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ABSTRACT

Eecent observations with the ISEE-1l spacecraft have found elec—
triec field emissions 1n the dayside magnetosheath whose frequency
spectrum i1s modulated at twice the spacecraft spin period. The
upper frequency cutoff in the frequency-time spectrum of the emis-
sions has a characteristic parabola shape or "festoon" shape. The
low frequency cutoff ranges from 100 Hz to 400 Hz, while the high
frequency limit ranges from about 1 kHz to 4 kHz. The bandwidth is
found to minimize for antenna orientations parallel to the wave
number vectors, reguiring the confinement of those vectors teo a
plane which contains the geocentriec solar eeliptic coordinate z-
axis. The spacecraft observed frequency spectrum results from the
spacecraft antenna response to the Doppler shifted wave vector spec—
trum which exists in the plasma. Imposed constraints on the plasma
rest-frame wave vectors and frequencies indicate that the emissions
occur within the frequency range from about 150 Hz to 1 kHz, with
wavelengths between about 30 meters and 600 meters. These con—
straints strongly suggest that the festoon-shaped emissions are ion—
acoustic waves. The small group velocity and ; direction of the

ion-acoustic mode are consistent with wave generation upstream at




the bow shock and convection downstream to loecations within the outer

dayside magnetosheath.
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ABSTRACT

Recent observations with the ISEE-1 spacecraft have found elec-
tric field emissions in the dayside magnetosheath whose freguency
spectrum is modulated at twice the spacecraft spin peried. The
upper frequency cutoff in the frequency-time spectrum of the emis-
sions has a characteristiec parabola shape or “festoon" shape. The
low frequency cutoff ranges from 100 Hz to 400 Hz, while the high
frequency limit ranges from about 1 kHz to 4 kHz. The bandwidth is
found to minimize for antenna orientations parallel to the wave
number vectors, requiring the confinement of those vectors to a
plane which contains the geocentric solar ecliptic coordinate z-
axis. The spacecraft observed frequency spectrum results from the
spacecraft antenna response to the Doppler shifted wave vector spec—
trum which exists in the plasma. Imposed constraints on the plasma
rest-frame wave vectors and frequencies indicate that the emissions
occur within the frequency range from about 150 Hz to 1 kHz, with
wavelengths between about 30 meters and 600 meters. These con-
straints strongly suggest that the festoon-shaped emissions are ion~
acoustic waves. The small group velocity and E direction of the
ion-acoustic mode are consistent with wave generation upstream at
the bow shock and convection downstream to locations within the outer

dayside magnetosheath.
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Figure 1

Figure 2

LIST OF FIGURES

Page
Wideband data from the ISEE-1l spacecraft on
December 20, 1977 (day 354) illustrate the charac-
teristic festoon-shaped emissions found in the
Earth's dayside magnetosheath. The spacecrafr is
located at about 18.6 Rg, 13.1° magnetic latitude
and 7.45 hours magnetic local time. The lower panel
shows an electric field spectrogram for the fre-
quency range of O to 5 kHz and for times from 18h
42m 28s to 18h 42m 54s universal time (higher inten-
sities are shown as darker shading). The upper
panel shows the trace of the upper frequency cut-
off of the emission as a function of time. The
rise and fall of the cutoff is directly related to

the rotation of the spacecraft's dipole antenna. . . 55

The ISEE-1 and -2 long fine-wire electric dipole
antennas are shown. They correspond to the V-axis
and X-axis, respectively. The ISEE-1 antenna is

215 meters long tip-to-tip with 143 meters
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Figure 3

Figure 4

Page
insulated and 36 meters exposed at each end. The

ISEE-2 antenna is 30 meters tip-to-tip. PRI 57

Wideband data from ISEE-1 is shown for Hovember

22, 1977 (day 326) from 9h 57m Os to 9h S57m 15s.
The spacecraft is located at about 12.4 Rg, 12.9°
magnetic latitude, and 10.9 hours magnetic local
time. Both panels display frequency-time spectro-
grams; the upper panel from 0 to 10 kHz and the
lower panel from O to 1 kHz. The 10 kHz channel
has a low frequency instrument cutoff at 650 Hz and
data below 150 Hz in the lkHz channel has been
eliminated in order to enhance the shading of the
higher frequencies. In the interval from 6 seconds
to 9 seconds, the festoon-shaped emission bandwidth
varies from 200 Hz-800 Hz at about 6.5 seconds

to 400 Hz - 2k Hz at about 7.5 seconds. . « « « « . 59

Wideband data from ISEE-1 is shown for November
22, 1977, (day 324) from %h 57m 15s to 9h 57m 30s.
The spacecraft is located at about 12.4 Rg, 12.9°
magnetic latitude, and 10.9 hours magnetic local
time. Both panels display frequency-time spectro-

grams; the upper panel from O to 10 kHz and the
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Figure 5

Page

lower panel from O to 1 kHlz. The 10 kHz channel

has a low frequency instrument cutoff at 650 Hz and

data below 150 Hz in the 1 kHz channel has been
eliminated in order to enhance the shading of the

higher frequencies. The emission extends to as

high as 5 kHz and shows a periodic gap in intensity

at all frequencies. A second frequency component

is evident at about 23 seconds, however, it may be.

unrelated to the main emission spectrum. . . . . . . 61

Wideband data from ISEE-1 is shown for November 22;
1977 (day 326) from 9h 59m 30s to 9h 59m 45s. The
spacecraft is located at about 12.3 Rg, 12.9° mag-
netic latitude, and 10.9 hours magnetic local time.
panels display kHz frequency-time spectrograms; the
upper panel from 0 to 10 kHz and the lower panel
from 0 to 1 kHz. The 10 kHz channel has a low fre—
quency instrument cutoff at 650 Hz and data below
150 Hz in the 1 kHz channel has been eliminated in
order to enhance the shading of the higher frequen-
cies. The frequency-time structure rises as high
as 6 kHz, showing gaps in intensity near 37 seconds

and 39 seconds. R S N T T 63
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Page

Figure 6 Spectrum analyzer data for November 22, 1977 are
shown for the electric field antenna. Each channel
covers 2 dynamic range of 100db. Spacecraft coor—
dinates are shown at the bottom of the panel in
geocentric magnetospheric coordinates. Bow shock
and magnetopause are marked to delineate the pass—
age of the spacecraft through the magenetosheath,

where the festoon-shaped events are studied. . . . . 65

Figure 7 The magnetic field and plasma flow velocities are
shown in geocentriec solar magnetospheric coordi-
nates for the event times in Figures 3, 4, and 5.
The center graph is a two-dimensional representa-
tion of the three-dimensional orientations of these
vectors. The other graphs are projections of the
vectors into the three orthogonal coordinate
planes. The X-Y plane contains the rotating elec-
tric dipole antenna and includes the projected

magnetic field and plasma flow vectors. v wow e w BT

Figure 8 The event time shown in Figure 3 is expanded in
frequency and displayed along with the orientation
of the spacecraft antemna with respect to the

spacecraft-sun line, the magnetic field, and the

ix



Page
plasma flow velocity. Vertical reference lines
are drawn to determine the antenna orientation
when the emission bandwidth 1s 2 maximum. For
those marked times, the average antenna to mag-
netic field and plasma flow velocity angles are

104 %3 degrees and -26 %6 degrees, respectively. . . 69

Figure 9 The event time shown in Figure 4 is expanded in
frequency and displayed along with the orientation
of the spacecraft antenna with respect to the
spacecraft-sun line, the magnetic field, and the
plasma flow velocity. Vertical reference lines
are drawn to determine the antenna orientation
when the emission bandwidth is a maximum. For
those marked times, the average antenna to
magnetic field and plasma flow velocity angles are

121 %4 degrees and -14 %6 degrees, respectively. . . Tl

Figure 10 The event time shown in Figure 5 is expanded in
frequency and displayed along with the orientarion
of the spacecraft antenna with respect to the
spacecraft-sun line, the magnetic field, and the
plasma flow velocity. Vertical reference lines

are drawn to determine the antenna orientarion



Page
when the emission bandwidth 1s a maximum. For
those marked times, the average antenna to mag—
netic field and plasma flow velocity angles are 77
4 degrees and -60 *6 degrees, respectively. i, . 73

Figure 11 ISEE~1 antenna orientation to the magnetic field
and plasma flow velocities are summarized for the
times marked with vertical lines in Figures 8, 9,
and 10. Orientation angle is found to be reason—
ably constant over time intervals of 6 seconds to
10 seconds, however, not coherent over time inter—

vals of 140 seconds or 1onger. .+ « « « o o & & &« & & 15

Figure 12 A portion of the ISEE-1 orbit projected into the
noon~midnight plane in GSE coordinates is shown from
0600 UT to 1400 UT on November 22, 1977. One hour
intervals are marked along the orbit. The bow shock
and magnetopause boundaries have been adjusted

to match that observed for this inbound pass. T ¥

Figure 13 The ISEE-1 orbit for the same times shown in

Figure 12 is projected into the GSM equatorial
plane. The spacecraft is on an inbound pass near

11 hours Jlocal FEImES & 5 s v 8 R 0w 6 8 B F ok 79
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Page
Figure 14 Electric field and wave number vectors are shown
along with angle definitions. These definitions
are those used in developing the antenna response
to a spectrum of wave mumbers. The antenna spin-
plane component of E is k, and its azimuthal angle
to the GSE coordinate x-axis is oy. The vector E

is along the electric dipole antenna and 8 defines

its azimuthal orientation. + + + & & & o & o o u o u 81

Figure 15 Relative antenna response intensity, for antenna
orientation along the polarization electric field,
as a function of wave number and for two parameter
conditions are shown. For Lj=1 meter, the intensity
is power law with spectral index of -4 at wavelengths
less than the antenna length. For Ly1=143 meters
the fall-off in intensity is more rapid than power
law. The smaller value is appropriate for capaci-
tive antenna coupling to the plasma ‘and the larger
value, for resistive coupling. For magnetosheath
conditions, the antenna is thought to couple

capacitively to the plasma (L1 = 1L meter). .« + +« & & 83

Figure 16 Antenna model response to a spectrum of wave numbers

is summarized. Contours trace esqual intensity
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Figure 17

levels at labeled decibel values referenced to the
peak value. The model qualitatively reproduces the
emission festoon-shape and the intensity gap at all
frequencies for antenna orientations perpendicular
to the polarization electric field. The wave number
and electric field vectors are both at B = 90° for
the purpose of illustrating the antenna response to

a spectrum of wave numbers. R T NI "

Antenna response intensity contours are compared
directly to an event observed with the wideband
receiver. Measurement of the antenna orientation to
the projected vector wave number determines horizon-
tal registration with the antenna response contours
and spectral shape is used to obtain vertical regis-
tration. The contour lines are found to reproduce
the festoon-shape spectrum and also reflect the shape
of the intensity gap at about 38.95 seconds. The
intensity dropout is about 5 degrees wide in space—
craft rotation at 1.3 kHz and widens to 15 degrees
at about 2 kHz. The match between model antenna
response and the festoon-shaped emission determines
a2 linear relationship between observed frequency and
magnitude of the spin-plane projected component of

the wave number (kg) . T EEEE e
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Figure 18 The values of wave number and frequency which are
allowed for selected magnitudes of the spin—plane
projected wave number (k,) are plotted. For each
value of k,, two curves result. As shown in the
inset, one curve corresponds to ky chosen to lie in
the dusk half plane of the GSE X-Y plane (o = 64
degrees) and the other corresponds to kp in the
dawvn half plane (ay = 244°). The curve is formed
by varying k, from -= to += and computing total
wave number and frequency from Equation 21. For kg
in the dawn half plane, there are no solutions for
k;>0. Four families of curves are plotted corre-
sponding to values of k, which cover the modeled
range 1.59 x 10™% em™!, 3.5 x 10~% ew~l, 7.8 x 1074
em™!, and 1.75 x 10”3 en~l. The more lightly
shaded regions correspond to wave number and fre—
quency values which can only be reached by one of
the oy values. The more darkly shaded region is

accessible for oy equal to 64° or 244°. , . . .. . B89

Figure 19 All cold plasma wave mode dispersion curves are
shown for the plasma parameters defined in Appendix
4. Wave number angles to the magnetic field from
0° to 90° sweep out regions which are shaded to

reflect the sense of polarization for electromagnetic

xiv



Figure 20

Figure 21

Figure 22

Page
waves. Quasi-linear polarization is shown as a
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The spin-plane geometry corresponding to the modeled
event in Figure 17 is shoewn. The projected plane
which must contain the vector wave numbers is at an
angle of 64 degrees to the sun direction in the GSE
X-Y plane. The projected plasma and magnetic field

vectors are also shown. T N e = = 93

The whistler wave mode satisfies the required wave
number spectrum {kp} only at a resonance cone. The
roots of the solutions for the largest wave numbers
consequently known to exist are plotted. Resonance
cone angles which require IEI to be very near or
larger than the electron gyroradius (klpe = age =

27/100) will be strongly damped. . . . . . . . . . . . 95

Three-dimensieonal electron and proton particle
distributions at energies from 215 eV to &5 keV are
displayed. Measurements are from the University of
Iowa quadrispherical plasma analyzer (or LEPEDEA)
on board ISEE-l. Panels 1P through 7P are energy

vs phase angle plots of detector responses for ions

XV



Figure 23

Page
and panels 1lE through 7E are the corresponding
plots for electrons. Detectors 1 through 7 have
look-angles ranging from northward to southward-
looking, respectively, with detector 4 centered on
the ecliptic plane. Each panel displays energy and
sample time vertically and azimuthal spin angle
horizontally. Partiecle intensities are displayed
with color varying from deep blue for the minimum
particle fluxes and bright red for the largest (see
Frank et al., [1978] for further details). The
distributions for both electrons and ions are typl-
cal of near subsolar magnetosheath flows. Pre-
dominantly anti-sunward ion flow is evident as an
intensification near the center of the 5P and 6P

panels. L o, 97

The ion-acoustic mode dispersion equation is
plotted against the allowed values of wave number
and frequency from Figure 18. Before resonance at
the ion plasma frequency, the dispersion curve
crosses allowed wave mumbers from about 150 Hz to 1
kHz. For plasma flow relative to the spacecraft of
about 156 km/s and maxioum wave number of 1.8 x

1073 cu~!, Doppler shifts as large as 4500 Hz are

®xvi



Figure 24

Page
possible. The spacecraft observed frequency
spectrum can be produced by the ion—acoustic wave
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Ion-acoustic mode group velocity is graphed. Group
velocity is plotted vertically and frequency
horizontally. The dashed line indicates the bulk
plasma flow velocity. The limits for the rest-
frame frequency from Figure 23 are marked, showing
that the group velocities ars at least a factor of
3 less than the plasma flow. Propagation of ion-
acoustic mode waves will be dominated by the bulk
plasma motion and be convected from locations up—

stream of the spacecraft. . + + v 4 o & o & o & . 101
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I. INTRODUCTION

Wideband electrostatic noise is a general description of all low
frequency electrostatic waves which are characterized by a wide spectrum
of frequencies. Waves of this nature are found to be associated with
velocity shears in the auroral regions [Kintner, 1976], within the
Earth's distant magnetosphere on aurcral field lines [Gurnett and Frank,
1977), at boundary layers such as the plasma sheet boundary layer in the
magnetotail [Gurnett et al., 1976], and the dayside magnetosheath
[Anderson et al., 1982]). Most forms of broadband electrostatic waves
appear to be associated with particles current or turbulent processes
and few events are found to possess any discrete features in frequency-
time spectrograms. Without discrete spectral features, it is difficult
to assoclate the spectrum with a particular wave mode. Usually plasma
wave emlssions are identified with a discrete frequency such as the
electron plasma frequency or found to possess a well-defined upper or
lower frequency cutoff as in the case of continuum radiation [Gurnett
and Shaw, 1973]. The waves which are studied in this thesis are elec—
trostatic, broadband in frequency, and found within the outer magneto-
sheath. They are unique, however, in that they possess discrete spec-
tral features. The observation of these waves was first published by
Anderson et al. [1982]. Anderson described the appearance of these

waves in 0-10 kHz frequency-time Spectrograms to be like that of



"garlands hanging in a curve" or "festoon-shaped". The upper frequency
cutoff in the frgquency-time spectrum of the emissions has a character-
istic parabola shape, analogous to a ribbon hanging in a curve. Figure
1 shows an example of the festoon-shaped emissions. This figure shows a
frequency versus time spectrogram of electric fields from the ISEE-1
wideband receiver. The darker shaded regions correspond to higher elec-
tric field intensities. The characteristic rise and fall of the upper
cutoff frequencies of the emission is the feature referred to as a
festoon. As will be discussed, the festoon-shaped modulation uf the
upper cutoff frequency is directly related to the rotation of the space-
craft.

The purpose of this work is to examine the observed wave character-
istics and to extend that information to a description of the wave
environment and origins. First restrictions on the possible wave
number-frequency spectrum of the waves in the plasma frame of reference
are inferred by model-fitting the antenna response. Wave polarization
can be determined when wave intensity is modulated in amplitude by the
rotation of the dipole antenna used in the observation [Gurnett et al.,
1976]. For an emission characterized by a single wavelength larger than
the dipole antenna, the antenna response is sinusoidal with its rota-
tion. When a spectrum of wave numbers (k = 27/)) is present with wave-
lengths both less than and greater than the antenna length, the antenna
response is more complex. MNext, cold plasma wave modes [Stix, 1962] and
not plasma wave modes [Krall and Trivelpiece, 1973] are examined as
candidates for explaining the "festoon-shaped” wave emissions. Plasma

wave modes are evaluated on the basis of satisfying the restrictions




imposed by antenna response modeling and the plasma environment of the
spacecraft. Finally, the possible origins of these emissions are dis-
cussed. Wave generation at locations within the magnetosheath and at

the bowshock are considered.



IT. ANTENNAS AND INSTRUMENT DESCRIFTION

This study uses data acquired by the International Sun-Earth
Explorer Satellites (ISEE) 1 and 2. These spacecraft are in highly
ellipical orbits inclined at about 30 degrees to the ecliptic plane,
with an apogee near 22.5 Rg. The plasma wave instruments on the mother—
daughter pair are designed to provide high sensitivity measurements of
plasma waves in the Earth's magnetosphere. The antennas and instruments
that provide the data used in this study are desecribed below.

The measurements from the ISEE-1 spacecraft which are used here are
made with the 215 meter fine wire electric dipole antenna of the type
shown in the upper portion of Figure 2. The antenna is normal to the
spin axis of the spacecraft. The antenna rotates in a plane referred to
as the spin plane which is essentially coplanar with the solar ecliptic
plane. Magnetic field measurements are made with a triaxial search coil
magnetic antenna. The antenna and spacecraft rotate with a 3-second
peried.

A high-time resolution spectrum analyzer and wideband receiver are
used to measure the fluctuating fields observed with the ISEE-1 antenna.
The spectrum analyzer consists of a 20-channel analyzer covering the
frequency range from 5.62 Hz to 311 kHz and a l4-channel analyzer cover-—
ing the frequency range from 5.62 Hz to 10 kHz. These analyzers provide

relatively coarse frequency resolution with bandwidths of % 15 percent



up to 10 kHz, and * 7.5 percent for 10 kHz and azbove. The 20-channel
analyzer is used here for electric field measurements and the 1l4-
channel analyzer for magnetic field measurements. The data from the
wideband receiver are obtained when the frequency bands from 10 Hz to 1
kHz and from 650 Hz to 10 kHz are available. These bands provide for
much higher frequency and time resolution than the spectrum analyzer,
however, absolute amplitudes are more difficult to obtain due to an
automatic gain control, used in the wideband receiver.

ISEE-2 electric field measurements are made with the 30 meter fine
wire electric dipole antenna shown in the bottom section of Figﬁre 2.
Magnetic field measurements are made with a single-axis search coil
magnetic antenna identical to the search eoil antenna used on ISEE-1.
The spacecraft spins with a rotation period of 3 seconds. The antenna
spin-plane of ISEE-2 is essentially the same as that of ISEE-l.

The ISEE-2 spacecraft also contains a high-time resolution spec-
trum analyzer and a wideband receiver. The spectrum analyzer has 16
frequency channels ranging from 5.62 Hz to 31.1 kHz. The bandwidths
and center frequencies of these channels are identical to the spectrum
analyzer on the ISEE-1 spacecraft. All channels of the spectrum
analyzers on both spacecraft are sampled once per second in the low
data rate mode and 4 times per second in the high data rate mode. The
wideband receiver on ISEE-2 is similar to that on the ISEE-1 space-
craft. More detailed information about the plasma wave instruments on
board the ISEE-1 and ISEE-2 spacecrafts can be found in Gurnett at al.

[1978].



III. CHARACTERISTICS OF FESTOON-SHAPED EMISSIONS

A. Frequency Versus Time Characteristics

The basic characteristies of the festoon-shaped emissions are
illustrated in Figures 3, 4, and 5. In each illustration, 15 seconds of
data from the wideband instrument on ISEE-l are shown. The bottom panel
presents data from the 1 kHz bandwidth channel and the upper panel is
from the 10 kHz bandwidth channel. One complete spacecraft rotation
occurs from 9:57:06 UT to 9:57:09 UT in Figure 3. During this time the
bandwidth of the wave spectrum appears to maximize at about 6, 7.5,
and 9 seconds. The lower panel in Figure 3 more clearly shows the fre-
quency structure below 1 kHz. At these frequencies, the main emission
appears to fall and rise in frequency. For these times in Figure 3, the
lower frequency cutoff of the emission band varies from 200 Hz to 600
Hz. The upper frequency cutoff of the emission band varies from about
700 Hz to 2 kHz. Figure 4 shows slightly different features. At
approximately 20.5 seconds and 22.0 seconds, a dropout in intensity
appears at all frequencies. It is around these times that the bandwidth
is maximized. At the minima in the bandwidth of the main emission, a
second distinet frequency component appears in the spectrum. The second
frequency compenent, however, appears at sporadic times with respect to
the main frequency-time structure. The frequency-time structure of the

main emission is less clear in the 1 kHz channel in Figure 4, although



there is the suggestion of an asymmetry in the lower frequency compo-
nent of the waves. The band of emissions in this figure is seen to
extend as high as about 5 kHz and perhaps lower than 200 Hz. Figure 5
is similar te Figure 4 and shows the additional event times that are

exanined in more detail below.

B. Frequency Spectra

Spectrum analyzer electric field measurements for a typical ISEE-1
pass through the magnetosphere are shown in Figure 6. The spectrum
analyzer channels are displayed vertically with frequency increasing
upward. Time is plotted horizontally, increasing to the right. The
spectral intemsity in each channel is displayed logarithmically with a
dynamic range of 100db full scale. The bow shock encounter at about
0900 UT is characterized by a sharp increase in wave intensity in the
frequency channels from 17.8 Hz through 5.62 kHz. Festoon-shaped waves
are first seen after the bow shock encounter znd the event chosen for
analysis extends from 0957 UT to 1000 UT. During this time, the spec-
tral power is seem to fall off rapidly with increasing frequency, up to
as high as perhaps 10 kH=z.

Although a magnetic component exists at the chosen event times,
the frequency range is limited to the lowest channel at 5.6 Hz extend-
ing up to the 311 Hz channel. Magnetic field iatensities fzll to the
instrument noise level in the frequency range of the festoon-shape
electric field specturm. In a plasma, the ratio of magnetic field
strength to electric field strength in the relation c¢B/E gives the

local index of refraction (n) for electromagnetic waves if they are



propagating parallel to the magnetic field. The ratio can be used to
test the electrostatic character of a wave. If cB/E << n, the wave may
be considered to be electrostatic. The measured value of cB/E at about
600 Hz is 4.5. Because the magnetic field strength is at instrument
noise level, the measured value of the ratio is equal to or Ereater
than its true value. The index of refraction may be computed for
whistler mode waves [Stix, 1962], for example, using the plasma densicy
and field values from Appendix A aznd for the wave vector along the mag-
netic field. At a frequency of 600 Hz, the index of refraction is
about 40. The measured value of cB/E is too small to be comsistent
with cold plasma whistler mode waves. Only under certain circumstances
in a hot plasma will the index of refraction become small for an elec—
tromagnetic wave. When this happens, an electromagnetic wave will
appear electrostatic. Consequently, these waves are thought to be

effectively electrostatic.

C. Spectral Structure Versus Antenna Orientation

To fully understand the relationship between the antenna orienta-
tion and the observed spectral characteristics, it 1s first useful to
review the characteristic directions that can exist in these observa-
tiocns. Only two directions are relevant to the analysis of these data:
the local magnetic field direction and the plasma flow direction.

These directions are summarized in Figure 7. The center drawing repre-
sents a three-dimensional sketch of the plasma flow velocity and mag-
netic field vectors, in geocentric solar ecliptic {GSE) coordinates.

The sketch to the upper right shows these vectors projected into the



Y-Z plane, the sketch to the left shows the vectors projected into the
X-Z plane, and the lower sketch shows the vectors projected inte the
X-¥ plane (also the antemna spin plane). The orientation angles are
given in the X-Y plane, because the electric dipole antenna measures
potential differences only in the spin plane of the antenna. The
plasma flow vector is obtained from the quadrispherical LEPEDEA instru—
ment on ISEE~1 [Frank et al., 1978]. This vector 1s the result of a
first moment calculation over the observed particle distribution in the
proton energy range 2135 eV to 45 keV. Although this calculation of
velocity was made over an 8-minute interval of time, the precediné and
following vglncity calculations differ by no more than #2% in magnitude
and less than *2° in direction. The average plasma flow velocity is
therefore fairly constant. The magnetic field wvector is obrained from
the Russell experiment as presented in the ISEE A and B data pool tapes
described in Ogilvie and Banks [1977], with no more than a 4% change
in magnitude and less than a £10° change in direction for measurements
on either side of the selected time. It also appears to be nearly con—
stant. As can be seen in this sketch, the plasma flow is primarily
anti-sunward. The direction and magnitude is consistent with the
spacecraft location just inside the bow shock. The magnetic field is
northward and in the dusk direction, consistent with the spacecraft
location north of the ecliptic plane and at pre-noon local times.

The correspondence between spectral features in the wideband data
and spacecraft anteana orientation is shown in Figures 8, 9, and 10.
In the lower panels, antenna orientation is plotted with respect to the

spacecraft-sun line (solid line), the spin-plane projected magnetic
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field direction (short dashed line), and the projected plasma flow
direction (long dashed line). In each figure, vertical reference lines
are drawn showing the antennz direction when the emission bandwidth is
maximized (time of symmetry in the periodic spectral structure). As
can be seen, the antenna at the reference points is neither parallel
nor perpendicular to the local magnetic field. Nor does the spectral
structure appear simply related to the plasma flow direction. For the
times marked by the vertical lines in Figures 8, 9, and 10, the antenna
orientation to the plasma flow and magnetic field directions is summa-
rized in Figure 1l. For the group of points corresponding to eéch
figure, the spread in angle is small. For the Figure 8 data, the mag-
netic field angle is 104 * 3 degrees; for Figure 9 it is 121 * 4
degrees and for Figure 10 it is 77 = 4 degrees. Between these times,
however, the orientation angle varies significantly. The orientation
angle for those times when the bandwidth is a maximum was found to vary
erratically between 0° and 90° over an B-minute time interval, which
included 242 festoon events. No systematic variation or relationship
of the antenna orientation to the local magnetic field or plasma flow
directions was found.

Upon reexamination of the wideband data, such as found in Figures
3, 4, and 5, it is apparent that the specific spectral shape under
study 1s not seen continuously. It occurs for 6 to 10 seconds at a
time, separated either by intervals of spectrally diffuse wideband
noise or a momentary loss of the characteristic spectral shape. It
seems that each period during which the festoon-shaped emissions occur

is a separate and perhaps localized event. Given the measursd plasma




flow of about 160 km/s, the events are localized in regions that are
from 760 km to 1600 km in spatial size. This sporadic occurrence of
festoon-shaped emissions was also reported by Anderson et al. [1982],
where the occurrence was correlated to low frequency magneto—acoustic
waves. Tsurutanl et al. [1982] has most recently identified those low
frequency-long wavelength magnetohydrodynamic structures as non-
oscillatory "waves” generated by the drift mirror instability. The
festoon-shaped emissions were observed during the high magnetic field

and low density phase of these magnetohydrodynamic structures.

D. Observation Locations

Detailed locational surveys of the festoon-shaped electric field
events are difficult because of the very short time scale of this typa
of spectral features. MNormal electriec field surveys of ISEE-1 and -2
observations are routinely performed with the spectrum analyzer showing
24 hours of data at a time. Routine surveys are also performed with the
wideband receiver data. This processing of the wideband data shows
frequency-time structure with one minute time resolution. Even on this
scale, the festoon-shaped features cannot be uniquely identified. Firm
identification of the festoon-shaped modulation requires the time con-
suming process of spectrum analyzing wideband data at real-time rates.
The events which have been found begin at the bow shock and extend
inward to locations which approach the magnetopause, i.e., within the
outer magnetosheath. Events are found on the dayside of the Earth, from
& hours to 18 hours magnetic local time. It will be shown that the

frequency-time character of these emissions is a consequence of the

11



polarization of the observed waves and the antenna pattern for varying

wavelengths. Because the festoon shape of the emission is a consequence

of the dipole antenna and emission polarization and not magnetosheath
location, a single interval of observations will be studied in detail
and used to develop an understanding of the observed frequency-time
structure.

The ISEE-1 spacecraft trajectory, during the event which will be
studied, is shown in Figures 12 and 13. The event occurs from about
0900 UT rto 1000 UT on November 22, 1977 (day 326). Figure 12 shows a
noon-midnight projection of the ISEE-1l orbit. The event occurs jﬁst
inside the bow shock at a latitude in geocentric solar magnetospheric
(GSM) coordinates of about 12 degrees. Figure 13 shows an equatorial
projection of the spacecraft orbit. The spacecraft is on an inbound

trajectory at about ll hours magnetic local time.
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IV. ANTENNA RESPONSE

The previous sections discussed the observational characteristics
of the festoon—shaped spectrograms. The relationship of the festoon—
shape feature to the rotation of the spacecraft is strong evidence that
the spacecraft antenna is influencing the detection of the broadband
electric field emissions in the magnetosheath. Before the emission
spectrum can be examined, it is first necessary to derive an expression
glving the antenna response to a wave in the plasma. This derivation
is done in the following sections. When the antenna response is known,
it will be used with the observed spectrum to deduce constraints on the

true emission spectrum.

A. Antenna Response Derivation

From Maxwell's equations, the electric field in a system is given

by

as
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Because the observed waves have no magnetic component so that
the above expression reduces to
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This relation can be re-expressed as an integral zlong the line element

=k
ds
=
¢ = =|E+ds (3)

The potential difference between two points can be found by performing
the integration along the line betwesen the points. The wave is assumed

to be a plane wave, where the vector components are in general complex.

+ &
> - - ~, i(ker - wt)
E = (Ex+E J+E,2)e (4)
For electrostatic waves, the time origin can be chosen such that the
electric field vector components are purely real. Also, the eleetric

field and wave number vectors are parallel. The integral over a

&+
distance ! along the antenna then takes the form

1/2 > h 3 " iR =
$(L,e) = = | (Ex; + Eyy + Ezz)-(cus 8xdx + sin 8ydy)e =)

-3/2 (3)

where 8 is the orientation angle of the antenna (see Figure 14 for a
sketch of the vector orientations and angle definitions). In cylin-

drical coordinates, after taking the dot product, using
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cos 8 — 8 sin 6,

sin B + € cos e,

ey
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"
= z, where
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E and § are unit vectors in eylindrical coordinates.

Equation 5 then becomes

L/2

p(2,t) = - | [(E cos 6 + EySin 8)dp ilkep = ut)

-1f2

(6)

where for am arbitrary vector E{x.y,z} = Axi + Ay; + AZE, we have used

A (p,8,2) = (Axcos 8 + Aysin 8)p + (aycus B - Axsin E}§ + AZE

After integration, Equation 6 becomes:

. L
S

- oA
¢'{£lr'} - *ZEE'E} k; ]

where I is a unit vector along the antenna,

E+f = E cos 8 + E sin 8, and
x ¥

(7a)
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k! = k cos 8 + k sin 8, (7h)
p ¥ y .

- +
is the component of the k vector along the antenna axis. The sin x/x

term in Equation 7a 1s the standard radiec interferometer pattern

[Kraus, 1966]. Equation 7a can be simplified somewhat by noting that

k =k sin o and

kx = khcus uk ¥ v p K’

L + = -
kp kp[cus @, oS g sin e sin 8] kpcns{qk 8)

where kp is the magnitude of the component of the wave vector in

the antenna spin plane and ap 1s the azimuthal angle of the wave

vector from the x-axis as shown in Figure l4. The potential measured by
the plasma wave instrument will be proportional to the average potential
applied across that length of the spacecraft antenna which actively
responds to the potential in the plasma. For the moment, assume that
the observed potential is the average potential across the antenna
lengths from Lj to L. Assuming perfect coupling, the observed

potential is given by the following integral:

La Lo
o(t) = LL ¢{£,t}d£q‘1d£ (8)
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Mow include the expression for ¢(2%,t).

Ly sin(k!
¢tl:t = ._L J (E;E} —.-_-P_.‘g_ E_in“:dg . {g)
LE = Ll Ll k'

p

Since only the sine temm is a function of L, the integral becomes:

\

- LZ
PO = —2— (& e | sin(k! ez (10)
L, - L, *k p 2
2 1 o] Ly

After evaluating the integral and applying the trigonometric identity

cos(e) = 1 - 2sin?(a/2), the observed potential is expressed as the

following:
5 k;Ll i k;L2
sin (—E——J - gin®( 3
+ A £|. —_—
3O = o S(ED)( . jaas (11)
L]
2 1 kp

The power spectrum (P) observed by the spacecraft is proportional to the
square of the measured antenna potential (¢), where the antenna
potential is purely real for electrostatic waves. The final expression

is obtained by time averaging P(t) over the wave period.

! . )
k'Ll‘f"“ k'L, r‘\lr' &
a5 sin?( 2 Y - sinz{h%——} 2
Pa [(E<2) ( )] (12)
k'3(L, - L)
o 2 1
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g B. Antenna Coupling to Plasma

Two terms are evident in the above expression. The first term
involving E+f is a function of the wave polarization as it projects
into the antenna spin plane. This term provides the usual sinusocidal
modulation of observed wave intemsity as the electric dipole antenna
rotates. The second term involving siHE(E%Ei iz a function of the wave
number magnitude and direction and the active lengths of the spacecraft
antenna. As illustrated in Figure 2, the ISEE-1 antenna has a tip
to-tip length of 215 meters, of which 143 meters is covered with an
insulator. The value of Ly is 215 meters for ISEE~1 and 30 meters for
ISEE-2. For ISEE-2, L; = 1 meter, corresponding to the diameter of the
spacecraft body. For ISEE-1, the value of L; depends upon whether the
antenna responds resistively or capacitively to the applied signal. If
the antenna responds resistively, only the uninsulated 36 meters at the
ends of the dipole elements contribute to the measured potential. If
the antenna responds capacitively, then the entire antenna length con-
tributes to the measured pdfeutial. Figure 15 displays the relative
amplitude of the second term in Equation 13 as a funection of kyLa/4 for
Ly = 1 meter and L; = 143 meters. The value of knL2f4 is varied from O
to 3r where 8 = ap. As expected, the log-log plots show a character—
istic sin ®x/x variation with x. For Lj; = 1 meter, the amplitude has a
power law dependence with wave number, giving a slope of —4. For L =
143 meters, however, the amplitude falls off faster than a power law

dependence.



To determine the appropriate value of L;, the critical frequency
separating the resistive and capacitive antenna coupling domains must be
estimated. Aggson and Kapetanakos [l966] examine the source impedance
of a wire antenna as it relates to antenna capacitance. The critiecal
frequency for ISEE-l, in the magnetosheath, will be estimated by com
puting the ratios of the capacitive and resistive impedances between the
Aggson and Kapetanakos study and the present study. In Aggson and
Kapetanakos' study & wide range of magnetospheric altitudes were con-
sidered. The resistive scurce impedance (Rg) for a positively charged
antenna (due to photo-ionization) is primarily dependent upon particle
density and cross-sectional antenna area. Differences in Ry due to
density will be removed by choosing an altitude in the Aggson and
Kapetanakos study which corresponds to magnetosheath densities. The
antenna treated by Aggson and Kapetanakos had a diameter of 1 em and
length of 100 cm. The uninsulated portions of the ISEE-l antenna have a
combined length of 7200 cm and diameter of about 0.l cm. In Aggson and
Kapetanakes' study, the source resistance is very roughly inversely
proportional Lo ccoss-sectional area. The particle density from
Appendix A can be used to select an altitude of 8 Rp, at which the
antenna capacltance is computed by Aggson and Kapetanakos to be about 9
%x 10712 farads. Aggson and Kapetanakos computed capacity from the

expression

2ne d
o

a + A+ g
in——— )

C
I

(13)
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where d = antenna length,

Eg 8.85 x 10712 farad/m (permitivity constant),
a = antenna diameter,

4 = photo-lonlzation sheath thickness,

g = 1, and

Ap = Debye length.
The photo-ionization sheath thickness XA is computed from the expression

ne a+ A+ ol

= 5— [(a + })%1n 2
o

1 2
(1] *--2~[r:a+&+ﬂln}]]

a

where $g is the antenna potential and

ne is the particle density.

If the approximation a << A ~ Ap 1is used, the expression for the sheath

thickness A becomes

2EO¢D 2 Aok

T e 8 T
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Assuming an antenna potential on the order of ¢, = 1 volt, the value for
A is found to be about 194 cm, for the particle density in Appendix A.
Using Egquation 13 and this value for A, the ISEE-1 antenna capacitance
is estimated to be C ~ 1072 farads. The critical frequency is computed

based on the following proportionality

1
f & —
o RSC

The ratio of the Aggson and Kapetanakos 8 Rp magnetospheric resistive
source impedance to the ISEE-1 resistive source impedance will be on the
order of the ratioc of the cross—-sectional antenna areas or 1/7.2. The
ratio of the capacitances is on the order of 0.009. The critical fre-
quency for ISEE-1 in the magnetosheath will be a factor of 1.25 x 1073
less than that for Aggson and Kapetanakos' antenna at the magnetospheric
altitude of 8 Bg (~ 2.7 x 103 Hz). The eritical frequency is estimated
to be on the order of 3 Hz. The festoon-shaped modulation occurs well
above this frequency, and is therefore in the capacitive domain of
antenna coupling. It will be assumed that the antenna couples capaci-
tively to the plasma, so that the full length of the dipole elements
actively respond to the applied plasma potential (L1 = 1 meter). The
left graph 1n‘FigurE 15, therefore, describes the ISEE-1 antenna

response to a spectrum of wave numbers.
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C. Model Characteristics

Equation 12 defines the power spectrum of a fine-wire electric
dipole antenna's response to a spectrum of wave numbers, as the antenmma
rotates. DBesides antenna length, the antenna response depends primarily
upon the angle between the electric field and the wave vectors projected
into the spin plane. The antenna response is illustrated in Figure 16.
In this figure, logarithmie, equal-intensity contours are drawn at -5
db, =10 db, =20 db, and -30 db. The vertical axis in the figure is
normalized wave number (k,Ly/4) and the horizontal axis is antenna rota-
tion angle (8) in a coordinate system where both the wave vector and
polarization electric field vectors are chosen to be at 6 = 90 degrees.
The normalized wave number is chosen to range from 0 to 3w radians. The
basis for choosing this parameter range is that the wave number-angle
structure shown in Figure 16 qualitatively reproduces the frequency-time
spectral structure of the festoomshaped emissions, like that shown in
Figure 1. For ISEE-2, the quantity kylLp/4 varies only from 0 to 1.315,
for the same variation in k, as plotted for ISEE-l1. This means that the
festoon-shaped effect will not be seen by the shorter ISEE-2 antenna for
the values of kp defined in Figure 16. For the selected event times,
the density from Appendix A is approximately 58 cm~ 3 and the electron
temperature is about 30 eV. This gives a Debye length {Ape) on the
order of 5 meters. An order of magnitude measure of the smallest wave-
lengths which can exist in a plasma is given by kdlpe = 1. The corre-
sponding minimum wavelength is on the order of 34 meters. Because the
antenna pattern effect seen in Figure 16 depends upon the existence of

wavelengths less than the antenna length of 30 meters, the festoon—
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shaped effect is not likely to be found with the ISEE-2 antenna, because
the wavelengths are too long. What is found with ISEE-2 is a sporadic
wideband structure extending from about 600 Hz to 3 kHz. No festoon—
shaped modulation is found in the ISEE-2 wideband spectrograms.

Based on the above antenna modeling, the existence of wavelengths
both shorter and longer than the antenna is sufficient to explain the
structure in the frequency-time spectra illustrated in Figures 8, 9 and
10. The connection between wave number and frequency is described by

the Doppler-shift equatien

' = f 4 — (14)

where f and k are the plasma rest frame frequency and vector wave
respectively, ; is the relative motion of the plasma with respect to the
spacecraft, and f' is the spacecraft observed frequency. The spacecraft
velocity ~ 2 km/s is much less than the plasma flow veloclity, so it

will not be included in ﬁ. It will be shown later that festoons consist
of wavelengths as small as about 36 meters. For plasma flow velocities
on the order of 160 km/s, the Doppler shift term may then be as high as
4 kHz. It is clearly possible for a wave of essentially zero frequency
(f = 0) in the plasma rest frame to be Doppler shifred into the observed
frequency spectrum. For long wavelengths or small wave numbers, only

the polarization term in Equation 12 is important. The usual cosine

squared variation of intensity with antenna rotation is obtained under
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this condition. As the wavelength becomes small (of the order of the
dipole antenna length and less), the antenna orientation to the wave
number direction becomes important. The minima in intensity resulting

from the antenna model, satisfy the following relation:

my = kmeGS{uk - E)szﬁ (15}

From this equation, where m is an integer, it is clear that as the
antenna angle (8) becomes perpendicular to k (or specifically @ - 8 +
t7/2), larger values of kpm are required to satisfy the minima

condition.

_ 4drm
pm chns{uk - 8)

k

The dependence of kpm on the antenna rotation angle is the reason for
the festoon-shape seen in frequency-time spectra, because the first
null in the frequency spectrum is proportional to kpm. This result is
similar to the measured power spectrum dependence on wave number and

antenna orientation, derived for double-probes by Temerin [1979].

D. Detailed Model Evaluation of Selected Events

The next step is too apply the model described in Figure 16 to a

specific event. The objective is to use the antenna response model as a
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'
tool for determining the wave mode of the broadband electrostatie

emissions. The event selected is on November 22, 1977 (day 326). The
event occurs at a time when changes that effect the frequency-time
structure, as observed with the wideband receiver, are minimized. The
only parameter that must be determined is the orientation angle of the
vector wave number as projected into the antenna spin plane. Figure 10
shows antenna orientations as a function of time and can be used to
determine the parameter needed. The vertical time marks at about 37.5
and 39 seconds correspond approximately to the times when the antenna is
perpendicular to the wave vector direction, or in this case about 154
degrees and 334 degrees (to the spacecraft-sun line), respectively. By
matching the model to these angles and adjusting the vertical registra-
tion so as to match the frequency-time shape (in Figure 10) to wave
vector-rotation angle contours (in Figure 16), the antenna response can
be adjusted to fit the data. The results of this fitting procedure are
shown in Figure 17. Given the limited dynamic range {at best 20db) of
the wideband processing film, the antenna response model provides a very
good fit to the observed spectrum. In Figure 18, the left vertical axis
is the normalized wave number (just as in Figure 16), the bottom hori-
zontal axis is the event time, the right vertical axis is the frequency
scale corresponding to the wideband data displayed, and the top hori-
zontal axis 1s the antenna orientation angle to the spacecraft-sun line
for both the model and data during this event. The close correspondence
between the shape of the model contours and the edge of the visible
wideband frequency-time structure is clearly evident in Figure 17. At

about 38.95 seconds the sharp "bite-out" at all frequencles corresponds



26--

to the point where £-2 geoes to zero in the antenna response function
(see Equation 12). The spectrum at other times follows the model's U-
shaped or festoon-shaped appearance. That the bite-out is so sharply
defined provides strong evidence that the direction of the projected
wave vector distribution must be confined to a line in the antenmna spin
plane. The bite-out constrains tha.directinn of the projected wave
vector {kp} to two possible orientations. The possible orientation
angles are 64 degrees and 244 degrees. Were this not the case, a smear-
ing in time and rotation angle in relationship to the antenna response
model would be seen. It is estimated that the wave vector direétiana
must be within *5 degrees of the above values, otherwise substantial
smearing would be observed.

A consequence of fitting the antenna model to the spectrum Figure
17 is that the frequencies observed in the spacecraft frame of reference
are directly and linearly related to emission wave number component kye

The range of normalized wave number from 0 to 3w

0¢ 22¢ay (16)

translates into a range of k, magnitudes given in the following

inequality:
0< ky £1.75 x 1073 e~} (17)

where Ly = 215 meters. Because the 10 kHz wideband channel used in

Figure 17 has a lower cut-off frequency of 650 Hz and because the 1 kHz




channel does not provide clear spectral information, a2 minimum corre-
sponding normalized wave number of 0.853 radians will be used. The
ranges of frequency and wave number included in the model fit to wide—

band data is expressed in the following inequalities:

650 Hz < £' < 2490 Hz

(18)
1.59 x 107% ea™! < k, € 1.75 x 1073 cn~!

where frequency (f') and wave number (kp} are linearly related by the
antenna model fit to the data. It must be noted that the limits defined
in Equation 18 do not represent the limits of the observed spectrum,
they simply represent corresponding limits for f' and ky. These limits
define the range of wave numbers and frequencies to which the antenna
response model has been applied. The range of the wave number magnitude
given in Equation 17 also translates into a range of wavelengths in

terms of the Debye length given in the previous section.

TApe A < 7o

The observed frequency and total wave number {;, ];|2 = kpz + k,2) are
also related by the Doppler-shift given by Equation 14, where k; is the
z-component of the wave vector.

Because nothing is specifically known about the magnitude of kg,
the limits in Equation 18 provide comstraints in wave number-frequency

space for the waves observed. The allowed regions of wave-number and
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frequency are obtained by varying k, from negative infinity to positive
infinity, for the two allowed orientation angles of ko, to cnﬁpute the
corresponding values of frequency (f). This is done by expressing the

Doppler shift equation as a function of f.

1
f=f' = EF{ ky(Vycos ap + Vysin ay) + k,V,) (19)
The linear relation between observed frequency (f') and wave number
{kp} can be expressed as
£' = ak, + b (20)

where the fit in Figure 17 gives a=1,16 x 10® cm.s~! and b=466 Hz.
Using the expression for f' in Equation 20 in Equation 19, the following
expression is obtained:

(2 = Vycos ay +Vysin ap)k V.k
£= S 2+ b - ng (21)

For the two possible values of ap (64 degrees and 244 degrees}, for k,
varying from == to += at fixed values of ky, and for selected values of
kp at 1.59 x 10~ cmfl, 3.5 x 10" cm‘l, 7.8 = 10™% cm‘l, and 1.74 x
1073 em™l, curves of allowed wave nunber-frequency values are shown in
Figure 18. Two curves are obtained for each value of ky+ The curve
corresponding to cy = 64° minimizes higher in frequency than the other

curve and exists for both positive and negative k,. Soclutions do not
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exist for ay=244 degrees and k,>0. These four families of curves are
representative of a spectrum of possible wave number-frequency values
for kp varying smoothly over the range defined in Equation 17. The
shaded region in Figure 18 defines those values which are allowed. Those
values are approximately limited at large wave number by kipe < 1 (Te =
30 eV). The more lightly shaded regions define values allowed by only
one of the two possible k, orientations. The more heavily shaded region
defines wave number and frequency values allowed with either orientation
of ky. The curve defining equal phase (UP = w/k) and electron thermal
velocities (Vpg) is also included in the illustration. Because cold
plasma theory is only valid for ?TEIHP << 1, warm or hot plasma theory

will be necessary for describing the observed emissions.
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V. IDENTIFICATION OF PLASMA WAVE MODES

The previous sectien devéloped an antenna response model which lead
to constraints on the possible values of wave number and frequency for a ,
particular event. It is the objective of this section to examine the
commonly known plasma wave modes as they relate to the plasma eoviron—
ment in order to try to identify the wave modes involved in producing
the festoon—shaped features. Those wave modes which may contribute
to the emissions are determined by means of this examination. Appendix
A lists measured and computed plasma parameters which will be useful in

the following analysis.

A. Cold Plasma Modes

Although Figure 19 indicates that cold plasma descriptions are not
valid, at least for electron wave modes, cold plasma formalism provides
useful descriptions of most of the wave modes found in hot plasma
theories. The treatment of Stix [1962] will be followed for a review of
cold plasma wave theory. The notation, definitions of terms, and
general dispersion equation can be found in Appendix B.

Beginning at the lowest frequencies are the hydromagnetic wave
modes or Alfven waves. The most significant approximation in deriving

the expression for the Alfven modes is |u| << Wei+ The dispersion rela-

tions from Equations 21 and 22 of Stix [1962] are




u

W o ——— and (22)

Fasate (23)

Equation 22 describes the ordinary or fast hydromagnetic mode and Egqua-
tion 23, the extraordinary or slow-mode. The corresponding dispersion
curves are shown in Figure 20 for frequencies below 10~2 Hz. The shaded
regions shown in this illustration represent the track of the solutions
of the cold plasma dispersion equation of Appendix B as the angle of the
vector wave number to the magnetic field is varied from 0 degrees to 90
degrees. That region corresponding to the slow-mode Alfven wave is
shown for angles only to 75 degrees. This mode disappears as 8 + 90
degrees. For those angles near zero degrees, both Alfven wave modes are
electromagnetic. They become &uasi—ele:trcstatic when both of the

following inequalities are satisifed.

]mf <X w .
ci
(24)

e, ain't 3> 4uicosod
ci
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It is clear from these conditions for guasi-electrostatic Alfven waves
and the dispersion curves in Figure 20, that the corresponding wave
numbers are tooc small to contribute to the festoon-shaped electrostatic
emissions.

The slow-mode Alfven wave becomes the ion eyclotron wave as w +
wei+ For a two component plasma there is a resonance at the ion cyclo—
tron frequency for 8 = 0 degrees and moves to lower frequencies as B
becomes larger. The mode disappears as 8 + 90 degrees, just as the
slow-mode Alfven modes disappear. Although the resonant dispersion
curve intersects the region of wave number-frequency space required for
festoon-shaped emissions, ion cyclotron waves are highly damped for
wavelengths much less than the ion gyroradius. From the magnetic field
strength in Appendix A and an ion temperature of about 90 eV (see Figure
1 of Sckopke et al. [1981], the ion gyroradius is about 40 lm. The
festoon-shaped events have wavelengths much less than this, therefore,
ion eyclotron waves can be excluded from further consideration.

The fast-mode Alfven wave dispersion relation is unaffected by the
ion cyclotron frequency, but encounters a resonance which moves from the
electron cyclotron frequency to the lower hybrid resonance as § varies
from 0 degrees to 50 degrees, respectively. The sense of polarization
reverses for this wave as it crosses the lower Hybrid resonance fre-=
quency. The wave modes which have resonance angles between the electron
cyclotron frequency and lower hybrid resonance are called whistler mode
waves. There is also a resonance at the upper hybrid frequency. This
latter resonance, however, is not apparent in Figure 20 due to the

proximity of a cutoff for this mode (at L = 0) to resonance at the
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electron plasma frequency. Both of these modes are also electromag—
netie, except at resonance where the modes become quasi-electrostatic.
Although resonance at the upper hybrid frequency may reach large wave
numbers, this mode 1s too high in frequency to account for the festoon
shaped spectrograms. Above the electron plasma frequency, the quasi-
longitudinal wave mode is electromagnetic and also too high in frequency
to account for the festoon-shaped spectrnéfams.

Whistler mode resonances remain a possible source of the festoon-
shaped events. Additional constraints on whistler mode waves may be
derived, because of the characteristics of a wave mode at a resonance.
Before proceeding, it is desirable to sketch the geometry in the antenna
spin-plane, as is done in Figure 20. The projected plasma flow and
magnetiec field vectors are shown along with the orientation of ke
Eacéuse ky is confined to a line in the antenna spin-plane and k, is
essentially unknown, there exists a plane within which the vector wave
number must be contained. For this special case, that plane can be pro-
jected into a line in the spin-plane. Additional restrictions can be
made by realizing that resonance of a whistler wave mode at a particular
angle to the magnetic field is a source of large wave numbers. A wave
vector directed along a resonance cone could produce the required wave
number spectrum, but would be characterized by vector wave numbers comn-
fined to a narrow range of angles to the magnetic field. By defining
the resonance cone angle (ayp), it becomes possible to solve for k, from

the following eguation
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where k = kz + kz
p z

Equation 25 is quadratic in k, and for each of the two possible values
of oy, two values of k; can be computed. The roots of Equation 25 are
plotted in Figure 21. As might be expected, the roots are double valued
along the two curves which are plotted. Naturally, the values of the
solutions for kp; or equivalently for iﬁp depend upon the value of kge
Equation 18 defines the range of kp which is known to exist. If the
maximum value for kp from Equation 18 1s used, the largest i;f which
would be known to exist for a given resonance cone angle could be found.
It is for these values that the curves in Figure 21 are plotted. This
means that a given resonance cone angle requires the existence of wave
numbers at least as large as those defined by the curves in Figure 21.
The wave number corresponding to kips = 1 is marked in Figure 21, for a
minimum glectron temperature of 30 eV [Sckopke et al., 1981; Thorne and
Tsurutani, 198l; private communication, M. F. Thomsen [1982]). EKrall and
Trivelpiece [1973] determined that for a maxwellian particle velocity
distribution, whistler mode waves are weakly Landau damped except for A

S‘ ﬂ.ce, WhErE
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From the parameters in Appendix A, the condition for strong damping
becomes A < 100 IDE. Because whistler mode waves will be strongly
damped for the wave numbers known to exist, it is unlikely that the
whistler mode 1s responsible for the festoon-shaped events.

The remaining cold plasma wave modes occur at high frequencies just
above the electron plasma frequency. These are quasi-transverse
"ordinary"” and "extraordinary"” waves. They exhibit a cutoff at and just
above the electron plasma frequency. Both waves are electromagnetic and
can be discarded as candidates for explaining the magnetosheath electro—

static emissions.

B. Hot Plasma Modes

There are several electrostatic wave modes which are unique to hot
plasma theory. The first to be considered are the solutions of the
Harris dispersion equation at 8 = w/2, called Bernstein mndes.w
Bernstein modes are solutions to the Harris dispersion relation at fre-
quencies between either the ion or the electron cyclotron harmonics.
For mpaf”ce ~ 1, Bernstein modes exhibit resonances at cyclotron har-
monics. AS Wpe/tee >> 1, solutions to the dispersion equation may
couple across gyrocharmonic frequencies. Appendix A gives the ratio of
wpe/Wee at the event time that has been studied as = 100. For such high
values of the ratio, resonances no longer appear at cyclotron harmonics
(see Tataronis and Crawford [1970] for "ring" particle distribution
function). The behavior of the dispersion curves becomes highly

dependent upon the particle distribution function. However, the condi-

tion for the instability of Bernstein mode waves is that Efofavl > 0 for
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some range of v; > 0 [Tantaronis and Crawford, 1970]. Measurements of
the electron and proton particle distribution functions at energies from
215 eV to 45 keV by the quadrispherical LEPEDEA on board ISEE-1 are
shown in Figure 22, for the event time which has been chosen for study.
In the illustration, there are two sets of panels; panel 1P through 7P
for ions and 1lE through 7E for electrons. Each group of panels corre-
sponds to detector look-angles ranging from northward to southward-
looking, respectively, with the 4P and 4E detectors centered on the
ecliptic plane. Each panel displays energy and sample time vertically
and azimuthal spin angle horizontally. Particle intensities are
displayed with a color-coded scale ranging from deep blue for minimum
intensities to bright red for the maximum (see Frank et al. [1978] for
further details). The distributions for both electrons and ions are
characteristic of near subsolar magnetosheath flows. Because there is
no positive slope evident in the energy distributions in Figure 22,
there is no positive slope in the particle velocity distribution fune-
tions. A significant temperature anisotropy (Ty # Ty) is known to be a
common feature of such magnetosheath distributions (see Thorne and
Tsurutani [1981]). In that study, a temperature anisotropy was found to
be associated with the magnetic field waves of the same slow-mode
magneto—acoustic wave that Anderson et al. [1982] correlated with the
observation of festoon-shaped emissions. The consequence of these
particle cobservations is that there is no apparent source for the growth
of Bernstein mode waves at energies above 215 eV. This also applies to
the Harris mode waves corresponding to wave numbers at oblique angles to

the magnetic field. That no positive slope in the plasma particle




distribution function is found is not conclusive evidence that it does
not exist. A positive slope to the distribution function may exist at
lower energies, however, it is likely that such a distribution is not
a common feature of the magnetosheath [T. E. Eastman, private communica-—
tion, 1982]. For the lon and electron temperatures stated in the pre-
vious section, the electron and proton gyroradii are 540m and 40km,
respectively. Because these gyroradii are the characteristic length
scales of the Bernstein modes and because the wavelengths of the
festoon-shaped events are much less than these gyroradii, it is unlikely
that the Bernstein modes are assoclated with the festannﬁshaped.events.
Besides low frequency-long wavelength particle drift or gradient
wave modes, the only wave mode remaining to be considered is the ion
acoustic mode. For the conditions wey << wpi and w >> wey, which are
valid in the regime being considered, descriptions of the ion—acoustic
mode may be approximated by the case for zero magnetic field. Krall and
Trivelpiece [1973] derive a dispersion equation for ion acoustic waves
from linearized Vlasov theory of plasma waves in the free field case and

using a Maxwellian distribution function.

(]
]

k°C
(26)

|t
L= B

RoAL L+ KAAS

These waves are called sound waves because for klps << 1 all wavelengths
propagate at the ion sound speed Cg. For a maxwellian velocity distri-

bution, the only condition given for the weak damping of these waves is

a7
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that wiMAGINARY << wRpar or equivalently T, >> T;. Stated another way,
the ion and electron thermal velocities must be related to the phase

velocity as shown in the following inequality:

(Eéiilfz < % < G;EEJIEZ (27)
e
Equation 26 is plotted in Figure 23, against the region of antenna model
constrained wave number and frequency. The dispersion curve intersects
the shaded region from about 150 Hz to 1 kHz. Ion-acoustic mode wave
emission within this frequency range 'will satisfy observationally
imposed constraints. Note that this does not require wave emission at
all frequencies within the range, only some frequencies within the
range. For a plasma flow of 156 km/s (from Appendix A) and for a
maximum wave number of about 1.8 x 1073 cn™! (from Figure 23), Doppler
shifts may be as large as kV/2m = 4500 Hz (from Equation 14). Depending
upon the angle between the wave number and plasma flow velocity, the
observed emission spectrum can be produced. Figure 23 also appears to
resolve the ambiguity in the orientation of kp. For ay = 244°, the full
rest-frame spectrum limits marked in Figure 23 are allowed. The spec—
trum for ay = 64° is limited to frequencies no less than about 500 Hz.
Also, if klpe = 1 is used to roughly indicate the level of Landau
damping, then damping will be less for al = 244° than for ap = 64°.
The addition of a magnetic field into a description of the ion-acoustic
mode can also result in the resonant frequency rising at about JTTEhpi

[Stix, 1962]). For such a situation, higher values of k, may be reached



without increasing the total wave number. The orientation of k, for ap
= 244° will still result in less damping than for ap = 64°. It is
therefore, more likely that the vector wave numbers are aligned with aj
= 244°., This orientation is generally downstream of the bow shock in

the direction of the bulk plasma flow.

kL)
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VI. DISCUSSION

Emissions likely to be ion-acoustic mode waves have been found up-
stream of the bow shock (foreshock) in the solar wind [Andersen et al.,
1981]. Although no festoon-shaped effect was reported, Figure 15 of
Anderson et al. [1981] shows evidence of a rising and falling emission
band with periods on the order of half the spacecraft rotation period.
It is possible that this is also an antenna pattern effect. Outward
flowing particles apparently reflected at the bow shock and assoclated
with ion—acoustic mode waves in the Earth's foreshock are also observed
[Eastman et al., 1981]. Most recently, unstable electron particle dis-—
tributions have been found just inside the Earth's bow shock [Feldman et
al., 1982]. The distributions are characterized by a convecting
Maxwellian superimposed on a Lorentzian distribution. This particle
distribution is found to be a common characteristic of the plasma just
inside the bow shoek. The distribution is believed te be unstable in
the frequency range from 100 Hz to 1.5 wpy to ion-acoustic waves [pri-
vate communication, M. F. Thomsen, 1982], although correlations with
wave observations have ndt yet been done.

The generation of iomacoustic mode waves could occur at locations
within the outer magnetosheath or at a surface such as the bow shock.
It has been stated that the festoon-shaped spectrograms, which probably

result from ion-acoustiec mode waves, are seen at widely ranging loca-



tions in the outer magnetosheath, and at the bow shock. That the emis-
sions are & common occurrence 1is support for bow shock generation.
Ceneration of the emissions at this surface 1s supported because par-
ticle distributions unstable to ilon-acoustic waves have not been com—
monly found within the magnetosheath [T. E. Eastman, private communica-
tion, 1982]. Particle distributions which may be unstable to the ion—
acoustic mode have been found at the bow shock [Feldman et al.,-1982].
Examination of the lon—acoustic mode group velocities for the frequency
range of interest finds the magnitudes to be less than the plasma flow
veloeity. Group velocity {Vg = 3w/3k) as a function of frequency is
plotted in Figure 24. From about 150 Hz to 1 kHz the ion-acoustic mode
group velocity is at least a factor of 3 less than the plasma flow velo-
city, so these waves will be carried by the bulk plasma flow. If the
nominal magnetosheath plasma is not unstable to ion-acoustic waves, the
emissions must originate in association with the bow shock and be con-
vected to spacecraft locations within the outer magnetosheath. Because
festoon—shaped events are not found within the inner magnetosheath,
generation at the magnetopause or in the magnetosphere is not likely.
Further evidence for bow shock generation of the festoon-shaped
events comes from the observed wave vector geometry. Wave vectors are
found to lie within a plane which contains the GSE z-axis and vary in
orientation to the GSE x-axis with time. There is no apparent local
reason for the wave vector to be confined to a plane. The required
geometry can be found upstream at the bow shock. Should wave vectors be

produced at orientations defined by the bow shock surface, that
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orientation might be preserved as the wave is convected downstream.
Variation in the local orientation of the plane containing the wave
vector would then reflect a time history of the variation of the surface
of the bow shock immediately upstream of the spacecraft. A systematic
drop in the intensity of the festoon-shaped events with distance from
the bow shock (inte the magnetosheath) provides additional confirming
evidence. The variation in intensity as a function of the dist;nce from
the bow shock can be seen in Figure 6 for those frequency channels
covering the iom-acoustic wave spectrum. These logarithmically dis-
played intensities are a maximum just inside the bow shock and decline
in intensity until the festoon-shaped events disappear near 1000 UT. At
600 Hz, the spectral power flux decreases at a rate of about 3db per 100
km for the first 2000 km after the bow shock and remains fairly constant
until about 1000 UT. This effect is consistent with waves which are
produced at the bow shock and dissipate as they are convected away from
the source of free energy driving the instability.

A concern associated with the propagation of lon—acoustic waves
from the bow shock to spacecraft locations within the magnetosheath is
that iomacoustic waves are strongly damped unless T./Ty << 1. Thorne
and Tsurutani [1981] state that magnetosheath protons have thermal
energies considerably larger than electrons (T4 = 200 eV). In general,
the ion to electron temperature ratic in the magnetosheath is found to
be 3 < Ty/Te < 10 [Ogilvie and Scudder, 1979; Sckopke et al., 1381; T.
E. Eastman, private communication, 1982]. For the specific event
studied, and the measured plasma flow and wave group velocities, the

transit time of ion—acoustic waves from bow shock to the spacecraft is
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no less than about 30 seconds. If the ion-acoustie waves were heavily
damped by the magnetosheath plasma, they would not be observed at the
spacecraft location. As discussed above, some damping is evident as the
spacecraft becomes further from the bow shock. However, detailed growth
rate calculations with observed particle distributions are necessary,
before it can be determined if bow shock wave generation is consistent
with these observations. Of interest is _the appearance of two levels of
damping in Figure 6. The effect may reflect the thermalization of solar
wind ions entering the magnetosheath. Electrons experience an abrupt
change in thermal temperature at the bow shock, while ions thermalize
more slowly [M. F. Thomsen, private communication, 1982]. Because the
damping of ion-acoustic waves will be strongly influenced by Tg/Ty, the
sharp drop in intensity of the waves during the first 2000 km after
crossing the bow shock and passing into the magnetosheath may correspond
to the region over which solar wind ions thermalize in the

magnetosheath and at the bow shock.
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VII. CONCLUSIONS

This study has sought to explore the characteristics and causes of
the "festoon—shaped” electric field spectrum found in the Earth's mag-
netosheath. The importance of understanding these emissions 1s evident
by their frequent occurrence. They are seen over wide ranges of local
time and across the outer magnetosheath. The "festoon-shape” seen in
frequency-time spectrograms results from the dipole antenna pattern for
electrie field wavelengths longer than (A ~ 600 meters) and shorter than
(A ~ 30 meters) the ISEE-1 antenna (L = 215 meters). Given the Doppler
shift of a plasma frame spectrum of wave vectors, the observed frequency
is shown to be linearly related to the wave number component in the
antenna spin-plane. The fine time structure evident in the spectral
shape is a consequence of the confinement of all wave number vectors to
a plane which contains the z-axis in GSE coordinates and projects to a
line in the antenna spin plane.

0f all the cold and hot plasma wave modes considered, the restric-
tions which are imposed upon possible wave number-frequency values in
the plasma frame of reference eliminate likely participation of all but
one normal plasma wave mode in the generation of these emissions. That
mode is the ion-acoustic wave mode.

In the rest frame of the plasma, the ion—acoustic waves are pro-

duced at frequencies in the range from about 150 Hz to 4 kHz and at



wavelengths from about 30 meters to 600 meters. The lon-acoustic waves
are thought to be produced upstream at the Earth's bow shock, where
electrons passing through a shock acceleration region produce an
unstable particle velocity distribution. It is additionally hypoth-
esized that the wave vectors are produced with orientations defined by
the bow shock surface and that this geometry is characteristic of the
waves as they are convected into the magnetosheath. The festoon-shaped
events and, therefore, ilon—acoustic waves are found to be a common
characteristic of the Earth's dayside magnetosheath.

4 self-consistent picture has been assembled of the magnetosheath
enviromment during the observation of electrostatic filelds which exhibit
a "festoon-shaped” frequency-time structure in phase with the rotation
of the observing dipole antenna. This does not mean that these observa-
tions may have no other explanation. It does mean that any explanation
of all salient features is highly constrained by the collection of pre-
sented evidence. Should this picture be sustained by subseguent
investigation, an additional tool is obtained for the study of the
complex processes operating in the Earth's magnetosheath and at the bow

shock.
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Basie Plasma and Wave Environments

density n = ng = nj = 58 em™3

[Bame experiment, Ogilvie and Banks, 1977; verified with plasma
wave data]

#»
magnetic field |By| = 24.4 nT, By, = 5.91 nT, Boy
[Russell experiment, Ogilvie and Banks, 1977]

= 20.4 nT,

kinetic electron temperature T, = 30 eV
[Tsurutani, 1982]

S
plasma flow velocity |V| = 156 km/s, Ve = =113 kn/s, Vg = =74 lm/s,
V, = 78 ku/s
[T- E. Eastman, private communication, 1982]

thermal electron energy density Up = nkT = 2.8 x 1079 erg/cm?

2
maximum average electric field energy demsity Ug = %;—= 4.9 x 10-22

erg/cm?



Computed Plasma Parameters and Frequencies

Thermal/magnetic energy ratio
Thermal electron veloecity
Electron Debye length

Ion sound speed

Electron plasma frequency
Electron gyrofrequency

Ion plasma frequency

Ion gyrofrequency (HT)

Upper hybrid resonance

Lower hybrid resonance

Electron plasma to gyrofrequency ratio

g =1.2

Vre = 2.3 x 108 cau/s
Ape = 530 cm

Cg = 5.4 x 105 cm/s

fpe = 68 kHz = mPEKZﬂ

foa = 680 Hz = wee/27
fpi = 1.6 kHz = wpy/27
feq = 0.37 Hz = w.q/27

fiygr = 68 kHz

WyHR/ 27
fiuR = 16 Hz = wpgp/2w

wpa/wee = 100
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General Cold Plasma Dispersion Equation

[Stix, 1962]

Aot = BaZ + C =0
where
A =S sin?8 + P cos?e
B = RL sin2@ + PS(l + cos?8)
C = PFRL

and where for a two—component plasma

o4

2
pE: "] m;i: w
= 2w - w s 2 "w+ ow }
w ce uw ci
2 2
mEe: u o i w
S R S T
i ce i
!.t.‘l21 ﬂlz
=1 -_Pe_ _pi
mz mz
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Solution for Cold Plasma Dispersion Equation

2 _BtF
74

where |

F2 = (RL - PS)2sin"8 + 4P2D2cos?8
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Figure 1

Wideband data from the ISEE-1 spacecraft on
December 20, 1977 (day 354) illustrate the charac—
teristic festoon—shaped emissions found in the
Earth's dayside magnetosheath. The spacecraft is
located at about 18.6 Rg, 13.1° magnetic latitude
and 7.45 hours magnetic loczl time. The lower panel
shows an electric field spectrogram for the fre-
quency range of 0 to 5 kHz and for times from 18h
42m 28s to 18h 42m 54s universal time (higher inten—
sities are shown as darker shading). The upper
panel shows the trace of the upper frequency cut-
off of the emission as a function of time. The
rise and fall of the cutoff is directly related to

the rotation of the spacecraft's dipole antenna.
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Figure 2

The ISEE-1 and -2 long fine-wire electric dipole
antennas are shown. They correspond te the V-axis
and X-axls, respectively. The ISEE-l antenna is
215 meters long tip-to-tip with 143 meters
insulated and 36 meters exposed at each end. The

ISEE-2 antenma is 30 meters tip-to-tip.
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Figure 3

Wideband data from ISEE-1 is shown for November

22, 1977 (day 326) from 9h 57m Os to 9h 57m 15s.
The spacecraft is located at about 12.4 Rg, 12.9°
magnetic latitude, and 10.9 hours magnetic local
time. Both panels display frequency-time spectro—
grams; the upper panel from 0 to 10 kHz and the
lower panel from 0 to 1 kHHz. The 10 kHz channel
has a2 low frequency instrument cuteff at 650 Hz and
data below 150 Hz in the lkHz channel has been
eliminated in order to enhance the shading of the
higher frequencies. In the interval from 6 seconds
to 9 seconds, the festoon-shaped emission bandwidth
varies from 200 Hz-B00 Hz at about 6.5 seconds

to 400 Hz - 2k Hz at about 7.5 seconds.
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Figure &

Wideband data from ISEE-1 is shown for November
22, 1977, (day 324) from 9h 57m 15s to 9h 57m 30s.
The spacecraft i1s located at about 12.4 Rg, 12.9°
magnetic latitude, and 10.9 hours magnetic local
time. Both panels display frequency-time spectro-
grams; the upper panel from 0 to 10 kHz and the
lower panel from O to 1 kHz. The 10 kHz channel
has a low frequency instrument cutoff at 650 Hz and
data below 150 Hz in the 1 kHz channel has been
eliminated in order to enhance the shading of the
higher frequencies. The emission extends to as
high as 5 kHz and shows a periodic gap in intensity
at all frequencies. A second frequency component
is evident at about 23 seconds, however, it may be

unrelated to the main emission spectrum.
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Figure 5

Wideband data from ISEE-1 is shown for November 22,
1977 (day 326) from %h 59m 30s to 9h 59m 45s5. The
spacecraft is located at about 12.3 Rg, 12.9°
magnetic latitude, and 10.9 hours magnetic local
time. panels display kHz frequency-time spectro-
grams; the upper panel from 0 to 10 kHz and the lower
panel from 0 to 1 kHz. The 10 kHz channel has a low
frequency instrument cuteoff at 650 Hz and data below
150 Hz in the 1 kHz channel has been eliminated in
order to enhance the shading of the higher frequemn
cles. The frequency-time structure rises as high as
6 kHz, showing gaps in imtensity near 37 seconds and

39 seconds.
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Figure 6

Spectrum analyzer data for November 22, 1977 are

shown for the electric field antemnna. Each channel,

covers a dynamic range of 100db. Spacecraft ecoor-
dinates are shown at the bottom of the panel in
geocentric magnetospheric coordinates. Bow shock
and magnetopause are marked to delineate the pass-
age of the spacecraft through the magenetosheath,

where the festoon-shaped events are studied.
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Figure 7

The magnetic field and plasma flow velocities are
shown in geocentric solar magnetospheric coordi-
nates for the event times in Figures 3, &4, and 5.
The center graph is a two-dimensional representa-
tion of the three-dimensional orientations of these
vectors. The other graphs are projections of the
vectors into the three orthogonal coordinate
planes. The X-Y plane contains the rotating elec—
tric dipole antenna and includes the projected

magnetic fleld and plasma flow vectors.
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Figure 8

The event time shown in Figure 3 is expanded in
frequency and displayed along with the orientatiom
of the spacecraft antenna with respect to the
spacecraft-sun line, the magnetic field, and the
plasma flow velocity. Vertical reference lines
are drawn te determine the antenna orientation
when the emission bandwidth is a maximum. For
those marked times, the average antenna to mag-
netic field and plasma flow velocity angles are

104 +3 degrees and —-26 %6 degrees, respectively.
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Figure 9

The event time shown in Figure 4 is expanded in
frequency and'displayed along with the orientation
of the spacecraft antenna with respect to the
spacecraft—-sun line, the magnetic field, and the
plasma flow velocity. Vertical reference lines
are drawn to determine the antenna orientation
when the emission bandwidth is 2 maximum. For
those marked times, the average antenna to
magnetie field and plasma flow velocity angles are

121 %4 degrees and -14 *6 degrees, respectively.
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Figure 10

The event time shown in Figure 5 is expanded im
frequency and displayed along with the orientation
of the spacecraft antenna with respect to the
spacecraft-sun line, the magnetic field, and the
plasma flow velocity. Vertical reference lines
are drawn to determine the antenna orientatilon
when the emission bandwidth is a maximum. For
those marked times, the average antenna to mag—
netic field and plasma flow velocity angles are 77

x4 degrees and =60 *6 degrees, respectively.
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Figure 11

ISEE-1 antenna orientation to the magnetic field
and plasma flow velocities are summarized for the
times marked with vertical lines in Figures 8, 9,
and 10. Orientation angle is found to be reason-
ably constant over time intervals of & seconds to
10 seconds, however, not coherent over time inter-

vals of 140 seconds or longer.
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Figure 12

A portion of the ISEE~1l orbit projected inte the
noon—~midnight plane in GSE coordinates 1s shown from
0600 UT to lﬁﬂﬂ UT on November 22, 1977. One hour
intervals are marked along the orbit. The bow shock
and magnetopause boundaries have been adjusted

to matech that observed for this inbound pass.
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Figure 13

The ISEE-1 orbit for the same times shown in
Figure 12 is projected into the GSM equatorial
plane. The sﬁacecraft is on an inbound pass near

11 hours local time.
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Figure 14

Electric field and wave number vectors are shown
along with angle definitions. These definitions
are those used in developing the antenna response
to a spectrum of wave numbers. The antenna spin—

.
plane component of k is k; and its azimuthal angle

Y
to the GSE coordinate x-axis is ay. The vector £
is along the electric dipole antenna and 8§ defines

its azimuthal orientation.
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Figure 15

Relative antenna response intensity, for antenna
orientation along the polarization electric field,
as a function of wave number and for two parameter
conditions are shown. For L;=1 meter, the intensity
is power law with spectral index of -4 at wavelengths
less than the antenna length. For Lj=143 meters

the fall-off in intensity is more rapid than power
law. The smaller value is appropriate for capaci-
tive antenna coupling to the plasma and the larger
value, for resistive coupling. For magnetosheath
conditions, the antenna is thought to couple

capacitively to the plasma (L} = 1 meter).
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Figure 16

Antenna model response to a spectrum of wave numbers
is summarized. Contours trace equal intensity
levels at labeled decibel wvalues referenced to the
peak value. The model qualitatively reproduces the
emission festoon-shape and the intensity gap at all
frequencies for antenna orientations perpendicular
to the polarization electric field. The wave number
and electric field vectors are both at 8 = 90° for
the purpose of illustrating the antenna response to

a spectrum of wave numbers.
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Figure 17

87

Antenna response intensity contours are compared
directly to an event observed with the wideband
receiver. Measurement of the antenna orientation to
the projected vector wave number determines horizom-
tal registration with the antenna response contours
and spectral shape is used to obtain vertical regis—
tration. The contour lines are found to reproduce
the festoon-shape spectrum and also reflect the shape
of the intensity gap at about 38.95 seconds. The
intensity dropout is about 5 degrees wide in space-
craft rotation at 1.3 kHz and widens to 15 degrees
at about 2 kHz. The match between model antenna
response and the festoon—shaped emission determines
a linear relationship between observed frequency and
magnitude of the spin-plane projected component of

the wave number (kp}.
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Figure 18

The values of wave number and frequency which are
allowed for selected magnitudes of the spin-plane
projected wave numhber {kp} are plotted. For each
value of k,, two curves result. As shown in the
inset, one curve corresponds to kp chosen to lie in
the dusk half plane of the GSE X-Y plane (o) = 64
degrees) and the other corresponds to ky, in the
dawn half plane (ay = 244°). The curve is formed
by varying k, from == to += and computing total
wave number and frequency from Equation 21. For kp
in the dawn half plane, there are no solutions for
kz»0. Four families of curves are plotted corre-
sponding to values of k, which cover the modeled
range 1.59 x 10™% cu~!, 3.5 x 10™% cm~l, 7.8 x 10~
em~!, and 1.75 x 10™? cn~!. The more lightly
shaded regions correspond to wave number and fre-
quency values which can only be reached by one of
the a)p values. The more darkly shaded region is

accessible for oy equal to B64° or 244°,
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Figure 19

All cold plasma wave mode dispersiom curves are

shown for the plasma parameters defined in Appendix
A. Wave number angles to the magnetic field from

0° to 90° sweep out regions which are shaded to
reflect the sense of polarization for electromagnetic
waves. Quasi-linear polarization is shown as a

so0lid line.
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Figure 20

The spin-plane geometry corresponding to the modeled
event in Figure 17 is shown. The projected plane
which must contain the vector wave numbers is at an
angle of 64 degrees to the sun direction in the GSE
X-Y plane. The projected plasma and magnetic field

vectors are alsoc shown.
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Figure 21

The whistler wave mode satisfies the required wave

number spectrum (k,) only at a resonance cone, the

roots of the solutions for the largest wave numbers
consequently known to exist are plotted. Resonance
cone angles which require |;| to be very near or

larger than the electron gyroradius (kApe

=aceﬁ

2n/100) will be strongly damped.
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Figure 22

Three—dimensional electron and proton particle
distributions at emnergiles from 215 eV to 45 keV are
displayed. Measurements are from the University of
Iowa quadrisphe}ical plasma analyzer (or LEPEDEA)
on board ISEE~l. Panels 1P through 7P are energy
vs phase angle plots of detector responses for ions
and panels lE through 7E are the corresponding
plots for electrons. Detectors 1 through 7 have
look—-angles ranging from northward to southward-
looking, respectively, with detector 4 centered on
the ecliptic plane. Each panel displays energy and
sample time vertically and azimuthal spin angle
horizontally. Particle intensities are displayed
with color varying from deep blue for the minimum
particle fluxes and bright red for the largest (see
Frank et al., [1978) for further details). The
distributions for both electrons and ions are typi-
cal of near subsolar magnetosheath flows. Pre—
dominantly anti-sunward ion flow is evident as an
intensification near the center of the 5P and 6P

panels.
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Figure 23

The ion-acoustic mode dispersion equation is
plotted against the allowed values of wave number
and frequency from Figure 18. Before resonance at
the ion plasma frequency, the dispersion curve
crosses allowed wave numbers from about 150 Hz to 1
kHz. For plasma flow relative to the spacecraft of
about 156 km/s and maximum wave number of 1.8 x
1073 em !, Doppler shifts as large as 4500 Hz are
possible. The sPacecéaft observed frequency
spectrum can be produced by the iom~acoustic wave

mode.
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Figure 24

lomacoustic mode group velocity is graphed. Group
velocity is plotted vertically and fregquency
horizontally. The dashed line indicates the bulk
plasma flow velocity. The limits for the rest-
frame frequency from Figure 23 are marked, showing
that the group velocities are at least a factor of
3 less than the plasma flow. Propagation of ion-
acoustic mode waves will be dominated by the bulk
plasma motion and be convected from locations up

stream of the spacecraft.
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