneous electric and magnetic field
measurements from IMP-6.

Following the lidentification of the emissions as electron plasma
oscillations, their polarization and wavelength were measured by sever-
al investligators. The polarization of the emissions was measured from
IMP-6 data by Rodriguez and Gurnett [1975, 1976]. The polarization was
found to be primarily along the magnetic field. This measurement con-

firmed the identification of the waves as electron plasma oscillations,



and eliminated the possibility that they are upper hybrid waves. The
wavelength of plasma oscillations was estimated to be several kilome-
ters by Gurnett and Frank [1975]. These wavelength estimates were con-
firmed by Gurnett et al. [1979] and Anderson et al. [1981], using
ISEE-1 and -2 electric field data.

Filbert and Kellogg [1979] considered the characteristics of the
beam generated plasma oscillations in more detail. They considered the
effect of the motion of the solar wind on electrons streaming from the
bow shock. Electrons streaming from the bow shock are convected
downstream due to the v x B electric field of the solar wind. As
illustrated in Figure 1, high energy electrons originating from the
tangent point define a boundary called the electron foreshock boundary.
Upstream of this boundary, no electrons streaming from the bow shock
are observed. The region downstream of the foreshock boundary and
upstream of the bow shock is called the electron foreshock region.
Filbert and Kellogg noted that electrons streaming into the solar wind
from the bow shock with velocities below a certain critical velocity
are convected downstream before they reach the spacecraft. The magni-
tude of the critical velocity depends on the location of the spacecraft
in the foreshock region. In the foreshock region, the reduced one
dimensional electron distribution in the plasma rest frame has a posi-
tive slope at the critical velocity. This reduced electron distribu—
tion is called a time—of-flight distribution. Filbert and Kellogg con-
sidered a model time—of-flight distribution with the ecritical velocity

much greater than the electron thermal velocity and demonstrated that



plasma oscillations can be generated near the electron plasma fre-
quency. This model is valid for times when the spacecraft is located
at the foreshock boundary. Intense electrostatic emissions at the
plasma frequency were reported by Filbert and Kellogg colncident with
foreshock boundary erossings. They suggested that high energy electron
beams, of the type first reported by Anderson [1968, 1969], should be
coincident with foreshock boundary crossings. Thin sheets of high
energy electrons assoclated with the foreshock boundary were reported
by Anderson et al. [1979].

Plasma oscillations are observed to vary in frequency. Frequency
variations of plasma oscillations on the order of a few kHz were
reported by Fredricks et al. [1972]. These frequency varlations were
correlated with fluctuations In both the local electron density and the
total magnetic field. Based on the magnetiec field fluctuations, it was
suggested by Fredricks et al. that these frequency variations were
caused by electron density fluctuations associated with oblique mag-
netohydrodynamic waves in the foreshock region. An example of fre-
quency variations of plasma oseclllations is illustrated in Figure 2.
Figure 2 is a frequency-time spectrogram from ISEE-1. The local plasma
frequency, which varies between 20 and 30 kHz, was calculated from
measurements of the electron density. Emissions identified as electron
plasma oscillations occur at the local plasma frequency. The presence
of ion acoustie waves between 0 and 10 kHz has been correlated with

ions streaming from the bow shock [Scarf et al., 1970]. These ions are



believed to provide a source of free energy for genmeration of magneto-
hydrodynamic waves [Scarf et al., 1970].

Frequency variations of plasma oscillations were also reported by
Rodriquez and Gurnett [1975]. Rodriguez and Gurnett reported observa-=
tions of electrostatic emissions from 3 kHz to the plasma frequency,
which is usually about 30 kHz. It is not clear from their study which
electrostatic wave mode was observed below the plasma frequency. The
emissions observed could have been a mixture of ion acoustic waves,
which range from 0 to 10 kHz, and electron plasma oscillationms, which
as will be shown, range from near 0 kHz to about 30 kHz. It was sug-
gested by Rodriguez and Gurnett that the emissions below the plasma
frequency were plasma oscillations that were strongly Doppler shifted
due to the motion of the solar wind. However, their explanation is
doubtful because if the wavelength is several kilometers, as estimated
by Gurnett and Frank [1975], then the Doppler shift due to the motion
of the solar wind is less than 1 kHz.

The purpose of this thesis is to report and interpret new observa-
tions of electron plasma oscillations downstream of the electron fore-
shock., It will be shown that plasma oscillations can be observed at,
above, and in some cases substantially below the plasma frequency. The
observed frequency shifts are correlated with the spacecraft location
in the foreshock region and with variations in the spectrum of eleec-
trons arriving from the bow shock. A mechanism for generation of plas-

ma oscillations at all observed frequencies will be suggested. Predic-



tions from the mechanism are found to agree with cobservations of fre-
quency shift, bandwidth, and wavelength of plasma oscillations.
Plasma wave data from the University of Iowa plasma wave lnstru-—
ments on ISEE-1 and —2 are used in this study. A description of the
plasma wave instruments is given by Gurnett et al, [1978]. Density,
solar wind velocity, and temperature values in this study are a result
of moment calculations of three dimensional distributions measured by
the Goddard Space Flight Center electron spectrometer on ISEE-l. For
information on the Goddard Space Flight Center electron spectrometer,
see Ogilvie et al. [1978]. In addition to moments of the electron
distribution, the time evolution of the reduced one dimensional elec—

tron distribution, F(vj) is used in this study.



II. OBSERVATIONS OF PLASMA OSCILLATIONS

Electron plasma oscillations observed in the electron foreshock
region occur at the local plasma frequency, and in some cases may
shift slightly above or substantially below the plasma frequency.
Plasma oscillations are observed at frequencies ranging from less than
0.1 fpe to about 1.1 fpe. For the foreshock region, this frequency
range is from about 3 to 30 kHz. A typical example of plasma oscilla-
tions that are shifted substantially from the plasma frequency is
illustrated in Figure 3. The upper panel of Figure 3 is a wideband
frequency-time spectrogram from the ISEE-1 wideband receiver which was
taken when the spacecraft was located in the foreshock region. In the
lower panel of Figure 3, the plasma frequency was calculated from the
equation fo = 9000v/n,, where n, is the electron density in units of
cu?, and the frequency is in Hz. During the time interval from 0633
-UT to 0633:30 UT, the plasma osclillations are seen Co vary from the
plasma frequency to about .25 Wpe » There is a difference between fre-—
quency shifts of plasma oscillations presented in this paper and fre-
quency variations reported by Fredricks et al. [1972]. The plasma
oscillations illustrated in Figure 3 are not always at the plasma
frequency, whereas plasma oscillations reported by Fredricks et al. and

jllustrated in Figure 2 are always at or near the plasma frequency.



Another characteristic of plasma oscillations is illustrated in
Figure 3. At 0638:40 UT, the plasma oscillations appear as a narrow-
band emission near the plasma frequency. From 0638:40 UT to 0639 UT,
the plasma oscillations shift downward from the plasma frequency.
Coincident with this shift, the bandwidth of the emissions increases
from a few hundred Hz to about *2 kHz. From the study of numerous
events such as those illustrated in Figure 3, it was found that an
inerease in the bandwidth of plasma oscillations always accompanies a
large shift in the frequency away from the plasma frequency.

In addition to the change in the bandwidth, the wavelength of
plasma oscillations below the plasma frequency also changes. The wave-
length of electrostatic emissions such as plasma oscillations can be
infered by comparing spectral density measurements obtained from two
different length electric antennas. To obtain the wavelengths of
plasma oscillations at the plasma frequency, Gurmett et al. [1979]
compared spectral density measurments from a 215 meter dipole antenna
on ISEE-1 to measurements from a 30 meter dipole antenna on ISEE-2, It
was found that spectral density measurements at the plasma frequency
from the two antenna agreed within 10%. Gurnett et al. concluded that
plasma oscillations at the plasma frequency have wavelengths longer
than the antenna on ISEE-1. A typical electron Debye length in the
foreshock region is 9 meters, so plasma oscillations at the plasma fre-
quency satisfy the relation, kipg << 1. The long wavelengths of plasma
oscillations observed at the plasma frequency were also verified by

Anderson et al. [1981] using the same method.



In this study, electric field spectrums obtained from ISEE-1
plasma wave data are compared to ISEE-2 for times when plasma oscilla-
tions are observed to shift well below the plasma frequency. Spectrums
from over 15 hours of data containing downshift events were compared.
An example of this comparison is illustrated in Figure 4, The electric
field spectrums were averaged over 20 mlnutes to obtain the graph
illustrated in Figure 4. During the 20-minute interval the spacecraft
were 17 km apart and both spacecraft were moving at about 1 km/sec.
The long averaging time and the close proximity of ISEE-1 to ISEE-2
were chosen to reduce temporal and spatial aliasing of the separate
measurements of the spectral demsity. For frequencies between 10 kHz
and 20 kHz, the spectral densities measured by ISEE-2 are greater than
those measured by ISEE-1 by about a factor of 5. At the local plasma
frequency (30 kHz), the spectral density measurements from the two
spacecraft differ by less than 10%. The difference in the measured
spectral densities for frequencies between 10 kHz and 20 kHz is inter-—
preted as an indication that the wavelengths of plasma oscillations
below the plasma frequency are between 30 and 215 meters. Since a
typical Debye length for the foreshock region is about 9 meters, wave-
lengths between 30 and 215 meters satisfy kips = 1. As a result of
study of numerous spectral density comparisons similar to the one
illustrated in Figure 4, it is concluded that when the frequency is
shifted well below the plasma frequency, plasma oscillations have
short wavelengths, A = 2wlpe, and when the frequency is at the plasma

frequency, plasma oscillations have long wavelengths, A >> Aps. The



wavelength is assumed to decrease in a continuous manner because plasma
oscillations shift in a continuous manner from the plasma frequency to
well below the plasma frequency.

Although plasma oscillations below the plasma frequency have short
wavelengths, the observed shifts from the plasma frequency can not be
attributed entirely to Doppler-shifts. Consider for example, the event
illustrated in Figure 3. On October 31, 1977, at 0633 UT, the solar
wind velocity was 335 km/second, the number density was 5 cn~? and the
electron temperature was l.l x 109K, Assuming plasma oscillations with
a minimum wavelength of 2mlAps, the maximum Doppler shift is estimated
to be 5 kHz., The maximum Doppler shift is only about 50% of the
observed shift from the plasma frequency in Figure 3. For example, at
0638:50, plasma oscillations are observed at «33 EPE, but plasma oscll-
lations Doppler-shifted from the plasma frequency would occur at or
above .7 fpe'

A study was performed to determine where in the foreshock region
large deviations from the plasma frequency occur. The three dimen-
sional model of the bow shock used in the study is discussed by Filbert

and Kellogg [1979]. The equation for the bow shock is,

X = l4.6 - 0.0223 (Y2 + 22) (1)

where X, Y, and Z are the geocentric solar ecliptic (GSE) coordinates

of the bow shock in units of Earth radii. ISEE-1 data pool values for

spacecraft coordinates and magnetic field components were used. The
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solar wind flow velocity was assumed to be in the —-Xggg direction. If
the magnetic field was found to intersect the bow shock, then the
distance along the solar wind velocity from the tangent field line to
the spacecraft field line was computed. This distance is an indication
of the depth of penetraéinn of the spacecraft into the foreshock
region. A detailed description of the procedure used to determine the
spacecraft location in the foreshock region is presented in Appendix A.
In this study, 25 hours of wideband data containing over 150 foreshock
boundary crossings were used. These events covered a wide range of
magnetic field geometries and spacecraft locatioms.

The characteristics of plasma oscillations were found to depend on
the depth of penetration of the spacecraft into the foreshock region.
Plasma oscillations are observed at or near the plasma frequency coin—
cident with times when ISEE-1 was within one Earth radii of the fore-
shock boundary. The observations of plasma oscillations much below the
plasma frequency were found to be coincident with times when ISEE-] was
many Earth radii downstream of the foreshock boundary. An example of
the correlations discussed above is illustrated in Figure 5. The upper
panels of Figure 5 are ISEE-1 wideband data for September 3, 1978 (day
246), 1258 to 1301 UT and 1322 to 1325 UT. The lower panels of Figure
5 are planes defined by the magnetic field averaged over 64 seconds and
the solar wind velocity. All downstream convection of electrons to the
spacecraft occurs in these planmes. As illustrated in Figure 5, ISEE-1
was located about 15 Earth radii downstream of the foreshock boundary

at 1300 UT. At this time, the plasma oscillations vary from the plasma
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frequency to as much as 10 kiiz below the plasma frequency. At 1323 UT,
ISEE-1 was less than | Earth radii downstream of the foreshock bound-
ary. At this time, the plasma oscillations consist of a narrowband
emission at the plasma frequency.

In addition to a study of the correlation between plasma wave data
and spacecraft location in the foreshock region, a study of the corre=
lation between plasma wave observations and electron data from the
Goddard Space Flight Center electron spectrometer was made. The wave
and particle data from over 50 foreshock boundary crossings were
compared. The electron spectrometer was chosen for this study because
this instrument can detect the electrons responsible for generation of
plasma oscillations and reduced one-dimensional distributions can ba
generated from the electron data.

A good correlation was observed between the shift of plasma oscil-
lations from the plasma frequency and the increase in the flux of ener-
getic electrons at successively lower velocities. One example of this
correlation i1s illustrated in Figure 6. The upper panel of Figure 6 is
a plot of iso-contours of constant F(vy) for the reduced one dimen—
sional distribution function for electrons propagating upstream from
the bow shock. The electron thermal velocity is about 1500 km/sec. A
shift of a contour from low to high velocities is an indication of an
increase in the flux of electrons. For example, from 1237 - 1238, the
contour at 10,000 km/sec shifts to about 12,000 km/sec, indicating an
inerease in the flux of electrons with velocities equal to 10,000

km/sec. The middle panel is a frequency-time spectrogram. In the
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middle panel, the narrowband emissions at 18 kHz are electron plasma
oscillations. The lower panel is a plot of the value of Diff, where
Diff is defined as the distance from the tangent field linme to the
spacecraft, measured along the solar wind direction., A large, negative
value of Diff implies that the spacecraft is far downstream of the
foreshock boundary. A positive value of Diff implies that the space-
craft is on a field line which is not connected to the bow shock.

From 1237:15 to 1239, Diff changes from about -5 Bg to -60 Rg,
indicating that the location of ISEE-1 in the foreshock region changes
from near the foreshock boundary to far downstream of the foreshock
boundary. Coincident with the change of location in the foreshock
region, plasma oscillations shift upward to about l.l fpe, and then
downward to about .7 fpe. As the plasma oscillations shift downward in
frequency, the flux of energetic electrons arriving from the bow shock
increases at successively lower velocities from 1237:15 to 1239. This
trend is illustrated by the first dashed line in the upper panel of
Figure 6. From 1240:30 to 1242, Diff changes from about =120 Bg to
-5 Bg, indicating that the locatiom of ISEE-1 in the foreshock reglon
changes from far downstream of the foreshock boundary to near the fore-
shock boundary. The change in the location is accompanied by a shift
of plasma oscillations from about .6 fpe to 1.0 fge. The change in the
location is also accompanied by a decrease in the flux of successively
higher velocity electrons, as illustrated by the second dashed line in
the upper panel of Figure 6. From 1242 to 1244, ISEE~1 is on a mag-

netic field line which may not be connected to the bow shock. There is
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no evidence of electrons from the bow shock with wvelocities less than
30,000 km/sec in the electron data. The emissions observed at the
plasma frequency from 1242 to 1244 may be generated by electroms from
the bow shock with velocities greater than 30,000 km/sec or may be
enhanced thermal emissions. The intensity of these emissions is four
orders of magnitude lower than plasma oscillations that are associated
with electrons from the bow shock at 1241, There is no change in the
apparent intensity of the emissions in the frequency—-time spectrogram
because of an automatic gain control on the wideband receiver.

The dark band of noise below 10 kHz in Figure 5 is an artifact of
the processing of the wideband data and is not ion acoustic waves. The
lack of presence of ion acoustic waves from 1237 to 1245 UT is an
indication that there are no ions streaming from the bow shock present
for the entire time interval. Since the downshifts of plasma
oscillations occur during the time interval, it is concluded that the
downshifts are not generated by the presence of ion beams.

The correlation between the increase in the flux of energetic
electrons at successively lower velocities and the deeper penetration
of the spacecraft into the foreshock region may be an indication that
the time-of-flight mechanism discussed by Filbert and Kellogg has an
effect on the electron distribution from velocities much greater than
the electron thermal velocity to velocities on the order of the elec—
tron thermal velocity. This effect is illustrated in Figure 7. When
ISEE-1 is far downstream of the foreshock boundary (Figure 7, case 1),

the critical velocity may be on the order of the electron thermal
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velocity. When ISEE-1 is near the the foreshock boundary (Figure 7,
case 2), the critical velocity is much greater than the electron
thermal velocity.

An study of electron data for several foreshock boundary crossings
was made to determine if unstable distributions of the type reported by
Fitzenreiter et al. [1984] are observed when ISEE-1 is in the foreshock
region. Reduced one-dimensional distributions that may be unstable to
generation of plasma oscillations were found for times when ISEE-1 was
located near the foreshock boundary. As the spacecraft penetrated
deeper into the foreshock region, the reduced distribution was observed
to evolve from a double-peaked distribution to a single-peaked distri-
bution. An example of the time evolution of a reduced distribution is
illustrated in Figure 8. The upper part of Figure 8, shows three
reduced distributions generated from data taken over 3-second intervals
spaced 18 seconds apart. In the lower part of Figure 8, a frequency-
time spectrogram and a plot of Diff are illustrated. From 1237:16 to
1238:20, Diff changed from -5.6 Rz to —-19.0 Rg, indicating that ISEE-1
was near the electron foreshock boundary. Coincident with this time
period at 1237:51, a second peak with a number denmsity of about 10-3
- 107" n, and a parallel velocity of about 9,500 km/sec 1s observed in
the reduced distribution. In the second distribution, at 1238:09, a
plateau at a parallel velocity of about 6,000 km/sec is observed in the
reduced distribution. At 1238:27.6, when ISEE~1 is about 25 Rg down-

stream of the foreshock boundary and plasma oscillations occur below
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the plasma frequency, there is no second peak or plateau visible in the
reduced distribution.

A simulation of another event similar to the one discussed above
was made to determine if the electron spectrometer could detect a low
density beam at velocities on the order of the electron thermal velo-
city. In the simulation, the instrument's velocity space sampling was
used to sample a model plasma and beam distribution. It was found that
a beam with np = 1072 - 10-3 ng could be detected for any beam velo-
city, provided that the beam remained at a fixed velocity for the 3
seconds used to generate a reduced distribution. Reduced distributions
can be generated from less than 3 seconds of data, however, coverage of
velocity space is reduced and the chances of detecting beams are
diminished.

From the study of wideband data similar to that shown in Figure 8,
there are indications that plasma oscillations below the plasma
frequency may be generated by a beam whose velocity varies signifi-
cantly over a 3-second time period. Imspection of wideband spectro—
grams reveals that plasma oscillations below the plasma frequency are
time varying emissions spread over a broad range of frequencies., Typi-
cally, bursts of less than 50 milliseconds separated by a few tens of
milliseconds, are observed. The bandwidths of these bursts are usually
about 5 kHz. When these bursts are illustrated in a compressed time
format as in Figure 6, they appear continuous. When the time scale is
expanded as in Figure 8 at 1238:20 - 1238:35, plasma oscillations below

the plasma frequency are bursts of short duration which vary in
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frequency. It will be shown in the next sections that, in the context

of linear plasma theory, the temporal and frequency variations of

plasma oscillations below the plasma frequency are consistent with the
interpretation that plasma oscillations are generated by a beam that
varies significantly in velocity space on time scales of a few tens of

milliseconds, These time scales are much too short for detection of a

beam with any electron detector.

Before considering a mechanism for generation of plasma oscilla-
tions at, somewhat above, and much below the plasma frequency, a
summary of the basic characteristics of the upstream plasma oscilla-
tions is given below.

1. Plasma oscillations are observed at frequencies ranging from less
than 0.1 f,, to about 1.1 fpe'

2. As plasma oscillations shift below the plasma frequency, their
bandwidth increases from a few hundred hertz near the plasma
frequency to %2 kHz well below the plasma frequency.

3, Plasma oscillations at the plasma frequency have wavelengths much
greater than a Debye length. Plasma oscillations at frequencies
well below the plasma frequency have wavelengths on the order of a
few Debye lengths.

4, Plasma oscillations much below the plasma frequency are correlated
with times when ISEE-1 is located deep in the foreshock regionm, far

downstream of the foreshock boundary.
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As plasma oscillations shift from the plasma frequency, the flux of
energetic electrons from the bow shock increases at successively
lower velocities.

The reduced distribution appears to evolve from a double-peaked
distribution at the foreshock boundary to a single-peaked
distribution downstream of the foreshock boundary. Coinecident with
this evolution of the reduced distribution plasma oscillations
change from continuous and nearly monochromatic emissions at the
plasma frequency to time and frequency varying emissions below the

plasma frequency.
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III, BEAM-PLASMA THEORY

As discussed in the introduction, a mechanism for producing
unstable electron distribution functions was demonstrated by Filbert
and Kellogg [1979]. They considered an electron distribution at times
when a spacecraft is located near the foreshock boundary. For these
times, the critical velocity of the beam is much greater than the elec-
tron thermal velocity. Downstream of the foreshock boundary, the
critical velocity of the beam approaches the electron thermal velocity.
To obtain solutions of the linear dispersion relation valid for the
entire foreshock region, one must consider a beam-plasma interaction
without the restriction that the beam velocity be much greater than the
electron thermal velocity. Briggs [1964], Reinleitner et al. [1983],
and Grabbe [1984], have considered approximations to the linear disper-
sion relation and have obtained analytical solutions for w(k)., In this
paper, a numerical solution to the dispersion relation for a plasma and
an electron beam will be presented. Solutions to the dispersion rela-
tion are obtained for all beam velocities.

Solution of the linear Vlasov equation yields a dispersion rela-

tion of the form,

mz aF {vz]flhr
D(k,w) = 0=1- 5 B2 [ 22 2 dv (2)
5 k z

1]
2Tk
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where Whg is the plasma frequency of the sth gpecies, k is the wave
number, Fyg(vz) is the reduced one dimensional distribution function
for the sth species, and w is the complex frequency.

The electron distribution in the foreshock reglon is approximated

by a Maxwellian distribution,

172 2 2
1 e et el (3)

1
I P [ Rpee )
t

where Vi is the electron thermal velocity. The electron distribution
in the foreshock is more closely approximated by a bi-Maxwellian
[Feldman et al., 1975]. However, the results presented below using a
single Maxwellian do not differ greatly from the results obtained using
a bi-Maxwellian. The electron beam is approximated by a Lorentzian

distribution,

5

1

2
Cb + {vz v

(4)

%
Foh(vz} = T 2

b}

where C, is the thermal velocity of the beam and Vi, is the beam
velocity. Tons are neglected because the downshift of plasma
oscillations occur when there are no lons observed streaming from the
bow shock and because the solar wind ion distribution has a negligible

effect on solutions of the dispersion relatiom.
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Substituting Equation 3 and Equation 4 into Equation 2 and

integrating one finds,

a /n_(ki )2
2
(k J‘nevbﬁt - ileETthe - mmeE}

D(k,w) = 0 = 1 + (Kipe) + 22(z) -

(5)

Where ny and ng are the number density of the beam and the plasma,
respectively, Ty and T, are the temperatures of the beam and the
plasma, respectively, z = w/k ?tJf, and Z(z) is the plasma dispersion
function [Fried and Conte, 1961].

Equation 5 was solved for w(k) numerically using the Muller method
[Muller, 1956]. An example of solutions of Equation 5 is illustrated
in Figure 9. This illustration shows a graph of, mifmpe versus mrfmpe
for Ty/Te = 0, np/n, = 0.01, and Vy/Ve = 0.5, 1.0, 2.0, 2.5, and 3.0,
where w; is the growth rate and w. is the frequency. For specific
values of Vu/Vp, Tp/Te, and np/ng, the frequency with the largest
growth rate will be the observed frequency. Figure 10 shows the fre-
quency of maximum growth versus Vyu/Vy, for np/ng = 0.01 and Ty/Te = 0,
0.005, 0.01, 0.05, and 0O.l. The wave number of maximum growth versus
Vy/Ve for the same values of ny/ng and Ty/Te is illustrated in Figure
11.

The values of np/n, and Ty/Tg were chosen to approximate condi-
tions in the foreshock region. Typically, density ratios are on the

order of 1072 - 1073, The small temperature ratios were chosen to
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approximate the steep positive slope of the electron beams. The steep
positive slope is due to the time-of-flight mechanism. From Figure 10
one can see that if the beam temperature changes from Ty/Tg = 0 to
Tp/Te = 0.1, a downshift of plasma oscillations occurs if 0 < Vp/Ve <
3. A change in the beam temperature may also occur simultaneously with
a change in the beam velocity as the spacecraft penetrates deeper into
the foreshock region. An indication of a change in the beam tempera-
ture is illustrated in Figure 6. From 1238:30 to 1239, the contours of
the reduced distribution at velocities less than 5000 km/sec shift more
gradually as ISEE-1 penetrates more deeply into the foreshock region.
The more gradual shift in the contours may be an indication that the
steep positive slope of the time-of-flight distribution occurs near the
foreshock boundary and becomes less steep as ISEE-1 moves into the
foreshock region. Such a change in the steepness may increase down-—
shifts of plasma oscillations from the plasma frequency.

Analytical solutions to the dispersion relation can be obtained by
considering two limiting forms of Equation 5. By obtaining these solu-
tions, the influence of various parts of the dispersion relation on the
frequency of maximum growth is illustrated. The limiting forms of
Equation 5, for slightly different initial conditions, are discussed by
Briggs [1964] and Grabbe [1984].

The first limiting form of Equation 5 can be obtained by assuming
Vp/Ve >> 1. This limiting form is equivalent to the high phase velo-
city approximation, w/k >> V.. Using the high phase velocity approxi-
mation for the plasma dispersion function (and in the limit of w; + 0),

Equation 5 can be approximated as,
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where the additional assumption of a cold beam Ty/Tg + 0 has been made .
The third term in Equation 6 is a result of choosing a Maxwellian dis-
tribution for the electrons. By neglecting the third term, Equation 6
can be solved for small np/n, using the weak beam approximation

[Mikhailovskii, 1974]. Assuming w. = upe + Sw, one finds,

w, = mpe[l . nh,fnwaj (7

[}
277

Neglecting the fourth term in Equation 6 instead of the third term, one

finds the solution to the resulting Equation is [Bohm and Gould, 1949],
wp? = wpe?(1 + 3(kipe) ?) (8)

The curve illustrated in Figure 9 for values of Vy/Vy > 3 results
from a combination effects illustrated by Equations 7 and 8., For 2 <
Vp/Ve < 4, kipe is slightly less than one, so the approximation used to
obtain Equation 8 is valid resulting in wp > wpe. For Vy,/Ve 2 4, kipe
is much less than one, so the approximation used to obtain Equation 7
is valid resulting in wp < wpe. If the beam density becomes a signi-

ficant fraction of the plasma density, one can see that uwy << pe could
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result. This case is not considered because the typical beam densities

in the foreshock region are very small compared to the plasma den-

gities.

The second limiting form of Equation 5 is obtained by assuming
Vp/Ve << 1. This limit is equivelent to the low phase velocity limit,
wef/k €< Veo For wp/k << Vp and w; + 0, 2zZ(z) = 0, so Equation 5 is

approximated by,

/2 dpg)
; (9
(A VoV, = e )

D(k,w) = 0 = 1 + (kipe)? -

where the additional assumption of a cold beam, Ty/Tg + 0, has been

made. Solving this equation for w. one finds,

. nb!'nn 1/2
w_ = uJPE k'\'ﬂe [?bf?t n WJ ) (10)

The general shape of the curve in Figure 9 can be predicted using
the approximations to the frequency of maximum growth in Equatioms 7,
8, and 10. From Equation 10 one can see that if V/Vy << 1 and
np/ng << 1, then mrf“be ¢¢ | and from Equation 8 one can see that If
Vp/Ve = 3, then wp/uwpe > 1. Thus, the curve of wy/uwpe versus Vp/Ve is
predicted to vary smoothly from ”rfmpe = 0 and Vp/V. =0 to Nf;“bﬂ > 1

and Vy/V¢ = 3. From Equation 7, one can see that if Vy/V. >> 1, then



24

mrpre < 1. Thus the curve of “r;“pe versus V/Vy is predicted to vary
smoothly from w/wpe > 1 and Vp/Ve = 3 to w/upe < 1 and Vp/Ve 5> 1.
The solutions in Equations 7, 8, and 10 are only approximate and
breakdown when Vi/Ve = 1, so one must solve the full dispersion rela-
tion (Equation 5) numerically as was done to obtain Figures 9, 10 and

11.



25

IV. COMPARISON OF THEORY TO OBSERVATIONS

In this section, the observations of plasma oscillations summar-
ized at the end of Section II are compared to the predictions from the
beam—plasma theory presented in Section III.

Plasma oscillations are observed at frequencies ranging from less
than 0.1 fpe to about 1.l fpe' In Figure 10, the observed frequency
range is reproduced by an electron beam that varies in velocity from
Vp/Ve >> 1 to Vy/Ve = 1. The time-of-flight mechanism causes the beam
velocity variation. When the spacecraft ls near the foreshock bound-
ary, only high velocity electrons reach the spacecraft, resulting in
Vy/Ve > 1. Far downstream of the foreshock boundary, electrons with
velocities on the order of the electron thermal velocity reach the
spacecraft, resulting in Vy/Vy = 1. Thus, the beam—plasma interaction
and the time—of-flight mechanism combine to produce plasma oscillations
in the observed frequency range.

As plasma oscillations shift below the plasma frequency, their
bandwidth increases from a few hundred hertz near the plasma frequency
to *2 kHz well below the plasma frequency. This increase in bandwidth
may be produced by a small fluctuation in the beam velocity. A small
fluctuation in the beam velocity could occur in the foreshock region
because of changes in the magnetic field geometry. The effect of a

small fluctuation in the beam veloeity is understood by considering
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Figure 10. For Vy/V. > 4, the curve of w/wpe versus V/Vy has near
zero slope. For a small fluctuation in the beam veloclty, plasma os—
cillations are generated over a narrow range of frequencies centered
near the plasma frequency. For Vi/Vy = 1, the curve of mrfmpe versus
Vy/V. has a large, positive slope. For a small fluctuation in the beam
velocity, plasma oscillations are generated over a broad range of fre-
quencies centered well below the plasma frequency.

The increase in the bandwidth as plasma oscillations shift below
the plasma frequency may also be a consequence of the nature of the
solutions of the dispersion relation. From Figure 8, it is concluded
that when Vy/V. = 3, plasma oscillations are narrow band emissions near
the plasma frequency because the growth rate versus frequency is
sharply peaked near the plasma frequency. When Vy,/Ve = 1, plasma
oscillations may occur over a broad range of frequencies because the
growth rate varies by a small amount over a broad range of frequencies
centered well below the plasma frequency. Thus, the change in band-
width may be either a consequence of the nature of the solutions to the
dispersion relation or may be a result of a fluctuation in the beam
velocity.

Plasma oscillations at the plasma frequency have wavelengths much
greater than a debye length. Plasma oscillations at frequencies well
below the plasma frequency have wavelengths on the order of a few debye
lengths. The change in wavelength as plasma osclllations shift below
the plasma frequency is illustrated in Figures 10 and 1ll. For
Vy/Ve >> 1, plasma oscillations occur near the plasma frequency and

have long wavelengths, (kipg << l). A4s vbfvt decreases plasma
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oscillations shift first above, then below the plasma frequency and the
wavelengths shift from A >> Apg to A = Jp,. One can understand why the
wavelengths of plasma oscillations well below the plasma frequency are
greater than the 30 meter electric antenna on ISEE-2 and less than the
215 meter electric antenna on ISEE-1 by considering some typical plasma
parameters for the fourshock region. If one considers a typical elec-
tron temperature and number density of 1.5 x 105K and 9 em™3, respec-
tively, then ipe = 9 meters. If 2mip, is used as the criteria for the
minimum wavelength in the plasma, then Ay, = 56 meters. This minimum
wavelength is greater than the length of the 30 meter electric antenna
on ISEE-2 but less than the length of the 215 meter antenna on ISEE-1.
For A = 215 meters, kipg = 0.23., Referring to Figure 11, if kipe =
0.23, then for Vu/Vy < 4, the wavelengths of plasma oscillations are
less than 215 meters. When the spacecraft is located deep in the fore-
shock region, as in the example illustrated in Figure 4, Vi/V, < 4 is
gatisfied, so the wavelengths are between 30 and 215 meters. One can
see that the observed wavelengths of plasma oscillations at and below
the plasma frequency are predicted using the beam—plasma theory.

Plasma oscillations much below the plasma frequency are correlated
with times when ISEE-1 is located deep in the foreshock region, far
downstream of the foreshock boundary. This correlation can be under-
stood by considering in Figure 7. When ISEE-1 is located near the fore-
shock boundary (case 1), Vy/Vy is much greater than one, resulting in

plasma oscillations at the plasma frequency. When ISEE-1 is located
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deep in the foreshock region (case 2), V,/Vy is approximately equal to
one, resulting in plasma oscillations well below the plasma frequency.
The ecritical velocity can be computed using the equation, [Filbert

and Kellogg, 1979]

DV
s5W

Ve ¥ DIEE (11)
where V, is the critical velocity, D is the distance from the tangent
point to the spacecraft, Diff is the distance from the spacecraft to
the tangent field line along the solar wind velocity direction, and Vgy
is the solar wind velocity. For the event in Figure 5, at 1300 UT, V.
= 0.9 V.. Since V/Vp < 1, plasma oscillations are expected and ob-
served below the plasma frequency. In Figure 5, for the event at 1323
UT, Vo = 6 V.. Since V. = 6 Vi, plasma oscillations are expected and
observed at the plasma frequency. Thus, a comparison of the observed
frequencies of plasma oscillations is in agreement with the predicted
critical velocities.

As plasma oscillations shift from the plasma frequency, the flux
of energetic electrons from the bow shock shifts from velocities much
greater than the electron thermal velocity to velocities on the order
of the electron thermal velocity. This shift in velocity is inter-
preted as an indication that the time—of-flight mechanism discussed by
Filbert and Kellogg is wvalid not only near the foreshock boundary,

but is also valid far downstream of the foreshock boundary. Thus,
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plasma oscillations throughout the foreshock region are generated by
a beam—plasma interactiom.

The reduced distribution appears to evolve from a double-peaked
distribution at the foreshock boundary to a single—peaked distribution
downstream of the foreshock boundary. Coincident with the evolution of
the reduced distribution, plasma oscillations change from continuous
and nearly monochromatic emissions at the plasma frequency, Co time and
frequency varying emissions below the plasma frequency. This apparent
evolution from a double-peaked distribution to a single-peaked distri-
bution is the only observation in this thesis that is inconsistent with
the beam—plasma theory presented in Section 3. In the context of lin-
ear plasma theory, the single-peaked distribution observed downstream
of the foreshock boundary does not have a free energy source capable of
driving electron plasma oscillations. The fact that plasma oscilla-
tions are observed downstream of the foreshock boundary may be an indi-
cation that a beam is present in the reduced distribution. Using a
model distribution for the event illustrated in Figure 8, it was found
that the Goddard Space Flight Center Electron Spectrometer was capable
of detecting a beam with any velocity, provided that the beam remained
at a fixed velocity for three seconds used to generate a reduced dis-
tribution. The observations of short duration bursts of plasma oscil-
lations such as those illustrated in Figure B at 1238:20 - 1238:35 are
an indication that downstream of the foreshock boundary, the generation
of plasma oscillations occurs on much shorter time scales than 3

seconds. A typical burst lasts less than 50 milliseconds and has a
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bandwidth of 5 kHz. As pointed out above, a fluctuation in the beam
velocity could account for the 5 kHz bandwidth of the bursts. Any 3
second time period may contalin 20-40 bursts at varying frequencies. In
the context of the beam-plasma theory in Section III, bursts of plasma
oscillations at different frequencies are generated by bursts of
electrons at different velocities. When averaged over 3 seconds, the
bursts of electrons at different velocitles would appear only as an
enhancement in the flux of upstreaming electrons.

Examples of model reduced distributions obtained by averaging
beams at different velocities are illustrated in Figure 12. The solid
line in all three panels is a representation of the solar wind distri-
bution. The solar wind distribution is modeled by two Maxwellians
[Feldman et al., 1975]. In the first panel, a Maxwellian beam, with a
velocity of =10,000 km/sec and a number density of about 1073 is gdded
to the model solar wind distribution. The resulting model distribution
in the first panel is comparable to the observed distribution near the
foreshock boundary (distribution A, Figure 8). In the second distribu—
tion, an average of 6 beams is added to the model solar wind distribu-
tion. These 6 beams have beam velocities ranging from -8,000 km/sec to
-3,000 km/sec with beam temperature and beam density increasing as beam
velocity decreases. The resulting model distribution has a plateau at
a parallel velocity of about —6,000 km/sec. This plateau is similar to
the plateau observed in distribution B in Figure 8. In the third
panel, an average of 6 beams is added to the model solar wind distribu—

tion. These 6 beams have beam velocities varying from —6,000 km/sec to
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-10,000 km/sec with beam temperature and beam density increasing as
velocity decreases, The resulting model distribution shows only an
ephancement of parallel velocities from -12,000 km/sec to =6,000
km/sec. This enhancement is similar to the enhancement observed in
distribution C in Figure 8.

Model distributions B and C in Figure 8 serve to illustrate that
an average of several beams at different velocities could result in a
distribution that does not have a positive slope. The averaging of the
electron spectrometer is much more complicated than the simple aver-
aging used to generate the model distributions in Figure 12, The more
complicated averaging arises because the time it takes the instrument
to make one energy step (~ 20 milliseconds) is comparable with the
duration of the electron bursts (~ 50 milliseconds). Thus, the elec-
tron instrument samples only a small part of the three dimensional
distribution in the time it takes the distribution to change. As a
result, the observed reduced distribution is an average of small
portions of many different distributions. This averaging will degrade
features like a sharp positive slope in the distribution.

Further study of the wave and particle data is needed to confirm
evidence that temporal variations of an electron beam are the reason
why reduced distributions far downstream of the foreshock boundary do
not appear to have clearly defined electron beams. It may be found
that other nonlinear instabilities which do not require an electron
beam will be consistent with some observed characteristics of plasma

oscillations, However, the linear beam—plasma instability presented in



32

this thesis is the most likely generation mechanism at present because
the predictions from this mechanism agree with the observed character-

istics of plasma oscillations in the foreshock region.
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An important part of this thesis was the study of the correlation
between the shifts of plasma oscillations from the plasma frequency and
the location of ISEE-1 in the foreshock region. To study this
correlation, a computer program was written to determine the location
of ISEE-1 in the foreshock region given the magnetic field components
at the spacecraft, the Geocentriec Solar Ecliptic (GSE) coordinates of
the spacecraft, and an equation for the bow shock. Filbert and Kellogg
[1979] discuss a procedure for determining the locationm of the space-
craft relative to the bow shock. Some approximations in their proce-
dure were unnecessary. In the procedure outlined below, the approxima-
tions used by Filbert and Kellogg are not made.

The bow shock surface is represented by a paraboleoid of revolution

about the X-axis [Fairfield, 1971],
X=X, +KY2+ 22 . (A1)

The magnetic field is represented by a vector,

B = (By, By, By) » (A2)

The spacecraft location relative to the magnetic field line that is

tangent to the bow shock is obtained by determining the following:
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1) If the spacecraft is on a magnetic field line that does not
intersect the bow shock, then find the distance of closest
approach of the spacecraft field line to the bow shock.

2) If the spacecraft is on a field line that does intersect the bow
shock, then find the the distance from the tangent field line to
the spacecraft?

The two possiblilities are illustraged in two dimensions in Figure 12.

If the spacecraft is on a magnetic field line that does not intersect

the bow shock, then Diff is the length of the line segment

perpendicular to both the bow shock and the magnetic field line. If
the spacecraft is on a magnetic field line that does intersect the bow
shock, then Diff is the distance from the tangent magnetic field lime
to the spacecraft, measured along the solar wind direction. In the
right panel of Figure 12, the value of Diff is used to determine the
value for the critical velocity for electrons streaming from the
tangent point.

To simplify the determination of the location of the spacecraft
relative to the bow shock, the GSE coordinate system is first rotated
about the Earth-Sun line (Xggg axis) so that the magnetic field is
parallel to the ¥-Y plane. Using the rotated coordinate system, the

equation for the magnetic field line in parametric form is,

X = Byt + Xg (34)
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= Eét + Y; (44)

Z= Z; . (54)

Where Xg, Y, Z3 are the rotated coordinates of the spacecraft, B, and
B} are the rotated magnetic field components, and t is the parameter
of the line,

If the magnetic field line intersects the bow shock, then at least
one set of values for X, ¥, Z and t can be found that satisfies
Equation 1A, and Equations 3A-5A. Solving Equations lA, 3A-5A for t,

one finds,

Z 2
- 1yl + tipt - B? - LR e T S
- B, EKBFYE L B, musy(ayxa B}Txn KB}FZE Yﬂ(Ex} (64)
2KB' 2 2KB' 2
y y

Using Equation 6A one can determine whether or not the magnetic
field line intersects the bow shock. If the quantity under the square
root in Equation 6A is less than zero, then the magnetic field line
does not intersect the bow shock. 1If it is positive, then the magnetic
field line intersects the bow shock twice.

In the case of no intersection, the distance of closest approach

is determined by finding the gradient of the paraboloid that intersects
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the magnetiac field line perpendicularly, as illustrated in the left

panel of Figure 12. When the gradient of Equation 1 is taken one

finds,

F = (1, -2KY, -2KZ) E (74)

The condition that the gradient be perpendicular to the magnetic field

line can be expressed as,

VFeB' =0 (84)

with,
Bt = 1
B {Bx, EY’ 03 . {04)

From Equations 2A, BA and 9A the value of Y on the parabela is

Bx 1
Yp = ————EKB;_ = e {104)

where a is the slope of the magnetic field line in the ¥-Y plane.
To find the other components (Xp, Zps X, Yy, 21) of the shortest

line segment between the paraboloid in Equation 1A and the magnetic
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field line, one uses Equations 7A and 10A to write the equation of the

line segment that is perpendicular to the paraboloid in parametric form

I= xp + t (11A)
Y = YP - ZKYPt (124)
Z=n zp - 2szt . (134)

If the line segment that is perpendicular to both the bow shock

and the magnetic field line, intersects the magnetic field line, then

X = X, + ¢t (144)
Yy, = Y, — 2KYpt (154)
2y, = Zp — 2KZpt (164)

must be true. Since the value of Y, is known from Equation 104,
Equations 14A-16A contains 6 unknowns; Xp, Yy, Zp, Xp, ZP‘ and t. The
other three equations needed to have a set of six equations with six
unknowns are the equations for the magnetic field line and the

paraboloid,

X, = a¥p, + b (174)

Iy = Zg (184)
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2 2
X =X +KY°+2 194
g " B TR (194)

using Equations 10A and 14A-19A, the values of Xp, Yy, 21, X5, Tp, Zps

and t can be determined, and the length of the line segment is

DLff = /(X - X5) 2 + (I, - Y,)2 + (Zg, - Zp)° (204)

If the magnetic field line intersects the bow shock, then Diff is
defined as the length of the line segment along the solar wind
direction from the tangent field line to the spacecraft, as illustrated
in the right panel of Figure 13. This distance is determined by first
computing the values of X, and Y, from Equations 10A and 144-194A. The
magnetic field line that is tangent to the bow shock and parallel to
the spacecraft magnetic field line has the same slope as the spacecraft
magnetic field line but passes through the point (Xp, Yp). This

tangent field line can be written as

X=3aY+ b . (214)

Substituting xp, T, into Equation 21A, one can solve for b'. Once b'

is known, the value of Yﬁ is substituted into Equation 21A to determine

the value of X on the tangent magnetic field line,



HT = aY; + b’ .

The value of Diff in the case of two intersections 1s

Diff = |Xg - Xr| %

43

(224)

(234)
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Figure 1
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Electrons streaming from the bow shock are convected
downstream due to the motion of the solar wind.
Electrons originating from the tangent point with very
high energies define a boundary called the electron
foreshock boundary. Downstream of this boundary is a
region called the electron foreshock region. In this
region the "beam” of electrons originating from the
bow shock has a characteristic lower cutoff velocity.
This cutoff velocity occurs because electrons below a
certain critical velocity are convected downsCream

before they reach the spacecraft.
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Figure 2

A frequency-time spectrogram from ISEE-1l. Fluectua-
tions in the plasma frequency may be caused by the
presence of oblique, nonlinear magnetohydrodynamic
waves., The presence of ion acoustic waves indicates
the presence of ions streaming from the bow shock.
These ions are believed to provide the free energy

source needed to drive the MHD waves.
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Figure 3
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The upper panel is a frequency-time wideband spectro-
gram from the ISEE-1 wideband receiver taken when the
spacecraft was located in the foreshock region. The
lower panel is a plot of the plasma frequency deter-—
mined from electron density measurements. From

0633 to 0633:30 and from 0638:30 to 0639, plasma
oscillations are observed to shift well below the
plasma frequency. Coincident with these shifts is an
increase in the bandwidth of the emissions from a few
hundred Hz at the plasma frequency to 12 kHz well

below the plasma frequency.
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Figure 4 A plot of a 20-minute average spectral density versus
frequency, for an event when plasma oscillations
occurred well below the plasma frequency. The plasma
frequency for this event was about 30 kHz. For fre-
quencies between 10 and 20 kHz, the spectral demsity
from ISEE-2 is greater than that from ISEE-1 by about a
factor of 5. This difference indicates that the wave-
lengths of the plasma oscillations well below the
plasma frequency are shorter than the ISEE-1 antenna
(215 meters) and longer than the ISEE-2 antenna (30

meters).
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Figure 5
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Plasma oscillations are observed below the plasma
frequency coincident with times when ISEE-1 is located
far downstream of the electron foreshock boundary. In
the left panel, from 1259:15 to 1300:19, ISEE-1 was
about 15 Earth radii from the foreshock boundary.
Coincident with this time, plasma oscillations occur
well below the plasma frequency. In the right panel,
from 1322:45 to 1323:49, ISEE-1 was located less

than one Earth radii from the foreshock boundary.
Coincident with this time, plasma oscillations occur at

the plasma frequency.
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Figure 6
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The upper panel is a plot of iso-contours of the
reduced one-dimensional distribution for electrons
propagating upstream from the bow shock. A shift of a
contour from low to high velocities is an indication
of an increase in the flux of electroms at low velo=
cities. The middle panel is a frequency-time spectro=
gram. The narrowband emissions at 18 kHz are electron
plasma oscillations. The lower panel is a plot of
Diff. A large, negative value of Diff implies that
ISEE~] is Far downstream of the foreshock boundary.
From 1237 to 1239, ISEE-1 penetrates deeply into the
foreshock region, the flux of energetic electrons
shifts to lower velocities, and plasma oscillations
shift first above, then below the plasma frequency.

The reverse happens from 1240 to 1242,
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Figure 7 The reduced one-dimensional distribution depends on
the spacecraft location in the foreshock region. When
the spacecraft is located far downstream the foreshock
boundary (case 1), the critical velocity is on the
order of the electron thermal velocity. When the
spacecraft is located near the foreshock boundary,
(case 2), the critical velocity is much greater than

the electron thermal velocity.

[
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Figure 8

39

In the upper panels, three reduced one-dimensional
distribution obtained from 3 seconds of data spaced 18
seconds apart are illustrated. The middle panel is a
plot of high resolution wideband data. The lower
panel is a plot of Diff. At 1237:51 = 1237:54, a
second peak is observed in the reduced distribution.
At 1238:09.2 - 1238:12.2, a plateau is observed in the
reduced distributionm. At 1238:27.6 -1238:30.6 when
TSEE-1 is about 25 By downstream of the foreshock
boundary, no beam is visible in the reduced distribu-
tion., One reason why no beam is visible may be that
the beam is varying in velocity space much faster than
the 3 seconds used to generate the distribution.
Observations of short duration bursts of plasma oscil-
lations at varying frequencies may be evidence of

temporal variation of the beam.
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Figure 9
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Solutions to the linear dispersion relation D(k,w) = 0
are illustrated. The growth rate or imaginary part of
the frequency is plotted versus the real part of the
frequency. The number density ratio and beam tempera-
ture ratio were fixed at 0.0l and 0.0, respectively.
Curves representing w(k) for various values of Vy/Vg
are illustrated. For specifiec values of Vi /Vy and
np/ng, the observed frequency will be the frequency

with the maximum growth rate.
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Figure 10
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The frequency of maximum growth determined from solu-
tions of D(k,w) = 0 is plotted versus Vy,/Ve. The
number density ratio was fixed at 0.0l. Curves for
various values of Ty/T, are illustrated. For 2 <
Vu/Ve < 5, plasma oscillations occur above the plasma
frequency. For Vy/Vy < 2, plasma oscillations occur

below the plasma frequency.
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Figure 11 The wave number of maximum growth is plotted versus
Vp/Ve. The number density ratio was fixed at 0.01.
As Vy,/V. decreases, wavelengths of plasma oscillations
decrease. For Vy/Vy € 4.5 wavelengths of plasma
oscillations are less than the 215 meter antenna on

ISEE-1.
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Figure 12
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Three examples of model distributlions are illus-
trated. In the first panel, a beam with a
velocity of —-10,000 km/sec is added to the model
solar wind distribution. The resulting distri-
bution is comparable to the observed distribution
in the first panel of Figure 8. The next two
panels show the effects of averaging beams at
different velocities. No positive slope is
observed in either distribution. These distribu-
tions serve to illustrate that an average of
beams at different velocities could account for
the lack of a positive slope in the observed

reduced distributions in Figure 8.
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Figure 13
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The definition of Diff depends on whether ISEE-1 is
upstream or downstream of the tangent field line. If
ISEE—1 is upstream of the tangent field line (left
panel), then Diff is defined as the length of the line
segment that is perpendicular to both the spacecraft
magnetic field line and the bow shock. If ISEE-1 is
downstream of the foreshock boundary (right panel)
then Diff is defined as the distance from the tangent
field line to the spacecraft, measured along the solar

wind direction.
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