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ABSTRACT

A study of lower hybrid resonance (IHR) phenomena observed
by the VLF experiment on the Injun 5 satellite is presented. The
occurrence and characteristics of the mid-latitude and polar IHR
noise bands are similar to past observations on other satellites.
Several new LHR phenomena are identified, including reflection
phenomena, multiple noise bands, and spin—modulaté&-EHR ﬁénds.

In agreement with cold-plasma theory and typical ionospheric
models, some whistlers propagating transverse to the magnetic

field have reflected components beginning just below the local

IHR frequency up to an upper cutoff which is identified as the
maximum IHR frequency with altitude. Multiple noise bands asso-
ciated with the local IHR frequency but not equal to it are observed
several times in conjunction with the IHR noise band. Some of the
multiple bands are electromagnetic and some appear to be associated
with the upper frequency cutoff observed for reflection phenomena,.
Spin-modulated IHR noise bands are observed very frequently. The
lower cutoff’ frequency of the IHR noise band is modulated at the
spin rate of the satellite. The modulation characteristics are
related to the asymmetric shape of the satellite and booms.
Probable cause for the modulation is either the doppler effect or

generation of the noise by the spacecraft moving through the plasma.
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I. INTRODUCTION

It is the purpose of this paper to discuss lower hybrid
resonance (IHR) phenomena and to present a study of IHR phenomena
observed by the very low frequency (VIF) experiment on the Injun 5
satellite. This study includes a:description of IHR phenomena,
including that seen previously and several types observed or
identified for the first time in Injun 5 data,'épéﬁiai aﬁd spectral
profiles of the various observed phenomena, and possible explana-
tions for the observed phenomena.

IHR phenomena were first observed on the Alouette 1 satellite
by Barrington and others [Barrington et al., 1963; Barrington and
Belrose, 1963; Belrose and Barrington, 1965] as noise bands in the
5-10 kHz range having a sharp lower-frequency cutoff. The
Alouette 1 observations were made using a broadband VIF receiver
connected to a 150-foot electric dipole. Alouette 1 was in a
nearly polar and nearly circular orbit with an altitude of 1000 km.
From comparisons of satellite and ground station observations,
Brice and Smith [1964] found that these noise bands were not seen
on the ground.

Brice and Smith [1964, 1965] also concluded that the lower-

frequency cutoff of the noise bands was the IHR frequency (fIHR)



of the ambient plasma. This conclusion was based on the following
facts., The only resonance for frequencies in the range of interest
is the fLHR' This frequency defines a cutoff frequency for propa-
gation transverse to the static magnetic field. TFor wave normal

angles less than 90° the frequency of resonance is higher than the

£ Thus the frequencies at which resonance can occur have a

IHR®
natural lower-frequency cutoff. Triggering of IHR noise'bands is
more likely for non-ducted whistlers which indicates ﬁroﬁégation
at large wave normal angles. For frequencies near fLHR the dominant
wave field component is the wave electric field in the wave normal
direction. In agreement with this, IHR noise was much more common
on Alouette 1 with an electric dipole antenna than on Injun 3
having a magnetic loop antenna. Brice and Smith also found that
the effective mass required for the observed bands.to have the
fLHR as the lower-frequency cutoff is not unreasonable. The
theoretical basis for these properties will be discussed in
Section IT.

McEwen and Barrington [1967] in a study of the character-
istics and occurrences of IHR phenomena observed by Alouette 1
identified two types of IHR noise--mid-latitude and polar IHR
noise. The mid-latitude type has a fairly sharp lower-freguency

cutoff, which is nearly constant or only slowly varying in time,



and varies in duration from short bursts directly triggered
by whistlers to more continuous emissions. The polar type has an
erratic and fluctuating lower cutoff freguency and no observable
triggering. The polar type was found to be concentrated in regions
from 70° to 85° invariant latitude (INV) while the mid-latitude
type occurred primarily between L45° and 60° INV. The region near
65° INV was noted to have little IHR activity. Tﬁe mid~;atitude
noise bands occurred mainly during the months froﬁ-May téIOctober
while the polar noise bands occurred throughout the year. The
mid-latitude type occurred primarily at night with a peak slightly
before midnight and a secondary peak about 0600-0800 hours local
time (LT). The polar bands were present much of every day but
also had two maxima at the same time as the mid-latitude type.
Prior to this paper, the most recent observations of IHR
phenomena have been done by Laaspere et al. [1969] using data from
Dartmouth's whistler receiver which was connected to a 9-foot
electric dipole antenna aboard the OGO 2 spacecraft. Even though
their antenna was much shorter than Alouette's, Laaspere et al.
found similar results to the Alouette observations. IHR noise
bands were the second most intense VIF signals observed, next
only to short fractional-hop whistlers. From a direct comparison

made of records obtained simultaneously on 0GO 2 by Stanford's



VLF experiment which is connected to a loop antenna, it is shown
that triggered IHR emissions are seen almost exclusively on
Dartmouth's experiment, pointing to an electric character for the
waves. A new observation made by the Dartmouth experiment is that
the upper cutoff frequency of the IHR noise bands triggered by
fractional-hop whistlers occasionélly displays an envelope that
has the shape of an Eckersley whistler.

Many origins of the observed IHR phénomeha”hhﬁe béén
suggested. Brice et al. [1964] concluded that since the trigger-
ing by atmospherics which are propagating up the field indicates
that the noise is generated at or below the satellite and the
triggering by whistlers believed to be propagating down the field
suggests generation at or above the satellite, the IHR noise must
be generated at the same height as the satellite. Since the
sharp lower frequency cutoff of the noise changes measurably in
a few seconds, Brice and Smith [1964] concluded that the horizontal
field of view for the IHR noise bands is at most a few tens of
kilometers and thus noise must be generated in the immediate
vicinity of the satellite. They suggest the LHR noise band
arises from a resonance in the plasma for very low frequencies.

Brice and Smith [1965] offer a gimple physical model for

the IHR resonance. At night when IHR is most frequently observed



and at the Alouette 1 altitude, the electron plasma frequency is
usually less than the electron gyrofrequency for latitudes of
interest. In this situation the fEHR is approximately the ion
plasma frequency. As the resonance frequency is much less than
the electron gyrofrequency, the electrons can be considered as
tightly bound by the earth's magne£ic field. Since the ion
gyrofrequency is much less than the resonance frequency, the ions
are considerably more mobile. Thus if the'ions”afe?diSPiéced
across the static magnetic fileld, the tightly bound electrons
form a fixed negatively charged background and the ions oscillate
at their plasma frequency in a manner similar to electrons in the
absence of a magnetic field.

Smith et al. [1966] suggest that the IHR noise is essentially
a propagation effect resulting from the trapping of electromagnetic
waves propagating nearly transverse to the magnetic field in an
ionospheric duct or cavity. Using a typical ionospheric model from
Kimura [1966] they calculated the variation of fLHR with altitude
as shown in Figure 1. The lower maximum results from the maximum
of plasma frequency in the F layer. The increase with altitude
at about 500 lm is maiﬁly due to the rapid decrease in effective
mass in the transition from oxygen to hydrogen ions. The final

decrease with altitude above 1000 km results from a decrease of

both plasma frequency and gyrofrequency with altitude.




Smith et al. [1966] calculated the variation of refractive
index with height for a wave of frequency 5.25 kHz with a wave
normal transverse to the earth's magnetic field. Their results
are also shown in IFigure 1. They assumed the magnetic field was
vertical and that stratification was horizontal. They found from
Snell's law which requires that thé component of refractive index
in the plane of stratification be constant that a nearly transverse
wave with a horizontal component of refractive iﬁdék'greéfer than
700 would be trapped in region II between 500 and 785 km. For a
satellite at a fixed altitude the approximate fregquency range of
trapped energy that would be observed is from slightly below the
local fLHR up to the lower of the two maximums of fEHR with
altitude. Thus this hypothesis leads to an explanation of both
the upper and lower frequency limits of IHR noise. To observe
the IHR trapping a fLHR minimum with altitude must exist and
the satellite must be in the proper height range between the two
fEHR maximums. Smith et al. felt that a variation of temperature
and ion constituents with latitude and season could be expected
to produce changes in occurrence rates and observable bandwidths
of IHR noise.

Ray tracing calculations have verified the possibility of

the above trapping and have found two more trapping regions, ITT



and IV, shown in Figure 1. However, of the three, region II has
the least attenuation. The calculations show that the rays are
confined principally to travel back and forth along magnetic field
lines with very little transverse motion. Thus the trapping
region resembles a cavity resonator.

To explain the excitation of the mode, Smith et al. [1966]
suggested that nearly longitudinal waves above the fLHR can be
partially converted to nearly transverse waves ﬁ@&ﬁ'éﬁcoﬁhtering
field-aligned irregularities. Experimental support for this
suggestion is shown by the IHR whistler which exhibits added
dispersion near the IHR frequency, strongly suggesting nearly
transverse propagation.

McEwen and Barrington [1967] in a preliminary study of
Alouvette 2 VILI' data have observed IHR noise bands over the full
range of heights of the orbit, from 500 km to 3000 km. They feel
it is not possible to reconcile these observations with the
trapped whistler energy source suggested by Smith et al. [1966]
because this mechanism would permit generation of IHR noise bands
over a well-defined height region only.

Ray tracing calculations by Kimura [1966] and Shawhan [1967]
have shown that ray paths for frequencies below 12 kHz reflect

before reaching the base of the ionosphere and are essentially



trapped in the magnetosphere. The altitude of the reflection is

approximately the altitude for which the f is equal to the

IHR
wave frequency.

McEwen and Barrington [1967] noted that the diurnal maxima
for THR observations are similar to those of other auroral-zone
geophysical phenomena and thereforé suggest a possible relation
between polar IHR noise bands, auroral activity, and particle
precipitation. In many cases the mid-latiﬁude Lﬁﬁ’ﬁdnds éppear
to be generated or triggered by whistlers. This is supported by
the study of Ilaaspere et al. [1963] that noted that whistlers
recorded on the ground and the mid-latitude IHR noise bands have
the same general pattern of occurrence. McEwen and Barrington
[1967] suggest that the whistler mode energy radiated from lightning
discharges may be the sole source of the mid-latitude noise bands.
They also suggest that the observed rapid fluctuations of the
lower-frequency cutoff are most probably due to irregularities
in electron density of the plasma surrounding the spacecraft.

Another possible origin for the VIF noise being considered
is the generation by trapped electrons of whistler mode waves in
equatorial high L regions. Thorne and Kennel [1967] studied the
propagation of whistler noise so generated. They found that the
wave normal direction for waves originating at the equator rapidly

becomes almost perpendicular to the magnetic field. Considering




propagation near the fLHR they found that low-frequency waves will
be reflected before reaching the ionosphere and thus be gquasi-
trapped. The waves tend to move to higher L wvalues as they approach
the earth and would on reflection move out farther. Thus on each
reflection the waves move out to a slightly higher L shell. This
migration outward on several refleétions is in general agreement
with the detailed ray tracing calculations of Kimura [1966] and
Shawhan [1967]. SRR R

Storey and Cerisier [1968] have enlarged upon the work of
Thorne and Kennel [1967] with respect to frequencies near the
fLHR in order to interpret the IHR noise bands. They follow
Thorne and Kennel's suggestion that VIF noise in the whistler
mode is generated in the outer magnetosphere as the result of a
plasma instability induced by the energetic electrons of the outer
radiation belt. The source region is centered on the magnetic
equatorial plane from where the waves are propagated towards the
ground in the two hemispheres nearly following the magnetic field
lines. During the propagation the wave normals turn away from
the direction of the field under the combined influences of the
gradient of the magnetic field strength and the curvature of the
field lines, and place themselves on the flanks of the refractive

index surface, almost perpendicular to the field lines. The



angle § between the wave-normal and the magnetic field increases
to almost 90°. The downcoming wave packet traverses a medium in
which the fIHR increases with decreasing altitude. As soon as

the packet reaches the level at which the fLHR exceeds the wave
frequency, 9 passes through 90° and the packet is reflected back
upvards. As the wave-normal (propagation) vector cannot pass
through the resonance angle it cannot pass through 90° until the
wave frequency is below the fyge  Below the fiﬁh“ﬁhé refractive
index surface does not display a resonance angle and thus the wave
normal can pass through 90° and the wave can be reflected. Fig-
ure 2 shows an exaggerated view of the path of a typical wave
packet. Figure 3 shows the axial cross-section of the phase
refractive index surface for the three cases f > fLHR’ £ = fLHR’
and f < fLHR' The location on the phase refractive index surface
of the five points marked in Figure 2 is also shown in addition
to the wave-normal direction and the direction of energy propaga-
tion (or ray direction) which is perpendicular to the refractive
index surface. As the wave frequency moves below the fLHR the
index of refraction surface shrinks. BSnell's law requires the

perpendicular component of the index of refraction to be constant.

Thus 8 must move toward 90° and the wave will be reflected.
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It was the purpose of Storey and Cerisier to show that the
VIF noise produced by the mechanism described by Thorne and Kennel
should exhibit at the altitude of reflection a power spectrum
similar to that of the noise bands observed by the satellite. To
do this they made two additional hypotheses: first that the original
noise is wideband, as could be expected from the instability theory,
and the second that the source region is large. The second hypoth-
esis is needed to ensure that at the low reflecfibﬁ?aifitﬁdes waves
of all frequencies will arrive together around the line of force
that passes through the center of the source region even though
they have followed different paths.

Storey and Cerisier assumed that at the level of the satellite
fﬁHR decreases with increasing altitude and that it does not recover
the same value at any higher level. fo is identified as the
frequency of a wave that is just reflected at the level of the
satellite. Trom the reflection process one knows fo is only very
slightly lower than fLHR' Iet f+ be slightly above fLHR and f_
be slightly below fo‘ It was assumed these frequencies have all

been generated with approximately the same original intensities.
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In considering its contribution to the spectrum of the
observed noise, the wave of frequency fo is very strong for two
reasons. Ignoring absorption, the conservation of vertical energy
flux implies that the average intensity of a wave packet in a given
interval of altitude is proporticnal teo the time that the packet
spends in that interval. In the nérrow interval that includes
the reflection level where the vertical velocity passes through
zero and changes direction, the time spent by the-packet is much
longer than the time spent on the same thickness interval at any
other altitude. This causes the intensity of the fo wave packet
to be much greater than any other frequencies at the reflected
altitude. An additional enhancement occurs for noise observed
using an electric dipole antenna. Near fLHR the polarization of
the waves is such that the component of the electric field along
the wave normal is particularly strong for a given energy flux.

TFor these two reasons the power spectrum of the noise bands attains
a maximum near fLHR'

The wave of frequency f_ does not appear in the spectrum
because it has been reflected at a level above that of the satellite.
This same consideration applies to all frequencies below fo and

explains why the spectrum has a sharp cutoff at its low-frequency

edge.
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The wave of frequency f+ appears in the spectrum because
it has crossed the level of the satellite both before and after
being reflected at some level below the satellite. Its contribution
to the spectrum is less than that for the wave of frequency fo
because it has spent less time around the level of the satellite
and because the longitudinal compénent of its electric field is
weaker in proportion to the energy flux. - The more f+ exceeds fo’
the less it will contribute to the SPectrum. Thé§é°éonsiderations
explain why the noise band is fairly nafrow and why there is no
sharp upper-cutoff frequency.

Taking into account that there will be a finite spread of
the wave-normal directions, one sees that the waves will be reflected
in an altitude interval of finite thickness. Any wave normal angle
less than 90° will be reflected at a higher altitude. This spread
in wave normal angles rounds off the spectrum of the observed noise.
Figure 4 shows the results of a calculation by Storey and Cerisier
of the intensity spectrum of the noise band in a typical case, at
a point where the local fLHR is equal to 8.5 kHz and fLHR decreases

monotonically with altitude.
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II. DPROPERTIES OF IHR FROM COLD PLASMA THEOQORY

One form of the dispersion relation for waves in cold uni-

form plasmas with a magnetic field is given by Stix [1962, p. 12]

as

tange

where g =

-P(n2 B R)(n2 - L)
(Sn2 - RL)(n2 - P)

the angle between the wave normal and the static
magnetic field
the phase refractive index

2 2
1l - w. /fw
%,/

2
1-35 o /ulw+w )
5 Ps/ €5

2
1-3 o /ulw-o )
s Pg g

(R + L)

2
N, es/eo m, is the square of the plasma frequency
of the sth constituent

e, B/mS is the gyrofrequency of the sth constituent

static magnetic field strength

wave frequency in radians per second.
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For propagation perpendicular to the magnetic field (8 = 90°),
solutions to the dispersion relation are either n2 = RL/S or n2 = By
The n2 = P mode is called the ordinary mode and corresponds to a
linearly polarized electromagnetic wave propagating perpendicular

to B. The n2 = RL/S mode has an electric field with both longi-

® = RL/S mode is called the

tudinal and transverse parts. Thern
extraordinary mode. As the wave frequency approaches the resonance
frequencies for this mode (where S = 0) the 1onéi£ﬂﬂiﬁal électric
field becomes much larger than the transverse electric field and
the wave becomes electrostatic in nature. The S = O resonant
frequencies are called the hybrid resonances. Resonance occurs

2 5 s
when n  becomes infinite.

5 = 0 leads to

me w2
Ps Ps
S = 1-35% - A5
s Oplop - Ve ) s wr(mr " wggj
8 8
2 2
Qp ub
5 5
=-1"'E 5 ] = 0 or E 5 S = 1
5w, - w 5w o-w
Es g

If the ions are singly charged and positive and the plasma is

electrically neutral, the preceding equation takes the form



2,2
Dividing both sides of the equation by mP /wr we have
; e

2

1 Ni/Ne me/mi u%
52 * B - B
1-w /o 1 -0 /o W

g, T gy T P,

Letting a, = Ni/Ne be the fractional concentration of the ith

A : .th :
species, Mi the atomic mass number of the i ™™ species, and m

the mass of a proton we have

2
1 - o, me/mP J_/I\’I:.L ooy
2 2 2 2 - a2
1 -uw W 1 - w w
ge/ £ mgi/ ¥ Pe

Under most ionospheric conditions the wave frequency at

which this resonance occurs is such that ug /ui«qc 1l <« w: /wi.
i e
With this condition the equation becomes



Thus

where
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2
m o, W
+ ...E. Z -—-:-L- = -——r or
mp i Mi w2
PE
I T B S
2 ) = m >I M,
w
Pe ge
0.)2 (.DE
Pe ge _rie_ -C-x-n-- or
= - w2 mp ? Mi
UJ F
Pe ge
fe fe m o]
Pe ge e 5 1
> 2 m M.
£ + f mp i Ml
Pe ge

1

I

IHR frequency in Hz
electron plasma frequency
3 ( 2

1 i
8.984 x 10” (Ne)® Hz where Ne is in cm

electron gyrofrequency

2.8 % 106 B Hz where B is in gauss.



Following Barrington et al. [1965] we define the "effective

mean ion mass number" Meff by

Thus the equation reduces to

£° f2
fE _ 1 Pe E”re
IHR 1836 M pp f:a R fa

Pe ge

2
A plot of n = RL/S versus frequency for an electron and
three ion plasma is shown in Figure 5. The phase velocity surface

for frequencies near T as determined by Smith and Brice [1964]

IHR

are also shown. The corresponding index of refraction surfaces

from Storey and Cerisier have been shown previously in Figure 3.
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ITT. DESCRIPIION OF THE SATELLITE AND EXPERIMENT

The NASA/University of Towa Injun 5 satellite was launched
from the Western Test Range on 8 August 1968 into an elliptical
polar orbit with an inclination of 80.66°, an apogee altitude of
2528 km, a perigee altitude of 67? km, and a period of revolution
of 1 hour 58 minutes. The spacecraft is magnetically oriented by
a bar magnet within the structure such that, whéh”ﬁfdﬁerl& aligned,
the x-axis of the spacecraft is parallel to the geomagnetic field
with the positive x-axis downward in the northern hemisphere. The
line of separation between the spheres of the electric dipole
antenna is parallel to the spacecraft y-axis. The satellite z-axis
is also the launch spin-axis and the axis of the balloon cannister.
A three-dimensional drawing of the spacecraft including coordinate
axes is shown in Figure 6. When the spacecraft is magnetically
aligned, the electric antenna axis and the magnetic loop antenna
axis are perpendicular to the geomagnetic field as well as to
each other.

Shortly after launch the satellite spin rate was approxi-
mately 3 rpm. After 1000 revolutions it had slowed to 1 rpm, and
by 2000 revolutions the satellite had stopped spinning and was

oscillating only slightly with a period of about 8 minutes.
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Magnetic alignment was achieved about 4 months after launch in
mid-December 1968. Typical maximum alignment errors between the
¥-axis and the geomagnetic field after mid-December are about

10 to 15 degrees.

The VLI experiment consists of one electric dipole antenna,
one magnetic loop antenna, two wide-band (30 Hz to 10 kHz) receivers,
a narrow-band step-frequency receiver, an impedance measurement
device for determining the electric antenna impédﬁﬁée; aﬁﬁ a sphere
potential measurement circuit. A block diagrem of the VLF exper-
iment is shown in Figure 7.

The electric dipole antenna is of the type described by
Storey [1965] and consists of two spherical aluminum antenna ele-
ments 20.3 cm in diameter with a center-to-center separation of
2.85 meters. The aluminum booms supporting these antenna elements
are insulated from the spheres and from the spacecraft body and
are coated with a nonconducting paint to insulate the booms from
the surrounding plasma. The electric antenna preamplifiers are
high input impedance unity gain amplifiers and are located inside
the spheres. These preamplifiers have a noise level of about
.'LO-:LL‘L volts Hz"l. The unity gain preamplifiers provide signals
via coaxigl cables inside the booms to a differential amplifier

in the main electronics package. The preamplifiers also drive
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the aluminum booms supporting the spheres to reduce the sphere-
boom capacity. The output of the differential amplifier is
proportional to the potential difference, and thus the electric
field, between the two spheres. The AC signals from the electric
antenna differential amplifier go to a step~frequency receiver
and to a wide-band receiver. |

The wide-band electric receiver consists of two bandpass
filters, each followed by a nonlinear compfessdr:ém@iifiéf. These
bandpass filters provide a "low"-frequency band of 30 Hz to 650 Hz
and a "high"-frequency band of 300 Hz to 10 kHz, which are inde-
pendent of each other. The nonlinear compressor amplifiers com-
press the dynamic range of the broad-band analog AC signals from
the antenna (80 dB) to a dynamic range (20 dB) suitable for direct
transmission to the ground with the 400 MHz telemetry transmitter.
The wide-band receiver also provides voltages proportional to the
signal amplitude in each band over an 80 dB dynamic range and
with a time constant of 0.25 seconds. These amplitude voltages
are transmitted via the digital telemetry at a rate of one sample
per second. The sensitivities of the high and low band amplitude
measurements are both about 10 pvolts rms potential difference

between the spheres.



The magnetic loop antenna, whose axis is parallel to the
z-axis of the spacecraft, consists of six turns of No. 1L copper
wire wound on a cirecular form 0.56 meters in diameter. The loop
wires are electrostatically shielded to prevent the detection
of ambient electrostatic waves. The loop antenna is located on
the end of a 3-meter boom to reduée electromagnetic interference
generated by the spacecraft to an acceptable level.

The magnetic loop antenna is matched to'thé'mdgnefic pre-
amplifier by a transformer with a 1:200 turns ratio. The voltage
from the magnetic loop, which is proportional to the time-rate of
change of the magnetic field, is integrated to provide a signal
pr0p§rtional to the AC magnetic field. The magnetic field signal
goes to a wide-band receiver identical in characteristics to the
electric wide-band receiver. The sensitivities of the magnetic
high and low bands are approximately 0.5 and 3.0 my, respectively.

All four wide-band analog channels are transmitted simul-
taneously with a single 0.8 watt, Loo Mz telemetry transmitter.

Approximately three hours of wide-band VLF data have been

obtained daily from the VLF experiment since launch. The operation

of all parts of the VIF experiment mentioned above have been

entirely satisfactory.
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A more detailed discussion of the Injun 5 VLF experiment
can be found in Gurnett et al. [1969].

Gurnett et al. [1969] have shown that the antennas are
operating correctly and as expected. The dominant impedance
observed by the electric antenna has been the sheath impedance.
The observations have shown only sﬁall deviations from the resistor-
capacitor sheath model and the impedances observed are in reason-
ably good quantitative agreement with expedted vaiﬁésl- 6Bserved
excursions in the DC sphere potential difference measurements
equal to the ? X E potential due to the satellite motion through
the magnetic field show that the effective length for DC electric
field measurements is very close to the separation distance
between the spheres. By comparing the electric and magnetic field
amplitudes for known orientation of the satellite and for known
electron number density, it has been shown that the separation
distance between the spheres is approximately the effective
length of the antenna for AC fields also.

Preflight measurements showed that the electrical coupling
between the electric and megnetic receivers is less than -60 dB
on a free space basis. TInflight observations have verified that
the coupling between the two receivers is negligible. The

impedance sweeps which occur on the electric antenna only are
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seen infrequently and then only faintly in the magnetic receiver
data. The near field of the magnetic interference from the space-
craflt which can occur as a fairly strong signal on the magnetic
receiver is infrequently seen on the electriec receiver and then
only faintly. This is because the balanced dipole antenna has a
common mode rejection of about —56 dB which strongly attenuates

interference signals.
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IV. BSTUDY OF OBSERVED VLF PHENCMENA

The original purpose of this study was to examine IHR
phenomena observed by the Injun 5 VLI experiment and to determine
IHR occurrence and frequency profiles. An unexpected by-product
was the discovery or identificatioﬁ of several new IHR phenomena.

The sample we used consisted primarily of all Injun 5 passes
over the University of Towa NIRO data acquisitibﬁ-fééilif& that
occurred £ 3 hours of local midnight and for which VLF analog data
were received. A few passes in the sample came from other stations
and up to & 5 hours of local midnight and data from them have been
50 identified. At the beginning of the study the NIRO tapes were
the only readily available data we could use. As data from other
stations became available, it was used as needed and as time
permitted, especially for data from altitude sectors for which
data from NLRO was lacking or unproductive. The time period + 3
hours of local midnight was chosen to give us a period when the
ionosphere was stable thermally. Fortunately the hours we chose
also correspond to the hours of maximum rate of occurrence of VILF
noise as determined by previous experiments. NILRO was also a
fortunate choice for it is a mid-latitude location (~ 41° N
geographic latitude) and IHR phenomena having a sharp lower-

frequency cutoff are of the mid-latitude type.
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The data processing method is described below. The analog
tapes from the tracking station were played on a tape recorder
and the recorded output from the 400 MHz transmitter was fed into
the VLF demodulator. The VIF demodulator separated the four-:
channels of VLF analog data, electric high and low bands and
magnetic high and low bands. The band of interest, which in our
case was primarily the electric high band, was fed into a spectrum
analyzer. At one-minute intervals, time aﬁd fré@ﬁéhé& caiibration
markers of two-seconds duration were also fed into the spectrum
analyzer. On the 0-10 kHz range the spectrum analyzer had a time
constant of 0.025 seconds and a frequency resolution of 20 Hz
width. An output voltage proportional to the logarithm of the
intensity of the frequency being analyzed at a given instant was
used to intensity modulate an oscilloscope beam. The more intense
the signal, the brighter the beam, A sawbooth voltage from the
spectrum analyzer controlled the vertical deflection of the
oscilloscope beam. This sawtooth was synchronized to the log-
arithmic output so that the vertical height on the scope corres-
ponded linearly to the frequency being sampled. The full frequency
range was sampled 4O times a second. The spectrum analyzer was
so constructed that the gain from each frequency interval being

sampled is the same for equal inputs at each frequency. In
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other words, the response of the spectrum analyzer was flat from
approximately 20 Hz up through 10 kHz.

The oscilloscope screen was photographed using a 35 mm
continuous motion instrument camera. The vertical trace on the
oscllloscope screen was not swept horizontally in time. The time
axis was provided by the continuoﬁﬁly moving film. The 100-footl
rolls of film were developed and returned to us for analysis. On
the film a dark spot corresponds to an inténse'Siénal-at'é given
frequency at a given instant in time. A lighter spot corresponds
to a less intense signal. The data is continuous and linear both
in frequency (from approximately O to 10 kHz) and in time. Cali-
bration marks every 1 kHz from O kHz to 10 kKHz are provided for
two seconds every minute on the minute. The time scale on the
films should be accurate to less than one second. The films were
then visually analyzed to obtain the data used in this study.

The film was projected onto the ground glass screen of an
optical-to-digital readout system and the lower-frequency cutoff
of the noise bands was measured. The accuracy of the measuring
apparatus was + 10 Hz. However, the accuracy of the frequency
measurements is not as small due to the cutoff not being perfectly
sharp and also due to a width or spread in the intensity due to

the bandwidth of each frequency sample on the spectrum analyzer
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not being infinitesimal and also due to the dot size on the oscillo-
scope not being infinitesimal. A best estimate for the overall
minimum error for the measured INR cutoff frequency is + LO Hz.
During the study analog VLI' data from 191 revolutions were
examined. Eighteen of the revolutions contained no recognizable
IHR noise bands or other IHR phenoﬁena. Thirty-nine of the revolu-
tions contained IHR noise bands having a lower-cutoff frequency
which could not be measured either because the baﬁds'weré'fluc—
tuating so much the measurements would be meaningless or because
interference wags present to the extent that the lower-cutoff
freguency could not be identified. One hundred thirty-four
revolutions contained IHR noise bands with a lower-cutoff frequency
that could be measured, of which data from 101l revolutions were
measured. The remainder will be measured as equipment and time
permit. For the 101 revolutions, the IHR lower-cutoff frequency
was measured every five seconds on the data and recorded. For
each of these data points the coordinates of the satellite
position in space were calculated using the coefficients deter-
mined by Jensen and Cain [1962]. The data were then sorted as s
function of invariant latitude (INV). TFigure 8 is a histogram
of measured IHR occurrence as & funetion of IWNV. Data for which

the ILHR cutoff frequency could be measured never occurred below
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36° INV nor above 69°. The occurrence of this mid-latitude IHR
peaked at 55° INV. These above figures for the Injun 5 VLF exper-
iment agree very well with the observations for Alouette 1 by
McEwen and Barrington [1967] noted before. TFigure 9 is a graph
of occurrence for measured IHR as functions of TNV and altitude.
The occurrences are most frequent for 45° TNV to 60° INV but do
not vary greatly in altitude. Our (indings agree well with the
Alouette 2 observations of McEwen and Barrihgton'Ti96?] tﬁat

IHR mid-latitude noise is found at all altitudes from 500 km to
3000 lm. On all of the magnetic receiver data from Injun 5 that
we have examined we have found no noise bands that have a sharp
lower-frequency cutoff which appears to be the IHR cutoff
frequency.

We attempted to produce profiles of the IHR cutoff frequency
as a function of altitude. Figure 10 shows a typical result. It
is for measured IHR bands occurring + 3 hours of local midnight
at the peak location 55° INV. Little can be understood from the
graph because of the large amount of scatter in the points.
Possibly the only significant information might come from a curve
through the maximum IHMR cutoff frequency for a given altitude. A
curve through such points would appear to be continuous and

smoothly wvarying. A possible explanation for the large scatter



observed is that the ionosphere is slowly changing on a very long
time scale. We observe that consecutive passes produce nearly
equal IHR cutoff frequencies for the same point in the ionosphere.
However, the scatter may be due to widely different IHR cutoff
frequencies being observed many days or weeks apart.

The first new LR phenomend observed on Injun 5 are the
reflection phenomena indicated in Figure 11. This figure is a
continuous nine-minute frequency-time specﬁrogf&hhdfhfhe électric
receiver high-band data from revolution 1173. The frequency scale
is from 0 to 10 kHz. TFrom 0621:00 to nearly 0624:00 we observe
many long-hop whistlers that become very disperse at the IHR cutoff
frequency. The six spectrograms at the bottom are enlarged sec-
tions of the upper spectrograms. At approximately 0623:58 the
whistlers are observed to increase in fregquency once they have
reached the IHR cutoff frequency--or to be "reflected". All long-
hop whistlers from then on to 0626:25 are observed to be reflected
at the IHR cutoff fregquency. In addition to the sharp lower-
frequency cutoff, one notes the reflected whistlers also display
an upper-frequency cutoff. Beginning about 0626:45 the whistlers
are observed no longer to be cutoff nor reflected but to cause an
enhancement at the IHR frequency. This enhancement by each long-

hop whistler is observed to occur for the remainder of the




spectrogram. An analysis of the magnetic receiver high-band data
shows that a reflected magnetic component is also faintly observed
for some of the whistlers. From an analysis of proton whistlers
observed in the low-band data of hoth receivers the hydrogen con-
centration has been observed to r;se from approximately 20% at
0622 to more than 80% by 0628.

A possible explanation for the observed reﬁlectiog can be
discussed using Figure 12. The left-hand bortibﬁ ié-an expected
profile for the IHR frequency as a function of altitude. The
right-hand portion is a frequency-time display of the reflected
whistler. Consider the satellite to be near 2500 km. The satellite
observes no component in the whistlers below the local fLHR
because any frequency component below the local fLHR will be
cutoff. Only components in frequency equal to or greater than
the fLHR will be observed. Frequencies above the fLHR will be
observed twice, once coming down and once after being reflected.
The greater the frequency is above fLHR the longer the delay time
because the altitude at which that component is reflected is
farther below the satellite. At the maximum of fLHR with altitude
(near 2000 km in the diagram), fLHR is varying very slowly with

altitude. The wave will travel in a region whose local fLHR is

near its frequency some time before reaching its reflection
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altitude. Near the fLHR the index of refraction is very large and
the phase velocity is very small. Thus as the freguency approaches
R for the ionosphere below the satellite, the delay

time becomes very long. TFor frequencies above the maximum fLHR

the maximum fIl

no reflection will occur. We conclude that the lower-frequency
cutoff for the reflection phenomena is the fLHR for the ambient
plasma near the satellite while the upper frequency cutoff is the
maximum £, for the ionosphere below the éateliiﬁéﬂl |

Other new IHR phenomena observed on Injun 5 are multiple
frequency noise bands. Such a case is shown in TFigure 13. Three
distinet electrie field neoise bands are observed including one
which has a well defined magnetic field component. The mid-latitude
THR noise band is identifiable from its characteristic form and
sharp lower-frequency cutoff. As this lower-cutoff frequency is
believed to be at or near the local fLHR’ it is evident the other

bands are not related to the local T . The merging of the

IHR
electromagnetic and IHR noise bands at approximately 0815:30 UT
and the upper-cutoff frequency for the electromagnetic noisge
bands suggest that this band could be related to the fLHR at some
other altitude by the same process discussed for the reflected

whistlers. The appearance of the band in the magnetic receiver

data 1s very similar to the appearance of noise bands in the
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Injun 3 VILF data which were thought to be associated with LHR
noise bands.

Figure 14 shows another instance of a second noise band
moving in frequency away from the IHR noise band. This second
band, however, does noti have an observable magnetic component.

At about 0851:20 UT two reflected ﬁhistlers are also observed.
Between 0848:40 and 0849:40 UT a "shadow" band is present just
below the IHR cutoff frequency. This band is thﬁrléss ihtense
than the IHR noise hand, has a fairly sharp lower-frequency
cutoff, and varies in time as the lower-frequency cutoff of the
IHR noise band. As yet there is no theory to explain this shadow
band.

Another new IHR phenomena observed is the modulation of the
lower-frequency cutoff of the LHR noise band at the spin rate of
the satellite as shown in Figures 15, 16, and 17. TFigure 15 shows
an electric receiver spectrogram for revolution 78 when the
satellite was spinning fairly rapidly. Below the spectrogram is
a plot of the orientation angles of the satellite axes with respect
to the magnetic fielﬁ. The lower cutoff of the LHR noise band is
seen to vary periodically at the spin rate of the satellite. The
amplitude of each individual variation appears to vary as A cos B

where 8 is an orientation angle and A is the amplitude. However,



A is not constant but alternates between two values, one nearly
twice the other. The dotted lines show that the nulls in the
variation occur for g == 0° or 180° and B, ™ 90°., A "small"
variation follows the magnetic field being in the positive x
direction (which is parallel to the megnetic boom) and a "large"
variation follows the magnetic fieid being in the negative x
direction. Toward the end of the spectrogram as the ILHR noise
band becomes more intense, the variation décreaééé‘gfeatij in
intensity and vanishes.

Figure 16 is for revolution 162 for which the satellite had
approximately the same spin rate as for revolution 78. Again the
spin modulation has exactly the same characteristics. The modula-
tion is approximately a cosine function of an orientation angle
with alternating amplitudes, a large amplitude modulation following

~

0 = 180° and a small amplitude following O, =0° It isalso
clear the more intense the ILHR noise band, the less intense the
spin modulation.

Figure 17 is for revolution 1101 when the spin rate was
much less than the previous two cases. Again the modulation occurs
at the spin rate of the satellite with nulls occurring for Sx = Q°

or 180° and ¢, T 90°. Beginning at 0826:00 UT one modulation

appears to be an increase in the lower-frequency cutoff. The
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modulation that lowers the cutoff frequency also appears to be
banded ag can be noted at 0825, 0828, and 0830 UP. Banding can
also be seen for revolution 162 in Figure 16 at 0530:50.

Figure 18 is a plot of the occurrence of spin modulation
of the UIR noise bands as a function of altitude and INV. BSpin
modulation was never observed whenrthe IHR cutoff frequency was
below 7 kH{z. As INV decreases, f

IHR

increases. 'Thus as. the plot
shows, the occurrence of spin modulation cdrresﬁéﬁdé fo iéwer INV.
Comparing the spin modulation occurrence to the measured ILHR
occurrence (Figure 9) we see that typically spin modulation occurs
at lower INV than measured IHR and also the occurrence of the two
phenomena is usually not simulteneous. These general results
agree well with the three cases illustrated. The large gap in

the occurrence of spin modulation at low INV and low altitude has
two plausible explanations. At low altitude and low INV the IHR
cutoff frequency is ﬁrobably enough above 10 kHz, the upper-cutoff
frequency of the receivers, that the spin modulation usually will
not be seen. Alsc at low altitudes the electric receivers saw
considerable interference that could dominate the spectrograms to

the extent the spin modulation could not be seen if it were

present.



The characteristics of the receivers probably explain why
the spin modulation decreases in intensity and eventually disappears
when the IHR noise band enters the spectrogram. A large signal in
the receivers will tend to suppress a smaller signal. When the
noise band is above the upper frequency limit of the receivers,
the spin modulation below 10 kliz might be the strongest signal
and thus would be present. When the noise band drops below 10 kHz
the spin modulation intensity is suppressed becﬁﬁéé*the néise band
intensity is much greater. Frequently we see only the spin
modulation and no noise band, presumably because the IHR frequency
is above 10 kHz.

A possible explanation for the spin modulation of the IHR
cutoff frequency is the doppler shift effect. Since the doppler
shift, Aw = . ?, is dependent on the wave number (¥) direction,
the observed spin modulation may be due to the rotating antenna
pattern picking out waveg from different directions as the
satellite rotates. The characteristics of the spin modulation
tend to support this explanation. The modulation varies approxi-
mately as cos g (where 6 is an orientation angle) and pAw = kv cos e’,
where g’ is the angle between k and ;. The maximum modulation
observed was approximately Af = 1 kHz at £ = 8 kHz. The velocity

of the satellite varies from 6 to 8 km/sac. The wavelength of




the spin modulation is thus seen to be

EE 2T v 2n v v

kT Aw oo Af - AE T 6 to 8 meters

which is comparable to the antenné:length of 2.85 meters.

The banding of the spin modulations supports the idea of
selected wave numbers being observed. The_asymmgtrj_of the ampli-
tudes could be explained by the asymmetry of the anﬁenna pattern
due to the asymmetry of the satellite structure and booms.

Another possible explanation for the spin modulation is
that the IHR noise may be generated by an interaction between the
spacecraft and the surrounding plasma. This could introduce an
orientation dependence because of the asymmetric shape of the
spacecraft body and booms. At the present time the origin of the
observed spin modulation is not clearly understood.

Figures 19, 20, and 21 contain spectrograms of electric
receiver high-band data for several typical passes. The most
striking feature of all the spectrograms is the similarity of the
IHR noise bands observed. For revolution 53 in Figure 19, the
noise band from O415:30 UT to O422:00 UT is of the mid-latitude
type. The lower-~cutoff freguency is seen to decrease as INV

increases. Trom OL20 to 0421 a shadow band is observed. At



63° INV the IHR activity vanishes and then returns near 65° INV

at 0423 as the polar type. Revolution 54, two hours later, has
very similar characteristics but also has spin modulation in the
first minute of data. The mid-latitude ILHR noise vanishes abruptly
at 0620 and 65° INV. Revolution 115 has approximately four minutes
of spin-modulated IHMR noise at therbeginning of the spectrogram.
Revolutions 115 and 116 show that for a separation in altitude of
slightly less than 100 km and in time of about tﬁ@rﬁoﬁfs;.the IHR
bands are very similar and very close in the frequency of the

lowver cutoff for the same point in space. TFor revolution 211, a
very strong shadow band is observed at OW0O2 UT.

In Figure 20, revolution 225 shows & transition from mid-
latitude IHR noise to noise having no cutoff to polar-type LHR
noise. TFor revolution 272, a strong shadow band is observed from
okel UT to oOLk25 UT. Spin modulation is faintly observed in the
first three minutes of the data. For revolution 332, we observe
spin modulation in the first four and one-half minutes of data.
We see that it decreases in intensity as the IHR noise band
becomes more intense as it decreases in frequency into the
receiver bandwidth.

In Figure 21, revolution 345 shows a typical transition

from mid-latitude IHR noise to background noise at 60° INV and




then to polar IHR noise at 65°. Tor revolution 370, at 0545 the
IHR cutoff frequency is observed to drop more than 4 kHz in less
than 20 seconds. In revolution 381, the fluctuations in the IFR
cutoff frequency just before 0321 UT and 43° INV are probably due
to crossing the plasmapause boundary as has been previously
observed by Carpenter et al. [1968]. Revolution 382 is seen to
have LHR phenomena similar to the preceding revolution except
there is no crossing of the plasmapause boﬂndaryi“-Réfolﬁﬁion Tha
is observed to have LHR noise increasing with time because it is
a southbound pass. All previous examples were northbound passes.
As expected, we see that as INV decreases, the IHR cutoff frequency
increases. On revolution 749 we also see a strong shadow band
between 0950 UT and 0951 UT. All of the above spectrograms show
data that is typically observed on most night mid-latitude passes

by the Injun 5 VLF electric receiver.
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V. CONCLUSICNS

The most important outcome of this study has been the
observation of new phenomena which have aided in bringing together
rast observations and possible explanations for these observations.
The reflection phenomena is an exﬁerimental observation in agree-
ment with past theory suggesting that some observed IHR noise is
due to reflection processes. Multiple bands aﬁd:éﬁéluppef cutoff
for the reflection phenomena suggest that the characteristics of
the LR noise observed by the satellite are dependent not only on
the local fLHR but also on the maximum fLHR with altitude.

Although this study may not have concretely settled any
gquestions, it has offered new evidence to assist in the solution.
It has also raised new questions and suggested more possible
studies. Turther attempts to produce fLHR profiles in altitude
should be made by carefully analyzing all the VIF analog data.

The time to produce such an analysis is the main obstacle. A
study of the characteristics of spin modulation in the southern
hemisphere is in order. It would also be of interest to develop
models and the necessary theory to do quantitative calculations

on the time delay for reflected whistlers to determine the altitude

of the maximum fLHR' A useful calcuwlation would alsoc be to
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determine f from knowing fo, the cutoff freguency, and the power

LHR

spectrum. TFrom fIE concentrations from measurements on ion

m)
whistlers, and number density from the AFCRL experiment on Injun 5,
a fairly accurate model of the ionosphere could be determined.

Thus this study is really only a beginning.
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Figure 1.

Variation of IHR frequency and refractive index with

altitude, following Smith et al. [1966].
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Tigure 3.

Index of refraction surface near fLHR'
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Figure b.

Power spectrum near fIEEi‘ following Storey and
Cerisier [1968].
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Figure 5.

Refractive index versus frequency for multicomponent

plasma.
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Figure T.

Block diagram of Injun 5 VLF experiment.
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Figure 8.

Histogram of measured 1HR occurrence versus invariant

latitude.
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Spatial occurrence of measured IHR phencmena.
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Figure 10.

IHR cutoff fregquency versus altitude for 55° INV.
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Figure 11.

Spectrogram of revolution 1173 reflection phenomena.
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Figure 12. Model IHR profile and model reflection phenomenon.
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Figure 13.

Spectrogram of revolution 55 showing multiple bands,
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Figure 1h.

Spectrogram of revolution 712 showing multiple bands.
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Figure 15.

Spectrogram of revolution 78 showing spin modulation.
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TFigure 16.

Spectrogram of revolution 162 showing spin modulation.
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Figure 17.

Spectrogram of revolution 1101 showing spin modulation.
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Figure 18.

Spatial occurrence of spin modulation.
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Figure 19. Typical elecirie receiver spectrograms from

revolutions 5%, 5h, 115, 116, and 211.
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Figure 20.

Typical eleciric receiver spectrograms from

revolutions 225, 272, 320, and 332.
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Fipure 21.

Typical electric receiver spectrograms from

revolutions 345, 370, 381, 382, and 749.
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