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ABSTRACT

Analyéis of data from the Stanford University ELF and VLF experiment
on 0GO-4 satellite has revealed. new types of ion whistlers and also some
new features of low to medium latitude ELF hiss not previously identified.
The ion whistlers identified and interpreted are the 1 proton whistler,
the ion-cutoff whistler and combinations of both forms. The observations
of ELF hiss permitted the identification of a hiss band and its interpre-
tation in terms of propagation.effects, using computer ray tracings. The
band exhibits the previously observed low frequency cutoff characteristics
of downward propagating hiss and also a peculiar upper cutoff in the
vicinity of 600 Hz, which is nearly independent of the‘satellite altitude
(~ 430 to 900 km) and latitude above ~ 15°. This hiss band is called
band-limited ELF hiss, or simply BLH. It is observed betweenv~f100 and
A,55° dipole latitude, where there is merging of the nearly constant
upper cutoff and the increasing (with latitude) lower cutoff. Around
~ 10O dipole latitude the BLH exﬁibits a sloping upper cutoff decreasing
in‘frequency toward the equator (equatorial erosion). The BLH is seen
most frequently from ~ 0600 to ~ 2200 LT, although some examples have
been found between 0200 and 0500 LT, with less intensity.“In the range
0 to 3 kHz and up to ~550 dipole latitude the BLH is the strongest
signal observed. Its peak amplitude may reach 2 x 10-4 Yz/Hz betwéen
40° and 50° dipole latitude during daytime ( ~ 1000 LT). After prolonged
periods of low magnetic activity (Kp < 2) the upper cutoff may decrease
to as low as 420 Hz but recovers about one day after a sharp increase in
magnetic activity, such as a sudden commencement. The decrease and
smearing of. the lower cutoff of the background hiss, observed at latitudes

greater than about 580, indicates the presence of the light ion trough.
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The similarity of the uppér cutoff frequency on the two sides of the
equator is takéen as concliisivé evidence that the source liés on the
equator. An equatorial source ﬁéar L = 4 and large initiai wave normal
atigle§ were found adequate té explain the characteristics of the BLH as
Well as some of the‘obsérVatibns of ELF hiss previously repoftéd. Two
possible generation siechanisms, Cerénkov and Doppler-shifted cyclotion
(psc), aré briefly éxamined. For the Cerenkov mechanism electrons of
energy 6f the order of 1 kev are required, while for the Doppler=shiftéd’
cyclotron mechanism, much-highéi energies; of order 1 Mev dre hneeded.
For a typical dist¥ibution of énergétic particles tlie number density
of électrons for the Cerenkov hniéchanism is of order 104 times greater
than that for the DSC mechanism. However, in either case a cef¥tain aimount
of emission colierency or amplification is necessary to obtain the observed
power fluxes:

The propagation of eléct¥omégnetic waves in & nonhomogeneous aniso=
tropic medium is examined from the point of viéew of gecmetfical optics.
- In partieular, the propagatioii of ELF waveés in the maghetoSphere is
described in terms of the electron and ién densities and the intensity
and inciination of the earth's mégﬁetié field. The analysis o6f the
variations of wave normal angle aloiig the ray path is extehded to include
the effects of johs. A comparison of thé relative importance of @éach of
the above parémetérs ifn contfolling'the orientation of the wave normals
i$ made in the region of thé Magnetosphere where most of thé ion whistlers

have been detected:
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I. INTRODUCTION

A. PURPOSE

" The purpose of the present work is to discuss and interpret a
certain class of electromagnetic waves occurring naturally in the earth's
magnetosphere. They are found in the ELF range of frequencies (100 Hz
to 3000 Hz) and are detected aboard artificial satellites. They include
phenomena both whistlers and hiss and are interpreted in terms of the
‘known properties of the propagation of electromagnetic waves in aniso-~
tropic dispersive media.

The propagation of plane electromagnetic waves in a dispersive
ﬁedium can be described in terms of the quantity known as refractive
index. This quantity, defined by the ratio of the speed of light in a
vacuum to the magnitude of the actual phase velocity of the wave con-
sidered, is a function of the characteristics of the medium and, of
coursé, of the frequency of the wave. When the medium is the earth's
upper atmosphere, which is a composite semi-ionized gas, the propagation
problem becomes particularly interesting due to the anisotropic charac-
teristics of this medium. This means that the phase velocity of a plane
wave is not only a function of position, but also of the direction of
propagation.

The anisotropy in the magnetosphere is cau§ed by the presence of
the earth's magnetic field, which puts some constraints on the movements
of the charged particles (electrons and ions) that constitute the ionized
atmosphere. When these particles are displaced from their positions of
equilibrium, they will describe curved trajectories around magnetic

field lines. The projection of this trajectory on a plane perpendicular
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to the magnetic field direction is a circular motioﬁ with an angular
frequency (gyrofrequency) that depends on the particle's e/m ratio and
on the field intensity. It is therefore to be expected that when these
particles are set in motion by the electric field of a passing wave,
they will have some effect upon theupropagation of such a wave. When
the frequencies of interest are much higher than the ion gyrofrequencies,
the ions_ﬁay be considered as stationary in comparison with the much
‘lighter electrons, so their iﬁfluence ma& be neglected. However{-when
the frequencies are in the range of the ipn gyrofrequencies, that
approximation is no longer_valid. The so called ELE range of frequencies
falls under this category and the presence of the ions_in.the higher
atmosphere (oxygen, helium and hydrogen) contributes appreciably to the

dispersive properties of the medium.

B. BACKGROUND OF THE PROBLEM
The natural phenomena to be studied in this work belong to two
broad categories known as:

1. Whistlers, which are dispersed forms of electromagnetic energy
produced in the atmosphere by lightning discharges.

2. Hiss, which consistsof continuous broadband noises believed to
be produced by radiation from charged particles.

In the case of whistlers, the energy released in the lower atmosphere
by the sudden discharge must penetrate the atmosphere-ionosphere boundary.
For the frequency range of interest in this work (100 to SOOO_Hz), this
boundary may be assumed to be sharp. For typical conditions Qf the lower
ionosphere the decrease in phase velocity of the entering wave is of the
order of 50:1. This decrease in phase velocity means, according to
Snell’'s law, that for any angle of incidence below the boundary, the
waves will emerge on the other side with their wave normals practically
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perpendicular to the boundary. The details of this penetration mechanism
can be rigorously treated only by the apbiication of full wave methods
(see Budden [1961] and Scarabucci [1969]). However, the full wave
approach has confirmed in general the simple geometrical optics reasoning
used above and, unless one is particularly interested in studying the
amplitude of the waves across the transition, the geometrical optics
approach is adequate. For the present purposes, it is also satisfactory
to consider the atmosphere—ionbsphere boundary fixed at approximately
100 km altitude. Until 1968, the only particular whistler traces whose
characteristic dispersion could be attributed to specific ion effects
were the préton and the helium whistlers (see Gurnett et al. [1965] and
Barrington et al. [1966]). Since then, additional "ion whistlers' have
been identified and interpreted by the author and their study is included
in the present work. |
ELF and VLF hisé or continuous noises have been reported exten-
sively in the magnetosphere, mainly from analysis of satellite.data.
The range of latitudes and frequencies is quité broad, from low latitudes
to the polar region and from a few hundred Hz to dozens of kHz. In
particular, the so-called auroral hiss, in the range of ~ 5 kHz to
dozens of kHz and confined to the auroral zone has been treated exten-
sively in the literature (see Jﬁrgensen [1968]; Laaspere et al. [1971]
and references in those papers) and is not the object of the present
study. The kind of hiss of interest here (ELF hiss extending from a
few hundred Hz to approximately‘S kHz) has been reported and discussed
also extensively (see discussion in Chapter 4), but most investigators
have configed their attention to invariant latitudes greater than 35o

and/or high altitudes. In the low to medium latitudes and altitudes of
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the order of 1000 km, the only particular feature of the ELF hiss
established by previous investigators is the low frequency cutoff (see -

Gurnett and Burns [1968]).

cC. CONTRIBUTIONS OF THE PRESENT WORK
The contributions of the present work can be stated briefly as
follows:
1. Expressions for the rate of variation of the wave nbrmal
direction along the ray. path are developed and applied,
including the effects of ions. This is an extension of previous

work by Cerisier [1967] in which the effect of ions are not
included.

2. Certain new types of whistlers are identified and explained,
including the transequatorial or 1 proton whistler, the ion .
cutoff whistler and hybrid forms of both.

3. .New characteristics of an ELF hiss band (here called band
limited ELF hiss or simply BLH) are found. Their interpre-
tation has led the author to suggest a model with the source
located on the geomagnetic equator near L = 4. This new
model provides alternative explanations of some previously
reported properties of ELF hiss. '

D.  PLAN OF THE WORK

In Chapter 2, some iﬁtroductory maferial is presented on the
propagation of waves in anisofropic media, followed by tﬁe development
and appliqation of expressions for the rate of variation of the wave
normal orientation along the ray patﬁsf

In Chapter 3, the 1 proton whisfler, the ion cutoff whistler and
hybrid forms of both phepomena are presented and interpreted using ray
tracing techniques and concepts from Chapter 2.

Chapter 4 deals with the observationsvand characteristics of ELF
hiss and an interpretation also based on propagation properties. A
range of wave normals at the source and a region Qf generation are then

deduced and some comments are made about generation mechanisms based on
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radiation from energetic electrons.
Finally in Chapter 5 some conclusions are drawn and recommendations
are made for future work. There are also four appendices where deriva-

tions and auxiliary material are presented.
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I1. EFFECTS OF THE MEDIUM ON THE PROPAGATION OF ELF WAVES

A. INTRODUCTION

In the following analysis the medium is supposed to be a cold,
collisionless, electrically neutral'plasma composed of electrons plus
three éingly-charged positive ion species: oxygen, helium and hydrogen.
Furthermore, this plasma is immersed in a static dipole type magnetic
field. For the low frequency end of the spectrum, the refractive index
p at a fixed point in such a.mediunlvaries, as a function of frequency,
as shown if Fig. 1 (for details see Stix [1962]; Smith and Brice [1964];
Gurnett et al. [1965]). The branches labeled R and L represent thg
values of pz corresponding to a wave normal direction along the stgtic
magnetic field, the R and L standing, respectively, for the right-
hand and left-hand. circularly polarized modes. The branches labeled e
(for extraordinary) represent the valges of u2 for a wave normal
direction perpendicular to the static magnetic field, with linear
polarization (static and wave magnetic fields parallel). For intermediate
wave normal directions pz lies inside the shaded regions. Using Stix's

nomenclature and MKS units we can write:

X3
R=1"2R., R.:
- 1 +s.Y,
3 J J i
X3
L=1-3% L., L, = ,
- l -s.,Y
3 J J it
P=1-% X,
3 J
2
w?. 2 N. e
X = _B% where ® . = GJ — (plasma frequency)
3 @ pPJ o™j
v - lelB
J mj w
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where

J corresponds to the electron and ion species
e is the elementary charge
. : .th . .
Sj is the charge -sign of the j species particle
. .th . .
mj is the mass of the j species particle
o) is the angular wave frequency
. .th . .
wbj is the angular plasma frequency of the j species particles
B is the static magnetic field intensity
ao is the permitivity of vacuum

The two values of p corresponding to the two propagation modes

are the real solutions of the following equation:

sinzw ( L 5 + 1 5~ 2) + 2 co§2¢<-———l_§ - 1) =0 (2.1)
1—R/p 1—L/u l-P/u .

where | is the angle between the static magnetic field and the wave
normal. From now on the angle { will be simply called ''wave normal
angle."

In Fig. 1 the frequencies labeled fl to f8 are characteristic

frequencies and correspond to the various resonances (where y = »)

and cutoffs (where pu - 0). Frequencies fl, f4 and f7 are, respectively,

the gyrofrequencies of the oxygen, helium and hydrogen ions. Frequencies

f2 and f5 are called two-ion resonances and fs is normally called

the lower hybrid resonance frequency (LHR). Similarly, frequencies f3

and f6 are called two-ion cutoffs. Frequencies fxl and fxz are
the crossover frequencies, where the polarization of the R and L
modes become linear (static and wave magnetic fields perpendicular) and

interchange signs. The ion gyrofrequencies depend only on the e/m ratios
: ¢ 1

of each particle species and the intensity of the static magnetic field.
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FIGURE 1. CURVES OF u2 AS A FUNCTION OF FREQUENCY IN A

MEDIUM COMPOSED OF ELECTRONS AND THREE ION

SPECIES (OXYGEN, HELIUM AND HYDROGEN). The
several characteristic frequencies caused by the presence
of these ions are indicated (f1 to fé).-

For the models éonsidered hére their ratio is always 1:4:16. At a

fixed point in space, frequencies fl, f4 and f7 are constant ahd the
others vary with the relative ion composition. It should be noted,
however,'that frequencies f2 and f3 are always situated between the
ion gyrofrequencies fl and f4, while f5 and f6 are always situated
between f4 and f7. Figures 2a-g iilustrate what happens with the two

ion resonances and cutoffs when the relative ion concentrations are
varied.

Due to the fact that the static magnetic field (and thus all the
gyrofrequencies) vary with the inverse cube of geocentric distance, an
observer moving up or down inside this medium will see the group of

frequencies fl to f8’ respectively, decrease or increase monotonically.
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(a)
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FREQUENCY

e — - — —
e - — e —

My pe — —
h

f
1 ' 2 3,4,5 "6 7 FREQUENCY 8

FIGURE 2a,b. CURVES OF pz AS A FUNCTION OF FREQUENCY FOR

TWO DIFFERENT IONIC COMPOSITIONS. The several
characteristic frequencies are indicated (f
to £,). In (a) the oxygen relative concentration is negligible
when compared with the other two ions. In (b) the helium
relative concentration is negligible and the hydrogen relative
concentration is smaller than that of oxygen.

()
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(¢)

FREQUENCY

(d)

; £ f £ ot .
£, It 1, 5,6,7 - 8  FREQUENCY

FIGURE 2c¢,d. IN (¢) THE HELIUM RELATIVE CONCENTRATION IS
NEGLIGIBLE AND THE HYDROGEN RELATIVE CON-
CENTRATION IS LARGER THAN THAT OF OXYGEN.

In (d) the hydrogen relative concentration is negligible.
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(e)

A e

)
H
)
H
[+ o}

1,2,3 4,5,6 7 : FREQUENCY

(f)

1,2,3 4 5,6,7 FREQUENCY 8

FIGURE 2e,f. 1IN THESE EXAMPLES ONLY ONE OF THE ION SPECIES
IS OF IMPORTANCE. 1In (e) the helium and oxygen
relative concentrations are negligible. 1In

(f) the hydrogen and oxygen are negligible.

- 11 - SEL-71-055



] o

8 FREQUENCY

FIGURE 2g. HERE THE ONLY ION OF IMPORTANCE IS THAT OF
OXYGEN; THE HYDROGEN AND HELIUM REIATIVE
CONCENTRATIONS ARE NEGLIGIBLE.

This means that the topology of the curves of uz versus frequency for
a fixed point in the magnetosphere is similar to the topology of curves
of pz versus altitude for a constant frequency. Now, there will be
characteristic levels in analogy with the former characteristic fre-
quencies. Consequently, a point moving along the positive frequency
axis in Figs. 1 or 2 may also be interpreted as a constant frequency
wave moving upwards.

At each point inside the magnetosphere one can define a vector
with length equal to p and same direction as the wave normal. The
tips of all possible refractive index vectors describe a surface that is
called the refractive index surface. As the medium is uniaxial, the
refractive index surfaces ére figures of revolution around the static

~magnetic field direction. Figure 3 shows the intersection of a typical

SEL-71-055 -12 -
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FIGURE 3. THE RAY DIRECTION (g) IS ALWAYS PERPENDICULAR
TO THE REFRACTIVE INDEX SURFACE.

refractive index surface with a plane containing B. It can be shown
(see Stix [1964]) that the direction of energy flow or ray direction g
is normal to the refractive index surface at the point P where the

vector ﬁ meets that surface. It can be also shown that:

tan o = —&'%L- ' (2-2)

where (o 1is the angle from the wave normal direction to the ray direction.
—y - - .

Therefore, at each point, the three vectors S, uy and B are contained

in the same plane. Furthermore, as ap/aw is positive for 0 < § < n/2,

the ray direction lies between the magnetic field and the wave normal

directions.

Finally, one may observe that each two-ion resonance divides the
neighboring (u,f) space and its analogue, the (u,h) space, in two regions

where the refractive index surfaces have different topologies. The region
- 13 - SEL-71-055



immediately below f or f is characterized by closed refractive

2 5

index surfaces, while the region immediately above f2 or f6 is
characterized by open refractive index surfaces. For large wave normal
angles then, waves propagating in the two regions will have very different
ray directions (see Fig. 4). Therefore, it can be expected that a wave
starting its path at the base of the ionosphere between, for example,
frequencies f4 and f5 (see Fig. 1) and propagating upwards, will

experience a noticeable change in ray path when it crosses the resonance

level. This effect will be shown in Chapter 3 with the aid of ray tracings.

B. FACTORS AFFECTING THE ORIENTATION OF THE WAVE NORMALS

The propagation of ELF waves throughout the magnetosphere is
affected by the presence of positive ions mainly through the cutoffs
and resonances that they introduce in the dispersion relation. 1In
order to understand the effects of the electron and ion densities and
also of the earth's magnetic field on the orientation of the wave normals
along the ray paths, the following expression, derived by Cerisier [1967]

from the Haselgrove [1954] ray tracing equations will be used:

2 _ T L T
3s — Cos & ? n Bﬁ; ij k¢ + . 3B VB - k vB k (2.3

where
ds represents an element of ray path
N represents the electron and ion number densities

B is the magnitude of the static magnetic field

B is the inclination of the magnetic field relative to the
dipole axis (see Fig. 5)
k is a unit vector along the wave normal direction
k is a unit vector perpendicular to the wave normal direction,
i

oriented along § + n/2 (see Fig. 5).
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- FIGURE 4. SHAPE OF THE REFRACTIVE INDEX SURFACE BELOW (a)
AND ABOVE (b) THE TWO ION RESONANCE FREQUENCY
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- 15 - SEL-71-055



DIPOLE AXIS

%

FIGURE 5. POLAR COORDINATE SYSTEM. All angles are
measured clockwise fram the references
shown.

The three terms inside the brackets are the contributions of the
electron and ion densities, the magnitude of the dipole magnetic field
and the inclination of this magnetic field. Equation (2.3) is derived
in Appendix A.

To apply Eq. (2.3) Cerisier used an approximate expression for the
refractive index, neglecting the influence of the ions. 1In the following
analysis the complete expression for p will be used. The derivation
of the equations that follow can be found in Appendix A.

The first term inside the brackets in Eq. (2.3), which corresponds

SEL-71-055 -~ 16 -~




to the contribution of the electrons and ions can be written as:

- 1 & 1 % 1, |
?u-gN—-VN. k#_-g[aaﬁnj—&hh—a;xj]——-ﬁ (2.4)

. N 1
J_ J J 83 J K 3
where
UN. ON ON,
. kE = - 1 J sin § - 1 J cos § (2.5)
NJ 1 . NJ 51' r 59 .

§ 1is the angle between the local vertical and the wave normal direction
and (r,8) are the polar coordinates of a point in the magnetic meridian
plane (see Fig. 5).

Similarly, the second term in Eq. (2.3), which corresponds to the
contribution of the magnitude of the static magnetic field (dipole),

can be written:

1= ™

s.Y.
%va.ﬁ =§ JJ&[%&R?-%‘L—L?}—V—E-Q

where

vB
B

sin 8 cos 8
A —_—

ko= % [ sin § - cos § 5
‘ 1 + 3cos §

Finally, the third term, for the contribution of the inclination

of the magnetic field is:
VB - k =%siﬁ 5 Lt cos 9 °°Szg

1 + 3cos 6
The effectiveness of each of the three terms in Eq. (2.3) in determining
the change in direction of the wave normals depends on the angle q
between the ray and the wave normal. When o 1is zero, the effect is
maximum and when o is n/2 the effect is zero. When < ﬂ/2, cos

is positive and the resulting sign of dw/ds must come from the terms

inside the brackets. If the wave normal angle | 1is measured from the

- 17 - SEL-71-055



direction of B with the provision that [wl < ﬂ/2, the sign will be
positive (negative) when the wave normal Kk turns towards the inside
(outside) of the field line. Because of the scalar products ‘VN‘j . ﬁL
appearing in the first term of Eq. (2.3), each of its four components

will change signs whenever the wave normal crosses the direction of the
respective gradient. The same is true of the second term when the wave
normal crosses the direction of VB. As for the third term, expressed

by vB - Kk , the change in sign occurs around the vertical direction,

because VB 1is always horizontal for a dipole field.

c. EVALUATION OF THE COMPONENTS OF dw/dsv IN A MODEL MAGNETOSPHERE

In this section, the three components of d¢/ds are evaluated in
a model magnetosphere for a given ELF wave. The computation is made as
a function of altitude, maintaining a constant wave normal direction in
order to compare the magnitudes of the three terms in several regions of
the (u,r) space around the characteristic levels of the hydrogen ion
(where thé wave frequency is equal to one of the characteristic frequencies).
The density model used here is'composed of electrons and three ion species
v(hydrogen, helium and oxygen). The electrons and ions are assumed to be
in diffusive equilibrium along magnetic field lines in the manner
described by Angerami and Thomas [1964]. .The temperature is the same
for all particles and the parameters of the model are adjusted to obtain
a reasonably good fit with an electron density profile from Alouette II
in the fall of 1967. It should be stressed at this point that no claims
whatsoever are made here about how representative of actual conditions
those parameters are. The D.E. model is chosen mainly because it is well

behaved mathematically. Details of the model and derivation of expressions
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ON ON _
for 3;2 and 352 appearing in Eq. (2:5) can be found in AppendixlB.

Figure 6 Sﬁows the electrén density profile 6f the model.between
450 and 2000 km of altitude. The dots represent values of'densit§
measured by Alouette ii in August 5; 1967 ét aphféximately 2000 LT. 'Tﬁe
parameters of the D.E. equations are élso shown in the figufe and reference
to Appendix B should be made for the meaning. The range of altitudes of
450 to 2000 km covers the regions where mosf of the so-called ion Whistlers

have been detected.

2000r i T S E— T .
Lk \ 7&1 = 5% | 4 4
| , o = 30% -
at 900 km | 2 .
- (o4 = 65% o -
3 , 4 3
- _Fed = 3,38 x 10;e1/cm_ 4
E 15001 T = 1000°K : .
A . o )
, i  Lat = =20 - .
[~ e
o ™ 6 = 68.5 -
=) : i
. ] .
bt T
& 1000 .
(]
< 7
®ee Alouette II .
500 L ‘ , , T
10°. 10" 10° 10 10’

NUMBER DENSITY (cm's) )

FIGURE 6. ELECTRON AND H+ DENSITY PROFILES FOR THE DAYTIME
IONOSPHERE MODEL USED THROUGHOUT THE PRESENT WORK.
The parameters indicated are defined in Appendix B.
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The dispersion relation admits two solutions, or modes, thep may
or may not correspond to propagating waves in the medium. Whenever the
two modes can propagate simultaneously, the terminology "'slow' and "fasti”
can be applied unambiguously in correspondence with the respective values
of phase velocity or refractive index. However; when one of the modes
is evanescent, the same terminology will be extended here as shown in
Fig. 7 around the hydrogen characteristic frequencies. In this context,
a typical representative of the slow mode is the proton whistler and a

typical representative of the fast mode is the ion¥cutoff whistler to be

studied in the next chapter.

/ / "slow | modfa . : '
J ////// \\Z\\“W
| fe TSN

4 T c H FREQUENCY

FIGURE 7. TERMINOLOGY USED FOR THE TWO PROPAGATING MODES
IN THIS WORK.
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Figures 8 to 11 show curves of the three compqnents of d¢/ds,
between 450 and 2000 km and a~1atitude of 200, for a wave frequency of
300 Hz and a constant wave normal angle of -10°. Because a logarithmic
scale is used, the magnitude only of each term is plotted and the signs
are indicated along the curves. Figures 8 and 9 correspond to the slow
mode and extend up t0'11§0 km altitude, very cloge to the resonance level
where | = ». Above this altitude the mode is evanescent. Above 450 km
the parficle density term is positive and is dominated by thg electroni

density contribution. In the vicinity of the crossover altitude, the term

——
T FH
1100} .
1000 —‘—fx
f = 300 Hz
~ y = -10°
£ 900 o A
& § = 44
- Lat = -20° —~1f
/| 800} SLOW MODE -
o}
=
~ 13
= 700 z:—a—-“ UN.-k, -
A 3 4 ON,
<3
600+ - - |
500} v -
) ' | |
10 1073 1072 107!

RAD/km

FIGURE 8. CURVES OF THE COMPONENT OF dw/ds DUE TO
THE ELECTRON AND ION DENSITIES (N.), FOR A
WAVE PROPAGATING IN THE SLOW MODE-
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2 800} - SLOW MODE _ o . -
H M -
- 123 B
&= 700} = <8 vp.k, ‘ - ' -
3 4/ u 3B » «
<
600 |- ’ _ 4.
500 }- : ‘ e -
; . !l . 1
-4 ' - - -
10 : 10 8 10 2 10 1
RAD/km

FIGURE 9. CURVES OF THE COMPONENTS OF dy/ds DUE TO
THE MAGNITUDE (B) AND INCLINATION (8) OF
THE EARTH'S MAGNETIC FIELD, FOR A WAVE
PROPAGATING IN THE SLOW MODE.

decreases very fast and changes sign. F;om this point upwards, the
dominant contribution is that of the hydrogen ions. If the wave normal
angle were zero, the resonance would occur exactly at the proton gyro-
frequency altitude, which is independent of density variations. Therefore,
if § = 0 the particle density term would remain finite up to and through
the resonance altitude. However, if the wave normal angle is different
from zero, it can be shown that &-%%— = o at resonance, which makes the
particle density term also infinite. JFor small angles (such as in the

examples) the magnitude of
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decréases with inc¢reasihg altitude up to the immediate vicinity of the
résonance and then grows very fast to infinity, as indicated in fig. 8.
The terms cérresponding to the magnitude and inclination of the magnetic
fields are iilustrated in Fig. 9. The contribution of the magnitude of
E is negligible in comparison with the particle density term ub to the
reighborhood of the crossover -altitude and then beéome& entirely doﬁinént.
However, unlike the particle density term,_this one does not chanée‘sign
anywhere and its magnitude always grows to infinit} at resbﬁahée, inde=
pendently of {. The térm due to the inciination bf B is indepehident
of p and decresses steddily as 1/r:

Corresponding curves for the fast méde are shown in Figs. 10 and 1i.
The fast mode exists only above the two-ion cutoff altitude whefe the
féfractive.index goes to zero; making the'partiCIe density term and also
the term due to the magnitude of- B téend to infinity. Between the cut-
off altitude and approximatély 1005 Kim both ferms have the séme order of
fndgnitude and same sigh. In this reéion, the pafticle density term is
dominated by the contribution of the hydf;gen ions. The‘term due to
the magnitude of B continues to décrease until about 1020 km but
without changing sigh: Abové that altitude thé variations are much
less pronounced and its magnitude is cofiparable to- that of the third
term (VB - k). The particle density térm is the most important betweer
~ 1020 and 2000 km but decreases faster than the other two with incredsing
altitude. Thereforé, one can expect this term to becone negligible at

larger altitudeés.
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FIGURE 10. CURVES OF THE COMPONENT OF d{/ds
DUE TO THE ELECTRON AND ION DENSITIES
(N.), FOR A WAVE PROPAGATING IN THE
FAST MODE.
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OF THE EARTH'S MAGNETIC FIELD, FOR A
WAVE PROPAGATING IN THE FAST MODE.
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III. ION WHISTLERS

A. INTRODUCTION

The natural whistler phenomena to be examined in this chapter may
all be loosely called "ion-whistlers," meaning whistlers whose spectral
shape is mainly a result of ion effects on the dispersion relation.
These whistlers have been observed in data from the Stanford University
VLF experimént flown on the 0GO-4 satellite. This is a quasi-polar
orbiting satellite ( ~ 86° inclination) with pefigee of ~ 400 km and
apogee of ~ 900 km (orbital period ~'98.minutes). The signals are
detected in a magnetic loop antenna which feeds a number of receivers
serving different purposes. Of interest here are the two broadband
receivers used for spectrographic analysis. The so-called ELF receiver
covers the band of ~ 15 to 300 Hz with a gradual rolloff between 300
and 1000 Hz. The VLF receiver covers the band of 300 Hz to 12.5 kHz.
The signals are telemetered to ground and recorded in magnetic tape at
the NASA telemetry stations and later they are processed at Stanford
using a Rayspan real time spectrum analyzer (see Helliwell et al. [1961]).
The final results are presented as frequency versus time spectra in
strips of 35mm film with the time running alongside the film.

Following the conventional terminology used for whistlers detected
in satellites (see Smith. and Angerami [1968]), the events to be reported
here will be called o* (zero plus), 1 (one minus), 1t (one plus), etc.
according to the relative positions of the satelliteAand the source with
regard to the magnetic equator and also according to the direction of

propagation at the time of detection.
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B. THE 1~ PROTON WHISTLER

This peéﬁliar trace has been observed in some equatorial passes
of OGO 4 [Muzzio, 1969] and a few examples are indicated by arrows in
the spectrograms of Fig. 12. The two strips represent sections of the
same pass detected at the Santiago telemetry station. The frequency
range is 0 to 1.25 kHz and the time scale is indicated at the upper
part of each stiip. The traces are very similar to, and  appear among
regular or ot proton whistlers from which they differ mainly by the lower
value of their frequency of infinite delay time (fm). ‘In addition, when
the satellite moves away from the magnetic equator, the value of fco
for the events labeled 1 decreases. The following analysis will show
that the traces are proton whistlers propagating from the opposite
hemisphere approximately along field lines. The name 1 proton whistler
is therefore appropriate. The decrease in fco can be appreciated in
the top panel of Fig. 13 until ~ 0736, when the 1~ type traces disappear.
Near 0735 some 0+’proton whistlers from the southern hemisphere begin to
be visible. Sections A and B of the top spectrogram are shown expanded
in time at the middle and lower left, where individual events can be
resolved. The approximate ray paths of events 1 (0+) and 2 (1) are
indicated in the sketch at right. 1In the 1 type traces, frequencies
above ~ 150 Hz start their path at the base of the ionosphere already
above the helium gyrofrequency level (frequency f4 in Fig. 2e in
Chapter 2). These waves are propagating in a region of closed refractive
index surfaces. The ray direction is situated between the wave normal,
which is initially vertical, and the direction of the static magnetic

field. As the waves progress upward, they will approach the two-ion
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SNT OGO-4 19 SEP. 1967 (southbound)
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FIGURE 12. EXAMPLES OF 1~ PROTON WHISTLERS. Notice the
difference in values of £ between the O
and 1~ events. “
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resonance level (fs), above which the refractive index surfaces open
and the guiding effect of the static magnetic field becomes more and
more important. To illustrate this change in ray path direction across
the two-ion resonance level the ray tracing results of Fig. 14 are very
useful. The frequency.used is 200 Hz and the ray tracing starts at
100 km -altitude and‘190 dipole latitude. The ionosphere model is the
same as used in Chapter 2. The wave normal is initially vertical and
the arrows along the ray path indicate subsequent orientations. The
transition from closed to open refractivelindex sufface is also indicated
and the corresponding change in ray path direction can be noticed. When
the ray cfosses the equatorial plane the alignment with the field is
already very good. The variations of wave normal angle along the ray
path can be roughly compared with the values of dw/ds for the slow
mode plotted in Figs. 8 and 9. From the values of wave normal angle
marked along the ray tracing of Fig. 14, one can observe the change in
sign of d¢/ds close to the crossover level.

The upper frequency limit for a wave propagating in the slow mode,
or similarly, the upper altitude limit for a fixed frequency, is given

by the resonance condition:

tan2¢ = - g (3.1)

where: .

S=%(R+L) (3.2)

o o .
When the wave normal angle | varies from 0 to 90 (see Stix [1962])
the resonance level decreases from the proton gyrofrequency to the two-
o
ion resonance level. However, if le is less than about 75 the

resonance remains close to the proton gyrofrequency level. Consequently,
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for waves in the slow mode with ray paths similar to the one in Fig. 14,
the upper frequency limit across the equatorial plane will be close to
the minimum proton gryofrequency along the ray path, instead of the local
value at the satellite. This will be the equatorial value of gyro-
frequency along the field line passing through the satellite. Therefore,
as the satellite moves away from the equator the minimum gyrofrequency
along the fay path decreases, which is precisely the picture in Fig. 13.
For each satellite altitude; there is a value of latitude beyond which it
is impossible to detect 1 proton whistlers. This 1limit can be under-
stood from Fig. 15, which represents curves of proton gyrofrequency,
crossover frequency and two-ion resonaﬁce frequency along a field aligﬁed
ray path containing the equatorial region. The characteristic frequencies
of the other two ions have been omitted, for simplicity, but they could
be used to explain the eventual occurrence of similar whistler traces

at lower frequencies. The vertical lines marked (:) and () represent
two satellite positions along the same field line and the corresponding
spectral forms received at these two positions are illustrated in the

two spectrogram sketches in the same figure. The minimum values of the
characteristic frequencies occur at the equator, which is the highest
point along the ray path. At higher latitudes the ray path is lower in
the ionosphere. The corresponding decrease in hydrogen concentration
makes the crossover>and two-ion resonance frequencies approach the proton
gyrofrequency, enhancing the probability of coupling between mades.

This region of strong coupling is indicated in the figure; In the
following analysis, waves in the slow mode are supposed to be propagating
from left to right in the diagram and the effect of heavier ions will be

disregarded. For simplicity, coupling near the crossover frequency will
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FIGURE 15. CURVES OF THE CHARACTERISTIC FREQUENCIES ALONG
A FIELD-ALIGNED TRANSEQUATORIAL RAY PATH AND
CORRESPONDING SPECTRA OF TWO 1~ PROTON WHISTLERS

RECEIVED AT PoSITIONS (D) AND (@ .
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be disregarded also, except in the shaded regions where the characteristic
frequencies are very near each other. With these restrictions, only
frequenciés beloﬁ- fiii will be able to reach either one of satellite
positions () or C) in the slow mode. Depending on the satellite
position howeyer, there will be another limit on the low frequency side.
To understand this limit, Figs. 14 and 15 have to be examined simultaneocusly.
After crossing the equatorial plane the rays move downwayd and the wave
normal angle approaches -900.. In these circumstances, when the two-ion
resonance level is attained the waves will be reflected back along a

very near ray path. This mechanism is illustrated in Fig. 16 by the use
of a "Poeverlein construction.' On the other hand, the energy of the |
waves will probably bé daﬁped by lossless temperature effects across

this resonance (see Stix [1962], Chapt. 3). For 1 proton whistlers
therefore, the minimum frequency observable will be either the minimum
crossover frequency along the ray Séth (satellite position () in Fig. 15),
or a frequency very near the local two-ion resonance frgquency (sateilite
position (2)), whichever is bigger. This constitutes a "window' limiting
the frequency range of observable 1 proton whistlers. As the satellite
moves to higher latitudes this window becomes narfower to a point whepe

it collapses. This 1imiting'1atitude is indicated in Fig. 15 and it
happens where the local two-ion resonance frequency equals the equatorial
value of proton gyrofrequency. Above that latitude, a satellite in
circular or near circular orbit will not be able to detect any additional
1 proton whistlers. It should be understood that the results indicated

by Fig. 15 are only approximate, since the damping due to temperature
effects near the resonances have not been taken into account quantitatively.

The above mechanism is very adequate to explain all the features of 1
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FIGURE 16. MECHANISM OF REFLECTION OF A WAVE IN THE SLOW

MODE WITH LARGE WAVE NORMAL ANGLES, ACROSS THE
TWO-ION RESONANCE LEVEL.

proton whistlers illustrated‘iﬁ Fig. 13, including their disappearance
around —19o dipole latitude.

Finally, one comment about the polarization of these whistlers.
Due to the fact that the crossover level marks a region of polarization
reversal, the actual polarization of the received 1 proton whistlers
will dépend on the relative position of the satellite amoné the
characteristic freduency curves. For example, in Fig. 15, the 1 proton
whistler receiQed at satellite position (:) is almost entirely left-hand
polarized (except for the narrow frequency range below the local cross-

over frequency), but the one received at position C) is entirely right-hand
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polarized!

cC. THE ION CUTOFF WHISTLER

The previous section dealt with effects of ions upon waves in the
"slow mode." The ion cutoff whistler, on the other hand, is the result
of ion effects on the "fast mode.”. It was discovered in recordings of
the 0GO-2 énd 0GO-4 satellites and interpreted on the basis of a reflection
of downward propagating waves cloée to the two-ion cutoff frequency
[Muzzio, 1968a,bl, hence the denomination ion cutoff whistler. Some
examples of this event are shown in thé spectrograms of Fig. 17. Events
(a) and (b) were detected over Australia, around a dipole latitude of
—40o and events (c) and (d) were detected at Santiago (Chile), at a
dipole latitude of —210. The measured frequency-time curve for these
whistlers fits a constant dispersion (Eckersley type) curve over most of
the range 0-10 kHz. However, at the low frequency end the trace deviates
towards increasing time delays, reaches a turning point or minimum
frequency and then rises in freqﬁency to some extent. Sometimes the
trace is seen down to the minimum frequency only, the return portion
being absent.

Comparison of the observed whistlers with Eckersley curves indicate
dispersions of about 40 secl/2 for the examples of Fig. 17a,b, and about
30 secl/2 for the examples in Fig. 17é,d. These figures suggést the
origin to be.in the conjugate hemisphere, invother words, they are 1
whistiers. The values of proton gyrofrequency at the two locations shown
in Fig.A17 are: 570 Hz for (a) and (b), and 300 Hz for (c) and (d).

The corresponding minimum frequencies of the whistlers are 1owervthan
the above values of gyrofrequency, as can be seen in Fig. 17. The rapid

decrease in the refractive index of the fast mode when approaching the
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0GO-4 (ACT) 3 AUG 67
0819:10UT . 0820:10 UT

0GO-4 (SNT) 5 AUG 67
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FIGURE 17. EXAMPLES OF ION CUTOFF WHISTLERS DETECTED

AT TWO DIFFERENT IATITUDES. In the upper
and lower panels, f and F are,

respectively, the minimum frequency and tge local proton
gyrofrequency. .

two-ion cutoff level creates a reflection condition for waves propagating

downwards.

Snell's law
As a matter
angle élong
increase in

above. The

This reflectioﬁ can be understood-by the application of

or by the Poeverléin construction illustrated in Fig. 18.
of fact, the analysis of the rate of chaﬁge of wave nérmal
the ray path undertaken in Chapter 2 shbws a very;steep
dw/ds when the tWo—ion cutof f lével is approached from

peculiar low frequency end of the whistlers in question

suggests therefore, that the rays are being reflected somewhere below
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p-Surface at c

Ray Path ‘
u-Surface at b

5

Wi

u-Surface at a i
]

.Vertical
POEVERLEIN CONSTRUCT ION

FIGURE 18. REFLECTION OF A WAVE IN THE FAST MODE
(PROPAGATING DOWNWARD) NEAR THE TWO-ION
CUTOFF LEVEL.

the satellite and cross the sateliite orbit once more on the way up.
Figure 19 illustrates the above argument. The curves marked fc and
FH represent, respectivély, the two-ion cutoff and the profon gyro-
frequencies as a function of altitude. In the absence of coupling
around the crossover level, a wave of frequency f propagating downward
in the fast mode passes by the satellite at hl’ is reflected near the
cutoff level and may be dgtected a second time on the way up. The time
interval At between the reception of the downward and upward signals

depends on the distance Ah between the satellite altitude and the
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FREQUENCY

SATELLITE ALTITUDE

FREQUENCY

T IME T IME o TIME

FIGURE 19. ON TOP, CURVES OF PROTON GYROFREQUENCY AND
TWO ION CUTOFF FREQUENCY AS A FUNCTION OF
ALTITUDE. In the lower. panel, spectra of

ion cutoff whistlers received at the three satellite

altitudes hl’ h2 and h3.
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reflection altitude, and also on the group velocity. The minimum
frequency observed (fm)_must be reflected at the satellite altitude.
Frequencies lower than fm are reflected:above the sateilite and can
not be detected. .This mechanism of reflection of ion cutoff whistlers
proposed by the author in 1968 has been experimentally verified later
by other investigators (see Mosier [1969], Fig. 5). The maximum frequency
observed in the "tail" (fM), must correspond to fhe region where fc

énd FH come so close together that coupling occurs for any value of
wave normal angle (on the subject of‘coupliﬁg, see Jones [1969a,b]).
Figure 19 also illustrates what happens when the satellite altitude is
decreased down to the region of strong coupling. The tail of the ion
cutﬁff whistler is progressively shortened until it can not be observed
anymore. An example.of this effect can be seen in the spectrogram of
Fig. 20, where the tails of the ion cutoff whistlers are barely visible.
Note the low altitude'( ~ 430 km) in contrast with both examples of

Fig. 17 where the satellite altitude was above 850 km.

One other effect that may limit the observability of the low
frequency end of ion cutoff whistlers is the attenuation due to Coulomb
collisions in the ionized medium. When collisiops are involved, the
refractive index becomes a complex quantity, a fact that is well known
and will not be discussed in detail here (see for example Budden [19611];
Ratcliffe [1962]). It is possible to write a differential equation for
the attenuation due to the imaginary part of the indgx and to incorporate
this equatioﬁ into a ray tracing program, for example. Following Budden
[1961] and Kimura [1966] the rate of attenuation along the whistler ray
path can be written as:

dA

a2 X
gt - 181.92 £ &
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SNT 0GO-4 27 SEP 1967
| |73||=3o - ‘

10 sec '

the

the

the

the

the

ALTITUDE: 430 km

EXAMPLES OF ION CUTOFF WHISTLERS WHERE

'THE RETURN PART OF THE TRACE IS NOT SEEN.
" Notice the low satellite altitude.

attenuation in dB

-frequency  in- Hz

imaginary part of the refractive index

real part of the refractive index

time of phase travel along the ray. path in sec.

in the absence of'collisions,‘the’refréctive‘ihdex (real) drops

to zero at,the cutoff frequency. When coilisions are present and the

ipdex’becomes complex, néither the real nor the imaginary parts can be

zero anymore and in reality there are no more cutoffs. However, if the

collision frequencies are small enough,

¢4 may decrease to a sufficiently

low vélue; close to the former cutoff, so that reflection of waves can

take place. At the same time X increases, so the resulting attenuation
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may attain very large values even before reflection occurs. We are
interested here in momentum transfer collisions between charged particles
(electrons and ions). Expressions for the collision frequencies can be

obtained from Nicolet [1953]:

n
e
v = 1.82 375 A1(2)
T
., n 3 a., + Q. n
v, = 4.22 x 102 —5;5 A2 28 : ) 31/2
T 3=1 % I (en )]
where
n_ is the electron density in em™3
T is the electron temperature in oK

.3
Al(z) = 18.7 + 2.3 log, (T /ne)

. . ' .th :
the subscripts i and j refer to the i and jth ion species

_ 0 if di=j
+J 1 if idj
. . s .th | .
ai is the relative concentration of the i ion species
m,
nji = ;i is the mass ratio between ion species
i
Ve represent the collision frequency of the electrons
with the three ion species considered throughout this
work . ' :
vi represent the collision frequency of each ion species

with the other two. Collision of ions with electrons
are disregarded because only a 'small fraction of the
ion momentum is transfered. :

The above expressions were tested in a ray tracing program with a simulated
ion cutoff whistler and the resulting attenuations versus reflection
altitude are plotted in Fig. 21. The attenuations‘are measured from the
equatorial plane and only values above 1 dB are plotted. The ionospheric

model is the same daytime model used in Chapter 2. For frequencies that
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are reflected in the vicinity of 800 km altitude (or less), the attenu-
ation is considerable, even close to the crossover 1evel.. Therefore,

if the return trace is not seen in an ion cutoff whistler, one can not
be sure if the apparent cutoff is caused by a reflection mechanism or

by attenuation due to losses in the medium. There is still another
possibility for the apparent cutoff which has to do with coupling condi-
tions in the upward part of the ray path in the conjugate hemisphere.
This. condition will be dealt with in the next section regarding hybrid

forms .

D. HYBRID FORMS

Having examined the propagation characteristics of the slow and
fast modes separately in the last two sections, one is naturally led to
ponder about the possibilities of simultaneously observing both modes
associated with the same 1 whistler trace. In fact, these hybrid forms
do appear in some satellite records, and an example is shown in Fig. 22.
It représents a sequence of spectra from a single pass of OGO 4. The
first two panels show only ion-cutoff whistlers, but as the vehicle
appréaches the magnetic equator, some 1 proton whistlers begin to
appear, vestigially in (c¢) but stronger in (d). In (a) and (b) the
satellite is too far from the equator to receivé any 1 proton whistlers
(see explanation in Section B).

The spectral shape of these hybrid forms can be understood very
easily by using plots of the characteristic frequencies along ray paths,
as was done previously. In Fig. 23 the curves marked FH’ fx and fc

are, respectively, the proton gyrofrequency, crossover and two-ion cutoff

frequencies along a transequatorial ray path. 1In reality, the ray paths
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FREQUENCY (kHz)

SNT 0GO-4 5 AUG. |1967

2218:20UT 2219:20 UT
. o 10 sec ,
I 1 |
1.25 —
0—
2221:30 UT : S 2222:40 UT
| I
|.25—,-.g,.;-“.,‘.'-‘,.a,'., L I P I A N A T
o—

ALTITUDE: 870 km.

FIGURE 22. TRANSITION FROM SIMPLE ION CUTOFF
: * WHISTLERS (IN (a) AND (b)) TO HYBRID
FORMS (IN (c) AND (d)) WHEN THE
VEHICLE APPROACHES THE EQUATOR .
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for the two modes are not the same because of the very different shapes
of the respective refractive'index sﬁ;faces. However, this fact is not
very important.for the present discué?ion and would require eight curves
in the diagram; an unnecessary compli;ation. Therefore, the curves in
Fig. 23 represent the chargcteristic.frequencies aiong a hypothetical
ray path, which is the same. for both modes. The régions bounded by
these c&rves.andglabeled by the encircled numbers éxhibit the following
pfopertiesi

1. Region @ is forbidden to the fast mode and region @ is
forbidden to the slow mode.

2. In the upward path; region C) is inaccessible to the fast
mode and region C) is only accessible if there is coupling
between modes across fx.

3. In the downward path, the transition from (3 to (2) is allowed

to the fast mode and there will be reflection in the vicinity
of fca Theré is also the possibility of coupling across f,

4. In region C)ithe fast mode is left-hand polarized and the
slow mode is right-hand polarized. Conversely, in region
the fast mode is right-hand polarized and the slow mode is
leftfhand polarized. Therefore, when there is coupling, or
changing of mode, the polarization is conserved.

5. The fast mpode in region () and the slow mode in region C)

have comparatively low values of group velocity due to the
large values of. Ou/Of.

Using the above proberties in conjunction with Fig. 23, the following
intérbfetation can be given to the hybrid forms: Frequencies below the
minimué proton gyrofrequency albng the ﬁath, while in the slow mode,
will behave exactly as discussed in‘Sééfioh B (1~ proton whistlers).

Above a certain_frequency indicated in the figure, mode coupling becomes
possible around' fx in the upward path and so the fast mode can be
excited. From this point on, the fast mode will propagate as an ion

cutoff whistler and everything that was said in the previous section is
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applicable here. The probability of mode coupling around fx increases
when the characteristic curves approach each other, e.g., for higher
frequencies (see Jones [1969al). Ignoring for the moment the possibility
of coupling in the downward path, and assuming that there is coupling in
the upward path for frequencies equal or larger than the two-ion cutoff
frequency at the sateilite, the corresponding whistler trace reéeived
may exhibit the typical hook form (subjected to the problem of attenuation
examined in the previous section). However, if conditions afe such that
coupling only occurs at higher frequencies, then the fast mode trace may
not show any appreciable deviation from an Eckersley type dispersion
curve and the cutoff seen will have nothing to do with a reflection
phenomenon. These two situations are illustrated in the sketches of
Fig. 24 where, in the left are seen typical 'coupled’ and "uncoupled”
electron-proton whistler pairs detected in the upward or 0‘+ path, and
on the right, the corresponding forms after crossing the magnetic equator.
In the uncoupled example the cutoff seen in the‘fast mode across the
equator is the same as in the 0+ tra;e and is not caused by reflection.
The frequencies in the ''gap' stayed in the slow mode and became frapped
in region C)'(see Fig. 23).

If coupling in the downward path is taken into account, the energy
could go from the fést to the slow mode across fx before reflection
close to the two-ion cutoff and a spectral form approximately equal to

the sketch in Fig. 25 would result. To .the author's knowledge, however,

this kind of trace has not been observed yet.
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FIGURE 24.

COUPLED AND UNCOUPLED ELECTRON-PROTON WHISTLER
PAIRS SEEN AS 0t AND 1~ EVENTS.

PANELS, f. INDICATES THE FREQUENCY ABOVE

" TIME

i

IN THE LOWER

WHICH COUPLING STARTS FROM THE SLOW MODE TO
THE FAST MODE IN THE UPWARD PATH.
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FIGURE 25. EXAMPLE OF COUPLING FROM THE FAST MODE
TO THE SLOW MODE IN THE DOWNWARD PATH.
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1V. ELF HISS

A. INTRODUCT I ON

ELF hiss or continuous noise in the range of a few hundred Hz up
to about 2 or 3 kHz has been observed in the mgénetosphere and reported
by a number of authors (Guthart et al. [1968]; Taylor and Gurnett [1968];
Gurnett and Burns [1968]1; Russell et al. [1969]; Dunckel and Helliwell
[1969]; Mosier [1971]1). Their work, however, deals almost exclusively
with high latitude and/or high latitude events. 

This chapter presents and discusses observations of ELF hiss from
the Stanford University VLF experiment flown on the 0GO-4 satellite
( ~ 430 up to 900 km altitude) and covering the entire range between
i840 invariant latitudes. Analysis of real time spectrogram data
acquired at the Résman (North Carolina), Quito and Santiago{(South
America) telemetry stations extending from September 1967 to March 1968
revealed the occurrence of a hiss band with characteristics not previously
identified. The band is seen from low to medium latitudes and will be
referred to as band limited ELF hiss or simply BLH. Examination of
several records from the telemetry stations at Johannesburg‘(South
Africa) and Orroral (Australia) also revealed the same kind of hiss
but a more thorough analysis of data from these stations has yet to be
conducted.

Furthermore, amplitude information from the digital stepping sweeping
receivers of the same experiment was gathered from 14 satellite passes
extending the range to 184o invariant latitude. However, the results and
conclusions from this sample are to be considered as preliminary until a

more extensive study can be undertaken.
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Based on wave propagation properties, it is proposed that the BLH
is generated at large wave normal angles in the equatorial regipn'near
L = 4. This model can be used to explain the characteristics of the.
BLH and also to interpret previous observations of ELF hiss reported by
Russell et al. [1969] and Mosier [1971]. Two mechanisms for the generation
of the BLH based on radiation from energetic electrons are considered.
However, in order to explain the observed intensities,,some form of wave

growth or a coherency mechanism is required.

B. OBSERVATIONS

The ELF hiss detected by OGO 4 exhibits the typical low frequency
cutoff described by Gurnett and Burns [1968] and attributed to ‘the :two-
ion cutoff in the dispersion relation.. It also shows the following
remarkable characteristics illustrated in the spectrograms of Fig. 26:

1. The presence of a high intensity hiss band at low to medium .
latitudes below ~ 600 Hz (BLH). When spectrograms covering
a broad latitude range are examined, one generally observes
ELF hiss extending from the lower cutoff (associated with
the two-ion cutoff frequency) up to 2 or 3 kHz and from the
equatorial through the auroral region (auroral hiss). In such
a spectrogram, however, the BLH stands out as the strongest
and steadiest signal in its latitude range. The hiss above
"the BLH is irregular and with a variable spectrum from day to.
day. Pigures 26 and 28 illustrate different aspects of the
background hiss and the BLH. :

2. The upper cutoff of the BLH in the vicinity of 600 Hz, which
seems to be independent of latitude and is virtually the same
in both hemispheres.

3. The "equatorial erosion’ or sloping upper cutoff decreasing in
frequency toward the equator, near +10° dipole latitude. It
affects both the BLH and the background hiss. An equatorial
erosion with a similar spectral cutoff has been previously
observed in whistlers [Scarabucci, 1970] but, according to
that author, it is préduced mainly by absorption in the lower
ionosphere. There are examples of simultaneous occurrences
of erosion in the BIH and in whistlers, although the frequency
ranges are different. Also, in some instances, the BLH exhibits
the erosion and the whistlers do not. :
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Prior to this work, observations of ELF hiss by other investigators
had established only that fhe lower frequency was controlled by the two-
ion cutoff [Gurnett and Burns, 1968]. Reported observations were con-
fined to invariant latitudes greater than ~h350, which precluded most
investigators from observing the equatorial erosion. To the author's
knowledge, there are no references to the virtually constant upper
cutoff of the BLH with latitude.

The upper and lower cutoffs of the BLH taken from the spectrograms
shown in Fig. 26 are plotted vs the absolute value of dipole latitude
in Fig. 27. Although the lower cutoff is markedly lower in the southern
hemisphere (due to the lower values of local magnetic field near tﬁe |
South Atlantic anomaly) . the upper cutoff remains essentially the same in

both hemispheres.

1.0¢
i O NORTH
N
T
I |
51 UC.—OX— — OX— = OX— —=X— — =X~
pd -
& 05¢ _o---° 3
a | ——-0-" X
w LC.-S - =X
& L = X = =X
(V8 L
% 10 20 30 20

DIP. LAT. (deq)
FIGURE 27. VALUES OF THE UPPER AND LOWER CUTOFFS OF THE BLH
SHOWN IN THE SPECTROGRAMS OF FIG. 26, PLOTTED VS
DIPOLE LATITUDE. Although the lower cutoffs at
conjugate latitutdes are markedly different due mainly to
differences in local magnetic field, the upper cutoffs are
essentially the same.
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Figure 28 depicts two other spectrogram similar to the ones in
Fig. 26 but recorded at higher latitudes by the Rosman telemetry station.
Hiss and chorus up to ~ 2 kHz beyond 650 invariant latitude can be seen.
On this record, the BLH is observed up to ~/550 invariant latitude,
where the upper and lower cutoffs merge. Above this latitude the lower
cutoff can still be seen in the background hiss until its gradual dis-
appearance around 58O invariant latitude. This disappearance of the
lower cutoff is consistent with the reported decrease in the H+ relative
concentration at high latitudes (see Taylor et al; [19691]), which greatly
increases the probability of coupling for downgoing waves around the
crossover altitude (for a study of the variations of the coupling co-
efficient with ion concentration, see Gurnett et al. [1965); 3ones [1969a,b];
Rodriguez. and Gurnett [1971]). To the author's knowledge this phenomenon
has not been identified breviously, although it can be seen in Fig. 5 of
Rodriguez and Gurnett [1971]. The light ion trough seems to be a mani-
festation of the plasmapause. In this case, the decrease and smearing
of the lower cutoff.of the ELF hiss can provide a convenient way of
determining the plasmapause location.

In what follows we will be discussing mostly the properties and
characteristics of the BLH. Examination of 270 occurrences (from spectro-
grams of the 0GO~4 broadband receivers) of hiss between September 1967
and March 1968 from Rosman, Quito and Santiago revealed the following
characteristics:

1. The BLH was seen in nearly all passes between 0600 and 2200 LY.

No occurrences of the BLH were observed in the broadband data
after ~ 2300 LT, although a few examples were found in the
digital data (with smaller amplitude). The smaller amplitude
of the nighttime events may be the reason why they have not
been observed in the broadband receivers. A more extensive

examination of the digital amplitude data is, therefore, recommended.
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2. The equatorial erosion is present in all records that cover
the region around *10° dipole latitude, and there is a marked
symmetry in the phenomenon with respect to the magnetic equator.

3. The upper cutoff of the BLH in the vicinity of 600 Hz is nearly

independent of satellite latitude above ~ 15° and its sharp-
‘ness shows variations from pass to pass. However in ~ 40% of
the passes examined the sharpness is comparable to that in

Figs. 26 and 28. After prolonged periods of low magnetic
activity the upper cutoff frequency decreases to values as
low as 420 Hz, but recovers about one day after a sharp increase
in activity (such as a sudden commencement). Figure 29 illus-
trates the change in upper cutoff after the quiet period from
7 to 9 March 1968. The spectrogram on the left (March 2) is
typical of the period indicated from 1 to 6 March and has an
upper cutoff of ~ 590 Hz. The spectrogram in the center
(March 10) shows the decrease of the upper cutoff to ~ 470 Hz
after three days of low activity (K_ < 2), and finally the one

- on the right shows the recovery of he upper cutoff to ~ 550 Hz
one day after a sudden commencement. Similar decreases of the
upper cutoff frequency have been observed during‘other calm
periods (around November 18 and December 13, 1967).

Table 1 shows the average values of upper cutoff from Rosman and
Santiago data during the months of January and March 1968. These data
were selected from the cases of sharpest upper cutoff, excluding the
periods of extremely low magnetic activity, such as the days preceding
March 10 (see Fig. 29). The table also shows the standard deviations
(o) and solar zenith angles (y) for two approximately conjugate points
(i35o dipole latitude). The months of January and March were chosen in
order to provide a variety of ionospheric illumination conditions at both
stations (as can be seen by the values of Y). The closeness bétween the
resulting average values of upper cutoff frequency plus the fact that
near Santiago the geomagnetic field intensity is ~ 25% lower than near
Rosman indicate a lack of control of the upper cutoff frequency by the
local ionosphere. Although the uncertainties involved in the determination
of the cutoff frequency from the spectrograms are of the order of 3%,
the average values for Rosman were consistently higher than those for

Santiago (2.9% in January and 3.7% in March). This small difference
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may be attributed to the slight increase in upper cutoff with latitude,

which will be discussed later (Fig. 36).

TABLE 1. UPPER CUTOFF FREQUENCY OF THE BLH.

January 1968 (1330 LT) March 1968 (0800 LT)
Station | Average Value' o X No. Average Value o] X No.
(Hz) (Hz) Cases (Hz) (Hz) Cases
’ o o
ROS 582 7 40 13 591 12 63 11
o ' o
SNT 565 19 32 13 569 15 70 12

As mentioned in the introduction some measurements of the amplitude
of the signals were made using data from the sweeping receivers of 0GO 4.
These receivers cover three‘consecutive bands. Band 1, used here, has a
bandwidth of 40 Hz and sweeps through 256 steps in the frequency rangé
0.15 to 1.54 kHz every 73.6 seconds in the low bit rate (4 kb/sec). This
information is recorded on magne£ic tape aboard the satellite and can be
transmitted to the ground on comménd from the telemetry stations, providing
measurements along a full orbit. For more details on the experiment see
Rorden et él. [1966]. The quantity measured is the magnetic ffeld B of
the waves and Fig. 30 shows an example of such a measurement for the pass
illustrated in Fig. 26. The upper panel shows a portion of the spectro-
gram of Fig. 26 con£aining.the erosion on the northern hemisphere side.
The time scale here is expanded in reiation to Fig. 26 and the diagonal
straight line across the spectrum represents the sweep of the band 1
sweeping receiver shown in the lower panel. The corresponding amplitude,

in db below 1ly, versus frequency shows the variation in signal strength
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FIGURE 30. MEASUREMENT OF THE AMPLITUDES OF THE BLH AND THE
BACKGROUND HISS IN THE REGION OF THE EQUATORIAL
EROSION. The quantity being measured is the wave
magnetic field. '
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across the two cutoffs (A and B) and the erosion (C). The spikes
identified as interference appear usually at multipleé of 400 Hz and

are caused by inverters aboard the satellite. Along the sweep reproduced
in the figure, the interférence at 400 Hz is not seen. Howevef, in the
spectrogram, the lines at 400 Hz and 800 Hz‘can be easily'identified.

The noise level of the band 1 sweeping receiver varies{fromv-GO dBy

-8 2 ' -
(2.5 x 10 Sy /Hz) at 200 Hz to -97 dBy (5 X 10 1

2Y2/Hz) at 1500 Hz. The
small peak at 200 Hz seems to be real since it is only observéa at low
latitudes, but it has nof been interpreted yet.

In order to have a sample of how the amplitude of'fhe noise varies
with latitude, measurements were made aiong fbur orbits covering a range
of +84° to —84o invariant latitude. Two of the passes were on February 18
and the other two on February 22, 1968. The result, plotted in units of
yz/Hz versus invariant latitude appears in Fig. Bia;b. For éach of the
orbits, the amplitudes at three sets of frequencies were chosen for
illustration: 600 Hz (immediately above the BLH) represented by dashed
lines, 1000 Hz represented by continuous lines, and -the frequency of
maximum intensity in the BLH represented Ey dash-dot lines. Three of
the four passes in Fig. 31 do not show recofdings of amplitude for tﬁe
whole range of latitudes covered by the satellite due to changes in the
mode of operation of the spacecraft.

The equatorial erosion is clearly visible and amounts to attenuations
of 20 to 33 dB (at 600 Hz) between two consecutive sweeps, correspoﬁding
to a change in latitude of about 40. The maximum intensities at 600 Hz
and 1000 Hz occur in the vicinity of +60° invariant latitude and may be

-4 :
of the order of 10 Yz/Hz. Beyond +70° the intensities decrease quite

rapidly and at approximately i840 the background noise levels of the
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receiver are attained. In the range of 0 to 3 kHz and up to ~ 55°

latitude the BLH is the4strongééf Signa1 observed..

In Fig. 3la the maximum intensity of the BLH for: the pass of 22
February in the southerﬂ hemisphere increaseé"frbm —30°.£o -46° invariant
latitude wheré it peakélat ~ 2 X 10_4Y2/Hz. A sample of'fhe range of
intensities at 1.0 kHz and at the frequenéy of maximdm amplitude in the
BLH as a function of local time was taken from'1%\0GO—4 passes between
27 December 1967 and 15‘April 1968 and is shown in Fig. 32. The four
groups oflvalues correspond to longitude ranges of -40o to -84o (values
around 1000 LT and 2200 LT) and 115o to"1280 (values around 0400 LT and
1600 LT).. The four passes of Fig. 3la,b are represented in the group |
around 1000 LT in Fig. 32. The amplitudes at 1.0 kHz were taken in the
same latitude rangefas ;he BLH ipAeach_pass. Tbis range is limited by
the meréing of the iﬁcreasiﬁg 1o§er cﬁtoff and the essentially stea;iy~
upper cutoff,.already illustrated in Fig. 28. For a given satellite
altitude thé lower cutbff_frequengy increases with latitude due to the
correspondiﬁgiincrease in lécéi'magéétic.fie;d. KAt hiéher altitudes the
lower cdtoff §hou1d océur at lower frequenéies.and the observation of the

BLH would then extend ﬁo higher latitudes.)

cC. DISCUSSION

The s&mmetry of both the erosion and the‘upper cutoff”in relatioq
to the maénétic equator suggests that the BLH is generatédApear the
equatorial plane. Sinqe the above properties are inaependent of ldcal
ionospheric conditionsiand satellite alfitude,_the'source is expected to
be quite far away from the 0GO-4 orbit;

A comparison with the observations and conclusions of previous papers

SEL-71-055 - 64 -



punoa3yoeq |9yl pue HId @Ya yjog

v

*IT 000T punoae 3ead 03 wWads SSTIY

- 3WIL YO0
a2c 0¢ 8! 9l 14| el ol

80

90

140

SHNIL TvDOT HIIM ALISNIINI SSIH HHL A0 NOILVIYUVA

20

*2€ WANODIA

00

—— - —— —

T T L] 1 1 ¥ 1}

- ¢ ¢

———e e
— e
- o ——
o ——

ZHR Ol ——
H18 40 WNNWIXYW —-——

IHQZ

SEL-71-055

- 65



on ELF hiss is restricted by the fact that most of them deal with high
latitude and/or high altitude hiss. Guthart et al. [1968] interpreted
the ELF hiss observed on OGOQZ in.ferms of’eiécfr;sfatié waves . ﬁAccdrding
to their theory "...The electric field E must be coupled to the loop
antenna, sensitfve to &agnetic flu# deﬁsi£y, fhrougﬁ its cross product
with the satellite -velocity 7 giving the‘magnetic field B as follows:
| B oV ox B/

where c¢ is the velocity of light." However, for an amplitude of B
of -50 dBy (in a 40 Hz bandwidth) the electric field required is 40 volts/m.
On the other hand, our data indicate maximuﬁ‘infenéi£iés-of 2 x 10-4y2/Hz
(-21 dBy in the sare bandwidth, see Fig. 31a), which would require, in
their theory, electric fields of the order of 1000 volts/m. Since
electiic fielas of‘this order have not been directly observed, it seems
appropriate to feject that interpretation.

iGurnett‘anq Burns [1968] report. observations of ELF hiss for in-
variént latitudes larger than 350 andnfrom £hevaéséfi§tidn of the lower
cutoff mechanism'conclude that the source of this kind of emission must
be 1oéated above 3000 km altitude. Although these authors did not
mention the occqrrence of the BLH, examination of their Fig. 3 suggests
its presence belowj ~ 600 Hz.

. Using data from OGO 3, Russell et al. [1969] studied the spatial
extent of ELF noise and concluded that steady noise is most common on
the dayside of the magnetosphere within L = 6. Their strongest amplitudes
of steady signal (> 4 volts in the 100, 300 or 800-Hz channels) showed a
marked day-night asymmetfy and were seennmofe freqﬁently within L = 5,
except between ~ 40 and 50o diople latitude, where high rates of occurrence

were found as far out as L =9 or 10. ' These authors did not report
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measurements below L = 2. From the intensity of these signals they
concluded that "on the dayside at low L values, the steady signals
may be generated almost anywhere along a field line up to 400 magnetic
latitude but at high L values on the dayside the signals must be
generated in the range 40° to 50°."

Reporting on data from OGO 1, Dunckei and Helliwell [1969] observed
ELF hiss of relatively constant intensity from 0.3 kHz to as high as
3 kHz, and from L = 2.5 up to the vicinity of the. plasmapause (L = 4).
Maximum intensities in the vicinity of the equatorial plane occur between
06 and 16 IMT from L = 2.5 up to approximately L = 4, extending to
L =5.5 in the sector between 10 and 12 LMT. These maximum intensitiés
are 16 dB above 10_6y2Hz—1. Based on the variation of upper cutoff with
latitude, these authors concluded that the signals are generated close to
the equatorial plane.

Studying the direction of the poynting flux of ELF hiss with the
Injun 5 satellite in the region 677 to 2528 km altitude and 35°% to 75°
invariant latitude (in the northern hemisphere), Mosier [1971] concluded
that the hiss is generated outside the plasmasphere and propagates across
the plasmspause at altitudes probably below 2500 km. This conclusion is
based on his remark that "...downgoing ELF hiss was observed over the
entire region of altitude-invariant latitude space under study, whereas
the highest latitude at which the net poynting flux of ELF hiss was
directed upward is approximately 60° invariant latitude."

The possibilities offered by an equatorial source can be tested
using raytracing techniques. The results, as described in the following

sections, are used to interpret the several characteristics of the BLH,

o o
the observations of ELF hiss outside the plasmapause between 40 and 50

v
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reported by Russell et 1. :[1969] and also some. of the-poynting flux - -
measurements of Mosier [1971]. -In these ray tracings, the ionosphere
model used is in diffusive equilibrium. along magnetic field lines and
describes quite well the daytime equatorial anomaly in the electron .
density. It is the same model used previously in.Chapters 2 and 3.

l.. Accessibility to Low Latitudes

Figures 33a,b,c show raypaths for a frequency of 600 Hz starting
at L =3 in the equatorial plane, for several values of the initial
wave normal angle wi. The wave normal angle | -is.measured from the
magnetic field direction so that |¢‘ < 900, and is positive when the
wave normal points toward lower L shells. The field line represnted at
L = 4 marks the position of a simulated plasmapause obfained by smoothly
‘decreasing the electron density by a factor of 10 over a distance corre-
sponding to AL = 0.23.

The lower. hybrid resonance (LHR) frequency-at L = 3 in the equatorial
plane is- ~ 750 Hz and so the refractive index surface at 600 Hz is closed.
After the waves leave the equatorial plane, -the behavior of the wave
normal -angle depends on its initial value, in a manﬁer consistent with
that shown: by Thorne and Kennel [1967]. - In the present case if wi < 50°
(Fig. 33a), | decreases .continuously until it reaches —900, at which
point the rays are refracted. upward.

For wi > 550, ] first decreases, reaches a minimum value and
then increases again. In addition, with .increasing ¢i, the minimum
value of also . increases, - and -the point at. which this minimum occurs
approaches the equator.

1f wi > 700 the minimum wave normal angle is reached so close

. . (o]
to the equator that ¢{ may be able to increase up to-+90 , when the rays
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FIGURE 33a. RAY PATHS OF 600 Hz WAVES STARTING IN THE
EQUATORIAL PILANE AT L = 3 FOR DIFFERENT
VALUES OF THE INITIAL WAVE NORMAL ANGLE ¢i.
The field line at L = 4 marks the position of a simulated
plasmapause. The rays corresponding to wi between 40°
and 50° escape from the plasmasphere.
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FIGURE 33b,

SEL-71-055

ADgITIONAL RAYS FOR *BETWEEN 70° AND
85 . The arrows indicate wave normals at

"several points along the rays corresponding

to §, equal to 70" and 75°. . '

-.70 -



FIGURE 33c.

RAYS CORRESPONDING TO 4. EQUAL TO 86° AND
89°. In order to reach latitudes below 300
at 0OGO-4 altitudes, the initial wave normal
angles have to be larger than 75°.
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will be refracted inwérd producing the kind of raypaths illustrated in
Fig. 33b. For these raypaths, each t;mg the equatorial plane is crossed
the wave normal moves closer to fhe geomagnetié'field direction (W decreases)
and it may happen that'éfter a few zig-zags, the equa£6ria1 value of
will be so low as tb cause the next refraction to be upward (as for wi: 70o
in Fig. 33b after the first refraction). If the initial wave normal
angle is sufficiently large (¢i >_475o in the figure) the rays will bounce
back and forth across the equatoriél pianéhén £heir way down and £hese
are the only rays capable-of reacping latitudes less than ~ 30o (Figure
33b,c; the wave normals corresponqing to ¢i =';7Oo and 750 are indiéated
by arrows in Fig. 33b). Although the initial wave normal angles have tb
be large, the wave normal angles'at low altitudes will be influenced by
the ionospheric density gradients and can éssume different values..

2. Erosion o

In order to understand the distribution of energy around the
equator, ray tracings were made.at.inférvals Awi = 0.10 .from 85.50 up
to 890. Two frequencies were used, 500 Hz and 600 Hz and the results are
plotted in Fig. 34 as latitudes of arrival (at 700 km altitude) vs initial
wave normal angles. The points distribute themselves in two groups on
both sides of the equétor and for a uniform increase in wi there are
sudden jumps ffom one hémisphere éo fhé othér. This defécusing-efféct
produces an attenuation of signals across the equator, as observed in
the satellite recoraiﬁgs. It. is possiblé to make a rddgh éStimaté of
the relative intensity_of thé signals by assuming that the intensity is
inversely proportional to the spacing between adjacent points. For the
distributiqn points in Fig. 34 the result is shown in Fig. 35, where

intensities (in an arbitrary linear scale) are plotted vs the absolute
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value of dipole latitude. The irregularities in the resulting curves are
due to the utilization of the discrete (and small) number of points from
Fig. 34. 1I1f a larger number of points had been used, the intensity vs
latitude curves of Fig. 35 would be smoother and also their slope would
be:steeper. Nonetheless, from ~,100 to ~17o the intensity for 500 Hz
is consistently higher than the one for 600 Hz, and a receiver with a
constant threshold sensitivity in this range of frequencies (as in 0GO 4)
would observe an erosion as in Fig. 26.

3. Upper Cutoff

Another characteristic of the BLH reported here is thézaﬁparent
constancy of‘the upper cutoff frequency observed in spectrograhs from
the broadband receivers. However, when examininé the amplitude data from
the sweeping receivers one sometimes notices a slight displacement (vari-
able from pass to pass) of the upper cutoff toward higher frequencies
'with increasing latitudes. This displacement is, however, much émaller
than the corresponding variation of the lower cutoff. To illustrate
that displacement the outputs of the band 1 sweeping receiver corresponding
to parts of three 0GO-4 passes are shown in Fig. 36. For each of the
passes the consecutive sweeps are shown closely spaced in order to ephance
their differences. Latitudes increase toward the bottom of the figure
and the mentioned displacement is quite noticeable, mainly in the pass
of 22 February 2200 LT. The sharpness of the upper cutoff is also
variable and for the pass of 27 December it has a slope-ranging from 8
to 15 dB/lOO Hz. In the sample of 14 passes examined, this slope varied
between 8 and 20 dB/100 Hz, while the lower cutoff was usually steeper

(between 15 and 50 dB/100 Hz).
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Calibration _____ _40 ' 1000 LT

1 ! v | | | [ l‘
02 06 10 14 KHz 02 06 10 14

27 DEC 'e7 22 FEB 's8
I536LT ' 2200LT

FIGURE 36. REPRODUCTION OF BAND 1 SWEEPING RECEIVER OUTPUTS

' FOR PART OF THREE OGO-4 PASSES. Subsequent sweeps
_ are reproduced closely spaced in order to enhance
the variations in shape of the BLH. Latitudes increase to-
ward the -bottom of the page and one can notice a slight
displacement of the upper cutoff toward higher frequencies
with increasing latitudes.
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The upper cutoff of the BLH can also be understood if the source
is located in the equatorial plane. The ray tracings of Fig. 33, starting
at L ='3, were intended to illustrate the general behavior of rays in-
side the plasmasphere and they indicate the need for large initial wave
normal angles in order to reach latitudes less than ~ 30o at low
altitudes. If the source altitude is varied, however, the behavior of
rays will not differ much from those illustrated. ‘In the discussion of
the erosion effect it was mentioned that the refractive index surfaces
corresponding to the waves propagating toward lower L shells in Fig. 33
were closed. (The LHR frequency at L = 3 1in the equatorial plane is
~ 750 Hz.) It is necessary that the surfaces be closed in ofder to produce
the sudden refraction characteristic of the zig-zag ray paths, otherwise
the wave normal angle could never attain 900. When the frequency is
increased past the equatorial or initial valﬁe of the LHR, the refractive
"index surfaces become open in that region but it is still possible to

generate zig-zag ray paths provided the ratio (f/f is not much

LHR)initial

greater than unity. This is so because the rays will be moving away from

the quatorial plane approximately along magnetic field lines and %he

local magnetic field intensity will increase quite rapidly (and the fLHR

with it). .Soon a point will be reached where the local fLHR becomes

larger than the wave frequency and the refractive index surfaces will be

closed again. From the results of ray tracings with frequencies that

obey the above condition it was found that when the frequency is increased:
1. There is an increase in the minimum value of initial wave

normal angle ({,) necessary to generate a zig-zag raypath
down to 0GO-4 altitudes.

2. For this minimum value of {., the latitude of arrival of
the rays also increases slightly.
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However, as the frequency is increased above the LHR frequency the
resonance angle (where the refractive index u — «) decreases. Actually
when wi' becomes larger than wm (defined as the value of . for wﬂich
the product pecosy is minimum) the rays begin. to move towardllarger‘L
shells and are not able to reach low altitudes and low latitudes. If
the source of the hiss is in the equatorial plane, therefore, a low
altitude satellite like OGO 4 will observe an upper cutoff (somewhat
above the LHR frequency at the generating region) that should increase
slightly with latitude. In the examples of Fig.‘33,with tﬁe'origin at
L = 3 this upper cutoff happens above 1 kHz. In order to obtain a cut-
off élose to 600 Hz the source has to be moved to a higher altitude. if
the source is moved to L = 4 the equatorial value of the LHR frequency -
is reduced to approximately 320 Hz. Some rays were actually traced for
a frequency of 600 Hz starting at that altitude and it was found impossible
to make any rays arrive at latitudes lower than 50° and low altitudes.
A source close to L = 4 would, therefore produce a hiss band with
characteristics similar to the observed BLH and its upper cutoff would.be‘
essentially independent of the magnetic latitude and local conditions
at the satellite.

The observed decrease of the upper cutoff of the BLH shown in
Fig. 29 would also be understood, in the context of the present interpre-
tation, as an outward drift pf the generation region during periods of
very low magnetic'activity.

4. Leakage from Plasmasphere

Transmission of rays to regions outside the plasmasphere can occur
. : o o .
for initial wave normal angles wi~ varying from 40 to 50 as shown in
Fig. 33a. This result may be used to explain the observations of
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Russell et al. [1969] of daytime occurrences of "steady noise' outside

the plasmasphere between 40° and 50O dipole latitude. The rays with

wi < 400_ are refracted back to the plasmasphere by the steep density
gradient that constitutes the plasmapause and are trapped inside. The

ray path corresponding to wi = 55o is bent downward, also by the gradient
at the plasmapause, and if Wi > 550 the rays are confined within the
plasmasphere. Even when the rays were started at higher altitudes, as
mentioned in the previous section, the ieakage to the outside across

the plasmapause could still be observed around ~«450 dipole latitude.

5. Direction of Poynting Flux

In his study of the direction of poynting flux using data from tﬁe
Injun 5 satellite, Mosier [1971] reported the occurrence of downgoing
ELF hiss over a range of invariant latitudes from ~ 40° to more than
70o (across the plasmapause). The highest invariant latitude at which
he observed the poynting flux of the hiss directed upward was about 60°
(approximately the plasmapause location) and during daytime these
occurrences were always above 1500 km. Again, from the ray paths in
Fig. 33a, it can be concluded that below ~ 3000 km and outside the
plasmasphere the rays are always propagating downward, but in the plasma-
sphere rays propagating both downward and upward are encountered (Fig.
33b). 1If 70° < ¢i < 75°  for example, some rays were traced and
refracted upward at altitudes as low as 2500 km. With a nighttime
density model this altitude was easily lowered to 1200 km, using fre-
quencies as high as 900 Hz. As mentioned before, the wave normal angles
at low altitudes are sensitive to density gradients and are, therefore,

dependent on the model used.
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D. GENERATION MECHANISMS

The characteristics of the BLH pfesented and discussed in previous
-§ections suggest a source location near thé equatorial plane in the:
vicinity of L = 4 and the necessity of large initial wave noirmal angleés.
‘In this section we discuss briefly two'possible generation mechanisms
and make a simplé estimate of the energ§ levels and barticle numbers ‘that

léan reproduce the measured values of hiss intensity.

The two most pbpular radiation mechanisms to eXplain'VLF and ELF
emissions from the magnetosphere are Cerenkov and Doppler-shifted
cyclotron (DSC) radiation from electrons trapped in the earth's magnetic
field (Ellis [1957?; Gallet [1959]; Gallet and Helliwell [1959]; Dowden
[1962,1963]; Mackenzie [1963,1967]1; Bell and Buneman [1964]; Brice [1964];
Liembhn [1965]; Kennel [1966]; Kennel and Thorne [19671; Helliwell [19671];
Mansfiéld [1967]1; Jbrgensen [1968]1; Melrose [1968]; Russell and Thorne
[19701]; Trulsen and Fejer [1970]). Without going into details of the
radiation processes (see above references) the conditions for Cerenkov

(or Landau) and DSC resonance between waves and electrons can be described

by the following expressions [Liemohn, 1965]:

pcosy = %— for Cerenkov (or Landau) resonance
[ .
1 fH

pcosy = — (1 - m — ) for DSC resonance
B" : Yf . ’

In these expressions y is the wave refractive index, Y 1is the wave
normal angle of the emitted radiation, B“ is the parallel component of
) A . .
the normalized particle velocity (B = Py ), fH is the electron 7yro-
-1/2
2

frequency, f is the frequency of the radiation, y = (1 - 87)

accounts for relativistic effects and m is an integer'(the case m =0
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f
corresponds to the Cerenkov emission). When F > 1, the emission is
: v

either in the forward or the backward hemisphere depending on the sign
of the integer m. If m <O the emission is in the forward hemisphere
(c sy and B of the same sign) and if m > 0 the emission is in the
backward hemisphere (cosy and B of opposite signs) as illustrated in

Fig. 37.

Vh("\>()) e

FIELD LINE

FIGURE 37. RELATIVE POSITIONS OF THE PARALLEL COMPONENT
OF THE VELOCITY OF THE EMITTING ELECTRON AND
- THE WAVE NORMAL, IN A MAGNETIC MERIDIAN PLAN,
FOR THE CASE OF CERENKOV (OR LANDAU) RESONANCE (m = 0)
AND DOPPLER SHIFTED CYCLOTRON RESONANCES (m Z'O).

For the range of frequencies encountered in the BLH and the source
location discussed here (near L = 4) the product pcosy can be as low
as 18 due to the large wave normal angles involved. If one considers the
Cerenkov process the above expression.for the condition of resonance
indicates electron energies of the order of 1 kev On the other hand
the DSC mechanism will involve electron energies near 1 Mev.

Expressions for computing the power emitted by a single electron

on the Cerenkov and DSC mechanisms can be found elsewhere (see Mansfield
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[1967]); Melrose [1968]; Trulsen and Fejer [1970])." The quantity computed
is the power radiated per frequency interval (dP/df) as a function of the

particle velocity components v ‘and v respectively parallel and

1’
perpendicular to the'earth's'magnetic field, ‘and the characteristics of

the medium. For a frequency of 400 Hz and ‘a wave normal wi-=4870 in

the equatorial plane at L 3.8 we found:

l. For the Cerenkov mechanism:
- electron energy: 0.56 kev
-34
L X 10 3 watts/Hz
df
2. For the,DSC,mechanism:
electron energy: 780 kev
dpP

. -34
gF = 1. x 10 watts/Hz

The emitted power per electron ié of the same order of magnitude in both
-mechanism. Frank [1968)] indicates omni-directional electron fluxes
(0.3 to 3 kev) of 2 ¥ 109 el/cm? sec. around 'L = 4. For the high energy
particles (E > 560‘ke;) Vernov et al. t1959] indicate intensities of
about 6 X 106 ei/cm2 sec. 'Coﬁpa;ing these fw§ intengitiéé and considering
the differences in particle velocities, the number density of the low
energy electrons will be from .104 to 3’x 104 times larger than that of
the high energy electrons.

Taking'the above value of dP/df obtained for the Cerenkov emission
mechaniém, the power flux emitted by a single electron can be computed.
By comparing this result with the power fluxes measured by OGO 4, an
estimation of the order of magnitude of the number of emitting electrons
_caﬁ be made. 1In a frequendy interval 'Af each electron radiates through

an anﬁulus subtending a wave normal angle A}y around wi but only a small
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segment of this annulus, pointing toward the earth, will contribute to
the power received by the satellite. 'Taking for instance a segment of
20‘(that‘is,'cohsidering wave normals slightly off the meridian plane)
and makiﬁg the conservative assumption that only rays starting inside
this segment will propagate down to 0GO-4 altitudes ‘it is possible to -
estimate the area AA illuminated by this segment of spherical zone at
0GO-4 altitudes for a given frequency band Af and the corresponding
Al . (The rays off the meridian plane were traced‘utilizing a three-
dimensional computer ray tracing program developed by F. Walter.)
Taking for Af the bandwidth of the band 1 sweeping receiver (40 Hz)
the area AA is fouhd to be

M = 3.6 X 1011 m2

which corresponds to an emitted power flux per electron (SE) of

-4
Sp = 2.5 x 10 6 vatts/m>

From the intensity found in the BLH at low latitudes (~5 X 10_6 Y2/HZ,
Fig. 31a,b) and assuming a value of 50ffor the refractive index, the
measured power flux on the same 40-Hz bandwidth is found to be of the
order of:

Sy = 4 X 10710 watts/m?

Assuming that the hiss is generated incoherently, the ratio of these

power fluxes gives the number of emitting electrons:

ml )
I -+

2 1.6 X 1036 electrons

It is easily verified that this is an éxcessively large number, since

even for a density of 10 el/cm_s, it corresponds to a volume greater
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than ten thousandgmagneﬁospheres.»VTherefore,:some form pf coheyenqy ;p‘
the emission generation, or wave'growth,ﬁis needed to prodpggythe.obsepved
power fluxes-. _Itucan-easilyabe verified.that sim}lar rgquirements,also
hold - for the Doppler-shifted cyclotron generation.. However: a.qetaéled
study of the possibilities of wave growth.in the DSC mechanism is.qutside
the scope of this work. An excellent treatmentvof the problem can bg_
found- in Russell and Thorne [1970], although these authors give emphasis
to small wave normal angles and frequencies higher than in the BLH.

A greater knowledge of the :low energy electron fluxes in the vicinities
of the plasmapause and their drifts with magnetic .activity could prpvide

a test for comparison of the two emission mechanisms.
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V. CONCLUSION

A.  INFLUENCE OF THE MEDIUM ON dy/ds

The study made in Chapter 2 of fhe problem of orientation of the
wave normals established the relative importance-of several factors such
as the electrbnvand ion dehsities, the magnitude and inclination of the
earth's magnetic field on the rate of.variation of the'Wave normal angle
Y. In thé examples given, the frequéhcy of the waves and the rangé of
altitudes chosen put emphasis on the effects of the hydrogen ions,
which are the most important in connection with the ion whistlers
studied in Chaﬁter 3.

The inclination of the magnetic field (dipolé)'plays §>small role
in the altitude range examined (450 to'2000 km) and its éffect can
safely‘be neglected, when compared to the other two‘térmé of ‘dW/ds.

The effects of these two terms ére mode debendent and can‘bé summarized
as féilows:

1. The Particle Density Term

For the slow mode, it is possible to separate two altitude ranges
wheré.different contributions dominate. Below this transition altitude
thé important contribution'is that'of the electrons and the wave normal
will turn toward the direction of UN,- The transition altitude is
situated close to the minimum of p(r). It approaches the crossover
altitude from below as the wave normal angle tends to zero. Above the
transition, the important contribution is that of the hydrogen ions and
the wave normal will turn toward the direction of 'VNH+- For any wave
normal angle different from zero, the particle density term goes to

infinity at resonance. In Appendix A, curves of -dw/ds are plotted for
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the same conditions as in Figs. 8 to 11, but for a wave normal angle of
890. The decrease in the resonance altitude tqward ﬁhe two-ion resonance
can be seen in those curves.A. |

For the fast mgde, which exists only above the two-ion cutoff
altitude, thereAarg_a;sq_two regions where different contributions
domingte. tThe'transition.altitude approaches the crossover altitude
from above when the wave normal}anglg degreases to zero.>\Belqw the
transitiqn‘the dpminant contribution comes irom the hydrogen‘ions and
the wave noryal turps tqward the.direction of. VNQ+. Abéye tﬁaf aititude
the principal contribution is from the electrons and the Qave normal

turns toward the direction of VNe.

2. Thg Term Dué Fo the Magnitude of‘ B

For the sloy mode»and sméll wéve normal angles, this term becomes
important between the_crossover_and the p;otén gyro%requency altitudes;
where the refractive index varies appreciably with B. Its maénitﬁde
grows to infinity at resonance, but unlike the particleIQensity term
the sign is_'cc>>ns.erye_d..i ' |

In the fgst»mode this<term is imporfant.eithe? near the two-ion
cutoff altitude (where & g%.a ®) or at large aititudes where the pgrtic}e

density term becomes negligible.

B. ELF HISS -

Analysis. of ELF and VLF data from OGO 4 from September 1967 to
April 1968 revealed some:features of the ELF hiss that has not been
previously identified (until recently, the only special feature of the
hiss that had been identified was the lower cutoff). In particular,
the hiss bénd below approximately 600 Hz (called BLH, for band limited

ELF hiss) presents the following features:
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1. A lower cutoff frequency increasing with latitude, typical
of downward propagating hiss and attributed to the two-ion
cutoff in the dispersion relation [Gurnett and Burns, 1968].

2. An upper cutoff frequency close to 600 Hz which seems to be
.essentially indepeneent of latitude above ~ 15° or 20° (cf.
Fig. 26)(sometimes it can show a slight increase toward higher
latitudes-~cf. Fig. 36). After a prolonged period of low
magnetic activity (Kp < 2) the upper cutoff frequency may
decrease to approximately 420 Hz but recovers about one day
after a sharp increase in K or a sudden commencement
(Fig. 29). (The data examined did not include any period of

intense magnetic activity, Kp > 6.)

3. The upper cutoff decreases in frequency toward the equator
near 10° dipole latitude (equatorial erosion)(Fig. 26). The
attenuation rates in the region of erosion are in the range
of 20 to 33 db at 600 Hz for a latitude change of ~ 4°
(Fig. 31a,b). ' :

4. The latitude of occurrence extends from ~ .10° up to 5,550
dipole latitude, where the essentially constant upper cutoff
and the increasing lower cutoff merge (cf. Fig. 28). This
limiting latitude depends on the local magnetic field intensity
and the satellite altitude.

5. The most frequent times of occurrence lie between 0600 and
2200 LT (when it showed up in almost every 0GO-4 pass),
although some occurrences have been found between 0200 and
0500 LT (with less intensity).

6. The local ionosphere has no apparent affect upon. the upper .
cutoff frequency, which is virtually the same at conjugate
points. .

Between the latitudes of ~10o and ~ 55° the BLH contains the
strongest signals in the frequency range of 0 to 3 kHz. its intensity
peaks. between 40° and 50° dipole latitude and may reach 2 X 10_4 YZ/Hz
during daytime ( ~ 1000 LT, cf. Fig. 31b). The decrease and smearing of
the lower cutoff of the background hiss, observed above 580 invariant
latitude, is an indication of the light ion trough.

The characteristics of the BLH suggest a source location in the
equatorial region near L = 4 and the need for large initial wave normal

angles. This source location provides an explanation of:

1. The presence of the BLH at low latitudes and the equatorial
erosion;
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2. The nearly constant upper cutoff of BLH;

3. Thg daytime observation of hiss outside the plasmapause between
40" and 50 1latitude reported by Russell et al. [1969];

4.  Some observatiqﬁs of poynting flux direction reported by
Mosier [1971].

The Cerenkov and Doppler-shifted cyclotron (DSC) generation
mechanisms from trapped electrons are briefly examined as possible sources
of the BLH. For the frequency_range in question the ‘electron resonance
energies are of the order of 1 kev for the Cerenkov emission and close
to 1>Mev for the DSé emission and the power radiated by a singlé electron
is comparéble in both mechanisms. In either case, however, éome degree
of coherency or amplification is necessary in order tp explain the
observed bower fluxes. At fhis ppint it is not ciear which onelof the
two emission processes is responsible for the BLH.

Thé interpretation of the upper cutoff is consistent with a decrease
in the population of the generating particles inside L = 3.5 or L = 4
and an outward movement of this generaﬁing region atvtimes of very low
magnetic activity. Therefore, a correlation study bet@een-the variations
in the upper cutoff of the BLH and movements of energetic electrons
could aid in findingIWhich particles are responsible for the BLH.

’The‘conclusiohs of the preSent work do not preclude the possibility
that the same mechanism that is responsible for the BIH may also. be
generating the backgrbund hiss. As a matter of fact, the equatorial
erosion seen in the background hiss in Fig. 26 suggests exactly this.

In this context, differences in particle fluxes at different altitudes
could be the important factor in explaining the different hiss intensities

above and below ~ 600 Hz.
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C. SUGGESTIONS FOR FUTURE WORK

Based on the analysis and interpretation of 0GO-4 ELF hiss obser-
vations (and the BLH in particular) presented here, the following topics
are recommended for further study:

1. The variation of the upper cutoff of the BLH with magnetic
activity. The study made in Chapter 4 was limited by the
availability of good data at times of very strong and very
weak activity. The question of the time lag between particular
magnetic fluctuations and the corresponding effects on the
upper cutoff needs to be ascertained more accurately.

2. The variations of the amplitude of the BLH with local time.
The results shown in Fig. 32 are preliminary (only 14 satellite
passes were examined). Also the variations of amplitude of
the BLH with magnetic activity should be examined.

3. Correlation of the properties of ELF hiss with fluxes and move-
ments of energetic particles (electrons) near the plasmapause
This study can help clarify the question of which particles
are responsible for the observed hiss bands.

A great deal can be learned about the above problems by én extensive
analysis, on a global scale, of amplitude data recorded by the PCM
receivers of 0GO 4.

The possibilities of physical bunching or emission coherency
should also be investigated together with an examination of the required
lifetime of the emitting particles.

4, Correlation of the smearing and disappearance of the lower

cutoff of the ELF hiss at higher latitudes and the plasmapause
location. If a good correlation can be found the above

phenomenon could provide a very easy and efficient way of
determining the plasmapause location.
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APPENDIX A. DERIVATION OF AN EXPRESSION FOR dw/ds

In what follows the medium is assumed to be lossless, so that the
energy flow will be along the group velocity vector [Stix, 1962]. This
direction 1is also called ray direction and will be denoted by s. The
velocity of the wave fronts in the ray direction, or ray velocity has a

magnitude related to the magnitude of the phase velocity by the expression:

ds v c
VR ¥ dt " cosa ~ pcosa (A.1)

where (¢ 1is the angle between the direction of the phase and ray

velocities (see Fig. 38), and can be expressed by:

%

tang = - 5@ | ‘ (A.2)
r,9

Tl

In the present work the earth's magnetic field (see Stix [1962]) is
assumed to be a dipole. A further simplification will be made by only
dealing with waves prppagating in magnetic meridian planes. Polar
coordinates are therefore very convenieng, and the polar axis:is chosen
along the axis of the dipole. So at the point P(r,8), B is the
magnetic field vector and vV and ?R are thé phase and ray vélocity

vectors, respectively. The components of the ray velocity are:

dr
it = "r cos(d + a) ) (A.S)
de .
T 35 = VR sin(d + a) (A.4)
v
22 = £ cosa(sind + tang cosd)
dt r

and by virtue of Egs. (A.1l) and (A.2)

de c .
_— = i sind - ( ) cosé] (A.D)
dt ruz [ S .8
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/

POLAR AXIS

{

Ve cos(d + )

) 5 +
T VR sin( a)

H
I
i

FIGURE 38. POLAR COORDINATE SYSTEM. All angles are measured
) "clockwise from the references shown. o .

In Fig. 39, AB represents a small extenf of a wave front at
instant t, and CD is part of the same wave front after an interval
At. If the phase speed of point A 1is v, after the inter&al"At

this point will be displaced byAan amount:
AC = v dt

Point B will be displaced by:

BD =|v + EX d{ | dt
d{/¢
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POLAR AXIS

|

-sin §

1 cos &
r

FIGURE 39. GEOMETRY OF A PROPAGATING WAVE FRONT. After

a time interval At. the wave front AB
moves to CD. :

Therefore:
tan(df) 2 db = - (91) dt
di ¢
and using the refractive index pu = %:
-5 (3) '
= — [ = A.6
dt 2 \di @ : ( )

T r

It is important to note that the derivative of 1 in Eq. (A.6) is
obtained by keeping the wave normal direction fixed in space.

Because u = p[r,e,w(r,9,¢)], the term (du/d&)b may be written

)0, (3, (3,00, 5+ (3), 2

as:

SEL-71-055 - 92 - (A.7)




but = 0 - 8

)
(%) =‘(£ (4-8)
r,@ r
and for a dipole field:
8,0
From Fig. 39 it can also be seen that:
dr .
az-: - sind (A.9)
and
do 1
=T cosd (A.10)
Therefore, Eq. (A.7) can be written as:
(&) - o (3], 20 () (3),,(8)]
q) - CR ‘ A EY r,o ri
Now if the unit vectors k and ﬂl are defined as:
ﬁ = r cosd + é sing
ﬁi = r sind + é COS A
ﬁ and ﬁl are, respectively along the perpendiculaf to thé wave normal
direction. Consequently, Eq. (A.1ll) becomes:
ot =2 = (W), - k, - = cosh (A.12)
(d& b oL T o e o \99 /.
Now the rate of'chénge of the wave normal angle will be:
dy _ab _dg
dt ~— dt dt
and usihg Eq. (A.6):
dy ¢ () _dB- (A.13)
it -~ 2 \& at.
" ¢
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For a dipole field

and combining with Eq. (A.5):

e (B (3,

So, from Egqs. (A.12), (A.13) and (A.14), the rate of change of the wave

cosd } .(A.14)
e .

’

normal angle can be expressed as:

o)
91’-=E[—-‘1’- . k -l(?) sind (A.15)
dt ~ u V) 1 r 0 r
Now from Eq. (A.1):
ay _dy _¢

dt ~ ds L coSsq

and again for a dipole field:

}]:'(%g-) Sin6 = VB'f{

r

Therefore, the rate of change of the wave normal angle along the ray path

will be:
(Vi)
ay — V. g -vgk
as = cosQ m k'L VB «k

The gradient of p at a constant { may be written in terms of the

electron and ion .densities and the magnitude of the magnetic field, so:

dy _ 1 ;i lgé_ & - va.i
s = COSQ[ ? m N VNj kl + m U8 kl VB-k ] (A.16)

It is interesting to note that, if the direction of ﬁl had been

chosen to be | - n/2 instead of | + n/Z, the vector kl would be

written as:

ﬁi = ; sind - é cosd
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APPENDIX B. MAGNETOSPHERE DENSITY MODEL

The magnetosphere density model is composed of electrons and the
ions of hydrogen, helium and oxygen. Electrons and ions are in diffusive
equilibrium along lines of the earth's magnetic field (see Angerami and
Thomas [1964]). The temperature is assumed to be the same for all
particles. The electron density Ne at a given point P(r,98) (see
Fig. 40) depends only on its value at a reference level ro along the
same magnetic field line. Because of this constraint, the' latitudinal
variations of density may be described at this reference level by a

" function n(eE) of thé magnetic colatitude ©_ of the base of the field

E

line in question. 1In other words:

N (r ,0)) = Neo’ n(es) ‘ o (B.1)

in which Ne is a constant.
o)
Therefore, given a point P(r,0), the corresponding colatitude

at the base of the field line is immediately determined:

GE = GE(r,G) ' ’ (B.2)

and the electron density at the point will be:

Ne(r,e) = Neo' n(GE)- nD(r,eE) (B.3)

where nD(r,SE) is a function describing the radial dependence (diffusive
equilibrium) and also eventual latitudinal variations in composition‘and
temperature. If the composition and temperature are to be constant with

latitude this last function will simply be:

nD(r,eE).= nD(r) (B.4)
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POLAR AXIS

A

Reference Level

Field Line

P(r,0)

FIGURE 40. COORDINATES FOR THE IONOSPHERE MODEL (DIFFUSIVE
EQUILIBRIUM ALONG FIELD LINES).

The relation implicit in Eq. (B.2) is given by:

(B.5)

r
E , 2
;— sin 8 =

sin eE =

where r is the earth's radius and L is the McIlwain shell parameter.

The function nD may be expressed in terms of the relative ion composition

(see Angerami and Thomas [1964]):

_Z/Hi 1/2
n_ = Zao .e (B.6)
ir i
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zZ = ro(l - ;2) is the geopotentiai height(neglecting the
centrifugal force)

th

o, = (eE) is the relative concentration of the i ion
i i species at the reference level and may be variable
with latitude
KT s . : .th _ ' .
Hi =5 is the scale height of the i neutral species
igo
K is the Boltzmann constant
T is the electron and -ion temperature
go is the acceleration of gravity ft ro
Due to the electrical neutrality of the medium:
Zao_ =1
i i
The ion densities will then be:
N. =¢a. N ) (B.7)
i 71 e
where: e—Z/H
C(.oi . ]
. S — B.8
oy e (B.8)
D
and also:
i

Therefore, from Eq..(B.3) the derivafives of the electroh density may be

written as:

1 aNe 1 BnD -]- an ae (B 9)
N o " n. or Tu % or ’

e D E

T R T (B.10)
K Wan 3 *n EB_E_ 8 )

and for the ions:
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1 aNi 1 aNe 1 axi
N, ¥ TN, ¥ Yo & (B-11)

1 BNi 1 BNe 1__&11 _

N, 96 TN, 38 Ta, 3 e . (B2
The.dgpiyativgs‘of SE in Eqs. (B.9) and (B.10) can be obtained from
Eq. (B.5): —

BeE = —~ﬁ—' 1 (B.13)

- EF—' '2r6(L—1)1 2

%,
E 1
( = (B.14)
% tane-(L—l)l/2 :

(It is important to note that @, < /2.)
appéaring in Eqs. (B.9) and

The derivatives of the function nD
(B.10) can be obtained from Eq. (B.6):
a3‘0, 08 ao, r 2 —z/H,
L 2.1 . N (—cl : (B.15)
o x -T2 2| 3% 3 " EH. \T © :
D 2nD i E : i
oo}
L anD - = z °1 aeE e-Z/Hi (B.16)
n_ 98 2 < 36 J9 )
D 2nD i E
also:
Q.. r\2 on aao, 30
L 1—-1—(—9-) -2 2,1 R (B.17)
Loy or . ° 'Hi’ r -y or. 'aoi~ aeE or ' »
. %, 3 -
i _i_22 i _E ' (B.18)
Qe ) aoi 36 CR :

In order to completely detérmine the model it is necessary to

1

specify the functions ‘n(eE) and o, (eE), which describe, respectively,
the variations of electron density and composition with latitude. Through-

out the present work, the composition is made constant with latitude,
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€e.g., ao (eE) = constant. The function that represents the latitudinal
i v
variations in electron density, on the other hand, is made out of the

product of two other functions nG and nK that reproduce the so-called

equatorial anomaly and the "knee' or plasmapause. These functions are,

respectively:

' 2
S ~ 0
- . -1 peak E
nG =14+ A-exp 2( - ) (B.19)

' 8 ~ % o
n_ = B + Crerf _—§T7;r : (B.20)

and they are reproduced in Fig. 4la,b, with the values of the constants
used in theexamples. The function nG is a gaussian curve, and the

function n, is made with the so-called "error function.”" Their

derivatives which appear in Eq. (B.9) and Eq. (B.10) can be written:

on ' ] -9
1 G 1 peak E)
L -{1-— - - (B.21)
nG 65; ( nG) ( 02. :
2
e anK = < exp| - eE _ eK (B.22)
n 35; - nK:7n7 2/v ) )
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(a)
1 ~~~~~~~~
|
. n/2
peak GE B (equator)
g
B+C=1
(b)
B-C

FIGURE 41a,b. FUNCTIONS USED TO SIMULATE THE EQUATORIAL
ANOMALY (a) AND THE PLASMAPAUSE (b) IN THE
MODEL IONOSPHERE.

)
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APPENDIX C. DERIVATION

The refractive index p

tanzw [(l—R/pz)

where the quantities R, L ‘a

other words:

OF EXPRESSIONS FOR au/aNJ_ AND Qu/OB

satisfies the fbllowing equation:

1

g -1 5 -1
+ (1-L/u°) -2]+ 2 [(1-P/u ) -1] =0

(c.1)

nd P have been defined in Chapter 2. 1In

u = u(R,L,P,y) (c.2)
Therefore:
ST BR+a¢5L A OP c.3)
N C® N, AW, T W, :
where:
SR__E_J_BL__E. ap__ﬁ (.4)
SN_ - N, . EN, - N’ 5N, - . N, )
J -J J J J- - J
Consequently:
1 1 1 1 190
= =-= 1= - =L - £ X, C.5
UL5Nj Nj(u &;Rj+u5_ﬁj+u5%~] (.5
Similarly: arl arla
R o OL
= .6
38~ R 3B * 3L B (.6
where: 3
L . Y,
aR_-Z aRj_lze_f{_le- aL——Z J___]‘_ZQJJLz
3B~ "% 3B “B® X, 3’ BT "% OB T BT X, 73
J J J J J J
(c.7)
Consequently:
.Y,
1 1 i3 {1 .2 1 2)
_— = e hand R.-— L (C-S)
M OB B ? Xj ( 9 OR J 1L oL J
The derivatives of u with respect to R, L and P can be
easily obtained from Eq. (C.1l) above:
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1 ) 1/2 , , . .
R+ oot . 2P cotan?y
=L/ u -P .
Analogously:
1 1/2
w oL - . 5 2 o 2 o (€.10)
Laf 52 R+ B2 ) 2P cotan®y
L -R p =P
1 1 o
T % > S (C.11)
. 2P + H—;E' R Hé_P L tanzw'
p -R p =L

Limits of the above derivatives at resonance (L - @). The condition

for resonance can be found from Eq. (C.1):

) 2 P
tan | = —-5
where S 5'% (R + L) (see Stix [1962]). Therefore, at resonance (and
for £ 0):
.1 1/2
m > SR R+L-25  °
u—m
1 1/2 =
Hm o L "R+L-25 7
L=
and 1 la.l_ 1
T 25P
oo 2P ~ ——
S
So, at resonance (and - £ 0):
1
u5Nj
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If, on the other hand { = O:

So -

and therefore:

Tl
%18/
e
I
i
(=]
IS
g

Consequently, if § = 0 at resonance:

1w 1
w ON. 2N,
3 J

From the above limits and Eq. (C.8) it can be seen that, for any wave

normal angle:

(-
st
4
I+
8
”~~
H-
L)
e
. N
AV
-
e’

at resonance.
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APPENDIX D. CURVES OF THE CCMPONENTS OF d¢/ds FOR

THE SAME CONDITIONS AS IN CHAPTER 2,
BUT FOR y = -89°

/

The following curves in Figs. 42 to 45 represent the several terms
of - dw/ds for poth propagating modes in the same coﬁditions as‘illustrated
in Figs. 7 to 10 in Chapter 2, but for a largé wéve'ﬁormal angle (Y = -890).
The main dif ferences from the small wave normal example examined in
Chapter 2 are in the slow modé, due to the decrease of the resonance lgvel
to an altitudé below the crossover altitude. If ¢ = 90o this resonance
level would have been reduced to the two-ion resonance level also marked
in the figures. In this example, the tendency of the particle density‘
term toward infinity at résonance (see Fig. 42) is mbre apparent than

h
N,

in the case of small wave normal angle. \

\
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FIGURE 42. CURVES OF THE COMPONENT OF d{/ds DUE TO THE
ELECTRON AND ION DENSITIES (N.), FOR A WAVE
PROPAGATING IN THE SLOW MODE.J
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FIGURE 43. CURVES OF THE CCMPONENTS OF d{/ds DUE TO

THE MAGNITUDE (B) AND INCLINATION (B) OF THE
EARTH'S MAGNETIC FIELD, FOR A WAVE PROPAGATING
IN THE SLOW MODE.
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FIGURE 44.  CURVES OF THE COMPONENT OF - djj/ds DUE TO THE
ELECTRON AND ION DENSITIES (N.), FOR A WAVE
PROPAGATING IN THE FAST MODE.7
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FIGURE 45. CURVES OF THE COMPONENTS OF dyj/ds DUE TO THE

MAGNITUDE (B) AND INCLINATION (B8) OF THE EARTH'S
MAGNETIC FIELD, FOR A WAVE PROPAGATING IN THE
FAST MODE.
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