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ABSTRACT 

The Landau instability ~ ry proposed by Horita and Watanabe 

(1969) and Horita (1972) is extended to allow computer calculations 

of warm plasma effects. An investi gat ion is first made to consider 

the influence on the growth rate of the ionospheric parameters, 

especially the wave frequency w 
r 

around the lower hybrid resonance 

(LHR) frequency, the temperatures for plasma electrons and ions (tP 

and Tf) and streaming electrons (T.,5 and T ... s), the strength of the 

Earth's magnetic field B0 and the ion concentration Nk. 

Then a search was made for ab sorp t ion. bands at harmonics of the 

proton, helium and oxygen gyrofrequencies. It was found that the 

absorption bands occur when the parallel to perpendicular temperature 

ratios for the plasma particles and the streaming particles satisfy 

T,P/TP < l and T,~!T.&.s < 1. Using a particular set of ionospheric 

parameters from the ISIS 2 satellite, absorption band harmonics of 

the proton and helium gyrofrequencies were found at a particular 

value of ~P/Tf < 1. Absorption bands near harmonics of the oxygen 

gyrofrequency were found from another set of ionospheric parameters. 

Absorption bands ex~ctly at harmonics of the helium and oxygen gyro-­

frequencies were also found . 
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The res ults pres ented are then compared with satellite observations. 

It is fo und that ma ny features are in good agreement. The Landau insta­

b i lity process appears to be a possible generation mechanism for auroral 

hi ss, elec t rostatic noise seen on the Javelin 8.46 rocket, V-shaped VLF 

noise, saucers and ELF hiss. 
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CHAPTER 1 

INTRODUCTION 

1. 1 Histor i cal review 

Whistlers and very-low-frequency (VLF) emissions are the ti,..o 

types of radio signals studied widely by many physicists since 1894. 

Whistlers are bursts of very-low-frequency electromagnetic (E.M . ) 

energy produced by ordinary lightn i ng d i scharges. These bursts of 

E.M. energy travel into the ionosphere and are dispersed as they 

propagate a l ong the lines of force of the Earth's magnetic field. 

In general, a whistler starts at a high frequency and then drops 

in frequency to a lower 1 imit of about 1 kHz after 1 second. The 

basic requirement for the detection of whistlers is that a voltage 

be induced in an electrical circuit by the very-low-frequency elec­

tromagnetic waves of the whistler. The voltage is then amplified 

and converted to a form suitable for detection. These whistlers are 

detected by simple antennae; a typical whistler antenna consists of 

a single-turn loop of copper wire in the shape of a delta with an 

elevation of about 30 feet. The loop is connected through a trans­

former to a high-gain, low-noise, wide-band audio amplifier. 

The first known report on whistlers was a paper by Preece (1894) . 

This was followed by papers by Barkhausen (1919), Eckersley (1925, 

1926, 1928) a nd St 0rmer (1928). In the early stage, investigators 
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detected these s ignals from "audio-recorder" systems, and no ex­

planation had been given for the origin of the whistlers. In 1930, 

Ba~khausen proposed two possible explanations of the source of the 

whistlers. One involved multiple reflections between earth and 

ionosphere and the other was based on the propagation of waves 

through a dispersive medium. After the Second World War, new 

techniques of analysis and new methods of detection of the whistlers 

were introduced by other investigators (e.g. Helliwell, 1956; Storey, 

1957B, etc.). With the developmen t of whistler spectrology and 

theory, there has arisen new nomenc lature that reflects the spectre­

graphic appearance of whistlers and the mechanism of whistler propa­

gation. Characteristics of whistlers and variations in their occur­

rence are discussed in detail by Helli well (1965). 

Other types of electromagnetic no i se similar to whistlers are 

called very-low-frequency (VLF) emissions which have frequencies 

ranging from 200 Hz to 30 kHz. Very-low-frequency emissions can 

also be detected and recorded with the same equipment employed in 

the study of whistlers. Observations 5how that some of these emissions 

are in close association with whistlers. They may appear in continuous 

form lasting for several minutes, or they may occur in discrete bursts 

as short as a fraction of a second. Emission spectra are characterized 

by a tendency for both the steady and the discrete forms to appear in 

well-defined and sometimes relatively narrow frequency bands. The 

width of i ndividual bands may range from about 30 Hz to 20 kHz or more. 
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Classificat ron of VLF emissions are also presented in detail by 

He lliwell (1965) . Though the mechanism of VLF emissions is not 

yet understood, evidence shows that these emissions propagate to 

the earth f rom a region of generation within the earth's magnetosphere. 

On September 29, 1962, the Canadian Alouette 1 satellite was 

launched into a nearly circular orbit (with perigee 996.38 km and 

apogee 1031.05 km) at a height of 1000 km and with an inclination 

of 80.463 degrees to the equator. Included in its payload was a 

broad-band very-low-frequency (VLF) receiver which covered the fre­

quency band from 400 Hz to 10 kHz. The VLF receiver was connected 

to the 150-ft long electric dipole antenna. 

Within the VLF measurements, there was an unusual band of no~se 

characterized by a sharp lower-freq uency cutoff which usually in­

creased with decreasing latitude of the satellite (Barrington and 

Belrose, 1963). Comparison of satellite and ground-based recordings 

showed that this new type of noise was not observed on the ground 

(Brice and Smith, 1964). Many cha racteristics of this noise band 

led to the conclusion that the lower-frequency cutoff is at the - lower 

hybrid resonance (LHR) frequency of the ambient plasma (Brice and 

Smith, 1965). Hence this noise band has been termed the LHR noise 

band. The noise is observed in the frequency range from about 5 to 

10 kHz with a bandwidth varying from one to several kHz. LHR noise 

is frequentl y observed both in midlatitude and polar regions . 
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Accordingly these two types of noise have been called midlatitude and 

pola~ LHR noise (McEwen and Barrington, 1961). At mid-latitudes, the 

lower-frequency cutoff varies systematically with latitude while the 

bands show a wi de variation in appearance. A large number of the ob­

served midlatitude LHR noise appears as a continuous emission of un­

known origin, but sometimes it also appears as short bursts evidently 

triggered by whistlers. Such signal s are termed whistler-triggered 

LHR noise. They have a maximum in occurrence at 50° - 60° invariant 

latitude. The lower-frequency cutoff of the polar LHR noise band is 

erratic and shows rapid fluctuation s ; the noise recorded is mostly a 

continuous emission lasting for several minutes. Polar LHR noise is 

mainly observed in the region 70° - 85° invariant latitude. 

Examples of LHR noise bands from the Alouette 1 satellite are 

given in Figure 1. 1 (after McEwen and Barrington, 1967). The first 

example shows a noise band with a wide bandwidth and a cutoff fre­

quency at about 5 kHz. This noise band is recorded while the satel­

lite is at an invariant latitude of 80° N, so it is called polar LHR 

noise. The fluctuations in the lower frequency cutoff are believed 

to be due to variations in the electron density of the medium. The 

next three examples show midlatitude LHR noise bands. Example 2 

shows that the noise between 8 and 10 kHz has been triggered by both 

short and long fractional-hop whistlers. Example 3 shows three trig­

gered LHR noise bursts which persist for about five seconds. Example 

4 shows a fa i r l y steady noise band with a lower cutoff of about 5 kHz 
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The first example is polar LHR noise band; the last three 

examples are midlatitude LHR noise bands (after McEwen and 

Barrington, 1967). 
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at the beginning to about 6 kHz at the end of the record. The origin 

and cause of these midlatitude LHR noise bands are not clear. 

Recentl y , Gross and Larocca (1972) also studied the 1963 and 1964 

Alouette 1 records from the Ottawa station in order to determine the 

characteristics of VLF hiss showing a sharp lower-cutoff frequency 

associated with the LHR frequency. They classified the LHR hiss into 

two types according to its bandwidth. For the wide-bandwidth hiss, 

the noise band extended up to the hig hest frequency in the spectrum 

and also appeared quite intense there. This type of hiss corresponds 

to polar hiss as observed by McEwen and Barrington (1967). For the 

. narrow bandwidth hiss, both upper and lower frequency limits were 

observed on the record for the entire event. Further they also 

classified the narrow band hiss into smooth cutoff hiss (S-type), 

whistler-associated hiss and erratic cutoff hiss (E-type) according 

to the duration of the noise, variation of lower frequency cutoff 

and association with other VLF events. They pointed out that mfd­

latitude hiss might not be caused by one type of source. They also 

pointed out the possible sources for S-type hiss were resonant­

particle instability or whistlers. 

LHR noise bands are also found in lnjun 3 VLF recordings, though 

not so frequently as in Alouette 1 recordings . The LHR noise bands 

observed on OGO 2 records and triggered · by fractional-hop whistlers 

are found to be among the most intense signals observed on these 

records (Laaspere et al., 1969). One important feature is that both 
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the Alouette 1 and OGO 2 satellites use electric dipole antennae 

whereas the ln jun 3 satellite uses a magnetic loop antenna . LHR 

noise bands a re aTso observed by many other satellites such as lnjun 

5 (Gurnett et al., 1969), OGO 4 (Laaspere and Taylor, 1970), ISIS 

(Muldrew, 1970), OGO 6 (Laaspere and Johnson, 1971), Alouette 2 

Barrington et al., 1971), OGO 5 (S carf et al., 1972A, 1972B), OGO 3 

(Burtis, 1973), and ISIS 2 (Palmer and Barrington, 1973; James, 1976). 

From these measurements LHR noise is known to occur at an altitude 

from several hundred km to severa l earth radii. The two types of 

LHR noise, namely midlati t ude and po lar LHR noise, are usually found 

in latitude ranges between 40° to 65° and 70° to 85°. The differ­

ences in appearance and occurrence of these types of LHR noise suggest 

different excitation mechanisms. The midlatitude LHR noise seems to 

be electrostatic (Gurnett et al., 1968) while the polar LHR noise is 

electromagnetic (Barrington et al. , 1971). 

J0rgensen (1968) has suggested that the emission named polar LHR 

by some workers is equivalent to the em ission called auroral hiss by 

others. Laaspere et al~ (1971) state that polar LHR noise, impulsive 

auroral-zone VLF hiss studies by Gur ne t t (1966), high-latitude hiss 

observed with the VLF experiment of Ariel 3 by Bul lough et al. (1969), 

and the broad-band VLF- LF electromagnetic noise termed auroral hiss 

by J~rgensen ( 1968), He 11 iwe 11 ( 1969) and themse 1 ves a 11 represent 

the same phenomenon . 

I 
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1.2 Some theories of VLF hiss 

A number of different mechanisms have been considered to explain 

VLF hiss. El l is (1959) first suggested that auroral-zone VLF hiss 

emission may be produced by incoherent Cerenkov radiation from the 

same charged particles that produce aurorae. Later, McKenzie (1963, 

1967), Mansfield (1967), J¢rgensen (1968), Muldrew (1970), Lim and 

Laaspere (1972) and others also suggested VLF hiss generation based 

on incoherent Cerenkov radiation . Another mechanism suggested for 

VLF hiss is cyclotron emission (Ellis, 1959; McArthur, 1959; Murcray 

and Pope, 1960; Trulsen and Fejer, 1970). 

Ellis (1959) indicated that the theoretical power intensities of 

the noise using the incoherent radiation process was several orders 

of magnitude too low to explain the observed power intensities. Lie­

mohn (1965) compared the calculated power from the incoherent process 

with the observed power and found that the observed power exceeded 

the calculated power by seven orders of magnitude. Hence he con­

sidered the incoherent theory inapplicable. Later, J¢rgensen (1968) 

concluded that based on a "realistic" model and more recent data VLF 

hiss could be generated by incoherent Cerenkov radiation from large, 

but plausible, fluxes of electrons with energies of the order of 

keV. However, J0rgensen 1 s (1968) conclusion has been questioned 

seriously by Gurnett and Frank (1972) . Based on their studies of 

auroral-zone VLF hiss and low energy charged-particle observations 

with lnjun 5 sa te llite, Gurnett and Fran k (1972) concluded that the 
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observed VLF h i ss intensities could not be accounted for by incoherent 

Cerenkov radiat ion f rom the observed electron fluxes, thus indicating 

that a cohere nt plasma instability mechanism was involved. Taylor and 

Shawhan (197 4) i n their paper also calculated hiss intensities using 

the incoherent Cerenkov theory and found the calculated values to be 

small. Hence, they also concluded that it was unlikely that VLF hiss 

was generated by incoherent Cerenkov radiation from electrons. How­

ever they suggested a cooperative mechan i sm such as partially coherent 

or amplified Cerenkov emission or an i nstability mechanism . 

The idea of an ins t abil i ty mechani sm for the source of VLF hiss 

is not new. The Landau instability , wor ked out in detail by Horita 

and Watanabe (1969) and Horita (1972) may provide an explanation for 

the origin of VLF emissions associated with the precipitation of 

electrons. Further, Rao et al . (1973) use the theory developed by 

Horita and Watanabe (1969) and Horita (1972) to calculate the growth 

rate involving particles with an energy of 1 keV. They conclude that 

the growth rates predicted by the theory of Horita and Watanabe (1969) 

and Horita (1972) seem adequate in explain i ng the disparity between 

the VLF hiss intensities predicted by the incoherent Cerenkov mech­

anism theory and those observed by space probes. More recently, 

James (1973) and Swift and Kan (1975) have also supported the coherent 

plasma instability theory. 

Other mechanisms for VLF hiss than the incohe rent Cerenkov 

radiation, cyc l otron emission and Landau instability are also suggested 
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by other investigators. A special type of Cerenkov mechanism to ~x­

pla i n the VLF hiss i s the travelling wave tube instability as suggested 

by Gallet and Hel l iwell (1959) and Dowden (1962). Instabilities of 

electromag netic waves due to anistropic temperature have been discussed 

by Harris (1 96 1). Further references for VLF theories can be found 

in review papers by Kimura (1967), Rycroft (1972) and Gendrin (1975). 

After the discovery of LHR noise from the Alouette l satellite, 

Smith e t al. (1966) suggested that midlatitude LHR noise results from 

a horizontal ionospheric duct or cavity trap for electromagnetic waves 

which propagate nearly transverse t o t he Earth's magnetic field. In 

order to observe the LHR trapping, the existence of an LHR frequency 

minimum with height is first required . Then the satellite location 

in the proper height range between two LHR maxima must be considered . 

Thus this mechanism only permits generation of LHR noise bands over 

a well-defined height region. From the Alouette 2 VLF data, it is 

observed that the LHR noise bands are found up to 3000 km. These 

observations led to the abandonment of the duct theory by McEwen and 

Barrington (1967) . Later, Gross (1970, 1972) also investigated the 

duct theory more closely . He concluded that the duct theory may still 

explain LHR noise from 1000 km to 3000 km, but beyond this range an­

other mechanism is required. Due to the motion of a satellite with 

respect to the ionosphere, Budke (1969) proposed that a whistler in 

the vicinity may by the source which excites LHR noise. His mechanism 

suggested t ha t whenever a wh i stler reaches the satellite, LHR noise 
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should be observed . Unfortunately, LHR noise is usually observed 

much less often t han whistlers (Laaspe re et al ., 1969). Recently, 

Michkofs ky (1974) investigated the mechanism suggested for whistler­

triggered LHR no ise by considering an irregularity in number density. 

In 1975, Eigil Ungstrup reported narrow-band VLF electromagnetic 

signals observed on a rocket payload launched from ESRANGE (European 

Space Range) near Kiruna, Sweden. He proposed that the generation 

mechanism for these observed signal s i s the high-frequency two-stream 

instabi 1 ity developed by K. Lee et al. (1971). Recently, James (1976) 

examined data from the VLF receivers aboard the Alouette and ISIS 

satellites which contained a number of examples of the "saucer" radio 

phenomenon, so named because of its hyperbolic lhape in the amplitude­

frequency-time displays . After careful analysis of these "saucers", 

he thought the "saucer" source may be predicted by the beam-plasma 

theory. 
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1.3 Recent satell i t e observations 

Many proton and helium gyrofrequency phenomena have been observed 

in the ionosp he r e with both satellites and rockets. Guthart et al. 

(1968) observed proton gyrogrequency band emissions on OGO 2 data. 

Mosier and Gurnett (1969) and Gurnett and Mosier (1969) reported VLF 

electrostatic noise bands related to harmonics of the proton gyro­

frequency on the Javelin 8.46 sounding rocket. After comparing the 

observed fine-structure cutoff frequencies with the harmonics of the 

proton gyrofrequency, Gurnett and Mosier (1969) concluded that these 

harmonics were generally wi thin the attenuation bands. They suggested 

that Bernstein mode theory might explain this phenomenon since the 

Bernstein mode theory for a Maxwellian plasma predicts that the upper­

frequency limit of a stop band is at a harmonic of the gyrofrequency. 

Unfortunately, the results were not in agreement with the frequency 

limits of the attenuation bands. About a month later, Gurnett et al. 

(1969) also reported the observation of V~shaped VLF hiss events re­

lated to harmonics of the proton gyrofrequency on the lnjun 5 satel­

lite. They noted that the centre frequencies of the attenuation bands 

were within abo~t ± 50 Hz of the proton gy rofrequency harmonics. 

Since these attenuation bands were observed both in the electric and 

magnetic field frequency spectra, these waves are electromagnetic. 

Stefant (1970) pointed out phenomena associated with harmonics of a 

+ positive ion (particularly O) gyrofrequency. Other phenomena re-

lated to t he proton gyro f requency were observed on the Alouette 2, · 
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ISIS l an d IS IS 2 satellites and reported by Harvey, 1969; Palmer and 

Barrington , 1973 ; Horita, 1974; and 0ndoh et al., 1975. 

Klumpar (1975) has recently reported observing a phenomenon 

which is si mi l ar to the V-shaped VLF hiss event described by Gurnett 

et al . (1969) on data from the ISIS 2 satellite. He noted VLF 

saucers exhibiting absorption bands in frequency-time spectrograms 

at integer multiples of the proton gyrofrequency. Since the isolated 

regions of enhanced positive ion fluxes (proposed to be protons) are 

often seen to accompany these saucers, he suggested the absorption 

bands are evidence for energy transfer from the waves to the particles. 

Horita and Friesen (1~75) have observed the amplitude modulation of 

short fractional hop whistlers at harmonics of the proton and helium 

gyrofrequency on VLF spectrograms from the ISIS 2 satellite. Most 

recently, Horita et al. (1976) reported modulation at harmonics of 

the proton gyrofrequency seen on auroral hiss. Their observatrons 

show that the proton gyrofrequency from the attenuation bands is 

smaller than the local proton gyrofrequency, suggesting the generation 

region is at some height above the satellite. 

Examples of VLF spectrograms from the ISIS 2 satellite are given 

by Figure 1.2 (after Horita et al ., 1976) and Figure l.3. Figure l.2 

shows a spectrogram received by the satel 1 ite on December 4, 1971 at 

064957 UT wh en the satellite location was 54.2° N, 103.7° W geographic 

coordinates an d at a height of 1418 km . The noise band appears as a 
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continuo us emi s sion . The frequency range is from about 1.6 kHz to 

18 kHz. The local proton gyrofrequency is 490 Hz, while the observed 

proton gy rofreque ncy from the spacings of the figure is 403 Hz. 

Figure 1.3 shows another spectrogram received by the satellite on 

May 6, 1972 at 064315 UT when the satellite location was 5-5.5° N, 

93.3° W geographic coordinates and at a height of 1434 km. The noise 

band appears as short bursts lasting for about two seconds. The local 

proton gyrofrequency is 487 Hz, while t he observed proton gyrofrequency 

from the spacings of the figure is 400 Hz. Both figures show that the 

absorption bands coincide well with the proton gyrofrequency harmonics, 

suggesting attenuation at these harmonics. 
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1.4 Purpose and su mmary of work covered in this thesis 

As int imated i n the previous sections the problem to be pursued 

was stimulated f rom the prediction that absorption bands at harmonics 

of the proton gyrofrequency may appear in LHR noise (Horita and Wata­

nabe, 1969, page 72) . Such bands were discovered in LHR noise by 

Horita et al. (1976) very recently. In addition, phenomena related 

to harmonics of the proton, helium and oxy gen gyrofrequencies were 

also reported by other investigators. Many of these observations 

suggest that the Landau instability theory for the excitation of 

electrostatic waves proposed by Horita and Watanabe (1969) may be 

relevant to these various types of VLF signals. The theory may also 

explain the origin of other VLF emi ssions associated with the precipi­

tation of electrons . The theory was extended by Horita (1972) employ­

ing the full-wave dispersion equation. The extension allows an inves­

t igation of the Landau instability process with electromagnetic waves 

which reduces to the electrostatic case for large values of refractive 

i ndex. 

The purpose of this thesis is to apply the Landau instability 

theory to find the conditions for which the absorption bands at har­

monics of the proton, helium or oxygen gyrofrequencies may appear. 

The paper by Horita and Watanabe (1969) showed that the absorption 

bands exist only when a warm plasma is cons idered. Thus the expan­

sions give n in t he paper by Horita (1972) must be extended to include 

f inite tempera .tures . Th e growth rate exp ression is obtained by cal-
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culating the wave energy and the power transfer between the streaming 

particles and the propagating wave. The refractive index is calculated 

by employing the dispersion equations for both a cold and warm plasma. 

Other parameters such as the mobility tensor, the dielectric tensor 

and the rat ios of the electric field components are also calculated 

from both the cold and warm plasma expressions. 

In chapter 2, we obtain the expression for the power absorption 

by charged particles in a coll isionless warm plasma. Thus the growth 

rate is computed by considering the rate of increase in energy for the 

particles to the rate of decrease in energy in the plasma wave. Since 

the analysis is compl'icated, it is expedient to use a computer to per­

form the numerical calculations based on the complex expressions. 

In chapter 3, details of the computer calculation are given first. 

Then calculations for the growth rate are made for different parameters. 

Calculations of growth rate for wave frequencies around the LHR fre­

quency are emphasized. Also presented are the effects on the growth 

rate of temperatures of plasma electrons and ions and streaming elec­

trons, the strength of the Earth's magnetic field, and the ion concen­

tration. Then calculations are made to find the absorption bands at 

harmonics of the proton, helium and oxygen gyrofrequencies. 

Comparison of theory with satellite observations and a discussion 

of the influence of temperature are given in chapter 4. In chapter 5 

conclusions and topics for future investigation are given . 
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CHAPTER 2 

LANDAU INSTABILITY THEORY 

2. 1 Plasma parameters and Maxwell's equations 

We first introduce the parameters, in c.g.s. units, which appear 

frequently in the equations describing a plasma. They are: 

Ok (cyclotron or gyro-frequency)= {2.1.1} 

TT k (plasma frequencyf = (2.1.2) 

where Bo is the strength of th~ Earth's magnetic field, qk' mk and Nk 

are the charge with magnitude Zke' mass and number density of particles 

of the kth type (designated by subscript k) and c is the velocity of 

I ight. In particular, the numerical values of the cyclotron and plasma 

frequencies for electrons and protons are: 

n (electron cyclotron frequency)= 1.7588 x 10 7 Bo rad-sec- 1 
e 

n (proton cyclotron frequency) = 9.5789 x 103 Bo rad-sec- 1 
p 

and 

TT (electron plasma frequ ency) = 5.7418 x 10 4 N rad-sec- 1 
e e 

TT (proton plasma frequency)= 1.3165 x 10 3 N rad-sec- 1 
p p 

(2. 1. 3) 

(2.1.4) 

(2. 1. 5) 

{2.1.6) 
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It is clea r that the cyclotron frequency is proportional to the 

magnetic field B0 , while the plasma frequency is proportional to the 

square root of the number density. 

Maxwel l 1 s equations, in c . g.s . gaussian units, which govern the 

p 1 asma, a re: 

.... 
V · B = 0 (2.1.7} 

..... 
V • E = (2:.1.8) 

..... ~ 

..... 4n--=- 1 aE 1 ao 
VxB=-J+--=--

c c at cat 
(2. 1. 9} 

..... 
V X E = Cat 

(2. 1. 10) 

..... 
with the current density j defined as 

..... 
j = I (2.1.11} 

k 

The equation of motion for a single particle of type k is 

(2.1.12} 

.... ~ ..... 
In the above expressions, B, E and Dare the magnetic field, the 

electric field and the electric displacement vectors; Ek is the sign 
_.. 

of charge ±1; Vk is the velocity of the type k particle. The 

summation sign L stands for the sum over each plasma component. 
k 



- 21 -

2.2 Po.,,1er absorpti on by charged particles in collisionless plasma 

Figure 2. 1 shows the physical situation in which the Landau insta­

bility mecha ni sm is presumed to occur. A tenuous stream of particles 
~ 

(assumed to be electrons), which has a parallel drift velocity V , 
s 

traverses the background plasma and interacts with an E.M. (plasma) 

wave. The instability region is assumed to be small compared to the 

size of the Earth so that Cartesian coordinates may be used in the 

analysis. Figure 2.2 shows the relationship in Cartesian coordinates 

between the direction of motion of the streaming particles and the 

direction of the wave number vector for the E.M. wave. In this fig­

ure, e is the angle of propagation. The background magnetic field Bo 

is assumed to be uniform in space and is along the z-direction, the 
.... 

wave vector k is taken in the x-z direction. The background plasma 

consists of electrons and three positive ions. Although all species 

of particles have a Maxwellian velocity distribution, they have dif­

ferent perpendicular and parallel temperatures, T.L and Tu. The number 

density of the background particles and the streaming particles are 

assumed to be uniform in space in the unperturbed state. Coll is ions 

between particles are ignored. 

From Stix (1962) (henceforth referred to as Reference A), the 

powe r absorption per unit volume by all charged particles P is given 
a 

by 

pa· zk ·I [ "2~~ (E ;;:'' . f'' + f". M · n]k 
k k 

(2.2.1) 
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Figure 2. 1 Diagram shows physical situation in which the Landau 

i nstability is presumed to occur. 
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Fig ure 2.2 Re lationship between the mean streaming velocity of the 

streaming particles and the wave vector for the E.M. wave. 
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where parameters appropriate to particles of the kth type are to be 
..... 

used in eval uat i ng M, the mobility tensor. The other parameters were 

already introduced. The asterisk denotes the complex conjugate. The 

summation i s over the streaming particles and all plasma components. 

Using the parameters from section 2.1, we can write Eq. (2.2.1) as 

I [r 
n=-ao 

(2.2.2) 

Equation (2.2.2) may be expanded and expressed in terms of components 

of the mobility tensor and the x-component of the wave electric field 

as 

IE 1
2 

{
1r + 

X n 

J. -1 ... J . ... 
( E" E - E E) ((' E + E E") 

+ 
X y y 4r X z X z ST + 

IE 12 n 
IE 12 n 

X X 

(E* 1::: 
E ) 'rn } E - E 

+ Y. z z y 

IE 12 
X 

(2.2.3) 

lT 
;': 

We have defined = M + M n xx xx 

2r ·{:. 

= M + M n yy yy 

3T 
·{:. 

= M + M n zz zz 

4T 
;'::; 

= M - M n xy xy 

ST ;'-.. 
= M + M n xz xz 

6T 
··.'.. 

::::: M - M n yz yz (2.2.4) 
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These are the equations which are used to compute the power absorption 

per unit volume by charged particles. If Pk is positive, the energy 

is transferred from the wave to the particles, resulting in wave damp­

ing. On the other hand, if Pk is negative, the energy is transferred 

from the particles to the wave, leading to wave amplification. The 
... 

evaluation of the components of the mobility tensor Mand the wave 

electric field will be discussed in the following sections. 
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2.3 The mob ili ty tensor 

.... 
From t he previous section, we introduce the mobility tensor M 

in computi ng the power absorption by charged particles in collision-

-less plasma. The elements of the mobility tensor M have the form 

M M M xx xy xz 
u 
M = M M M yx yy yz 

M M M zx zy zz (2.3.1) 

where ( from Equation (9.8), page 188, Ref. A) 

00 
n2 @ M = e:k Gk I - I (;.k) < H > xx Ak n n n:::- 00 

{2.3.2) 

M = Gk ntoo n[ln(Ak) - l~( Ak)] < @>n xy (2.3.3) 

G 00 k 
M e:k n k I n 

X 
I ( Ak) [ n<$> - <$> ] = xz 

k n=- 00 A k n - n - n (2.3.4) 

00 

[ n2 
I ~ ( Ak)] < @ > n M = e:k Gk I In (;.k) (¾ + 2Ak) - 2). k yy n=- 00 

(2.3.5) 

G 00 
M = - i r/ I k [ I (;. ) - I' ( Ak)] [ n<$> - <$> ] yz 

k n=- 00 x n k n - n - n (2.3.6) 

e:k 
rl £. - ). k 00 

M 
k I I ( Ak) [ n<V $> - <V $> ] = zz k n z- n z- n z n=-00 

(2.3. 7) 
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M = -M 
yx xy 

M = M zx xz 

M = -M zy yz (2.3.8) 

with 

S"l k £-"k KO T.1..k 
Gk =-

k mk z 

(2.3.9) 

In the above expressions, Ko is the Boltzmann's constant, Tf is the 

th perpendicular temperature of the k type particles, V is the z­
z 

component of the particle velocity, n is an integer, k and k are 
X Z 

-31, 

the x- and z-components of the wave vector k. The function ln(>.k) 

and l~(>.k) are the modified Bessel function of the first kind and 

its derivative, respectively. They have the form 

and 

with an 

k2 

"k 
X 

= 
Q2 

k 

I " k n+2y 
y ! ( n+y) ! ( 2 ) 

"k n+2y- i 
2 ) 

argument 

k 
Ko T.1. 

mk 

While the quantities <@ >n' <¢> , <ijJ> , <V ¢> and <V ijJ> are -n -n z-n z-n 

functions with arguments T,,, T.1., w, k and k. T11 is the parallel 
X Z 

(2.3. 10) 

(2.3.11) 

(2.3.12) 

temperature for the particle motion parallel to the magnetic field. 
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w = w + i w. is the wave frequency. They are given by (from Equation 
r I 

(9.13), page 191, Ref . A) 

< ® > n = 2 ~ {r k - Xk F o (an)} 

< <p > = 
- n 

< 1/i > = 
- n 

nk Q~ { · k2 li~ 
<V </>> = 2 . 1 -Q (-Yk + k V - ) + 

z- n k2w k z z Tf 
z 

- Q~ . { k 
<V ljJ> = 2 - (w + nnk) i 2 

z - n k2 . . Qk 
z 

We have defined 

mk 
Q~ = ---

2 KO T11k 

a = Q 
w - k V + nnk z z 

n k k 
z 

k 
lia 

xk = (w - k V) + nnk (l - - ) 
z z T ... k 

k 
lia 

Yk = (w + nnk) ( 1 - - ) 
T.i.k 

(2.J.13) 

(2.J. 14) 

(2.J. 15) 

(w + nnk)(Yk -k
2 

V2 ) F0 (an)} 

(2.3.16) 

(2.3.17) 

(2.3.18) 

(2.3. 19) 

(2.J.20) 

(2.J.21) 

(2.3.22) 

(2.J.23) 
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where V = O excep t for the streaming particles where V = V. Hence, 
z z s 

this shows t hat the power absorption as mentioned in the previous 

section is depende nt on temperature, wave frequency, components of 

the wave vec t or, and other plasma parameters. In particu lar, if 

k k Tu = T.1. f or both plasma electrons and ions and streaming electrons, 

Equations (2.3.20) to (2.3.22) will become 

Thus Equations (2.3.12) to (2.3.17) reduce to 

Q~ 
<@ >n=-2-;-(w - k

2
V

2
) Fa (an) 

nk Q3 

< </> > -2 k V Fa (a ) = - n w z n 

Q' { 
k 

(an)} < ljJ > = 2 k . Qz - zk Fa - n i<' 
z k 

S\ o 3 

V 2 f ~: -(w + nnk) (a n)} <V ·k 
z 1> n = 2 k w Fa 

z 

Q' { k 

(an)} <V z .!!!..> n 2 ~ (w + n~k) i z 
zk Fa = 

k2 Qk 
z 

In the above expressions, we also introd uce the function Fa(an) 

which is de f i ned in terms of the function S(a ). 
n 

(2.3.24) 

(2 . 3.25) 

(2.3.26) 

(2.3.27) 

(2.3.28) 

(2.3.29) 
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and the argument a is defined in Equation (2.3. 19). The integral 
n 

in S(z) is just the complex error function. 

the function 

F (a ) · is similar to 
o n 

(2.3.30) 

(2.3.31) 

(2.3.32) 

which can be expressed in series form for small and large values of 

z on expansion. Expanding for small z, we obtain the series 

H(z) = i/; exp (-z2 ) + 2z (l - ~ z 2 + 
1
\ z 4 + ••. ) (2.3.33) 

but expanding for large Z, we get 

H (z) ,- 2 1 l 31 
= i vn exp (-z ) + ( - + - + 4 - + . • • ) 

z 2z3 zS 
(2.3.34) 

We can expand S(a) in a similar way. For la I << l, we expand S(a) 
n n n 

in the following series 

S(a ) = (1 - _2_ a2 + 2·2 a 4 
n an 3·1 n 5·3·1 n (2.3.35) 

while for la: I » l, vie expand S(a ) in a different series which is 
n n 

l 3 1 
S (a ) = -2 - ( 1 + - + -4 -· + . . . ) 

n an 2a2 a 4 
(2.3.36) 

n n 
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Thus, F
0

(a n) can be written into two forms according to 

la I << 1 n 

+ _i_ 
o. 

(1 + _. 1_ + ¾-T + .•. } la I >> 1 
20. 2 o.4 n n 

n n 

In the computer program, we allow these two cases, but also allow 

the most general case as stated by Equation (2.3.31). 

(2.3.37} 
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2.4 The d i s pers ion relation 

2.4. 1 Cold plasma ~proximation 

In the previous section, we notice that k and k are introduced 
. . X Z 

~ 

in the components of the mobility tensor. They-component of k is 

chosen to be zero. We can obtain these two components, k and k , . 
X Z 

from the dispersion relation. 

We first assume a zero temperature plasma immersed in a uniform 

static magnetic field B0 which is in the z-direction. The fields 

considered have the space-time factor 

-lo~ 

exp [ i ( k • r - wt ) ] (2.4.1.1) 

After Fourier analysis. in time and space, Equation (2.1.10) becomes 

k xE-~B=O 
C 

(2.4.1.2) 

and Equation (2. 1.9) becomes 

k x B + ~ (tt) = 0 
C 

(2.4. 1.3) 

Combining Equations (2 . 4. 1.2) and (2.4. 1.3) and with the relation of 
..... _., 

the refractive index n and the wave vector k 

..... w ..... 
k = - n 

C 

we have 

_,. ..... .....E) = ..... n x (n x + K· E = 0 

(2.4·. 1.4) 

(2.4.1.5) 
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~ 

By solv ing <Vk> f rom the equation of mot ion .and using the relation 

~ ...,. -"' 
K E = E + 

we obtain 

s 
"' -" 
K E = iD 

0 

where 

4rr 7 
--;; j 

-iD 

s 

0 

0 

0 

p 

s l - I iT~ w 
::::: 

k w (w2-n2) 
k 

I iT 2 Ek Qk k . 
D = 

k w (w2 - n2 ) 
k 

I 
2 

p 1 -
rr k 

= 
k w2 

E 
X 

E y 

E z 

_:, ...\ 

Le t S be the angle between B0 and k, then we can write Equation 
...ll. 

(2.4.1 . 5) only in variable E 

..... ..... 
T E = 0 

where 

L.l, 

T = 

S - n2 cos 2 s 

i D 

n2 sins cosS 

-iD 

S-n2 

0 

n2 s i ns cos S 

0 

P - n2 s in 2S 

..... .... 

{2.4.l.6) 

(2.4.1.7) 

(2.4.1.8) 

(2.4. l.9) 

(2.4. 10) 

To have non- tr iv ial values f o r E, the determinant of T must vanish. 

-"' 
Th i s yield s a di spe r s ion relation : a cons traint on the values of k, 

7 
I 
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the wave nu mber , allowed for a given w, the wave frequency. The 

determina nt of (2 .4. 1. 10) gives 

where 

A2 = RL sin 2e + SP(l + cos 2e) 

In the above, Rand Lare 

I 1T 2 

R 1 - k w = 
k w2 w +· E:k 

I 1T2 

L 1 - k w = 
k w2 w - E:k 

Thus it can be seen that 

2S = R + L 

20 = R - L 

S\ 

nk 

defined as 

) 

) 

(2.4.11) 

cz_. 4. _12> 

(2.4.13) 

(2.4.1.14) 

The solution for the dispersion equation (2.4. 11) for the wave 

propagating through the background cold plasma is given in Ref. A 

(Eq. (1.26), page 12). We are interested in the whistler-mode 

solution whose wave-normal surface is a dumb-bell lemniscoid. This 

solution is 

n 2 = ("2.4.1.15) 
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where 

(2.4.1. 16) 

~ 

Thus the x- and z-components of the wave vector k can be obtafned 

from Equations (2.4. 1.4) and (2.4. 1. 15). 
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In the case of a warm plasma, Equation (2.4. l.S) is still valid. 

Since we allow the variation of temperatures for plasma electrons and 

ions and streami ng electrons, we use the components of the dielectric 

tensor K. Writing Equation (2.4. 1.S) only in terms of r, we have 

L..> ...,. 
R E = 0 (2.4.2.1) 

where 

K n2 cos 2 e K K + n2 sin e cos e xx xy xz 
4-> 

R = K K - n2 K yx yy yz 

K + n2 sin e cos e zx K K - n2 sin 2 e (2.4.2.2) zy zz 

-'" ~ 

To have non-trivial solutions for E, the determinant of R must 

vanish. This yields an equation 

(2 . 4.2.3) 

where 

81 = (K sin 4 e + K cos 4 e) + 2K (sin 3e cose + sine cos 3e) xx zz xz 

+ (K + K ) sin 2e cos 2e xx zz (2.4.2.4) 

82 = [ K ( K + K ) + K2 - K2 ] sin 2e + [K (K + K ) + K2 
xx yy zz xy xz zz xx yy yz 

- K2 J cos 2e + 2 [K K - K Kyz] sin e cos e (2.4.2.5) xz xz yy xy 

8 3 = K (Kyy K + K2 ) + 2K K K + K2 K - K2 K (2.4.2.6) xx zz yz yx xz yz xy zx xz yy 
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Thus the sol ut ion f or the whistler-mode i s 

B2 - JB4J 
n2 = ----- (2.-4.2.7) 

with 

Then values of k and k can be obta i ned in terms of the refractive 
X Z 

index and the components of the di e lectric tensor. Indeed we also 

can obtain a ratio for the electric fi e ld components in terms of the 

refractive index and dielectric tensor from Equation (2.-4.2.2). 

These give 

E (n 2 sin e cos e + K ) K - K (k - n2 cos 2e) 
_:f_ = _________ x_z __ y_x __ .... v_z __ x_x _____ _ 

Ex K K - (n 2 sin e cas e + K ) (K - n2) 
yz xy xz yy 

E z r= 
X 

K K - ·( K 
xy yz YY 

(K - n2 ) (n 2 
yy 

- n2) (K - n2 cos 2e) xx 

sin e cos e + K ) - K 
xz xy 

K 
yz 

These ratios are used to express the power absorption in terms of 

JE j 2. Thus once we know the x-component of the electric field, 
X 

we can compute the power absorption. 

(2.-4.2.9) 

(2.-4.2.10) 
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2. 5 The dielectric tensor 

The elements of the dielectric tensor, as introduced in the 

previous sect ion, have the form 

K K K xx xy xz 
~ 

K = K K K yx yy yz 

K K K zx zy zz 

From Equation (2.4.1.6), we obtain an equation 
~ 

for K with other 

-"' . 
parameters. Using the relationship between <Vk> and the mobility 

tensor by 

~ C _.. _., 
<Vk> = - M · E Bo k 

Now the current density becomes 

Combining Equations (2,5,3) and (2.4. 1.6), we have 

~ L.> 

K = I + I 
k 

with 

.... 

(2. 5. 1) 

(2.5.2) 

(2,5,3) 

(2,5.4) 

(2.5,5) 

and I is the unit dyad. Thus the components of the dielectric tensor 

are 



· K = 1 + xx 

K 
xy 

K = xz I 
k 
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(2.5.6) 

(2.5.7) 

co I n 
n=-co (2.5.8) 

co. 

~ 
2 

K = 1 + I e:k Gk Fk [ln(Ak)(~k + 2).k) - 2). I' ().k) ]< (8) > 
· · YY k n n 

n=-"" 
(2.5.9) 

co G F 
K = ~ I k ~ [I (A ) - l~(Ak)] [n<f> - <_t> ] (2.5. 10) 
yz X nk n k n n 

n=-"" 

f 
co Fknke-)..k 

K 1 + I In C\) [n<V f> - <V ;z1.> n] (2.5. 11) = e:k zz k z n 
·n=-"" z 

and 

K == -K 
yx xy 

K = K zx xi 

K = -K zy yz (2. 5., 12) 

Where the va 1 ues for G , I (Ak), < ® > , <<f>> , <1/J> , <V ~> , I' ().k) and n n n -n -n z-:-n n 
.. 

· <V 1/J> have already been introduced. In general we use Equations 
z-:- n 

{2.3.13) to (2.3.17) for <@ > , <6> , <1/J> , <V $> and <V 1JJ> which n .... n -n z--n z-:-n 

reduce to Equations (2d.25) to (2.3.29) if T,~ = u.k for plasma . 

electrons and ions and streaming electrons. 
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2.6 Wave energy and growth rate 

The wave energy is given by 

I ~ _,, ...... a ...... ~ 
W = ~ [B ,'< · 8 + E,",. (- (w K )) • EJ 

Jon aw h 
(2.6.1) 

The magnetic and electric fields are related by Equation (2 . 4. l. 2). 

~ 

Kh is the Hermitian part of the dielectric tensor which is defined 

as 
L:J, l o "'-:'+ 
Kh( w ) = -2 [K(w ) + K (w )] r r r (2. 6. 2) 

"-"+ .u 
where K denotes the Hermitian conjugate of K, 

K1, K·'· " K·'· " xx xy xz 

it = K,', K* K* yx yy yz 

K"' K1, K1, 
zx zy zz (2 . 6. 3) 

which is the complex conjugate of the transposed matrix. Since the 
Los 

expression for Kh is very complicated for a warm plasma, we define 

a .... 
the term aw [w Kh ] as 

C C C xx xy xz 

a ~ 

aw (wKh) = C C C yx yy yz 

C C C (2.6.4 ) zx zy zz 

where the elements C •• are obtained numericall y and have the fo rm 
I J 



C •• = 
IJ 
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(w+M2 ) [Kh (w+t.w)] i. - (w- t.w ) [Kh (w- t.w)] i. 

2t.w 

= x, y, z 

j = x , y, z 

where t.w is very small when compared with w. Thus substituting 

Equations (2.4. 1.2) and (2 . 6 . 4) into Equation (2.6. 1), we have 

wi th 

E E* E* E E* E 
x y C + y z C + z y C 

1Exl 2 yx 1Exl 2 yz 1Exl 2 zy 

E* E 2 E* E 2 
x z [C E--2 k k ] + 2 x [C E__ k k ] 

+ 1Exl 2 xz - w x z 1Ex l2 zx - w2 x z 

(2.6.5) 

(2.6.6) 

(2.6.7) 

(2.6.8) 

In the case of a cold plasma, W reduces to a simple form and this has 

been given by Horita ·(1972) . Equation (2.6.6) allows the variation 

of temperatures for plasma electrons a nd ions and streaming electrons. 
E E 

The ratios off and f have already been discussed 
X X 

From the result of sections 2.2 and 2.6, the wave growth rate 

can be obtained by computing the energy balance. This is done by 

equating the rate of increase in energy for the particles to the 

rat e of decrease in energy in the plasma wave , so that the growth 

rat e is given by 
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Hence we have the equatio~s for the computer program (see Appendix 

A). The compl ete analysis will be presented in chapter 3 with the 

relevant ionospheric parameters from ISIS 2 satellite data. 

(2.6.9) 
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CHAPTER 3 

COMPUTER ANALYSIS 

3~1 Detai l ed computer calculation procedure 

The cyclotron and plasma frequencies for electrons and ions are 

first calculated by using Equations (2.1.1) and (2.1.2) in the program 

which was developed to calculate the power absorption P by charged a 

particles, the wave energy W and the growth rate w .. This is because 
I 

cyclotron frequencies are dependen t on the strength of the magnetic 

field Bo, while the plasma frequenc ies are functions of the number 

densities Nk. Both B0 and Kk are constants for a particular set of 

ionospheric parameters. Then the lower hybrid resonance (LH~) fre­

quency is calculated. For a cold plasma, under the assumption of 

charge neutrality and S = 0, the LHR frequency can be computed from 

the form 

{3.1.1) 

where wLH is the LHR angular frequency. TT k and nk are the plasma 

and cyclotron frequencies for particles of the kth type. n is the 
e 

electron cyclotron frequency. 

The bac kground plasma considered cons ists of electrons and three 

species of positive ions. The data fro m the ISIS 2 satellite are used 

for the ana lysis. According to Hoffman et al . (1974), the positive 



L 
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ions ob served most o f the time by the ISIS 2 satellite are H+, He+ 

+ + + + and O . Though they also report that N2 , NO and 02 were also pre-

sent dur ing the August, 1972 magnetic storm, we do not consider these 

+ + + ions but only H , He and O ions. For each particular data set used 

for the program, a table of number densities and other ionospheric 

parameters are listed. 

The number dens i ty of the nonthermal electrons is assumed t o be 

very small in comparison with the number densities of other species. 

We also assume that the streaming part icles are electrons with a 

kinetic energy of 10 keV. Evidence fo r the existence of streaming 

electrons associated with auroral phenome na is presented by Cloutier 

et al . (1970) . Moreover, the existence of the inverted-V events 

(Gurnett and Frank, 1972) is consis t ent with a downward stream of 

electrons with a streaming energy comparable to the thermal energy 

of the beam. Monoenergetic electrons wi th peak energy between 10 -

14 keV observed during a visible aurora have been reported already 

by Albert (1967A, 19678). The value of 10 keV is chosen simply 

because electrons with energy of tha t order are known to be related 

to various geophysical phenomena; i t is not implied that the 10 keV 

energy is opti mum for tri gge ring the i nstability process under con­

sideration . This energy gives the streaming electrons a streaming 

ve locity of 6 x 109 cm/sec and a pa rallel temperature of 7.92 x 107 

° K. The pe rpendicular and parall e l tempe ratures of the plasma ions 

and e l ectrons are chos en t o be 4000 ° K. This number is considered 

reason a bl e s ince tempe ra tu res de te rm ined from cylindrical electro-
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static probe (CEP) data have values of 5000° ± 2000° K (James, 1976). 

The relativistic correction for the streami ng particles has also been 

considered. The relativistic result can be obtained by making changes 

in the effective mass of the streaming electrons. Thus we are dealing 

k 
wtth the factor [1 - (V /c) 2 ] 2 = 98 percent. This relativistic car­

s 

rection provides our analysis with a more accurate result. 

Next is calculated the power absorption P given by Equation 
a 

(2.2.3) which is expressed in terms of components of the mobility 

tensor and the x-component of the wave electric field. Thus to 

calculate P, we first evaluate the components of the mobility tensor. 
a 

We only need to know six of the components since the other three com-

ponents can be found by symmetry. These components are listed in 

Equations (2.3.2) to (2.3.8). They are functions of Gk, Ak' ln(Ak), 

In' (Ak) , < @ > , <¢> , <1/J> , <V ¢> and <V ~> • A subprogram is n - n - n z- n z- n 

written to evaluate the modified Bessel function of the first kind 

In (Ak) and its first derivative I~(\). The formulae for ln(Ak) and 

I ' ( A ) 
n k are given by Equat i ans (2.3.10) and ( 2. 3. 11) with argument Ak. 

To evaluate < ® > , <¢> , <tjJ> , <V ¢> and <V !J!.:> by using Equations n - n - n z- n z n 

(2.3.13) to (2.3.17), another subprogram is written. Attention should 

be given to the function F0 (a ) which is defined in terms of S(a ). n n 

The term S(an) involves the complex error function. It can be ex-

pressed in different forms according to the size of a . Taking the 
n 

first two terms of the series from Equations (2.3.35) and (2.3.36) 

we have 



S(a ) 
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2 
- - a2 
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- + ~ 2a "+a2 n n 
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la I « l n 

la I » l n 

The program is very general and allows the integration form 

S(a ) = exp(- a 2 ) (an exp(t2 )dt 
n n J0 

(3. l. 2) 

(3.l.3 

Thus the whole program can handle all values of a. A special case 
n 

k · k . 
for Equations (2.3.13) to (2.3.17) is when li, is equal to T.L for 

plasma electrons and ions and streaming electrons . 

....,. 
The x- and z-components of the wave vector k are f~nctions of 

the refractive index which is related to the wave vector by Equation 

(2.4.l.4). To find the refractive index, we solve the dispersion 

equation. n2 is first calculated by solving the dispersion equation 

for a cold plasma, then it is calculated for a warm plasma. The two 

components n and n have the form 
X Z 

n = n sine 
X 

n = n cose z 

thus 

k = n sine 
X X 

k = n cose z z 

(3. l.4) 

(3. l. 5) 

where k and k are real numbers. We also obtain the ratios of the 
X Z 

electric field components, E /E and E /E , in terms of the refrac-
y X Z X 

tive index and the dielectric tensor from the dispersion equation 

for a warm plasma. Their expressions have been shown in Equations 
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(2.4.2.9) and (2.4.2.10). Once E /E and E /E are evaluated, the 
y X 2 X 

other terms of t he electric field in the expression of P can be a 

computed; i.e. 

[,'< E + E E* =~:] + ~:J X z X z 

IExJ 2 

and 

[ 1: E - E* E [::]*[::] [::]"~] y z z y 
jExJ2 

= 

where the asterisk denotes the complex conjugate. The dielectric 

tensor K is related to the mobility tensor M by Equation (2.5.4). 

Thus once the components of the mobility tensor are evaluated, the 

components of the dielectric tensor can be calculated. Hence the 

required P is calculated . 
a 

The program then calculates the wave energy W. The tensor 

a L> 
[w K ] is eva 1 uated numer i ca 11 y because for a warm p 1 asma the aw n 

L.l, 

components of the Hermitian part of the dielectric tenso_r Kh is, 

iri general, quite complicated. Then W is computed from Equations 

(2.6.6) to (2.6.8). In the case of a cold plasma, the tensor 

a ..... 
-;:;- [w K] reduces to a simple form which is in terms of the para-
ow n 

meters S, D and Pas defined in the last chapter. These have been 

done by Hor it a (1 972) and also by Swift and Kan (1975) when they 

deriv ed the exp ressi on for W. Once P and Ware evaluated, the 
a 

(J.1.6) 

(3. l. 7) 

(3.1.8) 
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growth rate w. i s calculated by considering the balance of energy, 
I 

applying Eq . (2.6.9). Thus these results allow us to investigate 

the theory developed in the last chapter. 

The program is run on the University of Victoria IBM 370-145 

computer. The storage needed for the whole program is 76 K. The 

computing time for each run is about 5 to 10 minutes depending on 

the nature of the job. The result s for the analysis are shown in 

the following sections. A list of flowcharts and the original 

program can be found in Appendix A. 
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3.2 Compute r resul t s 

To ill ust rate the theory developed in chapter 2, we first investi­

gated the growth rate for some particular ionospheric parameters. As 

the power absorption Pa is dependent on parameters such as the strength 

of the Earth's magnetic field B0 , the angle of propagation 8, the wave 

frequency wr, the ion concentrations Nk and the temperatures for plasma 

electrons and ions (tP and Tf) and streami ng electrons (t~ and T.Ls), it 

is interesting to study the effects of these parameters on the growth 

rate. Hence the theoret ical results allow us to study the influence 

of these parameters on t he phenomena related to harmonics of the ion 

gyrofrequencies appearing on the VLF spectrograms. In the whole 

analysis, the number density of the non-thermal electrons is assumed 

to be 1 cm- 3 . The streaming electrons are assumed to have a streaming 

velocity of 6 x 109 cm/sec corresponding to a thermal energy of 10 keV 

as stated previously. + + + The number densities of H , He and O are 

obtained from the IS.IS 2 satellite data kindly supplied by Or. J.H. 

Hoffman . The wave frequency wr and the growth rate wi are normalized 

by the LHR frequency wLH: w~ = wr/wLH and w1 = wi/wLH" 



TABLE 3. 1 

Numerical values of ionospheric parameters at an altitude of 

1431 km and 82.06° geomagnetic latitude 

Strength of the Earth's magnetic field B0 = 0.32 gauss 

Number density of thermal electrons N = 1.555 x 104 cm- 3 
e 

Number density of nonthermal electrons N = 1 cm- 3 
s 

+ 102 cm- 3 Number density of protons (H) NH+= 4.o x .:::-
\..0 

Number density of helium ions (He+) NHe+ = 1.5 x 10 1 cm-3 

Number density of oxygen ions (O+) N
O
+ = 1.5 x 104 cm- 3 

Mean streaming velocity of nonthermal electrons V = 6 x 109 cm/sec 
s 

Calculated LHR frequency wLH = 30580 rad/sec 



TABLE 3.2 

Numerical values of the cyclotron and plasma frequencies at an altitude of 

1431 km and 82.06° geomagnet.ic latitude 

Ion type Gyrofrequency Plasma frequency 

(rad/sec) (rad/sec) 

Electron 5.628 X 106 ].035 X 106 

+ Proton (H ) 3.065 X 10 3 2.633 X 104 

Helium (He+) 7,7)5 X 10 2 8.089 X 10 3 

+ Oxygen (0) 1 . 930 X 102 4. 046 X 104 

V, 
0 
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3.2. 1 Growth_rat e for wave fre.9.uencies around the LHR fr!:quency 

Equation (2.6.9) is programmed so that the growth rate can be 

calculated us ing the ionospheric parameters given in Table 3. l. The 

data are ta ken when the satellite was at an altitude of 1431 km and 

82 . 06° geomagnetic latitude. The fractional abundance of H+, He+ 

+ and O are 2.75%, 0.93% and 96.5% respectively, Because of charge 

neutrality and from S = 0, the LHR f requency has a value of 30580 

rad/sec (about 4.87 kHz) . The strength of the Earth 1 s magnetic 

field at this altitude is found to be 0.32 gauss. With the values 

of number densities Nk and magnetic field strength B0 , the gyro­

frequencies and the plasma frequen ci es of the electrons and positive 

ions are computed. Their values are listed in Table 3.2. The per­

pendicular and parallel temperatures of plasma electrons and ions 

are assumed to be equal and have a value of 4000° K. This number 

is considered reasonable s i nee temperatures determined from CEP data 

have values of 5000° ± 2000° K (James, 1976). We assume the stream­

ing electrons ~ave more thermal energy in the parallel direction 

than in the perpendicular direction. Thus a value of r.f!Tf = 1.98 

x 104 is chosen. 

Figure 3, 1 shows the normalized growth rate w~ versus e with 
I 

w~ = 1.20, 1.63 and 2.50 and with parame ter r.P!Tf = 1. Note that 

the scales are different for positive and negative values of w!. 
I 

With increas ing e, w~ increases from a small positive value about 
I 

ze ro to a maxi mum, decreases throu gh zero t o exhibi t a minimum 
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before becoming positive again, reaches a positive maximum, and 

drops to zero at 8 = 8 , where 8 is given by res res 

tan2 e 
res 

= 
p 

s 

Then it passes through 6 to a negative minimum and goes back to 
res 

(3. 2. 1. 1) 

zero again. Curves are not plotted for this part in order to avoid 

a tangle of lines. 

According to Horita (1972), the two regions in the 6 space in 

which positive growth rates occur are designated the "electromagnetic" 

and "electrostatic" regions. The "electromagnetic" region occurs for 

smaller values of 6 while the "electrostatic" region occurs near the 

11 resonance11 angle for which the refractive index tends to infinity. 

Hence we adopt these two designations for our description too. 

Note that the 11 electrostatic11 region for w1 = 1.20 does not r 

exist due to the influence of r.PJTP and Tf!T1 (the effect of the 

temperatures of ptasma electrons and ions and streaming electrons 

will be clear in the next section). Both w' = 1.63 and w' = 2.50 
r r 

exhibit "electrostatic" regions which are over an extremely small 

interval in 6. Thus the curves plotted in these regions on the 

figure appear as straight lines. The 11 electromagnetic11 and "elec­

trostatic" regions are separated by a region where damping occurs. 

It has been found that the maximum growth rate for the "electro­

magnetic" region occurs when w1 = 5.5 (whe re w~ = 3.55 x 10- 6 ), r I . 

then the growth rate decreases with increasing w'. r 
In genera 1 , the 
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growth rate in t he 11 electrostatic 11 region is larger than in the 

11e 1 ect romag net i c'' region. The resonance angle e also decreases res 

with increas ing w', becoming zero when P = O. Thus from Equation 
r 

(2.4. 1. 10) the wave frequency is given by 

I 
ions 

ir ? 
I 

{3. 2. 1. 2) 

It is also found that when the frequency decreases below the LHR 

f requency, no "electrostatic" region appears and only the "electro­

magnetic" region exists . 
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propagation angle e for 3 frequencies w' = 1.20, 1.63 and 2.50, r 

V, 
.c:-



- 55 -

3.2.2 Effec t of TP/Tf and Ti,s/Ti.s on_the g~owth rate 

The dependen ce on temperature anisotropy is discussed in this 

section. 

again. 

The ionospheric parameters as listed in Table 3. 1 are used 

Wit h T,P/Tf = 1 and w1 = 1.8, the normalized growth rate versus 
r 

8 for the three values 0.5, 1 and 5 of Ti(/Tf are plotted. Figure J.2 

shows these three curves. Again the scales are different for positive 

and negative values of w! . The growt h rate increases very rapidly in 
I 

s s the 11 electromagnetic 11 region for li, /T.1. = 0.5 with increasing 8. On 

the other hand, w! increases very slowly for li(/Tf = 5. The figure 
I 

shows that in t he 11electromagnetic 11 reg ion, li~/T] = 0.5 has the largest 

s s value, while in the 11electrostatic11 region T11/U: = 1 has the largest 

value, followed by Ti(/Tf = 0.5 . Again the curves pass through 8 
res 

to a negative minimum and go back to zero at values close to 90°. 

To avoid a tangle of lines, the curves are not plotted for this part. 

The situation reverses for the plasma temperature ratios. With 

1 and w1 = 1 .8, growth rate versus 8 for the three values 0.5, r 

and 5 of r.P;rf are plotted. Figure 3.3 shows these three curves for 

8 = 0° to 8 = 82°. This figure shows the 11electromagnetic11 regions 

for the three values of r.P/Tf only. Indeed the values of the growth 

rates for the three curves are very close; it is shown that the growth 

rate is -the largest for riP;rf = 5 and the smallest for ~P!TP = 0.5. 

Figure 3.4 shows the three curves between 8 = 76° and 8 = 90°. It is 

clear that a large range of the 11 electros t atic11 region occurs for 

TiP!Tf = 5; t he ·max imum growth rate occ urs at 8 = 88° (with w! = 
~ 

7 
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8675 x 10- 6
), t hen w! drops to zero at 89.8°. For the cases of 

I 

Tf /T.P = 1 and T,P/T.P = 0,5, w! reaches a maximum, drops through zero, 
I 

reaching ano ther minimum before go i ng back to zero. Thus we can con-

clude from Fig ures 3.3 and 3. 4 that both "electromagnetic" and "elec­

trostatic" positive growth rates are greater for greater values of 

tP!Tf; i . e., for plasma particles with more energy in the parallel 

direction than in the perpendicular direction. 



TABLE 3.3 

Numerical values of ionospheric parameters at an altitude of 
' 

1408 km and 70 .47° geomagnetic latitude 

Strength of the Earth's magnetic field 80 = 0. 33 gauss 

Nu mber density of thermal electrons N = 1. 1432 x 104 cm- 3 
e 

Number density of nonthermal electrons N = 1 cm- 3 
s 

Number density of protons (H+) NH+= 4. 10 x 102 cm- 3 

Number density of helium ions (He+) NHe+ = 2.2 x 101 cm-3 

Number density of oxygen ions (O+) N
0

+ = 1. 1 x 104 cm- 3 

Mean streaming velocity of nonthermal electrons V = 6 x 109 cm/sec 
s 

Plasma frequency of electrons TT = 6.032 x 106 rad/sec e 

Plasma frequency of protons (H+) TI H+ = 2.666 x 104 rad/sec 

Plasma frequency of helium ions (He+) TIHe+ = 3.098 x 10 3 rad/sec 

Plasma frequency of oxygen ions (O+) TI0+ = 3.456 x 104 rad/sec 

0--
0 



Ma~netic field 

(gauss) 

0. l6 

0.22 

0.28 

0.33 

TABLE 3.4 

LHR frequencies and cyclotron frequencies using values 

from Table 3.3 and various values of B0 

Gy rofrequency 

(rad/sec) 

e H+ He+ o+ 

2. 8 l 4 x 106 ]. 533 X 10 3 3,857 X 102 9,652 X 10 1 

3,869 X 106 2.107 X 10 3 5,304 X 10 2 1,327 X 10 2 

4,925 X 10 6 2.682 X ]0 3 6,751 X 102 J. 689 X 102 

5,804 X 106 3,804 X 10 3 9,956 X 102 J,991 X 102 

LHR fr~quency 

(rad/sec) 

0' 

18531 

23665 

27719 

30390 



on the growth rate 

To investigate the influence of Bo on the growth rate, the iono­

spheric parameters given in Table 3.3 are used. The number densities 

of H+, He+ and O+ were obtained when the satellite was at an altitude 

of 1408 km and 70.47° geomagnetic latitude. The fractional abundance 

+ + + for H , He and O are 3.59%, 0.21% and 96.2% respectively. The wave 

frequency for this analysis is taken to be 6500 rad/sec. It has been 

observed from the ISIS 2 data that the values of B0 range from 0. 16 

gauss to 0.33 gauss. Thus the four values of 0. 16, 0.22, 0.28 and 

0.33 gauss for Bo were taken. The calculated values of the electron 

and ion gyrofrequencies are listed in Table 3.4. 

Figure 3.5 is a plot of the normalized growth rate w'. as a function 
I 

of the propagation angle e for the four values of B0 • The other para-

meters have values tP/Tf = and T,'f /Ti.s = 1.98 x 104 • This figure gives 

the 11electroma~netic 11 region only (w i th e = 0° toe= 85°). It shows 

that the growth rate decreases when Bo increases; B0 = 0. 16 gauss gives 

the largest value of the growth rate here. Note that the growth rate 

for Bo= 0.16 gauss increases rapidly at the angles between 0 = 60·0 and 

e:.: 80°. It reaches a maximum ate= 80°. The growth rate increases 

quite smoothly for the other three curves of B0 . Thus in the "electro­

magnetic" region, the lowest value of Bo gives the highest value of 

the growth rate. 
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The 11 electrostatic11 region for these four values of B0 is shown 

in Figure 3.6. Two maximum positive wi occur in the "electrostatic" 
I 

region when B0 is O. 16 gauss. The other curves reach a maximum, de­

crease throu gh zero to exhibit a negative minimum before becoming 

zero again. We cannot conclude from Figure 3.6 that the lowest value 

of B0 gives the highest value of the growth rate in the "electrostatic" 

region. 



TABLE 3,5 

Numerical values of ionospheric parameters for the graph of 

w! versus e for the effect of ion concentration -,------------------------

Strength of the Earth's magnetic field B0 = 0.28 gauss 

Wave frequency w = 70000 rad/sec r 

Number density of nonthermal electrons N = l cm- 3 
s 

Mean streaming velocity of nonthermal electrons V = 6 x 10 9 cm/sec 
s 

Gyro f requency of electrons n = 4.925 x 106 rad/sec 
e 

Gyrofrequency of proton (H+) nH+ = 2.682 x 103 rad/sec 

Gyrofrequency of helium ions (He+) nHe+ = 6,751 x 102 rad/sec 

Gyrofrequency of oxygen ions (O+) n
0
+ = 1.689 x 102 rad/sec 

"' "' 



TABLE 3.6 

Numerical values of ion concentrations, plasma frequencies and corresponding 

LHR frequencies for the graph of w1 vs 8 for the effect of ion concen t ra tion 

Number Density Plasma frequency 

(cm- 3) (rad/sec) 

e H+ He+ o+ e H+ He+ o+ 

l.2624xl0 4 5.]x]0 2 5.4x]0 1 l.2xl04 6.339x106 3.143xl04 4.854xl0 3 3.619xl04 

0.822 x]0 4 2.ox10 3 3.2xl02 5.9x]0 3 5. 115x106 5.888xl04 1. 181 xl 04 2.538xl0 4 

o.422 x104 2.9xl0 3 ].]xl02 5.5xl02 3.665xl06 7.09ox104 1.833xl04 7.748xl0 3 

LHR 
frequency 

(rad/sec) 

29561 

45218 

59076 

0-­
-..J 
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3.2.4 Effect of io n concentra t ion Nk on the ~rowth rate 

Anot her pa rameter that we consider which affects the growth rate 

is the ion concentration. The ionospheric parameters listed in Table 

3.5 are used for this investigation. Three sets of number densities 

from the ISIS 2 data are chosen. Their values are given in Table 3.6. 

The corresponding plasma frequencies of the ions and LHR frequencies 

are also listed i n Table 3.6. Bre ig a nd Hof f man (1975) reported that 

the major species in the summer and win ter hemispheres were O+ and H+ 

respectively . Thus our choice of the number densities wilt admit 

these two cases. In the first set of number densities, the fractional 

d f + He+ d + 4 1° 1• d 2• . 1 abun ance o H , an O are .5 ~, 0. 3 ~ an 95, ~ respective y. 

Hence O+ is the dominant species . The fractional abundance of H+, He+ 

+ and O for the second set of number densities are 24.3%, 3.9% and 

71. 8%. + In the third set of number densities, we choose H to be the 

dominant species. The fractional abundance of H+, He+ and O+ are 

68.7%, 18.2% and 13.0%. Again the other parameters have values of 

P; p 1 d s/ s 8 4 t, T.L = an li, T.1. = 1 . 9 x 1 0 . 

The effect of ion concentration on the growth rate is shown in 

Figure 3,7. Note the scales are different for negative and positive 

values of w!. This figure shows t hat w~ increases with increasing e. 
I I 

The growth rate has the largest value wh en O+ is the dominant species. 

Th e situation is reversed when H+ is the dominant species. Note the 

11electrosta ti c11 region in curve (1) disappears due to the choice of 
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For the other t wo curves, the positive w! in the "e1ec­
l 

trostatic
11 

reg ion near 6 occurs over a very small interval in e. res 

It is shown t hat the maximum growth rate in the 11electroll)agnetic" 

region is smaller than in the "electrostatic" region. From Fig_ure 

3.6, we conclude that the growth rate for both "electromagnetic" and 

11
electrostatic 11 regions has a large value when O+ is the dominant 

species, while it is small when H+ is the dominant species. 
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3.3 Absorption ba nds near harmonics of the proton, helium and 

oxygen gyrof requencies 

3.3. 1 Abso~p~ion bands near harmonics of the_p;:oton ~y;:ofrequency 

After the investigation of the effects of some parameters on the 

growth rate, a search was made to find the absorption bands at harmonics 

of the proton gyrofrequency. + + + The number densities of H , He, 0 and 

the streaming electrons listed in Table 3,3 were used. The strength 

of the Earth's magnetic field at an altitude of 1408 km ~s 0.33 gauss. 

The corresponding gyrofrequencies of electrons and ions are 1 isted in 

Table 3,4. The calculated value for the LHR frequency is 30390 rad/sec 

(about 4.84 kHz). The velocity of the streaming electrons is taken to 

be 6 x 109 cm/sec, which corresponds to a kinetic energy of 10 keV. 

From chapter 2, we note that the prediction of absorption bands was 

made for a warm plasma. Thus an attempt is first made to find out 

for which temperature values for the plasma electrons and ions and 

streaming electrons the absorption bands at harmonics of the proton 

gyrofrequency may appear. Isotropic temperatures of both plasma 

electrons and ions and streaming electrons (r.P;Tf = 1 and ~~;Tl= 1) 

were first considered but no absorption bands could be seen. Then 

anisotropic temperatures were considered. It has been found that 

with T,f ITf > 1 and T,~ /Tf > 1, no absorption bands were seen. Thus 

another poss i bility is T,P/TP < 1 and T1~/Tf < l. As indicated by 

Oya (1971) more energy is absorbed by th e electrons in the perpen­

dicular d irection than in the parallel direction, so the consideration 
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of tP /Tf < l and T,~ /T.Ls < l is reasonable. A search has been made and 

it is found tha t when r.P/Tf = 0.610 and Ti(/Tf = 7.98 x 10- 3 , the ab­

sorption bands near harmonics of the proton gyrofrequency appear in 

the "electrostatic" region. The wave frequency we considered is 

from w~ = 0.90 (w~ is the normalized wave frequency, i.e. w~ = wr/wLH) 

tow' = 2.50. The resonance angle for this case is about 89.30°. r 

Thus the "electrostatic" region we cons ider (8 = 88.65° toe= 89. 15°) 

is for angles near the resonance cone. Six graphs of w' as a function 
r 

of power absorption per unit volume by charged particles in the 

"electrostatic" region are plotted . Fo r all graphs, the scale on the 

left-hand side is for the normalized wave frequency w', while the one r 

on the right-hand side is for the proton gyrofrequency. Note the 

power absorption P is plotted on a log scale. 
a 

Figure 3.8 shows w' versus power absorption P withe= 88.65°. r a 

The first absorption band occurs at 16. l nH+. Then the other absorp-

tion bands in the figure appear at intervals spaced at integer multi­

ples of the proton gyrofrequency. The absorption bands disappear at 

some values of wave frequencies. Note that below the first absorption 

band, the peaks go to the left-hand side, indicating less absorption 

occurs in this region . Figure 3,9 is another plot of w' versus P r a 

with e = 88.85°. Note that the first absorption band occurs at 

13. l nH+ and the subsequent absorption bands at intervals spaced at 

integer multiples of the proton gyrofrequency. It is observed that 

the top pea k po in ting to the left shifts f rom w' = 1.60 tow' 
r r 

= 1.29. 
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Fig ure 3, 10 shows that ab sorpt ion bands near harmonics of the helium 

gyrofrequency also appear. They occur a t frequencies below the ab­

sorption bands near the harmonics of the proton gyrofrequency. Here 

the propaga tion angle is 88.90° and the first absorption band near 

harmonics of the proton gyrofrequency is at 12. 1 nH+. Figure 3. 11 

is a plot with 8 = 89.00° . It is observed that more absorption bands 

near harmonics of the helium gyrofrequency appear. Note that between 

11 nH+ and 12 nH+ there are four absorption bands near harmonics of 

the helium gyrofrequency . Fig ure 3. 12 i s another plot of w' versus r 

1. 00. 

Note that the top pea k pointi ng to the left shifts below w' = r 

More absorption bands near harmonics of the helium gyrofre-

quency are observed. Figure 3. 13 shows w~ versus Pa withe= 89. l5°. 

It has been observed from these figures that with increasing 8, the 

number of absorption band s near harmonics of the helium gyrofrequency 

also increase. They occur below 12 nH+ and the top peak pointing to 

the left. The power absorption goes negative (i.e. the plasma wave 

absorbs energy) at some values of wave frequencies. 

A graph of the normal i zed transition frequency~ versus the 

propagation angle is plotted. The term 11 transition frequency 11 

(designated as wr) represents the wave f requency above which the 

absorption bands appear. Figure 3, 14 shows u>f versus propagation 

angle 8 . It shows that with increasi ng 8 , u>f decreases. 



- 74 -

It has also been found that with decreasing V , P decreases. 
s a 

It is clear tha t other parameters such as 80 and Nk may also affect 

the absorption bands at harmonics of the proton gyrofrequency. The 

important cond i tions for the appearance of the absorption bands are 

temperature of the ions and the propagation angle. 
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3.3.2 Abso~p!ion bands near ha .rmonics of the helium .9.Y):Ofr!:quency 

As mentioned in chapter 1 phenomena at harmonics of the helium 

gyrofrequency were also reported (i.e: Horita and Friesen, 1975; 

Hori ta et a Z. • 1976), so an attempt was made to find the absorption 

bands at harmonics of the helium gyrofrequency. The appearance of 

the abso:rpt ion bands at harmonics of the he 1 i um gyrofrequency be low 

12 nH+ in the previous section gives rise to the possibility of the 

occurrence of the absorption bands at helium frequencies. Thus a 

search was made to find the conditions for which such absorption 

bands may appear. The number densities for the ions and streaming 

electrons as 1 isted in Table 3.3 were used. The velocity of the 

streaming electrons and B0 were taken to be the same as stated in 

the previous section. Anisotropic temperatures for the ions and 

streaming electrons were considered. It has been found that when 

r.P;Tf' = 0.476 and T,(/Tf = 7,98 x 10- 3 the absorption bands near 

harmonics of helium gyrofrequency appear. 

Figure 3.5 shows w~ versus power absorption withe= 89. 17°. 

The scale on the left-hand side is the normalized wave frequency w1
• 

r 

There are two scales on the right-hand side. The one on the outsi<le 

is for the multiples of the proton gyrofrequency. The one on the 

inside is for the multiples of the helium gyrofrequency. Again P 
a 

is plotted on a log scale. The first few absorption bands occur at 

35.25 nH+' 36.25 nHe+ and 37.25 nHe+. Then there is another group 

of absorption bands spaced at the helium gyrofrequency which occurs 
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at 39 . 76 QH +, 40.80 QH +, 41.80 QH +, 42.80 QH +, 43.80 QH + and e e e e e 

44.80 QHe+ . It i s interesting to note that there is another group 

of absorpt ion ba nds exactly at harmonics of the helium gyrofrequency 

(i.e. 46 QHe+, 47 QHe+ and 48 QHe+). Then the rest of the absorption 

bands occur near harmonics of the helium gyrofrequency in different 

groups. In general, the absorption bands near harmonics of the helium 

gyrofrequency occur in a group. These phenomena have been reported 

by Horita and Friesen (1975). Attention should be made to the absorp­

tion band which has a ma x imum valu e of P at 49. 15 QH +. After this 
a e 

group of absorption bands t he valu e of P starts to decrease. Below 
a 

the first absorption band , the power absorption goes to the left. 

Again the power absorption becomes negative at some values of wave 

frequencies. 
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3.3.3 Absorption_bands near harmonics of the oxy_g_en ~Y):Ofrequency 

Stefant (1970) reported that phenomena associated with harmonics 

of a positive ion (particularly O+) gyrofrequency has been observed. 

This observation suggests the possibility of the occurrence of absorp­

tion bands at the harmonics of the oxygen gyrofrequency. A search 

was first made by using the number densities listed in Table 3.3, but 

no absorption bands were found. Thus the ionospheric parameters listed 

in Table 3.1 were used. The calculated value of the LHR frequency is 

30580 rad/sec (about 4.87 kHz). The corresponding gyrofrequencies of 

the ions and electrons are listed in Table 3.2. ~/hen tPtrE = 0.733 

and T.,s/Tf = 7.98 x 10- 3 , absorption bands near harmonics of the 

oxygen gyrofrequency occur. The propagation angle for this case 

is 89.04°. Figures 3. 16 to 3. 18 are graphs of w' versus the power r 

absorption by charged particles. The scale on the left hand side 

is w1
• There are two scales on the tight; the one on the outside r 

is for the proton gyrofrequency, while the one on the inside is for 

the oxygen gyrofrequency . 

Figure 3. 16 shows w' versus P from w' = 0.97 tow'= 1.23. r a r r 

At about w' = 1. 1 P goes to 7.300 x 10- 16 ~-cm- 3 • Below w' = 1.01 
r a r 

there are no absorption bands, while above this value absorption 

bands appear. The first absorption band is at 157,7 n
0
+, then the 

others are spaced at integer multiples of the oxygen gyrofrequency 

up to 169.7 n0+ . Starting at 170.5 n0+, there is another group of 

absorption bands. 

. I 
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Figures 3. 17 and 3.18 are the plots for w' = 1.24 tow' = 1.50 
r r 

and w' = 1.51 to w' = 1.73. Note that with increasing w• the magni-
r r r 

tude of P increases from its first harmonics to have a maximum, then 
a 

decreases at about 218 n0+. The magnitude of Pa increases again until 

it reaches 222 n0+. At 223 n0+ Pa has a minimum after which it in­

creases to have a maxi mum and then decreases again. It has been ob­

served that starting at 223 n0+, the absorpt ion bands occur exactly 

at harmonics of the oxygen gyrofrequency (i.e. 223 n0+, 224 n0+, 225 

n0+ etc . ). This feature occurs up to 244 n0+. Then the rest of the 

absorption bands occur near harmonics of the oxygen gyrofrequency in 

different groups. With ion temperatures other than tP/T.P = 0.733, 

no absorption bands at harmonics of oxygen gyrofrequency were found. 

Thus the absorption bands are highly dependent on the ion temperatures. 
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CHAPTER 4 

DISCUSSION OF RESULTS 

4. 1 Comparison of theory with satellite observations 

As mentioned in chapter 1, section 1.3, observations of phenomena 

related to the proton, helium or oxygen gyrogrequency from satellites 

and rockets were reported by severa l i nvestigators. Mosier and Gurnett 

(1969) and Gurnett and Mosier (1969) reported that the proton gyro­

frequency harmonics were generally within the attenuation bands in 

the electrostatic noise bands on the Javelin 8.64 sounding rocket. 

The Landau instability mechanism as developed in this thesis is rele­

vant to these electrostatic noise bands since it leads to the gyro­

frequency harmonics within the attenuation band. This theory allows 

an investigation in both the electromagnetic and electrostatic waves. 

Thus this theory can provide an explanation for the V-shaped VLF hiss 

events from the lnjun 5 satellite which are observed in both the elec­

tric and magnetic field spectrograms. Absorption bands within saucers, 

as reported by Klumpar (1975), may also be explained in terms of the 

Landau instability theory. He suggested that the absorption bands 

were evidence for energy transfer from the waves to the particles. 

This transfer is exactly what occurs in the Landau instability mechan­

ism as stated in this thesis. 
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Shaw and Gur nett (1971) reported that harmonic bands observed on 

a whistler were not related to an ion gyrofrequency at the p.osition of 

the sate11ite but were produced by multiple lightning discharges. 

Paymar (1972) observed phenomena called banded whistlers on OGO 4 

satellite spectrograms. He explained the phenomena in terms of a 

field-aligned slab of enhanced ionization. But a paper by Horita 

and Friesen (1975) reported whistle r s which were enhanced or attenu­

ated at harmonics of the proton or helium gyrofrequency. They showed 

that the proton gyrofrequency was usually at some value other than 

the local value in the immediate vi ci nity of the satellite. They re­

ported that some observed values were greater than the local values 

while others were smal l er than the local values. This suggested that 

the mechanism yielding the enhancement or attenuation took place at 

locations beneath or above the satellite. Thus if the Landau insta­

bility mechanism is relevant , enhancement and attenuation of the · 

whistler correspond to energy transfer to the wave and to the particles. 

Auroral hiss as downgoing waves are observed by Gurnett and Frank 

(1972). If we consider the generation mechanism for auroral hiss to 

be the Landau instability process, then any proton gyrofrequency 

attenuation bands observed should yield calculated values for the 

proton gyrofrequency lower t han the local values. Such attenuation 

bands have been found and discussed in chapter 1, section 1.3 with 

examples (Fig ur e 1.2 and Figure 1.3). 

Absorp tion bands at harmonics of the helium and oxygen gyro­

frequ encies a re al so found ~ These results correspond to the obser­

vatio ns by St ~fan t (1970). 
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4.2 Discuss ion of the influence of temperature 

Anisotro pic temperatures are assumed in calculations for the growth 

rate and in f i nding the absorption bands at harmonics of the ion gyro­

frequencies. The dependence of temperature on the whistler-mode waves 

has been examined by Willis (1975). Oya (1975) reported that more 

energy is absorbed by the electrons in the perpendicular than in the 

parallel direction. Indeed anisotropic temperatures for ions is the 

main factor for the occurrence of the absorption bands. 

Growth rate curves are drawn separately for the "electromagnetic" 

and "electrostatic" regions for the effect of r.P/Tl and the effect of 

the Earth's magnetic field because t he "electrostatic" regions in both 

cases show complicated results. The consideration of the growth rate 

versus 8 for different parameters enable investigators to understand 

the effects of these parameters on the absorption bands. 

For the absorption bands at harmonics of ion gyrofrequencies, 

different ratios of ~p/TP are found for different harmonics. Since 

the absorption bands are a temperature effect, it is not surprising 

that different absorption bands have different r.P/Tf. r.P/T.P were 

found to be the most important factor for the occurrence of the 

absorption bands. It is due to the power absorption by the particles 

in the plasma from the wave. This dependence of plasma temperature 

has been investigated by Akasofu and Chapman (1972). 
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The 11 electrostatic11 region has been examined for the absorption 

bands near harmonics of the proton gyrofrequency. With increasing 

wave frequency, the power absorption becomes less and finally goes 

negative at some wave frequency. Absorption bands are at integer 

multiples wh ich correspond to the observations from satellites. 

Absorption bands near harmonics of the helium gyrofrequency appear 

in some of the diagrams of the absorption bands near harmonics of 

t he proton gyrofrequency. Choosing different values of e and tem­

perature rat io tP/Tf , more absorption bands near harmonics of the 

helium gyrofrequency appear. The absorption band is not quite at 

integer multiples of the helium gyrofrequency. Usually, groups of 

three or four absorption bands occur at integer multiples of the 

helium gyrofrequency. From 46 nH + t o 48 nH + the absorption bands 
e . e 

occur exactly at harmonics of the helium gyrofrequency. The occur­

rence of the absorption bands at harmonics of the oxygen gyrofrequency 

is found with different ionospheric data. Again the absorption bands 

appear near harmonics of the oxygen gyrofrequency, except from 223 n
0
+ 

to 244 n0+ they appear exactly at harmonics of the oxygen gyrofrequency. 

The shifting of the absorption bands had been reported by Horita and 

Friesen (1975). 
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CHAPTER 5 

CONCLUSION 

The Landau instability mechanism which was first proposed by 

Horita and Watanabe (1969) and Horita (1972) was extended to allow 

computer calculations of warm plasma effects. An investigation was 

first made to consider the growth rate and the influence of some 

ionospheric parameters on the growth rate. Expressions for the 

growth rate of whistler-mode waves propagating in a plasma penetrated 

by a tenuous beam of nonthermal particles were obtained by using the 

full-wave dispersion equation for both cold and warm plasmas as given 

in the text by Stix (1962). All species of particles involved were 

assumed to have a Maxwellian velocity distribution, while the colli­

sions between particles were ignored. In the whole analysis, we 

assumed that the distributions were characterized by two temperatures, 

parallel and perpendicular to the background magnetic field. In the 

numerical calculation, data from the ISIS 2 satellite for electrons, 

H+, He+ and O+ ions were employed. 

There were two instability regions in which positive growth rate 

occurred. The one called the "electromagnetic" region was in the 

11 low-e 11 region above e = 0, while the other one near the resonance 

angle e was designated as the "electrostatic" region. These res 

regions were separated by a damping region. Throughout the whole 

analysis, a ni stropic temperatures were assumed. It has been found, 
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in general, that the growth rate in the "electrostatic" region is 

larger than i n the "electromagnetic" region. It is also observed 

that with i ncreasing T~/T1, the growth rate decreases in both regions, 

while the growth rate increases with increasing TJ'/Tl'. In the "low-e" 

region, the growth rate decreases with increasing B0 • But in the 

"electrostat ic" region, the growth rate varies with Bo. It had been 

found that when O+ is the dominant species, the growth rate has the 

greatest value in both reg ions. When H+ is the dominant species, 

the growth rate has the smallest value in both regions. 

The theory was then applied to search for the absorption bands 

at harmonics of the ion gyrofrequency. Absorption bands occurred 

when rf;if < 1 and T.s/T1s < 1 were cons idered. It has been found that 

for certain values of ~P;~P < 1, absorption bands at harmonics of the 

ion gyrofrequency appear. At tf/TP = 0.610, the absorption bands near 

harmonics of the proton gyrofrequency were found in the 11 e l ectrostat i c" 

region. The absorption bands appea red near integer multiples of the 

proton gyrofrequency. Inside the "electrostatic" region, the wave 

frequency near which the absorption bands started to appear (designate9 

at wT) decreased with increasing 8 . Absorption bands near harmonics 

of the helium gyrofrequency were also found for r.P/TP = 0.476 and e = 

89. 17°. It is also found that between 46 QHe+ to 48 QHe+, absorption 

bands occur exactly at harmonics of the helium gyrofrequency. Using 

different satellite data, absorption bands near harmonics of the oxygen 

gyrofrequency we re also found. It has been observed that from 223 n0+ 
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to 244 Q0+, absorption bands occur exactly at harmonics of the oxygen 

gyrofreq uency . Clearly, the temperatures of the plasma ions were the 

main parameters which affected the occurrence of the absorption bands 

within the VLF spectrograms. It also has been found that with de­

creasing V , the magnitude of the absorption bands decrease. 
s 

The absorption bands have been seen experimentally on satellite 

data at harmonics of proton , helium and oxygen gyrofrequencies. 

Future work based on the theory given here could investigate 

the absorption bands at harmonics of an ion gyrofrequency with 

different ionospheric parameters, such as Bo, Nk and the kinetic 

energy of the streaming electrons. One can also apply the theory 

to find the absorption bands at ha rmonics of the ion gyrofrequency 

in the ELF hiss spectrograms. Thus i t may provide an explanation 

for the origin of the VLF and ELF noise . The Landau instability 

process appears to be a possible general mechanism for auroral hiss, 

electrostatic noise seen on the Javelin 8.46 rocket, V-shaped VLF 

noise, saucers and ELF hiss . 
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APPENDIX A 

FLO~CHART AND COMPUTER PROGRAM FOR THE POWER ABSORPTION 

BY CHARGED PARTICLES 

This appendix is divided into two parts. The first part shows 

the flowchart for the computer program for the power absorption by 

charged particles. Standard flowcha rt symbols such as those used 

by Gear (1973) are adopted . The second part shows the computer 

program listing. 

This computer program is a modification of an existing program 

developed by Dr. R.E. Horita and Mr. L. Friesen, 
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Figure A.1 Flowchart for the main program which is u-sed to calculate 
the gyrofrequencies and plasma frequencies for thermal 
e lect rons, nonthermal electrons and ions. The main program 
also serves as the control of the program to print out the 
required information. 

START 

COMPLEX E, CMPLX, X( 50), 
NU 

LOGlCAl!'I 1A(45) 
. REAl?8 K(50) 

REAL KB, MASS, NUM(5), NTOTAL 

INTEGER RI, TOTIT, POL 

DIMENSION TPL(5),TPP{5), VS{5), PP(5 0) 

COMMON/XX X/OM(5)t MASS{5 ), EPS{5}, 
P1(5),KB,OMC, PIC 

COMMON/XX Z/E, TPL, TPP, VS,THET,D 
COMMON/XXY /lA 

vs {1) 
NlNC ,OSTAPT, OINC, D 
NTHET, THETS,THlNC, E 
(TPL(l), I= 1,2), (TPP{I). l= 1,2), BRATIO 
NUM, NTOTAL 
Nl,RI, lTER,TOTlT,POL 

NUM( 2 )-NU M( 3)-t- N UM(4)+NUM{5) 
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TJK...---I THET~THETS (IJK-I ),.TH INC 

NTHET 
1-------111 

ATHET,.._THET F 

T THET+-THET.,3· 141593/180, 

STOP 

YES 

AMIN~IO. EGO 

AMAX+-IO.E-60 

1~1. 

NlNC 

RA+-OSTART-t { I- I 1"0INC 

X{I)~CMPLX{RA,O.) 

KJN1T 

PI,OM, EPS,X{I),THET 
POL, K{I),NU 

Q 

X{I), K(I);pp {l), NI, 

RI, lTER,TOTIT, POL 

5 

5 

T 

NO 

TPL(l)+-TPL{I- I) 

TP P (I) 4--T PP { I - I ) 

VS{!- I) +-0• 

VS{I) +- 0, 

F 

0 M{n-oMC/MASS(I) 

Pl(I)- PlC Jo NUM(I)~ 

NOTOTAL/MASS(I) 



- l 00 -

AMIN+-PP(I) 

0 M(I )-+-OM(I)~ MASS (I) 

Pl ( I )+- PI(I) 'fM A SS(I) 

MASS(I )"-MASS(l}/SQRT( 1.-vso) 
f.f2/ 8·98755 4E20) 

Pl(I )-4-- PI( I )/MASS(I) 

OM(I ) ~ 0 M(I } /MAS S ( I) 

.,__ __ 5 ___ __, F OM ( n ~o M (I) -f BRAT Io,--

F >------~.----..... NOTOTAL,NUM(3LNUM(4), NUM(5}, 
Pl, OM,OLHR NUM (2),NUM(I), T PL(2),TPL( I}, 

TPP(2), TPP(I), VS(I), E, BRATIO, 
OLHR 

1 GROF REQ. - RAD/SEC 1, 

• 
PLASMAFREQ, SQUARED-

(RAD/SEC) 2• 
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'OMEGA', 'K-- THETA; I+-- I 
'lNSTABIL 1TY' 

5 

NO 

JO- - AMIN/(AMAX-AMIN) 

1'39,+I · 

J -'r-- I 

NINC 

T 

X ( J), K (J), A THET, 

PP(J), (lA{l), 1= 1,40) 

F r~- . I 
F 

40 

T IAU)-IA{45) t-. --

IA (I> "-IA(44) 
IA (40) +-I A{ 4 4) 

JP - ( PP( J)- AMIN}/( AMAX-AMIN}'-
39. + ,. 

I A { JO) ~ I A { 4 2) 

1 A {JP) .-- I A ( 4 3) 
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Figure A.2 Flowchart for the subprogram BLOCK DATA which contains 
the built-in data for the program. 

( BLOCK DATA) 

LOGICAL"' I I A ( 4 5) 
COMPLEX1'I6 NU 
RE AL KB, MASS 

COM MON/X XX /OM(5),MASS(5 ), EP S(5),PI(5), 
KB, OMC, PIC 

COMMON/XX Y/IA 
1 

KB..-1·38O622 E-16 
MASS(l) .(-- 9· IO 9 558 E-28 

· MASS(2)~9· IO 955 SE-28 
MASS(3)-l-- I· 6 7 261 4E-24 
MASS(4)~ G· 645536 E- 24 
MAS S(5)+-2·655 914 E-23 
OMC.! 1·6O2l91E-2O 
PIC ~ 2· 899213E-18 
EPS( I)'- - I 
EPS(2)"'- - I 
EPS(3)~ I 
EPS ( 4) "'- I 
EPSl 5)+- I 

• 
/IA(42)+-- 0 

1A \43)~ * 
IA(44)-+ 
IA ( 45) ._'a. 

l 
[STOP) 
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Figure A.3 Fl~wchart for subprogram P which is used to calculate 
the power absorption by the charged particles and also 
to calculate the wave energy. 

p 

0, R, NI, RI, lTER,TT,POL 

lMPLtcrr COMPLEX'IEl 6 (A -H, 0 - Z) . 
. CO.MPLEX 11 I6 KK I MM,TD,NU,KO, KDM, NUOD, NUODM, 

KOH, KDMH,KDA,KKP 
COMPLEX 0, E, TC, OD, OOM,CMPLX 
REAL-¥-8 . K, KX,KZ,ATHET, DCOS,DSIN 1PR 1 DSQRT, 

TI, KO D, KODM 
REAL KB, MASS, L ,TPL ,TPP, VS, P,T2, OM,EPS, Pl, 

SQRT, REAL ,ABS,THET, D, RB,AI MAG,OMC1 PlC 
REAL SIN ,COS 

INTEGER Rl,TT, POL 

DIMENSION TPL(5),TPP(5),VS(5), L(5l,KK{3,3), 
MMl3,3, 5), KD(3,3), KDM(3,3), KDH(3,3),KDMH(3,3), 
KDA(3,3},KKP(3,3) . 

COMMON /XXX/OM( 5), MASS(5}, EPS(5),PI( 5). KB, 
OMC, PlC 

COMM ON/XXZ/E, TPL,TPP, VS, THET,D 

CONJG(X)-t--DCONJG(X) 
NITER~-1 T ER 
Tl-- 3•1415926500 

PR.-- DSQRT{ TI) 

MATRIX 

0, K, NI, Rl,MM,KK 
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KK,O, THET,POL, 

K,NU 

· ATHET..--THET 

KX-.- K~ DSIN(ATHETI 
KZ+- K ~ DCOS (ATHETI 

A~( NU""DSlN ( ATH ETI* DCOS{AT H ET)-+ K KU, 3)) * KK( 2, l)­
KK (2, 3 )*(-NU·>'-DCOS(ATHET)tt2-+ KK(I, I)) 

A~ A/( KK(2,3 )~ KK( 1,2 }- ( NU~DSIN ( ATHETI*D COS (ATHETl 
.. KK(l,3))+(-NU+ KK(2,2))) 

c~ KK(I, 2 )-l' KK(2 ,I) - (- N U+KK(2,2 ))i.C-NU"-'DCOS 
(ATHET)~2+ KK (I, I)) 

C.~C/((- NU+KK(2,2 ))* (NU~D SlN(ATHET)~DCOS(ATHETl 

-tf<K( l,3))-KK(l,2)-.'KK(2,3)) 

SI.._ A-(A"'ICONJGlA))/A 
S2+- (C 1<CONJG (C))/C-+C 

S3~( A-'J€CONJG (A)) C/A-A-"'(C 
>fC ON J G t C)) / C 

PA~ Q. 
TD,(-E 
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PCA+--A ~CONJG(A} 
pee~ e-t-eoNJG(C) 

5 

T 

TC.,._;. PA 

F 

PA~ PA-+ PI( I) ♦EPS ( I) /(16. DO¼Tl'JfQM (I) )*TD~ 
C O N J G ( TD ) * ( ( M M ( I , I I I ) -1- CONJ G (M M ( I , I , I )) ) 

-tPCA"'(MM(212, I)+ CONJG{MM(2,2,l)))-+PCC 
'J'lMM{ 3, 3,f)-r CONJ G ( MM ( 3, 3, I ))HS 11r{MMl 

I, 2, I)- CONJG ( MM(I, 2,1 ))) + S2~{ MM ll, 3,I) 

CONJ G(MM(I, 3, I)})+ S3"'°( MM{ 2,3, I)­
CONJG( MM ( 2,3,I ))) 

P-tt--REAL(TC) KlTER 
OD+-REAL(0)+01----..,_.------~ 

KK, OD, THET, POL 
ODM~ REAL{ O)-D KOD,NUOD 

MATRIX 

00, KOD,Nl,RI, MM, 
KO 

MATR1X 

0 OM, KO D M, NI, RI, 

- MM, KDM 

KITER 

KK, OOM,THET, POL, 
KOOM, NUODM 

r--
3 F 
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3 

T 
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J--

3 

T 
KDH{liJ) +-( KD(l, J)-+ CONJG 

( KD{J,I)))/2, 

KDMH(l, J) +-\KDM {1,J) t 
CONJG ( KDM {J, !)})/2. 

KKP(I,J)~ {OD~KDH (I,J)- OOM'i'KDMH{l,J))/ 
\ 2 .* D) 

v~a·987554E2010~:J2 . 

W~ TD* CON JG (TD)/{16, DO'T I)*{{ Y-YCKZ"'"' 2-+K KP(I, I ))+ 
PCA~(Y~ KX~ 2 + Kz·n'2 )-tKKP{2,2 ))+ PCC~ ( 'fJ KX.._-'tt2 + 
KKP(313)) + A:t- K KP (1 1 2) + CON JG(A)*K KP(2, I)-+ CO NJG tA)* 
c ~K K P < 2, 3 > + A .,. c o NJ G < c )-¥ K KP < 3, 2 > + c~ K KP u, 3 > -
YfKX.,..KZ) -1- CONJ G ( C )* ( KK P( 3, I ) - Y~ KX~K Z)) 

RB+--PA/l2•~W) 
a~ REAL {0)-r C MPLX {O,, RB) 

RE TURN 
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Figure A.4 Flowchart for subprogram B which is used to calculate the 
modified Bessel function of the first kind and its derivative. 

I 8 1 

I L, 8 ES, BES P, NI, R I , \. 

REAL L 
INTEGER RI 

DIMENSION L ( 5), BES ( 9,5), 
8 E s p ( 9, 5) 1 A ( 4' 5 I 2) 

ra~2-'lfNI + I 

IP+-NI+ 2 

. I< I II I 
. 

LJ 5 F A(I, 1, I)~ I• 

T 
A (I, I, 2) "'-- I~ 

I . 
I II I ' 

5 F 
K~2II I 

F 
T RI l T. 

~ 
A(K,.l, I )~A(K-1, 1,1) 

( L(I)/2.)~/((K-I }~ 
I..: I I (K-1)) 

F 
5 

@ 
A(K,11 2)+-A(K,l.1)~2it( 

T (K-1)/L(I) 

81 

. 

~ 



1-~ -, II 1 
F 

5 

T 

RI 

rr 

" 
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J---1 I ... ~-----

__ I..,....O ___ r] 
T BES(J,I) +-0, -

BESP(J, I) +- 0 

I ..,. _____________ _ 

F 

BES( NI+ 11 1) -+--BES (NI+ I, I)+ 

A(K,1,I) 
BESP(Nl+I, u~ BESP(Nl+ ,,r) 

+A(K,I,2) 

J ~ lP II I i"fo-------------; 

]Q 

T 

F 

l 
A(K

1 
I, I )+-A(K,J, I)~{ L(l)/2.)/ 

{K+J-Nt- 2\ 

A(K,l, 2)-+-A{K
1
I 1 l)J((J-Nl-3) 

2/~K)=fA(K,I, I} /L (I} .-

BES(J, 1) ~ BES(J, I) -t-A( K, J, I) 

BES P{J, l) 4-BESP(J, J)+A {K, 1,2) 
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84 

I - I I 

5 
F 

T 

J I II I 

F 
NI 

rr 

BESP(J,1)-.:-BESP{2tNI - J-+2, I) 

-BES(J,I)+- BES{2*Nt- J-t2, I) 

I RETURN 
.• 
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Figure A.5 Flowchar t for subprogram KITE! which is used to compute 
the value of the wave vector k for a warm plasma. 

( KITER "\ 

\ KK, O,THET, POL,K, NU ) 
I 

COMPLEX-;(16 KK, NU, A,B,C, COSQRT,DCONJG, AO,N 
COMPLEX 0, CSQRT, CONJG 
R~L ~ s K, u, v, ATH ET,DSIN, o·cos 
INTEGER POL 

DIMENSION KK(3,3) 

1 
Ao; o 
ATt-lET-THET 
U -DSIN ( AT HET) 
V<t-DCOS(AT HETI 

• 
A+- KK (I, I )'/.'-UJ* 4 4- U>J"' 3~V'f( K K { 3, I)+ K K {l,3)).f U#2 'lfV•2.-:-{ 

K K{I, I)+ KK(3,3)+ U*VH'3~ KK{ 3, I H· KK{I, 3 )}-+ VH41-" KK(3,3l 

B- U* *2*( KK( 2, 1)-f K K( 11 2 )t KK(3, I )*KK {1,3)- KK (I, I) -'t' K Kll, l)-
KK ( I ,1 )l KK (313 ))+V-t¥2-'J,!{K K(3, 2)1KK(2,3l-l- KK(3, I )l 
KK(I, 3)- KK(2, 2 )~KK (3, 3) - KK {I, I )iK K( 3, 3 )) + U*V.(l K K {2., I) 
KK( 3, 2 )+K K(I 12) rKK ( 2 13) - KKl3 1l)*KK (2 ,2) :-K K{ 2, 2 )>i'KK(l,3 l) 

B~ -B 
C+- KK( 1,1 )~KK(2,2 }ifKK(33l-KK(I, l)~KK{3,2)1fKK{2,3 )-+ 

KK(2,l)fKK(3 1 2)'f KK(l,3)-KK(2, I )~ KK(I, 2 }'f(KK(3,3 )+KK(l,2) 
K K { 2, 3 ) ~ KK l 31 I } - K K ( I , 3) * K K ( 3, I ) ~ K K { 2 I 2} 

NU<- {8-tPOL* CDSQRT( B-"'12-4.-¼'A'fC ))/(2 :i"A) 

N <'--CDSQRT(NU) 

K-<-- CDSQRT(N~DCONJG{N))~CDSQRT(AO* DCONJG(AO))/ 
2•997925EI0 

!RETURN 
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Figure A.6 Flowchart for su bprogram Kl Nil which is used to compute 
the value of the wave vector k for a cold plasma. 

/ · KINlT \ 
1
\ PI, OM,EPS,0 1 THET1 POL 1 K1NU ) 

1 
COMPLEX 01 R, L ,P, S, D 18, A, F, N, CSQRT, CO NJG,NU 

REAL°'S K 

INTEGER POL 

OIMENSlON PI(5), OM (5),EPS(5) 

COMMONIXlNIT/01 S,P 

R ----( I., 0-) 
L < (I., Q.) 

P< (I., O) 

t 

1-~-, II,~'---------
5 

T 

. S+- ( R + L)/2 . 

. D+- (R - L)/2. 

F' 

1 
T -i- Pl l1 ) / o•"' 2 

. R ~ R -T *( 0/( O+ E PS(I)*OM{I))) 

L ~ L - T-¥( 0/ ( O- E PS(I )i'O M{l}J} 
P~P-T 

....,.._ 
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a~R *L -f SIN(THET} ... *2 + p,s~( t.+ co S(THETiiff2) 

A+- Si! SIN( THET)"it~ 2 + P'i!COS(THET)lf'f2 

F- 4,->,¥-( p'lo-¥ COS( THET)0 '2 

'. N"-P"l S 

F+--(( R~L - N )~ SIN( THE T)•" 2 ~12 + F 

F-C SQRT(F) 

N+- {B+ POL 'ti F) /( 2:1iA) 

NU+--N 

N~CSQRT{N) 

K +--CSQ RT( N~CONJG (N ))~C SQRT( 0 + CONJG (O })/ 

' 2· 997 9 2 5E I 0 

N +-- N->¥N 

I RETURN 
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Figure A.7 Flowchart for subprogram MATRIX which is used to compute 
the components of the mobility tensor Mand the components 
of the dielectric tensor KK. 

MATR I X 
' I , a, K, N 11 R 1 , M M , K K I 

,) 

,I 

IMP LI Cl T COM PLEX ~I 6 {A -H, o-z) 
C OMPLEX~I 6 KK, MM,NPHf{9,5), NPSI{ 9, 5) 
COMPLEX O,U,TC,E 

l 
REAl!g. CDABS, K,KX,KZ,ATHET, CCOS,DS]N, Q, TT, 

DSQRT, PR, AM, AK 
REAL K_B,; MASS, L ,TPL, TPP,VS, T2, 0M, EPS, PI,BES, 

BESP, EC,ALTEST, SQRT, REAL,CABS, A lMAG,EXP, 
THET,SIN, COS,O, Tl , OM C, Pl C 

INTEGER RI 
DIMENSION TP L(5) , TPP{5),B ES{ 9, 5), BESP{ 9,5), 0(5), 

_ VS (5), L l5), EC{ 5 ), S{9,5), FO { 9,5), MM { 3, 31 5), AL l9, 5), 
THE T ( 9, 5) , PH ll 9, 5 ) , P S 1 { 9, 5 ) , I< K { 3, 3 ) 

l 
COMMON /X XX /OM ( 5),MAS S{5 ),EP S (5), PI( 5), KB, 

OMC, PJC 
COMMONtxXZ/E,TPL,TPP, VS, THEljD 

CEXP(X)---CDEXP(X) 

C ABS(X) .- CDAB S(X) 

l Q ~ 2 i' NI + I 

TT~3·14159265 DO 

PR +-0.SQ RT ( TT) 

ATHET+-THET 

KX+-K~DSIN {ATHET) 
KZ+-K ~ ocos (ATHET) 
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I +--1 

5 ..._F __ ...,.. AM~ MASS(!) 

AK1- KB 
T 

8 

L, BES,BESP, 
NI~ RI 

ES 

IQ 

T 

S(J,1)+-AUJ,1)-
2-/3~{AL { J,1)1<~ ) 

F 

au>~ DSORT(AM/( 2 . 00" AK"'TP L (I))) 

L( I}+- KX~~2 ~KB*TPP (I)/( OM(l )~2 
MASSll)) 

C(l)~EXP(L (ll) 

C (I )~EXP(5Q.) 

N-<--J-Nl-1 
SI+- O+N .;J: 0 M(I) 
S2~KZ*VS(I) 

AL(J,I)~(SI - S2)*Q(I )/KZ 

TC ~ AL {J, 1 ) 

Tl~ REAL(TC) 

T2 +- AlMA'G (TC) 

ALTEST~ CABS(AL (J, I) 

YES 

S(J, I )-1 /\2:¼L( 

J, l))+I /(4 .~A L lJ,I )* 
"'3) 

P{-AL 
lJ,J)il~) 't{ U lTI ( 

1.,0.),0 -,15) U 
l T2, l 0,, I.LT I , 15) 
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ANGLE 

+l 0 -00 1 2.DO) THETA(J,1), PHI{J,1), 
jS(J, I} PSI(J, 1), NPSI(J,l), 1. 

YES 

FO(J.l} +-PR/CEX P{ 
AL JI 'fr•2 

3 F J--.___ ____ _ 
T 

. KK (I I I ) 1--- I , 
K K (2,2)~ I-

K K(3,3)+-1. 

5 

T 

3 . 

NPHI{J,I), FO(J,1), 0, 
Q KZ N 

F 

KK ll ,J)~o. 
T 

M--
5 

w- - KB"i-TPP (1) !(EC (1) ~MASS (1 ~KZ) 

J--

IQ 
T 
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MMl I, I, I )-MM ll, 1,1) +W~M{1)tEPS{I)1Nt:NjBES (J,l ).ltTHETA(J,1)/ . 
L ll) 

MM l 2,2 1 1 )4- MM l 21 2, I )+~O Ml!)"'"E PS{I)'-ll:-THETA (J, t~{ N!tN~BES 
\J,1)/ Lll)+ 2. DO'tE-LlI)~BES{J,I) - 2.DO'IIL(I)),f-BESP(J, I)) 

MMll, 2, 1 )~ MM (I, 2, 1)+W*OMU) * (O. DO, I.DO }1-N *THE TA(J, l)~ 

(BES {J, I) - BE SP(J, I)) 

MM(l ,3,I) +- MMU 1 3, I) + ~EPS0)i(N ~KXlBES (J,1)/L(l)~ ( N'f 

PHJ(J I I} - PSI (J ,I)) 

MM ( 2,3, I )~ MM{2,3, I) -W1'{ 0 -0 0, I, DO )'I' KX.f(BES ( J,l) -
BESP{J,J)'f(N'fPHI(J,1)- PST(J,1)) 

MM(3,3,1 )·of- MM{ 3 ,3, I )-r OM{I)~E P S(I) /(EC(I)'fKZ)~BES (J, I) 
( N 't' NP HI(J I I ) - Np SI( J, I)) 

MM(3, I, I ) ---MM ( I 1 3 11) 

MM ( 3 1 2 , I ) +- - M M{2, 3, I ) 

· MM(2,l ,J) 4-- .- MM{I, 2,I) 

1~ 1 II I ~ 5 ~ W- ( Q., I, )'fEPS(I)*P1(1)/( Q'.f 

T 
OM(I )) 

• 
M+--1 II I -

3 F 
t---1 

11 T N~I I 
~ 

3 fi T I RETURN KK{M,N)-KK(M ,N) 

+ w~ MM lM, N , 1 > 
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Figure A.8 Flowchart for subprogram Q which is used to check 
t he rea l and imaginary parts of the wave frequency. 

Q 

X, K, PP, NI, RI ,ITER, TO TIT, POL 

INTEGER RI, POL,TOTIT, Tl,TT, SWITCH,TL 
REAL°'8 K 
COMPLEX E,X 
DIMENSION TPL(5), TPP(5), VS(5) 

COMMON/XXX I OM(5) 1 MAS S(5), EPS(5), PI(5), 
KB, OMC,PIC 

COMMON/XX Z/ E, TPL,TPP, VS, THET,D 

SWITCH-2O 
TL-+- TOTIT-1 

TT~TOTIT 

TI+-ITER 

PP+-P(X, K ► NI, RI, Tl ,TT, POL) 

TT~TT-1 

TI+-1 
RETURN 

--PL+-PP 

F 

' 
RETURN 

T 

SWITCH+-SWITC H- I 

TT+-TL 
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Figure A.9 Flowchart for subprogram ANGLE which is used to compute 

< @ > , <~> , <~> , <V ~> and <V iµ> . Those quantities 
n - n - n z- n z- n 

are the arguments of the mobility tensor. 

{ ANGLE ' 
\ THETA ,PHI, PSLNPHI, NPSI, FO, 0, Q, KZ, N, l / 

l 
IMPLICIT COMPLEX:llG (A-H, o-z) 
COMPLEX*l6 NPHI, NPSt 
COMPLEX 0, E 
REAL-)( 8 KZ, Q 

REAL TPL, TPP1VS, THET, D, OM, MASS,EPS,PI, 
K 8 1 OMC1 PIC 

DIMENSION TPL(5), TPP(5},Q(5) 1 VS(5) 

COMMON/XX Z /E, TPL,T PP, VS, THET, D 
COMMON/XX XI OM (5 l ,MASS (5), EPS( 5), PI( 5), 

KB, OMC,PIC 

l .. 
THETA~ 2· OO~Q(l) * 0(1) /( O'fTPP (1))-f ( 0-00, I. OO)~KZ 

(TPPlI) -TP L (I)) - Q(I)-'f F O* ( < 0 - KZ*VS (I)-+ N .afl OM(I))i' 
TPP(l})- N~OM(I )>iTPL (I))) 

. PHI+-2-00~0M(l)~Q(I)-"1Q(I)/(KZ* O~TPP(I})q(o.oo, I. 00) 
-fKZ~( T P L(l )- T PP(I )) -t-o ( n~FO~( ( 0 + N ~ OM(I )ifTPP(I)­

TPl:,( J))- KZ->,l(VS (I )*TPP (I)}) 

NPHI-+-2 • 00-'!c OM(J)~(I}~Q(I) /( K~'f2~~TP P(I)~{o.oo, I. DO) 
~KZ~( ( O+ N-'i(OM{l)ptT PL(I) -T PP (I ))-t KZ-i'V S (I)~TPU1 }) 

-tQ(l )-ie FO 1' ( O+N-.:OM (l)}>f({ O+ N-f:OM (I)rfTPP(l)- TPLU)) -
KZ.:f:V S(I )iTP P(I))) 

Psr~ 2. DO~ Q {I)~Q (!) / KZ * l(Q. DO, I• DQ)'l'KZ- on )'I FO~( 
0 - KZ ~vs ( 1 ) + N~ 0 M (I)} ) 

NPSt+-2-DO~O(I)~Q(l) /KZ.-2~(0+N-'fl'.0M(l))~(( 0-00, I.DO) 
~KZ-Q{I) 'f<FQ-t( O-KZ*VS(l )+ N~OM(l))) 

fRETURN/ 
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Figure A. 10 Flowchart for subprogram U which is used to evaluate 

the imaginary part of the constant Fo. 

u 
A, B, C, J 

COMPLEX B, D, CEXP 

0+-8* A/ J 

U+-Q. 

I--

J 

RETURN 

U<'- U+ C EXP({ ( 2-'I- I)/ 2.'JII[)- C )**2) 
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Figure A. 11 Flowchart for subprogram F which is used to compute 

th e LHR frequency (S = 0) . 

r F " I 

I 
\. PI, OM, OLHR 

I 
~ 

l 
I DIMENSION PI( 5), OM(5)j 

' I PSU M-O· I 

I+--1 3 

5 
F 

1 
T PS UM 4--- PSUM+ Pr<1): 

. . 
OLHR~ ( l,/PSUM)1'(1.:+PI(2)/ 

OM(2);:r.~2) 

OL H R+-S QR T ( 1./OL HR) 

I RETURN 
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COMPUTER PROGRAM FOR THE POWER ABSORPTION BY CHARGED PARTICLES 

FORTRAN SOURCE LIST 

C MAIN PROGRAM WHICH IS USED TO CALCULATE THE GYROFREQUENCIES 
C AND PLASMA FREQUENCIES FOR THERMAL ELECTRONS,NONTHERMAL 
C ELECTRONS AND IONS. IT ALSO SERVES AS THE CONTROL OF THE 
C PROGRAM TO PRINT OUT THE REQUIRED INFORMATION 

COMPLEX E,CMPLX,X(SO),NU 
LOGICAL*l IA(45) 
REAL~~8 K(SO) 
REAL KB ,MASS,NUM(5),NTOTAL 
INTEGER Rl,TOTIT,POL 
DIMENSION TPL(5) ,TPP (5), VS (5) ,PP (SO) 
COMMON/XXX/OM(5) ,MASS (5) ,EPS( S) ,Pl (5) ,KB,OMC,PIC 
COMMON/XXZ/E,TPL,TPP,VS,THET,D 
COMMON/XXY/IA 

C INPUT DATA FOR THE VELOCITY OF THE THERMAL ELECTRONS,THE 
C WAVE FREQUENCY IN RAD/SEC, INCREMENTS OF THE WAVE FREQUENCY, 
C THE PARALLEL AND PERPENDICULAR TEMPERATURES OF THE ELECTRONS 
C AND IONS,THE BACKGROUND MAGNETIC FIELD STRENGTH,THE NUMBER 
C DENSITIES OF ELECTRONS AND IONS,THE NUMBER OF TIMES FOR 
C lTERATION,AND THE SIGN FOR POLARIZATION.ALL VALUES ARE IN 
C C.G.S.UNIT 

READ(S,20) VS(l) 
READ(5,30) NINC,OSTART,OINC,D 
READ(5,45) NTHET,THETS,THINC,E 
READ ( 5, 20) (TPL ( I) , I= 1 , 2) , (TPP ( I) , I= 1 , 2) , BRAT I 0 
READ(S,20) NUM,NTOTAL 
READ(5,40) Nl ,Rl ,ITER,TOTIT,POL 
NUM(2)=NUM(3)+NUM(4)+NUM(5) 
DO 120 IJK=l ,NTHET 
THET=THETS+(IJK-l) *THINC 
ATHET=THET 
THET=THET*3.141593/180. 
IF(IJK,GT. 1) GO TO 65 
DO 10 1=3,5 
TPL(l)=TPL(l-1) 
TPP(l)=TPP(l-1) 
VS(l-1)=0 

10 VS(l)=O 
20 FORMAT(8Fl0.5) 
30 FORMAT(l2,8X,4F10.5) 
40 FORMAT(512) 
45 FORMAT(l2,8X,4F10.5) 
C CALCULATION OF GYROFREQUENCIES AND PLASMA FREQUENCIES 
C FOR THE ELECTRONS (BOTH THERMAL AND NONTHERMAL) AND IONS 



DO 50 I= l, 5 
OM(l)=OMC/MASS(I) 
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50 PI (I) =PI c;1,N UM (I) :'<NTOTAL/MASS (I) 
OM ( l ) =OM ( 1 ) *MASS ( 1) 
Pl (l)=PI (1):',MASS(l) 
MASS(l)=MASS(l)/SQRT(l.-VS(l) **2/8.987554E20) 
PI ( 1) =PI ( 1 ) /MASS ( 1) 
OM(l)=OM(l)/MASS(l) 
DO 60 I= 1, 5 

60 OM(l)=OM(I )*BRATIO 
CALL F(PI ,OM,OLHR) 

C PRINTOUT THE REQUIRED INFORMATION AND THE GRAPH OF THE 
C GROWTH RATE AS A FUNCTION OF THE POWER ABSORPTION 

WRITE(6,80) NTOTAL ,NUM(3),NUM (4) ,NUM(5),NUM(2),NUM(l), 
/TPL(2),TPL(l),TPP(2) ,TPP(l),VS(l),E,BRATIO,OLHR 
WRITE(6,95) 

95 FORMAT(////30X,'GYROFREQ.-RAD/S EC ' ,4X,'PLASMAFREQ. SQUARED­
/iRAD/SEC.)**2'//) 

DO 130 1=1,5 
130 WRITE(6,140) l,OM(l),Pl(I) 
140 FORMAT ( 28X, 11 , 6X, E 11 . 4, l 6X, E 11 . 4/) 
65 CONTINUE 

AMIN=lO.E60 
AMAX=lO.E- 60 
DO 70 1=1,NINC 
RA=OSTRAT + ( 1-1) *O I NC 
X ( I )=CMPLX (RA,O.) 
CALL KINIT(Pl,OM,EPS,X(I) ,THET,POL,K(l),NU) 
CALL Q ( I ) , K ( I ) , PP ( I ) , N l , R 1 , I T ER , TOT I T , POL) 
l~(PP(l).GT.AMAX) AMAX=PP(I) 

70 IF(PP(l).LT.AMIN) AMIN=PP(I) 
WRITE(6,85) 

85 FORMAT('l'//14X,'OMEGA',16X,'K -- THETA',5X,'INSTABILITY'//) 
IF(AMIN.GT.O.) AMIN=O 
iF(AMAX.LT.O.) AMAX=O 
JO=-AMIN/{AMAX-AMIN) *39.+l. 
DO 1 00 J= 1 , NI NC 
DO 90 1=1,40 

90 IA(l)=IA(45) 
LA(l)=IA(44) 
IA(40)::::IA(44) 
JP=(PP(J)-AMIN)/(AMAX-AMIN) *39.+l. 
IA(JO)=IA(42) 
IA(JP)=IA(43) 

100 WRITE(6,110) X(J),K(J),ATHET,P!'(J),(I.A(l),1=1,40) 
120 CONTINUE 

S10P 
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80 FORMAT(' 1 '///////40X,'RELATIVE INSTABILITY WITH FREQUENCY' 
//////25X,'DENSITY OF PARTICLES ',El0.4,'/CM**3'//27X,F7.5, 1 

/H, ' , F7. 5, ' HE, ' , F7. 5 >' O ' , F7. 5,' E, ' , F9. 7,' STREAM I NG 
/E. '///25X,'PARALLEL TEMP.OF IONS= ',Ell.4,'DEG.K.,OF 
/STREAM ING E = 1 ,Ell.4, 1 DEG. K. '///25X,'PERP.TEMP.OF IONS= 
/',Ell.4,' DEG. K., OF STREAMING E = ',Ell.4,'///25X,' 1 

/VELOCITY OF STREAM= ',El0.4,'CM/SEC. '///25X,'ELECTRIC 
/FIELD= (',El0.4, 1

, ',El0.4 ')'///25X,'MAGNETIC FIELD (GAUSS) 
/= ',F8.4///25X,'LOWER HYBRID RESONANCE OMEGA-(RAD/SEC.) = 
/' ,Fl0.3) 

110 FORMAT(' ( 1 ,F8.!, 1
, 

1 ,Ell.4, 1
)

1 ,3X,E11.4,3X,F6.2,6X, 
/Ell.4,4X,/40Al) 

END 

C NUMERICAL VALUE OF BOLTZMAN'S CONSTANT (KB) 
C .MASSES OF THERMAL ELECTRONS (MA SS 1) AND NONTHERMAL 
C ELECTRONS (MASS 2) 
C MASSES OF IONS (MASS 3 TO MASS 5,FOR PROTON,HELIUM ION 
C AND OXYGEN ION) 
C NUMERICAL VALUE OF THE RATIO OF ELECTRON CHARGE TO 
C VELOCITY OF LIGHT(E/C) 
C NUMERICAL VALUE OF THE CONSTANT 4 PIC**2 
C ALL VALUES ARE IN C.G.S. UNITS 
C SIGNS OF CHARGES FOR ELECTRONS AND IONS (EPS) 

BLOCK DATA 
LOGICAL*l IA(45) 
COMPLES;< 16 NU 
REAL KB,MASS 
COHMON/XXX/OM(5) ,MASS(S) ,EPS(S) ,Pl (5),KB,OMC,PIC 
COMMON/XXY/IA 
DATA KB/1. 380622E-16/ ,MASS ( 1) /9. 109558E-28/ ,MASS (2) /9. 109558 

/E-28/,MASS(3)/1.672614E-24/.MASS(4)/6.645535E-24/,MASS(5)/ · 
/2.655914E-23/,0MC/1.602191E-20/,PIC/2.899213E-18/,EPS(l)/ 
/-1./,EPS(2)/-1./,EPS(3)/1./,EPS(4)/l./,EPS(5)/1./ 

DATA IA{42)/'0',IA(43)/ 1 1: 1 /,IA(44)/ 1+ 1 /,IA(45)/ 1 
'/ 

END 

C FUNCTIONAL SUBPROGRAM FOR THE CALCULATION OF THE POWER 
C ABSORPTION (PA) AND THE WAVE ENERGY (W) 
C GROWTH RATE (WI) WAS OBTAINED BY COMPUTING THE ENERGY BALANCE 

FUNCTION P(O,K,Nl,Rl,ITER,TT,POL) 
IMPLICIT COMPLEX*l6(A-H,O-Z) 
COMPlEX* 16 KK,MM,TD,NU,KD,KDM,NUOD,NUODM,KDH,KDMH,KDA,KKP 
COMPLEX O,E,TC,OD,ODM,CMPLX 
REAL;<8 K, KX, KZ ,ATHET, DCOS, DS IN, PR, DSQRT, Tl, KOO, KODM 
REAL KB,MASS,L,TPL,TPP,VS,P,T2,0M,EPS,PI ,SQRT,REAL,ABS,THET, 

/D,RB,AI MAG,OM C,PIC 
REAL SIN,COS 
INTEGER Rl ,TT,POL 
DIMENSION TPL(5) ,TPP(5) ,VS(5) ,L(S) ,KK(3,3) ,MM(3 ·,3,5) ,KD(3,3), 

/KDM ( 3, 3) , KOH ( 3, 3) , KDMH ( 3, 3) , KDA ( 3, 3) , KKP ( 3, 3) 
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COMMO N/ XX X/OM(S) ,MASS(S) ,EPS(S) ,Pl (5) ,KB,OMC,PIC 
COMMON/XX Z/ E,TPL,TPP,VS,THET,D 
CO NJG (X )=DCONJG(X) 
NITER=ITER 
T1=3.1 4159265DO 
PR=DSQRT (Tl) 

5 CALL MATRIX(O,K,Nl ,Rl,MM,KK) 
CALL KITER(KK,O,THET,POL,K,NU) 
NI TER=N I TER-1 
IF(NITER.GE. l) GO TO 5 
ATHET==THET 
KX=K>',OS IN (ATHET) 
KZ=K>', DCOS (ATHET) 

C CALCULATION _OF THE RATIOS EV /EX AN D EZ/EX IN TERMS OF 
C THE COMPONENTS OF THE REFRACT IVE INDEX ANO DIELECTRIC 
C TENSOR 

A=(NU*DSI N(ATHET) *DCOS(ATHET) +KK(l ,3)) *KK(2,l)-KK(2,3) ~ 
/ (-NU >'1DCOS (ATHET) ,'d: 2+KK ( 1 , I ) ) 
A=A/(KK(2,3) *KK(l,2)-(NU *DSIN (ATHET) *DCOS(ATHET)+KK(l ,3))* 

/(-NU+KK(2,2))) . 
C=KK(l ,2) *KK(2,l)-(-NU+KK(2,2)) * (-NU*DCOS(ATHET) **2+KK(l,l)) 
C=C/((-NU+KK(2,2)) * (NU *DSIN(AT HET) *DCOS(ATHET)+KK(1,3))-

/KK(l ,2) *KK(2,3)) 
Sl=A-(A*CONJG(A))/A 
S2=(C*CONJG(C))/C+C 
S3=(A*CONJG(A)) *C/A-A* (C *CONJG (C))/C 

C CALCULATION OF THE POWER ABSO RPTION (PA) BY CHARGED PARTICLES 
PA=O. 
TD=E 
PCA=A>': CONJG (A) 
PCC=C >': CONJG (C) 
DO 50 I= 1, 5 

50 PA=PA+P I ( I) *EPS ( I)/ ( 16 . DO*T POH ( I)) >':TD >':CONJG (TD) * ( (MM ( 1 , 1 , I) 
/+CONJG(MM(l, l, I)) )+PCM: (MM(2,2 , I )+CONJG(MM(2,2, l)))+PCC>': 
/ (MM (3 ,3, I )+CONJG (MM (3 ,3, I)) )+S l* (MM (l ,2, I )-CONJG (MM (l ,2, I))) 
/+S2>': (MM(l ,3, l)+CONJG(MM(l ,3, l)))+S3 >': (HM(2,3, 1)-CONJG( 
/HM ( 2 , 3 , I ) ) ) ) 

TC=PA 
P=REAL(TC) 
OD=REAL(O)+D 
ODH=REAL(0)-0 
CALL KITER( KK,OD,THET,POL,KOD,NUOD) 
CALL MATRIX(OD,KOD,Nl ,Rl ,HM,KD) 
CALL KITER(KK,ODM,THET,POL,KODH,NUODH) 
CALL MATRIX(ODH,KODM,Nl ,Rl,MM , KDM) 

C CALCULATIO N OF THE DERIVATIVE IN THE EQUATION OF WAVE 
C ENERGY BY US ING NUMERICAL ANALYSIS METHOD 

00551= 1,3 
DO 55 J=l ,3 
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K DH ( I , J ) = ( KD ( I , J ) +CONJ G ( KD ( J , I ) ) ) / 2 • 
55 KDMH ( I , J ) = (KDM ( I ,J)+CONJG (KDM(J, I)) )/2. 

DO 60 1=1 ,3 
DO 60 J= 1 ,3 

60 KKP ( I ,J )= (OD* KDH ( I ,J )-ODM* KDMH ( I ,J)) / (2. ,':D) . 
C CALCULATION OF THE WAVE ENERGY (W) AND THE GROWTH RATE 

Y=8.987554E20/0**2 
W=TD -J: CONJ G (TD)/ ( 16. DQ1:TJ) * ( (Y>': KZ >'n': 2+KKP (.1 , 1)) +PCN: (Y,'< ( K)(,b'< 

/2+KZ** 2)+KKP(2,2))+PCC * (Y* KX ~* 2 KKP(3,3))+A* KKP(1,2) 
/CONJG(A) * KKP(2,l)+C* CONJG(A) * KKP(2 1 3)+A* CONJG(C) * KKP(3.2) 
/+c,•, (KKP ( 1,3)-Y,':KX ,':KZ)+CONJG (C) ,., (KKP (3, 1 )-Y*KX ,'<KZ)) 

RB=-PA/ (2. -J: W) 
O=REAL(O)+CMPLX(O ., RB) 
RETURN 
END 

C SUBPROGRAM TO COMPUTE THE MO DIFIED BESSEL FUNCTION OF THE 
C FIRST KIND (BES) AND ITS DER I VATIVE (BESP). 

SUBROUTINE B(L,BES,BESP,Nl ,Rl ) 
REAL L 
I NT EGER R 1 
DIMENSION L(5) ,BES(9,5) ,BESP(9,5) ,A(4,5,2) 
IQ=2* Nl+l 
IP=N1+2 
DO 5 I =1, 5 
A(l,1,1)=1 

5 A(l,1,2)=1 
DO 10 I= 1 , 5 
DO 10 K=2 ,R 1 
A ( K, I , 1 ) =A ( K- 1 , I , 1 ) * ( L ( I ) /2. ) int, 2. ( ( K- 1 ,'< ( K-1) ) 

10 A(K,l,2)=A(K,l,1),': 2* (K-1)/L(I) 
DO 20 1=1 ,5 
D020J=1,IQ 
BES (J, I )=O. 

20 BESP(J,1)=0 
DO 30 1=1 ,5 
BESP(Nl+l,l)=-1. 
DO 30 K=l, R l 
BES(Nl+l, l)=BES(Nl+l, l)+A(K, I, 1) 
BESP (Nl+l, I )=BESP (Nl+l, I )+A( K, 1,2) 
DO 30 J= IP, IQ 
A ( K, I , 1 ) =A ( K, I , 1 ) ,., ( L ( I ) /2. ) / ( K+J- N 1- 2) 
A(K , 1,2)=((J-Nl-3)+2. 1·K) i,A(K, I, 1)/L(I) 
BES(J,l)=BES(J,l)+A(K,1,1) 

30 BESP (J, I )=BESP (J, I )+A(K, I ,2) 
DO 40 1=1,5 
DO 40 J= l , Nl 
BESP (J ,l )= BESP(2* Nl-J+2,1) 

40 BES( J , l) =BE S( 2* Nl-J+2,I) 
RETU RN 
END 
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C SUBPROGRAM TO COMPUTE THE VALUE OF THE WAVE VECTOR K BY 
C USING THE DISPERSION RELATION FROM THE WARM PLASMA 

SUBRO UTIN E KITER(KK,O,THET,POL,K,NU) 
COMPLEX*l6 KK,NU,A,B,C:CDSQRT,DCONJG 1 AO,N 
COMPL EX O,CSQRT,CONJG 
REAL*8 K,U,V,ATHET,DSIN,DCOS 
INTEGER POL 
DIMENSION KK(3,3) 

C THE VALUE OF THE REFRACTIVE INDEX (N) IS OBTAINED BY 
C SOLVING THE DISPERSION RELATION (WARM PLASMA) 
C A*N**4-B*N**2+C=O 

AO=O 
ATHET=THET 
U=DS IN (ATHET) 
V=DCOS(ATHET) 
A=KK(1,l)*U** 4+U **3*V* (KK(3,l )+ KK(l ,3))+U**2*V**2*(KK(1,1) 

/+KK(3,3))+U*V**3*(KK(3,l)+KK (I ,3))+V**4*KK{3,3) 
B=U ,H2>': ( KK (2, 1 )*KK( 1, 2)+KK (3 , I) ,':KK( 1, 3)-KK {1, 1 )*KK(2 ,2)­

/KK( 1, 1) >':KK(3, 3) )+V,'<* 2'1' (KK(3, 2) ,'< KK( 2, 3)+KK(3, 1 )+KK( 1, 3)­
/ KK ( 2, 2) >':KK ( 3 , 3) - KK (· 1 , 1 ) >': KK ( 3, 3) ) +u,,,v,·, ( KK ( 2, 1 ) *KK ( 3, 2) 
/+KK(1,2),',KK(2,3)-KK(3, J) ,'< KK(2 , 2) -KK (2,2) ,'<KK(l ,3)) 

B=-B 
C=KK( 1, 1) >': KK(2, 2) >'<KK(3, 3 )-KK( 1 , 1) ,':KK (3, 2) 1':KK(2 ,3 )+KK(2, 1) 

/ >'< KK(3,2),'< KK(l ,3)-KK(2, 1),':KK(l ,2 ) ,'< KK(3,3)+KK(3, l)*KK(l ,2) 
/*KK(2,3)-KK(1 ,3) *KK(3,l) *KK(2,2) 

NU=(B+POL*CDSQRT(B**2-4.*A*C))/(2. *A) 
N=CDSQRT(NU) 

C THE WAVE VECTOR K IS COMPUTED BY USING THE RELATION 
C N= (C/W) >': K 

K=CDSQRT (N,'< DCONJG (N)) *CD SQRT (AO,'<DCONJ G (AO)) /2. 997925E 10 
RETURN 
END 

C SUBPROGRAM TO COMPUTE THE VALUE OF THE WAVE VECTOR K BY 
C USING THE DISPERSION RELATION FROM THE COLD PLASMA 

SUBROUTINE KINIT (Pl,OM,EPS,O,THET,POL,K,NU) 
COMPLEX O,R,L,P,S,D,B,A,F,N,DSQRT,CONJG,NU 
REAL >':8 K 
INTEGER POL 
D I M ENS I ON P I ( 5) , OM ( 5 ) , E P S ( 5 ) 
COMMON/XINIT/D,S,P 

C THE VALUE OF THE REFRACTIVE INDEX (N) IS OBTAINED BY 
C SOLVING THE DISPERSION RELATION (COLD PLASMA APPROXIMATION) 
C A*N**4-B*N** 2+C=O 

R= ( 1. , 0.) 
L=( 1. ,0.) 
P= ( 1. , 0.) 
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DO 10 I =l, 5 
T=P I ( I ) /Q·H 2 
R=R-T*(O/O+EPS(l)*OM(I))) 
L=L-T*(0/0-EPS(l)*OM(I))) 

10 P=P-T 
S=(R+L)/2. 

. D= ( R- L) / 2. 
B=R*L*SIN(THET) **2+P*S* (1.+COS(THET)**2) 
A=S*SIN(THET) **2+P*COS(THET) **2 
F=4.*(P*D*COS(THET)) **2 
N=P;~S 
F=((R*L-N)+SIN(THET) ** 2)**2+F 
F=CSQRT (F) 
N=(B+POL*F)/(2, *A) 
NU=N 
N=CSQRT(N) 

C THE WAVE VECTOR K IS COMPUTED BY USING THE RELATION 
C N=(C/W)*K 

K=CSQRT ( N*CONJ G (N)) ;', CSQRT ( Q;',CON J G (0)) /2. 997925E 10 
N=N*N 
RETURN 
END 

C SUBPROGRAM TO COMPUTE THE COMPONENTS OF THE MOBILITY 
C TENSOR MAND THE COMPONENTS OF THE DIELECTRIC TENSOR 

SUBROUTINE MATRIX(O,K>Nl,Rl ,MM,KK) 
IMPLICIT COMPLEX*l6(A-H,O-Z) 
COMPLEX*l6 KK,MM,NPHI (9,5) ,NPSI (9,5) 
COMPLEX O,U,TC,E 
REAL*8 CDABS,K,KX,KZ,ATHET,DCOS,DSIN,Q,TT,SDQRT,PR,AM,AK 
REAL KB,MASS,L,TPL,TPP,VS,T2,0M,EPS,PI ,BES,BESP,EC,ALTEST, 

/SQRT,REAL,CABS,AIMAG,EXP,THET,SIN,COS,D,Tl,OMC,PIC 
I NT EGER R 1 
DIMENSION TPL(5) ,TPP(5) ,BES(9 ,5) ,BESP(9,5) ,Q(5) ,VS(5) ,L(5), 

/EC(5) ,5(9,5) ,F0(9,5) ,MM(3,3,5) ,AL(9,5) ,THETA(9,5) ,PHI (9,5), 
/PSI (9,5) ,KK(3,3) 

COMMON/XXX/OM(5) ,~ASS(5) ,EPS(S) ,Pl (5) ,KB,OMC,PIC 
COMMON/XXZ/E,TPL, fPP,VS,THET,D 
CEXP(X)=CDEXP(X) 
CABS(X)=CDABS(X) 
IQ=2;', N+l 
TT=3. 14159265DO 
PR=DSQRT(TT) 
ATHET=THET 

C CALCULATION OF THE CONSTANT Q AND LANDA AS USED IN CHAPTER 2 
KX=K;', DS IN (ATHET) 
KZ=K;', DC OS (ATH ET) 
DO 10 I= 1, 5 
AM=MASS (I) 
AK=KB 
Q (I) ""DS QRT (AM/ (2. D0 "-AK;',TPL (I))) 
L (I) =KX:', ;':2;':KB;';f PP (I)/ (OM (I) ;'d,2;', MASS (I)) 
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IF(L(l).LE . 50.) EC(l)=EXP(L(I)) 
IF(L(l) . GT . 50.) EC(l)=EXP(SO.) 

C CALCULATIO N OF THE CONSTANT FO 
DO 10 J=l, IQ 
N=J-Nl-1 
S l=OHl*OM (I) 
S2=KZ*VS ( I) 
AL ( J , I ) = ( S 1- S 2) ;',Q ( I ) / KZ 
TC=AL(J,I) 
Tl=REAL (TC) 
T2=AIMAG(TC) 
ALTEST=CABS(AL(J , I)) 
IF(ALTEST.LE.0 . 3) S(J , l)=AL(J , 1) - 2 . /3. * (AL(J,1) **3) 
IF(ALTEST.GT.3.0) S(J, l)=l ./(2 .*AL (J, l))+l ./(4. ,.,AL(J, 1) "'* 3) 
IF(ALTEST.GT.0.3.ANd.ALT EST.LE.3.0) S(J,l)=CEXP(-AL(J,)) **2 

I) ,., ( U ( Tl , ( 1. , O. ) , ) • , 1 5) +U ( T 2 , ( 0 . , l. ) , Tl , 1 5) ) 
FO(J , l)=O . 
IF(ALTEST.LT.7 . ) FO(J,l)=PR/C EXP(AL(J,1) ** 2) 
FO(J, I )=FO(J, I )+(O.D0,2.DO) ",S (J, I) 
CALL ANG LE (THETA (J, I) , PH I (J, I ) , PS I (J, I ) , NPH I (J, I) , NPS I (J, I) , 

/FO (J, I ) , 0, Q, KZ, N, I ) 
10 CONTINUE 

CALL B(L,BES,BESP,Nl,Rl) 
C CALCULATION OF THE COMPONENTS OF THE MOBILITY TENSOR 

DO 20 1=1,3 
DO 20 J=l,3 
KK ( I ,J) =O 
DO 20 M: 1, 5 

20 MM(l,J,M)=O 
KK ( 1 , 1) = 1 
KK(2,2)=1 
KK(3,3)=1 
DO 30 1=1,5 
W=- KB*TPP (I)/ ( EC (I) *MASS (I) *KZ) 
DO 30 J=l,IQ 
N=J-Nl-1 
MM( 1, 1, I )=MM( 1, 1, I )+Wi,QM( I ) "<EP S ( I ) ,sw, N*BES (J, I ) ;sTHETA(J, I )/L( I) 
MM (2,2, I )=MM (2 ,2, I )+W*OM ( I ) *EPS ( I ) ,sTHETA (J, I ) ,"c (N ,., N,s BES (J, I)/ 

/ L ( I ) +2 . DQ ,~ L ( I ) * BES ( J , I ) - 2. DO"' L ( I ) ,', B ESP ( J , I ) ) 
MM ( 1 , 2 , I ) =MM ( 1 , 2 , I ) +W OM ( I ) * ( 0. DO , 1 . DO };'<N *TH ET A ( J , I ) ) ;s ( 

/BES(J,1)-BESP(J,I)) 
MM(l ,3, l)=MM(l ,3, l)+W<EPS(l) *N"<K)U<BES(J, 1)/L(l);"(N,',PHI (J, 

/1) - PSI (J, I)) 
MM ( 2, 3, I ) =MM ( 2, 3, I )-w,·, ( O. DO, l • DO) ,',Kx,~ (BES ( J , I )-BES P (J , I ) ) ,., 

/(N ,'<PHl(J,1)-PSl(J,I)) . 
MM ( 3, 3 , I ) =MM ( 3 , 3, I ) +OM ( I ) ,,, EP S ( I ) / ( EC ( I ) ;',KZ) :~BES ( J , I ) ,,, ( N"' 

/NPHI (J, I ) -NPS I (J, I)) 
MM ( 3 , l , I ) =MM ( l , 3, I ) 
MM ( 3, 2, I ) =-MM ( 2, 3, I) 

30 MM(2,1,1 )=- MM (l , 2,I) 
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C CALCULATION OF THE COMPONENTS OF THE DIELECTRIC TENSOR 
DO 40 I =1, 5 
W=(O., J.) ;'- EPS(l) *PI (1)/(01-0M(I)) 
DO 40 M= 1, 3 
DO 40 N=l ,3 

40 KK(M, N) =KK(M,N)+W;'-MM(M,N, I) 
RETUR N 
END 

C SUBPROGRAM TO CHECK THE IMAGINARY PART OF THE WAVE FREQUENCY 
SUBROUTINE Q(X,K,PP,Nl ,Rl ,ITER,TOTIT,POL) 
INTEGER Rl,POL,TOTIT,TI ,TT,SWITCH,TL 
REAL;, 8 K 
COMPLEX E,X 
DIMENS ION TPL(S),TPP(S) ,VS(S) 
COMMON/ XXX/OM(S) ,MASS(5),EPS(5),PI (5),KB,OMC,PIC 
COMMON / XXZ/E,TPL,TPP ,VS,THET, D 
SW ITCH=20 
TL=TOT IT- 1 
TT=TOT IT 
Tl=ITER 

10 PP=P(X , K, Nl ,Rl ,Tl ,TT,POL) 
TT=TT- 1 
Tl=l 
l~(TT. EQ.TL) GO TO 30 
IF(PL*PP.GE.O.) GO TO 30 
IF(SWI TCH . LE. 1) GO TO 40 
SWITCH=SWITCH-1 
TT=TL 

30 PL::;pp 
IF(TT.GE . 1) GO TO 10 
RETURN 

40 WRITE( 6,50) X 
50 FORMAT (15X,'AT OMEGA= ' ,E11.4,2X,E11.4) 

RETURN 
END 

C SUBPROGRAM TO COMPUTE FUNCTIONS THETA,PHI ,PSl,NPHl,NPSI 
C WHICH ARE THE ARGUMENTS OF TH E MOBILITY 

SUBROUTINE ANGLE(THETA,PHI ,PSI ,NPHI ,NPSI ,F0,0,Q,KZ,N, I) 
IMPLICIT COMPLEX*16(A- H,O-Z) 
COMPLEX* 16 NPHI ,NPSI 
COMPLE X O ,E 
REAL;'- 8 KZ, Q 
REAL TPL, J PP,VS,THET,D,OM,MASS,EPS,PI ,KB,OMC,PIC 
DIMENSION TPL(S) ,TPP(S) ,Q(S) ,VS(S) 
COMMO N/X XZ/E,TPL,TPP,VS,THET,D 
COMMO N/XXX/ OM(S) ,MASS(S),EPS(S),PI (S),KB,OMC,PIC 
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C CALCULATION OF THE FUNCTIONS THETA,PHI ,PSI ,NPHI AND NPSI 
THETA=2.DO* Q(l) *Q(l)/(O* TPP(l)) * ((O.D0,1.DO) * KZ * (TPP(l) ­

/TPL (I) )-Q ( I) ,', FO* ( (0 - Kz1,vs ( I )+N i:OM (I)) ;':TPP ( I )-N1:0M (I) ;': 
/TP L ( I ) ) ) 

PH I =2 . DO,'< 0M ( I ) r:Q ( I ) r:Q ( I ) / ( KZ 1:Q,',TP P ( I )) ,._ ( ( 0. DO, l . DO) ,., Kz t, 
/ (TP L ( I ) -TPP (I)) +Q ( I) * FQ 1, ( ( O+N7' 0M ( I))'" (TPP ( I )-TP L ( I))- KZ * 
/VS ( I ) ,'<TP P ( I ) ) ) 

N PH I= 2 . DQ;':QM ( I ) * Q ( I ) 1:Q ( I ) / ( KZ *;':2* 0''- TP P ( I ) ) ,,, ( ( 0. DO, 1 • DO) * 
/ KZ * ( ( 0+N* OM ( I ) ) i:TP L ( I )-TPP ( I ) ) +Kz ,·,vs ( I) i:TP L ( I)) +Q ( I ) * FO* 
/ ( 0+W: QM ( I ) ) ,,, ( ( 0+N ,': OM ( I ) ) ,,, (TP P ( I ) -TP L ( I) )- KZ ,'< VS ( I ) * TP P ( I ) ) ) 

PS I =2. DQi:Q ( I ) '"Q ( I ) / KZ '" ( ( 0. DO , 1 . DO) ;', KZ-Q ( I) 1:F o,'< ( 0- KZ ,'<V S ( I ) 
/+Nr: OM(I))) 

NP S I= 2 • D Qr, Q ( I ) / KZ*"< 2 ,., ( Q+N ,'< OM ( I ) ) ,., ( ( 0. DO, 1 • DO) * KZ­
/ Q ( I) i: FO;': ( 0- Kz ,·, vs ( I) +Ni: QM ( I))) 

RETURN 
END 

C FUNCTIONAL SUBPROGRAM TO COMPUTE THE INTEGRAL WHICH IS USED 
C TO EVALUATE THE IMAGINARY PART OF THE CONSTANT FO 

COMPLEX FUNCTION U(A,B,C,J) 
COMPLEX B,D,CEXP 
D=B;':AO 
U=0. 
DO= 10 I= 1 , J 

lO U=U+CEXP(((2. * l-1)/2 .*D-C) **2) 
U=U ,'<D 
RETURN 
END 

C SUBPROGRAM TO COMPUTE THE LHR FREQUENCY UNDER THE CASE 
C THAT S=O 

SUBROUTINE F(PI ,OM,OLHR) 
DIMENSION Pl(S),OM(S) 

C CALCULATION OF THE LOWER HYBRID RESONANCE FREQUENCY IN 
C RAD/SEC. 

PSUM=O . 
DO 10 1=3,5 

10 PSUM=PSUM+P I ( I ) 
0 L HR= ( l • /PS UM ) * ( 1 • + P I ( 2) / OM ( 2) * '" 2 ) 
OLHR=SQRT(l./OLHR) 
RETURN 
END 
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