CYCLOTRON RADIATION FROII ELECTRON STREAUS GYRATING
IN THE JOVIAN MAGNETOSPHERE, THE TERRESTRIAL
EXOSPHERE ANWD THE SOLAR ACTIVE CORONA

by
Peter Chin Van Fung, B.Sc. (Hons,)

A thesis submitted in fulfillment of
the requirements for the Degree of
Doctor orf Philosophy

in the

. University of Tasmania

HOBART
April, 1966



. Chapter

II

CONTENTS

Imﬁyjeman .O..O'..Q.Q.I.'!.Oi..‘...'

(A)
(8)

()

(D)

(&)

(H)
(1)

Plasma G068 NEITISERBOERIERAOICEERGETS

The Diepersion E(Iuatiﬁn evsecedees
The Basie Equations of the Kinetic
Aypmach (AN ENENNERERN RN NN NN N N 3

liacroscopic Describtion of the

i Response of a Flasma to Electromag-

netic Disturbance sesceccescsscoos
Different I'odes of Eleotroma@etig
Disturbance in a Flasme ecesceces
Identification of the Four Hodes in
the Graphical Presentation of the
Diepersion bquation seccscoccsces
Generation of High Frequency wWaves
in 8 Plasm8 seccvvcccccrescrocsas
Emissions from the Sun and Planets
Two Common Features in the (Obser-
vationa} Data of the Sun, Jupiter

and DEarth 00060 serccesnsetecone

EXCITATICH OF LLECTROUAGNLTIC WAVES IH
ASTIW"I‘L&S%A SYSQE:; [(EEREN RN NN ENXENN]

i

Page

10

(3

22

25



11X

v

(A) Introduction .ececeesceccscsscccosnsas
(3) Pormulation of Rediative Instability
Theory in a llelical-Strean~-Flasma
Systen ............;.,.,...............
(C) Instability Theory of a Stream-Plasma~-
- Systen when the Temperature Effects in
the Stream have been Included | ssecsrse
(D) The "Hegative-Absorption" Approach in
Solving the Instability Problem ......
(E) Two Types of Inatability sceececcccsss
(F) Conclusions R R R T Y TP PLRTLY
AWFLIFICATION OF F@RWARD—SHIFT&D CYCLOTROQ
RADIATICH IN TEE EXTRACHDINARY-LODE AID ITS
APPLICATICN T¢ JUFITER'S DEGAHETRIO
EIIS5I0NS ....,....,......,.,...............
(A) INtroduction seseescovesvocssosccsanss
(B) Theory eand AnGLYS1S seeceeeeescncesnss
(C) Discussions R T PR TR PP R PR PR
THL CRIGIY OF VI® DISCRETES E”I““IGN» Il THE
TERRESTRIAL EXOSFHERE eeecesvscccscscccnses
(A) Review ........-........................
(B) Excitation of Backward Dbppler-ahifted
Cyclotron Radiation 1n a i:!agnetoaotﬂ.ve
Flasma by a Helioel lectron Stream ...

(C) Diacussions 080008 QINNSCEIGIININREIRIOGEOIIENRTS

(i

25

il

37

5
st

57

ol
bl

63
38

8¢
54

'g>7

91



Vil

VIII

A REVIEV GF THE PHENCIEINUIT OF SOLAR
PYPL I TOISE OTCRII eescecescccessccesvsnssne
(A) Solar Radio Imissions eeecscossscssccse
(B) Characteristics of Type I Noise Storme .
(C) Existing Theories of Type I Noise
Storma tsseevrecrssscccsosssarsesccsnce
1IODLE: CF TR0 GOLAR CCROMIA sesvoevssscssssvee
(4) Redisl Distritution of Slectron Density
in the Corona .....;;,.................
(B) !odels of Spot-fieldvConfigurations cee
COUPLILG COUDITIONS IN TEDL S0LAR CCROUA seee
(A) INLTOGUCELON eesevecsocsssssereoasrrons
(B) TZransformation of Flasua Waves to Radio
Waves through Rayleigh Goattering and
Combination Gcattering ecvecoscceccccsce
(C) Coupling of Characteristic Waves in the
SOLAr COFOMA diseeiessserarscnnsensnane
CYCIOTROR RADIATION FROI! DRLLCTRON STREAIS
GYRATING I SPOT-FIELD CONFIGURATIONS .uvees
(A) Emitted Prequency Renge from Llectrons .
(B) Power Spectrum of a Single Electronv....
(C) Amplification of Electromagnetic Waves
| in a Strean~Plasma SYStem eeecceresceces
(D) Resonance Absorption at the First Three

Harmonies G850 0NN OINRSRIRIERIOOIPOIIERSGES

dan

1o

ito

(31

[37

(37
140

15y

152

154

167
(67

(7%

(86

203



(B)

(#)

Reflection Levels and bscape
Conditions for the Two Characteristic

Waves 6000000000000 000 0380 BBORSISIGCRIINITED

Predictions of the TheOrY scecsvensaces

IX TIIECRETICAL DYNAUIC SPECTRA OF STORDI BURSTS

(L
(B)

Ray Tracing 4n the COroNg seecessesrees
Theoretical Dynamie Spectra of Stornm

Bursts 2000000008008 0800 0P es8060ss00NEE

X CONCLUDING RELARKS ON THE INTERFRETATION OF
SOLAR TYPE I NOISE STORNS seeesecssosccsrons

XI | OONGLUSIONS I.'..’.'O"Q..OOC.‘.'"Q.l"“..‘.-‘

(4)
(B)

Appendix A
Appendix B

Appendix C

Appendix »

General Concluding Remarks secesescores
Suggestions for Purther Research .eccee

DERIVATION OF THE VLASOV EQUATICH evees
THE TRANSPORT EQUATIONS I THE
MACROSCOPIC APPROACH OF DESCRIBING WAVE

PROPAGAQIGH IN A PLASHA eesenetdbscvrnse h

DISPERSION EQUATIGN OF FLANE WAVES
PIICPAGATING IN A WARH, COLLISIONLISS,
AGFETOACTIVE FLASHA eoeeecesccssesorces
PWG METHODS OF SOLVING THE RADIATIVE
INSPABILITY PROBLE OF A STREAL-PLASUA
SYSTEN WITHIN THE KINETIC REGIHE .e0v..

g

212

227

233

239

249
z6o
200
263

265

272

274



Agmowledgementa 0803060020000 0C000 0000000000 183
P\lblication S0 B 08P ERCCRIG02000COEPDIPEENOEDNOISONTS ,?,84—

Refemnces ...00llQOQOB!}“OQ’OC.QO..OQ..O.!CO...28&

symb°15 .»......0..0.......!.‘,9..'.0.0...........’2?6



ILNZROUCTION

All ddentified radio sources, except for line enissions,
are regions of plasma, emd the study of radio astronomy is,
therefore, inherently linked up with the study of behavicur
of waves in o plasma. In this chapter, we will thus firstly
outlihe sonme basic concepts ooncerniﬁg the deéoription of a
plesme end its response to electromagnetic disturbances (sections
(4) to (G)). An introduction to the provlemes attacked in this
thesis is then given in seotions(i) and (I). Gaussian units
will be used in this thesis. |

(A)g;asma ( gmerd, 1%5)
A plasma is & gas which is nacroscopically neutral and

microscopically ionized. Vhen a static externsl magnetic field
is5 present, the plasma is said to be nagnetoactive. The
behaviour of a plasma is controlled meinly by the electrostatic
forees between its constituent charged particles, The sffgot
of the electric field on the beha&iour of a placma differs in
a qualitative manner at distances and wavelengths which sare

larger or smaller than the "radius”, called the Debye length of

the space charge arcund the positive ions. <This length is

V.
De (LT/4T Ne)



where I} = Eoltzman's constent,
T = kinetic temperature.
Il = particle density of electron.

charge of an electron,

Por distances end wavelengths M< D, the electrostatic

force of individunl ions dominates while for A > D, the

e

]

electrostotic foroe‘ is the cumulative 1ongaran¢e effect due
to many ions, and this gives the plaaﬁa its macroscopic
properties, i.c. coherent motions of electrons and the
corrvesponding wave-particle interactions which allow cnergy
exohange between particles and waves in the plasma, Lhen the
plesme 19 magnetoactive, me situation ia ccmplicated by the
presence of the ¥ x ffé teﬁn (¥ = velocity of charged particle
and ﬁa = magnetic intensity of the static wagmetio field) of
the Loreutz force. If ﬂ'o is large and the temperature of the
charged particles not too high, the predominent macroscopic
motion of the pat'ticlés will ?ﬁ'he helfcal motion glong the
stotic maznetic field, | |

For radio frequencies, we epeoify & plasma nacrescopically
by seversl basic mzan‘titiea:. ite particle density H, kinetic
temperaturc ¥, and external magnetic field intensity ’ﬁo (1t
it exieta)._ The following quantities which are expressed in
terns of the menﬁoned basic ones .aro normally employed in the'

study of a plasmas
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: ' Ya
electron plaena frequency :tp aWp/217 = (N& /non). where
m, = rest nass of electron.
electron gyro-frequency £ = Wy /27 = eHO/(ZTT m,c)e
where ¢ = speed of light in vacuum.
electrone~ion collision frequency

¥ 3
7 %[ _8m Y. [ _8(eT) 5y
V o ——— _'_'—3 ) 4 n 3
3 Umo(xT) mo(m Zo*f |

where Z = degree of ionization, f = wave frequency,

Y = 04577 eesees 18 Buler‘s constant, end §,; = particle
density of ions. |
root mean square value of the thermal velocity of electrons

Y
Vih = (3 ‘I'/mo)

The Diepersion Equation
Wave of angular frequency w propagatiox} in g in the
z direction in a plasma are normally assumed to take the
form of monochromatic plare waves, the electrostatic field
iz of which being specified ﬁy
,L(%Z,-Gt) e(- %5,+é‘6)

E= EO -] (1.1)

where k = 2T In = _"icn)_ is the real part of wave
nunmber
. = wavelength
ny = refractive index (real part)



and q, 5 are the imaginary parts of the complex qnmtit:}l_.es'A
¥, v respectively (i.6. k = k ¢+ 1q, W=+ 1_3 ).

The phase veloecity, group vel_ooity for plane waves

described by (1.1) are 4 = &“J/,"{ , v} = a&»/a(k respedtively.

To study the propagation of plene waves in & plasma,
generally two ap;roaches are teken to arrivg ‘at an
equation, called the dispersion equation, relating w and
k¥ 3 ' }

(1) The kinetic or microscopic approach.
(1) The transport or macroscopic apnroach.

We will dfscuss the derivation of the dispersion
equation by these two approaches in sections (C) and (D)j
in particular.'. the kinetic approach is considered in more:
detail.

(¢) The Besie Equations of the Kinetic Approsch
The propsgation of a wave in a plasma may be regarded

as a perturbation on the peraseters specifying li:o: plasma
by the passage of the wevs, (ke electromagnetio fisld
associated with the wave is due to current and space .ch_arge
which themselves represent the response of the plasma to
the wave field, Hence, the derivation of the physically

*The dispersion equation may take eifher the form wa= w (k) or
k=k (w),



existing wave nodes in a plasma is a self-consistent
electromagnetic field problem.
The response 6£ an ensenble of particles of different
species j, mass my, Oharge e,, radius vector ¥ and velocity
¥ to an external force ¥ can be descrided in a kinetic approach
by the Boliaman equations
gilﬂr)?t ]E.H}:(iﬁ> (1.2)
0y 0™ AT &t [ eollision
where :r is the particle demsity in phase space. In our case

the external force is '
T = ej [L‘ vX(% + ﬁ)J ‘ (1.3)

where Eo is the static magnetic induction of the magnetoactive
plesna. The electromegnetic wave field E eand B is related
" %o ‘the maci'oadopic cherge density P end current density J
‘through the well known E’iaxwell equetions:

WE=4L 741 2E

e ‘5_?
Vx'ﬁn“.l‘..-—}.-g ’
e 3t . - (Le4)
Ve B=0
Ve T = 47?(3'

while and J are given by
=220 )FH4
J,Zﬂf fd,v

Im most aatrophyeical problems the ohanges in the

(1.5)



distribution function due to collisions are much slower
than those due to the wave eleotromagnetic field, and the
tern (—g—%&-)awgm is usually neglected in (1.2) in practice.
With tke external force ¥ described by (1.3), the wave
field satiafying the Laxwell equations, together with f’ and
J given by (1.5), the collision-free Boltsman equation 1s
called the Vlasov equation. Vlasov pointed ocut that the
Boltzman equation itself is an approximation to a many-body
problen a_nd one of the essumption {aken in the derivation of
the equation is that the interaction between particles consists .
enly of binary interaction. Thic assumption cleerly does not
apply to the Uoulomb force betweén many charged pa.rticlea.v
A rigorous derivation of the Vliasov equation i8 reviewed in |
Appendix A. |
when the wave disturbance in the plasna is enall, the
particle distribution function £ can be written in the form

L= fo L fp (1.6)

where 1’0 is the unz:er’az;cbeﬁ disto jution function and :tp is
the perturbaticn term due to the presence of the wave. In
this ﬁresentation if the effect of fp on £, is susll euch

that the perturbation theory is wvelid, the Vliasov eguation’
(with £ given by (1.6)) 4s sald to be linearized. Irom the

linearized Viasov equation, tie dispersicn equetion which



(D)

desoribes the behaviour of waves in a plaema ocan be
derived. Kowever, in a mumber of problems in astrophyeics,
the desoription of the plasma can be simplified further

if the macroscopic approach is employed,

Lkacrosgopic Description of the Response of a Flesme to

Electromagnetic Disturbance
The relevant macroscopic guantities describing a

plasma are obtained as noments of the microscopic
distrivution functions. The plasma can then be treated

as & fluid and the changes of states are specified by the
hydrodynamic equations which can be obtained as successive
moments of the first BBGKY equation (equation (A5)j see
Deleroix, chapter; 1963, for detail discussion), These
hydrodynamic equations may be called frannport equations
and two transport equations together with the f'axwell
equations are essential in the derivation of the dispersion

equation. A brief discussion on two transport equations

418 given in Appendix D,

 The macroscopic approach is used more often in practice
to describe eleotronagnetic phenomena in & plasma becszuse
the mathematics involved is more sinple. liowever, it mmst
be pointed out that some phenomena are masked theoretically

by thie'approach if the occurrences of such phenomena



(E)

depedid on the microscopic distribution.of the particle
velocity. Two well known examples are the Landeu
demping and the oyclotron damying, Some diecussions on

~ these two damping mechanisas have been given by Ginsbhurg °

{1964) and Stix (1962) and the eyelotron dsmping process
will be considered in more detail in the later part of
this thesia.

A study of the dispersicn equation indiectes that,
in general, thers are four dietinct modes of electro- |
magnetio disturbance capable of propagating in a wara
nagnetoactive plasma (Astrom, 19503 Fiddington, 1955).
Two of the four medes tend to be longitudinel or pressure
waves and they arise only 1f the plasam is not at absolute
soro temperature, The existence of these two medes depend
partly on the cecurrence of elestic forgces due ¢o
compression of the plasaa.

One of these longitudinal mode, called the {on mode or
magnetic sound mode, appears when thermal motions ef the
heavy plasms particles, hoth ions and atoms, are included
such that the whole plasma has a finite pressure, The
plasma motion of the disturbance is the longitudinal type
and the velooity of disturbsnce is of the order of the
velosity of sound. When the propagation ef the wave



is along the external static magnetic field, the wave is
almost a pure sound wave, having an assoclated electric
field only.

The second longitudinal mode, called the electron mode
or p-mode, appears when electron thermal motion and electron
gas pressure are taken into account. Lhen the external statioc
macnetic field exists and the electron pressure is finite, the
electron wave or p wave becomes a travelling electromagnetic
wave, If the p wave propagates along the static magetic
field, it becomes a pure electric wave and is quite independent
of the other two transverse modes. ?he p wave changes ite
physical character from a pure 1ongitudinai wave (refractive
index > 1) to a transverse electromagnetic wave extraordinary
node, refractive index < 1) (Wild, Smerd and veies, p. 342,
1963). | |

The two tranverse modes are termed the ordinary mode
(o-mode) and extraordinary mode {x-mode). The polarization of
the transverse waves is in general elliptical (Ratcliffe, 1959).
The two ellipses correspond to the two modes are identical in
shape, but with the major amd minot axes interchanged and with
opposite senses of rotation., When the o and x waves are
propagating along the static magnetic field of a magnetoactive
plaesma, the wavea are circularly polarizedj the sense of the

x-mode is thc sense of rotation of an electron in the same
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magnetic field. Vhen the phase velocities propagaté in
directions transverse to the static magnetic field, the
polarization of the two modes tend to be linear polarized.

At low frequencies where the motion of the ions is

important, the phase velocities of the ion mode and the

two trana#erae’mcdea remain almost constant for change of
plasma density (see Figurell(a))and the waves 4f these three
modes are grouped together as hyﬁromagnetic waves.

In the case of transverse waves the plasma acte as a
dielectric medium and 1t changes the propagation constant
or the refractive index only. For longitudinal waves the
plasma tekes part in the wave motion itself and the waves
cannot exist outside the plasma., Vhen thetatatac‘magnetio

'field is absent, the ordinary and extraordinary modes are

purely transverse electromagnetio ﬁ;vee while the electron
and ion modes are purely longitudinal waves. An external
static magnétic field provides coupling between tranaverae
and longitudinal field vectors of the disturbances,

Identification of the Four Modes in the Graphiocal

Presentation of the Dispersion Equation

Using the linearized macroscopic treatment, Denisse
and Deleroix (19635) derived the dispersion equation for

plane waves in a warm collisionless magnetomctive plasma.



s

’)
Wy 6
Q”MQ

w=1

©

®

. . ) ) :f}r: ! )
® | | : AL
' ' )
" _~Retarced ‘ { .
R© \g e
% i - o : :
’\&u: Alfvén Ny | I
. ‘ L
@ /A.:ce:emed ol i

2 X
B ; . [ } =
; . : ’K o T 53 .
' : 'Hnjdmmmjmf:c ® 0<6<N/2
Waves e B} :
> X ‘
5
0< 8L /2 :
5. . ;

Fig.11 The four modes of propagatlon in

- a collls1onless magnetoactive plasma

when (

(2) the plasma is warm
(b) the plasmé is cold

(c) ‘the plasma is cold and the wave

frequency is high such that the effects of the ions' motion

are neglegible.

o<o<nr -,

(0)

2

In this case the Appleton-Hartree approxima-

SRl

tion of the dispersion equation is valid within-the:unshaded

- region.

different branches.

The arrows indicate the sense of pelarization for

( Denisse and Delcroix, 1963, with modifications )
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The complete form of fhe equation is given in Appendix C.
To analyse the propagation properties of different modes in
a plasne,; one can piot the refractive index sgquared n3 against
the quantity X a—L :;L with A* = W/ +55/A; = constant.
"Pig. - 1{a) shows sueh a graph for a warm collisionless magnete-
active p;aama. The twé tranaverse modes, i.e. ordinary mode
and extraordinary mode, are feferred te as modes number 1 and
2 respectively while mode 3 (ion mode) and 4 (electron mode)
represent the two longitudinal modés.  When the plasma is
~cold, the dispersion diagram takes the form of Fig.11(b).
When the wave frequency considered is high such that the
effects of the ions oen be neglected, the dispersion equation
for waves in a cold collisionless magnetoactive plasms will
be a@proximated to the well known Appleton-Hartree cqustion;
In this high frequenoy cold plaamé régimo, modes 2 and 4
group together to form the transverse extraordinary mode 2
of the.branch of refractive index curve interseoting the x-axis
et R, where R represents the péint X=1+ 7% (Y=W)/s). The
-mode 3, on the other hnnd..wili be traneformed to the trans-
verse "Whistler" mode in thS.Applctén-Hartree spproximation.
According to the Appleton-Hartree dispersion equation, the
whistler mode can be identified as mode 1. It should be
remarked that each mode doces not represent a particular sense
of polarizatidﬁ (left hand or right hand). For ng > 1, mode 3

and part of mode 4 have the ssme mense of polarization. As
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mode 4 <transits through the point n:l = 1, ita sense
of polarization reveraes. In Figurell(c), the gtates of
polarization in varicus branches arc indicated by the
arrows.

So far we have considered the propagation of waves
in a plasma, Sinee only high frequency waves (i.e.
effects of ions can be neglected) are studied in thie
thesis, we will discuss briefly in the next section the
physical pictures of the basic generating mechanicms in
the high frequency regime.

Generation of high Frequency liaves in a Plasnma
Due to various momentum distributions of chargcd

particles and different types of motion of particles in
the plasma, various waves can be generated.

When two charged partiocles in a plasma approach close
to each other on account of thermal motion (speed = B, = 2,
the energy lost in particles deceleration $s emitted in the
form of electromagnetic wave disturbance this type
of radiation in a plesma is called Dremsstrahlung radiation.
In fact, this radiation is emitted in "close®™ or binary
encounters as well as in "distant” or mltiple encounters,win
each ion interacts with an Aelectron es in a binary

encounter (Scheuer, 1960). Since the motion of the charged
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particles is of random nature (due to thermal agitation),
the observed radiation radtetien will be uhp'olanzed.
If a charged particle is moving through a medium
contalning neutral atoms in & certain direction with
velocity ¥, the 20 called Cerenkov waves, which are
transverse waves, are emitted on the surface of a cone if
the velceity of the particle is greater than the phase
velocity éf quanta in this mediumj the \mpolarined radiation
18 observed cmly at a partioular value of wave-normal angle ¢
(with respect to ¥) such that
cos b = -%-n-: ‘ R (.7
‘v’v_hewe n,= refractive index in the medium and o = speed of
light in vacuum (Jelley, 1958)., When the medium s a plaana.
the Jerenkov effect (i.e. cos8 0 = ---) may be eatisfied also
if the refractive index n ia greater tha.n 1. This condition
is satisfied for modes 3 and 4 (see Fig., 1) and the
 "erenkov Flesme waves" are in generzl longitudinal waves,
in contrast to the transverse waves emitted in a microscopically
neutral medium., An unusual feature of the wave disturbance:
emitted by the Cerenkov effect is that waves of & given |
frequency are propagated only at a pértimzlar angle @ which
defines thé emi@ssion cone. Cohen (1961) has calculated the
intensity of waves emitted b_y this process.



In the presence of a significant megnetic field with
intensity HQ . in a plasma, an electron of charge e and

rest mass m, will gyrate in & helix in general, where the

(1 = Br ) __eH
gyration frequency is given by £, efn m, 6 . zrr:c,; ’

for normalized thermal velocity .= -—%"—- « 1. Ina
helical trsjectory, since a charged particle is undergoing
"acoéleration at all instants on the plane perpendicular to
the external magnetic field where thc motion is circular,
the particle radiates electromagnetic energy as it gyrates
along. | ‘

First of all, we will consider thc emission from an
electron rotating sbout a static magnetioc field in a vacuum.
When the speed R = v /e of the electron is nonrelativistic
( R~ 0), the electric field of the wave disturbance BE(t)
received by an observer at the orbital plane shows the farm
of s simple harmonic wave. The spectrum of the received
radiation is the Fourier transform of the simple harmonic
wave (Fig.2.2(a)) and the radiated frequency ie confined te
the gyrofrequency £, only. At mildly relativistic spgeds
( B £ 1), the wave form of the electric wave field is
distorted amd the Fourier transfornm of LE(t) indicates that
the received energy is significant at the first few harmonics
of the relativistic gyrofrequency ¥ £, , where [ =(i-p>)">
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(PigoA(b)). The radiation from such & rotating electron
{or in géneral an electron gyrating in & heltcal path)
with nonrelativistic or mildly relativistic speeds s
called cyclotron radiation. | ‘

At hiéhly relativistic speede (1 - Bzéi 1, or energy
of electron > 1 Hev.), the classiéal equations which describe
the distant field radiated by an sccelerating electron
.indicate that the emission is sharply beamed along the
directibn of the part&clé‘a motion (see,'xor exanmple, Jackaon,
chapter.}4, 1962), and is highly polarized with the electric
vector of the wave pefpendieular to the external nagnetic
line of foice. Hence, aﬁ 6bserver at the orbital plane
receives the radiated energy not 1n.the fqrm of & simple
harmonic wave tut in éhort sharp packets at the instant when
the partiocle's velocity is directed towards him. The spectrum
of the received radiation i1s then the Fouriér transform of
the regudar pulse traing its farmvia that & long series of
harmonics of the frequency ¥ fg; all conteined within an
 envelope defined by the Fourier tramsform of an individual
pulse (wWild, Smerd and Weiss, p. 353, 1963), The higher
the energy of eleotrons, the greater the mamber of harmonics
and close is their specing. The individual hermonics in the
spectrum Gue to an assémblage of electrons are broadéned by

various effects, with the result thet the spectrum being
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,Fig.22 Diagram illustrating the origin of cyclotron and
synchrotron radiation. E(t) represents the eleéctric field
at a stationary obsérver in the orbital plane of an electron
vrotating at velocity Bc. The emission spectrum P(f) is the
Fourier transform.of E(t). The critical frequency, which is

a measure of theldgration‘of the pulses, is given by

POV ¢

3e (_E V . '
fc ; Anmg Ho(méﬁ) ,» where E is the energy of the éleétron

" in ergs.

( Wild,Smerd and Weiss,p.352,1963 )



smeared into a continuum. This type of radiation is called
synchrotron radiation (Fig.22(e)).

In the general case, the motion of the electron is
helical and the medium of interest is a plasma. By virtue
of the Doppler effect, the frequency of radiation as
received by an observer .'m a reference asystem fixed in the
plasma 18 given by the Doppler equationt

£ = s ¥ §u (.8)
‘ ll-.(&.. N Cos B |
IZ the condition

By By c08 0 < 1 1.9)

is satisfied, the_Doppler effect is said to be normsl.
Using the quantum treatment, Ginzburg and Frank (1947) have
shown that the radiation of a quantum in the normal Doppler
effeot 18 accompanied by a change of the electron to a state
with a smaller value of transverse momentum P, § here the
direction perpendiculasr to the gtatic magnetic field is
assign_ed the transverse direction. In this case, the observed
frequenocy may be higheér or lower than the frequency s Yfu o
depending on whether the eleetron is moving towards (0 £ 6<% )
or away ( 2 < @ £ T ) from the observer:

Vhen

Py my cos & > 1 (1.10)

holds, the Dopple:i' effect is said to be ancmalous, In this



case, the component of v, in the direction of the emitted
wave is larger than the phase velocity Voh - of this wave

and the electron leaves & polarised wake which radiates
electromagneite energy into the forward hemisphage. wWhen

a quantum is emitted with a freguemcy corresponding to the
anomalcus Doppler effect, the radiating electron is changed
into a state with a laigex transverse momentum P (see, fér
example, Ginzburg, cheleznyakov and Eidman, 1962). It is
eclear from (1,9) thet for radiation corresponding to the
anomalous Doppler effect, we must have nj > 1 and the weves
can only propegate in the whistler mode and some part of the
electron mode,

In the caze of synchrotron radiaticn, the refractive
index is close to 1 fbi moat'plasmas of interest and thc
radiation characteristics are the samce as in vacuum. The
intensity of this radiation has been calculeted by Schwinger
(1949), Por cyclotron radiation, the refractive iddex oan
be far away from 1 snd the mathematics involved in the study
of radiation properties is much more complicated. A detailed
study of the cyclotron process under varicus corditions will
be mede in the later chapters.

Ve will consider only the freqmency‘range froa the order
of Ke/s to the order of 100 Ie/s in this thecis and the onmly
relevant generetion mechanisps for such freguencies are the

ones deseribed briefly above. All these processes can ocour
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in a plasma, depending on different physical conditibns

of the radiators and background medium. For exampie, in

a magnetoactive plasma there may be the case when the "
temperature of the particles is so high'thaﬁ'befbre a
particle has a chance of gyrating once along the external
magnetic field and radiate cyclotron radiation, it has
already collided with another particle. In such
circumstance, the only significant radiation will be the
Bremsstrahlung radiation. On the other hand, if the
temperature of the background magnetoactive plaéma is low
and highly’relativistic charged particles streams are
present, the synchrotron mechanism will predominate.
Consequently, the investigation of the generating mechanism
for waves coming from a radio source requires the knowledge
of the physical conditions of the generating region.
Conversely, postulatingAthelcorrect theory of emigsion will
lead us to understénd the.yhysiqa1.situations of the region
where tﬁelradiatbrs réside. Hence, the theoretical study
of plausible generating mechanisms is a very important

part of radio astronomy.

(H) Emissions from the Sun and Planets

Most planets have no remarkable internal source of



.zj

energy and are, thus, weak radioc sources in general. {n
account of the inpingement of sunlight, the atmospheres of
the planets are beizgz heated up to severzl hundred degrees
Zelvin, and all planets enit weok thermel rediasiicn in the
microwave rage. Lowever, among them llercury and Venueo
enit more radio power at some ranges of frcquencies than
wonld otherwise be observed from Bremsstrehlung rcdietion
due to siuple heating of the planets by the incidoent solar
rays. llore surprisingly still, Jupiter has been discovered
lately to be a very strong source of radio waves in the
decametric range, A good review on the emisgions from the
planets was given by Roberks (1963). Intense VLF and HLP
clcotromagnetic waves, which are believed to be Ecnerated
in the terrestrial magnetosphere, have heen reee;ved on
Barth (for example, Ellis, 1959 and lainatone and liciicol,
1962)., One or inore generating mechaniems rather thun the
Bremsstrahlung radistior "mst be responsible for these
amormelly hich intensity radiations from the two planete.
The Sun has been kmown for a lcng time as a very active
radio source for waves of wavelengths ranging from centimetre
to decametre, Up to the observed daga of the present day,
therefore, the most intereét.tng objects in the solar system,
according to a radio astronomer, are the Hun, Jupiter and

the Earthe.
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(I) Two Common Features in the Observationol Data of the

Sun, Jupiter Ear

Because of the difference in generating mechanisn,
the variaﬁion in physicul conditions of the source
region, end the difference in propuguiion conditions,
the observed charactoristics of varicus tyuves of emissions
from the three éﬁgggsshow a large variety of forms.
However, enong all the chbaorved features of various
radiations from these three objeets, the following tvio
features are common and have presented difficulties to

- radio sgtronomexs

(i) very narrowsbonded emissions are obscrved
Solar type I noise burs%é, VLY discrete emissions
from terrestrial magnetesiphere, and Jupiterts

- Decametric bursis rédiatien;

(ii) all these narrvow-banded enigsions are ascociated
with much intensive power thun would otherwise be
obtained from incchercnt rodiation of all the listed
generating wechanisme except synchrétron radiation,
which i8 not a likely'geneiating process because
the bandwidth of emiscion from this radiation is

- wide,
These two evisting problenms étinulate ny interest in
studying the plausible generating mechanisms for the three
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types of narrow-band emissions stated, and thus, to
look for a solution. Seeing the theory of cyclotron
radiation from electron bunches has been applied to
explain VLF discrete emissions (Dowden, 1962a & b) and
Jupiter's Decametric bursts radiation (Dllis, 1965)
successfully in several important aspects, the author
examines the conditions under which the two mentioned
features will appear; the solution to these problems is
also a strong test to the cyclotron theory.

In solving the first problem, one has to know the
power spectrum of the radiating system. It is well known
that in the cyclotron mechanism one electron will radiate
a wide range of frequencies in almost all directions. Thus,
‘one mast know what range of frequency is associated with
the majority of the electromagnetic power before one can
estimate the bandwidth of emission., IDidman's equation (1958),
corrected by Liemohn (1964), gives cyclotron radiation power
spectra from single electrons. This equation has not been
well explored yet. lMoreover, when the gyrating, radiafing
particles form a stream or bunch, some particles may radiate
1n phase gradually, so that, waves in the radiating system
are perceived to grow according to an observer outside the

| system, and the resulting power spectrum will be different



from that of single electrons. Uhen one considers thise
effect one is led to the problem of radiative instability
of a stregm-plasnma system. Hence, the smthor starts off
to investigate the conditions of instability in e stream-
plesma system in chapter II. Uhen the collective power
gpectrun is obtained, the twO‘stated problens may be solved
consequently. |

In chapters III and IV, the instability theory is applied
~ to solved the mentioned tw0'§reblems in Jupiter's Decametric
Buret radiation and terrestrial VILF discrete emissions
respectively. 1In éansidering solay type I noise storms
radiation, the first proposal of the theory of cyclotron
radiation in the ordinary mode is made end the theory is
investigated in detail (chapters V to X ). It is found that
not only the two features can be accounted for by the cyclotron
mechaniem and the fastability theory, memy other important
observed characteristics of both Burst radiaticon and Continuum
radiation can be explained.

The last chepter concludes the thesis and gives

suggesticnes for further research.



CHAZXRER II

LACIRATION OF Lbu CT.ClAGNLYIC JAVLD

I8 A STRUAN=PLASTA SYSTLL

(A) Introduction
Using the olassical kinetic spproach (chapter I),.
the radiative instebility problen of a streem-placma
systen has been studied by a nunber oanuthors. The

nain features of these investigations vary according

to the form of momentum distribution t=ken for the stream,

the wove-normal angle assumed, the frequency domain

chosen end the types of waves excited (lcnzitudinal or
transverse eleotromagnetic waves), The momentum distribu-
tion fupctions of the cherged porticle streum considered
are chiefly of four types:

(a) The mean longitudinsl momentun f, of the streen is
finite ané the trensverse moaentun p of each
particle is zerd, i.e., the stroer is not gyrating.
liere we essign the direction parallel to the static
memetic field to be the lonsitudingl direction
and the one perpendicular to 1t the transverse

direction®,

“In cose the plasma is act magnetoactive, the loncdtudinal
direction is referred to the direction where the strcam is

travelling.



(b) A delta distribution in momentum space for both
components of momentum P, and -f,, where £ ;l 0
end P, # 0. A stream of this distrif-ution is caﬂed “helical”

=(t_a) A diatrs.bmtzan function where there is c‘uaperaion

of partioles over the lengs.‘mdinal snd transverse

momenta end ﬁ = -0 whereas f‘ is non-gero. —

ﬂ.o ’ ﬁ.
dimtributs.on curve - shows the maximm._ .
(d) 1In case (c) where ﬁ FE
- The homogenam baokground plaamsi is usually assumed
either to be cold. or cold and magnetoactive. we

are values of momenta where the

| refer to the treatments where ‘the wave trequenoy is very
mach hi.gher than, and of the order of the ion &yro- |
frequency as the high frequency treatment and low
frequency treatmen% &qspe_etivelya The ;wave-éxiormal angle
0 essumed generally £all into three classes: '
() etriotly longitudinal propagation, i-.;g.,."e, = 0°

or 180° o S
(B) © eclose to 0° or-180°
(Y¥) general ©

With sbove specifications, the characteristios of

 various treatments are summarized in Table 2.1t



Table 2.1

Komentum Distridu-~ | Background [Frequency Nature of [+ .
tion of Strean Plssms Domain | Waves ixcited Assuned duthors
. | o high | longitudinal ) hkhilezor & |
(a) cold plasma | pry yenoy | s.m. woves 0,180 Painbery, 1943
cold , , _ ' ,
(») nagnetonotive " trenaverse 0. 180° dhelecnyakov,
Plasis CeThe WOVES d 13600
() ‘ o “ 5 o cheleznyokov,
- L 1950D
, . low longitudinal i‘ovner, 1961a
(e) frequency ﬂfg?’?ggg‘ﬁ? gensrol & 1961d
K genersl O for
exetnen TR0 T of i
: \ requency ' aY; 41taenko
(e) ' but £ 00 for 19 Q;
| cyclotron Insta-
bility
iongitudinal ' ‘ Fokhan'kov,
(s) *' " nersl
: €.he WAVESD ganarsli 1964
» , trongverse o o Bell & Dune=~
(b) ) SeTte WRVAR 0, 180 man 1304
(u) oigh & low 0°, 180° ?&‘:’1%8 ‘%964&
« o ! ™ , ) (8 ¢ i
i‘m\.;._.mmiej 4 &' 19640

Qilfho reference is dy no means complete; we hove civon sore typiesl publicnticis only.

[z



It ie obvious that with type (a) dstribution funotion
of the stream, oyclotron waves cannot be excited. When the
distribution function of the stresm is as type (c), most
' nonthermal pgrticles in the system acquire zero or very
qmall values of §, , hence; the exoitatton of cyclotron
waves will not be important in such & system. On the other
hand, the excitation of longitudinal plasma waveas will be
prngounoed in a system with a stream of type (a) or (c).

As far as excitatieh.of.cyclotron waves is concerned,
distribution function types (b) and (4) of the stream are
more important, in particular the latter, for it is most
likely the.realiatic ocase. With these two distribution
- functions, 1t is clear from Table 2.1 that only the case of
longitudinal propagation (6 = 0%, 180°) has been investigated.
:Sinee cyclotron radiation is emitted in all directions by a
gyrating charged particle, the instability theory for
genersl O is therefore highly desirable and it is only

when such a theory is available that we can estimate the
frequency spectrum of radiation emitted by a gyrating atream.
Hence, to start off, we will derive the dispersion equation
for general @ and, thnag the éxpreaaion for the growth rate
 in time (excitation coefficient) for & "helical streanm~
magnetoactive plasmaﬁ system in section (B). This is the
limiting situation for the case where the stream hes a
narrow spread in momentum distribution and will be found to



(B)

be important in application:. When the temperature of
the stream is included, i.e, taking tnto sccount the
spread in momentum distribution of the etream, the
dispersion equation for the stream-plasms system is
then derived in section (C). In this chapter, we will

. give the essential mathematical expressions only. The

nnmeracal englysis of the radiative unstadble syatem is
echieved in chapters III, IV, and VIII, where the
ipatability theory 4s applied ¢to various particuler

cases of interest in radio astronomy.

?om;i lation of Radiative Inotability Theory in a

Helical-Stream-Plasme System

In the inveatigation of this seotion, the more
generai case of a hplieal, electron streem 18 considered,
1.e, each electron in the stream moves with the same
non-zero transverse velocity B = v, /c and the same

longitudinel velocity B, = v,/oj the direction along

_ the atatic magndtic field ie assigned the longitudinal

direction, The particle density in the stresm is
assumed to be very small compared with that in t_he ‘
background plasma and the strem-plas_m system is
assumed to de electrically neutral.

The dispersion equation for an electromagnetic
i(R-v-w)t

- wave apecified by ¢ propagating in a mediun
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with dielectric tensor ¢£;i( W, E) 18 given by

det[x?’ Sﬂq* -nn, . ei'k(w,;)]z ' - (2.1)
where & = L7/ £ = wave v%ater. w = angular freqncnoy
of the electromagnetic wave, and o= speed of light in '
vaomm. Sk (s Kromecker delta. |

Peor cyeltron radiétion from a charged particle éyxating
 about & static magnette f1eld lina. the wave vector £
| gyrates with the gyrating rediator and & forms & cone for
one complete gyration of the charged partiole., If the
static magnetic field 45 along the z d:réotion. on acoount
of aymmetry.jwe can, thaeg,; let ?y = O, The disperaion :
eguation, namely equation (2.1), in matrix form becomes

-— Yl; + exx : Exa . ﬂxv na, + fx} /EX
6 omorey sy || R0 6D
'ﬂ,( 7!} + 83)‘ QZ‘X :niﬁ- + 63‘? \E}

The dielectric tensor for a growing electromagnetic wave
in a plesma permested by e static megnetic field, epecified
by an unperturbed disiribution funotion fo‘ is of the form
(Stepanov and Kiteenko, 1961)%.

*In this study, relativistic effects have been included.
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m = (mo + p/c® & 12 /e‘)’lf. is the relativistic mass of a
charged particle of rest me B, in the plasma
wy = angular gyro-frequency and negative for negatively
charged particles
® = hermonic mumber
Jg ond J,' are Besgel's ﬁmot;on end its derivative; the
argument bdbeing

a s Ri- f,;
, qu?

It should be noted that expression (2.3) can be obtained
fron the general expreaés’.on for €. which was derived (by
Shafrenov, 1956) under the condition that the part of the
distridvution function £ (P, ¥, t), which is connected with the
electromagnetic disturbance, tends to seroc with ¢ — - cO .
Evidently, this means that the wave disturbance grows with
tinme,

Now suppose the radiators constitute a helicel eatream
the unperturhed distribution function takes the fora

J‘(rdf-m,,é(ﬁ_ﬁ)é(ﬂ b ) (20

We can simplify (2,3) through m‘begmtion by perte,
agssuning fo tends to zero sufficiently quiekly with p and
|p,| tending to infinity. With a delta function distribution

as in expression (2.4), the dielectric tensor becomes:
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Por a non-trivial solution, equation (37) ean be
written as ' '
ang ¢ Bn, +C=0
where A = Sl‘nze .EX):— + CDS‘O E}} + '2_5.'n9 CDSG&;}

B= 2 S;ne (.'OS 9 ( E&}E}} ‘ &3,3, E;\}) + Exaz' 'Exx E}}
-cos 0 (E}}E}} + 8}}1) - sin*b (Exxfya + &Jz.)
Cs f}_}.:(,fxx E}X,’—éﬁ'ixa‘)ﬁ- Exx E?}z +'2€;‘3,52}€x}-€338x§_

'Solving for n: L4 o :
- e [a> ; | ' ,
ng w-=B2sB =40 L, _p (2.6)
: . 2 A
here we use the subsoript a to indicate that n: ‘48 the
square of the refractive index for the “stresm static

magnetic field“ asystem. In (2.,6) . |
F=F (6 fuPu R, w, wy, Wo)

8o far we have not yet considered the embient plasua.

Since we have assumed the density of the strean to be
very auch saaller than that of the ambient plasma, n, can
be considered as a porturbation term in the overall rctraétivo '
index expression for the strcu—niamctmotive-pluma system.
Pollowing Zhelesnyakev (1960a), we assumes

o= n;' ._n: -1 | (2.7)
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where n = overall refractive indez
ny = refractive index of the ambient plasma
The validity of the above assumption is discussed in Appendix

D, ‘
Equation (2,6) can then %e written as:
Pp + P 0 (2,.8)
2.2 22
Where Fp = © k "wnye (2.8a)
¥ e WO F

We employ the real-k method, i.e. we assume the wave
. veotor to be real and the frequeney complex in order to find
the growth of the electromsgnetic wave in time, We let

w =-' w+s | (2,9)
vwhera W » the ”oharaeferistia frequency", 18 reel and é
‘being complex, assuming.

| wi >>|’8»| (2.98) |

With sbove approximation, one has (Zheleznyakov, 1960a;

Neufeld and Wright, 19649
(QEL)S +(F). +F' =0 (2.10)
dw/5 w »
o .
The equation (rp), = 0 in fact gives the dispersion
- @

equation for electromagnetic wave of freguency w in the

ambient plasme alone. With a thin stresm as sssumed, we heve



(ﬁ‘); 2

' hence we can take (iFP—)S + F' =0 (2.,10a)
\dw/z '

We now refer back to equation (2.5). Since we are
‘considering an ‘electron atream,’ wy will be negative.
Pﬁysioally, for a noh-’aéro harmonic manber, the 'énly possible
non-thermal rddiation from a g_yrating charged partidle {a
mo-radiqtioh. In the frame of reference where the radiator
is at rest, the frequency radiated 18 equal to the gyro-fre-
quency of the zfaéiatoi?. For an observer in a system fixed
to the background medium, t_he'-r.adiatec‘l frequency will be
' }}cppiex;oshirtaa to a frequency higher than ]ﬁgb’(yﬂl 4n the
forward direction and Doppler-shifted to ‘a frequency lower
than' |sYwy| in the ‘backward directidn; For gyro-radia‘ticn
from a aingle par‘eielo. the Boppler equation givee (o) - k" f
- 8Ywy ) = O, In case of eleotrons where wy is taken to be
' negative. negative mtegcra cf s repreeont nornal cycletron
radiation. while a positive integer of = repreaents the sth
~hermonic of the anomaloue cyclotron rediation. For the whole
system, a8 w,,2 is assumed 1;0 ve small (thin stresm), we can
- an" ) 4@ emall,

see that unless the te&m (w - k" !

= S%% = EZ} = 1 €x3 S 8)(} = 832 E}x = 8})‘ - 853'\ 0

and n* &« 1, implying that the stresm has a negligible effect

s
on the refractive index of the system. We let w < kv, =sJw,



= O, hence, from (2,9)
W ek, -8V = b | (2.11)

Prom relztion (2.98), the largest texrms in (2.5) are the
terns which ocontain

(W - k"v“ - EXWH?

and the number 1, Expression (2:5) now reads:
| ‘&‘.x =1« -zqqfx
Eyy = 1 = J;.gv,_ak
€33.= 1 - clJ.ZVHQK

buy o AdadE o lh| vk | (2.12)

k,

ege 0,2 WT v

'Ea}. 1J8J.V4_v K

fpreby . Gty Eohy

2,2 ' w 2 _w 2 iy 22 _%2
where Q=3 Y K = °»1“,é5.') O]
. +* o |
The coeffieients A, B, C in equation (2,6) then become
A=zl =J 2P2K

2 (2.13)
Ba-2+J2K(P2""2Q’vnz)"72v
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.(S+SX)
and K = Wo (§+SY) J
S pu

The portnrbatian tern F' on the &iuperaion cquati.on
| (2. lOa) can be caloulateds

. | N 1/',"(534-5'3:419)2

g B TSR

T 1 . sXh: Kv2cos*g §*
v(§+sh’)1

(2.14)

| With the dﬁﬂnﬂion of F' given by. expreaéion (2.14),
end the definition of '?p. given by relatien (2.8a), equation

(2:10a), thez’arorc. glves the' conplete form of the dispersion

eci\ia’cion in a helical-atrean-plasme asystenm. 'Here, njz and

| thus Fp end —)—r-:&. are left in the most general form.
The oxpreasi.on ter njz depends on the type of ambient plasma

under censideration and will be written in chapters III and
IV wién we discuss different particular cases of epplication

of the theory.



i
(¢) Instability Theory of a Stream-plesma System when the
Temperature Effects in the Stream have been Included

Instead of & strictly "mohbenergetie" charged
perticle stream, we consider a stream having momentum
spread in both ecmponents ?4_ , ’ﬂ,‘ . ‘Ff gnd P“°
supposed to be the values of momentum components where
the distribution curve” reaches its maximum. More
ﬁxeeisely. the unpertwbéd particle ‘distx;ibution function
£,(P) of the stream is given by

) (( Pu - P..°) ( f* J
BAGL —L—; o @ (2.15)

where A= 2173/ al @ Gu “1s the normalization
" conatant of £,
2
a,?a 2m° X T"

m, = rest mass of radiating particle®

X = Boltzmann constant
T,» T, = trensverse and longitudinal temperatures

respectively

*For eimplicity, we coneider one species of radiating
particles only.



S

and 3 -

wi th S°=-f*_°:

ay

1]

Leaving the expression for the ambient plasma
refractive index unspecified, we will now derive the
dispersion equation for electromagnetio waves in a stream-
plasma system when the diastribution function of the radiat-
ing partiocles is given by relation (2.15). The method
enployed here follows that in section (B) of this chapter
end the work of Zheleznyakov (1960b).

Before using expressions (2.3) and (2.15) to derive
the relations of the dielectric tensor components, we have

to define several quantities:

o, %
Let g = Lﬁ%?"')
Lo wh -y pr-sYuym
Py %, 2 | (2.16)
- 1 W WM—W;E—&U(PH‘P»P)
S(P.U fu) = é(S:g) = %, 4,

where the sign ~ indicates that the corresponding value

’ . 2
*our quantity § is equivalent to the quantity § defined
by Zhelodgyakov. in order to distinguish it from the
normalized frequency _§ e W/[Wn|which will be introduced

later,
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©
io teken at the point f, =p. » F, =f,

et us now consider an integral of the form

2

(§ S)Q | d,'
(3, § (2.17)
1es.5) = %3-5(53) 2.1
Comtour

The contour of integration runs along the recl axis of.
f, from-cO to+ o2 , by-passing from above or below the
singularities of the integrand.

The integrand of the above integral will have
singularities at two points specified by fa’,, such that

- $(5..,5) =0 (2,18

or a f':. APZ '
@ e c':'z T :2- “kllflu'sxw"‘:O

We note that we have changed the vaiiables in expression
(2.16) in order to deal with the denominator in relation
(2.3); in fact, equation (2.18) is equivalent to =0y
whioh 48 the Doppler equation.
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It hao been pointed out by Zheleznyakov that

when "g,’i1 ,S—S"l‘é,

and

. Lo | (2.19)
we have ,PZ’ >>l'$(§;5),)~ "Sr,,zl > lg"

and the integral (2.17) can be aimplified to

00 oo

ISPy =4- }(i')ésdi' %G)é(i)e al§-» ) § 305 Jns

3 2 (3)
) ) L=1,2 (

(2.20)

{
with an accuracy up to torme of order —7

g
where SI = 4+ 1 1f the contour of integration in
(2.17) by-passes the singularity 3,_ from below and

Sg_ = =1 41f the contour by-passes the singularity
gﬂ.' from asbove.
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The mass of the raddeting particle can be expressed
)
in ternms of § N S ans

” ,2 204.50
m(§.3) = /1+_&ﬁ'_g _“ .Q,I(S-S) il
-!
Let ue assume that " (3 »S) changes little in the
range |3 |51 ’5"50'5‘ « We can now express M (3,,5)
in the fora:

m(S S)*‘Vn[“'@"'ﬁ"g Py c(SS)

(2.22)

It is easy to ses that the angular plassma frequenocy

oan be written as;

wy (%, 5)"“*’«»[ (-Lubl g ZT:;SA a*&’(g 5.), 245 ﬂ(a.zﬁ

mret

In writing down expresstons (2.22) and (2.23), we have

taken:
a,pPu q-l a
|~» z., l l< 1 ' mw el A,I < 1 (2024)

Since the denominator, WM = R,py=SMeWh 4n
expression (2.3) can be written as %, a, [pj —é(S:S)J and
the gquantities W, ,; m are expreassed ss functions of S'



"(given in (2.22), (2.23)), all the integrals in (2.3) £all
| into the 'tﬁrpe séecif'ied’*oy (2.17), when integration is
carried out with‘respect tog) « Let us note‘ that on
account of the inequalities given in (2 19), the 1ntegra.l

| ILS P}) can be approximated to
. ,' 2

1(S,py) = j.gf(i)o dy’ | | a , (2.2,5?-

We now substi'm'be relations (2. 16),' (2.17), . (2 22),
(2 23) a.nd (2 25) into the expression for dielectric tensor

components (expression (2. 3)) and perform the integration with

)
. respect to* S e It has been pointed out in section (B) that
the largest térms in the dielectric tensor components ere_ the
: 2 :
~ ones oontaining 1/( wm- fe.’.p,, —SmoWy) and the number 1.

" Confining ourselves to this approximat:.on, we have-

,klz ZG
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| As the )argu.ment of the Bessel's function and its
Rips _ RS

dérivative i8 @ =

_ e Wn . dw o Wy is a function of
i 8 5 all the Jgr Jg"» end J " have to be kept inside
" the integra.ls. In (2 26), we define
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Following the method employed in section (B), the
dispersion eguaotion for electromagnetie cyclotron waves
in the stream-magnetoactive plasma system con be expressed

as
2

A_("C‘.__ﬁf-n;-k l)

W‘

P(Gx -mjr1)B - C 0

(2.28)

where A = Sin'0 Exx + cos?O T3y + 25mOcosb Exg
B = 25in@cos® (ExyEys —Eyy exg) + Exy = BBy
- oS0 (Eyy £33 + Lyp?) - 5in O (ExxEyy + £x3=),
0= £330 s;,;zm + Ba’) + In By + 26y By ~Ep €

and &;k are given by (2.26).
Employing the real-k approach, we write
W= T+
1 (2.29)
with [wl > |3]
~

where W , the "characteristic freguency", is rezl and S
is complex; the imaginary part of é gives us the growth
rate. Let us define é’ = 2 ' '(.2.30)

w

After some lengthy calculation, the ooefi‘ioients in (2.28)
are found to be

9 '
A--:’ ‘é_z
B -2+ U, s (2.31)
RN .
cn(-"ii+g_§.+‘.’l_%
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and

with

Uy =T, + 2 8in 6 cos 6 T, -coseTs-'sin"e T,

C U, =Ty + 2 sin © cos 6 Ty + cosze ?4, + sinie T,

Uy = ’sinze Ex + cos © E?)? + 2 s;i.n 0 cos 6 Ty

U4 = T" + E}s

=
@
i

Ue = TiBy

2

e TseEy -

US = - U¢ = Ex E'ﬂ} + 2 Tg Exza, RR.

Ty = Exyy(RR] - RqR})
TQ = EX§
Ty = Exe +:Ej T
T4 = E%} + E}} 4
; ’
Ts = Byy By + By
P, = Exx + E
; . 3} ’
Tg== Exx Byy + Ex}
. z~1.'°2
- A - A R
= ~ — R,
- tan' @ (% 4+ ¥s)
_aa WY S : 1 "w’”é
E%} = ?ﬂacz R'! - ‘.~;A . 3} = ‘ﬁ’c"' ‘i
. A 2 2 e, l .,' . Y
Ex' = - 8’; L a: .B ": W Rf M,,’\é
4 e tan' 6 (5 + ¥s) \
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The dispersion equation for electromagnetic waves in

the ambient plasma alone is given by
(|:)~ B A n(w) =0

Expanding (F ) in Taylor series about w s .we have

(R = (5 )S ¥ (F)“

- (2.32)

e e o ——— e
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. 1 (dF
Vriting P== (_3_‘5)& (dimensionless) (2.33)

we can simplify equation (2.28) into the folbowing form:
, 9 ,‘; Ty 14 )3 ' 2
WS +Wo9 +Wib + W8 W0+ W, ) +W7=0 (2.34)

where W, = P

Wa = PU,

iy = P(U, - 2U3)
W"_aUz -U3 =04
Wg = FU,

W6 = U, + Uy

Wy = Ug

Solving equation (2.34) for complex § = S' , One can

caloulate the growth rate | m(3)|
2

Taking only terms conteining 1/(wm - k,p, = en Wy )
and the number 1 in the dielectric tensor cumponents end other
assumptions as stakted, the dispersion equation has been
derived (equation (2.28)): Using perturbaticn theory, we
have expressed the dispersion equation as a polynomial in
é’= :3; (equation (2.34)), where 3 = W =W , 18 complex.
The remaining work, therefore, is to solve equation (2.34).
Before attempting to solve (2,34) which is complicated
as 1t stands we consider the ocase of strictly loagitudinal
propagation, i.e. © = 0% or 180°. Ilioreover, we confine

2
curaselves to the first harmenic only, &0 that 8 = 1, It
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is found that when 8in 6= 0, ¥, = W= Us = W, = d, = O,

while W; = F(U; - 2U3)

gﬁ% ( RO} - B6F - RG ) (2.35)
o
where G’; : S°° 3%-(3—30)145 |
G = 523(3 _30)6—(5-30)15
Gr = S?’(s—s‘,)’e"s‘”z&s

o
The dispersion equation now reesds

%3*ASEW'

q -~ 3
E?GOm [

(RG6% =R,6] «RG!)a0 (2.36)

After some simple manipilation, one realizes that
equation (2.36) agrees with Sheleznyakov's result (equation
(2.12)) 1f the following assumptions or approximations hold:
(1) aj6l/e, > s}
(11) 62/6, > }(R, - 1) 63/6y - R 68/6, - R$6/6,

. 'R
(1i1) terme containing €, 3¢ are negligible,

{4v) The terms contatning 1/(w® = i, p’~ o G, &) are
small in comparison to the terms containing

Y (i - k, po~ 8, B
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We consider the validity of the sbove four
approximations now. IZf the spread in P, (specified by
a:) is of the order of the spread in F" (specified by
a . )y We have GJ/G. > 1 in cases when the spread in f,
1.3 not too large. I'ore precisely, we want S°= ff: > 1
(the leest value of S, should be about 3) in orde:"that (1)
is valid, Approxinaticns (ii) and (44i) are taken also by
Zheleanyakov and approxinmation (iv) is the well imown
assunption in radiative inetability problem of a stream-
' plasma system if the growth rate be small (i.e. |w| > 18] ).
For cnbther example, we consider the strecam to be cold,
i,es a5 = a=0, end we have a delta momentum distribution
for the particles in the stream. In th‘is‘_case. where the

wave-normal angle assumes general velues, one has in

equation (2.34)s

W4a= Wsz W"n ‘373 (4]

therefore, equation (2.34) reads
3

S' * -@-w:‘ 3' - Tﬁ: a 0 | (2.37)
2 Oz 2 - Y
In this particular case W./V, = sJs A F','.w: 9[(s)°:§) -1
(3+3%s) NS

-~ 2 1203 2 0% 5?*5352@5!‘
and WS/ul - oA [QX*S) 4‘ ]][JS F.l. +Js Pu (S.'me ($7+§f] ‘

0 Brtg® p

One sees that this equation is, in fect, exaotly the
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equation derived in section (B) (equation (2.10s) with

the definition of (2.14)). We may, thus, conclude that
the dispersion equation derived in this linvestigaticn
agrees with that obtained by Zheleanyakov on trensitiocn
from general © to © = 0° or 180° (under the approximations
etated), end when the temperature of the streaw is taken
to zero, the dispersicn equaticn (2.34) 4a simplified to
the one derived in section (B).

Evaluating the coeffioients of the dispersion
equation (2,34) in the case of VLF emission in the
terrestrial magnetosphere indicate that only the first
three terms are significant, i.e. the disPeraién equation
can be epproximated to | |

3 . ) .

""%;2""3*"%;3'-"‘0’ | - (2.38)
This is of the same form as the aispersion equation

for the case of a strictly helical aﬁream in a nagnetoactive

Plasna as derived in section (B). Iience, if the dispersion

equation of the syasten can be approxinated in the form as

in equation (2.38), one can have an exact solution for

recdily bylcardgn's method; otherwise, one has to take

equation (2.34) end work for cooplex numericel solutions.
Under different conditions, electrcmggnetic waves

genoraled by normal or anomalous cycloiron radiation processes

by perticles in the strecm may grow in the stream-masneto-

active-plesma system and the power of the waves uay be
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anplified enormously. This radiative instabllity may in
fect happen in many natural redio emissions in radio
astronomy. The study of such instability probvlem will
help to understand varicus thenomena in plaspe radiation.
As far as cyclotron radiation is concerned, the
distributicn function of the strecm considered in section
(C) seems to be a realistic end important one. FHowever,
when "almost mono-energetic stresms®™ are present as in the
case of VLF emissions in the terrestrial magnetosphere,
distribution of electron stream described by relation (2.4)
beoomes more convenient in appliceation on account of the.
siaplicity in the corresponding dispersion equaticn., The
general qualitative behaviour of the stream-plasms system
is the same if the epread in momentun distriduticn of the

stresm is not too wide®,

The 'Negative-Absorption" Approach in Solving the Instability

£xoblenm

The discussions in the previcus sections are based on

the classical kinetic treatment. Ve will consider below the

*ihen the momentum spread is wide, the bandwidth of emission
will be broad and the harmonics may not be resolved.
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general deduotions from another approzch.

Twiss (1958) employed the gquantum formulation for
deriving the macroscopic redio absorption coefficient®
and indicated that amplification of waves occur when the
absorption coefficient is negative. The ocnditions for
negative absorption are given in terms of energy distribute
ion ¥(€ ) of the source electrons and the mean electron
emigsivity Q(€ ) for the effective radiating mecheniem in
concern., Iiere 4(& ) 1s defined as the mean power delivered
by each electron of energy € vper unit time per unit
frequency interval in one polarization per unit solid angle
into any direction.

Smerd (1963) then developed the theory and derived thc
general expression for the absorption coefficient K 4in an
anisotropioc medium. Defining g(€) dc as the statistical
weight of energy levela, Smerd obtained two necessary
conditions for amplificaticn to occur:

L1) A positive gradient in the electron encrgy distribute
| ion P(E). |

(11) A negative gradient in g(c ) Q(e€).

Assuming that the refractive index is equal to 1, the above

*A gquantity defined as the difference between the total
stimulated absorption and the total stimilated emiseions.
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Frewie 2.1 _ Examples of electron energy distributions F(e), the product of statistical weight g(e), and electron ' !
. emissivity, Q/{¢), which lend to positive’and negative absorption. (a) Positive absorption when dF/deis nega-
_tive; a thermal source of radiation is an example. . (b) Positive absorption when (d/de) [g(e} Qs(¢)] is positive; %
. bremsstrahlung is an ‘example, (c) and {d) Two situations which lead to negative absorption where dF/deis
positive and (d/de) [g{9) Q)] is negative as in conditions (a) and (b); this can apply to gyro-radiation. *'f
(.S:;;'dﬁg 63).(€) PosiTve a,bsov":f,.'o'n'f" gyro- rmndiation ( Hranmonic resondnc€ absorptiion).

t
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.-5,.[
jdes about the conditions for negative absorption is
111ustra§e@ in Pig. 2:1(a) = (dj. Dote that in Fig. 2.1(e),
the electrca energy dietribvuticn can be considered to be
composed of a U'axwellian background plasma and @ stream
with quite wide momentum spread. If P(€ ) end g(€ ) (€ )
vary with € as in Fig. 2.1(e), positive absorption will
result, we see, therefore, thet either amplification or
absorption can take place for o particular type of generat-
ing mechanism, depending on the distribution function of
the system. hereas as strean gyrating in & cold nagneto-
active plesmn can give rise to oyclotron instability and
amplification ap discussed in seotions (B) and (L), trans-
veree electromagnetic wavee can be absorbed in a Uaxwellian
or cold megnetoactive plasma due to the fact that the total
stimulated absorption exceeds the total stimilated emisaion.
This collisionlese absorption is called harmonic resonance
absorption and will be discussed agsein in chapter VIIL,

Iwo Tyves of Instability
Twiss (1952) pointed out thoat the general conclusions
of instabliity from stufying the dispersion equation coculd

be misleading; for instance, 1% may not be possible to
distinguish en apparent wave growth in one direection from
en ectual danping of the reflected wave in the opposite
direction without introducing the approrriate initial and
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boundary conditions. To overcone the sbove difficulty,
Sturrock (1958) put forwsré an elegant method by which
it is possible to distinguish amplifying from evanescent
waves by investigation of the dispersion eauaticn alcne.
In dicoussing simple dynamical syetems, one interprets
the existence of a normal rode which grows exponentially
in time us signifying that the system cannot persist in a
quiescent state, since arbitrarily small initial disturbsnces
will lead to the generation of large scale disturbances.
Theoreticel analysis of fhe travelling-wave or two-stream
amplifier (Pierce, 1950) shows the existence of time growing
modea, but we lmow experimentally that such systens can
persist in a quiescent stete. The backward-wave oscillator
(Bech, 1958), on the other hand, will not remain in a
quiescent state. Based on the above idess, Sturrock (1958)
went on to study the kinematics of = growing system and
found that in gencral there are two types of instability:
(i) Convective Instébility
If a propugoting system exhibits convestive
instability, a finite length of the system mey persist
in a quiescent etaﬁe, even in the presence of small
random disturbances, since these disturbances, although
amplified, are carried away from the region in which
they originate, UJuch systems nay be used as amplifiers.
(11) Nonconvective or Absolute Instability
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If a propagating system exhibits nonconvective
instability, an arbitrary perturbation of the
system will gi?é risc t0 a disturbance which grows
in émylitude at the point at which the perturbat-
ion criginated; we also expect that the disturbance
will spread until it extends over en arbi trary
large region of the system: Such system may be
used as oscillators,
hssuming © = 0° or 180°, it has been found by

Sturrock's method that the Cerenkov, enomalous oyciotron
and forward cyclotron (0 < 90°) instabilities are
~ conveotive whereas the backward cyclotron (6 >~90°)

“inatability i3 nonconvective,

(F) conclusions L

-' Even though the inetability theory of a stream-
pleama has been solved for general 6, it is by no |
means the end of our study on this subject. It will
be fruitful in the future to carry out research on
the gcorrespondence between the kinetic approach and
the negative~absorption approach., In the kinetic
treatment we have assign the boundary conditions for

- growing weves: £ (P, Fp, t) —0 88 t > e oo .

Now 1f we have the reverse boundary conditions, i.e.
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2,(P, ¥y t)—>0 88 t —> oo for the dielectric tensor,
we are looking for a demping wave and it will be interest-
ing to calculate the dsxping coefficient to sec whether it
is of any significant value compared to the excitation
coefficient, for the purpose of checking our theory.
l'oreover, we have employed the linearized theory so far,
i.e. the distribution function associated with the
electromagnetio disturvance £,(p, T, t) 18 assumed to be
suall compared to the wnperturbed distribution function
£,( ¥, D)o This assumption holds only when the growth
or dampihg is small, so that, the energy of the electrons
in the stream remain practieally constant. Therefore,
strictly speaking, the linearized theory is valid at the
onset of the excitution process only. The nonlinear
inatability theory for general © for various radiating

- systems will be a chellenging problem in plecme physics,
In fact, pioneering work ir this tOpic'h891been started

a few years ago (e.gs Shapire and Shevchenko, 1962; ingel,
1965; Shapiro, 1963; Painbeérg and,Shaﬁiro, 1965).

It should be remarked that a radiative instability
is in fact in the racrosecopic sense a tendency to coherent
rediation, i.e. morc and more particles in the system will
rediate in phase. In a birefringent medium like a magneto-
active plasna, it is, thus, poesible that both the o~ and

x-mode waves gre excited at the same tine.
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OH:FTR III

LLPLIFICATION C¥ PURVARB=-LULIWEUD CYCLOTR0N RAVIATICN IN
Pl BATRACRDITAKY - Uuun ALD IR0 APFLICATICN TC JUXIGLR'S

VLCADTIC & TSHIONS

(A) Introduction

bince most planets are radio inactive, intense

emiesions in the decametric range from dupiter have
aroused great excitemeﬁt~in the late years (Ghein,
19563 Gerdner and Shain, 1958; Smith and Douglas,

19595 Werwick, 1961; Caxrr et al, 196l1; Barrow, 1962;
Ellis.‘1962a). The dynamic spectra of the decametric
enigsions show the form of bursts with'a duration of
about 0.2 sec. onwards, with & minimum bandwidth of
about 1 ile/s. The centre frequency of an eveat changes
in time in th&lupward sense (frequency increases in the
course of time) or downward sense, and the frequency
raenge extends from a few Mc/s to more than 35 ilo/s.
Lnong the proposed theories to explain this phenomernun
(Gardner and Shein, 1958; Zheleznyakov, 19583 Warwick,

1963), the cyclotron theory put forward by illis (1962)

is the most plausible one. This theory was studied in

detail later by Lllis (1963), end Ellis and i’eCulloch

(1S63)3 very good agreements betweén observations and

sheoretiozl predictions are found. By that tine, &
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atream-plasma system has already found to be unsteble, but
the instability theory for general emisasion angle has not
been derived, DCidman derived the expreasicn for the power
spectrum radiated by a single electron in a magnetoactive
plasma in 1958%, hence, the only existing knowledge
concerning radiation from gyrating electron bunches or
electron streams was the radiation epectrum from a eingle
electron., Ellis and I'gCulloch used the propertycof the
radiation pattern from & single electron, together with the
fbdusaing effects in the magnetoactive plasma, to explain the
existance of an emission cene which is necessary to explain
what is observed. If we assume all the electrons radiate
incoherently, we are forced to assume that theréfgbaut 105
electrons per cm3 in the'radiating bunch. Gomparing to
electron stream density of the order of 10 @ el/ex’ observed
in the terrestrial magnetosphere, it is, thus, not probable
to have such dense electron bunches existing in an exospheric
ioniged medium which ie teken to be similar to that of the
Earth. We are led to the conclusion thet in order to explain
the observed high intensity, at least some of the electrons
must be radiasting coherently. ULhen some particles are
radiating coherently, the emitted wave may induce other

particles to radiate in phase, so that, more particles are

*The equation derived by Eidman was found later to contain
a fow errors by Liemohn (1965).
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radisting ocoherently. For an observer cutside the
astrean-plasma system, the amplitude of the wave is
obaerﬁed to be growing; the systen is radiatively
unsteble. A mathematical treatment of the instebility
theory has been‘given in chapter II. It is found
that waves enitted by the cyclotrpn radiation
mechanismn can be unstable in a stream-plasma system
1f the momentun spread of the stream is not too wide.
In order to study the significance of the growing
process and to invest;gate the behaviour of the
growth with respect to emission direction, we will
evaluate the growth rate for parameters appropriate
to Jovien decametric burets emission in this chapter.
The mode of.wave considered in this.chapter is a x-
mode wavq'the frequency of which is Doppler~-shifted
in the forward direction, as sugzested by Lllis,

Theory and Analysis
Ellis and IlcCulloch assume that due to disturb-

ances near the outer'boundary of the Jovian exosphere,
bunches or streams of.oleotrone are accelerated and,
thercafter, travel down the high-latitude field lines,
Thogse electrons travel at almost the same velocity
and pitch angle will form & stream having a small

spreand in momentum distribution. Since very narrow-
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band emissions ( & £/€ ~ 0.1) are observed in many cases,
the gpread in momentum distribution of the streams must be
very narrow in these circumstances,. Por simplicity in
calculation, and without lcss of generality in behaviour,
we will assume the radiators to form a helical electron
stream. In the case we are considering, the wave and ray
are nmoving in the forward direction. In the kinenatics
terminology of a radiative unstable system, the instability
" of normal cyclotron waves in the forward direction ie
convective (e.g. Neufeld and tiright, 1964a): the amplitude
of the electromagnetic disturbance increasce as it is carried
along the system and the ampiitude remains finite at each
point, Hence, both the concept of growth in time (excitatioq)
and the concept of growth in distance (smplification)have
real physical meaning.

The Jovian exospheric plasma is assumed to be cold and
magnetoactive. Heglecting the effects of heavy positive
ions, thé refractive index for an electromasrmetic wave in

the background plasma alone is given by the Appleton-Hariree

relation:

X(1=-X) |

nz -1“ 2 2 P3
J P Y+ (1 - X)* cos’0Y
1 -X-%sin’0Y +/ ‘
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where X = Wp/w® Y = lwnl/w
wp = sngular plaspa frequency
w = angular wave frequenoy
W, = engular plasma gyro-frequency _
Taking the negative sign before the discriminent, one has
the refré.otiva index expression for the x-mode.
With the definition of n, given by (3.1), we heve in

equation (2.10a)

~ we L
(?a%"),; = - 26+ &= (3.2)
( 24 'S:“ze- -% -ﬂ 4/\(10519('-&_2_3_‘5_9,-12
| _QSA;D,“_-%‘-){ gz'f""_gl" B [ §4"""§4 Sz) S’ SJ))
where L= D’- B
o A 5’8 _gE
D g: 2§1

5:n*0 A ¥ cea’d :
= |- L) —

Using relations (5.2) and (2.14), after some manipulation,
‘equation (2.,10a) is re~arranged into:

(%3_}@(.%.)“&:0' (§.3>
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where {r— - A:SS (SU S) 1 M
B § (S—Sb’)

-2 2 2 ;(sb’-%‘ﬂ)"
('SK i) y [JS FJ "f‘JS n &;;9(51_3)2]

ﬁ:.S | ‘(AL"ZSI)

and 4 =c0A

With o = Wo fwy=deneity of stream/density of ambient
" plasma

We note here that the harmonic number s and the argument

of Bessel's functicn & heve been tranasformed into positive

numbers.

The quantity A = sz/w,: describes the relative import-
ance of the plasma frequency and the gyro-frequency in a
maghetﬁac’tiva plasma. Fé]_.loiving the model of Jovian
exosphere as proposed by Ellis (1962), a typical value of
A at the source region is 0,03. Before solving for the
imaginary part of angular wave frequency 3,“5 s We must
find the characteristic angular frequency w , wWhich is
real. This is done by solving the Doppler equation

& - fuv;, =¥ wh| = 0 (3.4)

and relation (3.1) simultaneocuely. In doing eo for s = 1,
for emall values of A(¢ 0.2), there exists a cut-off angle
8, greater than which no real soluticn can be found for W
(Ellis, 1962; Eliis and licCulloch, 1963). The engle € ,
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therefore, forms the surface of ¢ s0lid cone within which
radiation in the fundamental harmonic is allowed., For
higher harmonics, i.e. 8 > 2, this restriction need
not exist. OCne ;;ample of the frequency-wave-normal angle
plot apprOpriate'to‘fhe Jovian magnetosphere is given in
Fig. 3.1. | |

@he growth rate cah then be calculated from equation
(3.3): |

w (3.5)
. d a* p?
\fvhere i = -T"',/T*_-i?
C=--z ral
We can also take the quantity
5mb - S,l‘smé
Wh W
to specify the growth rate. Pige. 3.2 giveg graphs of the
quantity Ins vs wave-normal © for different values of
Wy

energies and pitch angles of the electron streem appropriate
to the theory suggested by 1lis (1963), where the Jovian
magnétoaphere is specified by the guantity A =« 0.03, and

the .density of the stream is specified by (' = density of
gstream/density of ambient plasma = 10'7. If P, be the power

of the electromasnetic wave at time ¢ = 0 and P be the



(c)

o8

power after 1 msec., we can calculate the db power
gain ( = 10 logwﬁr/Po)) as a function of wave-normal
angle 9, taking the electron gyro-frequency to be

| £4) = “””V&ﬂ = 5 Mc/s; Fig. 3.3 show these graphs.
The relation of the angle of maximum growth rate Qm
and the pitch angle of the stream g for the fundamental
harmonic is shown in Fig. 3.4 for B. = 0.1, 0.2. To
indicate how the pitch angle ¢ and the angle of
maximum growth rate Gm behave with respect to change
of cut-off angle Gc for the fundamental harmonic, we
have Fig. 3.5 and 3.,6. The relation of (9c - Qm) and
pitch angle ¢ is shown in Fig. 3.7 indicating the fact
that for a constant value of P1 s the growth rate
maximizes at an angle close to the cut-off angle wﬁeh
the pitch angle is small, To illustrate how the growth
rate and power gain varies with the normalized frequency
% = I%*T and hence, to estimate the band width of
emission, we have Fig. 3.8 and 3.9,

Discussions
It has been assumed in the cyclotron theory that the
electron density in the Jovian exosphere is nearly

proportionel to magnetic intensity H, so that planes of
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constant refractive index will be normal to H vector
and the final direction of the radiation after
refraction is approximately given by

sin ot = n, sin © (3.6)

where ol  is the wave-normal angle after refraction.
.Consequently, the initially power W(©) radiated by a
single electron will be modified by refraction and
focussing effects in the magnetoactive plasme and the

final distribution of power W(™X) will be given by
W) 40 = W(X) dox (3.7)

From the relation of Y and é. it oceurs that (‘%T?"%(m
~ 0 for a range of @ so that the radiation within this
range of 0( ~ 15°) will be confined to & direction

A = Aoy after refraction. It was assumed that the
greatest amount of power per unit solid angle is emitted

at ol = o(,MM and for other directions there is
negligible radiation. However, we note that the polar
diagram of radiation considered was that for a single
electron. When there is a bunch or stream radiates, 1t

absorbs radiation, and re-radiates, so that, the polar

plot of radiation may have a different appearance than that



A
calculated for single electron.

In this chapter, we have found that Zor the fundamental
‘harmenic the growth rate maxinices at Gm where Qm ranges
fron about 40° to 50° for values of pitch angle, energy
and nodel of Jovian magnetosphere appropriate to that |
suggested by Ellis. In facﬁ,AGm has been found to occur
close to KXoy » 80 that, after refraction almost all the
radiated energy 1s concentrated at X ,a » That is,the
angular distribution_of tho radiation used by Eilis would
appear to be justified by the results of the present
investigation. |

From Fig. 3.9, we observe that the half-power bandwidth
before refraction ranges from about 0.08 § to 0.45 § , foz
the first harmonie. This result is consistent with the
observed bandwidth. The corresponding bendwidth for the
second harmonic ie in general a few tiues larger. It should
be remarked that in Pig. 3.8 and 3,9 the range of frequehoy
excited corresjonds to different directions. Iowever, as
waves in a cone of about 150 centred at 9 initially will
'be confined to almost one direction (dme) after refraction
{in the Jovian magnetosphere, the above estimated bandwidth
is the bandwidth that would be received.

Among the higher harmonics, the growth rate of the
second harmonic can assume significant values only when

the energy of the electron is high. (It should be noted



that we consider energy greater than 100 Kev. to be high
in this context. Vhen the energy is greater thun several
hundred Kev. synchrotron rediaticn ecours and the situation
will be different.) Thus, for a more energetic stream, we
may have two bends of freguencies excited simultanecuely; :
the ratio of the two centre-frecuencies being alweys less
then 2(~ 1.6) and the second harmonic carriec less energy
end broader bandwidth. The grcewth rete for the third
harmonic is seen to be negligible.

Under the above formulation, the growing fector is
o e}Smﬁit‘. It is well known that in an anisotropic medium
(e.g. magnetoactive plasma) the directions of the rhase
velocity 6f the wave and the group velocity of the wave
packet do not, in general, coincide. A uave packet grows
in the course of time as e,"swf“}? is moving in space along
the direction of the group v_., say, the 2' direction,

gp )
and will be growing in space as e,'j"‘“?/-"% .

Along

the directicn of the wave vector k (s direction) the growing
factor is

¥ 1Sm8] 3/ vap o2 (k, V)]
% e e ¢ »

2 = (3.8)

where q is the growth rate in space. It can be shown that
(Ginzbursg, 1964)

1 -_l_.d(W"})'
'\rgfuz(k., v}f) w

(3.9)

g0
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Cne then finds thet

24 Ay(2A, sit0_E ]
. A zl--—;D+(l-—a)( rAlry Sy
%:—_’S:“ ha'*'n‘j?[( 3) 3 S T 28 } (3.10)
. D‘L

where n, is given by relation (3.1), D, B ac defined under

equation (3.2), and E is given by

4 2
Bea--8109 _ 50080, 20 ,,_ UL,

¥4 £ 52

Knowing the growth rate in tine, we can thus calculate

the growth in space readily.

IZ£ we assume that the density of the helical electron
- strean causing Jupiter's burst radiation is the same as that
observed in thé terrestrial magnetosphere, nanmely, 10'4/cm3,
and the density of the background .<p1asma t0 be of the ordeg
of 10%/om3 s estinated by Ellis and ilcCulloch, we can then
estimate roughly what magnitude of power goin is needed in
order to account for the high flux intensity obscrved on the
Barth -—lofz'watts zi‘zl(c/s) » for frequency ~ 5 ilo/s.

Let us suppose that for a partiecular frequenocy the
radiating part of the streon has a eross-scectional area of
10° @m” and & length of 600 Km. Total muaber of elsctrons
radiating is them 6 X Zl.()'8 « Tith the knowledge of the order
of magaitude of |Smel , the maximum power gain after an

Wy .
interaction length of 600 Em. can bc calculated from relation



(3.10) and 1t is found to be of the order of 10° ., The
maximmn powér radiated by a single electron for a frequenoy
of 5 L'o/s in the forward x-mode 8 about 4 x 10 '  watts/
sterad. Confining radiation to a solid cone of 15°, the
total power radiated by the stream for a particular
frequency after amplification is about 6 x 10'5 watts. It
has been pointed cut that the power radiated initially in
a range of 15° will be confined to about 1° after focussing
in the ionized medium., TFor a frequemcy ~ 5 ilc/s, the
theoretical fiux deasity received on the Earth will be of
the order of 10° ' watts 22—2/(6/8).

' The above estimate indicates that in orvder to produce
the observed high 1ntensity of radiaticn, the interaction
distence needed is ~ 600 Km. or altematively the inter-
acticn time needed isa < 10 msec.

Pinally, we note that with a model of Jovian magneto-
sphere as set out bj Ellis (A ranges from 1.6 x :LO’3 fo
9 x 10~ % ), the value of X at the source region is small

for the fundamental harmonic radiation (£ ~ £,
N ’ 2 N

P .2

i

2

2

. 2
fh

= A

3 -
~ 16X 100 — 9 x 10
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vwith such small values of X, the harmcnic resonance
absorption® for the x-mode is small unless @ is very

large (@ > 70°, say), while that for the o-mode is
entirely negligible (Cershman, 1960). Since the radiation
power for the x-mcde is about one to two orders of magnitude
larger than that of the o-mode, the radiation received will
be predominant in the x-node in this case. Licre, of course,
the source poeition for a particular frequency must be
situzted above the reflection level X = 1 ~ Y in order that

the radistion nay escape;

*The bosic concept of harmonic resonance absorption is

discussed in chapters I and VIII,
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24
CHAFTER IV

THE ORIGIN OF VLP DISCKETE EVISLICNS
It THE TERRESTRIAL BECSFiibi

Review
Very Low Freqeuncy emissions which are believed to
be generated.in the terrestrial exosphere, have caused
great excitement in the past ten years (e.g. Watts, 19574
Gallet, 1959; Ellis, 19603 Helliwell and Carpenter, 1961;

Dowden, 19623 Harang and Larsen, 1965)%. These emissions

. &are generally classified into two main types, the quasi-

contirmucus or continuous type which is wide-band noise
lasting for hours znd the discrete emissions which are
short-1ived (with a duration of about one second), narrow-

banded and have reproducible frequency-time variations.

. The study in this chapter will be centred on the discrete

type.
Dowden (1962a, 1962b) suggested that discrete

emissions, in particular the “Hooks", are produced by
backward Doppler-shifted cyclotron radiation from electron

*These papers describe observations of VLP emissions only.
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bunches travelling along field lines in the terrestrial
exoaphere. On the assumption of strict longitudinal emission
(0 = 1800), Dowden calculated dynamic spectra which showed

good agreement with those observed. ZLater, Hansen (1963)
investigated Dowden's theory and found that the calculated
theoretical dynamic spectra of Hooks can generally explain

the observed freguency-time shape. However, she poinied out
that many Hooks are triggered by whistlers and produced an
1nteractioh mechenism to explain the trigsering process.

The discrepencies between observed and theoretical dynamic

~ spectra are also aécountedvfor qualitatively by the resonance
mechaniem. Another similar resonance procese to explaein
'triggéred emissions 1sfproduced by Brice (1963). Helliwell

- (1963) observed whilstler~triggered periocdic VLP enissions in
several stations. He found from the observational data that

a séquence of emissions is'initiateﬁ,-or trigegered by a whiatlgr
and the period between emissions is the sane as the whistler-
mode echoing pericd ot soume frequency within the range of the
‘emission. To explain these results it is proposed that the
triggering of the emissions is centrblled by paoketa of electro-
megnetic waves echoing in the whistler mode. In this triggering
hypothesis it is supposed that the wave packets act to organize

temporarily the particles in existing streams of charge, so that,

their radiation is ccherent. Brice (1964) studied the founda=-

mentale of the wave~-electron interaction process and found that
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energy cen be transferred between a wave-packet and an

electron gyrating in reconance with the wave when they

propagate in opposite directions‘. Lven though the
non-triggered emissions may be caused by cyelotron
radiation from helical streass or small bunches and that»
the triggered emissions may be explained by the inter-
action or rescnsnce process, three problems still remain
unsolved: - '

(i) In all the exiéting radiation and interaction
theories for explaining VLF emissions, 1f has been
assumed, without any justification, that the emission
aagle is 180°, Since a gyrating electron emits
cyclotron radiation in all directions and the wave-
particle interaction process does not necessarily
ococur only aloang theAfield_line direction, we need
to investigate the validity of the longltudinal
propagation assumption.

(11) Since a wide range of Doppler frequencies is radiated
by a single electron at any instent, a process which
has a frequency selective effecct must exist, in order

to explain the very narrow band structure of discrets
enissions.

*However, he did not clarify the direction of the process,
i.e. under what conditions cnergy ic transferred from wave

t0 particle and vice versa.
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(111) The quantitative explanation of the high intensity
received (~ 10°'° watte m /(c/s) at the base of
the exosphere).

Before we solve these three problens, we will

first of all anslysc mumerically the excitation process

of normsal bapkward Doppler-shiftéd cyclotron waves in a

strean-plasma system for general @ which has been derived

in she lust chapterll, Since the banéwidth of discrete
enissions is 50 narrow, the radiating strean must be
very Qlose to helicali ; Por siaplicity in calculation,
the discussion in.section (3) is carried out under the
ascumption that the stréan is'strictly helicel,
it}shﬁuld be remarked that besides the three
nentioned problems, the explanations for the origin of

triggercd emissions given by Helliwell (1964), Brice

(1964), end, Dell and Dunemen (1964) have been incomplete
end sometimes confusings this respect will be discussed
in section (C).

Lxcitoction of Backwoxd Doppler-shifted Cyclotron

Hadiation in o &ggggggggtive Tlosna by & Helical

Blectron Strean

In this investiszeticn the particle doneity in the
atroecn is assuned to be very omall ccempared with that

in the background plasna aﬁﬂ only the fundamental
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harmonic is considered*. The collisionless Appleton-Hartree
equation for the whistler mode is assumed to be aprlicable
to the propagetion of electromagnetic waves in the background

plasma alone:

A
(lcos 0l= § )

2 .
n; = e (4.1)

With the definition of n;' given by (4.1), relation (3.2) is
einplified into

(ﬂ:f_) = - o5 - lowol w"’z/‘*";. (4.2)
2 /iy (leme] ~3)

The dispersion equation for the helicale-strear-plasma

gystem now reeds

<_§_>3 . (,(%) +d =0 4.3)

where b= _a,j'zAB"zcmze _(L-_S__)j_.. {

(¥Y—=3% )1 S"Pnz

| *This assumption is valid due to (1) The radiated frequency
mst be smaller than’] fH\ao that the wave will not be trapped
at the resonance region £ - £ h (i1) Por high hermonic

- mamber, the growth factor is'found to be sméll.



€ \* | . )
LK_ S) - 12 2 4 3 Pu (K S Si 0 e
OJ[ 21P||1 ! ] [3.' P‘L S4»~19( Y - g)z l(mw §)

[cou© 1%

d=--

with o = Wol/w?z

It should be noted that in the expression for & we have
negleoted the term w/w{f . i‘his approxiunation is valid in
case of VLZ emisslons in the te:érestrial upper atnosphere.
The rate of growth, being represented by e dimensionless

quaﬁtity jm(%i,)‘) can readily be solved frouw (4.3):

SV« B 3V
I, (a,)’ r (M) (&) °] | (4.4)
2 3
where E‘“'T*,&"’%
y 2
o oeode 5 3F
24 27,12 ~2
In the particulur cuse € = 1800. b=0, d= ¢ 'Wo(];";:(; )w)
PAW )y
2~y /3 -
and we get S s ’/3003?4(04{ )I (4.5)
‘ m I‘ (}FFAW)

This result sgree with thet Lound by dheleznyakov (1960a)
for this case, '



We now evaluate the growth rate for senersl 6, for
parameters appropriate to VLF emissions in the terrestrial
exosphere,

To solve for the characteristic frequency W , we have
to solve Appleton-lartree equation (i.e: equation (4.1))
and Doppler equation ( - RuVy —¥|wu|=0 siml tanecusly.
Fig. 4.1 gives sn example of the graph § - J/IWHl
egeinet wave-nornal én;zle ©. The parameter is transverse
velooity [, and each line represents a particular value of
longitudinel velocity By 3 we repeat this for tw)o values of
A= sz/w,.," = 25, 100 which may be considered as a
quentity epecifying the ombient plasma. e can also take
the quantity , 3 m (Mwn)l to specify the growthvrate. ’Sm( %/WH) j
is plotted against wave-normal éngle © in Fig. 4.2 for
0 = density of strezm/density of ambient plasme = 1 X 10‘ ,
for varicus values of A, B, and By . Let P, be the power of
the electromagnetic wave at tire t = 0, end P Dbe the
pover ofter 0.016 second. Fig. 4.5 shows grarhs of the power
gain in 0,016 second ageinst wave-nornal sagle © for growth
rotes shown in Pig. 4.2. The electron gyro-frecuency is
taken to be , fHI = ’WH' /2% .= 10 Ke/s. Correspending to
Pig. 4.3, 'th.'e pover gain after 0.016 second is aleo plotted

against the excited frequency normalized to the gyro-frequency
in Pig. 4.4. Lo the growth raote moximizes st 6 = 150°, the

nopen cnd® point of each curve in Fig. 4.4 gives wo the



frequency exoited and the power gain of the electromagnetio
wave when the wave-normal cnsle is 180°., The small circle
on each curve indicates the freguency and powver gain for
@ = 150°. The narrow bandwidth of the radiation inplied
by Pig. 4.4 is $llustrated moxe clearly in Fig. 4.5.
Prom the analysis of the dispersion eguaticn for whistler-
mode waves, we observe thats
() The growt: rote meximizes ot @ = 120°,
(11) Since the frequcncy is oluost constent for a range of
| wave-norngl angles (ehout 180° - 150°) in most ocases,
in particuler for large pitch engles, the excitation
theory indicates thet for large pitch angles, the very
narrow bond of freguencics (theoretical bandwidth
<L O.O;LQ'when one considers the half-power bandwidth
in Pig. 4.5) emitted with © betueen about 180° and
1§0° nay be excited a rmch grecter extent than other
freauencies, resvlting in a frecuency eelective effect.
(i11) Por constant encrgy of radiating electron, the larger

the pitch angle, the greater the radiation po.er.

(C) Discussions
We have obtained the radiation cheracteristics of e
stroon-pleosma systeme It 18 interesting to compare this
result with the pover spectrum radiated by a single electron,

Iienohn {1965) has corrected Lidman's eguation (Eidman, 1558)
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(wbich gives the power spectrum radiated a single electron
gyrating in a marmetcactive plasmé) end eveluated the
radiation pattern from a single electron (energy = 10 Kev.
and 1,000 Kev.) for parameters appropriate to the lower
exosphere (AX 5). His result indicates that the maximum
power occurs at about 110° and the wave propagating along
the field line carries minirmam power. however, it should be
pointed out that Liemohn has taken e pitch angle of 30°
( 4§ = arc tan %i. ) for the radiating electron whereas Dowden
(1962d) measured from experimentcl data that the pitch angle
of the source electrons generating a Eook i8s generslly large,
being grenter than 60° in most cases. Using the appropriate
value of A in the exosphere (A = 25) and fixing B, for the
heiical streaﬁ to be 0.4, we show in Fig. 4.6 the power
spectrum rediated by a2 single éiéctron for different velues
of B, « de observe that for lerge velue of ﬁ*/ﬁ,,, and, hence,
large pitch angle g, the power is lurge ard meximizes at 180°.
As the piteh angle decreases, the'emission’anglq corresponding
to maximum power shifts rapidly away from the field line. '
The result of the instability thecory, together .ith the
redietion pattern of single electron, indicates that the
assuaption of longitudinal propagotion (a2s taken by previous
VLP workers) is fortunately correct, and thus. thé first

problen is solved.
che frequency seclective effect has been cxplained by the
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regult in section (B). Assuming a strict heliecsl stream,
the theory shows that a bandwidth smaller than 0.01 £ is
possible. This result, which is consistent with observation,
suggests that the radisting stream is in fact wvery muoch close
to helical. The existence of a small finite temperature in
the stream will result a relatively broader bandwidth, which
is observed in rare cases., The second problem, hence, has
been accounted for. | _

Assunme thé oroga’-seotional area of the stresm and the

ionized column to be
2 2
G~ 10 knm (4.6)

‘at the equatorial plane. Suppose the length of the part of
.the stream radiating a particular frequency (1n this case
the minimm frequeney ot a Hook £, ) to bve

L~ 6x 10Km_ (4.7)

Let the particle density of the stream to be 10-4 el/on |
and that of the background ylaama' to be 100 el/cm , giving
0 = 10 6. Then the number of radiating electrons in a
volume bounded by area A and length 1 1a

5
N~ 6 x 10 © (4.8)

It has been found that in the ionosphere and exosphere the
ray direction of a whistler mode wave is guided along the
field line (e.g. Budden, 1961). Ve may, therefore, assume
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that all the electromagnetice energy radiated in the

is Comtodkialed, af de Bnoe g da iovigad olumn _
ionized column,(Liemohn, 1965). The cross-secticnal area
of the ionized tube at the base of the magnetosphere is
catimated to be -T%ﬁ" that at the equatorial plane
(expressicn (4.6)). Now if ench radiating electron emits
a power of 10 ~>° watts/(c/e) (Liemohn, 1965), the power

flux received at the hase of the magnetosphere ia
-2} -2,
P~ 6x10 watte m /(c/s) (4.9)

Since the observed value of power flux at the base of
~i0 -
the magnetosphere is of the order of 10 watts m z/(e/o)

(Dowden, 1962¢), we need a power gain of the oxrder

£~ 107 (4.10)
0 ' :

- Using the method as described in section (B), the

interaction time needed for this value of power gain is

~ 25 msec., 1f the pitch angle of the stream ia'greatér'
than 50° and the energy of each electron is of fhe ordexr of
100 Kev. ;We note that for longitudinal propagation, the
wave and ray directions coinoide. If the refractive index
" for the whistler wave is taken to be 15, the wave will take
30 msec. to travel a distance of 6 X 10 Km. We will, .
thus, conclude that with the assumed values of stream
density and interaction timz. the high intensity of VLF
emissions can readily be explained queantitatively with the
result of the instability theory — — the third problem has
been dealt with,



Prom the existing interaction theories, it seems that
it has not been realized that in fact there are two
interaction processes taking place in steps. We can
understand the above statement readily with the knowledge
of chapter I1I.

We have discussed briefly the possibility of excitation
and damping of oyclotron wavesj; the controlling factor is
the distritution function of the electron stream. When the
.electron stream has a very wide momentum spread or when the
stream is absent (leaving a Haxwellian background plasma),
part of the energy of the propagating electromagnetic waves
~ are absorbed by the medium and particles are accelerated.
Thies process is oalled harmonic resonance absorption'(aection
(D) of chapter II). Conseguently, when an electron stream of
high temperature encounters a strong whistler signal (either
a whistler or an artificial whistler-mode code signsl), the
macroscopic absorption is positive and in average,energy is
fed from the wave to the particles such that some particles
will gyrate in phase with the wave; this process is in fact
the harmonic resonance absorption mechanism. The affected
particles, being organized, form & stream which 1s close to
helical. The particles in this stream emit cyclotron
radiation continuously as they have always been, but now the
streap-plasma system becomes radiatively unstable and the

waves radiated by the c¢yclotron mechanism will grow as @&
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function of tize (absorption is negative). After some
interaction time, the waves acquiring sufficiently large
amplitude, are received as triggered VLF emissions, As

the stream radiates; the interaction process sustains for
some tinme, while the energy of the electrons is decreasing
(causing anlinareaae in B, and a larger decresse in 3, ),
until the distribution function of the streen is far from
helical and the radiation i3 insignificant to be observed.
‘When thé‘echo of the previous tfiggering whistler signal '
encounters the stream again, the two‘interaction pfocoqus

| repeat and we may receive triggered periodic VLF emissions.
It has been found that VLF discrete emissions can

- readily be triggered by artificial whistler-mode signals of
single frequency when the signal isllang ennugh* (Helliwell,
1964). In average, the time interval between the leading |
edge of the'transmitted signal and the“gommencement of a
friggered emiaa;on is loo.msec. Bagsed on our previocus
eatiﬁated interaction time for the excitation process

(~ 25 msec.), we see that the ;nteraefion time for the

organising process (harmonic reaoﬁamca absorption) is

*When the duration of the transmitted signal is 45 msec.
(a dot) no triggered emissions are observed., If the
transmitted signal lasie for 145 meec. (& dash), VLP discrete

cmiesion are triggered in most casea.
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18 ~ 175 msec. We must note that our estination has been
crude and our instability theory is a linearized one.
When nonlineer effects come into ﬁeing (wvhich will be the
realistic case'), the growth rate will be smaller and the
{nteraction tine needed will be larger then ocur previously
calculated values. We can only state here that the inter-
action times for both processes are of the same order of
magnlitude, being equal to several tens of msec,

During masmetic disturbed periods, energetic electrons
are dumped from the radtation belts to the exosphere. Those
electrons travelling with sbout the same velocity and same
direction will form a stream with very narrow momentum
spreagd. an-triggered VLF discrete emissions will be
radiatec and excited in the same manner as.described before
1n‘aueh a strecn-plasme system.

With the results br the investigation in this chapter,
we conclude here that the three existing problems mentioned
are solved and the origins of both non-triggered and triggered

emissions are explained.

*Since the received intesnity is almost constant during the
duration of an event (a Kook, say), the unstable stream-plasms
systen must have come to an equilibrium situationy this will

be the case only when nonlinear effects occur.
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CIUA¥TER V

A REVIEV OF THD IUELGIENUL OF SCLAR TYPE I HOIGL STORL

(A) Solar Radio Emissions (e.g. Kundu, 1964)
Redio emissions from the Sun come from both thermel

and nonthermal sources, The thermal emission can be

separated into two componentss

(1) The quiet Sun component which originates from the
solar atmosphere at temperatures of the order of
10%°g (éhromoaphere) and 10° © X (corons) and is
the radiation which 8till occurs in the absence of
localized sources in the atmosphere of the Sun.

(2) The slowly varying component which arises in high
density regions of the corona (called condensations)
with temperature of about 2 x10° © K; these regions
exiat over sunapots and plage reglons,

The nonthermal emissions, which consist of wide-band and

naerrow-band radio bursts, are generally associsated with

soler flares or sunspots. They originate from all levels
of the solar'atmoaphero between the lower dhromoaphere

(nillimetre end centimetre waves) and the ocuter corona

to heights of several solar radii (metre and decametric

waves), The equivalent brightnees temperature of the
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source in these emissions can be as high as 10" ° k.

Such nonthermal burst emissions on metre waves are
characterised by great variety and complexity; based

on their spectral characteristics, they are classified.
as types I, II, I1I, IV and V., . Wild, Smerd and Weias
(1963) hove summariged their characteriatios, geophysical
acgociations end probvable mechanisms of generation (Table
5.1).

(B) Characteristics of Type I Noise Storms

During solar disturbed periods, the most common

radio events on nmetre waves are the oocurrences of
type I radio enmissions or type I "noise atorms®, This
type of rediation consists of a plowly varying, broade
band émission (called “background contiruum®) lesting
even up to hours or days, on whioh are superimposed
series of intense, narrowsband, short-iived bursts (called
"atorm bursts”). Some exauples of dynamic spectra an@
single-frequency records of noise storms are shown in
Fig. 5.1, The radiation is usually strongly circularly
polariaed and 1te occurrence is always associated with
a éunepot groupe Lven though this common nonthernal

| radiation has been observed since 1942 (e.g. liey, 19463
'Ryle end Vonberg, 1946; liartyn, 1946; Pawsey, 1950), the



Yable 5.1

CHARACTERISTICS OF METRE-WAVE BURSTS

( Wild, Smerd & Weiss, {963)

Tentative identification

Type of Circul.ar . Ten‘tativ-e . . Apparen't Height of Cone of Relationship with
burst pol;.m- identification | Duration | Variability angular size | source above emission o Emission | other phenomena
zation of mode (min of arc) | photosphere Exciting agency N
] process
11 None —_— 5-30 min | Complex 6-12 0.2-1.0 Re®*| Wide Ascending shock | Plasma Solitr protons, geo-
front vel ~10% magnetic storms
km /sec
111 None or ? Burst: Group of 3-128 0.2-2.0 Re®*! Wide Ascending elec- | Plasma Initial expansion of
partial ~10s simple ) tron stream vel flure
Group: bursts ~c/2
~1 min
\Y Weak ? ~1 min | Smooth’ Similar to Similar to Wide? Same as 111 ? Same as 11
111 111
IV mA Weak Extraordinary | 10 min- Smooth 6-12 0.5-5 Rp Wide Electrons trapped | Synchro-
(moving) 2 hr ascending at in expelled tron
speeds ~103 plasma '
km/sec &Sulur protons, geo-
magnetic storms
IV mBP Strong Ordinary Few hrs | Slow vari- | 3-6% 0.2-1.0 Re?| Narrow | Descending elec- | Plasma
(stationary’) to days ations with tron stream Synchro-
some fine trapped in field tron?
structure
 § Strong Ordinary Burst: Slow Burst: 1-6 0.2-1.0R®® | Narrow? ? Plasma?
~1s Storm centre ’ Synchro-
i Storm: . 5-108 tron?
' few hrs
E to dayvs

8 Increase with A,

Y Includes continuum storms.

(43
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Time (minutes) —>

Fi‘i' 51 Some dynamie gpectrum records of storm bursts Ca) in the 25 — 210 Mc/s
range (Wild et al, 1963) and (b) in the 100-580 Mc/s ranqe (kundu, 1964).

—_— T
AN
—————— TexQUIET
Ssec. _ZERO LEVEL 1957, OCT. 12 o751 xQuUIET SUN
cc)
Ssec. . Nerauier suw
~2ERO LEVEL 1958, JULY 5 1529

(c) Examples of high-~speed s-'ngle )freguencj record at 200 Mcfs (Fokker, 1961).
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theoretical interpretations of this complex pﬁenomemm 80
far published have been unsatisfactory. Defore we put
forward a theory to explain this type of soclar enission,
we will summaerize the fuportant obscrved featurcs below:
(1) Frequency Range |
, Normally the frequency range lies between 50 /s
and 300 Zo/e for bdackground continuum rediation, but
for bursts, it is ehorter. lowever, a frequency as
low as 6 Lic/s and ae hirh as 400 i'c/s has heen observed
in rare cagsee (e.h, Fokker, 1961; Yundu, 1964).
(2) Bandwidth
The bandwidth of background continuum radiation
usually extends to 100 I'c/s while that of o burst is
very nerrow, typically around 4 Ile/s (Payne-Scott,
Yabsley and Bolton, 1947; Ryle and Vonberg, 19483 Wild,
‘1951; Elgaroy, 19613 see Fig. 5+2)s lowever, wide-band
bursts having bandwidths up to 35 "c/s have been observed
less frequently (Vitkevich and Gorelova, 1961).

. . NUMBER OF STORM BURSTS -

PN I P N T o

' PR our- N
12A3456789|o-||

BANDWIDTH (MC/8)

F:g 52—Hxatogmm showing the distribution of recorded
- storm bursta with bandwidth. ( Wild, 1951 )
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- Fig.s 3 Histograms of the burst durat{on for three wavelengths.

(Vct'kcwch & Goteloua 1961) o
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(3) Duration
Ghen & nolse storm is in progress, the spectrum .
shows a slowly verying wide-band steady level lasting
for hours or days. Above this contimmn enission, short-
lived bursts appear; the duretion ranges from some tenths
of a second to several seconds (Pg. 5.3).
(4) Frequency Drift of Pursts C
In most cases, the mid-frequency of & turst stays
constent (Wild, 19513 Vitkevich and Gorelova, 1961;
Fig. 5.4). liowever, high speed swecep~frogucncy records
of Elgaroy (1961) 1ndi¢axea that sometimes the frequency
of a burst can increase or decrcese in the ccurse of
tine and the drift velocities ronse from 1 lle/s per
second up to tens of l'c/s per second (see also vork of
Vitkevich end Gorelova, 1961). lMoreover, some "Jeburats"
~__‘f’fim a event of & burst the freqvency firstly decreases

end then increascs or vice versa) occur at tinesc.¥

9151_235 g;yes‘gcms‘exggggggrggvggch evenﬁsi;_;a»

t T " o L

5] eeeCTD oEDe e o
37&0»9(}@" °. COoE=. O oD @ e © - O Lo
LISE o (DT @EDID@ P 0 @ ® 00 seo ]
|.:'.’_-70-o o @ Gooe, DD €D ‘~_°-O"O° oo .. 4
[T IR RPN

T S WL B2 25 J0 340 45 S0 . 85 Lsec

FPig. 5.4 Dynamic spectrum of narrow-band and wide-

band bursts. (Vitkevich and Gorelova, 1961).

*There is also the possibllity thut the U-bursts are some
particular cases of type III bursts.



Ficj. 5.5 Some Sweep-frecluencg records of storm bursts in the 190-215 Mec/s range (E(garo’,ﬁ%i),

Frhosts Soar BRIl 10 Hgabtt 108 0004 reei 0 CAPEHOATLgRELI R

r._ 6.4 Mc/s —

T IME et

L



g

(5) Relation betwaen the Ocourrence of Backgraund Continmmun
and that of Storm Bursts | |

(1)

(11)

There ie good general daily correlation between

the oecurrences of the two components (Pekker, 1961).

However, during some periods s strong contimmm
radiation is detected with no appreciable burst
enission, and vice versa (w4la, 1951).

There is no apparent correspondence between the
integrated spectrum of bursts and the observed
spectrum of continmum radiation (Wild, 1951; |
FPokker, 1961). However, as pointed out by Wild,
by postulating a suitable amplitude distribution
of the bursts (L.e. & suitable relationship between
the amplitude A* of individual tursts and the
ocourrence probability of a burst of amplitude -

between A and A +« 4A occurring in unit time), wWith |

the ahape of the distritution being allowed to
change slowly with ¢ime, the integrated speotrum
of bursts may epproach the observed spectrum of
contimmm radiation,

(6) Polarization (Suzuki, 1961 Kai, 1962)

1

Reférring to the magnetio polarity of the stronger

*A denotes the maximum amplitude resched at a particular
frequency by an individual burst,



(11)

g |

member (normally the preceeding epot) of s sunspot
group, in most cases, the polarization of both backe
ground contirmmm ind barste corresponde to the
oerdinary mede radiation in the magneto~ionic theory.
The sense of polarization of both storm bursts and
background contimum at an instant during & noise
storm are the sane,

The majority of stora bursts are clese to one hundred
per cent oircularly polariszed. However, sometimes
there are noise storms being composed of partislly
polarized, mixed polarized, or completely unpolariszed
bursts. A partially.polarized storm may occur
sporadically near the solar disk centre between days
of completely polariged. atorm, .but it ocours very

-0ften near the lumb. This situation ie indicated in

Fig. 5.6. There is also a tendency that the perocentage
polarisation of the storm correlating to one spot

"group decreases rather suddenly at the limb, Pig. 5.7

‘shows soﬁo gingle=-frequency records for various degrees
0of polarization., NKNote that there are three sources
(situated at 0.,1B, 0.6E and 1:3W radii on the solar
diac) in the event observed by Kai.
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component. and the lower one the left-handed component. The number indicates the
position of a source. ( Kai,1962)
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' (7) Apparent Scurce Positions (Suzuki, 19613 Fokker, 1961;
Kai, 1962) |

The experimentzl result on apparent storms centres,
as obaeﬁed -on earth v_witp respect to the position on the
gsolar disc, ihdicatea that the pumber of occurrence of
noise stoima decreases from the central meridian towards

the 1imd (Pigs 5.8). Thies mesns that the storm radiation
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has a narrow dimot:l.ﬁ.ty. Horeover, the concentration
of the noise storms is bimsed to the weet, in contrast
to the sast predomimmoy of type III burste (Wild,

Sheridan snd Neylan, 1959). During & storm both bursts

and background contimwum are normally observed to come



from the same source vhieh has the size of a sunspots To
measure positions of mrltn. Sumks. (1961) and Kai (1962)
.uaed mltiphase interferometers whose accuracy in absolute
pos:ltioh measurenent 18 about 1' arc. One of such records
is shown in r;‘;g. 5.9 whe}s the positionas of sunspots and
the instantanecus positions (ciroles) of storm bursts on
200 Me/s in the course of & noise storm are indicated. ¥he
dotted line gives the gentroid position of the background
contimmm snd the line marked "transit" indicates the true
local noon time, |

Prom interferometric obaervations, Fokker (1961)
meagured the source positions of 255 and 169 Mc/e near the
1imb end fouéd thset the source. position for 169 lo/s is
stmated» sy-temstieqlw ’m’ghexf ﬁhmjhe scurce for 255 Mc/e
(P4g. 5.10). The source positions for the two frequencies
neer the cenm of the disc were found, however, toc be more
'or less eoincme. Since the source has a finite size, this
result is understandabdle when one e'on.udera the ditfference .

(23

in vieibility. In general, the ‘obdervéd frequency of a noise -

storm decreases with incresaing apparent scurce height.

Morimoto and Kai (1961) investigated statistioally
the heights of type I vurate on 200 Me/s from a comparison
of the apparent positions of bursts with those of the

corresponding optical phenomens (sunspots). The mean height



(8)

of the source was found to be ebout 0.2 R (Ro = solar
radius) above the photosphere near the centre of the
disc and to increase towards the limd (Pig. S.11). A
nunber of workers {(e.z. Xundu, 1964) have suggested |
that this effect may be due to the faot that the height
of the reflection level increases from centre to 1inb.

- Ilost storm centres are not situated exactly radially
with respect to the optical centres of the leading spots,
but are not far sway from them (Ialinge, 1963).

Phe average altitude of the apparent source for a
particular frequency is observed to be higher for the
unpolarized storms then that of the polarized ones.

rerhaps the nost interesting result in position
observation is that storn ceantres are located near, but
8lightly above, the corresrscnding plasnc levels (kundu,
1964; veiss, 1965).

Association of Cccourrence of olse Storms with Solar Flare

end Sunspots ' |

(i) Host noisc storms are received within two hours after
the occurrence of o flare ead the most probable

delay time between noise storms and flares is fcunﬁ

to be spproxinately 30 min. (Pige. 5.12). However;

sirultaneous occurrence of a noise storm and a flare

(L4
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hes been observed (Fokker, 19613 wild, 1551;
see IMig. 5.13).

(ii) Noise storms arve always associated with sun

spots-group when the maxirmm arce of the group

is greater than about 610 T of the solar disc
and when the naxicmn area of the largest spot

in the group is greater than about 4x120° " of

the solar disc. Ior sunspots of areas greater
than 7,5 <107 " of the solar disc, the probability
of association between'the occurrence of noise
storns and sunepots increases with the mexirmn
magnetic field streongth associated with the spots
(Lalinge, 1963; Payn-Scott and Little, 1951).

(9) ingnlar Size of Apparent Storm Centres

(1

(44)

Using twoeelenent interferometers, Tchickachev.
(1956) and F'okker (1961) observed that the storm
centres on 200 lio/s ocoypy diameters between 4'
and 7' arc while storm centres on 150 'c/s have
and averase esize of 8°' arc, The fact that the
average source size of a noise storn decreases
with ircreasing frequency has also been obscrved
by 114 and Sheridan (1958).

The sncular sizes of storn bursts were found to be

mish smaller then those of stornm centres, being less
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than 1'6 arc on 105-140 Hc{a (Goldstein,
1959).

(111) The size of the background contiruum in s
noise storm has been found to be the sane
as the scattering range of the individual

turets (Eai, 1962).

(4v) The mesn apparent source size of burets which
sre partially or unpolariged is generally
larger than that of strongly polarisged bursts
(Susuki, 1961). "

Howsver, the finite source size as observaed
may mainly be due to scattering.
(10) Flux Density Recedved
1‘56, pcak flux density of a noﬁe storn received

on Earth ranges from about 107 Wm /(o/s) to 10

W >/(c/s) (2.g. Pokker, 1961).

A detailed study of many observed features of

type 1 noise storms is given bj Fokker (1961). .A

very comprehensive review of the subject (both

observed characteristics and interpretations) has
been contributed by Kundu (1964).

To explain part of the listed observed properties, a
nunbéy of theories ooncerning the genersting mechenism and
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propagation eundit&on has been proposed. The theory of
cyclatron radiation froa fast oleetrons in the cerona
(rclativiltic or mildly relativistic) has been 1nweltigated
by Eiepenheuer (1946), Eruse, Marshall and Flatt (1956),
!akakuia (1956) and Twiss undvnéberta (1958). However, all
these theories are qualitative only and none of them explains
' why the o-mode waves is observed, instead of the x-mode wave
which carries more power socording to Efdman's equation®.

Ginzburg and Zholosny-kov'(1959) suggested that the
background contiruum radiation would be cmused by coherent
radiation from the coronal plasme permeated by & magnetic
| field H>1 geuss, mainly in the o-mode. The buret are
thought to be generated during the aamping of frec oscillation
in the cerena.

Dentese (1960s, 1960b) suggested that the charged
perticles, which have been trapped in some nagnetié field
configuration in the asotive region, diffuse along the solar
streamer elowiy towards the Sun and excite plaﬁma waves which
then couples to oleetronnsn.tie waves in the ordinary mode.

*this equation gives the péwer radiated in both modes by a
single electron in a magnetoactive plaona. The equation was
later rederived by Liemohn (1965) who corrected a few errors
in Eidmen*s work.,
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Ginsburg end Zheleznyakov (1961) re-exemined the
possible generating mechanisms for aporadic solar emissions
in 1ight of emission power consideration and they concluded
that incoherent oycletron.rgdiation from weakly relativistic
electrons (energy A«'loi - 103. Kev, and épnsityos-lfolgctran/
on®) l&ght,bt(respennibla for the béoksrennd‘eontinunn', '
radiatiop. while storm bursts eqnnét be related to incoherent
emission from either cyclotron, synchrotron.or Cerenkov
rediation, -

According to uhlingo's theory (1963), for & storm gentre
situating above the plasma level, the continuum radiation
arrives on earth directly from the scurce whereas the type I
‘burste radiation arrives indirectly after reflection at a
reflection level which i@ lower than the generating position.
The reflection atuged is sssumed to ocour at density
- 4nhomogeneities which do not have a stable form in time and
a small éhange in the configuration of such inhomogeneities
could account for the large :lucvﬁatién of intensity and
change in position of type I bursts.

Recently, Takakura (1963) employed the “combination
seattering" theory (Ra&leigh?:éaxtaring of coherent plasma
waves) put ferward by Ginsﬁurg and Zheleéznaykov (applied to
type III bursts) to explain type I bursts. According to his
theory, the coherent plasma waveé are excited by a strean of

electrons with a group veloeity whieh i8 a few tinea the
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electron mean thermal velocity. The eleotron stresnm is
supposed t0 be created and sccelerated at a collision of
two Aifvcn wave packets travelling in opposité directions.

So far, all the theories proposed have been speculative
only. Each theory is successful in explaining a few aspects
of the observed properties. To put forward a successful
theory, one has to study the theory in great detail, in a
quantitative way.

From radiastion power consideration, the Bremsstrahlung
process is out of the way. Sinee'plasma waves gannot exist )
outside the plasnma, aﬁy plaaﬁa wa&o hypothesis necessitates
the existance of an efficient coupling mechanism (from plasma
waveas to transveraa~dleetromagnetib'inves). ‘After setting
up some models to# éansity distéibnxion and spotefield
eonfiguration in the active corona (chapter VI), we, therefore,
study the coupling conditions in the poesible source region
(chapter VII.)., The result indicates that in the oorona;
the two possible coupling mechaniame® are inefficient, i.e.
only'a very small fraction of the energy associated with

plasma waves is transferred to the transverse electromagnetic

*Oone of these mechanisms 1a the transfer of plasma waves into
' e

electromagnetic waves through Rayleigh scattering. The other

process is the coupling of characteristic modes (o-mode and

xemode),
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‘ energys This result. together with polarization observations,
'-suggesta.thaz the cyclotron mechsnism is beyond dcubt the
more plasusible generating procees, Indeed, smong all types
of solar emissions, type I noise etormgfoccui most frequently
during solar active periods. Understanding the generating
mechanism and propagation will lead to s better realization
of the physical conditions in the solar corona, particularly
&uring the active periods. Ve intend, hence, to 1nvoatiéate
the coyclotron radiation theory and the propagation of the
subsequent electromsgnetic waves in detail.

We suggest that electron streams travelling in spot-
f£16ld configurations are the cause of both the background
contiruun snd burst radiation, In chapter VIII, we atudy
the possible emitted range of frequencies for x- and o-modes
by assuming some pitch angles and kinetio energies of the
electron stream spiralling in the spot-field, The Eidman's
equation is employed to find out.the power epectrum radiated
by & single electron in a magnetoactive plasma (corona) for
both medes. From the radiative 1nntéb111ty theory developed
in chapter II, the growth rate for the radiated electromagnetio
waves in both modes 4n the stream-plasma system is evaluated
:or some typiecael oases in the socurce region. Subsequently, the
propagation conditions (the escape conditions through the corona)
for both modes are investigated: this includes the study of



reflection levels and the first three harmonic resonance
aﬁsorption levele. To end that chapter, we list the
important predictions from the cyclotron theory. The ray
tracing problem and -theoretical dynazic spectra of storm
burats are investigated in chapter IX. Chapter X concludes

the interpretation of solar type I noise storms.

b

36
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CHAPTER VI

MODEL OF THE SOLAR CORONA

Ih order %o investigate the caupling conditions as wnll
i.l $0 study a plasusidle gererating mechanism and the sadasequent
propsgution conditions in a qnnntitutive wqy, we need some
" models for the electron donsity diatribution and spot-field
. configurations in the corona. In the source rogion. the Sun's

'_ general magnetic field is very uuoh amaller than the sunspot

| £i01d and we will neglect thc effeots of tha general field.

(A ‘m al Dis
| ~ Allen (1947) modified the fornnla given by Buumbnoh
‘ -(1947) ter tho radial distribution of electron density

1n the coronas:
R - 10 (1.55 /O * 2.»99 /0 ) els/cm (6.1) . .

‘where O = R/R, R g.éistance from centre of the Sun.

Corresponding to'eledtron density N, the electron

plasma frequency is given by £, q/NoQ/(Tfn°)¢ The

BaumbacheAllen model is the well known conventional one

foi the background or normal corons. |
Situated abeve an optioal centre of aetivity (sun-

upott and pleges), there 18 & region of enhanced rlesma
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density permeated by the sunspot magnetic field, Such
a region in the corons is called an "aotive region®.
Prom radic observations of the positions for type II
and type III bursts, the electron densities inkthe source
regions are found to be around ten times over the values
given by the Bsumbach~Allen model (Weiss, 1063; Shain and
Higgins, 1959; Wild, Sheridan and Neylan, 1959; Morimoto
and Kai, 1962), The required'nodel for the source regions
of type II end type III bursts agrees with that dc&uch for
typical corcnal streamers*, which have been cbserved =~
‘optically (Newkirk, 1959). This result suggests that
type II and type III disturbances may travel outwarde
along coronal attcaﬂers (?13. 6.1). Note that between the
altitudes 0.2 - 0.5 Ré (most noise storm are observed to
oocur within thie region), fhe electron densities given
by Newkirk's model are about five times that of Baumbach-
Allen's model, ﬁbr the purpose of nnmcrical.calculation.
Newkirk's model within the region 0.2 « 0,5 R, may be

assumed to bes

g 6 -
Ne=5x10 (1.55F 64 2.99 p '@) els/em ~ (6.2)

*Corona streamers are formations of plasma emerging slowly,
almost radially from the Sun in the active regions.
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(B) Models of Spot-field Configurations

, Bctorcvvo set up our theoretical models for the spot-
‘field eonfigurations which turn ocut to be necessary in out
later 1nyustig§tibna. we will outline briefly some observed
~ data about sunlpots._
H ~ Sunspots are rqgibnu of intense magnetic field from
the visxkle surface of the sun. As a result of the
extensive observations of Hale and his gollaberaters at
: Mt. Wilson, we have a classical pieture of the magnetic
£1e1d configuration ineide the surface of a regilar, single
‘(1i‘ The spot 1s circular in area on the Sun's surfage -
' and the fleld is symmetrical areund the axis of the
spot. o o
(i;) The field line of force is maximum at the centre of
the unbra and it is almost perpendicular to the solar
surface at this point. |
(111) Awsy from tho egntrﬁ of the umbra the field %ecomes
| smaller and inelined to the vertical;;an inclinatien
of about 7O°.boin34attaincd‘at the outer border of
the pernumbra, | R ‘
All lunspofl havb detectable magnetic field strength
and the maximun field strength of the spot is directly
propertional to the spot area. The maximum field strength



o

on the photesphere is found te be about 4,000 gauss for
the largest spots and is of the order of 100 geuss for
the small spots (Hale and Nicholsen, 1938).

A systematic attempt has been made (von Xluber, 13948€)
experizentally to investigate the variations in field
strength as well as bdrightness across spots. A typical
example of the variation of light intensity and magnetic
field strength along a diameter through a sunspot is given
in Pig. 6.2, |

Sunspots oceur s individuale or in groub: ol ¢two or
more. Lany spote tend to appear in associsted pairs, with
the polarities of thn.twe polen being of opposite signe.

The single spot is know as unipolar sunspot while an
assooiated pair is refexred to as bipolar sunspots group.
During every solar gyele, spots appear firstly st a solar
latitude of about 30° north and south, then the sones where
the spots ocour are slowly displaced towards the equator.
The number 0f spots attains a maximua value when the sones
reach 10° north and 15° south latitudes. In such motion of
a bipolar group, the member which "leads” the way is termed
the "leading spoti™, wher¢as the other member is called the
“follewing spot". Usually, the leading spot is the magnetically
atronger one in the associated patr.

The unipolar snd bipolar sunspots are the simplest types.
I+ has been pointed out (Bray and Loughhead, 1962, 1964) that
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experimental results have indicated that regions of opﬁélito
polarity may frequently appear even within a single isolated
spot. No mattér how eomplicated the structure of the spot's
field is, the field line can only either stretch straight

into the corons as ¢oming from & unipoler spot, or go up and
bend down to join a region of opposite polarity whieh can be
the following spot in a bipoler spotegroup or a region in

some 8pot near by, or in the leading spot itself, Consequently,
1f we take that the electron stream (which is suppesed to be
responsible for the noise otornvemialion') is trapped in the
strongest field line of a magnetic field structure which is
either of the unipolar nature or belongs to & bipolar
character, the description of the generating mechanism and
escape conditions will be physically meaningful, We will
devote the rest of this chapter to setting up two models for
spot-field configurations. It must be pointed cut here that

up to the preasent, there is no experimental result giving the
magnitude and the exact nature of spot magnetic fields above the
photosphere. Our models, therefore, are empirical only.

- Referring to Fig. 6.3, we assume an imaginary dipole
situated at a point P, at a distance PE below the photosphere.
Some lines of Toroe originating from this dipole emerge from
a oiroular area a (spot area) on the Sun's surface. By
ohobling & suitable orientation of the imagninary dipole with

respect to the radius of the Sun and the distence Fb, one

can obtain a aituation where the field intensity at the point
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C which is the centre of the apot, 18 the strongest in
comparison to the intensity at any other point on a. It
should be remasrked that for a fixed value of 3 , we oan
vary.the distence PE ﬁn order to achieve this condition,
¥ith ¥R perpendicular to the dipole, angle 1' = L will be
the letitude angle for the field line at the point G

(1‘ ® lstitudn‘unglc’with respect to FR)., If, considering
& particular field 1line, r = 000:11', where r = radius
vector at a point of the tieldllinc. T, = distance between
the middle point of the dipole axie and the point of minimum
f1e1d strength along the 1ine, the dipole field equation

gives
‘He -f-;(x;s-mfzi)* | (6

where ¥ is a constant depending on the pole étrengwh of the
dipole. o

If we now let PE = Q0,1 R‘o (Ro = s0lar ‘radiuu). B s 70°.
L « 60° and $ = 20° in our present case, and we let the field
intensity at C to be 2,500 gsuss, one finds that the field
strength of the field line passing through C to be specified
by : .

He «9:-’-‘;- Q+sanlint (6.4)

and r = 0,63 caezl’



146

The field direction at any point along the field line is
given by

where 0. = angle between the field line and the redtus
veotor pasaing through the point in queation. From
geometry, it is elementary to show. that at the point C,
the field 1ine is making an angle of 22.7° with the solar
radius vector passing through cs . | |
Following the same method eone can calculate the zielé
intensity (equation similar to (6:4)) end the direction of
the field veotor H ef sny point slong sll the field lines
emerging troﬁ the spot area a, These lines will terminate
on the other spot of the associated sunspot ﬁa&r.' It 16'
found that with this model, the field 1ntenaity on the spot
area follews a very similar pattern as obaerfod experiment-
ally by von Kluber (Mg. 6,2). However, we note here that
although the field intensity at the centre of the spot on
the phﬂfblphﬁr' is maximum, the field line passing through
this point may not be the strongest field line enmerging
through the spot. We note here that a vvty n&milar
. magnetie field model, like the one described above, wes
- intreduced by Takakura (1961).
Vhen we censider a unipolar spot, we will agsume the
| axis of the 1nnsin§ry dipolé is along & radius veotor of



the Sun, and only some lines of tbrce.from the pole

nearer to the photosphere will emerge through an area

(spot area) 6n the surface. These field lines are supposed
to be straight, extending to the corona and the line passing
through the centre of the spot will be the styongpﬁt line,
whose magnetic intensity at a height ( f’- 1) being apoqificd
by (Cingturg, p. 413, 1964)s

5 | .
He B (1 « —L ) (6.6)
: Ap-1 + 4°

Where b 8 the redius of sunspot in unite of solar radif -
and H; 45 the maximum field intemaity of the spot.
Following Gingburg, we take b to be 0.05.

Some examples of theoretical spot-field configurations
and eleotron density distributions are indicated in Fig. 6.4.
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variation of £, with f> when Hs = 4,000 gauss is aYéo

plotted for comparison.
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Fig. 6.4(b) Variation of the plasma frequenéy fp (Newkirk's

model), gyro-frequency fy and A along the strongest field
line of a unipolar spot specified by HS = 2,000 gauss.
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CHAFTLR VII

CCUXLING CORDITIONG IN THE SCLAR CORONA

Introduction
In the type I noise storm source region where

appreciable gpot magnetic fields prevail, the two more
plausidble generating mechanisms are the cyclotron

mechanism and the Cerenkov radiation process*, whereas

the former process generwutes radio waves whioh can
propagate through the corona and be received on the lnrth;
the latter mechanism generates plasma waves which are
longitudinal er'compression waves, which do not exist
outeide the plasma medium. Referring to Pig. 1.1(0),
these Cerenkov plasma waves can only exist in modes
nﬁmher 3 and 4, end cannot propagate directly above the
level X = 1 = Y'**, where X = t..-';/f‘, Y = |£,/£. Conse-
quently, if radiation fron the Cerenkov plasma proceas

*Ye exclude the eynchrotron mechanism since the bandwidth of

this radiation is wide whereas the bandwidths of storm

burats are narrow,

**Chie statement, of course, assumes no coupling ocours. It
should be noted again that the physical nature of the waves
 propeagating along mode 3 changes from lengitudinal plasma

waves (nd'2> 1) to transverse electroma netic waves (na-b 1),
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is t0 be received cutside the corona, the plasma waves
need to be transformed into radio waves through some
coupling or transformation mechanisms. Two such
mechaniems are known to exist; one is the transformation
.of plasma waves to radic waves through Rayleigh type of
scattering and the other is the coupling or interaction
of characteristic waves. O8ince for an electron gyrating
along & magnetic field with a pitch a;nsle\ which 4s not
too emall ( > 109, say), the power radiated by the
Cerenkov plasma mechanism is of the same order as that
of oyclotron radiation (Gingsburg and Zheleznyakov,
1961), the efficiency of the coupling mechaniéms will
te,il. ag far asﬁroducing radio waves is concerned,
whether the Cerenkov process will be as significant as
the ¢yclotron radiation in the source i-egion,' It is,
thua, the purpose of this chapter to discuse in a
quentitative manner the two possible coupling mechanisms.

(B) Transformation of Plasma Waves tc Redio Waves through

Rayleigh Scattering and Combination Scattering (Ginzburg
and Zheleznyakov, 1958, 1959 and 1961)

It has been pointed ocut by Ginzburg and Zheleznyakov
(1958) that in a plasma specified by dielectric constant

£ , plasma waves can be trensformed into transverse
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electronagnetic waves through scatteriny of the longitudingl
plasma waves due to fluctuation of the dielectric constant
5¢ o+ The fluctuation of the dielectric constant is induced
by the variation of electron concentration 9 N which can be

separated into two componentss
SN = 6N ¢ 6NV (7.1)

where SN' is associated with quasi-neutral plasma density
fluotuation (mainly due to motion of electrons).

When a plasma wave is incident on a scattering volume,
the amount of scattered signal ;s determined by the spectrum
0f the fluctuations. The spectrum of the scattered signal is
obtained by the oonvolutio_n of the incident spectrum with the
fluctuation spectrum. The result of this convolution is that
there is scattering both due to the density fluctuatton (S N')
and the charge fluctuation ( SN"), Since the variation of
plasma denéify occurs quite slowly, scattering by &N' does
not result in any appreciable change of the incident frequency.
This scattering process is called Rayleigh scattering. The
scattering o; & plasma wave with frequency w, due to charge
fluctuation results in a transverse electromsgnetic wave of
frequency = 2 W, This scattering is called "gombination
soattering®. The transformation coefficient, i.e. ( infersily
of transformed radio waves)/( inTens (73 of incident plasma
waves), has been found for both types of scattering to be of

the order of J,O.e (e.g. Kundu, 1964).
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Coupling of Characteristic iaves in the Solar Corons

In general, there are four distinct modes 0f waves-
capable of propagating in a warm msgnetoactive plasma
(chapter I). In the éoldfplasma, high-frequency
spproximations, the four modes are reduced into two —
the o- and x~-modes, Since each male is represented by
two branches of the refractive index curves (Fig. 1.1(0)),
we will still adopt the 4~mode indentification for
convenience of discussion. The process of coupling
between different branches of the o~ and xemodes of
electromagnetiovwaves is atudied'in this section for
parameters appropriate to the baekbrqunﬁ s0lar corona as
well as aotiveAGQrona and frequencies appropricte to solar
type i noise stérma. _ |

It has been found (Ratcliffe, 1959; Budden, 1961;
Ginzburg, 1964) that under suitable oconditions, coupling
between the two characteristic modes can take place; these
coupling conditions may be stated as: (1) The values of
refractive index for the two modes coupled are close to
qach other. In other words, ¢he coupled waves must travel
at almost the same phase §elooit1ee. (44) The valuee of
the polarization constants |Ro|,|Rx| of the two modes
mast be near to each other. To study the first condition
of coupling, we will coﬁaider the behaviour of the refract-

ive indices of the two modes in the coronas the computa-
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tion will be based on the collisionless Appleton-Hartree
equation, i.e. equation (3.1). Considering a unipolar spot
field model with field intensity at the centre of the spot
Hy = 2,000 gauss, we show in Fig. (7.1) the refractive
index squared as a function of distance P = R/Ro along
the centrel field line for two frequencies (£ = 50, 100 Ho/s)
when the electron denéity distribution follows relation (6.1)
(normal background corona model). When H, = 350 gauss, other
parameters being the same, we have Fig..7.2. The electron
density of the regions above‘aunapot groups and plages have
been found from btoth opticel and radio observaticne to be
several to ten times the normal background coronal density
(chapter VI). We will now take Newkirk's model (relation
(6.2)) and investigate the behaviour.of the refractive index
in this case. For freqﬁenoy = 100 andvlso ¥Ye/s, these
graphs are shown in Fige. 7.3 (Hs = 2,000 gauss) and Fig. Te4
(H, = 500 gauss).

The polarigation constants for o~ and x-waves in a
magne toactive plasme are given hi (e.g., Budden, 1961):

4 Y*sin' 6 _[X%s:-%6 %o
Ro = Yoose{ 201-%-32) [ 4(1-X-:7) " Y “-;9}
| ‘ | (71-2)

= - “ sto'nze Y4Sm4e r 2
RX - YCDSG{Q.(I-Y-AZ)+ 4(1_ _‘.Z)’. +YC4R9

ure\m,uz=)//-5-) V:vaﬁmwc}&fzw
-To specify the coupling region precisely, we need to

calculate the polarizations of different modes along a field
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line in the corona; this is done for modes 1, 4 in Pig. 7.5
with parameters appropriate to that in Pig. 7.5. It can be
seen in Pig, 7.5 thet at the level X= 1, |Ry| = |R | =1
for ali 6. This does not mean that coupling condition (11)
is satisfied at thie point. In fact, coupling never occurs
at exactly X = 1, but only in the neighbourhood of it. A
x-mode way, say, approaches neai the point X = 1, will let:
some of its energy to "Jump" over the o-mode branck and
propagates along it thereon. This process is indeed a
tunnelling effect in the terminology of Quantum ijechanics,
and the level X = 1 ies situated 1nsidé the layer where the
wave has to tunnel through. It is, thus, meaningless to
consider polarizaticn at X = 1e In Fie. 7.5, we should draw
vertical lines near to and on both sides of the dotted line
X=1l, and consider the value of 'Ro" IRxl along these
lines. It is readily observed that at a fixed value of P
the smaller the.wave-normal angle, the closer the values |R°|
and |Rx | are to each other. Hence, coupling condition (ii)
is satisfied at emall wave-normal angles only. Taking ooupling
condition (1) into consideration as well, it is easy to see
that the coupling regions are thosc hatched in Pig, Tl = 7.4,
The treatment in the above only gives the fact that coupling
can take place in many circumstances, but we have to investi-

gate whether the energy coupled is significant to be perceiva-

ble:. The condition for strong or efficient coupling is given
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by (Ginzburg, 1964):
V= 5’“ : ' (703)

.
where f 18 the critical frequency, given by -gg—g%%-gf
In the aolar corona where the plasma is highly ionized and
the temperature high. the oollision frequency V ocan be

caloulated from.(Ginzburg. 1964):

Y= 5';'/ Ng,,,(aon (7.4)
-‘-z

It is found that V is less than the order of c¢/s in most
régions (both active region and background coroma) in the
corona and the condition for efficient coupling is satisfied
only if the wave-normal angle O is extremély.emall. This
idea is illustrated in Fig. 7.6. Ve observed from Fig. 7.6
that the inequality

RS A (7.5)
holds if the wave-norﬁél angle © 1e'not extremely small. If
inequality (7.5) is satisfied for active region density, 1t
mst also be satisfied in the normal background plasma.

Under assunption (7.5), Ginzburg (p. 320, 1964) gives
the coupling trancmission coefficient for weak coupling'from

the o-mode (modes 1, 3) to x-mode (modes 2, 4)orvice versa for §< 1

1 lﬂ-nlme
= 4
1Dl = 2 { -0

i 7.6)
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" 'Fig. 7.6 Variation of the crltical frequency f r =2 cos 0

and collision frequency (expression-(7.4)) along the radial
line f passing through the centre of a strong unipolar spot.
(H = 2,000 gauss). The electron density distribution is .

aséumed to follow Newkiik's model.
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and from the x-mode t0 o~-modeor vice versa fov g > [

, "xe-»o MP{ !ziff:‘:y‘,}

(7.7)

where a= (—%- %F’Il) and N, = electron density at the
coupling region. Physically. [1)] represents the anmplitude of
the coupled wave when the amplitude of the "incident" wave is
taken as 1.

If the electiron density varies along the corona according
to either the ziorxﬁal background model or the active region
model undertaken, an estimation indicates that the coupling
coefficient is hardly of any significance. HLowever, it is
reasonable to believe that irregularities of density distribution
ocour at times in the gorona, particularly during highly
disturbed periods, and some fluctuations in electron density
can easily introduce s valﬁe of _)..N. being 104' times that
of the steady state. Talking this ):Eacto,r into account, we ;5151‘-
the eoupling transmission coefficient [ D,z as a functicn of
‘wave-normal engle © in Pig. 7.7 when(aN)N 48 increased by
' 104 tinmes. In Fig. 7.7(s), equivalent to the coupling regiona
" 4n ?igo 7.3(b) and 7.4(b), the frequency of the wave considered
(150 Lic/s) i greater them the gyro-frequency fH at the
coupling regions. PFig. 7.7(b) gives the coupling coefficient
for the coupling proceeses shown in Figg 1(a) andll(d), where

§ = M;!M < 1 at the coupling level,

Note that in this c:a;se "’"(‘j cowr!fna between modes 1 8 4"" PDSS"H""
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Even with the assumption of large value of 5? s 1t
13 obvious from Fig. 7.7 that the coupling proceas is very
inefficient in the coronsa; only waves (0f one mode) propaget-
ing with wave-normal engle © smaller than about 0.5° will be
coupled to the other mode. IZf we assume the xe~mcde radistion
power to be confined to one golid angle about the magnetic
field line, then after coupling only ~ 10™% * of the power
will be associated to the o-mode waves.

Since the incoherent radistion power of the Cerenkov
process is of the sa@e order as that of the cyclotron
mechanism, we conclude from the resulte of sections (B) and
(C) that 1# regions where strong marmetic fields prevail (as
in tpe source ;egiona of typé I noise storms), the cyolotron
radiation process is the much more significant one. Ve will,
therefore, proceed to study the characferistics of the cyclotron

radiation in the next chapter.

*This value will be less than 10 if %EL assumes the
normal value (fluctuation in dénsity is absent).
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CHAPTER VIII

CYCLOTRON RADIATION FROM ELECTRON STREAMS
GYTRATING IN SPOT-FIELD CONFIGURATIONS

(A) Emitted Frequenoy Range from Electrons
We will, first of &ll, assume the existence of

electrons spiralling along spot magnetic field lines 4in
the source region®, When the spot-field cenfiguration -
is of bipelar nature, electrons gyrating along s particular
field 1line will be mirrered and trapped for some time
before diffusing away. It is well known that each electron
will radiate a range of frequency at an instant, If the
electron aecquires a kinetio encégy of the order of Mev.,
aynchrotron_radiation results and the bandwidth of
cm;esioh will be very wide, which is not observed. Ve
will, therefore, assume that the energy of the radiating
eleotron i8 of the order of 10 - 100 Kev., (cyclotron
radiation will be'omittod for this order of energy), and
we will discuss the possible range of frequency emitted
from such electrons.

In considering the cyclotfon process, we will assume

that the collisionless Appleton«Hartree equation is valid

*The question on the rresence of such electrons will be

discussed in chapter X.



18

in the solar oorona, based on the fact that the mean
thermal velecity . of electrons in the corcna is very
saall, being ~ 10  (Ginsburg, p. 121, 1964). The

: rcfr;ctive index nd»for an electromagnetic wave in the

corona alone is thus given by

A A
= (11— ==
ns - - 5 ( 5 (8.1)
| - A _SinB _[sin*6 +(1_A}cﬁ%
§7_ zgl + 434 . §2) Sz

All quantities have their usual meanings as defined in
chapter II, ' |
In the ubave'dispersion equation the dietribution of

plasmsa density N and hence plaama frequency fp follows

relation (6.,1) (baoksraund corona modol) or (6.2) (Hewkirk'-
model) in the corena, while the relation beiween the 3yro- |
frequency £ and position in the corona depends on the
model and poaition of the spot-ficld undertaken.

Singe majority of noise storas ere observed to ocour
at altitudes between 0.2 and 0.5 R, and a typical value of
the maximum field intensity oen the spot ares is H, = 2,000
geuss for a noise storm to oecur, we oan set up limits for -
the quantity A in the posaible source regiocn. Here, of
course, we have to assume that in most oases, the spparent

source positions are the real source posifions. A8 to
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electron density distribution m the source region; we will
take both possilbilities (relstione. (641) and (6.2)) into
consideration. ﬁithin the regime of the gb_ové assumptions,
from Pig. 6.4(a)-and 6+4(b) A itAtdund %o range from about
0.2 to 5, To ihoiv a typical example of the fora of equation
(8.1), we plet the refractive index n4 as a funotion of
normalized frequency 5 = 2/2y) for wave-normal angle 0 = 10°
and 75° in case where A = 1, in Fig. 8.1« The lines marked
x and o are refractive index curves for thé X and o modes
respectively.

It 48 easy to show from the refractive index expression
‘that for ell values of @ in the x-mode, when n, = 0, I 1s
given by

g oodedladhy g (8.2)

In the o-mode, for all values of © not equal to 0°,
§{ = §, whenn, a0 | |

+ .
5 =4 ., | (8.3)
For an observer in a reference aystem fixed to the

background magnetbactive plasma in which an electron is
gyrating, the observed radiated frequency is given by the

*This expression is equivalent to statingn, = 0 ;vhen

J
a
Xa tp/gz, 1.
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8 § for &,#.O 3, ﬁ|* 0.7 dnd harmonic s = 1, 2,

20 25 3.0
NORMALIZED FREQUENCY &

71 .81 Refractlve 1ndex n for the 0- mode and x-mode analnst normallaed frcquencyl§
.’,r A =1, and 6 = 10°, 75° The Doppler equation is also plotted as a function
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Doppler equation

g = SX (80‘)
1 - nj B"COSB .

where n, must satisfy equatien (8.1).
The frequency correaponding to nj = 0 18 independent
of O and is givan by '

5, =¥ (8.5)
‘rhe Doppler equation is plotted for the first two
harmonics (8 = 1, 2), taking 6 = 10° and 75°, B, = 0.3,
ﬁ' = 0,7 in Fg. 8.1,
It 18 clear from Pig. 8.1 that there can be one or
two simultaneous solutions (i.e. points of intersnction) of

the diapersion and Deppler oqnntiena.dcpondins on whether

SN TS T (s

or ' s¥ < Sox (8.6D)

We refer to these two cases as the Simple (8.6a) and
Double (8.6b) frequenoy solutions respectively, These two
different solutions show up clearly in Fig. 8.2 where
simil tanecus solutions of equations (8.1) and (B.4) are
plotted for the o-mode (Fig. 8.2a) snd the x-mede (Fig. 8.2b).
The Double solutions have a limited C-range. We denote the
upper 1imit by the eny-off angle O, which corresponds to
the Doppler equation beiné a tangent to the dinpcroidn
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eguation: These two types of solution for the nermalized
frequency § are very important in the explanation of
bursts and contimas radiations and should always be kept
in mind, It should be noted that for given P, and B ,

a Double @olution for the x-mode usually escurs at a
harmonie number which is one unit larger than that fer the
Double solution of the o-mode.

Power Spectrum of a Single Electron .

An electron emits eyoiatron rediation in both erdinary
and extraerdinary modes, It 1s necessary to investigate . _
whefhur enly cne of the twe medes, or both osrries significant
energy and cspadble 'o_'f esoaping through the ecorona, With
verious values of f, and 3
emitted characteristic normalized frequency  has been

fer‘ the radiating eieot:ron. the

obtained as a function of the wave-norusl angle © in uction
(A) for three values of A = 0.25. i und 1,5 (we have ahown

an example of graph for the case A = 1 only), Ve will, first
of all, evaluate the panr spoetu emitted by linglo electrons

- 4n the twe modes for thoae ocases, For an eloctron mating

with pitch engle f and with guiding centre alons the g«
direction (Fig. 8.3), the Eidman equation (Liemohn, 1965)
gives the power radisted at 0 per unit selid anglo in tho
o't haraonic:



Ih
P ___( o,’_ \{w Yl, [ ﬁJ.JS(X)"'(dLﬁL/X "’d,’rﬁ:)Js(X)](‘ 5)_ )}

N3

) w. In .
2T |1_P"n COSG(1+"})_(,UJ_)|

../ .

O(‘a: o P cos B + O(kS'me

o(}- olg €0sO - olg Sinb

% ces®
o7 " 5%+ né— 1
' 3

Ay = - (0 —1) \§2sih9
| A- 3
X = P §sin6 nj/y

wiIny A 2(1-2867) +(1-A8)(2Ak2 sike/p £ LBAE)
n, W —an"- giz{ Dz

(8.7a)

here the positive sign corresponds to o-mode and

the negative corresponde the x-mode.

e | — _ sinb _ V2
D= | gl , 1§= B
, sin‘@ 3A
Be=- 34 g2 )

$ind0 cas*P 2
+ - —
4_84 §2 ( gl)
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} " With coordinate system (k,x 6) as 9pecified by Fig. 8.3,

" the polarization coefflclent are defined by

Ee '. , A. \
= Lolg (w, 8)
Ex  O°

Ex = 4ok (w, 6)
Ex

when E,/E,‘= l, or Ek/Ex = 0, the electromagneti¢ wave is
circularly polarized. If E¢/E = O the wave is linearly
polarized.

The result of the computations for the two lowest

, harmonics (s = 1, 2) and for various values of electron

energy and pitch angles (specified by ﬁh_: 0,1,,3“ = 0.3,
0.5, 0.7 and B, = 0.3, B, = 0.1, 0.3, 0.5, 0.7) and for

dlfferent background plasmas Specified by A = 6.25,‘1, 1.5

”'.-: _,_;\__‘J iﬂnwmmfmdknndlhe?mﬁumSmmpunlhllumd

(8.8)

The componcw ‘of the electric vector E of the raduuion § 3
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are presented for the o-mode in Pig. 8.4, 8.6, 8.8 and for

the x-mode in Fig. 8.5, 8.7, 8.9. From these diagrams, we

realige that for such ranges of energy and pitch angle of
the radtator, we have the following properties:

(1) Por Single frequency solution, the power of x-mode
maximizes at © ranging from 15° to 45°, while an
o-mode wave carries most power at 6 ranging from 46°
to 70°.

(11) PFor Double frequency solution, energy of the wave
naxinizeo at a direction very close to the cut-off
angle eo for both x- and o-modes. Much more power is
radiated by an electron whenever Double frequency
solution extsts.

(111) When P, 4 B, and harmonic mumber s are kept constant,

' the maximum power carried by the x-mode wave exceeds
that of o-mode wave by about 1 to 2 orders of
magni tude. |

(iv) With increasirng harmonic number, the radtated power
decreases at the rate of several times to two orders
of magnitudes per unit inorease of a.

(v) As 1t has been mentioned that in order to have Double
frequency solution, the harmonic number for the x~-mode
wave will usually be one unit larger than that of o-mode
‘wavn;‘héncé. from points (i41i) and (iv), we observe that
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the power radiated by both characteristic modes can be

of the same order of magnituds for czses with Double

fregusnocy solution.

Amplification of Electromagnetic Waves in a Stream-

'glasgg System

So far we have considered radiation spectra from

"aingle slectrons only., When the radiating electrons

form a stream, the streameplasma qyatem can be radiatively
unstable; an slectromagnetic wave will grow as a function
of tine. We will assume here that gyrating electron
streams prevail in the scurce region™, Since the band=
width of & burst radiation is very narrow (A £/f~ 0.04),
the spread in momentum distribution of the radiating
stream met be very small for many cases. In another
terminology, we seay that suoh an electron stresn has a
finite temperature which is & measure of the momentum
spread., The instability problem of such e stregn»planma
aystem (when the tamperéture effect is taken into account)
has been discusssd in chapter II,.'On account of the
complexity in mathemstics for such a eyatem, we will
assume here that the temperature of the electron stream

is zex0, 1., every olectron in the stream has the sanme

*Discussion on this point will be given in chapter X.
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values of P, = P,° and 2, = 2,° and the stresa is called
"helical®, Even theugh such a stream is the limiting case
of a realistic one, the instability theory gives the same
general behaviour of the growth rate as in the casze when
temperature is included. Ve will, therefore, without loss
of génerality in the cutcome of the result, assume that the
streaas is helical, and the dietribution function of thg
strean will then be avcn by relation (2.4)

)Co(f)d,p S (p, - p) 8 (f, - f *)kp (8.9)

Assuring the partiole denaity of the stream to be small

. ,oo'mpared' with that of the ubicnt plasma, the growth rate of

an clec}_trom’o-j:ie wave in the streanm-plasma system is given
by equation (3.5 )1

Sm (‘%‘) =i%(MV3 “’:Cé) -.  (8410)
, ' "2_ 3 Ya Va
’-"h"“ M:-%*(*—o};{-*‘ﬁ‘ omd C-‘-‘—--"l--('%_- f’i)
- (SX- §) ﬁn: Cos 36
t=- A% (s Y -1] (3-57)°

2 (X~ $)
A= VA[GX‘ (572 i)
Bu§2 /l (AL Q-g)

*This statement is true only when thé temperature of the
stream is low; when the momentum spread is wide, the band-
wiéth}of enission will be broad and the harmenice may not

be resoclved.
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In eipression (8,10), for thin stream such that

< 107, we have

@ . v
4 Y 27

and we can then specify the growth rate in the following

form:
J;m S - J}i_g
wye?3 2 | (8.11)

Fixing the energy and pitch angle of the helican streanm,
the emitted characteristic normalized frequency g has been
obtained as a function of the wave-normal angle 6 in section
(A) for three values of A= 0,25, 1, 1.5. The dependence of
Jms
wne'3

the growth rate (specified by ) on wave-normal angle

© is shown in Fig. 8.10 - 8,15 (Fig. 8.10, 8.12, 8,14 for
o-mode and Fig. 8.11, 8.13, 8.15 for x-mode) for frequencies
and other parameters as in FPig. 8.4 = 8.9. These graphs
show the following features: |
(1) Por Single frequency solution, the growth'rate for the
o-node has a broad maximum around 0.= Om varying from
35° to 60° while the growth rate for the x-mode also
shows a broad maximum around 9 which ranges from 40°
U,

to 80°%, for various values of ﬁg » (5, and A as

specified.
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(i1) For both modes, whenever the Double frequency solution
exists, the growth rate is large and Om ococurs near the
cut-off angle Oc. For a constant value of A , @,
approaches towards Oo as the pitch angle of the stream
decreases (i.e. increasing A, ). Noreover, when A4, is
fixed, the value of maxirum growth rate increases with
increasing A, wup to an optimum value of j3, ; then the
maximum growth decreases with still increasing f, .

(141) With the range of value for A as assigned (0.25 = 1.5),
+the growth rates for both modes are of the same order

* of magnitude,

(iv) The growth rate decreases rapidly with increasing
harmonic mumber for electron energy of the order of
10 - 100 Kev. |

- In this stream-plasma system, the electromagnetic wave

.grows exponentially as a function of time. If we take -that

the wave interacts for 10 msec. (or 5x 10 msec.) with the

gtream, and that the gyro-frequency £, = «,/27T = 100 Mc/s,
6~ = density of stream/density of embient plasma = 10 (or

10—6), we can calculate the power gain after this short

period of interaction._ Ve show some examples of the relation

between the power gain in db and the wave-normal angle © in

Fig. 8.16. To show how the power gain behaves with respect

to change of frequency, and thus, to estimate the bandwidth

of emission, we have Fig, 8.17 corresponding to Fig. 8.16.

Note that in Fig. 8.17 the range of frequency amplified
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corresponds to different directions. However, if we consider
& half-power or quarter-power emission cone and let the
range of frequencies radiated within this cone to be the
estimated bandwidth, then this estimated bandwidth is the
maximum bandwidth which can be received on Earth, since the
emission cone may be too wide and only part of the radiation
will "strike" the Earth on account of geometrical factor'.
Pig. 8.17 shows that:
(1) For both Single and Double types of frequency solution,
the bandwidth is small when the pitch angle is large.
(i1) When A, and B, are fixed, the bandwidth for Double
fréquency solution is much narrower than that for
Single frequency solution. Obviously, in this case,
the harmonic number for tné Single frequency solution
is one unit higher.

(iii) A bandwidth as narrow as A,§‘~f 0.09 is possiblet?

*In this argunent, we have assumed that the wave is refracted

only slightly in the corona.

**Note that in Fig. 17(c). the pitch angle is 45°; if the pitch
angle is increased to greater than 60°, a helf~-power bandwidth
of A% <0.03 is possible. Note also that the theoretical
bandwidth decreases when the power gain is increased, i.e.

allowinkk a longer interaction time or denser stream.
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(D) Resonance Absorption at the First Three Harmonies

It is well kmown from both classical and quantum

theories that when an electron emits cyclotron
radiation at eome particular frequency, it can also
absorb radiation of the same frequency(e.g. Gingburg,
1964). When an electromagnetic wave passes through a
magneto;ctive plasma, sonme electrons "feel® the wave
gjrating at their own frequenoy and olther_exoitation
or demping can take plaoé depending on the energy
distribution of the electrons as discussed in chapter II.
Hence, whereas electromagnetic waves satisfying the
resonance condition W = kv - 8Ywy = 0 will grow.in
a strean-plasma system (ssction (C)), they will be damped
in a background plasma of nglow" electrons and ions (the
" pesonsnce condition 43 now approximated to (b = s Wy= 0).
Consequently, absorption will take place when an electro-
magnetic wave of angular frequency i , propagating in
the active corona with varying magnetic fields in space,
encounters sngular gyro-f:equoncy’wh such that

W = s Wy ’ (8.12)

where 8 = 1, 2, 3 cevees
This type of collisionlesa absorption is called resonance
absorption. It has been pointed out by Gershman (1960)
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that eince the collilion frequency in the corona is very
small ( V~10 - 10 s chapter VII), the only important
absorption for transverse electromagnetic waves is the
resonance abasorption.
' S - < ( &}-— W't)
Let en electromagnetic wave be specified by < , ’
where z ie distance along which %he phase velocity is
travelling, If we aseume the frequency to be real and wave
vector complex so as to look for a damping in space, we can
write |
ks « £4q + %J
- and the damping faotor will be < %,.: Aceording to Gershman
(1960), the rate of the first harmonic absorption'( w= Wy)
is given by ' | , -
(i) :J—%(BT/(‘I;}X)]COSB | [ i-—gnn G)X]
Rhes 2X-2~snb+ Qn; sinD J
-5 T gia2g) + X5 (200 Qe-tan’ejn-
_[2+X(Z+4sn0)+4( s ) :

, ‘x2 _ 2 X3 faM’G

Ya
where /BT =( T/(m.,o’)) is normalized thermal velocity.
The width of the line W= W4 is of the order of

AW~ WB M 0050 = w "mf comox 6 (8,14)

‘In studying the first harmonic absorption, we consider
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the absorption for the o-mode wave only since an x<mode wave
cannot eseape through the level X =« 1 = Y 4f 4¢ passes through
the level Y » 1 (here Y is defined by Y = 1/ ). The
dependence of the resonsnce specific abzorption (specified by
%{Q’H ) for the first harmonic on the qusntity X is shown
in Mg, 8:18(a) and the corresponding power loes in db is
indicated in Pig. 8.,18(b), essuming the thichness of the
absorption levél Ag = 10 Kne In the graphs for power loss
the value of B s taken to be 10 (Gershman, 1960) and the
wavcmbmal angle O is taken to be the parameter for each line.
From these diagrams, we observe that the absorption increases
f£rom &nebe&aing valiu'ofv of X inﬂ irc reasing wave-normel angle O.
We bave seen in section () that for oyclotron radiation eauaed
by mat:lng electron atream wi th ener&v of the order of 10 -.
100 Kev. per electron, & typical value of O for maximum power
(6,) 1n case of Double frequency solution is 35°. With this
value of 6, the rd;sqnaneo abaorption ie not large except when
X 49 small (say, < 0.2, Fig, 8.18(b))., Thie means thatthc.:. _
source region for o-mode radiation is limitted to the regioxi
above the level Y =~ 1, |

The resonance specific absorption for the second and third
harmonice are given by (Gershman, 1960; Ginzburg, 1964):

() = A2 e




2o

( ) /-\/ 3pr n* sin, PE’ ;T;-sfs)’] (8.16)

_ [(‘L"I)/n X sin 6 ﬁ-r)”;}g
where V = Zcosb{2(1-1- %? ceB)n=(2(1-%+ (1+ 058)X - ’J}
?. -v‘fe oS- n n . ———
{—n%—*‘[x(%* Izz? ;S+,§) Sze']]l [H—g“ X(H%-H)H]} |

In calculating the second harmonic resonance absorption, we
mt £ = % =2 in (8,15) and we substitute & = 3 in (8.16)
for the third harmonic: Assunming 6 ¥ 0, © (—2— " n, ~ 1, we
have the following rough estimation:

(%—) ~ X pr for o-mode

<_%’__)$;l~ X @T  for x-meie (8.17)
(j:ﬁ_)s::, XB T3 for x-in;)d..o

Por accurate calculation, we can use (q/(k p;)) and (o/(KB7))
- to describe the second end third harmonic resonance specific
absorption respectively. The relation between (q/(kp:))

and X = Wp /iy* 4s shown in Pig. 8.19(a) and 8.19(b) fer the
second harmoriic 6f ths oe~mode wave and the x-mode wave respect-
ively. The corresponding graphs for the ¢third harmonic

(Ca/(k By’ )) ve X) are given in Pig, 8.20(a) and 8,20(b).
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Teking P, = 10—2 which is & typiocsl number in the
corona, % = 10 Km as thickness of the absorption layer,
one can calculate the power loss of an electrouagnatic
wave passing through the absorption level; <these graphs
are given in Fig. 8.21 and 8.,22. In all these graphs,
the parameter of eadh line is the wave-normel angle O.
An inspection of Fig. 8.19 =« 8,22 indicates that the
resoﬂance specific absorption for the x-mode is at least
two orders of magnitude higher then that of o-mode and
the corresponding power loss in db for the xz-mode exceeds
that of o-mode by several orders of magnitude (Ginszburg
end Zhelegnyakov (1961) have already mentioned this

result in a qualitative way). This is a very important

fact oconcerning the escape conditions f£or the two modes

and will be referred to later one

Reflection Levels =nd Bécage Conditions for the Two

Characteristic Waves

It is well Jmown from the magaetoionic theory that

the refractive index'nj = O at the level X = 1 = Y for
the x-mode for all © and at the levcl X.= L for the o-
mode for all values of O except © = 0°, One usually
refers to the levels X = 1 -« ¥ and X = 1 as the refleotion
levels in a megnetoactive plasma. However, the last

gtatement is not always true. Jaeger and Vestfold
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(1950) have shown thot only when a ray entering normally to
the X = 1 level is reflected from this level ard rays not
nornal to the stratification of refractive index ere deviated
according to Snell's law. In the sclar atmosphere where the
electron density decreases radially and gradually, the reflect-
ion levels for large ray incident éngles (with respect 4o the
radius vector) will be shified to higher altitudes where n,
is not equal to zero. For a particular frecuency, the reflect-
ion levels for both modes are, therefore, higher at the limd
than near the centre of the solar disc. This situation for
the c-mode is shown clearly in ig. 8.23%3. However, for wave-
noraal direction not greater than 35°* with respect to the
radius vector, the levels corzesponding nj.z O can be assumed
as the true reflection levels and this assunption, unless
otherwise stated, will be taken in the discussion of the rest
of this chapter. )

To atﬁdy the escepe conditions in the corons for the two
characteristic waves, a conventionsl method is to relute, for
& particular wave frequency, the quantities X and Y in graph-
icazl form (e.zZ. Pawsey and Bracewell, 1955). lie will discuss

one such exanple below.

Y1t will be seen leter that in most cases the ray direction
differs fron the wave direction only by & few decrees (chapter
IX)s vwe can,therefore, assune the two directicns to be the

sare for such estimation.
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Suppose we take the maximum field intensity of the centre

point on the spot surface of a unipoler spot field to be Hg

s 2,000 gauss, and we define the radiel line passing through
the seid point to be the r-line. 7The magnetic field intensity
of any point elong this r-line will be given by (6.6). The
redial variation of the plesma frecuency is aseured to

aatisfy either relation (6.1) (represented hy Pig. £.24(a)) or
relation (6.2) (represented by Fig. £.24(b)), If we now
consider s particular electromagnetic wave with certain wave
frecuency £, the values of X and Y along the r-line can bve
celculated with the help of Mig. 6.4. In Pig. 8.24 the solid
curves give the variation of X and Y along the r~line for four
values of wave frequency: £ = %0, 100, 150, 200 [lc¢/s. Each
pumber on a curve indicates the value of P = R/R, at that
perticular point. The identity Y = X/A 1s shown in Fig. 8.24
for three values of A(0.25; 1, 1.5). The £irst threc harmonic
levels (¥ = 1, %,3 ) and the reflection levels (X = 1, X = 1-Y)
are alsc shown in the figure. Ue observe fron this figure that
as an electromagnetic wave of a particuler frequernoy travels
along the r-line, it will first meet the o-modc reflection
level and the first harmoaic sbsorptiocn level, the reflection
level for x-modc and the second harmonic absorptioan level, and
then the third harmonic absorption level., Ac this wave propagates
it encounters an increscing value of A. Considering propagation

along the r-line, we can thus estinate the possible source



Pig. B.24 The relation of ¥ = Wn/5 and X = Wp /&°
aleng the x-line of a unipoht spot specified by

By = 2,000 gmass for four fregquencies as indiocated
when the eleotron density distribution follows (a)
DeuabacheAllen's model and (b) Newkirk's model.

The detted lines repressnt the three barmenic
rescnance lovels and the um—-——— — reprosents
the identity Y2 = X/A « The musbers on the solid
lines show the pesitions in units ofh solar radii,
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positions for xz- and o-mode waves frbm which the radio
waves can escape: From Fig. 8.24, we realice that there
is a much larger pcssible source region (in'the square
bounded by X = 1 and Y = 1) from which an o-mode can escape
without meeting the first harmonic absorption level and the
reflection level, while an x-mode wave mast be generated at
a much higher level in order to escape'from being reflectéed
In most cases; an escaping x wave will have to encounter the
second and third harmonic absorption levels, where the loss
of energy is in general high.. |
) 8o far, we have considered briefly the propagation along
a field line of a unipolar spot only. It hae been found in
section (C) that the emission angle 0 where maximum power
occurs is not at 6 = 09, bdt'ranging from‘so to 509 A two-
" dimen#ional picture of the varicus réfleétion and absorption
- lewels is needed when we-oonsider radiation at the surface of
a cone, Therefore, a more detailed discussicn on the escape
conditidne for the two characteristic waves in two dimensions
will be given below. e will take the example of a bipolar
apot field; thé argument is similar and siapler when a uni-
‘polar field is used instead.

Aftér some tedious calculations, we show various levels
of reflection and absorption for frequencies = 100, 150, 200
tie/s in Fig. 8.25 (BaumbacheAllen's model of elcetron density
distribution) and in Pig. 8,26 (Uewkirk's model and 10 Times

2y
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Baumbach-Allen's model of electron density dietribution)
when the value of Hs is taken to be 2,500 geuss. The
solid field line shown in each of these diagrams is the
strongest field 1line of the associated apot pair, and need
not be the line passing through the centre of tre spot area
where Hy is specified.

The result of investigation in section (A) indicates
that when A2 1, Double frequency solution alweys exists for
the first harmonic which carries more energy than any other
harmonic in cyclotron radiation. It has been pointed out that
when Double frequency solution occurs, the emission is in
general narroweband and the radiation power is intense., We
may, thefefore, consider the location specified by A = 1%
to be the best position where intense noise bursts asre emitted.
oreover, the radiated frequency oorreapondiﬁg to maximum
power for Double sclution is always close to but greater than.
tu/a = £y (deee 5,2 J&; mection (A) and section (C)).

Hence; the gyro=-frequency at the source positicn mast bs

*When A 1s greater than 1, Double fregquency soluiion may

etill exist for a higher harmonic. In this case, the
radiation power will be leess. We should, therefore, keep

in mind that the level at which A =1 4s not the only possible

location where bursts are radiated.



Pige B425 Jssuming ng = 2,500 seuss for the stronger
spot of ¢ e assoociateld 9a;r. di<ferext levels of ine~
terest arc shown in tuo dinensiocns £or

() £ = 100 Ugfe

(L) 2 = 230 efs

(c) 2~ 800 efc,
Yelfs —— —¥=3f2 —— — T2l ——-—

]

i

£81 ——— H=l=%Y —  , 2n norked.
Che stron est f£ield iine 43 coepreeented by the s0l4d
thick line and the thiok dotted line is enother field
line of the associnted pair. he roints ® indiecte
sone localities where L = ls The coronel electron

density is cscuned to fellow Dourbueheillen's nodel.
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is within the chromospheve .



?ﬁg. 8.26 Assuning ﬁs s 2,500 geuse for the stronger
spot of the associated pair, different levels ol in-
' ¢orest erc sbown in two dirensione for

() £= 100 (efs

{b) £ « 150 Ule/a

€o) P = 200 ilefs

Y=13% —— — ¥alf—————%¥ =21 —--—-
Por Liewkirk’s moedel of active regions
| | Ze il K led — , us

moxked aud  L=1 : O
. Por 10 Deumbach~illen's motel {or 2 I ewkirk's nodel)
of electron denaity in the active regica:

| R=l e Ra Ll Yooy a8

 marked amd @ As1l: X

Phe field 1ines are represented Uy the dhick 0arves
with arrows; the complete loop indicates the stronge
eat field line. roints G, U, H; aud G, sve possible
soarce positions wheve the “intense burst radiation
conditions” are sctisfied., The tiln atraicht lires
with arrows eiow the possible wave paths.
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5lightly smaller than the assumed radiated frequency £ (eo
that the normalized radiated freguency $  whioh is
slightly greater than 1, when mltiplied by the lccal £y
which is slightly smaller than £, will give exactly the value
of f assumed), Note that for A= £./£2 % 1, § = t/g4 2 1,
we have £ $ £p at the source. The source for intesne burst
radiation should, therefore, be situated slightly above the
plasma level of £.. We will call these three conditions the
"intense burst r&diation_conﬁitidné". Consequently, to look
for a source position for intense burst radiaiion at frequency
£ three conditions muet be satisfied:

(1) A mst be close to 1,

(11) The aéuree position must be near and sbove the level

(Enl= £
(1ii) The source position must be situated above the reflection

level X = 1, “

An 1nspedtion on ¥ig, 8.25Aahows that with ocur model of
gpot field configuration, there is hardly any location where
the three mentioned conditions are satisfied,

When we examine Fig. 8.26(a), we will notice that for
Newkirk's model, a point like S will satisfy all the intense
bufat radiation conditions and the o-node radiating, suffering
1ittle lcas at the second and third harmonic levels, will
escape, while the xe-mode will be reflected at the level X =l-Y.
Referring to Pig. 8.26(b) and taking 10 X Bzumbach~-Allen's
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model of electron density distributicn, an electron
stream gyrates through the point S, cen readily radiate

- an intense noise burst of centre frequency 150 ile/s.

Using Hewkiik's model, S 3 could ‘well be another possible
source:. In Fig. 8.2§(c!, the'intense burgst radiation
conditions are satisfied at a point like 84 for 10 X
BMbaeh~Allen's model. We remark that with K S 24500
gauss as taken in this éaae, the source position is
alwoys below the x-ﬁpdé refleotion level, implying that
the x-mode radiation can never.escape through the corona.

Consider the region (marked W in Fig, 8.2&? above
the ﬁeaker spot of the bipolar groﬁp. Using 10 x Baumbach-
Allen's model of electron density distribution,sinoe the
level corresponding té A =1 is well below both reflection
levels, no'signifiéant radiation (for freguency 100 - 200
¥e/s) of any mode will escape the iegion above the weaker
spot. ' ‘

The implications of all the important results
discovered in this cﬁapter will be summarized in the
following seotion;

Predictions of §he Theorx

¥hen all theories, prOperties and variables are
taken into consideraticn in the study of escape conditions

snd the possible source positions for particular frequencies,
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the study and hence the discussion is extrenely complicated.

In the above discussion we have only demonstrated cne method

by which the problem 1s analysed. Investigeticn on nany cases

like the one just considered give the following predictions

subseguent to the theory of cyclotion radistion from electron

ptreans:

(1) 1In cases when the sowrce is not tooc high, the x-mode wave

(2)

radiated is either reflected at the level X = 1 - Y or

| suffering heavy loss of cmergy due to second cud third

harmonics resonance absorptiong this result holds for any

of the sleotron density models taken in the investigaiion.
The o-mode radiation,'on the other hand, can be excited
readily by an eleetron stream gyrating at heights grester
than the levelslx =1leand Y =1. Uhen the source is

high enoggh, kowever, radiaticn in both modes may escape.
But in this circunstance the harmonic of radiction will be
high (due to large value of A) and the radiation power small.
Hence, in generel, only the o-mode rsdiation will assume
significant power.

Prom sections (A) anmd (C), the radiation power associated
with Double fregquency solution is much greater than the
pover of radiation for Single freyuwency soluticn. we sugcest
that radiation in the former case, in the o-mode, is the

origin of the storm burst phenomemar.

(3) If Sinsle freguency solution is setisfied for the generating
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process, the bandwidth and emission cone are dYbroad,

if the pitch angle of the stream is not too large.

Since this case is always met with (whenever there is
Double frequency solution there is always Single
frequency solution with a greater harmonic number whereas

. the reverse may not be true), many such events will occur

simltaneously and all these broad-band:- ¢missions will
guperimpose to forn a long;lived. broad-band radiation
(type 1 background'confinﬁum). Fluctuations in plasma
densgity and magnetic field will not result in any
significant change in the superimposéd radiation. Based

" on (1), the background continuum radiétion.is also in

- (4)

(5.

the o-mode.

In order to have intense storm burets radiated near the
centre 0f the solar disc, the electron density distribute
fon needs to follow Newkirk's model or 10X Baumbach~
Allen's model; in particular, the latter mcdel is more
favourable end all the following discussions will be}
based on this model.

Yo significant radistion will escape through the region
above the weaker spot of the bipoler group when Hg,
(associated with the stronger spot) is less than about
3,500 gauss. This result indicates that in majority
of cases the received radiation will be polarized in



(6)

7
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the o-mode with respect to the polarity of the stronger
8pot in the sunspot group.

From points (2) and (3) above, the background continuum
radiation may not be able to survive through absorption
along the corona and be observed on earth. On the other
hand, Double fréquenqy solution is not always met with.
As a result, storm bursts may be observed alone while
a8t times contimmm radiation may not be accompanied by
storm bursts.

From secticn (E), we observe that for source near the
centre of the'disc. the source position of intense
storm burst radiation at frequency f is always near and
above the plésma level of the frequency f£.

It has been mentioned that when the asource (for a
perticular frequency £) is near the limb, the true
reflection level (for rays to reach the Earth) is
situated sbove the level X = 1. Except whe-n the value
Hs is extraordinary large ( > 3,500 gauss), the intense
burst radiation conditions, in general, will not be
eatisfied above the true reflectiocn level. Now consider
the space above the true reflection level (where A 18
greater than 1) for a perticular frequency f. Since the
value of A increases with height and (for a particular
gyrating electron stream) the lowest possible harmonic



(8)

(9)

L}’,

radiation increases with A (equaticns (8.3), (8.5)
and (8.6)), the radiation at lower heights will be more
significant than that at greater heightn*. The loweat
possible altitude for the source (radiating frequency £)
19, obviously, just above the critical or true reflection
levei for £, ﬁence! according to our theory, we have the
followiﬁg important prediction:

At an inétant. the source position of a burst radiat-

icn with instantaneous centre frequency f is esituated

8lightly sbove the true reflection level of the frequency

£, no'matter the source is near the centre of the disc or

near the linb.

Based on the discuseion glven in (7), the radiation power
of bursts coming from the centre of the disc should be
greater than that from the limb,

For burest rediation in a partioular spot field configurat-
ion, the higher the emitted freQuéncy (corresponding to
maximum power) the lower the source position (Fig. 8.26).
when the source region is near the centre of the solar
dise, the scurce height for 200 H¢/s burst radiation
ranges from about 0.25 Ro to 0.35 R° for Ha ranging from
1,500 gauss to 3,500 geuss., The altitude of a limb source
for 200 Mc/e is about 0.5 R .

*Phe reason being that for cyclotron radiation, the radiation

power decreases with inoreasing harmonic number.
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(10) PFor spot sizes ranging from 1,500 gauss to 3,500

(11)

(12)

gauss and energy of electron in the stream of the
order of 10 = 106 Kev,, the limits of emitting
frequency are abouf 10 lic/s and several hnnﬁred KHe/s.
The bandwidth of the superimposed broad-bend radiation
can be as high as several hundred Mc/s while the band-
width of a narrow-banded event can be as low as several
lie/s.

In general, the source positicn is not exéctly on the
radial line passing through the associated spot, but

it should not be far away.
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CHAPTER IX

THEQRETICAL DYNAMIC SPECTRA OF STORM BURSTS

A genuine theory must be able to produce theoretical
dynamic spectra which agree with that observed. Since
stornm bursts are considered to be individuml eventa®, we
will attempt to produce some typical theoretical dynamic
sﬁeotra of storm burets in this chapter. To start off, we
-negd to consider the geometxy of the rsy path along which
energy and thus information is travelling. This, in its
éasencq, 19 the problem of ray trgeingw

(A) Ray fracigg in the Corona
Pirstly, we will consider the tracing of ray paths

from fhe enission radiated by a point socurce alcng a
unipolar field.' The active region asacciated with

| this tuﬁapot is zssunmed to consist of & conical regicn

.:of apex angle 6% (Newkirk, 1959), with the axis of the
cone passing through the centre of the spot. The
distribution of magnetic intensity inside the sunspot

is supposed to take the form as observed by von Kluber

’Heaning that cne storm burst is produced by one stream
or bunch of electrons.
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(Fig. G.2) and the variation of magnetic intensity slong
any field line is assumed to obey relaticn (6. . The
meaximum field intensity of the spot area is taken to Dbe
2,000 gauss. The radisl distribution of electron density
in the active region is assuxed to follow Newkirk's model
(rélation (6.2)) wnile that in the background corona is
supposed to satisfy relation (6.1). The effects of the
general magnetic field of the Sun will be neglected in the L
ealculations, '

We will begin with the ray tracing inside the sctive
region:. Referring to Pig: (9.1), let Q( 'K 1,)s the point
source, be situated et & point along the central field line;
the subscript "o" indicates initial quantities and 1 is the
soler longitude gngles' Suppose a wavé of frequency f is
radiated with wa&e-ncrmal angle O, at Q (Fig. 9,1). For
gradual varistion of electron density end magnetic field
intensity, the phase or wave path can be approximated to be
straight over a short distance; 1et|QP bs such a short path
length. ﬁow consider erea QP'PQ' bounded ﬁy two radial lines
OP', OP(of longitudes 1, and 1 respectively) and two arcs
QQ* and ¥'P (of radii-,g and f?’reepectively). Within this
spall area, the magnetic field intensity is assumed to be
constant along eaoch of these two arcé. Under the asssumptions
stated, both electron density distribution and magnetic field
intensity distribtution are then epherically symmetrical within
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QP'FQ’ and Snell's law can be applied:

n, P si.neea;-n}ounest (9.1)

where n is wave refractive index and & is a constant.
Pixing ¢ and knowing the variation of magnetic field and
electron denaity in space, n, can be calculated by‘ neans of
Appleton-Hartree® 'cq_uut;an (equation(B.1)).

' Let subscript 1 to represent quantities associated to

~ the point P. Prom (9.1), we have

Dy W : (9.2)

_ Note that since P is chosen at our wish, f and hence fp )
snd £, are known quantities. Pixing the wave frequency £,
from (9.2), n, is thus & function of 6, which is not yet
found. On the other hand, n, is also given by the Appleton=-

Hartree egquationt
n, =n,) | (9.3)

Solving the two simultaneous equations (9.2) and (9.3)
graphically, the two unknowns n, and 6, -can be found. T%The
value of ©, is then taken to be the initial wave normal angle
in another small region like QP'PQ', Repeating the same

*The effects of collisions are neglected.
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proceas. the phase path can be traced inside the active
rogton readily.
Outside the ective region, the refractive index can

be written as .

6

§
n xle -@-?LO——-L = (9.4)

where N, the electron density expresaed in units of
o'loctr‘om/cmB ¢ is a function o:t.f only. Snell's law

becomes .
6 = arc sin (—57 f )

‘and © is a function of f’ only. In thie case tracking is
done zmch more easily.

To show some examples of the dependence of the
incident wtﬁ-nermnl angle 6 on £ (for both inside and
outside the active region) for di:tferent values of the
constant &, we have Pig. (9.2).

In a mctoaetﬁo plaam'l. the ray direction is in
general different from the phase direction. Proa magneto-
ionic theery, at a point where the phase direction is
specified by wave-normal angle €,s the angle between the
ray and phase directions 1 given by (Budden, 1961) s

tan y/ :(-'!'-j-)s%i.)e:éﬁ _

l=nm

- ) S

-( 2-("X) Y4 S;n4e Yz ;6 (905)
Y2$m0Cnf | 4 (1-X)?
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Using (9+5), the ray path cerresponding, to a lmewn phase
path can be traced. In the background corona, we have
Y = O and 1t is clear from (9.5) that both the phase
and ray directions eoincide,

Theoretical Dynamic Spectra of Stgg Bursts
We will, first of all, assume a helical bunch of

electrons gyrating slong the strongest field line of a

unipolar spot. The magnetic field intensity along the

| length of the bunch is assumed constant, sc that,’ the

radietion characteristics of the bunch may be desoribed
in terms of a single electron., ILet "o and £H, be the

initial pitoh angle and gyro-frequency ei" the éleetron

- respectively. On mgcount of the property of constanoy

in magnetic hameﬁt. the 'pitch.angle ] at any point with

~ gyro-frequency £n is given by (e.g. Gold, 1959)s

o atnld L
sin § = sin 4, 73-0 ‘ (9.6)
here the velocity P of the electron is assumed constant.

From (9.6) we can write the longitudinal velocity of the

slectron BU as:

. , ) |
Ble BG-stng, ) (9.7

©

The travelling time for the electron from point So t0
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point S* 4e then
S :

et g

So

(9.8)

S
_ | J ds
- )
Bc S.@( | - S-'r\z%‘}ﬂ/fHo)/"
where ds is elementary path length slong the magnetic field

line of force.
The time taken by a wave packet to travel from a point

T, to another poeint r ie
" ,
% .j- L= " (949)
g r, &P

where 4dr is an elmeht of ray path, and the greup or ray
veloeity is gliven by (Ginzbury, 1964)s

_. ,
Vep = © ( By 0_1'-,-_2'_’_”1) | (9.10)
5 |
where in thie case dni _codny Ing
; In: )cz?_;._f >f '"J(‘r‘%"awi)
mﬁ——‘,,,&2 :, is given by relation (8.,7(a)). CUnce a ray is

traced, the group velocity at any point on the ray trajectory
can be calculated mumerically by means of (9.10) and the

*Hore So and S are points on the magnetic field line along
which t_l;;é electron is spirally.



group traveliing time betwesn the scurce and the obssrver
can be evalusted by numerical integration (eguation (9.9).
At any point on the electiron bunch's trajectoery, we
have & set of known parameters B , and A = frz /g: .
With thoac'vuluca, the ezitted frequency range is csleu}.tcd
as in ssction (A) of chapter VIII, From the  vs O graph
we select the values of § snd O_ at which the growth rate
1s maximin (seotion (C), chapter VIII). Employing the
technique discussed in secticn (A), a ray of frequency
2, =5, 5, and vith initisl phase angle 6 = 0, can then be
traced. This ray of frequency 16. when received on the Earth
(12 gecmetry poermits), cerrespcnds ¢to the centrs frequency at
an instant of & burst event’, We repeat the ssme procedure for
other points along the electron bunch's trajectory. The
electron travelling time between two such poinfn plus the
group delay tims for the two co:reuponding rays (of fregquencies
: S g s BAY) gives the total delay tizme for the two |
. frsquencies t° end £, , |
Assuning a helical electron bunch starts radiating at

p = 1.2 , iith B, = 043 , B, * 0.157, the rays (correspond-

ing to wave-normal angle €.) will fora the surface of a cone.

 *¥e choose such a location that A is arcund 1, so that, Double
frequency solution exists ____  a burst can Be radiated.
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Pig. 9.3 shows in two diaensions three aets of ray paths

as the electron bunch gyrates along. If all the three rays
are received on the Earth, the theoretic dynaaic speotrum
will have the shape merked burst 1 in Pig. 9.4. When f,
and [3,, of the bunch take the values 0.3, 0.7 respsctively,
the theoretioal dynamic spectrum takes the form as labelled
turst 2 in Pig. 9.47. Tadle 9.1 summarizes the significant
mumbers in deduoing the theoretical spectra of these two
hypothetical storm bursts.

If the spot-field configuration iz of bipolsr nature,
the tracing of ray paths™ and celoulation of group
velocities are much more tedious. In Pig. 5.5 we show
three sets of rays rsdiated by an electron bunch st three
points along & bipolar iield line of force. Note that in
this oase the rays will travel moat of the time inside the
active region and the rays a', b‘ end o' are almost parallel.
The theoretical dynamic spsctrum corresponding to the rays
a', b* and o' is also shown in Pig. 9.4 {(vurst 3),

Over & short distance S(~ 0,05 Ry say) along a
pagnetic field line, the pitch angle of the tunch changes
by a few per cent, while the parameter A changes by ever ‘

*Here, of course, ws assume that all the three rays will
reach the Larth, ‘

**We use the same teohnique as desoribed before for the
unipolar case,



Fig. S.4 @heoretieal dynenic spectra of
storz bursts. The characteristic numbers
fcr bursto 1 and 2 ure given in Qabie 9.1,
" Curst 3 corresponds to the rays &' end b*
(radiated by a burch) in M. 9.5 and
burst 4 4o radicted by o long streen

( lergth = 1.35x10 °Om ) gyrsting through .
the point G, of P4ig. 5.
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ten per cent: This change of A will cause & great shange

in the value of 6, &nd henee the ray direction, with the

result that the rays may diyarge from the source region S

(Pig. 9.% and rays a, b, ¢ of Fig. 9.5). %his means that,

on account of geometry, only the rays emitted iithin an
extremely short length A S along S can ,ruoh. the Earth.
Consequently, if the radiating system is a bunch, a storam
burst as observed w,i'll v:how an oitremely shoxrt Quration,

being < 0,05 sec., which is inconsistent with the observed
duration of most btursts ( ~ 1 sec.). VWe, thus, concluds

that in the case where the rays from the source region

diverge, a satorm burst cannot be radiated by an electron

bunch, However, if a helical electron stream gyrates through
S, then radiation by the electrons as they pass through 4 8
will be of the same frequency (this ias true Qhen AS ocan be
appraximstcd. %0 & point) and same direction. According te this
theory, no fregquency drift will appear in the dynamic -pootm'
of a burst —— this; in fact, is observed in most cases. In
such & circumstance, the durstions of a burst ¢ can be related

te the length of the stream L and the longltudinal velooity

v, of the electrons at A4 81

L | (9.11)
¢ Y : |

If we take ¢ = 1 sec,, the lengths of the radiating strean



corresponding to v, = 0.)¢ and 0,7c are = 0,04 R, and
0.3 R_e respectively., It 48 suggested that the value of
Vi, osn hardly be as high a8 0.70, but 0.2c er 0.%c are
more likely. The tixoerotieal dynamic¢ speotrum of s burst
radiated by a helical atream is given in Fig. 9.4 (burst 4).
When the rays do' not diverge in the source region (e.g.
rays &', b’, ¢! in Pig. 9.5) and the radiating electrons
fora a tunch*, they may all be observed and there will be
frequency shift in the spectrum of the bturst, Our estimated
drift rates for this case (17 Mo/s per sec. to 32 NMe/s per
sec. for B, ranging from sbout 0.15 to 0.7) agree with the
obgervation of Vitkevich (1961). It should be noted that
when the radiating system is moving awsy from the Sun as we
have assumed so far, the noise burst will have & frequency
drift given by ——

A
.stream or bunch enccunts inoreasing gyroefrequency in its

: < 0. However, when an electron

motioén, the rays under suitable geometrical oonditions may
reach the Earth after reflecting from the critical levels;
' in this case the freguency drift will bes -—:—:—é— > 0.
Both types of frequency drift have beén’ observed (Fige 5.5).

*12 & stream is radiating in this case, the bandwidth of
enission will be broad, instead of being narrow for most
atora bursts. |
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CHAFTER X

CONCLUDING LGIARKG CW Tib INTLREALTATICH
Or SOLAR TYPL I LOISE STOKIS

| In this chapter we will give a general picture of the
proposed cyclotron theory and sone concluding remarks on -the
explanation of the noise storm phenomenum.

On the basis of the currently accepted theories (e.g.

De Jager, 1963; Wild, 1963), a flare, which results from the
annihilation of large volume of intense magnetic fields in the .
chromosphere or lower corona, gives rise to the production of
high energy electrons and protons in different stuges. At
the first stage the explosion ejeots charged pariicles in all
directions, but majority of the eleotronSe(with energy of the
order of 10 - 100 Kev.) are ejected along thé neutral plane
of a sunspot group (Fig.'lo.l). They travel in a radial
direotion and excite type I1I bursfs. Some of the energetic
electrons are trapyped in the neardy maghetic fields and those
particles arriving at a field line in about the same direction
and with almost equal velocities will form an electron streum
(or bunch) with a narrow momentum spread. When such a stream
gyrates through the corona and whenever Double frequency
solution is satisfied, @ storm burst is radiated. The
radiation power is atrongest when the strean spiralé through

a region where the “intense burst radiation conditions" are



Fig. 10.1 An evolutionary model of the active |
region and the flare event as a whole. The
model corresponds to the magnetic field
configuration described by Sweet (1958) -

(Eundu, 1964, with addition of type I event)
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gatis{ied. All the radiation from & mumber of streams
satisfying the Hingle frequency solution will superimpose

to form a weak intensity, wide-band, continuous rasdiation —
the background contimuunm. (/ith suitable geometry conditions,
the rays of the radiation will be observed on the barth as a
flare-related solar type I noise storm. In the radiation of
& burst, when the rays from a relatively small source region
diverge, the detected spectrum will show no frequency érift,
which is often the cese. when the rays gropagote in almost
parallel directicns, the dynemic spectrum of a burst may
inddcate upward or downward freguency Arift as discussed in
chapter IX.

As 4t has been mentioned before that most noise storme
are preceeded by flares and the most probable delay time is
30 minutes. It seems, therefore, that there is a lapse of
time ~ 30 minutes,duiing‘which either scurce electrons are
as yet unavailable, or that prOpagafion cenditions do not
allow the radiated waves to escape. The flare phenomenmum 1is
very complex and is not well understood yet. From the more
popular proposed theories of the flarc evolution, it seems
that the existence of trapped electrons vith ener(y ~ 10 -
100 Kev. in the source region after ~ 30 mimutes of the
initial explosive phase of the flare is poasiblé. This idea
is illustrated in Fig. 10,1 which is self-explenatory. UNoise

storns will be radiated in this case in the ssrme nanner as
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described above.

As a noise storm may go on for hours or days, either
the rediating electron streams remain trapred in the sapot-
field configurations all the tiue or that there is a
contimious supply of nonthermal electrons to keep the emission
process in progress. The first possibility is opposed by the
fact that an electron stream with nerrow momentum spread can-
not remein in the same state for such a long time on acccﬁnt-
of_diffusion, gredient drift end curvature drift., Apart from
direct ejection of high energy electrons (energy > 10 Kev.)
in the flare phenomenum, a number of mechanisms heve been
| proposed fox the production of high energy charged particles.
The-high energy corpuscles may be emitted through the action
of an electric field érising as 2 result of unipolar induction
and créating high voltages (Alfven, 1937), as a consequence of
thernoenucleer rezetions teking place near the photosphere
(Wild, Roberts end Iurrsy, 1954), or as a result of certain

processes which originate in regicns of intense turbulance in

the solar atmosphere (Ginzwvurg, 1953). Besides the menticned

theories, Kolpekov (1957, 1359) has shown that ifqthe nagnetie
S

fields of & unipolar spot increcse with time ( 3t > )'

and if there exists & pressure gradient end an magnetic

intensity gradient directed towards the exis of the unipolar

spot field configuration, & net transverse (with respect to

magnetic field airection) induced electric field B, will exist,
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Due to the acticn of this induced field E, , the particles at
the tail of the Liaxwellien distribution of the chromosphere
background plasma will be accelerated tc energies up to the
order of 1 lieve It seems therefore that hi;h energy e€leéctrons
are produced fromitime to time by vériaus préceasee and a flare
may be the trigcering mechanism to bring these opérations to
nigh efficiency.

The investigation in section (P) of chapter VIII indicetes
that the intense burst radiation conditions are guite easily -
satisfied in the source region if the electron densit; is ten
times the normal corona background density. Working independ- -
ently, this result on magnitude of electron density sgrees
with the type II and type III radio observations of Veiss and
~others (chapter Vi),

A compariaon on the predictions of the oyclotron thecry
(chapter VIII) with the observational data (chepter V) will
show that the mode of radiation, the observed frequency range,
thé narrowebend structure of storm burats, the relation between
the backeground contimwum and storm bursts, the source positions,
the association of noise storms with sunspots and the relative
angular sizes of storm burst and background continuun are all
well accounted for with our presented theory. The dynamic
gpectra of storm bursts have been'explainea in chapter IX.
Based on the very limited knowledge of the flare phenomerum,

the flare association property has been discussed in this chapter.
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There remeins, however, two featurees which have not yef
‘been discussed: %These are the polarizuticn properties and
the estimation of electron density in the streum needed in
order to account for the radio flux density received. We
will consider these two features below.

rfor lcngitudinal propegation of radio waves in a mag-
netoactive plasma, the polarizations of both modes are
circular and fhe polarization constents ]R°| and 'Rx,
are both equal to 1. ¥For transverse propagction, l Ro, a 0O
and ,HxI' = 00 and the waves are linearly polarized.
Piddington emnd liinnett(1951) have shown that the polarization
of radio waves tends to be circular as the quantity ¥/(1 - X)
tends towards zero except for © very close to 90°. In the
solar atmosphere, both X and Y and hence Y/(1 «» X) decrease
with height. Consequently, for © not very close to 90° at
the boundary where ¥/(1l « L) — 0, the limitinc polaurization
of the emergent wave (either node) is circuler, the sense
being depending upon whether the value of € is greater than
or 9maller than 90° in the boundary level. The above
situation is clearly shown in Fig. 10.2 where Ro is plotted
againct 6 for variocus values of ¥/(1 - X). Consider the
ciroumstance when the source is near the ccntre of the disc.
Referring to Pig. 10,3, it is not difficult to see that
except when the source is very neuar the tox ol a bipolar

field line, the wavee~norzal cn<le of the wave will not take
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Fig. 10.2 Variation'of the ordinarj mode polarization

Ro as a function of wave-normal angle © for various

values of the parameter T%l_(

(Piddington and Minnett, 1951)
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the value of g0° as it propegutes through the corona (here
we assume the wave path to be straight). The polarization
detected in general will be circular. For a limb source,
the probability that © will assune 90° at the boundary
level (where Y[l « X) —0) is very much higher. The
emergent wave will be linearly polarized in many cases.
The linearly polerized waves from g finite source will

be depolarized due to the Paraday rotation effect and we
will receive unpolarized noise storas from the limb. WFore=-
over, when the reee;ved radistion comes from two sources,
we may recéive}mixed polarized waves‘(aa observed by
Pokker, 1961) or unpolarized waves dﬁe to the difference

- 4n polarity of the spots associatedwith the sources or due
to the fact that the values of @ for waves £rom one source
are smaller than 90° while that from the other source are
greater then 90° at the houndary-levals; Vith these views
in nmind, the polarigation properties of different noise

- ptorms may well be explained.

Finslly, to estimate roughly the density of stream and
the interzction tire necded in order to account for the
observed paximn flux density,‘wa perforn the following
calculation. Assume that electrons in e volume of 100 m”
of the streams radiate a particular frequency. ILet No be
the density of the stream. The nmaximum power radiated by
a single electron in the c-mode is ebout 10-;1 wattes/aterad.
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Then the total power associated with & particular

frequency 1s sbout 10" N G watts/stersd., where G s

the power gain in the stream-plasma eysten. The theoreti-
cal flux deneity received on the Earth for frequenocy of
100 Lio/s would then be 5 x 107 NG watts m ~/(o/s).
Assuming the active region density to be 10q/cn3 and

0 = 10 °, giving ¥, = 102/om3, we have theoretical flux
density ~ 5x 10 = 6, Equating this value to the observed
maximum flux density (10~ watts m -/(o/8)), we need 5
power gain of G ~ 2 x ldu (~ 21 db). Ve observe from
Pig. 8.16(c) that the interaction time needed is only about
5 % 10 °
smaller, we can still explain the observed flux density

sec. Note that 4f the stream density is much

by allowing a longer interacticn time. The above
estimation 18 very crude, but i1t aecems that all the numbers
involved are physically realizable.



(A)

2éo

CHAPTER XX

CONCLUSIONS

General Concluding Remarks
Employing the kinetic approaéh as firstly suggested

by Zheleznyekov for longitudinal propagation, the
11naarised dispersion equation for a stream-magnetoactive-
plasma system for general @ has been derived for two
distribution functions of the stream: (i) A helical
stream, (ii) a stream with bi-Maxwellian distribution
function associated with both f, and f, . The

corresponding expressions for the growth rate have been

~ obtained.

The instability theory has been applied successfully
to explain the two existing problems (chapter I) in some
emissions of Jupiter, ﬁhe Earth and the Sun: (1) Narrow
band structure, and (ii) extraordinary higher power
aseoclated with these emiasiona. Some doubts in the
radiation charscteristics of terrestrial VLF discrete
eiiseions (triggered and non-triggered) are olarified
and the reason for the existence of emission cone in
Jupiter's decametric buret radiation is clearly accounted
for, The origin of solar type I noise stérm, which ha#’
been in doubt for more than twenty years, is explained

in detail.
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Studying the cyclotron rsdiation process by an electron
stream in the atmospheres of Jupiter, the Earth and the Sun |
shows that under different background plasma conditions
(specified by the quantity A), the cyclotron radiation
characteristics have different forms according to a distant
observer. For example, in the Jovian maghetOSphere where
A is very much smaller then 1 (0.09 - 0.0016), the forward

' radiation is predominant in the x-mode since the harnonic'

| S boe 0 @od x puvden

. resonance absorption ie small and the x-mode electromagnetic
power i8 generally one to two orders of magnitude larger.
Por A < 1.A1t 18 elementary to show from the Appleton-
Hartree equation that for the whistler mode, nj-—47‘*7 a8
¥—> JA. It is easy to see that for A << 1, there is
generally no simltanecus solution f£or the backward Doppler
equation (180o > @ > 90°) and the corresponding Appleton-
Hartree equation. Consequently, with the model of Jovian
exosphere as proposed by Ellis, radiation of whistler mode
waves 18 hardly possible. Hence, the forward eyclotron
radiation in thg x-mode (being observed as Jupiter's
decametric burst emisaion) by a gyrating electron atream

is the only significant form of cyclotron radiation in the
Jovian magnetosphere. ‘

When A » 1 as in the terrestrial exosphere, the
lowest possible harmonic number of radiation for both

characteristic modes in the forward radiation is large
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(chapter VIII) snd the cyclotron radiation powgr'will
be small. Thus, the barth is not & good external
ra@iatcr’.' This property has been pointed out by
Ellis (1964). Cyclotron rasdiation in the backward
direction, however, can éaaily be significant. Where-
as the "backward waves" propagating along modie 4 cannot
penetrate the ionosphere (Liemohn, 1965), the waves
propagating in the whistler mode oan reach the karth,
being detected as VLF emissions.

Wwhen A =~ 1 as in sone parta of the active solar
coronal regiona.»theAharmonic resonance absorption for
the x-mode is very large and the x-mode reflection
" level for fundamental harmonic radiation is high, so
that, the forward radiation in the o-mode will be
prodominant (chapterAViII). Backward shifted cyclotron
radiation is also significant for A< 1 and we should
expect atrong'whistler waves reaching the chromosphere
or the photosphere. Since the coupling mechanism in
~ the golar corona is very inefficient, the whistler
mode wave can hardly transfer significant elegtro-
nagnetic energy to thé o-mode branch. As a result,

the o-mode cyclotron wave radiated in the forward

’Meaning radiating waves intc the cuter space.
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direction is the only type of cyclotron waves that
will carry significant power amd propagate to the

outer space we receive the radiation as solar

type I noise storm.

| we can, thus, see that knowing the value of A
in the yossible source region, the gencral c¢ycloiron
radiation oharacter;stics fron a plasno can be
predicted, with the knowlecdge of the investigaticn in
this thesis. These properties will glve & guide to
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future reseurch on oyclotron radiation in the atmospheres

~of heavenly objescts or thermal muclear reactor plasmas.

suggestions for Further Research

ABaaed on the results of this investigation, we
may suggest the following items for further reaearchi
(4) Concerning the instability problen of a strean-

plasma system, study the correspoandence between

the kinetic approach end the negative absorption

approach as suggested in chapter II. rFollowing
either approach, investigate the non-lineax
theory.

(4i) The origin of Hiss is not yet fully understood.

Ve may seek a soluticn in the form of cyclotron

radiaticn by electron streaums,having emaller pitch

angles and different distiribution functions fronm
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(1iv)

26¢

that associated with discrete emissions. Attenticn
should be focussed on the contimious supply of the
energetic electrons, since a “"Hiss storn® lasts

for hours. The dynamic spectra of other types of
VLF diserete emissions have not been explained
quantitat:l_,vely; this deserves gome atteatica.

Since solar type IV emission is in msny cases
strongly polarized and the redistion is also in
the o-mode, the origin nay be siriler toc that of
type I radiation. 4 detailed study of the radiation
characteristios in the possible scurce region of
type IV radiation, following the sane line as
described in ehapter'ﬁli, would be fruitful.

- Carry out laboratory experiment to study the

radiative behavicur of a stresn~plesma systen.



Appendix A

Derivation of the Vliasov Equation
(Delcroix, 19633 Smerd, 1965; Vliasov, 19%8)

(a) The Distribution Functions
Strictly speaking, in a nany-body problem whcre there
are N particles of one species --« @lectrons, esy, one
should work with a Neparticle distribution function Pype
where at time t, Fy dfl dF) eese AT d?l a4V, eees dvy 18

the probability of finding particle 1 in the volume element
dry = d‘il a;'rl dZ, centred at T, with velocity in the
range gﬁl = dvyy (h'ryl &'\'a"zl centred at vy, particle 2 in
di‘z at 52 with veloecity range d?‘r2 at 'Tra eees up to the Nth
particle. Since the nmumber N is usually very large, we
have to use a coarser description of the plasma in practice.
The distribution function usually used in kinetic theory
is the one particle distritution £, (¥, ¥, t).

Now the probability thot particle 1 will occupy the
volume element di"l at 51, with velocity in the range d?l
at ¥, while at that time ‘all the other (N - 1) particles
may be anywhere in the phase space of the systen is



Since all N particlez are of the same type, this
probability is alsc the probability that any other one
particle will occupy the voluse elément iF, v, in phase
space, Therefore, the prodbable number ¢f particles in
volume element dr, 371. i.e. &) a@r, Iv,, is N times the
probability (A.1) and we then have

£ o F 0y T Ty e Ty Ty (a.2)

Sinilarly. trom the probabil.tw of £inding particle 1l
in the volume elenont E T’ and, at the game tine,
particle 2 in the volume element Ei" dv,, while all tke
other N-2 particles being enywhere in tﬁe availsble phase
space, we ean find 'the probable number of pairs of particles
in the volume element Ei" 71 and E '8' respectively. We
will now have a 2-partiole dietribution function f,,(%, v, t)
which can be shown to relate the N-particle ﬁiatribuﬁon
fanotion in the form

Tﬁzs proeéss can be continmued for three particle distribution
fanction 1123 and so on. We note here that ﬁ,he 2-partioio
diatribution function f;, will already enable us to determine
the macroscopic effects such as the intermal fields and
pressures due to the interaction forces between the particin.
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Such distribution functions describe the state of the
plasne at time t to varying degrees of accuracy. We
need now to describe thé microscopic state of the plasma
in the course of time in terms of ¢he microscopic
distribtution funetions.

The Kinetic Equation
In the syat_em. under consideration, assuming all forces

are congervative and independent of velooity, the Liouville
theorem deacribes the changes of F; as & function of time
in phase space (c¢. f£. Deloroix, chapter 7, 1963)s

N - |
QT Z:.‘"a‘:' Z( +§X*\3F =0 (A.4)

™ / 3‘,} |
where the total force acting on the ith particle consists
of the external force XL and the forces Ei:i (4 # 3) due 1»
the interaction of the ith particle with each of the other
(N = 1) particles.
In order to simplify calculation which becomes

impossible when N '18 lsexrge, & regression method has been
developed to desoribe the evolution of the plasme in terms
of suocessive pairs f3, 2,43 %), 21288 L1ome Tiomgd secces
of the one=particle and maltiple-particle distribution
functions. Tmas, one has to know f12 in order to determine
fl' to know £123 to determine f1p eee+e 80 On. This method
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is called the BBGKY-method which bears the initials of
its originators
The first and the sinplest of these Liouville-type
equations 1is (nolcroix, chapter 7, 196%):
3£ v £ R B_L ):'14 .g_%'_’_o\?,d\'é -0 (A.S)

Dt 3T, MV,
In most problems, only the first BBGKY -equation i.e.

equaticon (A.5) is employed.
Neglecting the interactions between particles.
equation (A 5) becomes

&— +\7)£ =0 | (A.6)

m bvj

" and one seea that this i8 in fact the collision-free

Boltzman equation.

Correlation between Particles

In above, we arrive at a kinetic equation (A5) which
is the approximated form of the complete one. To obtain
the Vlasov equation, a féw,more approxinations have to be
taken. Before we consider these approximéxionm, we need
to define the concept of "correlation" between particles.
(c.f. Delcroix, chapter 6, 1963).

The N particles of a ppecies are sald not to be
correlated or independent if the Ii-partiocle distribution
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.function can be written as the product of II single-particle
distribution functionss
FN = FO (i’l' §1.t)F°(§2’ ;2. t) ssese Po(;‘!” GE. t) (A7)

. These functions are functionally identical since all particles
of one kind are quite the equivelent of each other, The
probability of finding the plasma to be in some state of

phase space is 1s

@ H O TFwT1 (A3

Prom equations (A2), (A7) and (AB), one finds that for
the one~-particle distribution function,

z, = NP, . (A9)

From (A7) and (A9), ome realizes that 1f £, = £,(F,, ¥, t),
fs = fl (55; ;S, t) svesss then
1 .
FN = ""'l';n' fl fe 23 o.ooo¢oo fﬂ
In the case of the 2-particle distribution function,
we have from equations (A}).'(A7). (A8) and (A9) that for

no correlation
f1p= U510 p 2,

~ 2, for ¥ > 1 (A10)



270

(a) The Vlasov Equation

1f we assume that there is interaction but no
correlation between the particles in a plasma subject to
electromagnetic disturbance, relation (Al0) holds and the
last tém of equation (A5) becomes

Xlz iz A_Yza\\r ' 3_?_1 X2 «ézo\-r; du (A.11)
m_ 3% 9%) |
Withvgz independent of velocity, we can carry out the

integration with respect to dv, to get the density ny:

'In other wards, the probable mumber of particles with eny
velocity in the volume‘ elenent &, is n, Ir,, and relation (AlL]

—ﬁ—' n, ->-(-L2-'- drx = %,"%é‘ (A.13)
where Z_L is the electrostatic force due to space charge
(Deloroix, equation (6.49) of chupter 6, 1963) and is
equivalent to the term oy E of relation (1.3). With (Al3),
equation (A5) reads '

v
—i + Y- 3{?, XoeX "if,' =0 | (A.14)
)t o m 3y
This is the Viasov equation with an external force fl and

becomes

an electrostatic force xl’ due to space charge. Including



17(

. . e .
J o -
& magre tic force —— ¥ x (B, + B) ss in (1.3) requires a

relativistic treatme:t of the Licuville equation and will
not be dealt here. )

In the derivation of the Vlasov equation, we have assumed
that there is interaction but no correlagion between particles.
This means that the interaction is of a collective or macroscopic
nature and acte continuously and equally on all particles like
an external force. It is worth remarked here that when we
assume that the interaction ooccurs only in binary collisions
- with no interaction force acting on the particles between the

period of such collisions, equation (AS) is appwoximated to
the well known Boltznan equation.



Appendix B

The Transport Bquations in the Macroseopic Approach
of Descriding Wave Propagation in a Plasms
(Denisse and Deloroix, 196%; Deleoroix, 1963)

In the macroscopic troétment. the mean value of a

particle properﬁy'a(?,-?. t) is defined as

a(F, $) = -%--ya(i". ¥, t) 2(F, ¥, ¢) dv (B.1)
_where n is the maoroscopic densityygiven by
n(%, t) ajf‘a?" : - (B.B)-

- The transport equatiocns can be obtained as successive
moments of the firet BBGKY-equation, i.e, equation (A.5);
this equation may be referred to as the first kinetic

equation. ‘

For particle propérty a = 1, we have from (B.l) the
definition of mean density n(i.e. equation (B.2)). Using the
mnean veloeity v u-l-S:v b 4 E' s integration of the tirot kinetic

equation over velocity spaee gives

on. .
A "7 C_’ (B.3)

Equation (B.3) remains valid if the particle interactions
do not change the number of particles of a species,
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For particle property & = mv, integration of equation (AS)
with reepect to velocity gives ,
ﬂm(%+-\;,v)g,=nx—v-v+P (8.4)_

where P = Jm v (2&) av’®
- ) intaraction

T 48 the kinetic pressure tensor and it is usually

=

assumed that T can be reduced to an isotropic scalar
pressure p = nxPs

is the external force.

- I

is the interaction force devided by the mean density
end 1t consiste of two parts: (i) @ collective intersction which
is added to the external force X; (ii) a collision interaction

which adds, in part, to the pressure tensor T éue to collisions
between like particles, while the remaining term Z. [—Z'(:
represents the momentum {ransfer due to collisions be;('xea;n
particles of diffcrent speoies. 1In deriving the Vliasov equation,
all collision effects are neglected. |

Equations (B3) and (B4) are two 'tremspo:"t equations. From

these two equations and the laxwell equations . the dispersion
equation can be derived.
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Appendix €

Dispersicn bquation of ilane aves Fropagsating in
a Jarm, Collisionless, 'agnetoactive llasna

Using the macroscopic approach, Denisse and Deloroix give
the dispersion aquaﬁﬁn for plcue waves propazating in & warn,
collisionless, magnetoactive plasma:

A A +BsCe+DeE=0 S (c1)
. 2, a (Lo \2
(»‘_L(n-—i+ L)

o 202 2L
whers AT,, A"".,. w;(;,@‘l: n.;_n) -
2

’(n3—|+—¥—> ‘l‘l"u"“n""w"ﬂ'P

- dUy
w*

A -8 %) X (1)

b

W,

oy, )
: «.«:L(_éq%g[zx 7' |+ ) - (1 SE)

w 2
' 2

ot

C = -‘_?-_f( L l+_L)[A,CﬂJ-’~— | +%’§)e“’_‘f{nf. 1)(7’;-“%&_/
D = ZwTJLr:’ﬁZ_ﬂ,P L A“"(Y’D ,)w,_J‘LLJ

E = E’%ﬁi(naz—;)A'

4, - ny = 1+ X

W= wy Cos B Wy= Wy ;;ng

-n.-L':. Ny Cos B Jl-r:-n-'-‘H gnwe
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e H
- ()

W,y =
H m,C
e.H
_(LH....L.Q
nic

e, € = charge of electron, ion respectively.
Mgy Wy= M2SS of electron, ion respectively.
"¢ = speed of 1light in vacuum.,
Ho = gtatic macsnetic field strength in geuss.
= angle between staﬁic magnetic field (which is on y-sz piane)
and wave vector E = k3.
ny = refractive index.
Wit = 478 e” o’/m,
e 4TE o o ny
ﬁ;‘anﬁ'ﬁg"are average particle denesities of electron and ion
in the plasma respectively.
€e = e’/v;
€ = cﬂ/V;
€ = o'/
with Vé, Vi are the average tlegmal velocity for ¢lectron and
ion respectively.

2 _ 2
;2 np Vo + Wp Vi

-
-

3 wp? + Jp*
2

p Wo/(,\)z

u}olz wP>.+ J]-Pn |

The above dispersion can be arranged into an eguation of



the fourth degree in n‘1 and hence for one value of angulsr
frequency there corresponds in 'general four values of the
fefractive index squared. In other words, this mediunm is
quadruply refracting four distinct modes of waves can
therefore propagaté through this medium.

276



a7

Appendix D \

Two ["ethods of Solving the Radistive Instability IFroblem
of & Stream-Flasnme System within the Kinetic Regime

0 attack a rediative instability probleis of o stream-
plasna systen, two methods ere generally used within the
classical kinetic regime: (1) aseuming the wave vector to
be recl and solve the dispersion equation of the system for
complex freguency, considering the diclectric tensor of the
systea to be made up of 4wo ports — ons due to the
ambient magnetoactive plasma and the other due to the
presence of the streanr{ e.g. 3tepanov and Sitsenko, 1961)
(ii) essuming the wave veetor to be real,derive the
dispersion eguation for an electromagnetic wave in a system
of & stream $ravelling in vacuum in the presence of a static
-magnetic field, and then ineclude the presence of the ambient
plasma by assuming '

.'n.2 = n§ + nzs -1 | (D.1)

where n = overall rel{rcective index for the combined system
= refractive index for the ambient plasmo alone,
and
n_= refractive index for the stream alone (in the
presence of the statiec megnetic field.

The presence of the term "1" in relation (D.1) cones from
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the fact that each of the refractive indices By Dy has
included the effect of & vacuum (the refractive index for
an electromagnetic wave in vacuum is 1). This approach
was firstly introduced by Znelesnyskov (1960a).

It is interesting to find out whether the two approaches
are exactly equivaleat, or oane being the approximated form
of the other. Wwe investigate the case when the streem is a
helical eleectron stream, i.e. each electron in the stream
moves with the ssue non-zerc transverse vélgcity’ B, =Vi/c
and the same longitudinal veloqj.ty B” = /c, © being the
velocity of light in vacuum. The particle density in the
strean 1o assumed to be very small compered with that in’
the background plasma and the stream-plasma systen ie assumed
to be electrioslly neutral. The collisionless Appleton-
Hartree equation is assumed 4o be applicable to the propagation
of electromagnetic woves in the background plaona alone.. To
9implify ocalculatiocn, we comsider longitudinal propagation
only i.c. the wave-pormal angle @ is either 0° or 180°, with
respect to the static nasnetic field. - The clectromarnetio
weve 19 assuned to very ascording to _ef;‘Ut and ve consider
the first harmonic enly. %The refractive index for the
electronagnetic in a systen of helicel strecmaand static
magnetic field is (9 = 0%r 180°) (Zheleznyakov, 1960a)

no= g, t /-'s,'j‘ (De2)
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!
where E,; and 2,3 are dielectric tensor components

for this system and are given by

- "' . I . .
€ =1-€ Exy = 4E
PPN WARYR R
R/t -1
with ¢ = wo B (/a1
44
2 N' 2
Wy = i‘l—-f'—- is snguler plesna frequenocy of
Mo _ v
the elecotron stxcum
§' = porticle density of electron stream
& = “"characteristic frequency" of the emitted complex

wave engilar frequeney, given by
wsm+o 3 real end 9 complex (D.3)
assuning lw] » |51 | (D.3a)
Taking negative sign.in equation (D.,2), we have
n2=1-2§ | | (D.4)

Taking into account the effect of the background plasma as
specified by relation (D,1), the second approach gives the

overall refractive index:

=0~ 28 , (D.5)

faking the first approach, we must know the dielectric

tensor components for the electroms;netic in the anbient
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plasme alone (Stepanov and Kitsenko, 1961):

E:: = {-H = 83;'
Ent s cH
" . ﬁj 5
whore H - 2 _
QY ~wy
‘g il : wp‘-ﬂM

Mo
= particle density of anbient plasna

The overall dielectric tensor components for the whole

stream-placma system are then'
Exx = Exs + Eax =|-H-¢ =£7‘3
=4(H g) (2.7)
=A + .
The overall refractive index is then given by

= € 1/ -2,;

2 HeE
= |-H-¢% —*S’;afg +23

(-H -t i%(‘t*‘l%)

(Z+8)

here we have taken into eccount the fact that we ere
considering a thin streom and thus

we have written down three dielcotric tenner components only

hecauge the dispersion equation does not invelve any other

component for case of © = 0, 180°
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£ & l—zﬁ—é, (D.9)

end &« 1 - (D.9a)

ZEE
H
Peldng negetivo sign, relation (D.8) gives:

0 ].+-iﬂ£____---2i
wlwy = W)
(D.10)
= ny" - 2§

Hathematieallyg}wp have seen that with a thin stresa
such that inequalities (D.9) end (D.92) are valid, the two
approachee give the same dispersion equation for the case
" of longitudinal propasation. Once the dispersion is
derived, the growth rate can be calculated readily.
Pormulating the radiative instability problem with the
eecond method meens that we zssure that the refractive
indices ng and n3 of the two intérpenetrating media, 1.¢é,
the streen and the ambient plasna, are non-interacting end
this ie volid only dhen the density of the strean is small
compered to that of the background placma such that the
preaencé of the atrezm is represented by a szall perturbation
tern (fEE,} in'the dispersion equation of the whole system.
When we investigate the radiative instability probvlem of
more complicated systems (e.g. including temperature effect
of the stream, considering a genoral wove-nornaloangle @)
the second method has the great adventage of being sinple

in mathemetics. ' It has been found rumerically that both
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methods give the same gseneral behavivur of the growth

spectrua for both backward shifted und forward shified

norpal cyclotron radiatica.
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SYLBOTG

A1l syobols cre defined in the body of the thesis
when they 2irst occur. Those which are used more exten-
sively and which may appear gouewiere apart from their
definitions are listed below:

a = 2m)X T,
= 2m°x. T

a
A = WP’/WHI
¢ = speed of 1ight in vacuun
€

= gharge of an electron

2 2 .
fp = Wp/ar = (e /mgr)‘ = electron plasma fregueucy
Ty =M fon = eHo/(Zn'ch) = electron gyro-frequency
L, = static magnetic field intensity

ms = magnetic field intensity at the ccatre of a sunsp@f
k = complex wave nunber

,» K, = transverse ana longitudinal components of

wave vector k resgectively

k = characterictic wave nunber, is real
n_ = rest mass of &1 eléctron
I = electron particle deusity
nj = refrac%ivé iudex
P = power or electrous netic wave
Bs B = transverse end lonsitudinzl componewts of

momentun '5 respectively ‘



249

q = (& - %)/
i, = solar radius
s = harionic nuater
= teﬁpeiature in degrees nelvin
v, » Vv, = trausverse and loangitudingl velocities respectively
X = ov;7$31
¥ = luwl/&
ﬁh = v, /c
Puz /e
¥ = (1-0"~p)*F
$ = Waow
5/&
%k= dielectric tensor of a systen
% = Uv/twn|
5= - 2% )a,
5= F

= (1+[1+4a )/2

=s¥

artan.P/@" = piteh angle of gyrating partiole
= Wavee-normel an le, i.e. anle betweecn stuiic

magnetic field and wave vector

(p‘&\m\m

0,2 wave-normnl ancle et which the srowsh rate for
the strean-plasma systen is maxirmun

.= cutof? enzle



€1 X X & (LAY £

"

it

]

Z?g

sngular electron plasma frequency of the stream
iqﬁlo = radial distance from centre of the Sun
p. / as

p. / a.

electron-ion collision freguency

Boltznan's constant

27)‘5 : ,angulav ol‘layaoTen’st‘c waveé rezuenoy



