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Abstract

Froton cyclotron echoes “are phenomena related to the proton cyclotron {re-
quericy discovered on topsice sounder swept-frequency ionograms from the Cana-
dian satellite Alouette 1l in 1969. Subsequent studies were also limited to the
use of the swept-frequency ionograms and devoted only to these so called regu-
lar proton cyclotron echoes. The regular proton cyclotron echoes occur on the
swept-frequency ionograms at constant apparent ranges predominantly at fre-
quencies below the electron plasraa frequency fi, and slightly above the eiectron
cyclotron frequency fy. In this dissertation over 2000 topside sounder iono-
graras (both swept-frequency mode and fixed-frequency mode) obtained from
the Alouette II, 1SIS I and II satellites of the Alouette-ISIS program are used
to investigate proton cyclotron echoes in detail. |
Examination of the ceisibined swept-frequency and fixed ionograms indicates
that the proton cyclotron echoes are also observed on the fixed-fiequency iono-
grams. In addition to some features, such as constant apparent ranges and
higher order multiple echoes, which have been already observed on the swept-
frequency ioncgrams and also occur on the fixed-frequency ionograms, under
some conditions non-constant apparent ranges and‘ modulations in intensity of
the proton cyclotron echoes on the fixed-frequency ionograms are observed.
Usually the proton cyclotron echoes on the fixed-frequency ionogram can
be observed for a much longer time than on the swept-frequency ionograms
due to the fixed sounding frequencies. A proton cyciotron echo can be under
observation for several spin periods of the satellite if the plasma paranieters

encountered by the sounder are appropriate. The modulation in intensity of the




proton cyclotron echo by antenna, orientation is evident. In terins of analysis of
the combined swept-frequency and fixed-frequency ionograms, and the satellite
orbital parameters and spin axis attitude, effects on proten cyclotron echoes of
antenna orientation with respect to the earth’s magnetic field are examined. It
is found that higher intensity and higher harmonics of proton cyclotron echoes
occur when the sounding antenna is parallel to the earth’s magnetic field.

A new class of proton cyclotron echoes was discovered, which occur on elec-
tron plasma resonances. The pivton cyclotron echoes on the fy, nfy (n =2, 3,
4), fos and fp have been observed. The first three are checked in more detail.
The proton cyclotron echoes observed on the fg, 4fy, fos and fp resonances
exhibit doublef, on the 2y resonance triplex and on 3 fy resonance single while
the regular proton cyclotron echoes are always single. A frequency difference of
about 5 — 10 ﬁz‘ exists between subechoes in a doublet or triplex. The regular
proton cyclotron echo seems to correspond to the first echo of the double or
triple proton cyclotron echoes. No echo minus exists and most proton cyclotron
echoes on the electron plasma resonances are observed at dip angles whose mag-
nitudes are less than 8°, This new class of proton cyclotron echoes is attributed
to the results of nonlinear interactions of ion and electron Bernstein waves or ion
Bernstsin waves and DKO mode electromagnetic waves (for the fy resonance).
Absorption phenomena on the 3 fH‘,} 4fy and fga resonance spikes near the pro-
ton cyclotron period on swept-freduency ionograms are observed occasionally,
but not yet understood. | ,

A theory based on nonlinear interaction of two waves is suggested to interpret
proton cyclotron echoes. Many observational features of proton éy’cv‘otron echoes

can be interpreted by this nonlirear interaction modsl of two waves.
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Chapter 1

Introduction

A large variety of plasma-wave phenomena in the magnetosphere and the iono-
sphere have been detected by ground-based facilities and by receivers on board
spacecraft. The term ‘plasma wave’ is used to denote aii :raves which are
generated in the magnetospheric and ionospheric plasma or which have their
wave characteristics significantly modified through propagatior in the magneto-
sphere and the ionosphere. These waves may be electr&magnetic or electrostatic.
Naturally-occurring waves are generated by the conversion of free energy within
plasma into wave energy through a variety of wave-particle interaction processes.
In turn, these waves inay interact with the particles and modify the distribu-
tion function characteristic of the particle populations within the plasma. Thus
wave-particle interactions are very important in the magnetosphere and the
ionosphere and are believed to be responsible for the generation of waves, the
pitch angle distribution and the local acceleration of the charged particles, the
energy transport between particles and waves. Somie electromagnetic waves can
propagate far enough from their source region so that their observation provides
information on the remote source region.

Besides the natural plasma waves, plasma waves are also stimulated artifi-
cially by radio waves transmitted from spacecraft or from ground stafions, and
also by electron or ion beams injected from sounding rockets or spacecraft, For
example, the plasma resonances observed in topside sounding of the ionosphere ’
are explained to be attributed to electrostatic waves stimulated by the sounder

pulse. The proton cyclotron echo observed in topside sounding of the ionosphere
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is not quite understood yet. This dissertation is devoted to its investigation. |

In view of the above discussion, the magnetosphere and the ionosphere are
excellent laboratories for studying plasma waves. The events we will deal with
(proton cyclotron echoes and topside-sounder resonances) take place in this lab-
oratory. Thus in this chapter we intraduce our laboratory ~ the magnetosphere

and the ionosphere.

1.1 The Magnetosphere

A magnelosphere may be defined as a region in space created by the interac-
tion betwizen the intrinsic magnetic field or ionized atmosphere of a celestial
body and 'a flowing magnetized plasma. Of the eight planets visited by space-
craft, four (Mercury, Earth, Jupiter and Saturn) afe knoivn to have internally-
generated magnetic fields (Bagenal, 1985). The‘refore, the magnetospheres for
them are formed by the outflowing plasma from the sun, the solar wind, inter-
acting with their intrinsic magnetic fields. However, there are several objects
(such as comets, Venus, Mars and so on) in the solar syétem which are not mag-
netized but nevertheless strongly interact with the solar wind. So the definition
of a magnetosphere is stretched to include them. Here we consider only the
interaction of the earth’s magnetic field with the solar wind and therefore the
| magnetosphere is referred to the earth’s magnetosphere. The earth’s magneto-
sphere has been surveyed in more detail than all other magnetdsphéfes.

The magnetosphere is that region of space determined by‘,the interaction of
the solar wind with the earth’s dipole-like magnetic field. It extends to about
10 - 12 earth radii (rg ~ 6380 km) in the sunward direction and t6 more thian:
1000 earth radii in the anti-sunward direction from the center of the earth. It is
shown schematically in Figures 1.1 and 1.2. Figure 1.1 shows a noon-midnight

meridian cross-section of the magnetosphere and Figure 1.2 a three-dimensional
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Figure 1.1: Noon-midnight meridian cross-section of the magnetosphere. The
solar wind flows from left and the bow shock stands in front of the solar wind
flow. The shocked flow, deflected, slowed and heated, flows around the magne-
topause in the region called the magnetosheath. A small portion of the solar
wind plasma enters the magnetosphere through the polar cusp. Some of this
entering plasma forms a boundary layer called the plasma mantle, and some of
this drifts down to the region of the neutral point where it is accelerated to form
the plasma sheet. After Russell (1987).
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drawing of the magnetosphere. The name “magnetosphere” was introduced
by Gold (1959). But under the name “geomagnetic cavity”, it was discussed by
Chapmian and Ferraro (1931b), and the existence of such a cavity was anticipated
by Birkeland (1908).

1.1.1 Magnetic Field Structures

The magnetosphere is bounded by the magnetopause (see Figures 1.1 and 1.2).
The location and the shape of the magnetopause are determined primarily by
the condition of pressure balar.ce: the total pressures (Plasma. plus magnetic

field) just outside and inside of the magnetopause should be equal. Thus we

may have .
Do+ D2 =, o (11)
249 g 2po

where subscripts sw and gm denote the solar wind and the geomagnetic field.
The pressure p,,, exerted on the magnetopause depends on both the dynamic
pressure 2nmuv2cos?tp and the thermal pressure nkT' in the solar wind. Here
1 is the angle between the local normal to the magnetopause and upstream
solar wind flow direction. Since the dynamic pressure is about two orders of

magnitude greater than the thermal pressure, we may assume that
Paw = 2nmv’cosy (1.2)

Since pyw > B2, /2pt0 and pym & B2, /2410, we obtain

B2
2nmvcos?yp = —L% (1.3)
2/10 ‘
At the geomagnetic equator, |
3
Te

where 7, is the equatorial distance of the magnetopause from the earth's center,

rg the earth’s radius and By the magnetic induction at the earth’s surf@ée of the
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geomagnetic equator. However, By has aproximately twice its value due to the
compression of the solar wind so that many more magnetic field lines is piled
up near the magnetopause. Also we assume th = 0 at the geomagnetic equator.
Then combining (1.3) and (1.4) yields
32 llrd B
Te = (-———-——0—-——) TE N (1.5)

2ponmu?
Take

v = 300 km/s

m = 1.673 x 10?7 kg
n=2x10%n"3

Bo = 0.3 %1071 tesla

fio = 47 % 10~7 henry/m

thus we obtain

re & 10rg (1.6)

This result is in good agreement with observations. The geocentric average
distance to the subsolar point of the magnetopause is 10 - 11 rg, but occasional
extreme excursions are reached as close as 6.6 rg or as far as 18 rg depending
on the solar wind dynamic pressure 2nmv?.

On the night side, the magnetic field lines are stretched out along the solar
wind direction to form the magnetotail. Thus behind the earth the magne-
topause becomes a cylindrical surface. The radius of the magnetotail is about
40 »g and remains the same for at least 100 rg. The magnetotail extends for
more than 1000 rg in space.

In the central part of the magnetotail, close to the anti-solar line, the ‘ydi-
rection of the magnetic field reverses in a short distance along the north—soﬁth :‘
direction. The field lines in the northern hemisphere are directed towards the

earth and the ones in the southern her‘nisphgﬁ‘;}e are directed away from the earth.
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There is therefore a narrow zone with zero field, This neutral layer has a thick-
ness of about 1,000 km and is called the neutral sheet.

At the interface between the day and night sides of tha magnetosphere, there
are two regions, one north and one south, of the magnyétic field lines with a
funnel-shaped geometry, known as the clefts or polar cusps, The neutral points
exist in the polar cusps. The low magnetic fields in these regions allow some
penetration of the solar wind. The outer parts of the magnetotail, which include
the field lines that originate in the polar caps are known as the lobes.

Complex magnetic field structures, such as flux ropes and magnetic islands,
are occasionally observed. Flux ropes are associated with strong currents along
the magnetic field lines, giving rise to the field lines spiraling like the fibers of a
rope. Magnetic islands, in which the entrapped magnetic field lines forin closed

loops, can be considered as a degenerate case of magnetic flux ropes.

1.1.2 Plasma Structures

With respect to plasma, the magnetopause behaves in -a similar way as with
respect to the magnetic field lines; it acts as a barrier and forces the solar wind
plasma to flow around the magnetosphere. Thus the magnetopause may be re-
garded as a boundary that separates distinctly different regions ~ the solar wind
plasfna region and the magnetospheric plasma region. The average thickness
of the magnetopause is about 600 ~ 800 km (Lundin, 1988). Interior to the
magnetopause lies the boundary layer or plasma boundary layer. The boundary
layer is the major region of solar wind mass, energy and momentum transfer intg
the magnetosphere (Burch, 1987; Lundin, 1988). Its characteristic feature is a
mixture of magnetosheath and magnetosphere plasmas flowing tailward, From
a topological and phenomenological point of view the boundary layer may he

separated into two regions, the high-latitude boundary layer (HLBL) and the
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low-latitude boundary layer (LLBL). The HLBL and LLBL are topologically
interfaced with the polar cusp.

High-Latitude Boundary Layer (HLBL)

The HLBL or the plasma mantle is topologically the boundary region connected
to the dayside polar cap just poleward of the cusp. It is formed by the plasma
of predominantly magnetosheath origin flowing tailward along the geomagnetic
field lines at a speed slightly less than the exterior magnetosheath plasma flow.
The HLBL plays an important role in energy transfer. The solar wind mass and
energy are transferred into the inner magnetosphere from it. The magnetosheath
plasma is also believed to be brought to the central plasma sheet from the HLBL

(Cowley, 1980).

Low-Latitude Boundary Layer (LLBL)

The LLBL is the low-latitude portibn of the boundary layer which extends all
the way from local noon to far downtail. It was also suggested by Eastman et al,
(19%6) that the LLBL is the major site of the solar wind energy and momentum
transfer into the magnetosphere. The plasma flow in the sunward section of
the LLBL also has a considerable cross-field flow component, as opposed to
- the HLB:. 'where the plasma flow is preferentially field aligned. The LLBL vis
also believed to the main source region for solar wind plasma entry into the
plasma sheet (Eastman et al., 1985). Magnetosheath plasma would enter into
the central plasma sheet along the flank of the magnetotail. This contrasts with
the HIBL where magnetosheath plasma enters the central plasma sheet through

the tail lobe.




1.1 The Magnetosphere | 9

Polar Cusp

At the magnetic polar cusp, magnetosheath plasma extends 86 deep into the
magnetosphere that the name “boundary layer” is not appropriate: The en-
tire funnel of the field lines, down to the upper atniosphere, is filled with
magnetosheath-like plasma. This region is referred to by some as the “polar
cusp” or by others as the “magnetospheric cleft”. Its outmost part, near the
magnetopause, is called the “entry layer”, which is topologically connected to
the equatorward edge of the dayside magnetic polar cusp. Characteristic of the
entry layer is a plasma density almost as high as in the exterior magnetosheath

but generally lacl\mg the strong anti-sunward plasma flow. It was bfheved to

Magnetotail

A large portion of the magnetotail consists of two low plasma density regions
known as the tail lobes, one in the northern half of the magnetotail and the
other in the southern half. Particles populating this region include ions from
the polar cusp, ions from the polar region at low altitudes, and electrons from
the solar wind entered into the tail lobe on open field lines.

Bordering the tail lobe at its lower latitude interface is the plasma-sheet
boundary layer. This region is often the most dynamic plasma domain of the
" magnetotail, where ion beams coming from the earth and from further down-
~ stream are often found. It is also where a lot of plasma wave activities are de-

tecied, Magnetic field-aligned currents, flowing toward or away from the easth

are often observed. These activities gradually decrease as one approaches the - |

central plasma sheet. The plasma sheet as whole (i.e., the central plasma sheet
and the plasma-sheet boundary layer) is thinnest near the midnight region and

is about twice as thick near the flanks of the magnetotail, The plasma energy -
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density is comparable to the magnetic field energy density in the plasma-sheet
- region,
In the middle of this reservoir of particles in the plasma sheet lies the neutral

sheet, where the magnetic field is very weak (a few nanoteslas).

Plasmasphere

For all the plasma structures discussed so far, the supplier of the major part of
the plasma population is ultimately the solar wind. It, however, is not the sole
souirce. A smaller but significant part of the plasma sheet population comes from
the earth’s ionosphere. There is also evidence for an ionospheric contribution to
the plasma mantle (Hultqvist, 1982).

A region populated almost entirely by the plasma from the ionosphere is the
plasmasphere, located deep within the inner magnetosphere; it extends from the
ionosphere outward to a relatively shrvp: boundary (called the plasmapause),
whose location is somewhat variable but typically coincides with a shell of mag-
netic fieid lines crossing the equator at distance from 4 to 6 rg. The plasma
: in this region is relatively dense and cold, with number densities ranging from
> 10'°/m? just above the top of the ionosphere to values of the order of 108 /m3

near the plasmapause, with thermal energies of the order of a few eV or less.

Ring Current

Finally, the complex region generally named the ring current forms the interface
between the plasmasphere on the inside and the plasma sheet on outside. A
major source of plasma for the ring current is inward transport of {he plasma
from the plasma sheet, including both its solar wind and its ionosphere-source
components. Significant electric currents exist in this region. These currents

produce magnetic disturbances observable on the earth that have long been




1.1 The Magnetosphere 11

attributed (Chapman and Ferraro, 1931) to a “ring current” in space.

1.1.3 Bow Shock and Magnetosheath

The bow shock and the magnetosheath lie to the outside of the magnetopause
but they are very important and very closely related to the magnetosphere.

In corsidering a flow at supersonic uniform velocity past an obstacle, no
signal can Je propagated upstream. The flew ahead of the obstacle h‘as no way
of knowing that the obstacle exists, and therefore can not be modiﬁéd by the
presence of the obstacle. However, the flow can not reach the obstacle with the
same uniform supersonic velocity because the boundary condition for the mass
flow requires that at the surface of the obstacle the normal component of the flow
velocity should vanish. Hence the formation of a “bow wave” is needed ahead
of the obstacle. The bow wave is mathematically described as a sutface across
which the normal component of the flow velocity, as well as the density, the
pressure and the temperature, undergo discontinuous changes. Physically, the
transition occurs though a layer of finite thickness. Conservation equations for
mass, momentum, and energy are applied to determine the velocity, the density,
the pressure and thie temperature on one side of the bow wave in terms of these
quantities on the other side. As the flow crosses the bow wave, its velocity
suddenly decreases while its temperature and density increase. The result is
that the velocity becomes subsonic, and may receive “information” about the
presence of the obstacle.

The above idea may be applied when the supersonic solar wind meets an
obstacle, the magnetopause, in its path. Therefore, 2 bow wave (usually called
the bow shock) should be formed ahead of the magnetopause. But more careful
analysis reveals difficulties with the above idea. All shocks must be dissipative

in an ordinary hydrodynamic situations. The dissipation usually takes the form
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of collisions, Fowever, in the solar wind collisions are often negligible, so that
the bow shock can not take the form of such a collisional shock. The question
of the “collisionless shock” in plasma has been actively investigated (Colburn
and Sonett, 1966; Schwartz, 1985). It has been suggested that microinstabilities
and turbulence ¢f various kinds may replace collisions as the agency responsible
for the dissipation (Tidman, 1967; Schwartz, 1985). The bow shock has been
observed by in situ spacecraft measurements.

The magnetosheath is a transition region between the bow shock and the
magnetopause, where the solar wind is slowed down to subsonic speeds and

undergoes a deflection which causes it to envelop the magnetosphere.

1.2 The Ionosphere

According to the IEEE Standard (1969) the ionosphere is defined as “that part
of a planetary atmosphere where ions and electrons are present in quantities
sufficient to affect the propagation of radio waves". Here we consider only the
earth’s ionosphere. The ionosphere is a part of the earth’s atmosphere extending
from approximately 70 km to 1000 km in height above the surface of the earth.

The existence of the ionosphere, as an electrically conducting region of the
atmosphere, was first advanced by Stewart (1878). He suggested that the most
probable cause of the daily variations in the earth’s magneticlﬁel'd was the pres-
ence of electric currents flowing in the upper atmosphere. Marconi’s successful
experiments in 1901 of radio communication across the Atlantic (Fleming, 1902)
prompted Heaviside (1902) and Kennelly (1902) to suggest independently the
existence of an electrically conducting layer at a height of the order of 100 km
to explain the reflection of radio waves. The final experi‘mental proof of the
existence of the ionosphere was carried out by Appleton and Barnett (1925) and

by Breit and Tuve (1925).
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1.2.1 Structure of the Ionosphere

The most important parameter in a description of the ionosphere is the electron
density. A typical electron densily profile against height for daytime is shown in
figure 1.3. The ionosphere is usually classified into D, E and F regizas or layers,
The lowest layer is called the D-layer which extends in height from about 60
to 85 km. It is present only during the daytime. The peak electron density
of the D-layer occurs near 80 km and is of the order of 3 x 10 electrons/m?.
The middle layer is called the E-layer. It extends from 85 km to about 150 km
and has a daytime maximum electron density »f about ~.10" electrons/m® at
a height of around 115 km. Quite often the valley between the D-layer and the
E-layer is not very obvious. During the night the electron density decreases by
at least two orders of magnitude and the E-layer disappears. Above the E-layer
is the F-layer. The F-layer is more heavily ionized. It extends from 150 to about
1000 km. The F-layer may be subdivided into the Fi-layer and Fp-layer. The
Fi-layer is present like the D- and E-layers only during the daytime. It extends
from 150 to 200 km with a mastionim electron density of 2 x 10! electrons/m?®
at a height of about 180 km. The Fo-layer extends from 206 to roughly 1000
km and has a daytime electron density maximum near 250 km of about 5 x 101!
e¢lectrons/m3 During the night the D-, E-, and TFy-layers disappear and the
ionosphere takes the form of a single layer, called the F-layer, with a maximum
electron density of about 10! electrons/m? in the vicinity of 350 km.

Above the Fs-layer is the plasmasphere. The pl‘asmas‘phere basically follows
the rotation of the earth and has the shape of a doughnut, very much like
the volume formed by the lines of the earth’s magnetic field which keeps the
plasmasphere rotating with the earth. The boundary of the plasmasphere is
called the piasmapause, which at the equatorial, plane occurs at a geocentric

distance of 4 to 5 rg. At the plasmapause the electron density drops sharply f,rom_
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~ 10® to ~ 10° electrons/m® The plasmasphe 3 is filled with thermal plasma
(a plasma with a Maxwell’s distribution of velocities and a temperature of a few

thousand degrees Kelvin) which diffuses upwards from the upper ionosphere.

1.2.2 Layer Formation of the Ionosphere

The ionosphere is created through the photoionization process of the solar ra-
diation. The rate of production of electron ion pairs per unit volume is given
by

Q = onS (1.7)

where o is the effective ionization cross section of a given constituent gas, n its
number de.;sit‘y, and S the local intensity of the ionizing solar radiation. Incom-
ing ultraviolet radiation and X-rays from the sun ionize the earth’s atmosphere.
At great heights of the order 1000 km or more the medium is almost fully ion-
ized, but so tenuous that the ion and electron densities are small, At lower levels
there is more gas to be ionized so that the radiation is more strongly absorbed
and the ion and electron densities are greater. At still lower levels the radiation
has been used up so that the degree of ionization is small again. The region
where the ion and electron densities are greatest is the ionosphere.

~ The layers in the ionosphere are formed because the ionizing radiation from
the sun is not;monochromatigj and because the atmosphere consists of several
differentpojnstétuents which are jonized at different wavelengths of the solar
radiation spect;rum.- ‘The height where maximum ionization occurs depends on
the absorption of the air for the ionizing constituent of the solar radiation, and
the mecflaﬁisrﬁ by which ions and electrons are removed. Different ionizing
constituén’ts give maxima at different heights. Thus different ionospheric layefs‘ .
are formed. In the D-layer cosmic rays and the Lyman—a radiation (1216 foi)

ionize NO. In the E-layer the jonization is produced by solar X-rays in the 30~
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100 ;1, by soft X-rays and by ultraviolet radiation in the range between 100 A
and the Lyman—# at 1026 A. The main ions in the E-layer are NOt and Of.
In the F-layer the principal ionizing agent is the sun’s ultraviolet radiation in
the 200 to 900 A range. The main atmospheric constituent which is ionized is

. O,

1.2.3 Difference between the Ionosphere and the Magnetosphere

In the I-layer the ion and electron density are only ,about 10~° of the density
of neutral particles, and in the E-layer the figure is about 10~!'. Thus gravity,
acting mainly on the neutral particles, exerts a dominating control on the hy-
drostatic configuration of the medium. Hence the ionized layers tend to keep
horizontally stratified.

“(I‘he earth’s magnetic field B is approximately that of a magnetic dipole near

the earth’s center. Its total field induction is given by
M .
B = 73-(1 + 3sin¢)1/? (1.8)

where M is the dipole moment of the earth’s dipole magnetic field, r the distance
from the earth’s center and ¢ the geomagnetic latitude. A charged particle
gyrating in the magnetic field has the magnetic moment 4 = lmv?/B and

hence feels a force, which is given by (Jackson, 1975; Nicholson, 1983)

where m is mass of a charged particle gyrating in the earth’s magnetic field and
vy is the particle’s velocit’y c:omponent perpendicular to the earth’s magnetic
field. The gra‘vitémtional force per unit volume is pg whére p is the ideléisity of
the air and g is the gravitational acceleration. Noté‘ the rﬂagnetic force and the
gravitational force have opposite directions. These two forces are about equal

at a height of 300 - 400 km. Gravity exerts a strong control up to heights of
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the order of 1000 km. Above 1000 km the structure of the atmosphere is mainly
controlled by the magnetic field and hence is no longer horizontally stratified
but more like the structure formed by the earth’s dipole magnetif field. This is
the magnetosphere.

The magnetosphere is a fully ionized jon plasma and therefore a very good
electrical conductor. In a perfectly conducting plasma, magnetic field lines be-
have as if they move with the plasma and hence this leads to the concept of
“freezing in” of the magnetic field. The shape of the magnetosphere is also in-
fluenced by the solar wind. The solar wind is also a fully ionized plasma and a
good conductor. They cannot quickly penetrate into each other, because they
are ‘frozen’. But the solar wind distorts the shape of the earth’s magnetic field

so that the magnetosphere is of its unique shape.

k3
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| Chapter 2

Topside Sounding of the Ionosphere

Since proton cyclotron echoes were first ubserved in topside sounding of the iono-
sphere, here we introduce what is meant by “topside sounding” of the ionosphere
and describe the instrumentation and the method of observing proton cyclotron
echoes. The most important parameter in a description of the ionosphere is the
electron number density N, and much g’ffort has been devoted to its observation.
Prior to about 1960 the knowledge of the ionosphere was obtained only from
ground observations by radio methods. From about 1960 onwards rockets and
satellites began to be used and it became possible for the first time to study the
ionosphere at heights h above the maximum of N(A) in the F; layer, that is the
region called the topside of the ionosphere. The ionosonde technique employed
by a satellite above the F; layer is similar to that used on the ground. This is
‘call‘ed topside sounding of the ionosphere. The topside sounding has proven to
be extraordinarily fruitful not only because of the information obtained about
the structure of the topside ionosphere, but also becaixse of the discoveries of
the new phenomena due to the sounder being embedded in the plasma, such as

proton cyclotron echoes, electron plasma resonances and so on.

2.1 Ground Observations of the Ionosphere

Ienospheric echo sounding was originally used in the classical pulse sounding
experiments of Breit and Tuve (1925, 1926). Short pulses of radio waves from a

transmitter are sent vertically upwards and return to a receiver on the ground
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after reflection in the ionosphere. The time of travel ¢ is measured, The combina-
tion of a swept-frequency pulse transmitter and an automatically tuned receiver
is called the ionosonde. This is the same as the technique used in radar. If the
pulse travelled entirely in free space it would have to go to a height A’ = lct
called the equivalent or apparent height. In fact, the pulse speed slows in the
ionosphere, and therefore the apparent height is always greater than the true
height of reflection. The apparent height is strongly frequency dependent. The
apparent-height-versus-frequency record is called the ionogram.

Because of the earth’s magnetic field the ioncsphere is birefringent with the
result that a transmitted radio pulse splits into two modes which travel inde-
pendently at different group velocities and different polarizations. These are
called the ordinary (O) and extraordinary (X) modes (or Waves), As the sound-
ing frequency is increased, the electron number density required to reflect the
transmitted signal increases until reflection occurs at a height of maximum elec-
tron density. Above a critical frequency corresponding to the electron number
density at the peak of the F2 layer, reflection can no longer take place and the
ionosphere becomes transparent to the sounding signal.

For the O-wave the electron number density is given in SI units by

2 )
4”:2"’” £% o~ 0.0124 (2.1)

N =

N = electron number dersity

f = frequency of reflected sounding signal
€0 = permittivity of free space

m = mass of the electron

e = charge of the electron.

However considerable analysis is needed to obtain the vertical electron dis-

tribution, N(h) profile, from A'(f) curves. Since the pulse travels with the group
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velocity u, the apparent height can be written as

B = %ct =c /0 "'i‘aﬁ = O"' W' (f, N)dh (2.2)
where h, is the real height of reflection of the pulse and p' the the group refractive
index that depends on the electron number density and the frequency of the
pulse. We wish to solve equation (2.2) to obtain N(h). This is accomplished
" by writing it as an integral with respect to plasma frequency instead of height

(which assumes that N and fy vary monotonically with height)

#(5) = [ i (ahfdin)din + be(0) (23)

where h,(0) is the height of the base of the jonosphere, below which it is as-
sumed that fx = 0. At this base the real and apparent heights are equal. A
good review of the ways of inverting equation (2.3) has been given by Thomas
(1959). The methods of solving the integral equation (2.3) mainly fall into two
classes, “lamination” and “polynomial.” The former, represented by the “ma-
trix method” of Budden (1955), replaces the integration in (2.3) by a summation
over a number of thin slabs while the latter assumes that the function h(fy)
can be represented by a polynomial in fy (Titheridge, 1961).

Prior to about 1960 our knowledge of the structure of the ionosphere was
mainly obtained from the ground observations by the above radio method. Even
when jonospheric sounding had been brought to a high degrée of refinement, it -
had the inherent deficiency that it provided N(A) only up to the peak of the F;
layer. Thus little had been learned about the “topside” of the ionosphere. In
about 1958, the topside sounding of the ionosphere began to look feaéiblé after
the Sputnik and Explorer satellites were launched. From about 1960 onwards
rockets and satellites began to be used and it became possible for the first time
to study the ionosphere at heights above the maximum of N(k) in the F, layer,

which was called the topside of the jonosphere. An ionospheric sounder, which
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is similar to the use of an ionosonde on the ground, carried with a satellite above

the peak of the F'; layer sounds the ionosphere from above,

2.2 The Alouette-ISIS Program

The concept of a joint topside sounder program between Canada and the United
States arose during the second half of the International Geophysical Year (July
1957 to December 1958). One highlight of the IGY cooperation was the very
successful U.S./Canadian rocket program conducted at Fort Churchill, Canada,
which, in a sense, was a precursor to the Alouette-ISIS program. Since then top-
side sounder experiments were proposed and discussed by ionospheric researclL
workers in a number of countries, including West Germany, Great Britain, the
United States, and Canada. A joint U.S./Canadian effort to investigate the top-
side of the ionosphere began at the end of 1958 on the Topside Sounder program
at the Goddard Space Flight Center (GSI'C) of NASA and Central Radio Prop-
agation Laboratory (CRPL) of the National Bureau of Standards in the U.S.A.,
and at the Defence Research Telecommunications Establishment (DRTE) of the
Defence Research Board in Canada. Great Britain participated in the program
in 1961. Until 1963 this was named the Topside Sounder program. This program
led to the first topside sounder satellite, Alouette I, launched on September 29,
1962. The satellite was built in Canada and launched by the United States.
On December 23, 1963, Canada (the Defence Research Board) and the
United States (NASA) agreed to a continued and expanded program of satellite
studies of the ionosphere (International Satellites for Ionospheric Studies, ISIS).
The expanded program led to three additional Canada-built and U.S.-launched
satellites: Alouette II, ISIS I and ISIS II; and two U.S.-built satellites: Explorer
XX and Explorer XXXI. International participation was increased to include

France, Japan, and Norway after 1966; India, New Zealand, and Australia after
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1971; and Finland after 1977. To 1986, over 50 research groups and agencies
had made use of topside sounder data. The topside sounder, however, was only
one of many experiments included in the Alouette-ISIS program. Collectively,
these satellites have provided continuous observations of the topside ionosphere
from 1962 until the present day (1993) for over 30 years. Reviews of the topside
sounding of the ionosphere and the Alouette-ISIS program have been given by
Chapman and Warren (1968), and Jackson (1986), especially, the special issue,
Topside Sounding and the Ionosphere, of the IEEE Proceedings (June 1969),

included 46 papers which were all based upon the Alouette-ISIS program.

2.2.1 Early Experiments

Several exploratory experiments were conducted prior to the launching of a
full scale topside sounder satellite, in order to establish the feasibility of the
techniijue and to obtain some preliminary data of the environment.

A radiometer for measuring the intensity of radio noise in the topside iono-
sphere at’ 18 MHz was constructed and placed in the U.S. satellite Transit 2A
(Chapman and Molozzi, 1961), which was launched on June 22, 1960. The
measured value of the cosmic noise provided the required design information.

A rocket experiment was flown on June 14, 1961 to test the technique of
extending from a spinning vehicle the 22.9-m antennas needed for efficient radia-
tion of the sounder transmissions (Molozzi and Richardson, 1967). Two antenna
units were flown on the rocket; one of the antennas extended its full length of
22.9 m, the other extended three-quarters of its length. The engineering infor-
mation obtained was adequate for specifying the modifications of the antennas
used “‘in the Alouette and Explorer XX satellites.

Feasibility of the topside sounding technique was established by two rocket

tests instrumented by Airborne Instruments Laboratory (AIL). The first one was
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launched on June 24, 1961, carrying a topside sounder with the fixed-frequencies
4.07 and 5.97 MHz; the recond was launched on October 31, 1961, carrying a
topside sounder with single frequency 4.07 MHz only. The required engineering
information was obtained and, in addition, important new phenomena were ob-
served (Knecht et al., 1961; Knecht and Russell, 1962). Especially, the evidence

of plasma resonances in the topside ionosphere was first observed.

2.2.2 Alouette I (launched September 29, 1962)

The primary purpose of the Alouette I was to investigate the geographic and
diurnal properties of the topside ionosphere at altitudes up to 1000 km, The
orbit was nearly circular at 1000 £+ 60 km altitude with an inclination to the
equator of 80.5° and a period 105.4 min.

Operating frequencies of thi sounder in Alouette 1 change at an average rate
of about 1 MHz per sec., sampling the band of frequencies between about (.5
and 12 MHz. Cycle duration took 18 sec. The operating frequencies were chosen
to be those that would propagate from the satellite and be reflected from the
ionosphere. Pulse lengths of about 100 ;s were similar to those used for ground
ionosondes, and pulse repetition frequency was 62/sec.

A dipole antenna 45.7 meters from tip to tip was used for the band 0.5 to 5
MHz, while one 22.9 meters long was used from 5 MHz upward. the two dipoles
were perpendicular to the spin axis and to each other.

Alouette I was spin-stabilized with the spin axis (at the time of launch) nor-
mal to the plane of the ecliptic. The initial spin rate after antenna deployment
was 1.4 rpm. The spin rate, however, decreased down to 0.9 rpm at the end of
1 year (Mar and Garrett, 1969). After a few years, this rapid decay in spin rate
caused Alouette I to become gravity-stabilized with the long antennas aligned

with the local vertical.
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2.2.3 Explorer XX (launched August 25, 1964)

Explorer XX was developed in the United States as a part of the International
Topside Sounder program. Explorer XX was initially planned to be a first-
generation topside sounder satellite because of its simplicity compared with
Alouette 1. However, it was delayed by problems with the Scout launch vehicle,
and Alouette I was launched first. Explorer XX was launched into a nominally
circular orbit at 1000 km (perigee 870 km, apogee 1019 km), similar to that of
Alouette I, with an inclination of 79.9° and a period of 103.9 min.

The topside sounder operated on six fixed frequencies: 1.50, 2.00, 2.85, 3.72,
5.47 and 7.22 MHz. The sounder completed its 6-frequency sounding in about
0.1 sec, during which time the satellite would travel less than 1 km along its
orbit. The time required for a complete sounding on Alouette I was about 18
sec, corresponding to a horizontal displacement of 126 km. Thus, the Explorer
XX sounder provided a horizontal resolution considerably greater than that of
Alouette I. The frequency resolution (or the vertical resolution), however, was
two orders of magnitude greater on Alouette I. So the two sounder techniques
were complementary.

Explorer XX had provided useful data for the period from August 1964 to
January 1966. The fixed-frequency sounder had yielded data on the fine siruc-
tures of ionospheric irregularities and plasma resonances which are impossible

to obtain with a swept-frequency sounder.

2.2.4 Alouette X (launched November 29, 1965)

Alouette IT was launched in an orbit with perigee 502 km, apogee 2982 km and
an inclination of 79.8° and a period of 121.4 min. The spin axis was orthog-
onal to the orbital plane. Alouette I was launched just prior to a period of

sunspot minimum and was in an about 1000-km circular orbit; but Alouette II
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was launched at a time of increasing solar activity. Under this condition the
ionosphere was expanded and the maximum density in the ionosphere became
greater, so a higher orbit was required and hence the frequency range of the
sounder was extended (0.2 to 13.5 MHz). Reducing the lower frequency limit
required in turn that the length of the longer sounder antenna be increased
from 45.7 to 73.0 meters. The sweep rate was reduced to 0.125 MHz/sec below
2 MHz, in order that the plasma resonances and long-delayed echoes would be
more readily observed and measured. Above 2 MHz, the frequency changes at a
rate of 1 MHz/sec. The increased altitude at apogee meant that all transmitters
had to be increased in power, while the pulse repetition frequency of the sounder
had to be halved (30 Hz).

Alouette IT and a sister satellite, Explorer XXXI, were launched into the same
orbit by the same vehicle. The combined launch was named ISIS X. Explorer
XXXI was built in the U.S.A. and contains temperature probes and an jon mass
spectrometer. Comparison between the identical measurements on two satellites
showed that the Alouette II structure would be satisfactory for direct sensing

experiments. ISIS X achieved all of its scientific and’technological objectives,

2.2.5 1ISIS I (Jaunched January 30, 1969)

The objectives of ISIS I were similar to those of 1SIS X during a period of max-
imum and declining solar activity. The selected ISIS I orbit (3500 km apogee
and 565 km perigee), therefore, was similar to that of the ISIS X satellites, but
with an inclinaticn of 88.40°. It was drcided, however, that ISISII would com-
plete the most measurements of important ionospheric parameteré with a single
spacecraft instead of the two satellites required for the ISIS X mission. ISIS
I basically had the same experiments as those of ISIS X. The swept-frequency

sounder covers the frequency range 0.1 to 10 MHz in 16.6 sec, or an extended
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range to 20 MHz in 26.6 sec. In addition, it had a fixed-frequency sounder sim-
ilar to that of Explorer XX: the six fixed frequencies being 0.25, 0.48, 1.0, 1.95,
4,0, and 9.303 MHz.

Active spin rate and attitude controls were incorporated in the ISIS I space-
craft. Magnetic torquing techniques were used to control the spin rate within
the range 1 to 3 rpm and to correct the spin-axis attitude (when necessary) at
a rate of 3° per orbit.

Prior to 1986, ISIS I had been operated for over 17 years, and its longevity
had exceeded the 10-year records of Alouettes I and II. ISIS I also provided data
during the 1975-1976 sunspot minimum and participated in the IMS program
(International Magnetospheric Study, January 1, 1976 to December 31, 1979).
The ISIS T was the oldest of the 27 IMS satellites.

2.2.6 ISIS II (launched April 1, 1971)

ISIS I1 is the final and also the most complex satellite launched in the Alouette-

ISIS program. The ISIS II mission stresses the study of latitudinal and diurnal

- variations of the topside ionosphere during a period of high solar activity. It was

launched into a near-circular orbit at about 1400 km, (1429 apogee and 1358
perigee), with an inclination of 88.16° and an orbit period of 113.55 min.
Control of attitude and spin axis was done by means of magnetic torquing.
The spin rate varies between about 2.5 and 3.5 rpm and can be changed by
about 0.1 to 0.15 rpm per orbit. The spin axis is normally kept in the orbital
plane (orbit aligned mode) or at right angles to the orbital plane (cartwheel

mode). For the orbital aligned mode the attitude can be changed by 2.0° — 2.5°

per orbit and in the cartwheel mode, by about 0.5° per orbit. This was done

to provide ram and wake data for some experiments. The lengths of the two

crossed-dipole antennas were 78.9 and 20.2 meters, respectively. The cross-over
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frequency was 5 MHz.

The swept-frequency sounder operated between 0.1 and 26 MHz sampling
every 14 or 21 sec and one of six fixed frequencies was also used {or sounding for a
few seconds during each 14- or 21-sec period. The pulses with approximately 100
ps in duration were repeated at the rate of 45 per second, The fixed-frequency
sounder operated on six selected frequencies, which were 0.12, 0,48, 1.0, 1,95,
4.0, and 9.303 MHz.

The ISIS II mission was initiated during a period of declining solar activity
and had continued through the subsequent 1975 - 1976 sunspot minimum. The
ISIS 11 spacecraft has provided a unique and most comprehensive combination

of experiments for ionospheric and magnetospheric studies.

2.2.7 Summary

The Alouette-ISIS program is the one of the earliest and one of the best examples
of international cooperation in space research by the National Aeronautics and
Space Administration (NASA). It has excellently completed all its scientific and
technological objectives and provided a more complete understanding of the
ionosphere and the magnetosphere. In particular, as a by-product of topside
sounding, the new plasma resonances were observed. To the plasma physicist
they could even be said to be of greater interest than the original purpose of the

program.

2.3 Observations of Plasma Resonances or Waves Phenomena

Previous reviews (Chaprnan and Warren, 1968; Muldrew, 1972b; McAfee, 1973;
Jackson et al., 1980) have shown that topside sounder studies ar » .4 : wo general
types: studies of the large and small scale structures of the ionosphere by means

of reflected and scattered radio waves, and studies of the plasma resonance
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phenomena of the ionospheric ard magnetospheric magnetoplasma.

The swept-frequency sounders have provided a comprehensive representa-
tion of the large scale structure of the topside ionosphere up to a height 3000
“ km (including the densities and temperatures). They have also revealed the
geog:r;aphical location, time dependenrs and geomagnetic-field-aligned character
of the small scele structure. The fixed-frequency sounders have even provided
detailed measﬁfements of small scale irregularities. Here we confine ourself to
the plasma resonances and waves phenomena.

Since the topside sounders were located in the ionospheric and magneto-
\ ""piier'ic plasmas themselves; a number of plasma resonance phenomena were
obserOed What the plasma resonances indicate are that very strong 51gnals
are recelved at certain plasma characteristic frequencies and ¢an persist from a
fraction of one ms to over 30 ms after the termination of a 1060 us pulse. Plasma
resonances in the ionosphure j‘.,vere first reported in rocket sounder experiments
(Knecht et al,, 1961; I(nécht and Russeil, 1962), but it was not until the the
first satellite sounder, Alouette I, that extensive observations became available.

From the results ;)f over 30 years of plasma fese:mance observations from
rocket- and satellite-borne topmde sounders the major resonances were observed
at the electron plasma frequency Tas the electron cyclotxon frequency fH, the
upper hybrid frequency fr = (fN+fH)1/2,‘ the harmonics 2fn, 2fr and n fy with
m.> 1, and two series of resonances that occur between nfy: the fg, resonances
observed above fr (at the maximum frequency of the Bernstein mode) and fp,
resonances observed below fr (called the diffuse resonances). Most resonaﬁces,
are interpreted by the reception of electrostatic waves stimulated by the sounder
pulse. The electrostatic waves for the fy, fr and lower-order nfy resoh"a‘:nces
propagate in the plasma, become reflected a short distance away and return to
the satellite, producing a continuous receiver response following the ransmitted

j)ulse. The reflections for the fy and.fr resonances are due to small changes in
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electron density while for the lower-order n fy to small changes in magnetic field
strength. For the fg. and higher-order nfy resonances the signal reception is
due to the matching of a compotent of the wave group velocity to the satellite
velocity. The above interpretation does not work for fp, resonances because
the associated Bernstein electrostatic modes do not have a low group velocity
in the frequency range below fy except nfy. The fp, resonances are due to
waves generated by the ambient sounder-perturbed plasma. Several nonlinear
mechanisms have been suggested for the interpretation of fp, resonances (Oya,
1971a; Benson, 1974 and 1982; Kiwamoto and Benson, 1979). Recently the fp,
resonances were interpreted as force-free electromagnetic eigenmode oscillations
of the system with cylindrical geometry (Osherovich, 1987 and 1989; Osherovich
and Benson, 1991). The fy resonance is less understood and 2fy and 2fp
resonances are not understood yet.
All of the above resonances are related to electron plasma. In the interpre-
tation of these resonances the motions of ions are ignored because of their large
mass. Thus, they might be called the electron plasma resonances. There are,
| however, other phenomena observed on the Alouette-ISIS program, which are
associated with ions (mainly protons). Thrée different proton effects have been
observed:
(1) Graff (1967) reported an amplitude modulation with a pe.rioél‘ equal to
the proton cyclotron period on the fy resonance on the Alouette IT jonogram.
(2) K’E‘i'n‘g and Preece (1967) reported spurs on the fy resonance on the Alou-
ette 1 ioﬁogram which occur at time delays equal to multiples of the proton
cyclotron period.
| (3) Matuura and Nishizaki (1969) reperied proton cyclotron echoes on Alou-
“ette II ionograms. The echoes occur on the ionograms at nearly constant ap-
parent ranges which corresponds to the proton cyclotron period at the satellite

position and mostly within the frequency range between fi and fy. Second,
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third and higher-order multiple echoes are often associated with the furdamental
one.

Following the reports of the discovery of these phenomena related to the pro-
ton cyclotron period, subsequent studies for spurs and proton cyclotron echoes
have been done by Horita (1974, 1987), Benson (1975), Ondoh et al. (1975),
Oya (1978), and Chen and Horita (1991). However these phenomena have not
been investigated in as much detail as the electron plasma resonances. Many
details and in particular, the generation mechanisms are still not understood.
Further work needs to be done in order to obtain better understanding of them.

This dissertation is devoted to studies of the proton cyclotron echoes.
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Chapter 3

The Basic Theory of Waves in Hot Magnetoplasma

3.1 Introduction

One of the attractions of plasma wave theory is its common ground with so
much of classical physics, ranging from the electrodynamics of charged particles
through fluid mechanics to statistical mechanics. The plasma wave theory has
been treated in many excellent textbooks, such as those by Stix (1962), Bekefi
(1966), Clemmow and Dougherty (1969), Boyd and Sanderson (1969), Chen
(1974) or more recently, Nicholson (1983), Jones et al. (1985), Swanson (1989),
and Ichimaru (1992). This chapter is only intended as a reminder of the basic
theory of plasma waves and as a convenient source of reference for subsequent,
use and, moreover, is restricted to waves in hot magnetoplasmas that will be
studied in this dissertation.

Since the explanation for the major topside sounder resonance observations
involves waves with both group and phase velocities small compared to the
velocity of light, the cold plasma approximation is inadequate. Those particles
whose velocities are near the phase velocity of the wave interact with the wave
strongly. Thus the background motion of the particle must bq considered. On
the other hand, the earth’s magnetic field has a very important inﬂl,lbe‘nce on the
motion of charged particles and the propagation of waves in the ionospheric and
magnetospheric plasmas? Adding a magnetic field introduces a rich variety of

new effects on waves and charged particles. So we must treat waves in a hot,
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plasma in a magnetic field. We assume that collisions of particles in the plasma
are neglected, and the zero order magnetic field is uniform and constant. Hence
the waves in the hot magnetoplasma should be treated by combining the Vlasov

equation with the Maxwell equations.
3.2 The Main Equations

3.2.1 Maxwell’s Equations

The behavior of the macroscopic electromagnetic fields in a plasma, as all phys-
ical media, is governed by Maxwell’s equations. The Maxwell equations for the

wave propagation in a plasma can be written in SI units as

VxE=-2 (3.1)
V><H-_-|J,,+—6’51t2 (3.2)
VD = pe, (3.3)
V-B=0 (3.4)
with the equation

| %[t)— = eo%-?- +3J (3.5)

and the constitutive relations o !
D=c:E (3.6)
B=u-H (3.7)
J=0.E | (3.8)

where 1

E = the electric field intensity
H = the magnetic field intensity
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D = the electric flux density or the electric displacement vector
B = the magnetic flux density or magnetic induction

p = the electric charge density

Pez = the external electric charge density

J = the electric current density

Jez = the external electric current density

€ = the permittivity

€0 = the permittivity of free space

g = the magnetic permeability

o = the conductivity

The physical properties of the medium are manifested through ¢, ¢ and o. In
an isotropic medium, they are all scalars, while in an anisotropic medium they
may all become tensors. J., and Pez can be applied from outside the plasma
(e.g., in conductors surrounding the plasma, on grids inside the plasma etc.).

Eq. (3.5) and the relation € = €g1 —o/iw are required to be satisfied when the
above Maxwell equations in a classical dielectric can be applied to wave motion
in a plasma (as a kind of dielectric) (see Jones, Doucet and Buzzi, 1985).

The above constitutive relations are valid in wave-number-frequency domain.
In the space-time domain the products in the equations become the convolution
products, i.e. |

D=¢+E (3.9)

B=u+H (3.10)

J=oc+E (3.11)
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3.2.2 The Vlasov Equation
The single most important equation in space plasma physics is probably the
Vlasov equation,

af; . 0fi 4 04 _ 3.12
ot +V'0r+mj(E+VXB) v = O (8.12)

for each species, with

p = 2onjqi / fidv (3.13)
3

3= nig / vfidv (3.14)
J

as the sources, where f;, q;, m;, n; and v are the distribution function, charge,
mass, number density and velocity vector for charged particle of type j.

The Vlasov equation is sometimes referred to aé the collisionless Boltzmann
equation, and the collisionless Boltzmann equation along with the Maxwell equa-

tions are called the Vlasov equations.

3.2.3 The Wave Equation

After Fourier transformation in both time and space, Equations (3.1) and (3.2),

with J.; = pes = 0, combine to give the reéulting wave equation in the form
nx(nxE)+K-E=0 (3.15)

where n = kc/w has the magnitude of the refl‘actiVé index and ﬁhe idirection
of the propagation vector, and K = 1 — ¢ /iwe; may be called the equivalent
dielectric tensor, where € is the permittivity of free space. The tensor € = ¢, K
is called the equivalent permittivity tensor. The electric displacement vector D
can be written in wave number and frequency domains in terms of tensor K and
€ as

D=¢-E=eK: E=¢E - J/iw (3.16)
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3.3 The Dispersion Relation of Waves in Hot Magnetoplasma

3.3.1 Solution of the Vlasov Equation

The technique we use is called the method of characteristics or integration over
the unperturbed orbits. The idea is to find the perturbation of the distribution
function due to; the wave by integrating along the unperturbed trajectories,
Since the E and B depend on the distribution function f(r,v,), the Vlasov
equation (3.12) is a nonlinear equation for f(r,v,t), which is consequently dif-
ficult to solve. We now split the distribution function and the fields E and B

into unperturbed and perturbed parts; i.e.,

Fi(e, vy t) = fio(ryv) + fir(r,v,t) (3.17)
E(r,t) =0 + Ey(r, 1) | (3.18)
B(r,t) = By(r) + By(r,1) (3.19)

These quantities are substituted into the Vlasov equation (3.12) with assuming
that the small second-order terms can be neglected and the unperturbed plasma

is assumed to satisfy the Vlasov equation

af.70 q; afJO . ;
Vi m,( v X Bo) - =0, (3.20)

then we obtain the linearized Vlasov- equation for the perturbed distribution
function f;;,

dfi
ot

o w O 4 Lo
+v oy +mj(v><Bo) 5y = mJ( 14+ v ><B1) (3.21)

Thus instead of calculating the exact distribution function f; from the complete
Vlasov equation, we calculate the perturbed distribution function f;; which

satisfies the linearized Vlasov equation in the study of small-amplitude waves.
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The linearized Vlasov equation is an approximation to the exact equation, but

is much easier to solve.

If we use
i;: =v ' (3.22)
dv 4 _ o
i m,-(v X Bo) = a (3.23)

where v and a are the velocity and the acceleration of the charged particle of

type j in the unperturbed field, then equva.'tion (3.21)“m$y be written as

dfn _ _ 4 B0 2
d —  m; (By+v xBy) ov (3:24)

Integrating (3.24) along the unperturbed trajectory in (r,v,t) space from t' =

—o0o to t! =1 gives

ot , , Ofjo(r', v
alervit) = - _wdt'[El(r',t)+v’xBl(r,t’)]-%J (3.25)

The choice of integral limits is valid for growing solutions, i.e. fj(r,v,t) — 0
as t — —o00.
In order to integrate Eq. (3.25), we assume that the wave fields are of the
form
E; = Eeikr'-vt) (3.26)
B, = Beitkr'-ut!) (3.27)
and use Maxwell equation (3.1) to obtain

— k X El — k X Eeu'(k‘r'-wt')
w w

B,

(3.28)

Thus (3.25) may be wtit@n as

.t wk — v ol v e
farv,ty= -2 [ 4B [1+ vk-v k]‘af’°(""’)e'<k"~w‘> (3.29)
m; J-oo w ov'

The integrand in (3.29) is evaluated along the unperturbed trajectory, r'(¢').

The end point of the trajectory is v’ = r at #/ = t. For the case considered
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(Eo = 0, Bo = Bo#), the trajectory is a helix, which is governed by the equation

of motion for the particle.

dv’
—_— = €jV' X wcji (3'30)
dt
where
= |12 3.31
“ m; (3.31)
and &; = q;/|q;|. The solution of (3.30) that reaches v/ = v at t/ =t is
U, = U008Wei T = €Uy 8inwe T
v, = €0usinwyT + vycosweT (3.32)
’U; = U

where T = t — t', Integrating these gives the unperturbed trajectory that ends

atr'=rast' =1

vy v
g = z— Tsinwyr + &—L(1 - cosw,;T)
Wej Wey
v vy
Yy = y—&—=(1 = coswe;T) — —Lsinw,T (3.33)
wcj wcj
2 = z—u,T.

In order to integrate (3.29), we also need to make assumptions about the
form of the unperturbed distribution function, Suppose a distribution function
[; is constructed from functions Cj(x, v, t) that are constants of the motion along

the trajectory of a particle, then we may have

0w =2 2 g0~ 0 (3.31)
and so the Vlasov equation is satisfied. Thus, any distribution that is a function
only of the constants of the motion of the individual particle trajectories is a
solution of the Vlasov equation. In the case considered, the constants of the

motion are the momentum mv, in the 2-direction and the energy mv? /2 =
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m(v2 + v2)/2 in the plane perpendicular to Bo. Thus any function

2 4 2
vy + v,

fio = fio(—5— ) Vz) (3.35)
is an equilibrium solution to the Vlasov equation in the presence of a uniform

magnetic field and we have the relation

v2 +v? v2 + v?
fio(=5=vh) = fio( 5+ v:) (3.36)

Hence it is quite reasonable to choose a Maxwellian across Bo and a shifted

Maxwellian along By as the unperturbed distribution function

v2 4 02
ij = ij( 2 y’vz)
1/2 2 2
m m m(vz + vy) m(vz - Vz)
= zp |- - 3.37
27Ty (Q’MCT”) exp [ kT &1 ( )

where T' denotes the temperature and || and L refer to along and across the
unperturbed magnetic field; & is the Boltzmann constant and V; is a drift velocity
in the z direction.

After completing the variable change from primied to unprimed coordinates,

(3.29) can be written in the form

4 ft dore . poo :
ety =~ [ty = —lere B [ g (3.38)

1 J-oo m;
It is interesting that r and ¢ can be taken out of the integral, and enter only
as the phase factor. We suppress this phase factor and can consider f;; as the
Fourier transform f;;(k,w,v). So the integral is now over the variable 7 with
limits from 0 to oo.

When calculations of f;; and its moments are completed, the current density
- and the mobility tensor, and hence the equivalent dielectric tensor can be calcu-
lated. However, the algebra for these calculat: s is horrendous and therefore we
miss out much of the algebraic detail to avoid being cluttered for our purposes,
and also excellent references exist already (for example, Stix, 1962; Swanson,

1989). We concentrate only on the essential features of calculations.
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3.3.2 Calculations for Mobility tensor M/ and Dielectric Tensor K

The current density J may be given in terms of the perturbed distribution

function f;
J = an‘qj / Vf,"lds‘v = anqj<vj) (3.39)
j 3

and we may define the mobility tensor M7 in dimensionless units for each type

of particle by the relation

(Vi) = / / / v frdvgdv, dv, = M;OE (3,40)

With choosing k, = 0, the components of M7 have been calculated (from Equa-
tion 9.8, page 188, Stix, 1962, and note that the subscript and superscript j
have been dropped and that ¢; = ¢;/|g;1),

webe kT, & n?

M., = Tngm‘;\‘fn[(@%]
Moy = 2L S - i),
Mo = S S e e, - ()
Me = L $ - i)
M, = -ﬁb‘—g’ﬂiw (%31n+2un—2u;) (0%]  (3.41)
M = L S bl - im0 - (),
M, = %ngw%’i’iln[(vﬁ)n]
M, = e:g* S iky(In — I1)[< 00 ]
wée 7::-00
M., = > Ln[n(v:®)n ~ (v, 9),]

k.

n:==0
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where
9 m \¥ (. ok} 1/2
o = (zi) (= () @-m
~[(w — k:V; + nwe)Ty — nwcT”]Fo} (3.42)
2 [ m 32 ( O, 1/2
—(w + nwe)[(w = k. V; + nw, )Ty — ,nwcT“]Fo} (3.43)
2w, m \** |, 21
@ = o (2@,,) {”"2 ( m ) (=T +T)
+{(w — k. Ve + nw, )Ty — (w + nwc)T“]Fo} (3.44)
2w, ™m 3/2 , 26T 172
(v:8)n = k2T, (QnT") {"’“z ( m )
[(~w —nw )Ty + (w+ k. V. + nw)Tj))]
+(w + nwe)[(w = k:V; + nw, )Ty — (w + nwc)T”]Fo} (3.45)
o [ m \(  [oxm\Y?
(1), = W (2&T||) {z,kz (—:;;—u> — (W= k. V, + nw,) Fy (3.46)
2 ( m \**(. (2kT\'? ;
oo = 5 (atg) ()
—-(w + nw Y (w — k. V, + nwc)Fo} (3.47)
Fo(ay) = ‘ | —al) + 2iS(ay) (3.48)
S(z) = exp(—2?) /0 exp(t?)dt (3.49)
_w=kV.+nw. [ m ‘1/2
o = SR () 50
. k2T,
w?m

2l"mpL . (3.51)
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pL = — (3.52)

VB =

L) = Zl'(n-{-l (/\) e (3.54)

In the above expressions, pr is the Larmor radius of gyration, v; is the transverse

thermal speed, and I, is the modified Bessel function of the first kind. We note

that we may have

ik, V. .
(B — (B)a = ~(0:0), - == (1) (.55)
Combining (3.40), (3.39) and (3.16) gives the equivalent dielectric tensor
=141 Z EJ:LMJ (3.56)
cf

where 1 is the unit dyad and w,; the plasma frequency for type j particle,

3.3.3 Dispersion Relation of Plasma Waves

The vector wave equation (3.15), when k; = 0, can take in matrix form

—ni+ Ky Kqy ngn, + Kzz E,
]{ya: _n?} - 712 + I(yy I{yz Eu - 00 (3057)
ngn; + K,z I\’zy ""nz- + I, E, ;

This is a linear homogeneous equation. The condition for a non-zero solution
is that the determinant of coefficients must vanish. This condition gives the

dispersion relation of plasma waves,

—n? + Kpp K,y ngn; + Kz
I(ym —-17,_,2,_. et ng + I(yy I"yz = 0 (3058)
ngny + Koz I{zy "‘n: + K,

3.3.4 Dispersion Relation of Electrostatic Waves

If the oscillating magnetic field of a wave is zero, the wave is called the electro-

static wave; otherwise it is the electromagnetic wave. For electrostatic waves,
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we have

OB
VxE=->-=0 (3.59)

and fience we may represent the electric field by a scalar potential
E = -V¢=—ik¢ - (3.60)

so that E is parallel to k and the electrostatic waves are longitudinal waves.

Taking the scalar product of n into Equation 3.15 from the left, we obtain
E
n-K-E=n~K-(n-7-l—)=O‘ (3.61)

which leads to the dispersion relation for electrostatic waves (with assumption
of E/n #0),
n-K-n=0 (3.62)

When we take V, = 0 in Equation (3.55), we may have M,, = M., and hence
K. = K., so that Equation ’(3.62‘) can be reduced to the form, with k, =0

B2 K g + 2kipk, Koy + k2K, = 0 (3.63)

Computing the necessary elements of the equivalent dieletric tensor needed

in (3.63) by Eqs. (3.56) and pu,_t,t_;ing them into (3.63), one finds

Rk 4SS ”JKT“ P 5 {

i n=-o0o
1/2 ‘
. L nWe; m, T”
t [a,u I (2~T“> le] Fo(a,”)} - (3.64)
where "
_wHnwg [ my :
i = —¢ (2"’TII) (3.65)

Equation (3.64) is similar to the formula given by Stix (9.103, p.225, 1962).
Eq. (3.64) is the complete electrostatic wave dispersion relation in a hot mag-

netoplasma.
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3.4 Sumriary

In this chapter, we have reviewed the basic tlieory of waves in the hot magneto-
plasma. The main equations, e.g., the Maxwell equations, the Vlasov equation
and the‘ wave equation were presented. After the linearized Vlasov equation
was solved by the method of characteristics, we calculated the mobility and
the equivalent dielectric tensors. Inserting the values of the equivalent dielec-
tric tensor into the wave equation, we obtained the dispersion relation of full
waves, anc the dispersion relation of electrostatic waves. Since the wave equa-
tion is too complicated to solve, discussions of the dispersion relations of waves,
“especially electrostatic waves, in explanations of the plasma resoaance phenom-
ena observed in topside sounding of the ionosphere are very important. The

theoretical work in this dissertation is based on these kinds of discussion.
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Chapter 4

Observations of the Proton Cyclotron Echoes on
Fixed-Frequency Ionograms

4,1 Introduction

Proton cyclotron echoes were first reported by Matuura and Nishizaki (1969) on
Alouette II satellite ionograms. They found that the echoes occur at a nearly
constant apparent range with respect to the swep"c“ frequency and the time de-
lay between the transmission of the sounder pulse and the reception of signal
at the satellite is equal to the proton cyclotron period at the satellite position,
deduced from the observed electron cyclotron frequency. ‘This phenomenon ap-
pears as a very thin, horizontal trace on the ionograms usually betwesn the
plasma frequency fy and the electron cyclotron frequency fu at the satellite
but sometimes below fu. The proton cyclotroﬁ eéhoes are observed at ali al-
titudes over the alti.t,ucl‘e range of the Alouetfe II satellite and more frequently
near the geomagnetic equator. Second, third and up to the fifth order multiple
echoes associated with the fundamental echo are often preseﬁt. |

Horita (1974) scaled Alouette 11, IS1S I and ISIS IIionograms for about
sixty satellite passes to gtudyr the characteristics of proton cyclotrox_i echoes and
spurs (the spur is another phenomenon related to the*prdi)to‘n cyclotron peliiod
first discovered on the Alouette I ionograrhs by King ;and Preece (1967)). He
confirmed the previous observations by Matuura and‘ Nishizaki that the proton

cyclotron echoes occur on the ionograms at frequencies below the electron plasma
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frequency fy and predominantly slightly above the electron cyclotron frequency
fr. He also found that the echoes were observed most often when nfy (n=1,
2, 3, 4) was approximately equal to one of the other characteristic frequencies,
that is: nfy =~ fn, nfy = f.S and nfy = fr, where fy, fn, fr and f.S are
the electron cyclotron, electron plasma, upper hybrid resonance frequencies and
the cut-off frequency of the Z-wave at the height of the satellite, respectively.

Improvements in the design of the VLF experiment aboard the ISIS 11 satel-
lite (Daniels, 1971; Jackson, 1986) made possible the detection of VLF signals
which were stimulated by the high-power pulses of the topside sounding trans-
mitter. Previous Alouette and ISIS satellites did not detect such signals because
the operation of their high-powered HF transmitters produced a reduction in the
gain of the VLF receivers (Florida, 1969). Palmer and Barrington (1973} de-
scribed and discussed VLF emissions observed by the ISIS II VLF recziver, that
were stimulated by the high-power pulses of the topside sounder. They had
observed a damped oscillation near the lower hybrid resonance frequency with
a superimposed pulse modulation separated by the proton cyclotron period, fol-
lowing a single sounder pulse. Ondoh et al. (1975) observed proton cyclotron
emissions and their higher harmonics by the VLF receiver on the ISIS II satel-
lite, which occurred at the same time as the proton cyclotron echoes on an ISIS
I1 swepf-frequency ionogram.

Horita (1987) examined over 1000 ionograms from Alouette IT and ISIS II
exhibiting proton cyclotron echoes and spurs, and made a classification system.
The major classification is echoes only, spurs only and spur-echo combinapions. :
The subclassification for echoes only includes a plus, }zero, ;or mki.nus sign to
indicate if the observed proton cyclotron period is greater than, equal to, or
less than the calculated proton cyclotron period in vicinity of the satellite from
the electron c¢yclotron resonance frequency. Also the letters U and D indicate

whether the echo trace curves up (to lower apparent ranges) or down (to higher
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apparent ranges) as it approaches a resonance spike from the high-frequency
side, indicated by HS, or the lower-frequency side, indicated by LS. One of the
interesting features is an absence of echo minus. |

Oya (1978) presented a theory for the generation mechanism of proton cy-
clotron echoes. The theory is based on the nonline'ar wave-particle interaction.
The RF pulse from the transmitter stimulates an electrostatic electron cyclotron
wave in the ambient plasma and, at the same time, produces a proton con-
centration surrounding the antenna. The electrostatic electron cyclotron wave
produces a fast electron stream in opposite directions with respect to the wave
propagation direction due to damping of the wave. The bunched protons in the
proton concentration area repeat their motions in the earth’s magnetic field with
the proton cyclotron period and produce a pseudo-wave of the electric field. The
interaction of the pseudo-wave with the clectron stream produces the observed
proton cyclotron echoes.

Oya's theory is consistent with the observation that the apparent range of the
echo is always greater than the theoretical apparent range, i.e., no echo minus.
However, it excludes observations of proton cyslotron echoes at high geomagnetic
latitudes. A proton cyclotron echo at a geomagnetic latitude of 59.7° N has been
already observed in apparent contradiction to the theory (Horita, 1987).

All of the above studies were done, based on ionograms from sw.ep..t-ffequen‘cy
observations. In the swept-frequency observations the sounding frequency is
gradually increased so that each pulse is slightly higher in frequency than the
preceding pulse. The jonograms produced by these observations show the delay
of the received signals as a function of frequency under nearly constant plasma
conditions, However, there is another type of observation, the fixed-frequency
observations. The fixed-frequency observations use only a few fixed frequenci‘es |
and process the data from each one separately. The ionograms produced by

these observations show the delay as a function of the varying plasma conditions
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encountered by the satellite. Such ionograms are useful in studying the fine
structure of the resonances. The fixed-frequency observations have been used
on the satellites Explorer XX, ISIS I and ISIS II. The ISIS 1 and II satellites
have the capability to combine the advantages of the fixed-frequency mode used
by Explorer XX with the swept-frequency mode used by Alouette I and II,
This chapter will present the proton cyclotron echoes on the fixed-frequency
observations obtained from ISIS I. The ionograms were recorded at the ground
station in Ouagadougou, Upper Volta (ODG, 12.7°S, 1.2°W), The fixed-frequency
jonograms provide some information for proton cyclotron echoes not available

on the swept-frequency observations.

4.2 Observations

Figure 4.1 is a combined fixed-frequency (left portion) and swept-frequency
(right portion) ionogram observed with the ISIS I satellite. TSIS I operated
at six fixed frequencies: 0.25, 0.48, 1.00, 1.95, 4.00 and 9.303 MHz in the fixed-
frequency mode and at a frequency range from 0.1 to 20 MHz in the swept-
frequency mode. A continuum of frequency between 0.1 and 20 MHz was sam-
pled once every 19 or 29 sec, and one of six selected frequencies was used for a
period of 3 to 5 sec during this 19- or 29-sec period.

An ionogram consists of closely spaced lines the darkness of which corre-
sponds to the received signal strength. The distance downward from the top of
the diagram indicates the time delay of the received signal after the transmission
of each sounding pulse or the apparent range of the reflection point of the pulse.
The lines for subsequent pulses are placed side-by-side in ionogram. The hori-
zontal axis for the swept-frequency mode is the sounding frequency, increasing
to the right; however, the horizontal axis for the fixed-frequency mode becomes

the time of the sounding or, equivalently, the geographic position of the satellite.
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Figure 4.1 was taken on February 13, 1969 at 0817:55 UT when the satellite
was located at 11.5° N and 22.4°F geographic coordinates, and at an altitude
2853 km. The dip angle was 8°. The sounder operated at 0,25 MHz during the
fixed frequency portion of the ionogram.

The swept-frequency portion of the ionogram, beginning at 0,1 MHz to the
right, shows the resonances at the electron cyclotron frequency fy and its har-
monics n fHk (n > 1, integer), the plasma frequency fn, the upper hybrid fre-
quency fr, and the diffuse resonance fp, which occurs below fr and between

nfu with n 2 1. These resonances have been studied by many authors (e.g.,

Muldrew, 1972b; Benson, 1977). Oya (1970) introduced the noiation fp, for a
sequence of diffuse resonances. The fp, resonances include fp resonance and
fp1 corresponds to fp. The swept-frequency portion also shows the cutoffs f,§
for Z-wave, f;S for X-wave and f,S = fy for O-wave, where S signifies vhe
satellite height. The cutoffs are the lowest frequencies for which waves of a
particular mode (Z, O, and X) can propagate and the refractive index for that
mode is zero at the cutoffs.

The proton cyclotron echo occurs on the fixed frequency portion of the iono-
gram as a horizontal trace at about 973 km apparent range. It occurs at constant
apparent range ¢n the fixed-frequency mode but its intensity appears to be mod-
ulated. The constant apparent range corresponds to the proton cyclotron period
at the satellite position, which may be deduced from the observed electron cy-
clotron frequency on the swept-frequency mode. Since the sounding frequency
is fixed, a proton cyclotron echo is observed as the sounder passes through a
region where the plasma parameters are appropriate. Thus it may be under
observation for a long time. The proton cyclotron echo in this example occurs
during the whole fixed-frequency observation period (about 5 sec)., The proton
cyclotron echo also occurs on the swept-frequenéy portion of the ionogram at

about 965 km apparent range between the resonances fy and fp as a short
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trace due to the change of the sounding frequency. The echo shows some cur-
vature (Horita, 1987). This kind of proton cyclotron echoes has been observed
and studied previously. We note that the proton cyclotron echo on the swept-
frequency mode occurs at a frequency range between 0.34 and 0.39 MHz which
is above the selected fixed frequency 0.25 MHz.

Figure 4.2 shows another combined fixed-frequency and swept-frequency
ionogram, showing the proton cyclotron echo on the fixed-frequency observa-
tion. This ionogram was taken on February 19, 1969 at 0743:28 UT when the
satellite was located at 13.0°N and 24.5°F geographic coordinates, and at an
altitude of 2515 km. The dip angle was 10°, The sounder was operated at 0,25
M1z during the fixed {requency portion of the ionogram.

This figure is similar to Figure 4.1. However, the proton cyclotron echoes on
both modes of the ionogram occur at a constant apparent range of about 838
km. The proton cyclotron echo on the swept-frequency portion of the ionogram
is observed at the RF range between 0.1 and 0.47 MHz and no curvature occurs
for it. A second multiple is observed at the RF range between 0.39 and 0.47
MHz.

A Dbasic feature shown by the above two combined ionograms is that the
proton cyclotron echoes on the fixed-frequency mode occur at the constant ap-
parent ranges. The constant apparent range indicates that plasma parameters
encountered by the satellite, such as magnetic field, electron and ion densities,
electron and ion temperatures are smooth and nearly constant. ‘

Figire 4.3 was taken on February 10, 1969 at 1138:05 UT when the satellite
was located at 9.8°S and 25.1°W geographic coordinates, and at an altitiide
3376 km. The dip angle was —10°.

The apparent range on the fixed-frequency mode in this figure is subject to
a smooth change. The apparent range increases from 1344 km at the beginning

of the observation to 1389 km and then decreases to 1372 km at the end of the
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fixed-frequency mode observation. Figure 4.4 shows a similar case, However,
the apparent range increases from 1315 km to 136% km and stays there till the
end of the fixed-frequency mode observation. This ionogram was obtained 30
sec later from the former. The proton cyclotron echoes on the swept-frequency
mode in both figures occur at a RF range very close to but above the selected
fixed-frequency (0.25 MHz). The echoes show curvatures.

Matuura and Nishizaki (1969) had pointed out in their paper first report-
ing observation of the proton cyclotron echoes that second, third and higher
order multiple echoes were often associated with the fundamental echo. This
statement is also true for the fixed-frequency mode observation.

Figure 4.5 was taken on February 10, 1969 at 1135:38 UT when the satellite
was located at 14.8°S and 24.4°W geographic coordinates, and at an altitude
3438 km. The dip angle was 17°. This ionogram shows that vhe fundamental
proton cyclotron echo and its second multiple echo occurs on the fixed-frequency
mode. Both appéfent ranges are subject to the changes. However, this time
they first decrease, arrive at their minimum values and then increase. Similar
features are also shown in Figure 4.6. The ionogram in Figure 4.6 was taken on
February 9, 1969 at 1203:08 UT when the satellite was located at 14.0°S and
30.4°W geographic coordinates, and at an altitude of 3449 km. The dip angle

was —14°,

4.3 Summary

The combined fixed-frequency and swept-frequency ioriograms obtained from
ISIS I at the ground station Ouagadougou (ODG), Upper Volta, have been ex-
amined. The proton cyclotron echoes on the fixed-frequency mode have been
observed. In addition to the features, such as constant apparent range and

higher order multiple echoes, which occur on the swept-frequency observations
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and are also observed on the fixed-frequency observations, some new features
are obtained. For instance, under certain conditions the apparent range doesn’t
remain constant and the proton cyclotron echo would be subject to modulation
in intensity. All the above observations occur at low dip angles (< 17° from
 geomagnetic equator). This information will give some insight into the gen-
eration mechanism of the proton cyclotron echo. More discussions about the
proton cyclotron echoes on the combined fixed-frequency and swept-frequency
ionograms will be given in the next chapter, where we will deal with effects

on proton cyclotron echoes of antenna orientation with respect to the earth’s

magnetic field.
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Chapter 5

Effects on Proton Cyclotron Echoes of Antenna
Orientation with Respect to the Earth’s Magnetic Field

5.1 Introduction

Lockwood (1965) studied the antenna dependence of electron cyclotron reso-
nances in the ionosphere by using the swept-frequency ionograms and mag-
netometer data obtained by the topside sounder satellite, Alouette I, and the
celestial coordinate data of the Alouette I spin vector. He found that the ».umber
of electron cyclotron resonance spikes occurring on an ionogram is a maximum
when the sounding antenna is parallel to the earth’s magnetic field. Calvert
et al. (Calvert, Knecht and VanZandt, 1964, Calvert and VanZandt, 1966;
Calvert and McAfee, 1969) found that on the fixed-frequency ionograms of the
topside sounder aboard Explorer XX the harmonics of the electron cyclotron
resonances were modulated both in intensity and fringe pattern by the satellite
spi.ﬁ. Two patterns were observed: one occurs when the antenna is parallel to
the earth’s magnetic field and does not exhibit fringes while the other occurs
when the antenna is peifpépdicular to the earth’s magnetic field and has modu-
lated fringes. Stronger resonances and higher harmonics are observed wi, .n the
antenita and the éarth’s magnetic field are aligned." The fundamental cyclotron
resonance is not observed by Explorer XX because the sounding frequencies are
too high. However Muldrew (1972b) presented a fringe pattern of fy which
occurred on an ISIS I jonogram, which was modulated by antenna orientation.

The antenna orientation effect on plasma frequency resonances has been
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discussed by several authors (Calvert and VanZandt, 1966; Calvert and McAfee,
1969; Muldrew, 1972b; Fleury and Petit, 1974) in terms of the fixed-frequency
ionograms recorded by Explorer XX, Calvert and VanZandt (1966), and Calvert
and McAfee (1969) observed that the plasma frequency resonance consisted of
two parts: a strong continuous signal lasting 3 to 4 ms and narrow columns of
fringes. The antenna orientation has little effect on the first part, however, when
the antenna was closely perpendicular to the earth’s magnetic field, the second
part occurs and has a narrow gap of intensity minimum in its middle. Muldrew
(1972b) reported that nulls (gaps) occurred in the plasma frequency resonances
on ISIS I fixed-frequency ionograms if the angle between the antenna and the
earth’s megnetic field was 90°. He gave a straightforward interpretation based
on the oblique echo theory (McAfee, 1968; 1969a). The electric field of the wave
responsible for the plasma frequency resonance is parallel to the earth’s magnetic
field. When the antenna is perpendicular to the earth’s magnetic field, no electric
field can be observed and, therefore, a null is to be expected. However Muldrew
did not give an explanation for the signal of large duration on both sides of 90°,
Fleury and Petit (1974) presented an ionogfarh recorded by the ISiS I satellite
on March 5, 1970 at 1620. The fixed fi‘equehcy record shows that the plasma
frequency resonance signals strongly depend on the antenna orientation with
respect to the earth’s magnetic field. The angle between the earth’s magnetic
field and the long dipole antenna (which is used to record the fixed frequency
ionogram) is deduced from the magnetometer da&a. 'The antenra orientation
effects of the plasma frequency resonances have the following features: (1) when
the antenna is nearly perpendicular to the earth’s magnetic field, the duration
of the resonance is a maximum and modulation fringes appears; (2) a very
sharp minimum (null) in resonance intensity occurs in the middle of the the
modulation fringe pattern; (3) the null does not lappear exactly when 6 = 90°,

but does appear when 0 is close to 90°; (4) when the antenna is far from being
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perpendicular to the earth’s magnetic field, the modulation fringes disappear and
the duration of the resonance shortens. Fleury and Petit gave a explanation of
these features by considering the finite size of the antenna and its orientation to
the earth’s magnetic field.

The antenna orientation effects on the upper hybrid [requency and its second

"harmonic resonances were also studied (Calvert and VanZandt, 1966; Calvert,
1969; Calvert and McAfee, 1969). The upper hybrid frequency resonance is
strongest when the antenna is perpendicular to the earth’s magnetic field. The
period of its modulation fringe is around 1 ms and decreases slightly during the
decay. This period is somewhat greater when the antenna is more nearly parallel
to the earth’s magnatic field or when the resonance frequency is closer to 2fy.
2fr resonance follows the fr resonance in intensity, but it does not exhibit a
fringe pattern.

It has been long-cherished to study the anfenna orientation effects on proton
cyclotron echoes with respect to the earth’s magnetic field (Horita, 1987). This
study can give some insight into the physics of the proton cyclotron echoes. It
is helpful to study mechanisms of its generation. The purpose of this chapter is

to investigate this problem.

5.2 Electromagnetic Wave in the Ionosphere

The propagation of electromagnetic waves in the ionosphere is described by a
dispersion equation known as the Appleton-Hartree formula, which may written

as follows (see, for example, Holt and Haskell, 1965; Budden, 1988)

2 _q_ . X(1-X)
n‘=1- P Ty TIPS I (5.1)
1 =X = 3Y%in20 % [[Y15in10 4 Y2c0s20(1 — X)?)2
where ,
wh
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Yy = YH
w
. N¢e?
why = —
meo
eB
wy = —
m

O = the angle between the sarth’s magnetic field and the direction of
propagation

wy = the angular plasma frequency

wy = the electron angular cyclotron frequency

w = the angular frequency of the electromagnetic wave

e = the electron charge

m = the electron mass

N = the electron number density

€0 = the electric permittivity of free space

B = the magnetic induction of the earth’s field

n = the refractive index of the ionospheric plasma

and collisions and ion motion are neglected; and a cold ionospheric plasma (i.e.
the electron temperature T, = 0) is assumed. Equation (5.1) shows that the
refractive index depends upon the density of plasma, the frequency of the elec-
tromagnetic wave, and the magnitude and the direction ¢f the earth’s magnetic
field. The electromagnetic wave in the ionosphere has two modes when the
earth’s magnetic field cannot be neglected. Each of the two electromagnetic
wave modes may propagate in any direction with respect to the earth’s mag-
netic field. Equation (5.1) for the general case is too complex and we, instead,
consider the special case © = 0 or © = 7/2 (principal solutions).

When O = 0, equation (5.1) reduces to two solutions:

X ,
nh =1~ Ty (5.2)
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X
1+Y

These two principal waves propagate parallel to the earth’s magnetic field and

n} =1 (5.3)

are circularly polarized with respect to the earth’s magnetic field. Their electric
fields rotate in opposite directions, and are, therefore, called the right-handed
(R) and left-handed (L) waves respectively. The direction of rotation of the
electric field for the R~wave corresponds to the direction of rotation of electrons,
while the direction of rotation of the electric field for L-wave corresponds to the
direction of rotation of protons.

When © = 7/2, equation (5.1) again reduces to two solutions:

nd=1-X (5.4)
. X(1—-X
né; =] - -1-:}{ — }22 (5.5)

"These two principal waves propagate perpendicular to the earth’s magnetic field.
The first wave is linearly polarized along the earth’s magnetic field direction, but
is independent of the i gnitude of the earth’s magnetic field. This wave is called
the ordinary (O) wave. The second wave has its electric field vector elliptically
rotating in the plane perpendicula: 4o the earth’s magnetic field and is called
the extraordinary (X) wave. The X-wave is both longitudinal and transverse
wave, while other three are pure transverse waves,

The above discussion is summarized in Fig. 5.1. Fig. 5.1 illustrates the po-
larization of the four principal waves for propagation along the earth’s magneiic
field (O = 0) and for propagation perpendiculdr to the earth’s magnetic field
(© = r/2). When © =0, the two principal waves are circularly polarized; one
wavye (R-wave) rotate; in the direction of the orbiting electron and exhibits elec-
tron cyclotron resonance. When © = 7/2, there are again two waves; one has
its clectric field vector parallel to the earth’s magnetic field and is unaffected by

its presence and the other is elliptically polarized in the plane perpendicular to
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Figure 5.1: Polarization of the four principal waves that propagate parallel and
perpendicular to the earth’s magnetic field B; E is the electric field vector of
the electromagnetic wave; k is the propagation vector; e is the electron charge
and stands for an electron,
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the earth’s magnetic field.

We have discussed high frequency electromagnetic waves (ignoring ion mo-
tion) traveling in the ionosphere. Only principal waves traveling along or across
the earth’s magnetic field (R-wave and L-wave or O-wave and X-wave) were
discussed. When waves propagate at any angle to the earth’s magnetic field,
there will be two modes for any angle of propagation, and their properties will

be some combinations of the Q-, X-, R- and L-waves.

5.3 Observations

As an International Topside Scunder Program — Alouette-ISIS Program, swept-
frequency topside sounders were aboard the Canadian-built satellites: Alouette
I (launched September 29, 1962) and Alouette IT (launched November 29, 1965),
and a fixed-frequency sounder was aboard a US-built satellite Explorer XX
(launched August 25, 1964). These were followed by a combination of swept- and
fixed-frequency sounder techniques which were aboard two Canadian-built satel-
lites: ISIS I (launched January 30, 1969) and ISIS II (launched April 1, 1971).
Proton cyclotron echoes were first observed on swept-frequency ionograms from
the Alouette II satellite. The proton cyclotron echoes occur on the jonograms
at nearly constant apparent ranges which correspbnd to the proton cyclotron
period at the satellite position, Nearly all subsequent studies of the echoes have
been based on the swept-frequency jonograms obtained from Alouette II, ISIS
I or 1I satellites. The swept-frequency sounder provides soundings which are
practically continuous in a band of frequencies at a series of discrete locations
while the fixed-frequency sounder sounds continuously in space at a series of
discrete frequencies. Thus the ionograms produced by swept-frequency observa-
tions show the delay of received signals as a function of frequency under nearly

constant plasma conditions while the jonograms produced by fixed-frequency
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observations show the delay as a function of the varying plasma conditions en-
countered by the satellite under a fixed frequency. Proton cyclotron echoes are
also present on the fixed-frequency ionograms obtained from the ISIS I or ISIS
IT satellites, Since the sounding frequencies of the fixed-frequency ionograms are
fixed, a proton cyclotron echo can be observed continuously over a tit..2 interval
sufficient to determine the effect of the antenna orientation as the satellite spins.
‘This chapter is devoted to the study of this problem by using the combined fixed-
and swept-frequency ionograms recorded by ISIS I or II satellites.

Some experimental and orbital data of ISIS I and II are listed in Table 5.1.

Some orbital parameters of the satellites are defined in Figure 5.2. ISIS 1I is

| Data ISIS 1 ISIS 11 l
Swept frequency 0.1 MHz to 20 MHz 0.1 MHz to 20 MHz
Transmitter power 400 W 400 W
Pulse repetition rate 30/sec 45/sec
Pulse width 100 ps 100 ps
Fixed frequency 0.25, 0.48, 1.0, 1.95, 0.12, 0.48, 1.0, 1.95,

4,0, and 9.303 MHz 4.0, and 9.303 Mz
Antennas (crossed dipoles) 73 and 18.7 meters 73 and 18,7 meters

Antenna crossover frequency 5 MHz 5MHz
Inclination 88.42° 88.16¢
Perigee 578 km 1356 km
Apogee 3526 km 1423 km
Orbit period 128.42 min 113.55 min

Table 5.1: Some Experimental and Orbital Data of Two ISIS Satellites

the fourth and final satellite launched in the Alouette-ISIS series. Its spin axis
was designed to be kept in the orbital plane (orbit-aligned) or orthogonal to
the orbital plane (cartwheel). The spin rate varies between about. 2.5 and 3.5
rpm and can be changed by about 0.1 - 0.15 rpm/orbit. For the orbit-aligned
configuration the attitude can be changed by about 2.0° ~ 2.5° forbit and in the
cartwheel configuration, by about 0.5°/orbit, Tile tip of the spin axis vector

lies on the celestial sphere. Its position is described by the celestial coordinate
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Figure 5.2: Satellite orbital parameters.
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system (right ascension and declination or codeclination). The spin axis attitude
of ISIS IT in 1972 is given in Figure 5.3.

Figures 5.4, 5.5 and 5.6 are a set of ISIS II ionograms with the swept-
frequency portion at the right and the fixed-frequency portion (0.12 MHz) at the
left. The data were collected at the ground telemetry station in Santiago (SN'T,
33.1°S, 70.7°W). These ionograms provide a great deal of information. We can
see from them that the proton cyclotron echoes occur on the fixed-frequency
portion and their intensity is subjected to modulation. On the swept-frequency
portion the various plasma resonances are observed at the plasma frequency fy,
at the electron cyclotron frequency fy and its harmonics 2fy, 3fy, 4fy and
5fH, at the upper hybrid frequency fr and its harmonic 2fy. Those labeled O,
X are the echoes for vertical reflection of the usual electromagnetic waves by
the underlying ionosphere (see 5.2). Their fade-outs occur when the sounding
antenna is in a certain orientation. _

Figure 5.7 shows another ISIS II ionogram recorded at the Santiago ground
station. The fixed-frequency section of the ionogram excellently shows the echo
and their harmonics. The first echo, the second echo, the third echo and the
fourth echo are observed. They are all strongly subjected to modulation in inten-
sity by the antenna orientation. On the swept-frequency section in addition to
the plasma resonances we can see the harmonics of electron cyclotron resonance
up to 11 fy and the diffuse resonance fp. The first spur and the second spur
occur on the side of the low frequency of the fy resonance, Only the ordinary-
wave trace and its fade-out are present, while the extraordinary-wave is absent,.
A so called spread echo occurs on the ordinary-wave trace between 1.5 and 2.5
MHz. It was explained in terms of backscatter from a low-latitude field-aligned
irregularity (Lockwood and Petrie 1963; Muldrew, 1969). The Z-wave trace and
its cutoff frequency f,S is ohserved. We also observed the proton cyclotron

echo, and its second and third harmonics which occurred between fy and fp
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Figure 5.6: ISIS 1I combined swept-frequency and fixed-frequency ionogram illustrating modulation of the pro-
ton cyclotron echoes in intensity by antenna orientation. The ionogram was recorded at 0310/28 UT on May

31, 1972,
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resonances on the swept-frequency section.

In this Chapter we will only concentrate our discussion on the modulation
of the proton cycleétron echo in intensity by the antepna. In order to do so we
must locate the position of the satellite and the orientation of the antenna in
certain coordinate systems and at a certain time. Thus we will introduce the

coordinate systems which will be employed.

5.4 Coordinate Systems

We will mainly employ three coordinate systems in our discussion. They in-
clude the terrestrial coordinate system, the celestial coordinate system and the

geomagnetic coordinate system.

5.4.1 Terrestrial Coordinate System

The terrestrial coordin,zite system is based upon the earth’s rotation, and there-
fore, upon the positions of its north and south poles and the position of its
équator. In this system the latitude of a point is its distance in degrees north or
south from the equator; its value ranges from 0° at the equator to 90° at either
pole. The polés are distinguished by ‘the letter N or S for north or south re-
spectively, The longitude of the point is measured in degrees east or west, along
the equator, to the meridian containing the point from a reference meridian,
which is chosen as that which passes through Greenwich in England. This coor-
dinate system is also called the geographical coordinate system or the geodetic

coordinale system,

 5,4.2 Celestial Coordinate Systemi

“The celestial coordinate system is quite similar to the terrestrial coordinate sys-

tem. The north and south celestial poles are found by extending the rotational
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axis of the earth io the celestial sphere. The celestial equater, by definition, is
a great circle 90° away from either celestial pole, and 11eface it is in the plane
of the earth’s equator. In the celestial coordinate system directly analogous
to the terrestrial latitude is the coordinate declination (DEC), Declination is
measured in legrees north (+) or south (=) from the celestial equator to the
north celestial pole or the south celestial pole along a meridian., The coordinate
corresponding to terrestrial longitude is cailed the right ascension (R.A.). The
reference ("zero , meridian of the right ascension is an arc of a great circle on the
celestial sphere that passes through the celestial poles and the vernal equinox
(V.E.). The right ascepsion of an object is thus the angular distance measured
from the V.E. along the celestial equator eastward to the great circle passing
‘through the celestial poles and the object. The celestial coordinate system is

sometimes called the equatorial coordinate system.

5.4.3 Geomagnetic Coordinate System

The magnetic field of the earth is approximated by a uniformly magnetized
sphere, which is equivalent to the field of a central magnetic dipole aligned par-
allel to the axis of magnetization. The points at which the extension of the
axis of the central magnetic dipole intersects the earth’s surface are called the
geomagnetic pcles. The north geomagnetic pole (actually the south pole of
the magnetic dipole, since it attracts the north pole of a compass needle) is in
northwestern Greenland at about 78.5°N, 69.1°W in the geographic coordinate
system and the south geomagnetic pole is at akout 78.5°S, 110.9°E in Antarctica
at the present ti%ne. The axis of the magnetic dipole is inclined to the rotation
axis by 11.5°. The geomagnetic coordinate system is based on thewgeomag—
netic poles which are defined as £90° geomagnetic latitude; plus is geomagnetic

north. A geomagnetic écjijator is defined as a great circie located 90° away from
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either pole in geomagnetic latitude and hence its geomagnetic latitude is zero.
The prime geomagnetic meridian is the Greenwich half of the great circle that
passes through both geomagnetic and geog‘raphic poles; it lies along a geographic
meridian at about 70°W over most of its length., Geomagnetic longitude is mea-
sured eastward from the prime geomagnetic meridian. The geomagnetic poles
are different from the magnetic poles (or magnetic dip poles) (approximately .
73°N, 100°W and 68°S, 143°E in the geographic coordinate system at present
time) where the magnetic dip angle becomes 90° (the horizontal component of
the magnetic field of the earth is zero). The magnetic equator (or the magnetic
dip equator) is the locus of points where the magnetic field is parallel to the

earth’s surface (the dip angle is equal to zero).

5.5 Analysis

Partial orbital data of the ISIS 11 satellite for May 3. , 1972 from the World Map

is given in Table 5.2 on page 86, where

GMT—Greenwich mean time, or Universal time (UT) in HHMMSS
LAST—Local apparent solar time in HHMMSS
GDLAT—Geodetic latitude in Degrees |
GDLONG—Geodetic longitude in Degrees

., HGT‘—-«Height above the geoid in Kilometers
GMLAT—Geomagnetic latitude in Degrees
GMLONGQGeomagnetic longitude in Degrees
DIP—Angle of dip of earth’s magnetic field in Degrees.

Let us take a look at Figure 5.4, We can see that the fade-outs of the O-wave
and X-wave start at 0310:12.3 UT on May 31, 1972, but we do not know when
they end since the antenna crossover frequency is 5 MHz (see Table 5.1). The

long antenna (73 meters) was used for the band 0.1 to 5 MHz, while the short
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antenra (18,7 meters) was used from 5§ MHz upward. The two dipoles were per-
pendicular to the spin axis of the satellite and to each other. If we take 0310:13,1
UT as the center time of the fade-outs, we can derive from Table 5.2 the geode-
tic coordinates (—10.40°, ~71,38°), the geomagnetic coordinates (1.29°, -2.35°)
and the dip angle (4°). Ther=fore the satellite was very close to the magnetic
dip equator and the geodetic equator during the fade-outs of the O-wave and X-
wave. The geomagnetic poles are approximately at 78.5°N, 69,1°W and 78.5°S,
110.9°E in the gecdetic coordinates at the present time. Tka uxis of the dipole
is inclined to the rotation axis by 11,5°, However, for the sake of convenience in
our discussion, we ignore the abovz difference. Also we can see from Table 5.2
that the ISIS II satellite was moving from south to north along :“"geodet‘ic lon-
gitude about 71°W. The spin axis of ISIS II was designed to be kept in the
orbital plane {orbit-aligned) or at right angles to the orbital plane (cartwheel)
(Daniels, 1971; Burrows, Cogger and James, 1981). For the orbit-aligned con-
figuration the attitude can be changed by 2.0° - 2.5° /orbit and in the cartwheel
configuration, by about 0.5°/ctbit. From Figure 5.3 we know that the spin axis
was in the cartwheel configuration during this time and hence was perpendicu-
lar to the orbital plane. Since the orbit of the satellite is approximately in the
south-north direction (the satellite moving from south to north), the spin axis
of the satellite is approximately in the west-east direction. In what follows we
discuss this more accurately.

The sun moves along the ecliptic inclined at an angle of 23:5° to the cclestial
equator (Figure 5.8). The sun orosses the celestial equator from south to north
at the vernal equinox (T each yea?»’r about March 21, The position of the sun on
May 31, 1972 was C. We make the meridian through NCP, C ard SCP', crogsing
the ’ce‘l’estial_ equator at A, Consider the spherical trianglé ABC with the éidcs
a, b and ¢. The spherical angles BAC, CBA and ACB are denotd simply by A,
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ISIS I

Celestial l T c Sc

Equator

Ecliptic \

March 21

Figure 5.8: The positions of the sun and ISIS II satellite on the celestial sphere
on May 31, 1972 0309/43 UT and the orientation of the spin axis of the satellite.
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B and C respectively. Since

B = 23.5°
A=90°
_ Tldays

o __ o
4= Soadays © 360° = 69.8°,

we have from the sine-formula and the cosine-formula that

b W oo
sinA
cosn = cost 0.3904
cosb
and
¢ = 67.0°%

Thus the declination (DEC) and the right ascension (R.A.) of the sun on May
31, 1972 are 27.8° and 67.0° respectively. |
From Table 5.2 we can get that LAST is —222654 at (¢309/43 UT and hence
we gel the hour angle between the satellite and the sun, which is 102654 (or
156.7°), i.e. LAOD = 156.7°. The latitude of the satellite is 12.0°S. the
position of the satellite is determined (shown in Figure 5.8). |
From Figure 5.3 t‘he right ascension and the declination of the spin axis of
the satellite is about 315° and 0° respectively. So LBQE = 45° aid hence
LDOFE = 360° — LBOE — LAOB = LAOD = 91.3°. The same procedure is
employed for tigure 5.5 (0308/58 UT) and Figure 5.6 (0310/28 UT), We get
LAOD = 91.4° and 91.2° respectively. The spin axis is parallel to the celestial
equator plane. Therefore we conclude that the orientation of the spin axis wag
in the west - east direction and parallel to the horizontal plane of the earth in
about 1.3° differences, with tending downwards to the east, Since Antennasg are
pérpendicular to the spin axis, antennas are in the vertical plane containing the

north-south direction (if 1.3° differences are ignored).
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The antenna system contains a passive electrical crossover network located
between thé transmitter-receiver systemn and two orthogonal antennas. Below
the crossover frequency of 5 MHz the long ante.na is used, while above 5 MHz
the short antenm; is used. We discuss observavions below the frequency of 5
MHz and hence we consider the orientation of the long antenna with respect
to the earth’s magnetic field. Sirce the direction of geomagnetic field is in'the
south - north dirzction, the angle bétween each antenna and the geomagnetic
field changes between 9° and 90° twice per each rotation. The spin period of
ISIS I varies between about 17 and 24 seconds. at the time the observation was
made the spin period was 18 seconds.

~ ¥rom previous discussions (see 5.2) we know when the long antenna points
&yclhﬁifnwardj (i.e. when the iong antenna is perpendicular to the earth’s magnetic
field), the O-wave and the X-wave should fade out. In our case whien the O-wave
trace or X-wave trace fades out, the long antenna must point downward and is
perpendicular to the earth’s magnetic field. The angle between the long antenna
and tl,ym earth’s magnetic field is 90°. Since the dipole antenna is symmetric
- with respect to the spin axis, one-fourth period (4.5 second) later after the long
untenna points downward it becomes parallel to the earth’s magnetic field and
the angle between them becomes zero, then one-fourth period later the long
antenna point downward again, and so on. The values of the angle between the
long antenna and the earth’s magnetic field, deduced from such a way, is plotted
along the tops of ionograms in Figures 5.4, 5.5, 5.6, 5.7, 5.10 and 5.11.

From Figures 5.4, 5.5 and 5.6 we can see that the intensity of the proton
cyclotron echo obviously depends upon the angle between the earth’s magnetic
and the long dipole antenna, sihce the proton cyclotron echo is observed only
‘when the angle is near the zero value. Thus the proton cyclot_;,r,én echo appears

only when the dipole is nearly parallel to the earth’s magnetic field.
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Figure 5.7 is a very good example of the proton cyclotron echo}eé. The
jonogram was taken on May 31, 1972 at 1536/‘16 UT when the ISIS II satellite
was located ut 13.0°S, 77.7°W geographic coordinates and 1368 km wliitude,
The dip angle was 1°. The satellite was moving sduthward near the celestial
equator plane. The positions of the sun and the ISIS II satellite on the celestial
sphere on May 31, 1972 1536/16 UT and the orientation of the spin axis of the
satellite are shown in Figure 5.9. Since this ionogram was obtained on the same
day as previous 3 ionograms (Figures 5.4, 5.5 and 5.6), the declination (DEC)
and the right ascension (R.A.) are the same (27.8° and 67,0° respectively). From
Table 5.2 we get that LAST is 102741 at 1536/16 UT. Thus the hour angle
between the satellite and sun 1s 013219 (or 23.1°), i.e. LAOD = 23.1°. The
right ascension. and the declination of the spin axis of the satellite are 315°
and 0° respectively (see above). Hence LDOE = (BOE + LAOB — LAOD =
88.9°. T'he conclusion is the the orientation of the spin axis was in the west-
east direction and parallel to the horizontal plane of in 1.1¢ differences, with
tending downwards to the west. The antenna was turning in the vertical plane
containing the north - south direction with the spin period of the satellite (1.1°

‘differences are ignored).
| Figure 5.7 shows clearly that the fundamental proton cyclotron echo and
its harmonics in intensity as well as the number of higher order hairmonics are
_nodulated by the antenna. When the sounding anter.na is parallel to the carth’s
magnetic field, the fundamental proton cyclotron eého and its harmcnics are
strongest and the number of higher order harmonics observed is a maximum;
when the sounding antenna is perpendicular to the earth’s magnetic field, the

fundamental proton cyclotron echo and its harmonics are not observed.
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Celestial
Equator

Ecliptic,

Figure 5.9: The positions of the sun and the ISIS II satellite on the celestjal
sphere on May 31, 1972 1o36/16 UT and the orientation of the spin axis of the
satellite, : «
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5.6 Summary

The occurrence of proton cyclotron echoes and their harmonics in the ionosphere
has been observed by the topside-sounder satellites: Alouette 11, ISIS I and ISIS
1I (Matuura and Nishizaki, 1969; Horita, 1974 and 1987; Bensth, 1975; Ondoh
et al., 1975; Oya, 1978; Chen and Horita, 1991), These studies are based on
the swept-frequency ionograms frorm the satellites mentioned above, The swept-
frequency sounder provides soundings with a gradually increased frequency so
that each pulse is slightly higher in frequency than the px‘eceding vulge. The
proton cyclotron echoes usually appear in a particular frequency range (Horits
1974 and 1987; Oya, 1978). It is not possible to study on only sweptwﬁ'e‘quenc‘y"”
ionograms the effects on the proton cyclotron eclioes of antenna orientation with
respect to the earth’s magnetic field. Proton cyclotron echoes aze also present
on the fixed-frequency ionograms from 17" T ard ISIS I (see Chapter 4). The
fixed-frequency sounder sounds in space at its six discrete frequencies. The data

| corresponding to each of the six frequencies are separated and six ionograms are
generated. The ionograms produced by fixed-frequency observations show the
delay as a function of varying plasma conditions encountered by the satellite.
When the plasma parameters in a region are appropriate, the proton cyclotron
echo may be under observation for a-t§1ne interval long compared to several spin
periods of the satellite, The modulation of the proton cyclotron echo intensity
by the spin of the satellite has been observed (see Chapter 4). In this Chapter e
have studied the antenna orientation effects of the proton cyclotron echoes to the
earth’s magnetic field in detail by using the combiration of the fixed-frequency
and the swept-frequency soundings, It has been shown the higher ir;tensity and
higher harmonics of proton cyclotron echoes occur when the sounding antenna
is parallel to the earth’s xﬁagnetic: ficid.

A rroton cyclotron echo occurs at RF between 0.1 MHz and 0.25 MHz on the
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swept-frequency ionogram in Figure 5.10, but not in Figure 5.11. Figure 5.11
was obtained only about 45 seconds later than Figure 5.10. The only differ-
ence is that at RF range where the protoun cyclotron echo is supposed to occur
the sg‘unding anterna is close to be aligned with the earth’s magnetic field in
Figure 5.10, but not in Figure 5.11, Thus the proton cyclotron echo occurs
only when both the right RF range and right antenna orientation are satis-
fied simultaneously. This cld'n‘ explain why the proton cyclotron echoes on the

swept-frequency ionegrams occur less than they are supposed to.
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| GMT LAST GDLAT GDLONG HGT GMLAT GMLONG DIP |

025600 -221803  -55.07 “70.09 1440  -43.57 -0.86  -55
025700 -221911  -51.94 -70.06 1440  -40,24 -0.86  -52
025800 -222009  -48.81 -70.07 1440  -37.11 -0.88  -49
025900 -222101  -45.67 -70.10° 1440  -33.98 -0.93 47
030000 -222147  -42.54 -70.16. 1439  -30.84 -0.99 44}
030700 -222544  -20.54 -70.92 1434 -8.85 -1.82 <13}
030800 -222610  -17.39 -71.06 1433 -5.70 -1.98 -8
030200 -222636  -14.24 71,21 1432 -2.55 214 -2
031000 -222701  -11.09 -71.35 1431 0.60 -2.31 3
031100 -222726 -7.94 -71.50 1430 3.75 -2.48 9
031200 -222750 -4.78 -71.65 1429 6.91 2,66 15
153500 102709  -8.90 17.85 1365 2.67 -8.46 6
153600 102734  -12.11 7170 1367 -6.54 -8.50 Q
153700 102800  -15.31 S77.84 1369 -3.75 -845 -5
153800 102826  -18.52 -77.98 1371 -6.95 8,57 -11

Table 5.2: Partial Orbital Data of the ISIS II Satellite for May 81, 1972 from
the World Map
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‘Chapter 6

Proton Cyclotron Echoes on fon Resonances

6.1 fnﬁx;@duc.tion

Waves in a hot magnetoplasma were treated by Bernstein (1958). In Bernstein’s
appx:/i‘)a,cl‘l the full set of Maxwell equations is employed and the ion dynamics
are included, However, the electrostatic limit and neglecting ion motions have
been considered. Bernsiein’s analysis shows that an initial perturbation of the
plasm.) can lead to electrostatic waves. For the electron electrostatic wavés‘
propagating perpendicular to the constant magnetic field, there are gaps in the
spectrum of allowed frequencies at multiples of the electron cyclotron frequency.
Wave propagation is possible without Landau damping in a band of frequencies
lietween harmonics of the electron cyclotron frequency. These waves are called
the electron Bernstein waves or Bernstein modes. Stix (1962} and McAfee (1973)
bave shown that, for given plasma parameters, the electron ‘F;‘ernstein waves
should occur above the upper hybrid frequency. An approximate formula has
been developed by Dougherty and Monaghan (1966) to predict the frequencies
at which these electrostatic resonances should appear on the topside ionograms.

The formula can be written as

0.464 1%

fan =nfu + — T (6.1)

where fq,, fv and fy are the frequencies of the resonances for the electron
Bernstein waves, the electron plasma frequéncy and the electron cyclotron fre-

quency respectively, and n is an integer. The fo, frequencies depend on both
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the electron cyclotron harmonic and plasma frequencies,

The electron Bernstein waves or resonances were first observed on Alouette I
topside ionograms by Warren and Hagg (1968). They called them the fqg, reso-
nances, where nfy < fop < (n+1)fu, and they have been identified from fgs to
fos (Chapman and Warren,-1968). The fo, resonances are observed mainly at
low latitudes. The fos occurs most frequently, the fgs less frequently; the fgq,
fqz and fge are seldom observed because the frequencias of these resenances are
often toa close to their related electron ¢yclotron harmonic frequencies to permit
separation. A convenient empizical relationship for the foz and fqq resonances

has been given from the Alouette ITionograms (Hagg, Hewens anst Nelms, 1969):

2
for 0.15% +1.85fn (62
2 :
fos 0.075%‘-”- +2.925f1. (6.3)

where fo,, fv and fy are in MHz,

The electron plasma resonances observed by topside sounders bave heen
attributed to electrostatic waves. These resonances may be interpreted as due
to the propagation characteristics of two kinds of electrpstatic waves: one is
the accompanying waves moving along with the satellite, their group velocity
being equal to the satellite’s velocity with respect to the plasma; the other is
reflected waves, which propagate up to several hundred meters from the satellite
and return to the receiver. Muldrew (1972a) has used dispersion eqiations for
oblique propagation in a hot magnetoplasma to perform ray tracing near fgs.
He has found that the waves responsible for the ohserved resonance effects have
group velocities that are almost equal to the satellite velocity for the duration
of the observed resonance. Thus we can say that for the fg, resonance, and
probably for all the fo, resonances, the group velocity (or a component of the

group velocity) of waves responsible for the resonances very nearly matches the
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satellite velocity at the time of observation. So the fgn resonances should be
attributed to the accompanying waves.

The electrostatic resonances fg, originally identified in the topside iono-
sphere have also been identified in the plasmasphere (Oya and Ono, i981; Oya,
Ono and Kamada, 1981; Oya et al,, 1990) and in the outer magnetosphere
(Etcheto, de Feraudy and Trotignon, 1981) far from the earth. The observed
fon resonances in the plasmasphere and in the outer magnetosphere have much
longer duration times and stronger intensity compared with the observations in
the ionosphere, |

It is found that the fg, resonances often split into two resonances called fg,
and fgm, a few hundred Hz apart (Higel, 1978; Etcheto et al., 1981). Benson
(1982) has also observed additional resonances associaled with fon resonances
(at cither a higher or lower frequency). They are called subsidiary resonances
and labelled as fou4+ aud fonu-. fons occurs at a slightly higher frequency and
fon~ at a slightly lower frequency, than fg.. He did not find that fg.4 and fg,-
coexist on the same ionogram. The fg, resonances are often observed to ‘float’
away from the zero time delay baseline whereas the fon4 or fo.- subsidiary

resonances are observed to be nonfloating.

6.2 Electron Bernstein Waves

Equation (3.64) is the dispersion relation for electrostatic waves. In this dis-
- persion relation both electron and ion motion are involved. Since the electron
plasma and cyclotron frequencies are much larger than the proton plasma and
- cyclotron frequencies (Wpp/wpe = wep/wee = me/my = 1/1837), jon motion may
be ignored, the ions then simply forming a neutralizing background, when the
electron plasma waves are considered, Hence J in equation (3.64) only refers to

electrons. Dropping j and summation for it, we get the dispersion relation for
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electron electrostatic waves,

2 ~-A oo
K2 4 k2 4 22 ’"‘;m S I A){1+

I 00

L 1/2 ,
o _mwe f m YU _
’[“" Fs (Mu) TL]“(“")} =0 (64)

This dispersion relation may be reduced further by the certain approximations.

For example, Fo(a,,) for o] 3> 1 may be giveh by

3

i
Using (6.5), (6.4) becomes
) '
2412 4 w? wyme™" _nw, B ‘
For perpendicul‘dr propagatioﬁ, k, = 0, (6.6) may be written as
s nIn(A ! |

: + wc )\ n_z;oo W+ nw (6.7)

or )
2 = 00
wy e nl,()) |
! we A n,;ww W 0 (6.8)

Equation (6.8} is the same equation used by Dougherty and Monaghan (Eq. 8.6,
p.228, 1966). If we make use of the symmetry

I(A) = I_n()) n integral (6.9)

Eq. (6.8) may he written (McAfee, 1973)

2 -—,\ ]n A) n2 _ ‘
nz;j A (w?-n%w?) =0 L (6.10)

or (Stix, 1962)

% -—;%—,I-a( ) (6.11)
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with
: ‘ n?
alg,)) = —?Ze”‘]n()\ s
n=1 q
= Y
q§ = W,

In the above derivations, the full set of Maxwell equations is empio‘yed,, the el-
emelts of the mobility tensor and the equivalent dieletric tenssr are derived, and
then the electrostatic assumption is made to obtain the dispersion relations (6.8)
or (6.10) or (6.11). Alternatively, Crawford (196") made an electrostatic approx-
1mat10n at the outset and only Poisson’s equatlo was us¢l, This allowed him to
work with scalar quantities. He obtained the same results as Stix and McAfee.

The dispersion relation obtained by Crawford may be written as

w2oo

1= e-'\InS;\) -_— B (6.12)

“His () [G) -]
Bernstein (1958) solved the Viasov-Maxweli set of equations, by the Laplace
‘transform method.initiated by Landau (1946), including a static fnagnetic feld
Bo. The full set of Maxwell equation was employed. He found the dispersion re-
latiop for “}"a'\?es propagating perpendicular to the magnetic field without Landau
damping, which have become known as the Bernstein waves. If we set s = 1w,

the dispersica relation obtained by Berustein (Eq. (46)-in his paper) can be

written as
1 k2 2 —«\
+ mAD n-;oo ~_nwc
= =A 9° (Av)——
(< [Io( + 2w ng n2w2 (613)
, , 1/2 .
where Ap = (KT/mw}’,) is the Debye length.
We make use of the Bessel functii:-n identity
e*cosw] L In(N)em™r (6.14)

n=-oo
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When we set 7= (, then we may obtain

e Y L) =1 (6.15)

N=—=00

Making use of {6.15), and noting &2}, = Mw?/w?, ( ‘3) can be written as

'\w e Z L)) ~ we™ Z

p n=-oo pm—oo W nwc

Ay +n§__jw e (1- = )
S A e (=22 = 0

o 08 - W,

Il

(6.16)

then we can obtain .
wied & nIn(A) ‘
e A ,‘;w W—nw, (6.17)

, which is Eq. (6.8). Hence Stlx (1962), Crawford (1965), Dougherty and Mon-
aghan (1966), and McAfee (1973) obtained the Bernstein's result in various

]__.

approaches, Here I would like to point out that Stix and McAfee assumed the
background distribution function of electrons is Maxwellian across the magnetic
field and shift-Maxwellian along the magnetic field, while Bernstein, Crawford,
and Dougherty and Monaghgn employed an isotropic Maxwellian electron dis-
tribution fune¢tion. However they all obtained the same results for the dispersion

relation of electron Bernstein waves.

6.3 fon Resonances

Let us look for solutions of Eq. (6.8) near the harmonics of the cyclotron fre-
quency. We assume w = Nuw(1+6) where |6] < 1 and N is a particular integer,
Thus w is close to a cyclotron harmonic angular frequency and we drop all terms

in the series ¢1 Eq. (6.8) except the Nth, Solving (6.8) for & gives
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and hence we get

Y 2
w = Nuw, [,1 4N A) (“ﬁl) ] | (6.19)

A We

Dougherty and Monaghan 7c,(1966) obtained a similar formula to (6.19) (see
f¢p. (6.1)). We can see from (6.18) that & is always positive. Hence w is al-

"Ways greater than each cyclbtron harmonic frequency.
~ Crawford (1965) has solved the dispersion equation (6.12) for various values
of w?/w?. Plots of the soltitions are shown in Fig. 6.1. From Fig. 6.1 we can
see that the group Velocity vy == dw/dk = 0 or is small at the three points:
(1) k = 0; (2) & = oot (3) k finite and nonzero. At k = 0 we get w = nw,
except the fundamental (n=2,3,...). At k = oo we get w = nw, again, but
including thie fundamental (n=1,2,...). At k finite and nonzero, zero group
velocity occurs at the upper limiting frequency of the pass band. In this case
wé get nwe < w < (n“+ 1)w,. Here we are only concerned with the k finite
and nonzero case. The above theoretical predictions were first identified on
Alouette II topside ionograms by Warten and Hagg (1968). They called them

fan resonances.

6.4 Observations of Proton Cyclotron Echoes at fg, Resonances

In the preﬁous two section we have discussed the fon resonances, Here we will
[present the proton cyclotron echoes which occur at the fq,, resonances on topside
sounder ionogra,ms. The ionograms were obtained from the ISIS II satellite at
the ground station in Santiago (SNT, 33.1°S, 70.7°W).

Figure 6.2 shows a typical example of the proton cyclotron echoes which
occur at the fqn resonances. The ionogram was taken on 15 May 1972 at 1653:23
UT when the satellite was located at 9.6°S, 78.9°W geographic coordinates and
1363 km altitude. The dip angle was 5°. A number of features are clear from this

figure. The regular proton eyclotron echo observed and studied previously is at
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(wp/(IJc ’2: 'O"‘\

Figure 6.1: Electron Bernstein wave dispersion relation. Modified from Crawfor

(1965). :
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Figure 6.2: A typical example of proton cyclotron echoes which occur at the fg3
resonance on an ISIS I1 ionogram taken at 1653:23 UT on May 15, 1972, at the
ground telemelry station in Santiago (SNT, 33.1°S, 70.7°W) when the satellite
was located at 9.6°S, 78.9°W geographic coordinates and 1363 km altitude, and
the dip angle was 5°.- The fgs resonance appears at frequencies from 1.61 to
1.69 MHz and extends from zero to about 700 km apparent range. The proton
cyclotron echoes which occur at the fgs resonance are double: the weaker one
occurs at about 641 km apparent range with the stlonger one at 664 km apparent
range. Also the regular proton cyclotron echo is shown at an apparent range
- of about 626 km at frequencies between the fy and fp resonances and double
proton cyclotron ¢choes occur on the fixed-frequency (0.48 MHz) ionogram at
. appamnt ranges of about 634 km and 660 km respectively.

)
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an apparent range of about 626 kin at frequencies between the fi; (0.45 MHz)
and fp resonances. The related apparent range correspending to the calculated
proton cyclotron period, which is derived from the elcetron cyclotron resonance
frequency, is 609 km. A

A very important new phenomenon in this figure is that a proton cyclotron
echo occurs at the fgs resonance. The fgs resonance appears at frequencics
from 1.61 to 1.69 MHz. The fqa resonance extenis from zero apparenit range to
about 700 km apparent range  This denotes the received signals can persist {ov
about 4.7 ms after the termination of the transmitter pulse of the sounder. Also
we can see that the proton cyclotron echoes which occur at the fgy resonance
are double: the weaker one occurs at about 641 km apparent range with the
stronger one at 664 km apparent range, Double proton cyclotron echoes aiso
occur on the fixed-frequency (0.48 MHz) ionogram at apparent ranges of about
34 km and 660 km respectively. The fixed frequency (0.48 MHz) is very close
to fu and, therefore, these echoes are probably located at the fy resonance, A
spur is observed on the fn spike at about 850 km apparent range.

Figure 6.3 shows another example which displays very similar features to
those in Figure 6.2. The ionogram was obtained 71 s later, and the satellite was
located at 13.4°S, 79.0°W geographic coordinates with 1364 km altitude, The
dip angle was —2°, Figure 6.4 gives a good example of the proton cyclotres
echoes, which occur at the fqg‘resonance too. This ionogram was taken just 13
s after the one shown in Fig. 6.2. The satellite was located at 10.5°5, 78‘\’.9°W
geographic coordinates and 1364 km altitude. The dip angle was 3°, This
ionogram shows almost an'«.sidentical case of the proton cyclotron ¢<hoes on the
fqa resonance with that in Fig. 6.2, However, the regular proton cyclotron echo
appears in a wide frequency range, starting at about 0.1 MHz, across the fy
and fp spikes, and appproachiﬁg 2fu (0.9 MHz), and a stronger spur is attached
to the fiy spike. F’“;, iy 6.5 shows an ionogram taken on 18 May 1972 at 1653:45
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Figure 6.3: Proton cyclotron echoes at the fgs resonance were observed on an
ionogram obtained 71 s following the one shown in Figure 6.2. The satellite was
located at 13.4°S, 79.0°W geographic coordinates and 1364 km altitude, and
the dip angle was —2°.
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Figure 6.4: Proton cyclotron echoes at the fgs resonance on an ionogram taken
just 16 s later after the one shown in Figure 6.2. The satellite was located at
10.5°8, 78.9°W geographic coordinates and 1364 km altitude, and the dip angle
was 3°. Proton cyclotron echoes at the fgs; resonance similar to the ones shown
in Figure 6.2 are observed. However, the regular proton cyclotron echo extends
over a wide frequency range, starting at 0.1 MHz, across fy and fp (i.e., fp1)
resonances, and approaching 2fy (0.9 MHz), and a stronger spur is at{ached to
the fn resonance. : :
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uT whe;l the satellite was located at 12.2°S, 82.3°W geographic coordinates
and 1363 km altitude. The dip’angle was —1°. The regular proton cyclotron
echo is at an apparent range of about 626 km at frequencies between fy and fr
resonances. The proton cyclotron echoes occur on the fgs resonance. Also the
proton cyélotron echoes on the fgs resonance are double. This time, however,
the weaker echo occurs at about 671 km apparent range while the stronger one
is at about 647 km apparer.: range. The stronger echo has a smaller apparent
range in Figure 6.5 and a larger apparent range in Figure 6.2,

Figure 6.6 shows an ionogram exhibiting proton cyclotron echoes at both the
fQ3 resonance and the 4 fy resonance. This ionogram was obtained about 68 s
:;fter the one shown in Figure 6.5. The dip angle was —7°. The proton cyclotron
echoes at 3fy and 4fy have been discussed already (Chen and Horita, 1991).
Here we only point out that the proton cyclotron echoes at the 4 fy resonance are
also double. In this example the stronger echo occurs at about 636 km apparent.
range with the weaker one at about 657 km apparent range. For the proton
cyclotron echoes at the fgs resonance, the stronger one has an apparent range
of about 648 km with the weaker one at an apparent range of about 672 km.
The apparent ranges of the corresponding proton cyclotron echoes at the fga
resonance are larger than the ones at the 4fy resonance. The stronger echoes
have smaller apparent ranges at both the fgs resonance and the 4 fy resonance.
The regular pruton cyclotron echo occurs at an apparent range of about 636
km at frequencies from fg to fy, across the diffuse resonance fp. The proton
cyclotron echo seems to link to the spur together. |

All data of proton cyclotron echoes scaled from Fi:gures 6.2 - 6.6 are summa-
rized in Tables 1 and 2. Ry and R,y refer to apparent ranges of the calculated
and regular proton cyclotron echoes, respectivély, and R; and R; to apparent
ranges of the double echoes. Their units in Table 1 are km. They are normalized

by Ryegu in Table 2. We also put the scaled data of the proton cyclotron echoes,
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Figure 6.5: Proton cyclotron echoes at the foy resonance on an ISIS Il jonogram
taken at 1653:45 UT on May 18, 1972 at the telemetry ground station in Santiago
when the satellite was located at 12.2°S; 82.3°W geographic coordinates and
1363 km altitude, and the dip angle was —1°. The proton cyclotron echo on the
fos resonance in this instance is different from the previous examples since the
weaker echo now occurs at about 671 km apparent range below the stronger one
at about 647 km apparent range. The regular proton cyclotron echo is at an
apparent range of about 633 km at frequencies between fy and fp resonances.
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Figure 6.6: Proton cyclotron echoes located at both the fga resonance and 4 fy
tresonance on an jonogram obtained 68 s following the one shown in Figure 6.5,
The satellite was located at 15.8°S, 82.5°W geographic coordinates, and 1364
km altitude, and the dip angle was —7°. Both proton cyclotron echoes at the fg,
resonance and the 4fy resonance are double. For the proton cyclotron echoes
at the 4fy resonance, the stronger echo occurs at about 636 km apparent range
with the weaker one at about 657 km apparent range; for the proton cyclotron
echoes at the fos resonance, the stronger echo has an apparent range of about
648 km with the weaker one at an apparent range of about 672 km. The apparent
ranges of the corresponding proton cyclotron echoes at the fgs resonance are
larger than the ones at the 4 fy resonance. The stronger echoes at both the fg,
resonance and the 4 fy resonance have snialler apparent ranges than the weaker
ones, respectively. The regular proton cyclotron echo occurs at an apparent
range of about 636 km at frequencies from fy to fy, and seems to link to the
spur.




6.4 Observations of Proton Cyclotron Echoes at fg, Resonances 102

fq3 fn 4fn fo
Figures Rcalc Rregu R1 Ré R] R2 R] RQ R] R2
Figure 6.2 | 609 | 626 | 641 | 664 | 634 | 660
Figure 6.3 | 622 | 636 | 648 | 662 | 634 | 655

Figure 6.4 | 615 | 626 | 642 | 660 | 626 | 646 628 | 655
Figure 6.5 | 611 | 626 | 647 | 671
Figure 6.6 | 619 | 636 | 648 | 672 636 | 657 | 636 | 664

Table 6.1: Data of proton cyclotron echoes scaled from Figures 6.2 - 6.6

fas fu 40 fp
Figures R.... chyu R, R, Ry R, R, Ry, | Ry Ry

Figure 6.2 | 0.97 | 1.00 {1.02 | 1.06 | 1.01 | 1.05

Figure 6.3 | 0.98 | 1.00 | 1.02|1.04 | 1.00 | 1.03

Figure 6.4 { 098 [ 1.00 | 1.02 | 1.05 | 1.00 { 1.03 1.00 | 1,05
Figure 6.5 { 0.98 [ 1.00 | 1.02 | 1.05
Figure 6.6 | 0.97 | 1.00 | 1.02 | 1.06 1.00 | 1.03 | 1.00 | 1.04

Table 6.2: Data of proton éyclotron echoes normalized by Ryegy

which we observed at the fp resonance, in Tables 1 and 2. From the Tables, es-
pecially, Table 2, we can see that apparent ranges of all proton cyclotinn echoes
are greater than apparent ranges of their corresponding calculated proton cy-
clotron echoes and apparent ranges of regular proton cyclotron echoes are very
close or equal to apparent ranges (R;) of the first echoes of their corresponding
double proton cyclotron echoes, and therefore the regular proton cyclotron echo
is probably corresponding the first echo of the double echoes.

It has been shown (Hamelin, 1980; Pottelette et al., 1981; Belmont, 1981;
Etcheto et al., 1983; Trotignon et al., 1986) that when the electrons of the plasma
can be described by a Maxwellian distribution, the values of fq, (normalized to
the electron cyclotron frequency fy) only depend on the ratio of the electron
plasma frequency to the electron cyclotron frequency fn/fu. It is therefore
possible to use a diagram on which is displayed fq,./fu as a function of fx/fn.

Hamelin (Hamelin, 1989; Pottelette et al., 1981) has intreduced such a diagram
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(e.g. Figure 6.7, which is then called the Hamelin diagram. We have plotted the
faa resonances, on which the proton cyclotron echoes occur, in Figures 6.2, 6.3,
6.5 and 6.6 on the Hamelin diagram with their error bars. They show a good
accuracy with theory. | '

It has also been shown ( Belmont, 1981; Etcheto et al., 1983; Trotignon et
al., 1986) that in a bi-Maxwellian plasma (madz of a dominant cold plus a hot -
population) there is a series of fg, (one in each branch between two successive
electron cyclotron harmonics above the upper hybrid frequency) which only
depend on the parameters of the cold population. Additional fo, resonances,
called “hot fon”, depend on the characteristics of hot plasma. We have observed
the double proton cyclotron echoes on fq, resonances. However, they do not

scem to relate to these because their frequency differences are quite different.

6.5 Summary

In this chapter, We have reviewed the dispersion relations of electron Bernstein
waves and previous studies of the fg, resonances. Then we have presented our
discovery that the proton cyclotron echoes on the fgs resonances have been
observed on topside sounder ionograms from the ISIS II satellite. All the above
examples occur at locations where the dip angle magnitude is less than 8°. All
the proton cyclotron echoes at fgs, and also at fy, 4fy and fp are double,
whereas the regular proton cyclotron echo is a single trace. The single regular
proton cyclotron echo seems to correspond to the first echo of the double proton
cyclotron echoes. The apparent ranges of all proton cyclotron echoes are greater
than the corresponding apparent ranges calculated from the proton cyclotron
period at the satellite locations, which are derived from the electron cyclotron
resonance frequencies.

So far we have only observed the proton cyclotron echoes which occur at
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Figure 6.7: Observed fg. resonances with proton cyclotron echoes displayed on
a Hamelin diagram. The ordinate determines the decimal part of fo./fn while
its integer part is determined by the number n of each curve. The abscissa shows
the ratio of fn/fy. The Hamelin diagram is modified from Belmont (1981).

4
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the fos resonances among the fg, resonances. This is probably because the fg;
occurs most frequently, the fg; less frequently, and the fo4, fos, foe very seldom.
However, there are good reasons to believe that the proton cyclotron echoes
would occur at the other fg,, especially, foz resonances if certain conditions

were satisfied.
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Chapter 7

Proton Cyclotron Echoes on fy or nfy Resonances

7.1 Introduction

There are two fundamental frequencies in magnetoplasmas, which are the elec-

tron cyclotron frequency

eB S ;
f” = 27rme f i (7'1)
and the electron plasma frequency ‘ ;
1 [ net\"* |
- : ‘ 7.2
I 27 (meeo) (7.2)

Most resonances which appear on topside sounder ionograms are associated with
these two fundamental frequencies. They are the plasma resonance which occurs
at fn, the cyclotron resonance at fy, the harmonic cyclotron resonances at n fu
(n=2,3, -++), and the upper hybrid resonance at fr = (f§ + f3)Y2, The above
resonances are called the principal resonances, for they are consistently observed
by the topside sounders. In addition, there are two other series of resonances,
They are the fg, resonances and the diffuse resonances fb,;. The fg. resonances
occur above fr between nfy and (n + 1)fy (n = 2, 3, «++), while the diffuse
resonances occur below fr between nfy and (n+1)fu (n=1,2, +).

Over 30 years since the initial observations of plésma resonances from rocket-
and satellite-borne topside sounders (Knecht et al., 1961, and Knecht and Rus-
sell, 1962, for the rocket observations; Lockwood, 1963, and Calvert and Goe,

1963, for the satellite observations), much has been learned about the above res-




7.2 Observations of the fy and nfy Resonances 107

onances respectively, Their studies have been described in papers, for example,
by Fejer and Calvert {1964), Warren and Hagg (1968), Calvert (1969), Calvert
. and McAfee (1969), Oya (1970, 1971a), Andrews and Fang (1971), Dougherty
| arid Watson (1971), Muldrew (1972a, b), McAfee (1973), Benson (1974), Bitoun
et al. (1975), Benson (1977), Higel and de Feraudy (1977), Benson and Bitoun
(197’9), Kiwamoto and Benson (1979), Benson (1982), Osherovich (1987, 1989),
and’ Osherovich and Benson (1991).

Proton cyclotron echoes were first reported by Matuura and Nishizakiin 1969
on Alouette II satellite topside sounder ionograms. Further studies were carried
out by Horita (1974, 1987), Benson (1975), Ondoh et al. (1975), and Oya (1978).
Chen and Horita (1991) have observed that proton cyclotron echoes occur on
harmonic electron cyclotron resonances at the third and fourth harmonics of the
electron cyclotron frequency. 3fy and 4fy. In this Chapter we will approach

this subject f,hrther.

7.2 Observations of the f;; and nfy Resonances

Shortly after the launch of the Alouette I satellite, Lockwood (1963) first ob-
served f and nfy (n > 1) resonances on ionograms obtained from the Alouette
I topside swept-frequency sounder. He called these resonances cyclotron spikes.
He found that the observed spikes occur within less than 1% of integer multiples
of the electron cyclotron frequency at the satellite location. An example of a
swept-frequency ionograh‘x that clearly illustrates fir, nfy and other resonances
is shown in Figure 7.1. Calvert and Goe (1963) used the term ’resonances’ to
describe these phenomena. In addition to the fy and n fy resonances, they iden-
tified the resonances at fy, fr and 2fp. They made an extensive study of the
distribution of these resonant frequencies as a function of geophysical latitude

to aesist in identification by examining sequences of topside jonograms recorded
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Figure 7.1: The high-resolution portion of an Alouette II ionogram recorded at
the Quito Telemetry Station on May 4, 1967 (1214:22 UT; 25.2°5, 65.6°W, 2612
km in altitude). The heavy vertical traces, which are due to electrostatic waves
of low group velocity in the vicinity of the sounder, are identified at the top of
the ionogram; the weaker nonvertical traces are due to the ionospheric reflection
of electromagnetic waves radiated by the sounder. After Benson (1977).
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from Alouette 1. This served to facilitate the distinction between resonances
and to expose instrumental responses. Barrington and Herzberg (1966) found
the nfy on Alouette ] ionograms to be within 1% of integral multiples of fy
obtaiiied from model field calculations., Benson (1972) observed the actual fre-
quency shift to be less than 0.2% on Alouette II ionograms from the the model
field value. Higel et al. (1972) examined the actual received waveform of the
resonance signal by a rocket-borne RF sounder experiment and indicated the
nfu resonances to be within less than 0.1% of the model field value. Cyclotron
harmonics have been observed up to 22fy.

Lockwood (1965) studied the relationship between the occurrence of n fu res-
onances and the antenna orientation to the earth’s magnetic field. He observed
that the number of cyclotron spikes occurring on an ionogram is a maximum
when the sounding antenna is parallel to the earth’s magnetic field. Calvert et
al, (Calvert, Knecht and VanZandt, 1964; Calvert and VanZandt, 1966; Calvert
and McAfee, 1969) found that on the ionograms of the fixed-frequency topside
sounder aboard Explorer XX the harmonics of the electron cyclotron resonances
were modulated both intensity and fringe pattern by the satellite spin. An ex-

ample for 3fy is given in Figure 7.2. Two patterns are shown; the one occurs
| when the antenna is parallel to the earth’s magnetic field and it does ot exhibit
ﬁ‘inges while the other occurs when the antenna is perpendicular to the earth’s
magnetic field and it has modulated fringes. Stronger resonances and higher
harmonics are observed when the antenna and the earth’s magnetic field are
aligned. The fundamental cyclotron resonance is not observed by Explorer XX
because the sounding frequencies are too high. However Muldrew (1972b) pre-
sented a fringe pattern modulated by antenna orientation on fi which occurred

on an ISIS ionogram.
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Figure 7.2: An Explorer XX fixed-frequency ionogram showing the modulation
of the fringe pattern and antenna orientation effects at the 3y resonance (at
+70° the antenna is parallel to the earth’s magnetic field and at —20°, perpen-
dicular). After Calvert and VanZandt (1966). ’
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7.3 Full-wave Dispersion Curves

" In the electrostatic approximation, the waves in a hot magnetoplasma for § = 0
are unaffected by the ambient magnetic field, where 8 is the angle between the
propagation vector k and the ambient magnetic field B. However as 8 approaches
7 /2, new waves (the Bernstein modes) appear and as 6 = 7 /2 these waves are
completely undamped. The dispersion curves given by Crawford (see Figure
6.1 on page 94) have shown that the group 'veiocity equals zero or is smail for
the three cases. We have discussed the case for k finite and nonzero in detail,
which leads to the fg, resonances. At k — 0 the zero group velocity waves
(dw/dk — 0) occurs at nw, e:cluding n = 1. At k — oo the zero group velocity
waves again oceur at nw, including n = 1. Thus the harmonics of the electron
cyclotron waves with small or zero group velocity should be expected at both
small and large k values. However, as k — 0, the electrostatic approximation
may not be valid (Stix, 1962; Swanson, 1989). The full-wave dispersion curves
needed to be examined. The full wave dispersion relation has been given by
equation (3.58).

Again we consider only electron motion and insert (3.41) into (3.56) with

dlfdppilf’g 7y we get the elements of K as follows

w? e"\chL e 2

Koo = 1-i22=2L 55 LL(0),]

Ko = i255L $ in,— )((0).]

n&=—00

2 -
Wy e '\KT.L_‘ i nk,

foe = ~ow. mk, neeo A Lafn(@)n — (¥)a]
r . ,(-02 e_(\K’T.L ‘ °°\ ‘ n2 ;
Ky = 1-i2o— ;:;;(_A_I,,HAI" —-2,\1,',) (@)  (7.3)
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mz=—ﬂ_—§)hnm = ()]

.,

~ n=—0

with the Onsager relation

Koy = —Ky
K,. = -K., (7.4)
I(:cz = I(zz

In the case of Ty = T} = T and no drift velocity, (3.42)-(3.50) become

(O), = o( = )mpo

26T}
(v:0)n = "'(2 T) (14 i Fp)
(@), = 0
(V@) = 0
(B, = 2z(2 T>(1+zaF0) (7.5)

(00, = iz ( ) (w4 nw)(1 + ta, Fy)

Folan) = \/_Ik le:z:p(—ai)-{-21’.5'(0(,,)
S5(z) = exp(—z* )Azemp(tQ)dt

o = w+;uuc m 12
" ke \2kTy)

when a,, > 1, Fy can take its approximate expression:

o 1 3 15
F0=ai»(1+ ! ) (7.6)

202 ' 4a} ' 8al
Oya (1971b) carried out numerical computations for 7' = 2000° K and various
values of the plasma parameter gy (= wy/wy). The dispersion curves are
presented in Figure 7.3 for various values of ¢ ranging from 0° to 90° and for .

gv = 1.6. The left-hand side of the diagram (kR < 5 x 10’"3) represents the
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Figure 7.3: Normalized dispersion curves for the case where the electron thermal
motions are included (but collisions neglected) with an ambient magnetic field.
The angular frequency is normalized by the angular electron cyclotron frequency
and the wave number is normalized by 1/R where R = (kT/m.)"/?/w, is the
electron cyclotron radius (s, T, and m, are Boltzmann’s constant, the electron
temperature, and the electron mass, respectively). The electromagnetic ordi-
nary mode is designated by “O” while the extraordinary mode is designed by
“X? (for the X branch) and “Z” (for the Z branch). The curves are presented
for different angles 6 of k relative to B except for the electrostatic Bernstein
modes near the harmonics of nwy which are presented for ¢ = 90°. Dotted area
between kR = 9 % 1072 and 4 x 107!, where k = k,/sind, indicates that the
waves propagating in oblique directions are subject to damping. The diagram
corresponds to the plasma conditions fy/fy = 1.6. After Oya (1971b).

t.
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electromagnetic waves while its right-hand side (kR > 10~') the Bernstein miode
electrostatic waves. The intermediate wavelength region (5x10™% < kR < 10~!)
shows the connection between the electromagnetic Z wai é and the electrostatic
wave associated with the upper hybrid frequency (corresponding to 6 = 90°)

and also shows the waves which are expected to occur at nwy (n =2, 3, ...).

7.4 Explanations of the nfy and fy Resonances

Apart from identifying the resonant frequencies in terms of the dispersion rela-
tions, it is important to determine the mechanism whereby the energy remains
in the vicinity of the antenna. Successive models have been progressively sug-
gested.

At first, the fy and nfy resonances were attributed to the phase-bunching
of electrons due to the nonuniform radiation field of the sounder antenna (Lock-
wood, 1963) or due to the nonuniform antenna sheath (Johnston and Nuttall,
1964). Shortly in addition to the fy and nfy resonances, the resonances at
fn and fr were identified by Calvert and Goe (1963). They attributed the fy
and fr resonances to the electron electrostatic oscillations along and across the
earth’s magnetic field, respectively. Fejer and Calvert (1964) attributed all the
principal electron resonances (fn, fu, nfy and fr), which were consistently ob-
served by the topside sounder, to electrostatic waves of near-zero group velocity.
For this model, several possibilities were suggested. The first possibility was
that the satellite moves through an excited volume of plasma, which is station-
ary (nonpropagating wave or standing wave) and the antennas take the energy
from the excited plasma oscillations (Sturrock, 1965). The second possibility
was that the group velocity cf the slow electrostatic waves matches the velocity
of the satellite. The energy in the waves tends to stay in the vicinity of the satel-

lite with the decay of the resonance resulting from: pulse spreading (Sturrock,
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1965; Deering and Fejer, 1965; Shkarofsky, 1968; Andrews and Fang, 1571).

Neither a zero group velocity nor a matched group velocity could lead to a
satisfactory explanation of the fringe patterns and also McAfee (1968, 1969a,
1969b, 1970) discovered that the electrostatic waves which initially match the
satellite velocity near fy would quickly be refracted away from the satellite
due to the electron density gradient. The concept of the sounder stimulated
electrostatic wave propagating away from the satellite and being reflected from
a region near the satellite, returning to the satellite as an oblique echo was first
introduced by McAfee (1968) for fy and later for fr (McAfee, 1969b). By ray
tracing he found that these waves could be reflected and return to the satellite.
The reflections are due to simall changes in the electron density encountered
by a wave propagating near fy or fr because of the extreme sensitivity of the
dispersion relations to these small changes. Also it was found by McAfee (1968)
that two types of waves are possible, corresponding to different orientation of
the wave propagation vector. They are referred to as the forward wave and
the backward wave respectively. At a given time the forward and backward
waves will have slightly different frequencies (due to Doppler shift) and may be
expected to result in the two waves adding to give a ‘beating’ to produce the
observed fringe pattern. Bitoun et al. (1970) obtained similar results for the fr
resonance.

Andrews and Fang (1971) suggested that the oblique echo reflection mech- j
anism for the fy and fr resonaﬁces may also be applied to the the harmonics
nfu of the electron cyclotron resonance. The first nfy resonance to be inter-
preted in the oblique echo reflection mechanism was for n = 3 corresponding to
Alouette IT observations by Muldrew (1972b) using numerical ray tracing and
later by Bitoun (1974) using analytical ray tracing. They found that the re-
flections for the nfy wave were due to the small changes in the magnetic field

strength rather than in the electron density. They showed that the ray paths
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for 3fy wave are approximately parabo]ic‘ trajectories. The group velocity v,
is nearly perpendicular to the phase velocity v,, i.e., to the direction of propa-
gation vector k, except near reflection. Since k is nearly perpendicular to the
magnetic field B for nfy waves, the ray paths are elongated nearly parallel to
B. The analytical ray tracing approach was used to explain nfy resonances
observed at n = 2, 3, 4, and 5 by a rocket-borne sounder (Bitoun et al., 1975)
and to explain the Alouette I satellite observations (Benson and Bitoun, 1979).
Benson and Bitoun indicate that the long duration nfy resonances observed
by the Alouette satellite (except n = 2), i.e. with n = 3, and 4, can well be
explained by the analytical oblique echo theory. The n = 2 resonances observed
by the satellite cannot be explained by the analytical oblique echo theory due
to their long durations. This is in conflict with the conclusion of Bitoun et al,
(1975) where the resonances were observed by the sounder operating at a lower
peak-power and at a lower altitude. Also Benson (1977) points out that the nfy
resonances of n > 5 had time durations much less than the time required for the
satellite to move a distance about antenna's length. Thus for high n resonances
the wave velocity- satellite velocity matching is preferable to the wave reflection
process.

The oblique echo theory for electrostatic waves has been well developed.
Most resonances can be interpreted in terms of the reception of the electrostatic
waves stimulated by the sounder pulse. In some cases these waves are received
after being reflected in the nearby medium (for the fy and fr resonances or
the nfy resonances, n = 3, 4). In other cases the signal reception is due to the
matching of a component of the wave group velocity to the satellite velocity (for
the fg. resonances and the higher-order nfy resonances; n > 5).

However, the above ohlique echo theory for electrostatic waves could not ac-
count for the fy resonance. A glance at the smaller wavenumber portion of the

electrostatic region of the dispersion curves in Figure 7.3 (0.1 < kR < 1) reveals
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the striking difference between the solutions near nfy when n > 1 as compared
to when n = 1. Tataronis and Crawford (1970) examined electrostatic treat-
ments of pulse excitation of the plasma near fy and indicated the fy resonance
is different from the other n fy resonances, Andrews and Fang (1971) noted that
the fy resonance is unlikely to be caused by the reflection of electrostatic waves.
Muldrew and Estabrobrook (1972), and Muldrew (1972b) computed dispersion
¢urves of the whistler mode at frequencies close to fy and indicated that ray
tracing with a complex refractive index is very difficult near fy, and hence the
fu resonance is not yet understood. Bitoun’s calculations of the ray tracing at
the nfy are invalid for n = 1. These authors just suggest the fy resonance may
be due to simple in-phase gyration of electrons excited by the pulse, as has been
proposed by Lockwood (1963), and Johnston and Nuttal (1964).

The EIDI 3 relaxation sounding rocket experiment (Higel and de Feraudy,
1977) has provided an opportunity to improve the studies of the fy resonaﬁce
(EIDI is an acronym for Experiment on the Impedance of a Dipole in the Iono-
sphere), This experiment, as well as the entire EIDI rocket launch program, was
performed in order to study specifically the plasma resonance phenomena. The
relaxation sounder in this experiment gives the signal with its envelope as in the
Alouette case, and especially its waveform, The new results obtained from the
EIDI 3 rocket experiment show the two main features for fy: (1) the spectral
features of the fy resonance signal look like pure siqé-waves whose frequency is
very close to the electron cyclotron frequency deduced from the earth’s magnetic
field model (relative frequency shift less than ~ 107%); (2) the amplitude of the
received fy resonance signals vanish when the angle of the dipole antenna with
respect to the earth’s magnetic field is close to 90° and hence the fi waves have
an electric field parallel to the earth’s magnetic field.

Higel and de Feraudy (1977) examined the various principal wave modes

propagating close to fy and fourd that the ordinary wave mode gives good
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agreement with EIDI 3 results. The dispersion equation for the ordinary wave
in a plasma propagating perpendicular to an external magnetic field had been
investigated by Dnestrovskii and Kostomarov (1961). The numerical solution
shows existence of the ordinary wave modes with small or zero greup velocity
for a finite k when fy > fy. The frequency of the ordinary wave is less than fy
and very close to it. Also the effects on the fy resonance of antenna orientation
with respect to the earth’s magnetic field are interpreted by this mode easily
Thus fy and nfy resonances are attributed to wave propagation phenomena.
The antenna pick up energy from the ordinary wave or the electrostatic wave
(both propagating pernendicular to the earth’s magnetic field) due to satellite-

velocity and wave-group-velocity matching or wave reflectior. process.

7.5 Proton Cyclotron Echoes on the nfy and fy Resonances

Chen and Horita (1991) reported a new class of proton cyclotron echoes which
appeared on the 3fy and 4fy resonance spikes of tepside sounder ionograms
obtained from Alouette II, ISIS I or II. Some characteristics of these echoes
have been described.

Figure 7.4 shows an echo on the 4 fy resonance spike at an apparent range of
about 650 km. The ionogram was obtained from the ISIS II satellite on May 4,
1972 at 1734:08 UT when the satellite was located at 13.5°S, 76.4°W geographic
coordinates and at an altitude of 1371 km. The data were collected at the Quito
(QUI) ground telemetry station. The left portion of the ionogram shows a part
of the ﬁxed-frequency ionogram where the transmiiter and the receiver are both
fixed at a frequency vélue of 0.25 MHz during this time. To the right, begin-
ning at 0.1 MHz is the swept-frequency ionogram showing the principal electron
resonances at the frequencies fv, fr, fu and nfy (n = 2,3,...) and the diffuse

resonance at the frequency fp. The main reflection traces of the radio waves
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transmitted by the dipole antenna are also shown on the swept-frequency iono-
gram. These radio waves are the ordinary-wave (O-wave), extraordinary-wave
(X-wave) and the Z-wave, respectively. The reflection traces result from these
waves which propagate approximately vertically downward from the satellite,
become reflected in the topside ionosphere and are received by the sounder re-
ceiver, The lowest frequency for a particular wave mode (Z, O, or X) which can
propagate is called the mode cutoff, labelled by f.S, f,S (= fn) or f.S, respec-
tively, where S signifies the satellité height. The cutoffs occur at frequencies for
which the refractive index for that mode is zero.

Here, however, we are interested only in the study for the proton cycloiron
echoes. The regular proton cyclotron echoes observed and studied previou:'y
occur clearly at an apparent range of about 650 km at frequencies below and
just above the fy resonance (below the fp zesonance). This type of proton
cyclotron echoes also occur on the fixed-frequency ionogram. Higher harmonics

f “,’to the third of the proton cyclotron echo are shown on both the fixed- and swept-

| ifrequency ionograms. Previous work indicates that proton cyclotron echoes only
occur at frequencies below the electron plasma frequency fy and predominantly
at frequencies slightly above the electron cyclotron frequency fy. But in this
figure an proton cyclotron echo is observed on the 4fy resonance spike. The
3fn resonance is masked by the fy and fr resonances. Also we note that the
modulation of the fy resonance on the swept-frequency ionogram is observed.
This modulation corresponds to the proton cyclotron frequency.

Figure 7.5 shows another ionogram obtained about 45 s later still displaying
the echo on the 4 fy resonance spike and the modulation related to the proton
cyclotron frequency on the fy resonance spike. Only the fundamental echo
and its second harmonic of the regular proton Cyclotron echoes are observed.
The regular proton cyclotron echoes are barely visible ¢ the fixed-frequency

ionogram and below fh on the swept-frequency ionogram. These are due to the
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different orientation of the sounder antenna with respect to the earth’s magnetic
field. Up to the fourth modulation on the fy resonance spike is observed, while
only up to the third modulation occurs in Figure 7.4. Each modulation begins
at an apparent range which corresponds to the one of the proton cyclotron echo
and continues for about several hundred km.

Figure 7.6 shows an ionogram taken from the ISIS I satellite on February 17,
1969, at 1040:26 UT. In this jonogram the regular proton cyclotron echo just
above fy at an apparent range of about 1150 km exhibits some curvature, hard
to see in Figure 7.6 but quite clear in the microfilm, while the new feature of the
echo at 4 fy is that it is located at an apparent range greater than the maximum
apparent range of the resonance spike. The previous examples showed the echoes
to be located within the 4 fy resonance spike. The fy resonance is also shown
on the fixed-frequency (0.25 MHz) ionogram in this figure and modulated by
the antenna orientation.

Figure 7.4 to 7.6 have shown some features of proton cyclotron echoes ob-
served on the 4 fu resonance. Another very good example for proton cyclotron
echoes on 4 fy resonance spike can be found in Figure 6.6 where the proton
cyclotron echo exhibits double images. The two images have a difference in ap-
parent range of about 21 km, which corresponds to a difference in frequency of
about 7.5 Hz.

The proton cyclotron echoes on the 4 fy resonance spikes occur most fre-
quently, and on the 3fy resonance spikes somewhat less frequently. Figure 7.7
shows a proton cyclotron echo on the 3fy resonance spike. The ionogram was
taken from the Alouette II satellite on October 25, 1966, at 2349:24 UT. A new
feature on this ionogram is the second harmonic echo located at about 1100 km.
Also the regular proton cyclotron echoes occur at frequencies below and above
fr, and at frequencies just below fp and above 2. Two more examples show-

ing the proton cyclotron echoes on the 3fy resonance are given in Figures 7.8
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and 7.9.

The proton cyclotron echoes are seldom observed on the 2fy rescnance
spikes. However we have found a very good example of the proton cyclotron
echo on the 2fy resonance spike, which is shown in Figure 7.10. The ionogram
in this figure obtained from the ISIS I satellite at 1615:57 UT on April 23, 1969
when the satellite was located at 7.6°5, 6.8°E geographic coordinates and at an
al.tifﬁde of 3525 km. The dip angle is —23°. The data of the ionogram were
collected at the Ouagadougou (ODG) ground station. The echo on the 2fy
resonance spike is triplex with apparent ranges of about 1316 km, 1345 km and
1374 km respectively. The regular proton cyclotron echo occurs just above the
* far resonance spike at an apparent range of about 1331 km with some curvature.
A spui related to the proton cyclotron echoes is attached to the fy resonance
spike. |

Figure 7.11 f;ihowfjé an ionogram taken about 54 s prior to one in Figure 7.10.
Similar but“mu"(':‘b, weaker features are presented.

| Previous studies have indicated tha}t the fy resonance and nfy resonances
have different generation mechanisms (see sgction 7.4). We have not observed
proton cyclotron echoes on the [y fesbna’ﬁnce‘ spike. But we have observed pro-
ton cyclotron echoes on the ﬁxed-fr‘e:cﬁxjen@ ionograms, which interact wji’th‘ the
~ fu resonances. For example, Figufe 6.2 isho‘ws an ISIS IT ionogram with the
fixed-frequency portion (0.48 M}iz)v at the left and the swept-frequercy i)drtion, .
at the right. The swept-frequency ionogram immediately followi&ngv; the fixed-
frequency ioncgruin shows that an fy resonance occurs at fréqu‘ency about 0.48
MHz. Hence the resonance occurr ed on the fixed-frequency ionogram is the fy
resonance. A proton cyclotron echo appears. in the fy resonance on the fixed-
frequency ionogram. The echo is doubled w1th apparent ranges of about 634
km and 660 km respectively. More example for interaction between the pro-

ton cyclotron echo and the fy resonance can be found on the ﬁxed-frequency‘
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Figure 7.8: ISIS I ionogram obtained at 0916:41 UT on February 25, 1969,
showing the proton cyclotron echo on the 3fy resonance spike. The echo is
single with apparent ranges of about 771 km. The regular proton cyclotron
echo occurred at frequencies between the fy and fp resonance spikes with an
apparent range of about 787 km exhibits curvature. The data of this ionogram
were collected at the Ouagadougou (ODG) ground station.
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Figure 7.10: ISIS I ionogram obtained at 1615:57 UT on April 23, 1969, showing
the proton cyclotron echo on the 2fy resonance spike. The echo is triplex
with apparent ranges of about 1316 km, 1345 km and 1374 km respectively.
The regular proton cyclotron echo just above the fy resonance spike with an
apparent range of about 1331 km has some curvature. A spur related to the
proton cyclotron echoes is attached to the fy resonance spike. The data of this
ionogram were collected at the Ouagadougou (ODG) ground station.
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Figure 7.11: ISIS T ionogram obtained at 1615:03 UT on April 23, 1969, showing
the proton cyclotron echo on the 2fy resonance spike. The data were also
collected at the Quagadougou (ODG) ground station.
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ionograms in Figures 6.3 and 6.4.

We have also observed absorption phenomena on the 3fi, 4 i or foa spikes
near the proton cycintron period on the swept-frequency ionogyams occasion-
ally. Two examples showing these absorption are given in Figures 7.12 and 7.13.
Figure 7.12 shows the absorption on the 3fy spike and the regular proton cy-
clotron occurs below the fy resonance. The ionogram was taken by the ISIS
IT satellite on June 2, 1972, at 0224:35 UT. Figure 7.13 shows the absorption
on the 4 fy spike and the regular proton cyclotron echo occurs at the frequency
range between the fy and fp resonances. This ionogram was taken by the ISIS
I satellite on February 27, 1969, at 0820:49 UT. An example showing the ab-
sorption on the fgs spike can be found in Figure 7 of the paper given by Hagg
et al. (1969). The absorption phenomena observed on these resonances are not

understood yet and further investigation is needed.

7.6 Summary

In this chapter, we have reviewed the full wave dispersion curves and previous
observations and explanations of the nfy (n = 2, 8, 4) and fy resonances. Then
we have presented our new observations: the interactions of proton cyclotron
echoes with the fy and nfy resonances. The proton cyclotron echoes observed
on the fy and 4fy resonances exhibit a doublet, on the 2fy resonance a triplex
and on the 3fy rescnance a singlet while the regular proton cyclotron echoes
are always single. The most proton cyclotron echoes on the [y and nfy were
observed at dip angles less than 8°, but a few examples gave values of dip angle
up to 40° (Chen and Horita, 1991). A range of altitude for the proton cyclotron
echoes on the fy and nfy resonances was observed from about 1200 km to over

3500 km,
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Chapter 8

Generation Mechanism of Proton Cyclotron Echoes

8.1 Introduction

It has been over 30 years since the discovery of the electron plasma resonances
and over 20 years since the discovery of the proton cyclotron echoes. Much
theoretical work has been done on electron plasma resonances, but only the
one paper by Oya (1978) attempted to explain the generation mechanism of
the proton cyclotron echoes. The reason is, on one hand, that the electron
plasma resonances are more conspicuous on ionograms than the proton cyclotron
echoes, and on the other hand, the theoretical work on the proton cyclotron
echoes is more difficult than on the electron plasma resonances. This chapter
will be devoted to the theoretical interpretation of the proton cyclotron echoes.
It must be remembered that the sounders for the Alouette-ISIS program are
designed for different purposes and that, as a consequence, not all features of
the proton cyclotron echoes can be determined satisfactorily from them. To
better understand the proton cyclotron echoes, let’s first analyze the methods

of their observation and processing data.

8.2 Analysis of the Observational Methodology

So far all work on proton cyclotron echoes was mainly based on the ionograms ob-
tained from the topside sounders aboard the Alouette-ISIS satellites. A topside
sounder consists of an RI transmitter, a receiver tuned to the same frequency,

and an appropriate antenna. A short pulse (100usec) is transmitted and the
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subsequent response detected by the receiver for about 15msee. In the case of
a swept-frequency mode the frequency is changed slightly while in the casc of
a fixed-frequency mode the frequency is not, and the process is repeated. The
detected receiver output is put on the film in the form of a raster, which is
called an ionogram. The ionogram consists of closely-spaced lines (like a televi-
sion raster) the darkness of which corresponds to the received signal strength.
The distance downward from the top of the diagram indicates the time, that is,
the delay after the transmission of each sounding pulse, which is, usually, trans-
ferred to the apparent range. The lines for subsequent pulse are placed side by
side in the ionogram. Thus the horizontal axis, for the swept-frequency mode,
indicates the sounding frequency, and for the fixed-frequency mode, indicates
the time of the sounding, or the position of the satellite, So all the information
about the proton cyclotron echoes which can be extracted from the ionograms
are the time of their occurrence after the termination of the sounding pulse, the
frequency range of their occurrence, at which the pulse is transmitted and their
intensity. The period of the proton cyclotron echo may be determined from the
ionogram. Most previous work has been based on these three paramefers.

The detected receiver output has another form of the presentation, called
an A scan. For an A scan diagram, the ordinate is related to the amplitude of
the received signal and the abscissa indicates the time following the sounding
pulse. The period of the proton cyclotron echo may also be determined from
the A scan diagram. Although the A scan diagram is not used in studies of the
plasma resonances in topside sounding of the ionosphere as extensively as the
ionogram, examples of its use can be found in the literature (e.g., Barrington
and Herzberg, 1966; Ondoh et al., 1975; Benson, 1975).

An excellent example illustrating the proton cyclotron echoes on both an
ionogram and an A scan is given in Figure 8.1. The data were taken on the I1SIS

I satellite on February 27, 1973 at 0128:39 UT when the satellite was located
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at 13.5°N, 130.2°F geographic coordinates and at an altitude of 1545 km, and
collected from the Kashima (KSH) ground telemetry station (36.0°N, 140.6° E),
Japan. The left portion of the figure is the ionogram on which the proton
cyclotron echoes occur as thin and horizontal traces between the frequency range
indicated by two triangles or by two squares. The right portion of the figure
shows the A scan on which the proton cyclotron echces occur as pulse form
following each sounder pulse. Up to eighth multiple echoes are shown on both
diagrams.

From the A scan we can see that the proton cyclotron echoes occur as a
sequence of pulses with a period equal to the proton cyclotron period. Let us
look at the periodic functions and their Fourier transforms shown in Figure 82
where f, and T, are the proton cyclotron frequency and period, respectively,
Obviously from this figure when n is large enough, the sequence of the pulses
cn the A scan in Figure 8.1 can be obtained. This suggests that a large number
of multiple harmonics are involved in the proton cyclotron echoes.

However, the proton cyclotron frequency is in ULF range (0.0016 ~ 3 Hz,
Campbell, 1967 and Fukunishi, 1987) or at most in ELF range (0.003 - 3 KHz)
including its harmonics. The proton cyclotron echoes are observed at MF range
(0.3 — 3 MHz, Okada and Iwai, 1988). If we assume that two waves exist near
the‘ant’enna,: one is related to the proton cyclotron frequency and the other is a
MF wave, their interaction may produce the observed results. Let us write the

former as

y ,
Xow =AY cos(2rn f,t) (8.1)

n=1

and the latter
X = Beos(2r fit) ) (8.2)
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Figure 8.2: Graphical representation of equally spaced pulse sequences and their
Fourier transforms. Modified from Brigham (1974).
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Assume the interaction of two waves is nonlinear and we may get

X =(A ﬁl: cos(2rnf,t))? + 2AB iv: cos(2mn fot)cos(2m fint) + (Beos(2rm fit))?

n=1 n=1 (6.3)
since the receiver of the sounder is tuned to the center frequency of a rectangular
RF pulse of 100usec and IF bandwidth 33 KHz (Franklin and Maclean, 1969),
only the second term in Equation 8.3 can be received. Since the receiver is
a superheterodyne envelope detector (Franklin and Maclean, 1969), only the
envelope is detected and the waveform information is lost, So the pulse sequence
is observed and the MF wave does not occur on the A scan.

Improvements in the design of the VLF experiment aboard the ISIS 11 satel-
lite made possible the detection of VLF signals that appear to be stimulated by
pulses from the high-powered sounding transmitter. The ISIS 11 VLF experi-
- ment is basically a low frequency receiver covering the frequency range from .05
to 30 KHZ. The VLF receiver records the waveform of VLF signals rather than
the envelope.

Ondoh et al. (1975) have reported that a proton cyclotron emission and
its higher harmonics were observed by the VLF electric-field receiver on the
ISIS II satellite at the same time as the proton cyclotron echoes. The proton
cyclotron emission and its higher harmonics occur at frequencies; fi = 330 Hz,
f2 = 690 Hz (f2/fi = 2.09), fs = 1010 Hz (f3/fi = 3.06), and f4 = 1380
Hz (fi/fi = 4.09). From the time at which the proton cyclotron echo and its
higher order multiple echoes we can derive the frequencies which are f; = 333
Hz, f; = 660 Hz (f2/fi = 2), fa = 999 Hz (fs/f1 = 3), and f; = 1332 Hz
(fs/fi = 4). The two groups of frequency values are véry close to each other,
Thus the proton cyclotron emission observed by Ondoh et al. at VLF range
may be corresponding to X, defined by us.

Palmer and Barrington (1973) examined VLF signals obtained from IS1S 11
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satellite and observed the stimulated lower hybrid resonance (LHR) emissions
with a superimposed modulation at the proton cyclotron period. The emissions
can be observed most readily when the sounding pulse is at near 2 MHz or near
twice the upper hybrid resonance frequency and twice the electron cyclotron
frequency. In this frequency rahge, emissions are found after each sounding
pulse, and they normally decay in a fraction of the interpulse time. The"wave
forms of the LHR emissions are usually damped oscillations, and the proton
cyclotron emissions are pulselike.
From the observations of the proton cyclotron echoes on the ionogram and
the A scan, the proton cyclotron echoes (X,.) are the results of interaction of
two waves (Xp, and X, ). The proton cyclotron emissions have been observed
on the ISIS II VLF experiment. Now we have to investigate that what X,
and X,, are. Is the proton cyclotron emission X,,,? What are their generation

mechanisms?

8.3 Ton Bernstein Waves

Current theoretical studies and laboratory work suggest that ion Bernstein
modes are likely related to X, required, or related to the proton cyclotron
emission observed. There are two different kinds of jon Bernstein waves de-
pending upon the departure from perpendicularity for p‘ropagation across the
magnetic field. The ones for which k, = 0 are called pure ion Bern-tein waves
and the others for which k, has a small but finite vaiue are called neutralized
ion Bernstein waves (Ault and Ikezi, 1970; Schmitt, 1973). Let us look at their
dispersion relations in a Maxwellian electron-proton plasma.

Since we now investigate the lower-frequency case (w < Wee ), both electron
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and ion motions must been considered. Equation (3.64) may be written as

SRR DL e - Y L) {
‘ 15

n==00

1/2 *
. NWwe; ( m; \'* I
1 am- — ;

and we still take the approximation in equation (6.5). Thus equation (8.4)

Fan)} = 0 (5.4)

becomes

B4R+ Y ) ",;1 2 S o) =g (8.5)

i=e\ N n=-—00 w + NwWe;
For pure Bernstein waves, k, = 0, and hence equation {8.5) may be written
A ¥ 3 \

as
1+E PJ e i nIu()‘j)

j=e,i J H==o00

=0 (8.6)

W nw;

After similar treating to that for electron in chapter 6, equation (8.6) becomes

_Ajjn()") ‘ ‘
Z Z ; (8.7)
=i Wi am (2) [(n:’)c:) B 1}

which is similar to the dispersion relation for electron Bernstein waves given by

Crawford (1965) (see equation (6.12)). However this dispersion relation includes
the electron Bernstein waves and pure ion Bernstein waves.
Considering the wave frequency is much lower than the electron cyclotron

frequency in ion Bernstein waves, equation (8.6) can written as

e e S L)+ :\A 5 ) (8.8)

Ae n=—00 el A = W + nwe;

Using equation (6.15), then

or

wge 1 wheh & nl(N)
1 + A + Wei A n:;oo W+ nwe; - ~ (8'9)
wim. wlweme ™ & .nIn(/\;)
Kot nTLe ) kT _Z m;::ﬂ (8.10)
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This is the dispersion relation for pure ion Bernstein waves.
For neutralized ion Bernstein waves, k, is small but not too smalil. we take
Ope < 1, but oy > 1. Thus Fy(an.) may take the approximation (Stix, equation

(16), p. 193, 1962)
\ H] ? ]
ks
Fo= ]

Considering these conditions, equation (8.4) may be written as

Qe +"" (8.11)

2

K2+ k2 + - z L)+
w wamie” N nw
e 8.12
KT} n_z_:ml W+ nwg 0 (8.12)

Using equation (6.15), we get

2 2, A
2 4 12 Ypelle | WpiWeiMii€ ™ ndn ()
k2 + k2 + o, - T, nzw P

=0 (6.13)
"This is the dispersion relation for neutralized ion Bernstein waves.

| Note that pure jon Bernstein waves are dependent on the perpendicular
temperature of electrons and ions to the magnetic field, whereas neutralized ion
Bernstein waves of parallel temperature of them.

The dispersion properties of pure ion Bernstein waves and neutralized ien
Bernstein waves are shown in Figure 8:3. Pure ion Bernstein waves have disper-
sion properties comparable to the one of electron Bernstein waves. Neutralized
ion Bernstein waves have nothing particular at the lower hybrid. When the wave
number k becomes small or approaches zero, both types of ion Bernsteir. waves
have zero group velocity and proton cyclotron frequency. Zero group velocity
also occurs at k finite and at k = oo, There are no neutralized ion Bernstein
waves which frt;quencies are below nw. (n > 1, integer) and this is true for
pure ion Bernstein waves above the lowest hybrid frequency wy. This dispersion
property is consistent with the observations of proton cyclotron echoes in which

no echoes of the class echo minus were found, e.g., the observed proton cyclotron
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Figure 8.3: Dispersion curves for pure ion Bernstein waves and neutralized ion
Bernstein waves for the same plasma conditions: wy; = 3wy and T, = T} and
Ty =T wp = (W + w%)Y? is the lowest hybrid frequency. Modified from

Schmitt (1973).
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periods in proton cyclotron echoes are always greater than the calculated proton
cyclotron periods in the satellite location (Horita, 1987).

The ion Bernstein waves have sometimes been discussed under different title
ion cyclotron waves. They are called the ion cyclotron harmonics (ICH) waves
for k. = 0 or the electrostatic ion cyclotron (EIC) waves for k, # 0. The
ion Bernstein waves or the ion cyclotron waves have already been observed in
laboratory (D’Angelo and Motley, 1962; Motley and D’Angelo, 1963; Ault and
Ikezi, 1970; Schmitt, 1973) and in space plasmas (Kintner et al., 1978; Kintner,
1980; Maeda et al., 1989).

8.4 Generation of Ion Bernstein Waves

In the previous section we have discussed the conditions of existence and prop-
agation for ion Bernstein waves in terms of their dispersion relations. In the
present section we will examine the generation mechanisms of ion Bernstein
waves. Since the period of the proton cyclotron echoes and their repetition pe-
riod are very close fo the proton cyclotron period at the observation location,
the controlling effect of the phenomena must be due to proton gyration in the
earth’s magnetic field, and since the echoes are observed after the sounding
pulse, this motion of the protons must be related to the sounding pulse. Oya
(1978) pointed out that when a RF pulse was applied to an antenna, a proton
concentration surrounding the antenna was produced due to the negative ex-
cursion of the antenna potential. Also we should point out that in the presence
of the powered pulse from the antenna, electrons and protons are strongly re-
pelled from it due to the ponderomotive force. The ponderomotive force and its

associated ponderomotive potential are given by (Chen, 1974; Swanson, 1989),

F, = ———V(E}) = —Vy (8.14)

dmuw?
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with
2

Yy = —— B3 (8.15)

4mw? 0

where g and m are electron or proton charge and mass, respectively, w is the

angular frequency of RF signal, and Ey is the near-field RF electric field ampli-
tude.

The ponderomotive force on the protons is smaller than that on the electrons
by m./mp. Hence a charge-separation field E., must created. The total force

felt by the electrons is

F.=-E.+ ch ‘ (8‘16)
The force on the ions is

Fp =5 ""‘Eca + Fpp (8.]7)

In view of the above discussions, a ion sheath is formed near the antenna.
outside the ion sheath there is an electron sheath. The region further outside
has an iﬁﬁnite and homogeneous neutral plasma. The plasma sheath around
an antenna or a conductor has been studied by many researchers (e.g., Whale,
1964; Laframboise, 1966; Rubinstein and Laframboise, 1970; Laframboise et al,
1975; Morin and Balmain, 1991).

The protons in the ion sheath are bunched and make cyclotron gyrations
around the lines of the magnetic field. It is well known that a charged particle
execufes circular motion about the magnetic field Iines in the magnetic field, It
radiates electromagnetic waves (Bekefi, 1966; Boyd and Sanderson, 1969; Bekefi
and Barrett, 1977). This is known as cyclotron emission. For a high-energy
particle the electric field radiated by the charged particle is compressed into a
cone about the charged particle’s forward motion when viewed by a observer in
the laboratory frame. As a result the observer will receive a pulsed emission

whose Fourier spectrum has harmonics of the fundamental orbital frequency.
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The jon Bernstein waves are likely related to this cyclotron emission of the

protons in the ion sheath.

8.5 MF Waves (X,,)

When proton cyclotron echoes occur on the fg,, n fi or fu resonance spikes,
the MF waves are simply corresponding electron electrostatic waves or electron
Bernstein waves or DKO mode electromagnetic waves (see chapter 6 and 7). For
regular proton cyclotron echoes, the MF waves are less understood. Ondoh et al
(1975) suggested that the short-life mode electrostatic waves initially studied by
Oya (1972) were these MF waves. The ‘short-life mode waves are excited by the
sounder MF pulse and damped out soon after their generation. They may give
their energy to particles through the process of wave-particle interactions. Also
there are other possibilities for the presence of the MF waves near the antenna,
such as other electron electrostatic waves or DKO electromagnetic waves. These
waves keep their energy around the antenna throngh the process of propagation
and reflection or the matching of a component of the wave group velocity to
the satellite velocity, as have been discussed in chapter 6 and 7, or through the
process of wave trapping in cavitons.

| The ponderomotive force expels the plasma from the vicinity of the wave
amplitude maximum and this leads to a trcugh in the plasma around the satel-
lite antenna. This plasma trough around the satellite antenna is called a caviton
(Swanson, 1989). The formation of the caviton has been predicted theoretically
(Zakharov, 1972; Morales and Lee, 1974 and 1977) and has been observed ex-
perimentally in laboratory (Eggleston et al., 1982; Tanikawa et al., 1984) and
in the ionosphere (Fejer et al., 1983; Wong et al., 1983; Shoucri et al., 1984).
one of the essential features of cavitons is that tiie oscillating electric fields (or

waves) can be trapped inside them, since the cavitons can serve as resonant
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cavities. In addition, the plasma structures in cavitons or plasma sheaths are:
very complicated and extremely inhomogeneous. Interactions of em waves with
inhomogeneous plasma will produce the conversion of em waves into es waves

(Stenzel et al., 1974; Wong, 1977; Muzino et al., 1986).

8.6 Discussion

From the observations of proton cyclotron echoes on the ionogram and the A
scan, we have suggested that the proton cyclotron echoes are the results of
interaction (or modulation) of two waves. We have discussed possible candidates
for the two waves or their generation mechanisms. Consideriug characteristics
of the topside sounder receiver (envelope detector and narrow IF bandwidth),
the basic features of the proton cyclotron echoes observed on the ioniogram and
the A scan can be explained by this model of interaction of two waves, which
has been discussed in the preceding sections. The two waves interaction model
can also explain other features of the proton cyclotron echoes which we have
observgd.

This two waves interaction model can explain the abser:ce of echo minus (
Horita, 1987) in terms of characteristics of the ion Bernstein waves, and can
also explain fundamental proton cyclotron echoes and their higher order multi-
ple echoes as the proton cyclotron emission waves consist of their fundamental
frequency components and harmonics. The proton cyclotron echocs observed
on the fy, nfy and fg. resonance spikes can be explained by the interaction of
the proton cyclotron emission waves with corresponding electron waves.

From equations (8.10) and (8.13) we have known that the dispersion relations
for ion Bernstein waves depend on electron and ion temperatures. Sasaki et al,
(1993) have calculated dispersion curves of the neutralized ion Bernstein waves

for some values of T./T;, which are shown in Figure 8.4. From Figure 8.4 we can
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gée that the group velocity of the waves depends on the ratio of electron and ion
temperatures, The changes of apparent ranges of the proton cyclotron abserved
on fixed-frequency ionograms and the curvatures of the proton cyclotron echoes
observed on swept-frequency ionograms are likely related to the changes of the
electron and ion temperatures.

Higel et al. (1972) investigated the experimental data about the envelope
and the wave form of the electron resonance signals obtained by a rocket-borne
RF sounder, They have found that the Fourier spectra for 3fy computed from
the numerical sampling of the recorded wave forms often show two peaks, about
1 kHz apart. Thus they suggested that the 3fy resonance signals result from
a superposition of two waves. Beating between the two waves may produce a
modulation of the signal strength observed with the topside sounders (Calvert
and McAfee, 1969). These modulation patterns have been observed at the 2fy,
3fu, /v and fr on fixed-frequency ionograms. It has also heen observed that
the fon resonances often split into two resonances: fg, and fgr,, a few hundred
hertz apart (Higel, 1978; Etcheto et al., 1981). We have observed the double
proton cyclotron echoes on the fy, nfy fon and fp resonances (even a triple
proton cyclotron echo observed on a 2fy resonance) (see Chapters 6 and 7).
However the difference of the frequencies, for the double echoes, derived from
their apparent ranges, is only about 8 Hz. Hence the proton cyclotron echoes
have properties comparable to the ones for the electron resonances.

The ISIS II sounder can be operated with the transmitter held at a fixed-
frequency and the sounder receiver swept from 0,1 to 20 MHz. An example of an
ionogram obtained under such conditions is shown in Figure 8.5. The sounder
transmitter is operated at the fixed frequency of 1.95 MHz on this ionogram.
The most interesting thing of this ionogram is that almost all electron plasma
resonances (fn, fr, fy and nfp) are excited by the pulses with a single frequency

of 1.95 MHz. We should expect that the same effects occur for jons if the sounder
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receiver sweeps at a right range of the fi 2, uencies.

We had suggested an alternative mode! (Chen and Horita, 1991) for pro-
ton cyclotron echoes at 3fy and 4fy resonances, which was based on wave-
particle interaction between the electron electrostatic waves and the protons.
The essence of the model is shown in Figure 8.6. The sounding RF pulse makes
the electron electrostatic waves and a proton concentration surrounding the
antenna at ¢ = 0. The electron electrostatic waves propagate away along the
earth’s magnetic field for a short distance, then return and intercept the bunched
protons one gyroperiod later at time ¢ = T}, and are amplified. The amplified
waves are observed at time t = T+ At (not shown in Figure 8.6) to give the 3fy
or 4fy proton cyclotron echo. The waves that missed the interception with the
bunched proton by passing through the region befcre or after time ¢ = T}, are
not amplified and provide the normal resonance spike signals above and below
the 3fy or 4fy echoes. This model may also be applied to the echoes at the fgs
resonance.

Both wave-wave interaction and wave-particle models may interpret the pro-
ton cyclotron echoes, which occur on electron plasma resonances. However,
at present it does not seem possible to distinguish between these two models

without further observations and further theoretical work.
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Figure 8.6: Sketch showing an electron electrostatic wave and a bunched proton
concentration produced by the sounding RF pulse at time ¢ = 0 both meeting a
proton gyroperiod later at t = T, and being involved in wave-particle interaction.
These electron electrostatic waves presumably receive energy from the protons
and are amplified, leading to the 3fy or 4fy proton cyclotron echoes observed
at time t = T), + At (not shown), while these electron electrostatic waves which
missed the bunched proton concentration by passing through to the antenna
before or after the protons had arrived produce the normal resonance spike
above and below tle echo. From Chen and Horita (1991).
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Chapter 9

Conclusions

In this dissertation, the proton cyclotron echoes have been investigat’ed in detail
by using over 2000 topside sounder ionograms (both swept-frequency mode and
fixed-frequency inode) obtained from the Alouette II, ISIS I and 11 satellites of
the Alouette-ISIS program. The main results of this investigation are:

(1) Proton cyclotron echoes were first reported in 1969 on Alouette II swept-
frequency ionograms. Subsequent studies were also based on swept-frequency
ionograms from the Alouette-ISIS satellite observations. We have examined
the combined fixed-frequency and swept-frequency ionograms obtained from the
ISIS I and II satellites. Proton cyclotron echoes are first time found to occur on
the fixed-frequency ionograms, Some examples of the proton cyclotron echoes
observed on the fixed-frequency ionograms, which wure taken from the 1SIS 1
satellite at the ground station, Ouagadougou (ODG), Upper Volta, have been
presented (Chapter 4). In addition to the features, such as constant apparent
ranges and higher order multiple echoes, which have been alrcady observed oti
the swept-frequency ionograms and also occur on the fixed-frequency ionograms,
we have observed that under some conditions the apparent range doesn’t remain
constant and the proton cyclotron echo is subject to modulation in intensity. The
change of the apparent range should be related to the plasma parameters or the
group velocity for low group velocity electrostatic waves (ion Bernstein waves)
in the vicinity of the satellite. This new information will give some insight into
the generation mechanism of the proton cyclotror,

(2) In terms of the combined swept-frequency and fixed-frequency ionograms,
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we have found the way to clarify effects on proton cyclotron echoes of antenna
orientation with respect to the earth’s magnetic field (Chapter 5). It has been
long-cherished to study this subject, as this study can bring some light into the
physics of the proton cyclotron echoes. However, it is not possibie to do so -
only in terms of swept-frequency ionograms. The proton cyclotron echoes ap- .
pear in a particular frequency range on the !swept-frequency ionograms whereas
the swept frequency is varied. Thus the proton cyclotron echoes are usually
observed in a very short time period (less than 1 sec) whereas the spin period
of the satellite (e.g., ISIS II) is between 17 — 24 sec. For fixed ‘frvequency iono-
grams, the sounding frequency is fixed and we have observed that the proton
cyclotron echoes can be under obse1 vation for several spin Derlods of the satel-
lite and the proton cyclotron echo intensity is modulated by the spin of he :
satellite. We used satellite orbital parameters and spin axis attitude to aeter- |
mine the position of the satellite and the orientatior: of the satellite spin axis
on the celestial sphere. Then the plane containing the antennas is determined
since the antennas are perper‘ldi‘e’ular to the spin axis, We use the characteristics -
of the propagation of electroma‘gnetic waves in the ionosphere or the magneto-
sphere and swept-frequency ionograms to determine the antenﬁa orientation. It
is concluded from our analysis of the combined ionograms that higher intensity
and higher harmonics of proton cyclotron echoes occur when the sounding an- |
tenna is parallel to the earth’s magnetic field. As this conclusion applies to the
swept-frequency icnograms, the proton cyclotron echo can be readily observed
on the swept-frequency ivnograms only when both the right RF range and right
antenna orientation are satisfied simultaneously. | -
(3) All previous work on proton cyclotron echoes were devoted to regular pro-
ton cyclotron echoes. The regular proton cyclotron echoes occur on the swept-
frequency ionograms predominantly at frequencies below the electron plasma

frequency fw, and slightly above the electron cyclotron frequency fy. We
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have discovered a new class of proton cyclotron echoes, which occur on elec-
tron plasma resonances (Chapters 6 and 7). The proton cyclotron echoes on the
fu,nfu (n=2,3,4), foa and fp resonances have been observed and presented. |
Spurs observed on fy or fr (Benson, 1975) are likely different presentations of
proton cyclotron echoes on the fy or fr resonances. We have checked the pro-
ton cyclotron echoes on the fy, nfy and fgs in more detail and their features
have been presented. The proton cyclotron echoes observed on the fy, 4 fy, fos
and fp resonances exhibit a doublet, on the 2fy resonance a triplex and on 3 fy
resonance a singlet while the regular proton cyclotron echoes are always single.
A frequency difference of about 5 — 10 Hz exists between subechoes in a doublet
or triplex echo. The regular proton cyclotron echo seems to correspond tc the
first echo of the double or triple proton cyclotron echoes. Appareut ranges of
all proton cyclotron echoes are greater than the vorresponding apparent ranges
calculated from the proton cyclotron periods at the satellite locations, which
are derived from the electron cyclotron resonance frequencies. The most proton
cyclotron echoes on the electron plasma resonances were observed at dip angles
whose magnitudes are less than 8°. |

The fy, nfr and fg, resonances have been attributed to wave propagation
phenomena. The antenna picks up energy from the ordinary electromagnetic
wave (DKO mode) or the Qlecjtrostatic waves (electron Bérnstei‘;n mode), both
propaga.ting‘pe;pendicul‘ar‘ to the earth’s mag‘ﬁétic ficld and having very low’
group velocity, due to satellite velocity and wave group velocity matchi‘ng or
wave reflection process. We have suggested that the proton cyclotron echo is
related to the ion Bernstein waves. Thus this new class of proton cyclotron
echoes can be interpréted by nonlinear interactions of ion and electron Bernstein
waves or ion Bernstein waves and DKO mode waves (for the fy resonénc'é)} ‘

We have additionally observed absorption phenomena on the 3fu, 4fu or fos

resonance spikes near the proton cyclotron period on the swept-frequency iono-
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grams occasionally. Bui, they are not yet understood and further investigation
is needed. '

(4) Finally, we have presented a theory to interpret proton cyclotron echoes
(Chapter 8). From the observations of proton cyclotron echoes on the ionogram
and the A scan, the proton cyclotron echoes can be considered to be the result
of nonlinear interaction (or nonlinear modulation) of two waves. One of the
waves 1s suggested to be the ion Bernstein wave which is related to cyclotron
emissions of bunched protoxis in the ion sheath. The ion sheath is formed by
the high-power RF pulse. Another wave is a MF wave whose frequency is close
to the frequency of the RF pulse. When proton cyclotron echoes occur on the
fan, nfy and fy resonances the MF waves are simply corresponding electron
electrostatic waves or electron Bernstein waves or DKO mode electromagnetic
waves. For regular proton cyclotron echoes, the MF waves are less well un-
derstood. However, several poésibilities for their presence have been suggested.
Many observational features of proton cyclotron echoes can be interpreted by

this nonlinear interaction model of two waves.
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