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ABSTRACT

Naturally occurring noise bands near the electron plasma fre-
gquency are frequently detected by the University of Iowa plasma wave
experiment on the IMP 6 satellite in the region from just inside the
plasmapause to radial distances of ebout 10 earth radii in
the outer magnetosphere. The electric field strength of these noise
bands is usually small with electric field spectral densities typically
near 1'['.'!-15 volts® meter™ 2 Hz ™t (broadband field strengths of about
two microvolts per meter). A wave magnetic field has been detected
only in a few unusually intense cases, and in these cases the
magnetic field energy density is several orders of magnitude smaller
than the electric field energy density. The bands are observed at
all magnetic latitudes covered by the IMP 6 orbit []hm| < 45°) and
appear to be & permanent feature of the outer magnetosphere. They
are found at all local times and occur least freguently in the quadrant
from 18 to 24 hours. The bands appear to consist of two distinet
spectral types which we have called diffuse and narrow band. In both
types the center frequency of the noise band is bounded by consecutive
hermonies of the electron gyrofreguency, and the bands occur most often
between harmonics that are near the local electron plasma frequency.
These bands appear to merge continucusly into two types of plasma wave

emizsions that are found in dissimilar regions of the magnetosphere

xvii



(upper hybrid resonance noise, also called Region 3 noise, inside the
plasmasphere and (n + 1{'2}1’g harmonics in the outer magnetosphere).
Tt is suggested that this smooth merging is caused by changes in the
plasma wave dispersion relation that occur as the spacecraft moves
from the cold plasme within the plasmasphere into the warm, non-

Maxwellian plasma found in the outer megnetosphere.
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I. INTRODUCTION

The earth's magnetosphere has provided an excellent natural
laboratory for studying the generation of various types of plasma
waves. The large physicel size of gpatial inhomogenieties and the
large wavelengths of many types of waves enables one to neglect
boundary effects that can complicate the interpretation of data
gathered in ground laboratory experiments.

The electric and magnetic fields of naturally oceurring plasma
waves can interact with the charged partieles that pupulateldifferent
regions of the magnetosphere. Wave-particle interactions can result
in the generation and absorption of wave energy and changes in the
constituent particle energy distributions. Thus, these types of
interactions may explain some of the dynamics of the magnetosphere.

Electrostatic waves are particularly interesting because these
waves often have phase velocities that are comparable to the thermal
speeds of the constituent particles of the plasma. Thus, electro-
static instabilities usually play an important role in studying
fluctuations and instabilities in laboratory plasmas. Electroastatic
modeg that interact primerily with thermal electrons should oceur at
frequencies near the electron plasma freguency, fP, the electron

gyrofrequency, fg, and the upper hybrid resonance freguency, fUHR'



These frequencies are natural resonant frequencies at which instabili-

ties generated by the thermal motions of the electrons can most

easily occur.

A variety of plasma wave emissions have been observed by
rocket- and satellite-borne radio noise experiments at freguencies
near these three resonant frequencies. A noise band that is found
at frequencies between the local plasma freguency and the local upper
hybrid resonance frequency has been observed in the ionosphere and
plasmasphere by Walsh et al. [1964]; Bauer and Stone [1968]; Gregory
[1969]; Muldrew [1970]; and Hartz [1970]. More recently, Mosier et
al. [1973] reported observations of a similar noise band (which we
call upper hybrid resonance noise) inside the plasmasphere at fre-
guencies between the loecal plasma and upper hybrid resonance fre-
quencies. This type of noise has also been called Region 3 noise
because it ocecurs in Region 3 of the CMA diagram that deseribes wave
propagation in a cold plasma [see Stix, 1962]. Incoherent Cerenkov
radiation from thermal electrons is believed to generate upper hybrid
resonance noise, and the propagation of the wave energy appears to
be adequately described by cold plasms theory [see Mosier et al., 1973;
Taylor and Shawhan, 1974].

Intense narrow band electrostatic emissions (called (n + 1}2)fg
harmonics) have been detected in the outer magnetosphere by 0G0 5
with wave frequencies between harmonics of the local electron gyro-
frequency [Kennel et al., 1970; Fredricks and Scerf, 1973; Scarf et al.,

1973]. The generation of the (n + le}fg harmonics cannot be understood



in terms of cold plasma theory. Instead, an electrostatic instability
driven by a non-Maxwellian electron velocity distribution is believed
to generate these waves [see Fredricks, 1971; Young et al., 1973].

Weak electromagnetic continuum radiation (ualléd > fp noise)
has been observed trapped in the outer magnetosphere et frequencies
just above the local electron plasma frequency [Gurnett and Shaw, 1973].
In gsome cages this radiation has a sharp lower cutoff at the local
electron plasma frequency that provides an accurate determination of
the electron number density [Gurnett and Frank, 1974].

The University of Iowa plasma wave experiment on board the
IMP 6 satellite has detected electrostatic noise bands in the outer
magnetosphere that occur between harmonics of the local electron
gyrofrequency at frequencies near the local plasma freguency. These
emissions are found throughout e large region of the magnetosphere,
occurring from well inside the plasmapause to radial distances as
great as ten earth radii. Such bands are detectable on about two-
thirds of all the IMP 6 magnetospheric passes and are essentially a
permanent feature of the magnetosphere, These bands typically
have small electric field amplitudes, with broad-band field strengths
usually about two microvolts per meter, and they probably have not
been previously observed because of the low amplitudes at which
they occur.

The characteristics of these electrostatic noise bands change
as the spacecraft moves from inside the plasmasphere to larger radial

distances in the outer magnetosphere. Well inside the plasmasphere



the noise bands have characteristics similar to upper hybrid resonance
noise, while at larger radial distances in the outer magnetosphere the
noise bands often develop characteristics similar to the (n + l[E)fg
harmonies. Thus, these observations suggest that there iz a conmtinuous
transition conneeting these two different types of paturally occurring
noise that are found in dissimilar regions of the magnetosphere.

This paper describes the University of Iowa IMP 6 plasms wave
experiment, presents an observational study of the diffuse and narrow-
band electrostatic noise cbserved by the University of Iowa experiment,
and suggests an explanation for the smooth transition between these
noise bands and the other types of noise found in the plasmasphere and

the outer magnetosphere.



ITI. DESCRIFTION OF THE EXFERIMENT

A. IMP 6 Orbit

IMP 6 is one of a series of spacecraft that were designed for
the purpose of studying the earth's magnetosphere, the bow shock,
the geomagnetic tail, and the solar wind. IMP 6 carried twelve
scientific experiments, one of which is a plasma wave experiment
designed and built at the University of Iowa. The data surveyed for
this report were collected during the first year of operation of the
experiment, which measures plasma wave phenomena in the frequency range
20 Hz to 200 kHz.

The IMP 6 spacecraft was launched on March 13, 1971, from
the Eastern Test Fange at Cape Kennedy, Florida. The highly elliptiecal
crbit had an initial perigee and apogee at geocentric radial distances
of 6610 km and 212,630 km, respectively. The radial distance of
perigee increaged to a maximum of about 20,000 km in December, 1972,
and then it decreased progressively until burn-up in the atmosphere
in October, 1974. The orbit inclination was 28.7 degrees, and the
period was slightly grester than 100 hours. The spacecraft was spin-
stabilized, rotating with a period of about eleven seconds about the
z-axis which was oriented normal to the eeliptic plane.

Figure 1 is a projection of an IMP 6 orbit on the ecliptic

plane. The position of the spacecraft ig described in spheriezal



coordinates defined by the geocentric radial distance, the angle fram
the antisunward direction to the projection of the radius veetor in
the ecliptic plane (local time), and the angle from the radius vector

to the ecliptic plane (solar ecliptic latitude). The major axis of the
orbit rotates through twenty-four hours of local time per year so

that a nearly uniform sampling of all local times is achieved in omne
year.

Figure 1 shows the regions in the magnetosphere that are sampled
by the IMP 6 orbit. At low altitudes the spacecraft is located within
the plasmasphere, which consists of a region containing cold plasma
co-rotating with the earth. This plasma is believed to have its
gource in the ionosphere, and its temperature is probably of the
order of a fey electron volts. The electron number density ranges
from 101+ ﬂm's near the lonosphere to lD3 cmfa near the inside edge
of the plasmapause boundary.

At geocentric radial distances near five earth radii in the
equatorial plane the plasmapause is found. At the plasmapause
the number density of the plasma abruptly drops by two to three
orders of magnitude. Ton number densities are typically measured
at 1 cm™S to 10 cm S just outside the plasmapause. In additionm,
the earthward edge of the plasma sheet is found near the outside
edge of the plasmasphere.

The plasma sheet is a reglon containing a warm, low density
plasma that extends to large radial distances in the geomagnetic tail.

Typical plasma sheet electron number densities are of the order of



1 cm-3, and average electron emergies are of the order of 100 eV to

a Tew keV. The plasma sheet extends to large distances in the geo-
magnetic tail ( > EGIRE} averaging about seven earth radii thick and
about L0 earth radii wide. In the equatorial plane the plasma sheet
£ills most of the region between the plasmapause and the magnetopause
boundary shown in Figure 1.

As the IMP 6 spacecraft moves from inside the plasmasphere,
through the plasmapause into the plasma sheet, and through the magneto-
pause, the characteristies of the plasma surrounding the spacecraft
change significantly. Inside the plasmasphere the plasma is a cold,
high density plasma. The propagation characteristics of most wave
modes are described by the theory of wave propagation in a cold mag-
netoplasme [see Stix, 1962].

Inside the plasma sheet, however, the thermal energy of the
electrons is several orders of magnitude greater and the number
density is several orders of magnitude less than those observed insgide
the plasmasphere. Thus, thermal effects may be more important for
explaining the generation and propagation of plasma waves than the
interactions between the plasma and the geomagnetic field. '

The spacecraft moves from perigee inside the plasmasphere to
the dayside magnetopause boundary in about five hours, so that the
spacecraft is at radial distances below ten earth radii in the mag-
netosphere approximately ten percent of the time. Thus, although
the spacecraft is outside the magnetosphere the majority of the time,

a sampling of the magnebosphere below ten earth radii can be obtained



in & relatively short time. This characteristic of the orbit makes

it possible to continuously examine changes in the generation and
propagation of naturally occurring emissions in different regions of

the magnetosphere under relatively unchanging magnetospheric conditions.

B. University of Iowa Plasma Wave Experiment

The University of Iowa plasma wave experiment consists of a
complement of electric dipole and magnetic loop antennas, two identi-
cal frequency spectrum analyzers, and two broadband AGC receivers.
Seven different antennas are used by the experiment to detect both
electrogtatic and electromagnetic plasma wave phenomensa.

Figure 2 is a drawing of the IMP 6 spacecraft showing these
antennas in the deployed configuration. The three electric "long-
wire" dipole antennas are composed of twin cyliﬂdrical copper elements
that are extended from the main body of the spacecraft in flight.

The Ex and E-:"F antennas, which are perpendicular to the spin axis of
the spacecraft, have tip-to-tip lengths of 54.0 meters and 93.2 meters,
respectively. The third long antenna, Ez, is parallel to the spin
axis and has a tip-to-tip length of 6.55 meters. The fourth antenna
is a "short electric" dipole antenna that is wounted on the magneto-
meter boom. This antenna consists of two wire cage spherical elements
with a center-to-center separation of 0.38 meters in the z direction.
The short electric antenna is used for the detection of waves with
wavelengths that are short compared to the dimensions of the long

electric antennas.



The magnetic loop antennas consist of three mutually crfhcgunal
one turn loops, each with an area of slightly less than one square
meter. The loop antenns assembly is mounted on a boom that extends
approximately four meters from the body of the spacecraft, and each
antenna is coupled to a preamplifier through a transformer with a turns
ratio of 250:1.

Several combinations of these antennas may be connected to
either of two identical spectrum analyzers as shown in Figure 3.

Each spectrum analyzer consiste of sixteen filter chennels with
bandwidths of sbout fifteen percent of the center freguency. There
are four filter channels for each decade in frequency, covering the
frequency range from 20 Hz to 200 kHz. The signal from each filter
channel is applied to & logarithmic compressor which consists of
five successive amplifier stages, each of which saturates for

gignals which differ in amplitude by about one order of magnitude.
These outputs are then added by a summing amplifier and converted %o
a d.c. voltage by one of two detectors, a peak detector or an average
detector. Thus, the output of each detector is a d.c. voltage that
ig approximately proportional to the logarithm of the signal amplitude
at the input of the compressor.

The pesk detector measures the largest signal strength seen
during each sample interval of 5.11 seconds. It has a time constant
equal to 0,1 seconds, and it is reset to zero at the start of each
new sample interval. The average detector has a time constant equal
to the sample interval; therefore, it continuously measures a signal

strength that is time averaged over a 5.11 second interval.



Fach filter channel has a dynamic range of 100 db with a sensi-

tivity of less than 10 microvolts for a sine wave signal at the center
frequency of the filter channel. Operated in conjunction with the
long electric antennas, electric field strengths as low as 0.2 micro-
volts per meter can be measured. The sensitivity of the magnetic loop
antennas is a function of freguency and varies from about 2.0 milli-
gammas at 36 Hz to about 10.0 wicrogammas at 16.5 kHz.

In addition to the peak and average detectors described above,
each spectrum analyzer has four rapid sample detectors at 35 Hz, 311 Hsz,
3.11 kHz, and 31.1 kHz, each of which has a time constant of 0.1 seconds
and a sample interval of 0.32 seconds. Each of thege eight filter
channels are sequentially sampled for 40.9 seconds by an eight-
position commutator as shown in Figure 3. This rapid sample detector
makes it possible to study events that occur with a short time scale,
for example, effects due to the rotation of the spacecraft.

In addition to the digital data available from the two spectrum
analyzers, two broadband AGC receivers are used to produce detailed
frequency-time spectrograms of narrow band and tranﬁiEﬂt wave
phenomena. A block diagram of the AGC receivers is shown in Figure k4.
The receivers have the capability of operating in two different modes.
The output of receiver no. 2 is a 13.5 kHz frequency modulated sub-
carrier with a bandwidth of 1 kHz. The output of receiver no. 1 can
be either an 8.5 kHz frequency modulated subcarrier with a bandwidth

of 1 kHz, or a direct mode which has a bandwidth from 650 Hz to 10 kHz.



A 20 kHz precision oscillator is used to convert data at frequencies

from 11 kHz - 19 kHz and 21 kHz - 29 kHz to the frequency range
covered by the direét mode.

The wideband receivers have eight different configurations
that are obtained by different combinations of switching between the
two spectrum analyzers and the four frecuency ranges. The data re-
gearched for this report was usually recorded in the mode that
cycles between the electric and magnetic antennas and the freguency
ranges 650 Hz - 10 kHz, 11 kHz - 19 kHz, and 21 kHz - 29 kHz.

The IMP-6 University of Iowa plasma wave experiment has the
versatility necesszary for an experiment that operates in the wide
range of environments found on the IMP-6 orbit. It is capable of
obtaining data for the purpose of surveying naturally occurring radio
noise and for studying specific events in detail. The excellent
gsensitivity of the spectrum analyzers used in conjunction with the
long electric dipole antennas mekes it possible to study a wide

variety of electromagnetic and electrostatic wave phenomena in the

magnetosphere, the magnetosheath, and the solar wind.
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IIT. REVIEW OF PREVIOUS OBSERVATIONS

A. Upper Hybrid Resconance Noise

Naturally occurring band limited noise, called upper hybrid
resonance noise, has been observed in the ionosphere and plasmasphere
by several rocket- and satellite-borne experiments [Walsh et al., 196k4;
Bauer and Stone, 1968; Gregory, 1969; Muldrew, 1970; Hartz, 1970; and
Mosier et al., 1973]. As reported by Mosier et al. [1973] upper hybrid
resonance noise consiste of waves with frequencies between the loecal
upper hybrid resonance freguency, fUHR’ and the local plasma freguen-
ey, fp- Less intense noise is also observed at frequencies between

the plasma freguency and the L = O cutoff fregquency, fLFG'

= (2 + f:::lfg (1)
f - G v (2)
£ rEy (3)
P e i (4)

where n is the electron number density and B is the static magnetic

field. These resonance and cutoff frequencies define bounding surfaces



between which modes of wave propagation exist in a cold plasma with a
varisble number density and static magnetic field [see Stix, 1962].

The index of refraction for waves between fUHB and the greater
of fE and fp approaches infinity at the resnﬁance cone angle, Eres,
messured with respect to the static magnetic field. The resonance
cone angle varies from 90° when the wave frequency equals fﬁHH to 0°
when the wave freguency eguals the greater of fE or fP. Waves that
have wave vechbors exactly at the resonance cone angle are purely
electrostatic because the wave magnetic field approaches zero as the
index of refraction approaches infinity. Wave energy can be generated
by Cerenkov radiation from low energy electrons at wave normal angles
near the resonance cone angle because the wave phase velocity can be
less than the electron velocities for large values of the index of
refraction.

Taylor and Shawhan [1974] have performed detailed numerical
caleulations of electrie field and magnetic field wave spectral
densities to test incoherent Cerenkov radiation as the mechanism
responsible for generating verious types of magnetospheric emissions.
Taylor [1973] calculates wave electric field spectral densities for
upper hybrid resonance noise that are several orders of magnitude
greater than those typically measured; therefore, sufficient power is
available from incoherent Cerenkov radiation for the generation of
upper hybrid resonance noise. Smaller electric fields may be observed

because of thermal effects, which were not taken into account in the

"ealeulations [see Taylor, 1973].
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In summary, upper hybrid rescnance noise consists of naturally
occurring emissions in the frequency interval between the local upper
hybrid resonance frequency and the greater of the plasma frequency or
the electron gyrofrequency. Incoherent Cerenkov radiation from low
energy electrons in the plasmasphere or ionosphere may generate upper
hybrid resonance noise, and the propagation of the wave energy appears
to be adequately described by cold plasma theory [see Mosier et al.,

1973, Taylor and Shawhan, 197k4.]

B. (n+ 1{2)fE Harmonics

Intense narrow band electrostatic emissions, called (n + l,/E}:E'E
harmonies, have been detected in the outer magnetosphere (4 = L < 10)
by the 0G0 5 spacecraft [Kennel et al., 1970; Fredricks and Scarf, 1973].
These emissions occur at frequencies between harmonics of the electron
gyrofrequency, most often near 3/2 fg‘ The (n + lfzjfg harmonics have
the greatest intensity and persistence near the geomagnetic equator
and local midnight. They occur with electric field amplitudes typically
from 1-10 millivolts per meter and have been observed with amplitudes
as great as 100 millivolts per meter in association with geomagnetic
substorms [Scarf et al., 1973].

Kennel et al. [1970] suggested that these emissions could be
responsible for pitch angle diffusion and energization of auroral
electrons. Detailed calculations of diffusion coefficients for
geattering in energy and pitch angle show that these waves could cause

such secattering for electrons in the energy range 0.1 - 10 keV [Lyons,

1974].
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A& mechanism has been proposed by Fredricks [1971] and later
refined by Young et al. [1973] to explain the generation of the
(n + le}fE harmonics. This mechanism is an electrostatic plasma in-
stability that is driven by an unstable veloecity distribution function.
The electron velocity distribution function used by Young et al. [1973]
assumes the coexistence of both a warm species of electrons and a cold
epecies. In addition, the warm species has & peak at some non-zero
velocity in the distribution of the velocity component perpendicular
to the statie magnetic field, WI_L. Similar peaks in the electron
velocity distribution function of ‘I.T_L have been observed in the warm
plasma associated with the plasma sheet [DeForest and MeIlwain, 1971].
This unstable velocity distribution function provides the energy
necessary to drive these electrostatic instabilities [see Young et al.,
1973] .-

In summary, the (n + ]./"E}fE harmonics are intense narrow band
emissions that occur most often near 3/2 fE in the outer magnetosphere,
These harmoniecs occur with the largest amplitudes near the geomagnetic
equator and cannot be understood in terms of cold plasma theory.
Instead, a generation mechanism has been proposed that requires a warm
electron species with an unstable V‘L velﬁcity distribution function

coexisting with a low density background of cold electrons.

C. Trapped f = _f'g Electramagnetic Noise

Weak electromagnetic noise, ecalled f > fp electromagnetic

noise, has been observed in the outer magnetosphere by the University



of Iowa IMP 6 plasma wave experiment [Gurnett and Shaw, 1973]. This

noise exists at frequencies sbove the local plasma fregquency, and, in
some cases, it provides a definite indication of the local plasma fre-
quency [see Gurnett and Frank, 1974]. For these cases the noise has a
gharp lower frequency cutoff at the local plasma frequenecy and nulls

at twice the spacecraft spin rate, which indicate that the wvave electric
field vector is parallel to the static magnetie field.

Cold plasma theory allows the existence of two high frequency
electromagnetic modes (called the ordinary mode and the extracrdinary
mode in ionospheric research) for a two component magnetized plasma.
qu of thege modes is bounded by the surface at which the wave fre-
quency equals the local plasma frequency, fP, and the other is bounded
where the wave fregquency equals the R = 0 cutoff freguency, fR:G

~-f 2 s 2
2+ )+ g (5)

Tpo =
[see Stix, 1962]. Examples of f > fP noise are found with distinet
lower frequency cutoffs at both the local plasme frequency and the

R = 0 cutoff frequency. The identification of both cutoffs suggests
that the noise consiste of electromagnetic waves propagating in both
the ordinary and the extraordinary modes. Since the waves that make
ﬁp the £ = fp noise are reflected from boundaries where the wave fre-
quency equals the local plasma frequency (or the R = 0 cutoff freguen-

ey), the £ > fP noise is trapped in the low density region between the

plasmapause and the magnetopause [see Gurnett and Shaw, 1973]. This



17

electromagnetic radiation has £een extensively studied, and it has
recently been called non-thermal continuum radiation because of its
broad frequency spectrum and nearly constant amplitude [Gurnett, 1975].
In summary, the f = fP noise consists of weak electromagnetic
noise in the outer magnetosphere fram which the local electron plasma
frequency can sometimes be accurately determined. As for the upper
hybrid resonance noise, the propagation characteristics of these waves

appear to be described by the dispersion relations obtained from

cold plasme theory.
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IV. ELECTROSTATIC NOISE RANDS OBSERVED BY IMP 6

A. Identifying Characteristics

A portion of the spectrum analyzer data from a typical IMP 6
magnetospheric pass is shown in Figure 5. The data shown were re-
corded as the spacecraft moved outward from about 2.0 earth radii to
about 10.0 earth radii geocentric radial distance. The data presented
are the raw voltage outputs of the two spectrum analyzers (proportional
to the logarithm of the signal amplitude), one of which is connected
to the E:!r electric dipole antenna, and the other of which is connected
to the H& magnetic loop antenna. The dynamic range of each fregquency
channel (100 db) is represented by the distance from the baseline of
one channel to the baseline of the next channel. Each vertical bar
represents the time-average electric (or magnetic) field strength
measured over a time interval of B1.8 seconds, and the dots immedi-
ately above each bar represent the peak field strength seen over the
pame time inmterval.

The large signal strengths seen in the lﬂwgst frequency channels
of the electric field data are interference that is produced when the
loop antenna boom assembly shadows the spacecraft solar array panels.
As the spacecraft spins the shadow of the loop antennas produces volt-

gge trangients on the solar array panels and the associated connecting

wiring. Thisg causes interference that is picked up by the plasma wave
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experiment, perticularly at low frequencies. The magnitude of this
interference, which we call solar array interference, is dependent
upon the properties of the plasma surrounding the spacecraft. Speci-
fically, when the spacecraft crosses the plasmapause its

strength is observed to increase greatly. This effect is seen at
about 0300 UT in the electric field date showm in Figure 5.

A second indication of the plasmapause location is shown in
the magnetic antenna filter channel data of Figure 5. A strong hiss
band is cbserved fram about 0130 - 0300 UT covering the frequency
range from about 200 Hz to 3 kHz with an abrupt termination at approxi-
mgtely 0300 UT. This hiss, called plasmaspheric hiss, has been shown
to be confined to the interior of the plasmasphere and terminates
close to the location of the plasmapause [Fussell et al., 1069; Russell
and Holzer, 1970; Thorne et al., 1973]. Plasmaspheric hiss is ob-
gserved on most IMP 6 passes through the plasmasphere, and the termina-
tion of thé hiss and the inecrease in magnitude of the solar array
interference provide a definite indicetion that the plasmapause has been
crossed.

The inset in Figure 5 shows an electrostatic noise band of the
type that are frequently found on IMP 6 passes through the magneto-
sphere. The noise band first becomes evident in the electric dipole
antenna data at about 0220 UT in the 178 kHz filter channel. Wo
corresponding signals are observed in the magnetic loop antenna data.
The center fregquency of the noise band decreases systematically as the

radial distance of the spacecraft increases with an abrupt decrease
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from 100 kHz to 16.5 kHz near the plasmapause crossing at about 0300 UT.

This abrupt decrease in frequency suggests that the frequency of
the noise band may be related to the electron number density, which
also decreases abruptly at the plasmapause. Therefore, the most
likely resonance frequencies that could be associated with this noise
band are the electron plasma freguency, fP’ and the upper hybrid
resonance frequency, f ., as defined by Equations (1) and (2). Both
the plasma freguency and the upper hybrid resonance frequency change
abruptly at the plasmapause similar to the change in fregquency of the
electrostatic noise band shown in Figure 5.

In addition, the center fregquency of this noize band is typiecal
of the electron plasma frequency in this region of the magnetosphere.
Center frequencies of 100 kHz and 16.5 kHz, for example, would cor-
respond to electron mumber densities of 120 em™3 end 3.3 cm"3,
respectively. The noise band occurs at these freguencies near the
inside and outside edges of the plasmapause, and these electron number
dengities are typical of those measured near the plasmapause
[Carpenter et al., 1969; Harris et al., 1970].

Electrostatic noise bands of this type are observed on about
two-thirds of all IMP © magnetospheric passes with characteristics
gimilar to the example shown in Figure 5. The bands are most easily
identified during quiet geomagnetic periods {KP:E 2). The charac-

teristic variation in frequency with radial distance (as shown in
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Figure 5) can be easily recognized on magnetospheric passes when Kﬁ
has low values. During more disturbed geomagnetic periods these bands
either do not exist, or they are hidden by other types of noise which

have greater amplitudes than those of the electrostatic noise bands.

B. Region of QOccurrence

S8ince the freguency of thege noise bands increases as the
spacecraft moves to lower radial distances in the plasmasphere, it is
probeble that such bands occur at freguencies greater than 178 kHz
(the upper spectrum analyzer filter channel) at lower altitudes in
the plasmasphere. At larger altitudes, beyond the plasmapause,
these noise bands are observed to decrease in bandwidth and intensity
until, beyond about ten earth radii, they are no longer cobserved even
though IMP 6 samples radial distances to about thirty earth radii.
Thus, these bands are observed in the interior of the magnetosphere
and probably extend to lower altitudes in the plasmasphere where upper
hybrid resonance noise has been observed.

A purvey was made of the location of all such electrostatic
noige bands that were obgerved during the first year of operation of
the IMP 6 plasma wave experiment. These noise bands were observed
at all magnetic latitudes sampled by the IMP 6 orbit (|:'.m] < 45°),

Figure 6 shows the locations at which electrostatic noise bands
of the type shown in Figure 5 were cbserved in the 31.1 kHz spectrum

analyzer filter channel as a function of loeal time and radial distance.
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The data plotted are the points at which the greatest intensity was
measured at 31.1 kHz for all bands observed during the first year of
operation of the experiment. Since the major axis of the orbit moves
through one rotation in local time per year, this represenits a nearly
equal sampling of all local times. The peak response in the 31.1 kHz
channel occurs at radial distances of four to five earth radii and
shows a tendency to occur at larger radial distances near local
evening than near local morning. The noise bands occur at all loeal
times, least often in the guadrant from eighteen to twenty-four hours.
Figure 6 also shows the average location of the plasmapause in
the equatorial plane as determined by data collected by the 0GO 5
spacecraft [Chappell et al., 1971]. The peak response in the 31.1
kHz channel is observed at radial distances near that of the average
plasmepause. The noise bands also have a tendency to be observed at
greater radial distances near local evening, as does the plasmapause.
(Almost all of the bands observed near local evening were cbserved at
latitudes well off the equatorial plane (20° < Ap < 40°) at which the
plasmapause is located one to three earth radii lower than at the
magnetic equator.) The tendency of these bands to occur near the
plasmapause further supports the association of these bands with the
local plasma freguency, since 31.1 kHz is typical of the plagma fre-

guency near the plasmapause.

C. Spectral Characteristics

Electrostatic noise bands of the type shown in Figure 5 appear

to occur as two distinet spectral types in the wideband spectrograms.
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The first type appears in the spectrograms as one or more narrow, well
defined lines, with bandwidths of a few hundred Hz. We have called
this spectral type ;narrﬂw band electrostatic noise" because of its
appearance in the wideband spectrogrems. The second type, which we
call "diffuse electrostatic noise”, consists of one or more bands,
generally a few kHz in width, often with a sharp upper fréquepcy cutoff.
The diffuse electrostatic noise frequently has nulls occurring at

twice the spacecraft spin rate, and the narrow band electrostatic noise
does not have spin modulated intensity.

An example of marrow band electrostatic noise is showm in
Figures 7 and 8. The data shown in Figure 7 illustrate the frequencies
at which the narrow band electrostatic noise is observed by the wide-
band receiver and the upper four spectrum analyzer filter channels.

The open circles represent the time at which the largest Bignal
strength was seen in each spectrum analyzer filter channel, and the
horizontal bars represent the time interval during which any signal
was present in that channel. The data shown were recorded from the
E, dipole antenna during an inbound magnetospheric pass, orbit 18,
from sbout nine earth radii to two earth radii near local noon.

The narrow band electrostatic noise is evident in the 178 kHz
filter channel at about two earth radii. The frequency of the noise
band sweeps down fairly uniformly with increasing radial distance
until the plasmapause is reached near five earth radii. The center
frequency decreases abruptly at the plasmapause, and the noise band
is observable in the wideband receiver data just outside the plasma-

pause.
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Spectrograms of the wideband receiver data corresponding to
points labeled A, B, and C in Figure 7 are shown in Figure 8. These
high resolution spectrograms resolve the noise band into four distinet
narrow bands which do not cross harmonics of the electron gyrofrequency
as the spacecraft moves to larger radial distances beyond the plasma-
pause. (Values for harmonies of the electron gyrofrequency labeled
fg, Efg, etc. in Figures 7 and 8 were calculated from simultaneous
measurements of the geomagnetic field strength by the NASA/GSFC magneto-
meter experiment on IMP 6).

The lowest frequency band is found in the frequency interval
bounded by the fourth and fifth harmoniecs of the electron gyrofrequency,
and it extends to radial disgtances slightly beyond the plasmapause.

A second band is found between the fifth and sixth bharmonics of the
electron gyrofrequency, and it exitends to a radial distance of about
eight earth radii. This noise band decreases in frequency at a rate
glightly less than the rate of decrease of the harmonics of the electron
gyrofrequency as can be seen in Figure 7. A third band is found be-
tween the sixth and seventh harmonics of the electron gyrofreguency
from about seven to nine earth radii. A fourth band is found between
the seventh and eighth harmonics near eight earth radii.

At about 0620 UT, marked by the label B in Figures 7 and 8,

the noise bands are observed coincidentally with some trapped f = fﬁ

electromagnetic noise that is wvisible in the wideband spectrograms
for several minutes. Nulls occurring at twice the spacecraft spin

rate are visible in the wideband spectrogram of the f‘}-fp electro-
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magnetic noise shown in Figure §. These nulls indicate that the wave
electric field vector is polarized parallel to the geomagnetic field
as would be expected for waves near the local plasma frequency. Thus,
for the time period near 0620 UT the plasma frequency can be positively
identified from this sharp lower frequency cutoff [see Gurnett and
Shaw, 1973]. |

The narrow band electrostatic noise at 0620 UT occurs between
consecutive harmonics of the electron gyrofrequency that are immedi-
ately above and immediately below the plasma frequency. Thus, the
plasma fregquency appears to strongly influence the frequency at which
the bands occur at larger radial distences in the magnetosphere as
well as near the plasmapause boundary.

The wideband receiver data in the spectrograms of Figure B8
also show that the narrow band electrostatic noise does not have nulls
that oceur sg the spacecraft spins asg does the f‘}-fp electromagnetic
noise. The nulls near the lower cutoff frequency of the T :-fP
noise are & result of the definite orientation of the wave electrie
field vector parallel to tﬁe geamagnetie field. Since such nulls
are not observed for the narrowband electrostatic noise it is
concluded that the wave electrie field vector of the narrow band
electrostatic noise is not strongly oriented either parallel to or
perpendicular to the geomegnetic field.

Another IMP 6 magnetospheric pass, orbit 78, illustrating the
second spectral type, which we call diffuse electrostatic noise, is

ghown in Figures 9 and 10. The wideband receiver data show that the



diffuse electrostatic noise consists of three distinet bands. The
center frequencies of these noise bands are bounded in frequency by
consecutive harmonics of the electron gyrofreguency at radial distances
beyond the plasmapause as were the center frequencies of the narrow
band electrostatic noise. The bands between the second and third
harmonics and between the third and fourth harmonice are nbaerved to
have a sharp upper frequency cutoff while the band between the first
and second harmonics has no distinct upper cutoff.

Wideband spectrograms of the noise bands at points labeled A,
B, and C in Figure 9 are shown in Figure 10. As is shown in spectro-
gram A the bands are observed to have nulls that occur at twice the
gpin rate of the spacecraft. The position of these nulls indicates
that the wave electric field vector of the diffuse electrostatic noise
is oriented perpendicular to the geomagnetic field direction. All
values of the geomagnetic field used in this paper were measured by
the NASA/GSFC magnetometer experiment onboard IMP 6, with the
exception of those specifically labeled as "predicted", for example,
fram 0300 - OLOS UT in Figure 9 which were computed from the Jensen-

Cain expansion for the geomagnetic field.

The plasma frequency can be identified at large radial distances
by the sharp lower frequency cutoff of the f‘}-fplelectrumagnetic
noise as shown in spectrogram C of Figure 10. The diffuse electro-
static noise on orbit 78 is seen to occur between harmonics of the
electron gyrofrequency that are near the local electron plasma fre-

quency, similar to the narrow band electrostatic noise observed on

orbit 18.



Near 0505 UT as shown in Figure 9, the noisze band between SfE
and hfg develops a sharp lower frequency cutoff. Nulls at twice the
spacecraft spin rate oceur at both the upper and lower fregueney cut-
offs which indicate that the wave electric field vector is parallel to
the geomagnetic field at the lower frequency cutoff and perpendicular
to the geomagnetic field at the upper cutoff. Heaaﬁsa of the orienta-
tion of the wave electric field and the frequency at which the lower
cutoff occurs relative to the lower frequency cutoff of the trapped
electromagnetic noise (see Figure 9) it is reasonable to believe that
the lower cutoff frequency of this diffuse noise band is equal to the
loecal plasma frequency. A few other cases of diffuse electrostatic
noise have a sharp lower frequency cutoff similar to the example shown
in Figures 9 and 10, however, this sharp lower cutoff is not usually
obgerved.

Narrow band electrostatic noise and diffuse electrostatic noise
are not often observed on the same magnetospheric pass; however, in a
few cases they are observed simultaneously. The narrow band electro-
static noise has a tendency to be observed between harmonics greater
than 3fE, and the diffuse electrostatic noise is most often observed
between harmonics below 3fE. The diffuse electrostatic noise is most
of'ten observed near the plasmapause while the parrow band electro-
static noise tends to extend to larger radial distances in the outer
magnetosphere. Both types of noise can exist continuously for distances

of several earth radii beyond the plasmapause.
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D. Wave Electriec Field Strength and Associated
Wave Magnetic Field Strength

Figure 11 shows the distribution of electric field spectral
densities that were measured for all noise bands of the type shown in
Figure 5 during the first year of operation of the University of Iowa
experiment. These data represent the largest signal strength for
the bands in the 31.1 kHz spectrum analyzer filter channel.

Valueg for the electric field spectral densities were calculated
by assuming the wave electric field to be equal to the voltage meas-
ured at the antenna divided by one-half the tip-to-tip length of the
antenna. In addition, the noise bands were assumed to have a band-
width larger than the effective spectrum analyzer filter bandwidth
to caleculate values for spectral density. This assumption is valid
for most cases of diffuse electrostatic noise, however, it is not
valid for the narrow band electrostatic noise because it typically
has a bandwidth of about one-tenth that of the spectrum analyzer
filter channele. The error introduced by this assumption could cause
the actual gpectral densities of the narrow band electrostatic noise
to be a factor of about ten larger than those shown in Figure 11.
Since this is not a large error in terms of the ranges of the data
flﬂlB in spectral density) no attempt was made to correct values of
spectral density for the narrowband electrostatic noise.

Either narrow band electrostatic noise or diffuse electrostatic
noise was observed on about two-thirds of the total number of magneto-
spheric passes during the first year of operation of the IMP 6 experi-

ment. The nolse bands cccur most often with a peak wave electric
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field spectral density near 1072 volts? meter > Hz ™+ corresponding to
a broadband field amplitude of about two microvolts per meter. Ii is

uncertain whether the low occcurrence of bands shown near a spectral
2

density of lﬂ-lﬁ volts® meter @ Hz T is due to less relative occurrence
or masking due to variations in the background levels of other itypes
of waves received by the antenna, for example, the ;-fP electro-
magnetic radiation.

In most cases of these types of noise bands no wave magnetic
field was observed, however, there was an observable wave magnetic
field component in the digital spectrum analyzer data for eight
out of the approximstely 110 noise bands investigated. These eight
cages are examined in Figure 12, For each occurrence the peak elec-
tric field energy density of the bands is plotted as a funetion of
the peak magnetic field energy density. The peak signal strength
plotted represents the largest signal observed in the 31.1 kHz filter
channel during the time interval over which the noise band was ob-
served in that filter channel.

As can be seen in Figure 12, the peak electric field energy
dengity of the noise bands ies typieally about four orders of magnitude
larger than the peak magnetic field energy dénsity, and these elght

cages are agsocisted with unusually intense values of wave electric

field strength. BSeven of these eight cages had values of electric

11 2

field spectral density in excess of 10~ vnltsz meter Hz“l. There

were five other cases of noise bands with pesk electric field gpectral
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densities between 107 volts® meter~2 M2~ and 107 volts® meter™2 Hg
for which no associated wave magnetic field was observed. All but one
of these twelve cases of the most intense noise bands were observed
near the dayside of the plasmapause.

It is not possible to determine experimentally i1f the weaker
noise bands (electric field spectral densities below 10712 vorts?
meter 2 Ht'l] have wave magnetic fields with energy densities four
orders of magnitude less than their electric field energy densities.
If these bands do have a proportionally weak wave magnetic field
they could not be detected with the magnetic antenna on IMP 6.

The relationship between the wave magnetic field strength and
the wave electric field strength has been investigated in detail for
one specific pass, the inbound porticn of orbit 14. On this pass
noise bands were ocbserved with a particularly intense wave electric
field and & detectable wave megnetic field. TFigure 13 shows the raw
voltage outputs from the upper six spectrum analyzer channels on this
pass. At least two distinet noise bands can be distinguished sweeping
upward in freguency as the spacecraft approaches the plasmapause at
about 1820 UT. These noise bands are particularly intense in the 31.1
kHz electric field chanonel, and a weak but clear response is evident
at corresponding times in the 31.1 kHz magnetic field channel.

The electric antenna, Ex’ wideband receiver data shown in
Figure 1b resolves these bands into five distinct noise bands. The

three lowest frequency bands have spectral characteristics similar to

the diffuse electrostatic noise while the upper two bands are
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characteristic of the marrow band electrostatic noise. Also plotted
in Figure 14 are the points at which signals are cbserved in the
magnetic antenna, Ey’ spectrum analyzer data. The wave magnetic field
is first evident in the 31.1 kHz spectrum analyzer filter channel
(above the upper frequency limit of the wideband receiver, 29 kHz).

No signals were observed in the magnetic antenna Wwideband receiver
data, therefore, it is not possible to determine if the wave magnetic
field is associated with only one of the spectral types of noise or
with both types.

Figure 15 shows a plot of the corresponding electriec and
magnetic field spectral densities measured by the peak detector of
the 31.1 kHz filter channel as the spacecraft passed through the region
containing these noise bands. The 5.11 second samples of magnetic
field spectral density in Figure 15 were calculated by subtracting
the noise level spectral density of the magnetic receiver in order to
reduce the error caused by the preamplifier noise at small signal
levels. The peak wave megnetic field intensity of these bands is
not simply proportional to the peak eleectrie field intensity, although
there is a elear tendeney for the magnebic field strength to increase
as the electric field strength increases.

It is not possible to experimentally determine the phase velo-
eity of the electromagnetic component of the waves shown in Figures
13 and 14, The phage veloecity of any electromagnetic wave is equal
to the magnitude of the component of the wave electric field transverse

to the wave vector direction divided by the magnitude of the wave
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magnebic field [see Allis, et al., 1963]. This experiment measures the
peak value of the wave electric and magnetic field components in the
plane of rotation of the spacecraft. If there is a wave electric

field component in.the direction of the wave vector it is not necess-
arily possible to distinguish it from the transverse cnmponen% of the
electric field vector.

In the case of upper hybrid resonance noise, for example, nolse
can be generated by incoherent Cerenkov radiation from low energy
electrons because near the resonance cone angle the wave phase velo-
city is less than the electron velocities. The ratio of the magnitude
of the total electriec field to the magnitude of the magnetic field is -
large, however, because there is a large electric field component
in the direction of the wave vector. This electric field component
results from the resonance with the plasma, and this component of
the wave electrie field is electrostatie.

Taylor [1973] has calculated values for the electric field and
magnetic field spectral densities generated by incoherent Cerenkov
radiation on the frequency interval between fUHR and the greater of
fp or fg. These caleulations were performed near the geomagnetic
equetor just inside the plasmapause at wave frequencies of 100 kHz and
178 kHz. These caleculations result in a value of 1000 for the magni-
tude of the total wave electric field divided by the product of the
speed of light and the magnitude of the wave magnetic field.

This ratio, E/eB, for the noise bands sﬁmm in Figure 15 is

plotted as a function of Universal Time, UT, in Figure 16. The
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vertical error bars in Figure 16 indicate the precision of the magnetic
field measurement as affected by the digitizing step size and the sub-
traction of the magﬁétic receiver noise level spectral density. The
precision is smallest at low signal levels as is evident for the
gmallest values of magnetic field spectral density shown in Figure 135.

Figure 16 shows that the wave electric field amplitude of these
noise bands ranges between 4 and 150 times greater than that expected
for an electromagnetic wave in free space as compared to the wave mag-
netic field amplitude (E = c¢B for electromagnetic waves in free space).
In addition, the value of E/cB for these noise bands is one to two
orders of magnitude less than that computed by Taylor [1973].

The spectral characteristics of these type of noise bands (as
shown in Figure 7, Figure 9, and Figure 14) outside the plasmapause
are clearly different than those caleculated by Taylor [1973] using the
cold plasma dispersion relation. These noise bands have been shown
to closely track changes in the electron gyrofrequency, they are not
constrained to the. frequency interval between fUHH and the greater of
fp or fg’ and they often occur with narrow bandwidths, which is un-
typical of most types of noise that have been attributed to inccherent
Cerenkov radiation. It is apparent that the warm plasma population
found in the plasma sheet must be considered to explain the observed
characteristics of these emissions.

Additional evidence supporting the argument that the warm
plasma sheet electron population is necessary to generate these noise

bands iz found in Figure 6. The average radial distance at which the
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noise bands at 31.1 kHz occur is sbout one earth radii greater in the
pre-midnight local time sector than in the post-midnight sector. The
relationship betweeﬁ the plasmapause and the plasmasheet near local
midnight has been examined using data collected by the OGO 3 satellite
[Frank, 1971].

The pre-midnight sector differs from the post-midnight sector in
that the earthwerd edge of the plasma sheet is found one to three earth
radii beyond the plasmapause before local midnight while in the post-
midnight sector the plasmapause location is nearly coincident with
the earthward edge of the plasme sheet. The region between the plas-
mapause and the earthward edge of the plasma sheet is characterized
by & region of low electron energy density called the electron trough
[see Frank, 1971]. The observed change in the location of the elec-
trogtatic noise bands in crossing loecal midnight is comparable to
the change in position of the earthward edge of the plasma sheet.

This is consistent with the suggestion that the generation of these
noise bands must be dependent on the presence of the warm plasma

sheet electron population.

In summary, the following observations have been made concerning
the wave magnetic field that is occasionally observed in association
with these noise bands. First, the wave magnetie field is only ob-
gerved for unusually intense cases of electriec field strength, and it
is not always observed for all such cases. ©Second, the energy density
of the wave magnetic field is one to four orders of magnitude lower

than the wave electric field energy density. Finally, although there
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ig a tendency for the weve magnetic field strength to increase as

the electric field strength increases, there appears to be no well
defined proportionality between the wave electric field strength and
the wave magnetic field strength as there is for electromagnetic waves
well above the plasma frequency [for example, see Gurnett and Shaw,
1973 and Gurnett, 197h4].

We have chosen to refer to these bands as electrostatic noise
bands because the dominant wave energy is contained in the wave elec-
tric field, and because a wave magnetic field is infrequently and
inconsistently observed. In addition, theories of electrostatic in-
stabilities predict electrostatic noise at frequencies between har-
monics of the electron gyrofrequency [Fredricks, 1971; Young et al.,
1973], and these noise bands occur with characteristics similar to
those electrostatic instabilities. The wave magnetic field could be
a result of coupling between these electrostatic modes and other
electromagnetic modes of propagation, or it could be caused by electro-
megnetic resonances that have characteristics similar to the electro-
static resonances but with an azsociated wave magnetic field. Cheng
[1975] has caleulated dispersion characteristics and growth rates
for electramagnetic instabilities propagating perpendicular to the
static magnetic field, however, no instability analysis has been

done for modes propagating along the field at the time of writing of

this I'EpDI"h .



V. REIATIONSHIP TO UHR NOISE AND (n + 1}2}1‘E HARMONICS

Near the plasmapause the diffuse electrostatic noise frequently
has characterigtics that are similar to the upper hybrid resonance
noise observed at lower altitudes in the ionosphere and plasmasphere.
Figure 17 shows an example of the diffuse electrostatic noise that
has characteristiecs similar to the upper hybrid resonance noise.

This noise band is observed near the plasmapause, and the diffuse
electrostatic noise develops a sharp lower ecutoff sgimilar to the
example previously discussed in Figure 9. The noise band

has a sherp upper frequency cutoff, and it develops a sharp lower
frequency cutoff at 1617 UT near 5.0 earth radii. At 1625 UT and
1628 UT near 4.7 earth radii the lower freguency cutoff has become
well defined, and intensity modulations at twice the spacecraft spin
rate are cbserved. At 1648 UT the lower frequency cutoff is no longer
cbzerved.

The position of the mexima in the spin modulation of the
noize band indicates that the wave electric field vector is aligned
parallel to the geomagnetic field at the lower cutoff frequency.

Waves occurring at frequencies near the local plasma frequency would
be expected to have an electric field that is aligned parallel to the
geomagnetic field. Because of the alignment of the wave electric

field wector, and the similarity of this example to the one discussed
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in Figure 9, it is reasonable to conclude that the lower cutoff fre-
quency is equal to the local plasma frequency.

The local plasma frequency (defined by the sharp lower cutoff
of the noise band), the electron gyrofrequency (measured by the NASA/
GSFC magnetometer experiment on IMP 6), and the upper hybrid resonance
frequency (calculated from Eguation 1) have been indicated next to
the wideband spectrograms shown in Figure 17. The calculated upper
hybrid resonance frequency occurs near to, but not at, the sharp upper
cutoff frequency of the diffuse electrostatic noise. It was this
close correspondence observed for several examples of the diffuse
electrostetic noise which initially led to the incorrect conclusion
that the diffuse electrostatic noisze was upper hybrid resonance noise
observed beyond the plasmapause with the upper cutoff frequency equal
to the local upper hybrid resonance frequency [see Shaw and Gurnett,
1972].

As the examples discussed in this paper have shown, these noise
bands are constrained to frequencies bounded by consecutive harmonics
of the electron gyrofrequency at radial distances outside the plasma-
sphere. In addition, the positive identification of the local plasma
frequency from the sharp lower frequency cutoff of the T }rfp noige
conelusively shows that these bands cannot have an upper cutoff fre-
quency equal to the local upper hybrid resomance frequency [see
Gurnett and Shaw, 1973].

The diffuse electrostatic noicse does appear to be related to

the upper hybrid resonance noise obgerved at lower altitudes in the
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following sense, however. Mosier et al. [1973] reports an example of
upper hybrid resonance noise observed well inside the plasmasphere
with the IMP 6 GSFC radio astronomy experiment on an inbound magneto-
spheric pass on orbit 15 at freguencies of several hundred kHz (well
above the upper frequency channels of the University of Iowa experi-
ment). Figure 1 of Mosier et al., [1973] shows that this noise
continues downward in frequency to frequencies as low as thirty kHz
as the spacecraft moves from the interior of the plasmasphere towards
the plasmapause. Exemination of the University of Iowa plasma

wave experiment data from orbit 15 confirms that the upper hybrid
resonance noise observed by Mosier et zl. develops into the electro-
static nolse bands observed by the University of Iowe experiment
outside the plasmapause. However, outside the plasmapause these noise
bands are strongly conmbrolled by the harmonics of the electron gyro-
frequency and are no longer related to the local upper hybrid resonance
frequency .

At larger radial distances in the magnetosphere intense narrow
band harmonics that are similar to the (n + :L.fejfE cyelotron harmonies
observed by Kennel et al. [1970] are found in the IMP 6 data. An
example of these type of harmuﬁics observed on orbit 36 near seven
earth radii is shown in Figure 18. These harmonic emissions have
spectral characteristics more similar to those reported by Kennel et
al. [1970] and Fredricks and Scarf [1973] than do the diffuse electro-
static noise bands and the narrow band electrostatic noise. These

harmonic emissions tend to disappear and reappear in the spectrograms
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with time scaleg of the order of a few minutes while the electrostatic
noisge bands reported in this paper exist continuously in the wideband
spectrograms for periods of tens of minutes to hours. In addition,

the (n + 1,!2)fg harmonies typically have broadband electric field
strengths about three orders of magnitude greater than those typical

of the diffuse and narrow band electrostatic noise [Kennel et al., 1970].

In meny cases regions containing diffuse electrostatic noise
and narrow band electrostatic noise have been observed to merge
smoothly into regions containing the type of harmonic emission shown
in Figure 18, which is probably the (n + 1fE)fg harmonics previously
observed in the outer magnetosphere. This merging appears to be a
process which occurs over several earth radii as the spacecraft moves
outward from the plasmapause during which the spectral characteristics
of the electrostatic noise bands change to those more characteristic
of the (o + le]fg harmonies. Thus, the electrostatic noise bands
appear to be related to the (n + lf.?.]fE harmonics as well as the upper
hybrid resonance noise.

This merging process is undoubtedly explained by changes in the
plasma characteristies in the different regions of the magnetosphere
containing these different types of emissions. Electron number densi-
ties inside the plasmasphere are large (~ 1000 cmﬁ3] and temperatures
are low (~ 1 eV). Moving out through the plasmapause and into the
plasma sheet we find an energetic particle population with low densi-
ties and high temperatures (n_ ~1 cn™, T_ ~1 keV). Near the plasma-

pause there must occur a transition between these regions in which some
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combination of cold plasmaspheric electrons and warm plasma sheet
electrons may exist.

At large radial distances in the outer magnetosphere the gen-
eration of the (n + le)fg harmonics mey be explained by electrostatic
instabilities the nature of which are determined primarily by the warm
plasma population with a lower background density of cold electrons
as suggested by Young et al. [1973]. Moving towards the plasmasphere
the cold electron population density increases while the warm electron
population density decreases until, inside the plasmasphere the warm
plasma sheet population has disappeared and the electrostatic instabili-
ties are no longer generated. Instead, noise is generated between
the local upper hybrid resonance frequency and the greater of :E'P or
fé by incoherent Cerenkov radistion from low energy electrons. The
propagetion of this noise would be characteristic of the cold plasma
dispersion relation, and it would be observed as upper hybrid resonance
noise.

The electrostatic noise bands observed by the University of
Iowa IMP 6 plesma wave experiment usually occur during the transition
between these two different reéiﬂﬂs of the magnetosphere (near the
plasmapause). The continuous merging of these emissions with upper
hybrid resonance noise and (n + le}fIE harmonics appears to represent
a smooth transition between these types of noise as the spacecraft
moves from the plasmasphere to the plasms sheet. It is suggested
that this conbtinuous merging can be Explaineﬁ by changes in the plasma
characteristics that modify the generation and propagation of these

types of nmaturally occecurring magnetospheric emissions.
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VI. SUMMARY OF EXPERIMENTAL RESULTS

The experimental observations of the electrostatic noise bands
by the IMP 6 University of Iowa plasma wave experiment are summarized
here:

(1) The noise bands are observed on about two-thirds of all IMP 6
passes through the magnetosthere. They are detected at all- latitudes
covered by the IMP 6 orbit {|hm| € 45°) and are found at' all loeal
timﬁa, least often in the quadrant from 18 to 24 hours local time.

(2) The noise bands consist of two spectral types, diffuse electro-
static noise and narrow band electrostatic noise. Diffuse electro-
static noise usually has a bandwidth of'a few kHz. In some cases

the noise has a sharp upper frequency cutoff, and in a few cases the
noise has a sharp lower frequency cubtoff that has been identified as
the local plasma frequency. The wave electric field vector of the
diffuse electrostatic noise is oriented perpendicular to the gehm&g-
netic field direction. DNarrow band electrostatic noise consists of
sharp, well defined lines with a bandwidth of a few hundred Hz. The
wave electrie field vector of these waves is not strongly oriented
either parallel to or perpendicular to the geomagnetic field direction.
(3) Both diffuse electrostatic noise and narrow band electrostatic

noise occur =t frequencies that are strongly controlled by the local



electron gyrofrequency. These types of noise track the electron gyro-
frequency outside the plasmapause, and the noise bands are always
bounded by consecutive harmonics of the electron gyrofrequency.

(4) The local plasma frequency also appears to have an influence on
the frequencies at which these types of noise occur. The noise

bands are observed to increase abruptly in frequency at the plasmapause,
ag does the local plasma frequency. In addition, the bands are often
found between harmonics of the electron gyrofreguency that are near

the local plasma freguency as identified by the sharp lower freguency

cutoff of trapped f > fP noise.

(5) The noise bands are usually weak, having electric field spectral

densities typically near 107Y volts® meter 2 Hz~t (broadband field
strengths of about two miecrovolts per meter). The most intense cases

of these noise bands have wave electric field spectral densities between

11 2 8

107 volts® meter” volts® meter ™2 qul, and these in-

Hz ™' and 10~
tense cases were all observed near the dayside of the plasmapause.

(6) The most intense cases of the noise bands have been observed
to have an associated wave magnetic field. The energy density of the
wave magnetic field iz one to four orders of magnitude less than the
energy density of the wvave electric field. Although the wave magnetic
field tends to increase as the wave electric field increases, they

are not related by a simple proportionality as are electromagnetic
waves in free gpace, for example.

(7) These type of noise bands are contained with the magnetosphere.

Inside the plasmasphere they are observed to connect smoothly with



L3

upper hybrid resonance noise that has been observed at lower al£itudes
in the plasmasphere and ionosphere. As the spacecraft moves to larger
radial distances in the outer magnetosphere the electrostatic noise
bands often merge smoothly into regions comtaining emissions that are
more characteristic of the (n + Ije)fg harmonics previously observed
in the outer magnetosphere. The electrostatic noise bands observed

by the University of Iowa experiment have different characteristics
than either of the upper hybrid resonance noise or the (n + 1.{'2]:!3‘E
harmonies, however, they do represent a smooth transition between
these two types of naturally occurring noise that are found in dissimi-
lar regions of the magnetosphere.

Figure 19 is an idealized view of the dayside magnebosphere
showing the locations and frequencies at which the different types of
noise discussed in this report occur. The local plasme freguency,
upper hybrid resonance freguency, and electron gyrofrequency are

plotted as & function of geocentric radiel distance.

Upper hybrid resonance noise is observed well inside the plasma-
sphere between fUHR and fP. This noise develops into the eleectro-
static noise bands observed by the University of Iowa experiment near
the plasmepause. Diffuse electrostatic noise is most often observed
at frequencies below 3 fg, and narrow band electrostatic noise is most
often obgerved at frequencies above 3 fg' The electrostatic noise
bands merge smoothly into regions containing the (n + le}fg harmonies.

The £ = fp electromagnetic noise, also called non-thermal

continuum radiation, is observed at freguencies above the local plasma




frequency and consists of two components, a trapped component that
igs contained within the reflective boundaries formed by the plasma-
pause and the magnetopause and an escaping component that propagates

into the solar wind [see Gurnett, 1975].
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VII. DISCUSSION

Fredricks [1971] has proposed a theory refined by Young et al.
[1973] to explain the generation of the (n + 1f2]fg harmonics observed
in the outer magnetosphere. These electrostatic instabilities are
generated by a non-Maxwellian electron veloeity distribution consisting
of a cold species coexisting with a warm species that has a peak at
some non-zero velocity in the distribution of the veloecity component
perpendicular to the geomagnetic field.

Taylor and Shawhan [1974k] have performed detailed caleculations
of the electric and magnetic field spectral densities caused by Cerenkov
radiation from low energy plasmaspheric electrons at frequencies be-
tween the loeal plasma freguency and the upper hybrid resonance freguen-
¢y. These calculations indicate that sufficiently large electric fields
regult from ineccherent Cerenkov radiation to explain the generation
of upper hybrid resonance noise.

The electrostatic noise bands observed by the IMP 6 University
of Iowa plasma wave experiment show that these two different typees of
noise smoothly connect as the spacecraft moves from within the plasma-
sphere to the outer magnetosphere. Here we examine how such & smooth
transition can occur between noise geneéaﬁed in regions of the magneto-
sphere that contain plasmas as dissimilar as those of the plasmasphere

and the plasma sheet.



The dispersion relation for electrostatic modes in an infinite,
homogeneous plasma with a constant magnetiec field is the Harris [1959]

dispersion relation shown in Equation (6).

2 2
- J k v r .
0=1+5x m—PJ—E jdf"v g = : L ;fmﬁj) 2% o3 +
ik n=-e U757, V) vy Wy
of -
B v (6)
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The summation j is over all plasma species, w is the angular
wave frequency (w = 2nf), k is the wave vector, fuj is the equili-
brium velocity distribution function of the jth species, and the sub-
scripts || and , refer to the direction of the static magnetiec field
and the direction normal to the magnetic fied respectively.

The Harris dispersion relation can be evaluated for high
frequency modes in a cold plasma by assuming that the ions are in-
finitely massive and by evaluating Equation (6) for a cold electron

veloeity distribution, f_,-

8(v,) &(v )
fr: = ——gr (7)

This results in the expression shown in Equation (8),
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which simplifies to

{fPE-fE}[fE—fEEJ
tan o= fz{fE_ E} (9)
UHR

where kl =k sin o and k“ = k cos @. Equation (9) is identical to
the expression for the resonance cone angle, B..g; predicted by cold
plasma theory [see Stix, 1962].

Wave energy generated by Cerenkov radiation from thermal
electrons oceurs at wave vector angles near the resonmance cone angle
for wave frequencies between fUHR and the maximum of :f.'P or fg.
Thermal effects and collisions effectively prevent the index of
refraction from reaching infinity, and the waves generated are
electromagnetic [!ﬁ|¥ﬂ). Therefore, Cerenkov emission consists of
electromagnetic radiation that is generated near an electrostatic
limit described by the Harris electrostatic dispersion relation shown
in Equation (6).

The Harris dispersion relation has been used to examine various
types of plasme instabilities that are driven by non-Maxwellian
velocity distributions. These distributions usually fall into the
category of temperature enisotropies [Harris, 1959], non-monotonic
distributions of L fFredricks, 1971], and more complicated combina-
tions of these two types of distributions [Young et al., 1973].

Young et al. have numerically evaluated the Harris dispersion

relation for the Dory et al. [1965] loss-cone distribution defined as
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where fDGH{j} is peaﬁed at vL = W In addition to this warm species
of electrons a low density background of cold electrons (Te ~ 1 eV)
is assumed to exist as an independent plasma constituent.

Electron veloecity distributions that are sharply peaked at
non-zero vl have been cbgerved in the outer magnetosphere. DeForest
and MeTlwain [1971] and DeForest [1972] have published electron energy
gpectra that have sharply peaked vi distributions near a perpendicular
velocity corresponding to an energy of about 100 eV. These spectra
were obtained during magnetically disturbed periods when warm plasma
is injected from the distant plasma sheet to altitudes below synchronous
altitude (6.6 Ry) at which the ATS 5 spacecraft is located. A compari-
gon of these meagured energy spectra with the fDGH{j} distribution
shows that the sharp positive slope region at velocities less than
the peak of the distribution can be steeper than that for j = 5.

A cold species of electrons in the plasma sheet usually can not
be measured by satellite experiments; however, DeForest [1972] has ob-
tained measurements of the density of this plasma constituent during
gatellite charging events associated with the substorm injection of
warm plasma sheet electrons to lower altitudes in the magnetosphere.
Because of the negative charging of the satellite, protons with
energies below 50 eV (the lower limit of the ATS 5 measurements) are
acecelerated to the gatellite and are measured by the experiment at

higher total energies. DeForest estimates that the number density of

the cold background plasma is about one per cent of the warm plasma
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number density, which is typically near 1 cm - during the energetic
plasma injection events.

Gurnett and Frank [1974] have compared measurements of the
total plasme number density obtained from the lower frequency cutoff
of the t?apped b ¢ p»fp electromagnetic noise with measurements of the
pumber density of electrons with energies above 88 electron volts
obtained from the low-energy proton and electron differential energy
analyzer (LEPEDEA) experiment on IMP 6. These measurements, made on
one IMP 6 outbound magnetospheric pass, showed that twenty to fifty
per cent of the total proton number density consisted of protons with
energies below 88 electron volts. For a part of this pass, essentially
all the protons had energies greater than 88 electron volts, and the
cold thermal constituent was not detectable. The thermal protons
were estimated to have a temperature of sbout seven electron volts
assuming the distribution to be a Maxwellian below the lower energy
proton channels of the LEPEDEA experiment.

These measurements show that non-Maxwellian electron velocity
distributions are often observed in the outer magnetosphere. Because
the electrostatic noise bands observed by the University of Iowa experi-
ment occur in the same regions of the magnetosphere that these anomalous
electron velocity distributions are found, it is likely that electro-
static instabilities driven by these unstable distributions generate
the noise observed by the plasma wave experiment. In addition, there
are some similarities between the types of emissions discussed by
Young et al. and the narrow band electrostatic noise and the diffuse

electrostatic noise observed by the University of Iowa experiment.
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Young et al. discuss two types of instabilities, "Flutelike"
modes for which k” = 0, and modes which have a finite k”. The "flute-
like" modes require-a sharp positive slope in the distribution of v,
and & high warm plasma density for waves at freguencies near 3/2 fg.
For frequencies somewhat above 3/2 fg, the required threshold density
and the sharpness of the positive slope in v, decrease., In addition,
increasing the ratio of the number density of the cold species to
that of warm species, N /N, requires a smaller warm plasma threshold
density to generate the instability.

Diffuse electrostatic noise has characteristics similar to
those expected from the "flutelike" electrostatic modes. The diffuse
electrostatic noise is found near the outside edge of the plasmapause
boundary where Hchw would be expected to be the largest. At larger
radial distances in the magnetosphere the diffuse electrostatic noise
is seldom found. Diffuse electrostatic noise is most often observed
during quiet geomagnetic periods when Hcfﬂﬁ is expected to be larger
at greater distances beyond the plasmapause, thus lowering the thresh-
old electron density required for the instability to oceur. Finally,
diffuse electrostatic noise is seldom found at frequencies near or
below 3/2 fg. Most often the frequency is significantly higher than
3/2 fg (see Figure 9, for example).

The data presented in Figure 9 at 0420 UT show the lowest
frequency band of diffuse electrostatic noise between 1.5 fg and
1.8 fg. The measured electron gyrofrequency is 8.7 kHz and the plasma

frequency is estimated to be equal to 21.4 kHz (by extending a straight
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line from the lower cutoff of the T }.fp noise at 0530 UT to the elec-
trogtatie noise in the 31.1 kHz filter channel at 0330 UT near the
plasmapause).

Young et al. calculates values for threshold densities necessary
to produce the electrostatic instability for the Dory loss-cone dis-
tribution (Equation (10)) for j = 1 and j = 2. If a value for the
¥atiu of the cold electron species number density to the warm electron
species number density is chosen, for example thﬁw = 0.5 (typical
of the values given by Gurnett and Frank [1974]), then the threshold
density end the frequency of the instability can be estimated (see

Figures 4 and 5 of Young et al. [1973]).

For a value of Ny/N, = 0.5 and j = 1 the instability occurs at

3

1.9 fE and a threshold density of 6.9 cm - is required. For a value of

j = 2 the instability occurs at 1.8 fg and a threshold density of 5.6
em™3 is required. Comparing this with the observed bandwidth of the
noise, 1.5 £, to 1.8 f,, and the estimated total number density, 5.6
em™3, we note that the electron demsity is high enough to generate the
instability, but that the instability occurs only near the upper fre-
quency limlt of the noise band.

lowering the ratio H&fﬂ# lowers the frequency of the instability,
however, it also raises the threshold density required to generate the
instability. For example, if we choose Hcfﬂﬁ = 0.1, the instability
is generated at 1.7 fE and 1.6 fg for j = 1 and j = 2 respectively.
Threshold densities of 30.6 em™3 and 20.k cm™> are required, however.

While such high number densities are not impossible, they are somewhat
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higher than those typically measured two earth radii beyond the
plasmapause.

It is clear %}um this discussion that two ecriteria must be
satisfied in order for the flutelike modes to be the generation
mechanism for the diffuse electrostatic noise. First, the ratio
anﬂw must be relatively high, most likely of the order of one-half or
greater. Second, the positive slope region of the vl distribution
must be sharper than the Dory loss-cone distribution defined by Equa-
tion (1) and evaluated for j = 2. Even under these conditions, the in-
gtability most likely would not occur at frequencies as low as 1.5 fg'

The narrow band electrostatic noise observed by the University
of Iowa experiment is generally observed at higher harmonic numbers
than the diffuse electrostatic noise. Young et al. predict the
existence of high freguency doublets and triplets separated by approxi-
mately the eleetron gyrofrequency for which ﬁ] # 0. These modes are
predicted to exist at frequencies only slightly above multiples of
the electron gyrofrequency; however, bands are often observed well
above the exact multiples (see the band between hfg and Efg in Figure
7, for example). According to Young, et al., the high frequency in-
gtabilities ocecur at higher frequencies as the ratio of the plasma
frequency to the electron gyrofrequency increases. As the spacecraft
moves into the outer magnetosphere the ratio fp/'fE inereages, and
the narrow band electrostatic noise also has a2 tendency to occur at

higher frequencies (note the band between 5 fg and 6 fg in Figure 7,

for example).
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The Harris dispersion relation does not explain the associated
wave magnetic field that has been infrequently observed by the Uni-
versity of Iowa experiment. It is possible that the ingtabilities
causing this noise are electramagnetic in nature witﬁ characteristics
gimilar to the electrostatic limit. This is similar by analogy to
incoherent Cerenkov radiation believed responsible for the generation
. of upper hybrid resonance noise. Such an electromagnetic instability,
gimilar to those investigated by Cheng [1975], might explain other
types of naturally occurring electromagnetic noise near the plasma
frequency such as Type III radio noise bursts, f ;.fP noise, terres-
trial kilometric radiatiomn [Gurnett, 1974k], etec.

These electrostatic noise bands are an excellent candidate for
generating the £ :-fp electromagnetic noise (or non-thermal continuum
radiation). Several cases are found for which the T ;.fp noise appears
to be propagating away from regions containing intense electrostatic
noise bands (see Figure 13 at 56.2 kHz, for example). In addition,
the source region for the f :.fp noise appears to be located on the
dayside of the plasmasphere where essentially all of the twelve most
intense cases of electrostatic noise bands were observed [see Gurnett,
1975].

A second possibility that may explain the wave magnetic field
of these noise bands is that this noise is generated by a purely elec-
trostatic instability, and that other electromagnetic modes are coupled
to the electriec field generated by particularly intense oceurrences

of the electrostatic noise. Some evidence to indicate this possibility
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is found in the data collected by the University of Iowa experiment.
Some examples are found that are more intense than those with an
associated wave magnetic that have no wave magnetic field. In
addition, there is no simple proportionality between the intensity of
the wave electric field and that of the wave magnetic field (see
Figures 15 and 16).

The observations of these electrostatic noise bands and the
continuous transition between the upper hybrid resonance noise ob-
served at lower altitudes in the plasmasphere, the electrostatic noise
bands observed near the plasmapause, and the (n + 1{E}fé harmonics
observed at larger radial distances in the outer magnetosphere
strongly suggests that all these types of noise are related to the
Harris electrostatic dispersion relation or to a corresponding elec-
tromagnetic dispersion relation that reduces to the electrostatic
relation in the proper limit. Tt is suggested that instabilities
genersted by non-Maxwellian electron velocity distributions charac-
teristic of the plasma sheet electron population generate these noise
bands, similar to the theories proposed by Fredricks [1971] and Young

et al. [1973] to explain the generation of the (n + le]fE harmonics.



25

LIST OF REFERENCES

Allis, W. P., S. J. Buchsbaum, and A. Bers, Waves in Anisotropic
Plesmas, MIT Press, Cambridge, Mass., 13, 1963.

pauer, S. J., and R. G. Stone, Satellite observations of radio noise
in the megnetosphere, Nature, 218, 1145, 1968.

Carpenter, D. L., C. G. Park, H. A. Taylor, Jr., and H. C. Erinton,
Multi-experiment detection of the plasmapause from EOGO
satellites and Antarctic ground stations, J. Geophys. Res.,

7h, 1837, 1969.

Chappell, C. R., K. K. Harris, and G. W. Sharp, The dayside of the
plasmasphere, J. Geophys. Res., 76, 7632, 1971.

Cheng, C. Z., Ordinary electromagnetic mode instability, (in press),
Journal of Plasma Physies, 1975.

DeForest, S. E., Spacecraft charging at synchronous orbit, J. Geophys.
Res., 77, 651, 1972.

DeForest, S. E., and C. E. McIlwain, Plasma clouds in the magneto-
sphere, J. Geophys. Res., 76, 3587, 1971.

Dory, R. A., G. E. Cuest, and E. G. Harris, Unstable electrostatic
plasma waves propagating perpendicular to a magnetic field,
Phys. Rev. Iett., 1h, 131, 1965.

Frank, L. A., Relationship of the plasma sheet, ring current, trapping
boundary, and plasmapause near the magnetic equator and loecal
midnight, J. Geophys. Res., 76, 2265, 1971.

Fredricks, R. W., Plasma instability at (n + 1/2)f and its relation-
ship to some satellite cbservations, J. Geophys. Res., 76,

5344, 1971.

Fredricks, R. W., and F. L. Scarf, Recent studies of magnetospheric
electric field emissions above the electron gyrofrequency, J.
Geophys. Res., 78, 310, 1973.

Gregory, P. C., Radio emission from auroral electrons, Nature, 221,

350, 19659.



56

Gurnett, D. A., The earth as a radio source: terrestrial kilometric
radiation, J. Geophys. Res., 79, 4227, 1974.

Gurnett, D. A., The earth as a radio source: the non-thermal continuum,
(in press), J. Geophys. Res., 1975.

Gurnett, D. A., and L. A. Frank, Thermal and suprathermal plasme den-
gities in the outer magnetosphere, J. Geophys. Res., 79, 2355,

197k,

Gurnett, D. A., and R. R. Shaw, Electromagnetic radiation trapped in
the magnetosphere above the plasma frequency, J. Geophys. Res.,

78, 8136, 1973.

Harris, E. G., Unstable plasma oscillations in & magnetic field, Phys.
Rev. Lett., 2, 34, 1959.

Harris, K. K., G. W. Sharp, and C. R. Chappell, Observations of the
plasmapause from 0G0 5, J. Geophys. Res., 75, 219, 1970.

Hartz, T. R., Low frequency noise emissions and their significance for
energetic particle processes in the polar ionosphere, The FPolar
Tonosphere and Magnetospheric Processes, Gordon Breach Publish-
ing Co., NWew York, 151, 1970.

Kennel, C. F., F. L., Scarf, R. W. Fredricks, J. H. McGehee, and
F. V. Coroniti, VIF electric field observations in the mag-

netosphere, J. Geophys. Res., 75, 6136, 1970.

Iyons, L. R., Electron diffusion driven by magnetospheric electro-
static waves, J. Geophys. Res., 79, 575, 197h.

Mosier, 8. R., M. L. Kaiser, and L. W. Brown, Observations of noise
bands associated with the upper hybrid rescnance by the
IMP-6 radio astronomy experiment, J. Geophys. Res., 78,
1573: 1973 -

Muldrew, D. B., Preliminary results of ISIS 1 concerning electron
density variations, ionospheric resonances, and Cerenkov
radiation, Space Research X, North-Holland Publishing Co.,
Amsterdam, Holland, 786, 1970.

Russell, C. 7., R. E. Holzer, and E. J. 8mith, OGO 3 observations
of ELF noise in the megnetosphere, 1. Spatial extend and
frequency of occurrence, J. Geophys. Res., Th, 755, 1969.

Russell, C. T. and R. E. Holzer, AC magnetic fields, Particles and
Fields in the Magnetosphere, D. Reidel Publishing Co.,
Dordrecht, Holland, 195, 1970.




27

Scarf, F. L., R. W. Fredricks, C. F. Kennel, and F. V. Coroniti,
Satellite studies of megnetospheric substorms on August 15, 1968,

J. Geophys. Res., 78, 3119, 1973.

Shaw, R. R. and D. A. Gurnett, Megnetospheric electron density meas-
urements from upper hybrid resonance noise observed by IMP 6,
U. of Iowa Research Report 72-37, 1972.

Stix, T. H., The Theory of Plasms Waves, McGraw-Hill, New York, 1k,
1962.

Taylor, W. W. L., Generation and propagation of electromagnetic waves
in the magnetosphere, U. of Iowa Research Report 73-16, 1973.

Taylor, W. W. L., and 8. D. Shawhan, A test of incoherent Cerenkov
radiation for VIF hiss and other magnetospheric emissions, J.
Geophys. Res., 79, 105, 1974.

Thorne, R. M., E. J. Smith, R. K. Burton, and R. E. Holzer, Plasma-
spheric hiss, J. Geophys. Res., 78, 1581, 1973.

Walsh, D., F. T. Haddock, and H. F. Schulte, Cosmic radio intengities
at 1.225 and 2.0 Mec measured up to an altitude of 1700 km,
Space Research IV, North-Holland Publishing Co., Amsterdam,
Holland, 935, 196L.

Young, T. S. T., J. D. Callen, and J. E. MeCune, High frequency
electrostatic waves in the magnetosphere, J. Geophys. Res.,
78, 1082, 1973.




AFPENDIX:

FIGURES

58



29

Figure 1 The projection of a typiecal IMP 6 orbit on the ecliptic
plane. The spacecraft samples all local times equally in
approximately one year. It spends about ten percent of the
time at radial distances below ten earth radii inside the
magnetosphere, and it samples a path from inside the plasma-

sphere to the magnetopause in about five hours.
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Figure 2 A drawing of the IMP 6 spacecraft illustrating the comple-
ment of seven antennas used by the University of Towa plasma
wave experiment. Three mutually orthogonal "long-wire"
dipole antennas and a "short electric" antenna are used
to detect wave electric fields. Three mutually orthogonal
magnetic loop antennas are used to detect wave magnetic

fields.



ELEMENT LENGTH= 45.Tm

/ LOOP ANTENNA

ELEMENT LENGTH=2T.9m

D-GT3-588

E:'t ANTEMNA
ELEMENT LENGTH= 24.8m
RF ANTENHNA (8]

MAGNETOMETER

T

S5HORT ELECTRIC
ANTENNA

ELEMENT LENGTH = 46.1m

4.48m

LODP ANTENNA

SOLAR PANEL (48]

4.18m

E; ANTENNA

ELEMENT LENGTH = 6.16m

/—nrmmm{m

HAGNETDMETER7

——

SHORT ELECTRIC

ANTEMHA

ELEMENT LENGTH = 5.83m

Figure 2



Figure 3
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A block diagram of the two digital spectrum analyzers,
which perform in-flight frequency spectrum analysis, and
the associated antenna switching cireuitry. Any pair of
the seven antennas may be connected to the spectrum ana-
lyzers by ground commands. FEach spectrum analyzer has
sixteen filter channels covering the freguency range from
20 Hz to 200 kHz. PEach filter channel has a dynamic range
of 100 db and has two detectors, a peak detector and an
average detector. The peak detector measures the largest
gignal strength seen in a 5.11 gecond sample interwval, and
the average detector measures & time average signal strength
over & 5.11 second interval. The spectrum analyzers

uged in conjunction with the long electrie antennas measure
wave electric field strengths as low as 0.2 microvolts per

meter.
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Figure 4 A block diagram of the two AGC receivers used for the
analysis of narrow band and transient wave phenomena.
Eight commandable modes of operation provide for a variety
of operating configurations that include modes controlled
by the spacecraft clock lines. Data regearched for this
report were ususlly recorded in the mode in which AGC receiver
no. 1 cycles between the electric and magnetic anbennas
and the frequency ranges 650 Hz - 10 kHz, 11 kHz - 19 kiHz,
and 21 kHz - 29 kHz. Additional frequency coverage below
1 kHz is provided by AGC receiver no. 2 which also cycles

between the electric and magnetic antennas.
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Figure 5 Spectrum analyzer data from a typical outbound IMP 6 mag-
netospheric pass from near 2.0 earth radii to 10.0 earth
radii geocentric radial distance. The inset shows an
electrostatic noise band of the type found on about two-
thirds of all IMP 6 passes through this region of the mag-
netosphere. The nolse band decreases in freguency with
increasing radial distance with an abrupt decrease in
frequency near the plasmapause. The plasmapause
is identified by the sudden increase in the magnitude of

Itha solar array interference in the low frequency electric
antenna channels and by the sudden termination of the plasma-
gpheric hiss in the low frequency magnetic antenna channels.
The frequency of the bands both inside and just outside
the plasmapause is near the local plasma fregquency

typically cobserved in these respective regions.
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Figure 6
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The location of the largest signal strength seen in the 31.1
kHz filter channel for all electrostatic noise bands of

the type shown in Figure 5. The data surveyed were the
result of a full year of operation of the University of

Iowa IMP 6 plasma wave experiment; therefore, all local times
were nearly evenly sampled. The bands are found at =ll
local times, occurring least frequently from 18 to 2L hours.
At 31.1 kHz they occur at raﬂial distances near four to

five earth radii and tend to occur at somewhat larger radial
distances near local evening than near local morning. This
corresponds roughly with the average location of the

plasmapause as would be expected if the bands occur at

frequencies near the local plasma freguency.
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Figure T

TL

An inbound IMP 6 magnetospheric pass, orbit 18, from about
eleven earth radii to two earth radii geocentric radial
distance illustrating an example of narrow band electro-
static noise. The narrow band electrostatic noise is re-
solved into four distinct bands in the wideband recelver
data that occur at frequencies between consecutive harmonies
of the electron gyrofreguency as determined by measurements
from the NASA/GSFC megnetometer experiment. The bands tend
to occur between higher harmonic numbers as the spacecraft
moves to larger radial distances beyond the plasmapsuse.
This behavior, the abrupt change in frequency

in crossing the plasmepause, and the identification of

the plasma frequency at 0620 UT, all suggest that the local
plasma freguency has a strong influence on the frequency

at which the narrow band electrostatic noise occurs.
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Figure 8
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Wideband spectrograms of the narrow band electrostatic
noise at points lsbeled A, B, and C in Figure 7. The
narrow band electrostatic noise consists of several well
defined lines, which do not have nulls in intensity as the
spacecraft rotates as does the trapped f = fP electromag-
netic noise cbserved at 0620 UT in spectrogram B. The
absence of spin-modulated intensity suggests that the

direction of the wave electric field vector of the narrow

‘band electrostatic noise is not strongly oriented

parallel or perpendicular to the geomagnetic field.
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Figure 9

75

An owtbound IMP 6 magnetospheric pass, orbit 78, from
about three earth radii to eight earth radii geocentric
radial distance illustrating an example of diffuse electro-
stetic noise. The diffuse electrostatic noige is resolved
into three distinct bands in the wideband receiver data.
These noise bands are bounded by consecubive harmonies of
the electron gyrofrequency determined by measurements from
the NASA/GSFC magnetometer experiment as indicated. The
noise bands tend to occur between harmonies that are near
the local plasma frequency as identified from the lower
cutoff frequency of the trapped f = fP electromagnetic

noize.
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Figure 10 Wideband spectrograms of the diffuse electrostatic noise
at points labeled A, B, and C in Figure 9. The diffuse
electrostatic noise consists of faint noise, several kHz
in width, sometimes with a sharp upper cutoff fregquency.
The diffuse noise bands frequently have nulls that occur
at twice the spacecraft spin rate. The position of these
nulls indicates that the electric field wvector of the noise
bands is oriented perpendicular to the gecmagnetic field.
A lower cuboff frequency which apﬁears to be at the loeal

plasma frequency develops for a short time near 0505 UT.
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Figure 11 The frequency of mcﬁrence of the peak electric field
gspectral density of the noise bands at 31.1 kHz. The
oceurrence in percent is based on the total number of mag-
netospheric passes in the first year of operation of the
University of Iowa IMP 6 plasma wave experiment. These
noise bands occurred on about two-thirds of all magneto-
gpheric passes with a peak electric field spectral density

15 2

most often neer 10717 volts® meter” He™t. This is equiva-

lent to & broadband field strength of about two microvolts

];I'EI' mEtEI‘.
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Figure 12 The peak electric field spectral density as & function of the

peak magnetic field spectral density for the eight out of
110 cases in which noise bands were observed with a wave
magnetic field component. The value of the wave magnetie
field energy density is about four orders of magnitude

less than the value of the electric field energy density,
and these eight cases correspond to observations for which
the bands have unusuaslly intense electriec field strengths.
Five other cases exist with wave electriec field spectral

2

dergities between 107+ volts® meter = 7L and 10_8 rolts®

meter-E Hz-l for which no wave magnetic field was detected.
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Figure 13 The raw voltage outputs of the highest six spectrum analyzer
filter channels for an inbound magnetospheric pass that
econtains unusually intense noise bands at 31.1 kHz near the
plasmapause at three earth radii. These rioise bands are
observed to have a wave magnetic field coincidently with

the large amplitude electrie field.
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Figure 14 The high resolution wideband receiver data from the E
antenna resolve the intense noise bands shown in Figure 13
into five distinet bands. The spectral characteristics
of the three bands in the intervals fE to Efg, Efg to 3fg,
and 3fg to hfg are similar to those of the diffuse electro-
static noise. The two bands in the intervals hfg to 5fg
and 5fg to Efs are characteristic of the narrow band
electrostatic noise. No signals were observed in the
magnetic antenna wideband receiver data; therefore, it is
not possible to determine if the wave magnetic field is

associated with only one spectral type of noise or with

both types.
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Figure 15 A p}ﬂt of the wave magnetic field spectral density as a
function of the wave electrie field spectral density for
the noise bands on the inbound pass of orbit 14, The data
plotted are the outputs of the peak detector of the 31.1
kHz filter channel, which is sampled once each 5.1l seconds.
The noisze level spectral density of the magnetic receiver
has been subtracted from the received signal to reduce
the error caused by noise at small signal levels. The
megnetic field energy density of the bands is one to four
orders of magnitude less than the electric field energy
density. The wave magnetic field of the noise bands tends
to increase as the electric field increases; however, for
a particular éalue of magnetic field spectral dengity the
electric field spectral density varies by about three

orders of magnitude.
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Figure 16 The ratio E/cB calculated for the noise bands shown in
Figure 15. The vertical bars indicate the precision of
mea surement of the value of the wave magnetiec field result-
ing from the digitizing step size and subtraction of the
magnetic receiver noise level spectral density. Thege
ratios are somewhat smaller than the value of 1000 computed

bty Taylor [1973] for upper hybrid resonance noise inside

the plasmasphere.
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Figure 17 An example of diffuse electrostatic noise with a sharp
upper cuboff fregquency and a sharp lower cutoff frequency
that exists for about twenty minutes. The electric field
vector is oriented perpendicular to the geomagnetic field
at the upper cutoff freguency and parallel to the geo-
magnetic field at the lower cubtoff frequency. This type
of noise has characteristics similar to the upper hybrid
regonance noise cbserved at lower altitudes in the plasma-
gphere and ionosphere, but the frequency at ﬂ?ich the
noige ocecurg is strongly controlled by harmonics of the
electron gyrofrequency when it is observed at radial dis-

tances outside the plasmasphere.
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Figure 18 An example of (n + 1/E}fg harmonies that have been pre-
viously observed by OGO 5 in the outer magnetosphere.
These harmonics ocecur at somewhat larger radial distances
in the magnetosphere and have different spectral charac-
terigtics than the electrostatic noise bands observed by
the University of Iowa experiment. They also have broad-
band electrie field strengths about three orders of mag-
nitude larger than those typical of the diffuse and narrow
band electrostatic noise. In many cases, however, the elec-
trostatic noige bands have been observed to merge continu-

ougly into regions which contain (n + 1/’2}fg harmonics.
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Figure 19 An idealized repregentation of the dayside magnetosphere

showing the types of noise discussed in this report. The
local plasma freguency, upper hybrid resonance freguency,
and electron gyrofrequency are shown as a function of geo-
centric radial distance. The continuous transition between
the upper hybrid resopance noise inside the plasmasphere,
the electrostatic noise bands observed by the University

of Iowa experiment outside the plasmasphere, and the

(n + 1}2]:{'E harmonics at larger radial distances in the

ocuber magnetosphere is schematically illustrated.
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