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ABSTRACT

The non-relativistic equations of motion for a charged
particle, an electron, in a wave of slowly varying amplitude are
examined. The wave, whistler wave, is supposed to be propagating
at an arbitrary but small angle to a uniform background magnetic
field, in an infinite collisionless plasma. Approximate solutions
for the equations of motion of particles in cyclotron resonance
with the shistler wave are evaluated by method of averaging.

An expression for the period of trapped particles in a "potential
well" and an integral of motion in the space of phase difference

are derived,



INTRODUCTION

All of us are fumiliar with the clsssification of matter into three

states - golids. liguids, mnd gases, There iz a Tnurth state of matter

also. It is called plaswa. Flasms is the mast common state of matter in
nature. It may be defined as a state of watter at temperature so high that

an appreciable fraction of atoms and molscnles are disssciated fato ions and
electrons. Often one also calls the electron g2s in metals and semi-conduct-
ore a plasma, 1In this thesis, however, we heve in mind only a geseous plasma,
for deseription of which it is sufficient vo restriot ourzelyves to classioal
approximations., It is just this kKind of piasma which one epsounters in most
cases in astrophysics,the physics of the ioncsphereyand when snalyzing the

rroblem of thermenuclear furion using a varified plasme.

Although plasma may be regzarded ms 2 sperial form of gag of ions,
electrons and neutral particlea, there are many imgortant siysical properties
vhich make it difPerent from ordinary gms containing only neutral particles.
These differences are specially evident in the behavior of pvlasma in electric

and magnetic fields. Plasma exhibita strong interaction with electromegnetic
waves,

As in any problem which deals with a large enpomble of individuals,
plasme physics uses two complementary modes of deseripticn: the analysis
of the movement. of single partiocle mnd r1:i4 medel. Tn orier tc understand

the specific properties, which are exhibited by tlasma in its interaction

with electric and magnetic Pields, the bekavior of Individual slactrons and




ions which ﬁake up the plasma will be considered:. In the presence of
external magnetic fMeld, tie mwtion »f snurged varticles in plasme are quite
compiex and the problem of finding an erxnet solution of their equation of
motion in a wmve propagating thve it magnetized plasma is rather complicated.
Thus, in many cases approximstion methods of investication are en:p.‘.oyed and
the most effective one at present time is the method of averagiag., The metho:
of averaging can be applied in the derivation of approximste sclutions to the

equations of charged particles in last varying electvomagnetic fields.

In a few cases, exsact acluticns for the equation of motion are found,
Lutomirski’ and Sudan [1] solvred exactly the nonlinear, relativistic
equations of motion for an electron moving in a right circularly polarized
wave which propagates along » statie uniform magnetic field. Tn the waye
frame wheve the induction electrie £ield Aisappears, they found two constants
of motion with the help of vhich partisle trajectories were examined and
the periods and-smplitudes of oscillation in the direction 'of the magnetoste-

tic Pield were obtained,

Interaction of spiwaul mono-hromatic weves with resonant particles
and the resulting non-linear effects were discussed in E?] ,  Tovestigations
of non-linear effects of whistler wavas propagating at an aagle to magnetic
fi8ld is popular ﬁt the presert time because of grest interest connascted with
experimental ir‘tvestigation in magnpetcaphere and in lateratory [3] « In .
the work of P.J. Palmsdpasc [ 47] the case of plane monochromstic wave pro-

pegating at an angle to a megnetic field in a homogeneous plasma was consider



ed. ¥From his work it follows that interchange of enerzy between wave and
particle stops when ergodic Aistributisn in resonance region of veloeity

space is estatlighed,

The main objective of this themis is the investigation of the bshavier
of charged particles in nen-homogeneous, collisjonless magnetized plasma
when a whistler wave propagates st sn angle to & uniform magnetostatic field,
The motion of a charged particle in various slectric and magpetic Tield con-
figurations will be investigated first, This will be followed by 8 dis~
cugsion of the nature of wave propagation in both unmagnetized and magnetized
plasma. Then the equations of wotion of charged particles. especially
slectrons, in the fields of vhistler wave #will be derived, Uzing method of
averaging approximete soluticns 7or the equations will be found. Cyclotron
resonance intevactions of the particles snd waves will be considered. -Through-

out the thesis rationalizes miz unjta will Ve used,



CHAYTER ]

INTERACTION OF CHARGED PARTICLES WITH

BLECTROMAGNETIC FTELDS

The dynamics of charged perticles in a plasma is determined by the
Lorentz force eontribu_ted by the electric and magnetic fields arizing from
external source and fvom thelir own motion as wel) es those due to the other
charged particles. Orbit theery gives insight into physical phenomena that
detemmine the plasma behavior, provided that sll interactions between its
constituent particles are neglected with the repull that the plasms reduces
to & free gas of electrons, ions and neutral particles. This assumption is
useful in predicting the behavior of highly rerified plasms, since the be-
havior of such ulasma is determined primarily by interactions of cherged

particles with axternal magnetic fields cather than with themselyes [_'5].

1,1 Moticn of Charged Particles in Uniform and Constant Electric_end Magnetic

Fields
-b .
A charged particle, in tae presence of electric field E and magnetic
field ﬁ, is acted oaby two forces; an electrical fores which is parallel
to the electric field and a magnetic force perpendicular to both the particle

velocity and the magnetic rield, The motiocn of the particle is governed by

the following Newton's law of motion .

mV = g (F+¥x%) (1.1)
at

-
vhere m, V, and g ara particle's maas, velocity and charge respectively.



If we fntroduce the quantity
- e
w,& o= g
m

which is the eyelotron frequency of the particle shout the magnetic field

lines then eq.(1.1) becomes

ot = "‘(mchJ (1.2)

Assuming 3 to be along the z-mxis of the coordinata asystem, the three

components of eqa(1.2) are

EEaE, L (1.32)
at " d
av = gE +
g X B {1,3b)
at m
&V gk

< Z

Solving eqss (1.3a) and (1.3b) simultaneocusly ang integrating eq (1.3e),

ve ohtain the veloeity components as

qE. - 1 18 il v oW
(?m *_L)cesuwb Voo B0 WL s, (1.%a)
- i —a2
¢ ¢
qE, 4F
Yy Ut ) sin uo s Vo S8 w b > X (1.,4)
- i,
qE
Yo Yoo ¥ o2 & (1.h¢)



Integration of these equations yizlds the components of the position of

the perticle which are

-

x = x + -—ml-— {(v + q'E)_] gin ®, t + ? (cos w t-l)- "_‘y t} (1-_5‘)
¢ nig, n
i 1 - qE : s , IR Em
y ¥, ¥ ——-me v, + ;x_)(l- cos w t) + Vesinat + 1:)' £}(1.5m)
3 . >
Z =z 4 V § 4= qE t° - -(15u°}é
(5] z0 2m 3 o AT

where r = (x > SPER J andV =(V 3‘0’? ) are the initial pontipnm

0

velocity of the perticle raapectwel;;

1.1.1 Magnetic Field Onmly

The motion of a charged particle in a uniform and constant magnetic
fielid can be examined by setting Ex = Ey =FE =¥in eqs.{l.‘j). The

components of particle position sre then

v . ) e
x=x + yo (cos b 1) + :’m sin g t (1.6a)
Wa
y = i ¥ sin wt - vxo (cos g t~1) {1.60)
el ) Wt - X0 U . 6o
W W
s mE, WYt (1.6¢)

From eqs. (1,6a) and (1.65) it can be shown that

J-1P s x-12 = Y =

30 % (1.7)
jug |
oV ava - - v
where X xo _yo
B
v



end Vfo - Vio + Yfm a constant

Sxamining 2q8,(1.6) and (1.7) we csn conclude that the trajectary of the
rarticle ls helix with a) its axis parallel to the magnetic fisld am
passing through the point (X,¥) {b) "Larmcr" radius r, and {c) pitenn egual
to. 2NV e !

:azv‘m .

£V, = 0, the trajectory is a straight line parallel to B and if

V_“. = 0, the trajectory is a circle of the radius !'L ﬁhﬂ centar fl,‘!) vhieh
is omlled the guiding center. To general the guiding cender moves in the
direction of the magnetic field with a constant velocity v’ﬂ;, We also note
bhst the speed of the particle is unchanged Bscause the magnetic field has
0o compenent in the direction of motion of the parsicie and hemce does no

work on the particle.

1.1,2 Eleegric Field Parallel to the Magnetic Field -
CUomzider a sharged particle in & combinetion of electric and magnetic
fields which are bhoth in the z-direction, For this case ve aet Bz_- x’ =0

14s.(1.5) and abtain

X s * Yye (coa u t-2) + Tao ain w b (1.8a)
w ! (" _
e ¢

g v 2 P i o x )

y = ¥, ¥ yosinut~ xo {cos TR 1) {3.80)
@ w
e (

z = 2+ v;:o bt 4 ?'Rg t2 (1.8e)



WM egqs.(1.8) with the corresponding eqs, (1.6) shows that the
particle motion in the X-Y plene are identical. The only effect of the
imposed electric field is to produce secelerstion in the z-direction whict
depends on the sign and magnitude of the charge on the particle. Thus, the
trajectory of the particle will be either a grldnllly extending or greduall
contracting helix (depending‘on the pelative directions of the electric

fisld and the initial longitudinal veloclty component).

1.1.3 Electric Field Perpendiculs

Consider the motlon of a charged particle in a combination of magnet:
and electric fields which are perpendicular to esch other, Assume the
electyic fisld to be in the y-direction and the magnetic field in the z-di
tion, Let the initial velocity snd position e ¥ = (VW) omd F =

(xo.]ro.o) respectively. For this case aqs (1) and (1.5) become

- - qE., '
V.=V + ylcospt -V _sinwt~ ¥ (1.92)
x X0 = e yo ¢ -
(] (S
Py oE ’ y -
2 (Vm B _,{} sin wt + ‘Vw Cos w ¥ ; (1.9%)
L
vz = O - » /
= _.l* = a < = :
Lo SN B iy (Vyolcos uf 1) + ”mf',’,,’ sina b q':xt}(l 10a)
(3

i T {‘IW sin 0 b ~ (‘Vn+

e

By ) (con at1  (2.d0w)
), -

z =0 (1.10¢)



These equations show that the motion is entirely in the x-y plane and con-
giste of circular motion at cyclotron frequency upon which is superimposed a co-
nstant drift perpendicular to both the electric and magnetic field as

shown in fig. (1.1). The drift velocity for this case is:

-qE
'VE = 3__}: =
mc

Ntﬂ ht’l

g>0

1_4(3

Fig, 1.1: The ¥ x B arift

In general it is possible and convenient to separate the electric

Tield and velocity of particle into two parts as follows

E =2 +% ana¥=7,+7, (1.11)

2

vhere the subscripts * " ' and ' L' denote the components of a quantity
parallel and perpendicular to the direction of the magnetic field respective-
1y. As it wes shown in sub-section (1.1.2) the component E, produces a
uniform acceleration along the magnetic lines of force, For the perpendicular

motion we have

dv - -+ -+
el a [E +V, xB (1.12)
dat m [: - % ]




Let a constant velocity Gﬁ be a particular solution of the above

equation. Then we obtain.
E + ﬁE - 4 E =0 (1.13)

and on cross-multiplying this equation by §, ve will get a general expression

for the electrical drift velocity

. .

o 4o Bk R (1.14)
. 2
B

We can now conclude that a charged particle, in mutually perpendicular
electric and magnetic fields, undergoes both helical motion under the action

> o
of B and an electrical drift at right angles to the magnetic lines of force.

1.1.4 Effects of Constant External Forces

When an external force fi@ld is applied to a plasma in a magnetic
- = L] . & 3 +
field B, there appears a drift motion of charged particles in the direction

- 5 : z
perpendicular to both ; and B, The eguation of motion for the particle is

mil = ¥ +o¥x3B (1.15)
at

For the components parallel to © eq,(1.15) descrites a motion of constant

acceleration. For the perpendicular component we have

b g
mdV, _ ¥ +qu %3 (1.16)
dt
-3
Defining V = f_;, x B (0 75, i
B2

we substitute ? = 3% + ﬁL (1,18)




SR

into (1.16); it then reduces to

-+
nde = qi?’L x ﬁ (1.19)
at

an equation of motion for a simple cyclotron motion: Eq.(1.16) describes

+
& superposition of a uniform arift Vp and simple cyclotron motion ﬁi.

-
When the force in particular arises from the electric field E, we

- + -
substitute F = qﬁ in eq.(1.17) to obtain

?E = Ex3B ' (1.1%)
52

&nd vhen the gravitetional acceleration E is considered we have the gravita-

tional drift,

iFg =.—~i"3é’x§ (1.20)
gB

Since the direction of the drift ﬁF depends on the sign of the charge

of the particle it produces a net current even in a neutral plasma,

1.2 Static Inhomogeneous Magnetic Field
:

We now discuss the effect of small spatial gradients of the megnetic
field on orbits of a charged particle. We choose B to be in the z-direction
at the origin. The gradiert of B forms & tensor of nine parameters which may

conviniently be grouped into four catagories (5]

, 2B_ 2B 3B
a) Divergence terms: X ¥ - 2
9x X g 2z



b) Gradient terms: Efa EEE

ox ay
¢) Curvature terms: a&; EE!

9z oz .
d) Shear terms: Eﬁi EEZ

ay ox

Tt is assumed that changes in the components of the magnetic field
‘in a distance of the order of Larmor radius are very small in comparison
with B. Because the resultant effect is the sum of the separate effects
due to the constituent groups of terms we treat the effect of each group

of terms separately. .

-y >
1.2.1 Effects of Anguler Divergence of B lines

For simplicity, it is assumed that the magnetic flux lines are cylinderi-
cally symetric sbout the z-axis., Then using cylinderical coordinates we have,

from Maxwell's equation,

a3
o -
r Y } oz
d Taking aBz as constant for the range 0 < r < R integration of

z

eqe(1.21) over one orbit of Larmor radius yields:
. B m B (122

2 0z 2 oz

The magnetic field is essentially in the axial direction with the result
o
that the orbital velocity VL is in the g-direction. Therefore with the help

of eg.(1.22) it can be shown that the longitudinal component of force is given



by, .

W
Fa= L 38 =.yB (1.23)
B 32 9z

where W, = -{mti is the kinetie energy of the particle associsted with its

transverse motion and B = ,Ef' is the magnitude of the magnetic moment.
B

So long as the magnetic field does not change eppreciably in space over
several Larmor radii and in time over several Lermor periods, one supposes
that the magnetic moment of a charged particle is a constant of motionf:e,] .
Beczuse of the constancy of u, the force Fy given by eq-(1.23). can be

derived from a potential U

¥, i :—ag- and U = UE (1.214)

From this it can be seen that if a particle runs into a region in which B

tecomes large enough so that ﬁB exceeds the total energy of the particle, it
will be reflected. The phenomena of reflection of charged particles from &
region of sufficiently strongly converging magnetic flux lines is called the

"magnetic mirror" effect.

. 1.2.2 Effect of Curvature of ﬁ Lines

The terms an and Efx_have similar effects. If _EE;, for example
9z 9z 9z

is positive, the B lines are curved as shown in fig. (1.2);
~K

e\?’-’e




The guidi :
guiding center of the particle moves along the lines of force through

t - - -
he origin and experiences the centrifugal force[-:l-]

Fc = :v_?:ﬁc (1.25)

2
e

R

where i i
ﬁc 1s the radius of curvature of. ﬁlines at some point which is

given by

o4

o ]

e = -+
5 = -0 V)2, ana ? =§_ (1.26)
c

The 1 ] 3
orce given by (1.25) is perpendicular to B and can be thought as an
extr o > .
‘raneous force as discussed in sub-section (1.1.4). By eq.(1.17) we exvect
1t Lo produce the curvature arift velocity of guiding center,

> _F XB Y
=5 X2 o 2% 3.3 . aen

o o =R ik
oB q32H§

The dri :
i ift can produce an electric current in neutrql plasma,

1.2.3 Effect of Gradient of B in a Direction Perpendiculer to B

the terms a’z eand z do not vanigh, the magnitude of B varies
o — z

in the direction éndi ul i | -
perp cular to Bz l.e,B = Bz(X,YJ- ¥hen 'z # 0 and
ox

oB

.2 =0 the orbi : . . .

By ‘Ft of the particle will be as shown in fig. (1.3) for aE'::z> 0.
x

&

o R =Y

-é: a

. 2
§>0

Fil‘.". b - A e S T
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The Larmor radius being smaller on the left than on the right a
-bositive particle drifts upward while a negative cherge drifts downwvard.

In the x—-direction the orbit has periodic variation byt no net arift.

%~component of the force acting on the particle is

-

9B
B = QV&Bz(x3 = qV&(Bz(O) +x “53 Fiaw) (1.28)

and integrating the equation of motion
mdVy
el
at X

between the points 1 ang 2 (fig, 1.3) where the rerticle has the same motior,

we obtain
s
) rxdt 0 ( )
Y

ar
% s
5 VBat = -J xV Edt (1.30)
Y=z Y ax

%
1 +

i

2
Since the fielg is slowly varying Eli!. ~ 88

‘ ox o
r one Larmor orbit, we may write eq.(1.30) as

&nd remains practically constant

oV

t2 t

1 a8 k.
Vﬁtﬂ-}__gg xvdt = -= U -gxr..
v B Bx y B @)



-6 —

2

or fv= 1 38 1 r {1.31)
B

faTHE Yoy the drift velocity in the y-direction ralled the gradient

2
V: = "x = l 33!!1‘ -?_3_ — 2
. 3% ¥

B 2

L.

71F o generel we can write for the gradient Arift

1 Vo = . E"VLB
: 2

'.lb

(1.33)

- oompnrisen ef (1.33) with en (1.17) shows that the varistion of B in the

- > - => K3
Preneverse dlrection is eguivalent to an oxternal force F, &s given iy
¥oo® 4T 3= -0 s (1.34)

W thet D acty me & king of potentisl.

L7L DPPest of Shesrs
-_““"-——"-ﬂ‘.'q_"—‘.

s Luch i iR )|
WA the vy yeralning terms B:r and 3

. .
ol
Tured byian o shear about a cestral line. This pakes a component of T in

are finite the lines of

Lractions around the Tarmer srbit, and <hen crossed with Tus mMives a
cee This farce sligatly ehanges,the Lammor wadius or slightly changes

nha mrLit from e cirels, it produces po firat order drifts.

2.7 Mme Dependent Meunetic Field

in 2 anifora end coastant magaotic field a charged particla gyrstes
=hout the ficdd lines ip a helical path. Suppose the uwniform magnetic fie
pespzer in time. Thea VY Faraday's law @m slectric fieid #ill be induced

oz khe nath of the orbit aceordisg to the squaticm.




—_ 1% -

i
Ll

it

astiiming Lhe magnebin Pield o he Aivected lnte the page, the inducsd elecyri
et L he in tHe @4 “ 34 ¥ i 3 - } i
r divection shownm in Tig, 11.4), From eq (1.35) we obtain
E:} = ;l' @ (] 4 :‘:E- '
aL
ave Lot the dirvection of EO iz such as to sccelerate toth elsctrans
nonitive iong.
- o e
r. 4 Th ] - .-
2. - N, . “r,s;', ff\\
‘_, F w - \ I’ » x » ‘0
\ 1 3
s « % o« pW K = %
i i
. ¢ .
i - x ~ =l '\ ow - ¥ ¥ wn
2 \
M &
v - 5 i \: - - * » Jf‘
s . d
~ e \® ¥ " w
- - - - -/
*ie. L4z Rirection of induced aslectrie Pisld for 38 5 0,
it
i we apsumc Yhat during s single gyratiop the ragnetie fleld ehanses
ionbly slov so that P a8 <R, vhere T is the period of gyratios, toon
dat
e WEE Ty glven by eqe{1.36) beesuss the orult can be wonsidersd nosrly

incragre in the transverse kinsgic energy of the varticle during

&4 = 4Eemr (1.27)









e T

¥* & sin wt f1.450)

wbich gshow that the drift motion is in the form of an eliipse with its major

axiz als

Rg the x-axie and the minor axiz along the y-axis. The ratio of the

ciemi-major to the semi-minop axig ig “’cfw 387
-

The equation of motion (1.16), togsther with (1.14) ana (1.18), may be

Titien ag

Y- % fli_ = q?Lxg (1.46)
at at
If we 1ot
» - -
VI. = vp + vc {(1.4Ta)
-+
; — _
vith Vo= m B e T T (1.470)
> [
#al1,40) will reduce %o
e -+
SV ¥, x % U-4%)
at dt
¥ 4 2€w ang Vg <<V, e3(1.48) decomes
-
we eV x B {1.49)
at x

' 8hows that the sotion s the usual circular motion upon which are super-

ioned the drifts -‘;E and'vp. The drifc 'fn is called 'polarization dwift',

e

t gives rise to a current density in neutral plasma.

-



1.L.2 Bigh Fregquency ZVectpic Pleld (w 5> 4 )

(1455 can Ve approximates oy

in this case ag

—
i

¥ = B+ Cos “‘ct

W, (1.5Ca)
y = 8 sinwt (1.500)
&, : )
Mol Lacw a eivewiar motion of yadius _2_ 3l the low cyclotron fraquency u_ .
LW E
-~ :u the case 3 :
i < when g tuc the coordinsates gi‘ the particle are given es [8 ]
e
x = 2ol win Hu-w )t sin Hate t) {1.51a)
< g
‘wlc‘o; -a&)
7 o= ____ 2w sin l(b}-wc)t ~os l[w-kuc}t (1.51b)
f: p
f‘.* -1
!uc.{. i.c}
Histus cquetions describe a circular metion of Proquency (who )/in whose
»u3 of gyratien is given by
r.= 2w sin Humw )t {1.52)
L T e
w {@” - )
e c
suries sinusclially st the freguenoy {wwﬁj
]

| 4.3 Cyelotron Resopance {y = )

in & ccnstant and uniform mugnetic field, the charged particles have
mharal freguenpcy of os‘j}l&tion cslled the cyclotron or gyromegnetic fre-
wency.  When o particle gyraving in such a field is also subjected to s
toeneverving electric field in such a wey that both the particle and the fipid

vlale in the same divection in synchroniem, that is, with the same frequency
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RAVE SPOTAUATION T8 PLamus

. T

N InENLAY we #hnll Presenk th. fenersl t Ieor.r of WAVE provess

Eama, The e anruxtutlee Ure tEkeq to te il guantities to

enrization of bhe relevint nquetions. For.the seke of simpiisity.

weoume the ions to Wave & #ingle charee, and use condition of

\erslisy.  One oun get.a good phyaical victure of the verious pro
LEES

2 Leflecting the thermal wations of the conss ituant

- bret I3, by considering the case of a cold plaers.
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: rumetic Siold vhish vesults from the curvens distritusion arisiue
~~ring of the charged pertisles is alzo sasumed to be nwedigiile

w3TH The sxternal msgﬂetic rield -.40
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Where T is the unit tensor,
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stituting eqe (2.5) and (2.6) into (2.7),

we obtain
0
0 {2.8)
E
3
4
ml:
.._._:....Ei-.;_ (9.'}3)
o
w lnci
ME u)
e Top ‘7,)"\]
_._25,__‘:‘3,
ll.’l'[b.l - u‘(!(')
2z 1 - ]J.H "_"-—" 03}
"2
w
4 J_-'”ia}
(2.19%)

e the electron and ion plasma frequenciss respectively,
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2.2 Anisotropy of Megnetized Plasma
————*--—-,-

—

Wnen plasme is immexrsed in a uniferm magnetostatic field along the
z-direction the electromagnetic fields satisfy the time harmonic madwell's

equation

vx B e -mb € . HDH (2.11)

This equation shows that o magnetized plasma behaves like a dielectric

characterized by the pem.ittivity tensor E = Eogr

The componerts of the electrie flux density s(r} mey be written in

termg of +he componente of the electric field ﬁ(r) as

f -+ 3
Dx\r) = §E (r) -1.‘:2Ey{i") . (e.12a)
5.5 VU™ Sl B, T A
Dynr) = igE (¥) + E‘I.Br(r) (2 ?b)
b (¥ = »:asz['ﬁ (2.12¢)

These relations show that in the presence of external maguetic field, the
triz field and the electric flux dersity ere not in the ssme direction.
This tells us that the medium is snisotropic. In the sbsence of external

magnetic Pield € vanishes and the dielectrie permitivity will be & scales

L4

equal to €., Tn such a case E and D are parailel and the plasma is isotropic.
e thus conclude that it is the external Repiatic field vhich waby e plasia
anisctropic, Waves propegating in different d.-rec*tmns with respect to the

external magretiec field have different charactaristics,
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ran be seen from eqao{':*,.‘j} and {2.9) that the ddelectric preperti-
end an the frequency of the wave, hense the rhase and gron
tes of the vave through the mediwn are 1ifferent for diffevent frequenc

uch & mediun is said to be diapersive.

3 Dispersion Relation

An eguation that relates the propagation constant %o the vaye frequency
l2d s dispersion relstion, ' Consider a plasma immersed in an

megnetic field along the z-direction and let the propagetion vector

e

. the x-z.plane making an angle © with the z-axis. Then $tg sompouents ar

?r e }"-J_ =k 35.!3 G {?.133)

k., =0 {2.136)
A :

K = ky =k cecs @ {2,13¢]

From texwell's equations the wave equation for & plsne monochromatic

iz a plasma is obtained to be
7% (0 x %) - 3@ (2,14)
¢ KX WV X a5 B HOE 3 F =0 v
-

&n =qustion has a weve solution of the form

-

at”

s B
=+

xp (i(k.r ~wt)} ' (2.35)

]

Subatitution of such a solution back inte the waye equation gives the

E v (o v B exe . (2.16]
kx (kx r.c_} + uow‘.go 0




-3~

wpich way be expressed in matrix notation ag

Fl"
59 A s > T
R S & Kk +0™p € _ 2 .
| e xy " Poxy B FOweE |
:[ -
A e T n‘Ju £ ke 2
| X ¥ " By e i % =K =i k k + uoe B
' ) J0- Xz p . o)
| ¥ iy BNE oy | =0 (2.17)
!' 2
‘-?’ E L ’ ] 1{ k m u E‘ E - 2_ 2
e e 2y anmyg uogzz Kby Fon
itk Tbe help of eds (2.8), {2.13) and the velation & = e & eql2.17) is
or
-mpliftied %o
r S iyl 2 e z; r-“ -
5 ¢ 1k €, k™ tos @ sin © e
|
gy ..) ?
L £ — i ; =
*s%1 B 0 oy =0 (2.18)
: . 7 Wk 2‘.
Y k 8,7k sin"d 1 &l
. - .

i o . y . .
were k. W W ges w® is the square of the propazationconstant in free

pr
&

-

e

BTACe, :
r

[ae index of refraction of the plasma is
-
B R

m2

n =

and

w Pﬂ'
o

“ombining eqs (2.18) and (2.19) we get

(2.19)
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e -« pca B =& n“eos © sin 0 E T
| 1 2 Gx
i £ El-n2 e E

| 3t )
!

§

'n"ain O cos O ! 0 e '-nesings 3

! 3 o%
i ae vl

veveion =guation.

4 o)
fin” - Bn +C=0

have A = ..,‘ﬂin""@ + chospe

- aﬁ)ainaﬂ + € sq(l*coszﬂl
L4 -

1

?\
o4

= - ]
=4

4

L
= "o

™

=0 (2.20)

{1 crder to have a non~trivial solution for the above equation the determinent;

of the coefficients must vanish., Svaluation of thiz determinant qgives the dis-

(2.22p)

(2.22¢)

fe ctefTicients of the dispersion equation are functions of W,0, nnd the

nisoma pavemeters, so the dispersion equation is a biguadretic in n. The

tva roots of n2 are then
.r_J". st E#ﬁ‘“hﬂc

24

1L we zolve for € we obtain

=

tan’® = - fs(ng-ﬁl—ﬁ Yn>-E +E)

2 r
E 2 gt Rt n
(-ln - '5;_ }:2.‘(5 3)

(2.23)
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¢.¢ Lut-off sud Resonance Frequemcies

Tom the dispersion relation (2.23), which generally has more thnz one
FA0t, we can determine the relative phase velocities of different modes. 1If
for & given frequency , an eigen value of n iz real, thst is. =° >.0 thes
the wave will propagate without sttenustion. Dut if o is imaginary, thet ic,
a° < O then the wave will be sttenuated rapidly and this will mot pronasate.

A point at whiech o° changes its sign marks a boundary betwaon propegutins
anl non-propagating frequency domains. This happens sither ar n? = 0 or n: = w
The frequency at which n2 = 0 is ealled a cut-off frequency. Thoae waves in
e propagating domain pear the cut-off frequency travel with extrewely large
puase velocities, Diaaip;tion process in the medium becomesinaignificast,

e electromagnetic waves will be reflected at these places where the ~ul-of?
condivion is satisfied.

The frequency at which n;E = ® ig called the resonunce frequency. In the
vicinity of resonsnce the waves travel with very small phase velocitien: die-
csipations in the medium thus become substantial, "The electromagnetic wvave will
be: strongly absorped by the medium under these resonant conditions. In case wheos
both a cut-off and resonance exist with sn evansscent laysr (0" < 0) betveen thea,
ithe wave can penetrate through the evanescent layer; this process ia the go callec

"Budden tunnelling” process [9:] :
e+ o T

e i . § o wisS L e dsP e



“v5 Wave Propagation in Plasmes vithout Bxt

=L Zxternal Magnetic Field

{2.2) we hay i
€ Seen that ummagnetized plammes is an igotropie

wiium charscterized by e sealar ﬂtelectric £ ¢

in gection

o From eqs (2.23), (2.9)
and w = Weg = s

vwe find that the propeagation of an electromegnetic wave

i the plasma under consideration is described by the diepersion relat

ion
ne = kei? W
n (.} = 1 - “’2‘ (2.75n)
(2] 2 w ‘
or a° = e
o K e (2,250)

Rueoriing to these eguations, the electromagnetic wave rropagatesin the
piases only when itg frequency is greater than the clasms frequency. Thus ube
) aemn Pt i oy

FrAsha irequency represents the cut-off frequency for slsctromagnetic waves in

immagactized plasme,

b reve Fropagation in Magnetized Plssma.

o

proceed to congsider the caee of plasua inmersed in a uniform magnete-
wetie field.  The behavior of magnetized plasme is quite complex. It i anisot
pit and fhere exist several resonance frequencies in the system. The propagstioc

OF eizrtromsgnstia weves in such plasmas, is described by disversion =elaticn

——

Consider s wave propageting in the x~direction, The dispersion relation

~
“ecil with 8= @  glves two solutions for n”




N
h Borg VB, = Os _‘_'f: (2.26n)
& k"
and n:xt = _gf N E; e - (ug (2.26n)
% e Pla e-mm)z
ﬁ-mm 6

l

The' former mode, eqf2. 26a), is known as the on’hmry mode. Frowm oge

&l

20}

mole 3 )

magnets

ngnetis

42 ses that 1 z [}
e _Bf(}uut.Eln.y=Oforthism-de. Thus the ordinary
a transverse wave with its electric field parallel to the e xternal

g

¢ *ield. Tts dispersion relation is similar to that discussed in the

Feyinug section end thus it is not affected by the presence of the axternal

Pisld,

The zecond mode of propagation characterized by the refractive inder of

Al e, 2

b} iz called extrecrdinary mode. From €q.{2.20), we find that E=0

s mhe remaining components satisfy

fince 2

Wriis E

&
g ft‘u-“'

Ex gt
E_r e1

corresponds £0 the longitudinal comsonent of the electric field

s

‘0 the transverSe one, the extra-ordinary mode reprepentr a hybrid mode.

de has two resomance frequencies. FSetiing the denominator of the righe

T
& 50

hant side of eq(2,26h) equal to zero and expanding the sclution for w in terms

of 5 /m; s0d retainingonly the lovest terms ve obtain [to].
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Wy (2 __Tce e,
fia a7
m‘. + m? lt.-ﬂea‘}
o) o8

,

o

= E 4
= )
Wy wce “oy (2.29a)
2 z e
b‘thg = wp mce : { ¢ .4",1-" h'

st the lower Wybrid freguaney, slectrons and ions oseillste together while
at. the wpper hybrid frequency only the electrens cgeillate.

. & . ¢ . -
“ofn @ Fropssstion Parallel to El’

- 3 = - . o L3 - *
° rengider §owave propsgating ib the z<direction parsliel tn 2 .

0
Serting ©: & In eq'i\?,-'g_'i_ll} we olitain the solations

{2.20a)

£, = 0
2 .
- El*% 'f.i.'.wt‘)

“hen ¢, = G we have

uizsma cheillstion,
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In order to identify the type of wuves correcpopding n? B gi apnd
= - a ' _
7 =0 we consider the gsecond eguation of eqs{2.20) whicl is
5 - b f-- - 2 R '
iz % * (2 )an =0 (2.91a)
or AE,
. " (2.3n)
“ox g™ '

T s P, 2. 2 . .
©f we substitule now n” = ng -.;;.1-1'_ F, into this equation we aobtaln

(s}
-E-i = i - (2.32)
Qx

shich tells us that the two possible modes of veves that cen propagste along
<t nagnetic Pield are eircularly polarized waves; the right circularly

polavized wave characterized by nf

and the left circularly polaried ways
cherartarized by :‘:E . Tf a wave of any other polarization is incident ov a
Tacma with the direction or propagation along the magnstic field it will
split into thase twe chuvacteristic wvaves which will propagate &% different
sperds s detvermined by :13 I: 331-.

The resonancss for the cirenlasly polarized waves, oubained from Lbo
rencnance condlition and eqs(2,308) and (2,30¢), are

mce";‘l"ar the right cireularly polariczed wews

o ®.i = for the left circulurly molerized wave.
¢

wave the electric Fleld reotetes about ths pro=

T

n a cireularly polerized

pagsticn direction once each period as the wave proceeds through the asdius.

3 Y A ' -
Thue the wave slectric field cen rotate gynchroninm vith the gyrsting partic

¥ 4le wave Trequency equals the particie eyclotron frequency. Prom Lhe ri-

consnce frequemcies given above we gee that the right hand civcularly poleri
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waye is:::esomce with the clectron and isn electric ficld will rotnte in
dyachronism with the gyrating elsotrons. The ‘electrons cen then wbeorl enery
from the electric field. Ab & vave Trequency equal to the ion cyclotron
fregquency the left hand polarized vave f3 in resonance vith the jonrs in whico
cege the iops may extrach energy !"rom the wave as they gyrete in synchroning
with the wave electric Pield.

Although propagstion and non-propagation of electromagnetic waves By
wocur over a wide ranges of frequency, only near frequencles thnt nye
charncteristic of the plasma or of the plagma particles will really ipterestine

ffects take place. The left-hand circularly polasized vaves, at fraquencig;
sowewlial less ‘than the fom cyclotron frequency, are sailed fen-syelotron yeves
ard the right hand polerized weves in the vicinity of the eloctron cyelotran
Fescreice are called the elestron cyclotron wavas. The e)actron cyclofron
¥aves are algo called “whistler" wuves in conmection witii the yro-
Fasntion of waves along the sarth's magnetic field lines in the ionosphere.
v & megnetized plasmn the role of ione is usually unimportant pro-
4353 6 > W < wg',ves. wiizh can be considered neglecting the effect nf lonc
w7 called high-frequsncy waves. The dizpersion relation for high-frequency

-
wEVes in %z cold colijsionless plasea is [“J

' e 2,2
) : 2 (e w e e (B3N

A = 1 - : . .
j h s e 2,2 2.: "’ i
2(e" a)ue_-wfem?sinzet {w w:;linlbgu”u (w o} pos i




-% =

CHAPTER 3

MOTION OF CHARGED PARTICLES 1IN THE PRESENCE
OF WHISTLER WAVE

Let us congider an infin::.t.e_, non~hemogeneous, collisionlsas planma
‘mmersed in a uniform wognetootatic field., A vave of slowly varying
arnlitude is essumed to propagate at an arbitrary angle 1o the maaneto-
static field. We restyiapourselves to sn electron cyclotron wave, Lhat
iz, & whistler wvave of frequency m such thmt wascw s . In this case
the ions in the plasma sre paractically immebile and constitute n back-
grouni of neutralizing positive charge. Thus we censider ooly the molior

™

elsctirons.

3.1 The Equetion of Motion of sn Electron

The motion of any particle depends on ihe forces which act on it.
In the zave conpidered sbove the electron s subjected to twm forces: one
\1aatrical ‘and snother of magnetic origin., Thus the non-relativistic

wobion of the electron ig determined by the eqisticus

'.E - = = - r}.l'\‘

Ee ¢ i

- £ - { » L
il ar . (W ueﬁ y evxi (3,1b)

at ™ "

7o these eguations ;, 3, - and ws are the position, velocity, charge aud
T, s A
tnss of the slection, respectively. The elestric Tield E and magnetio rield

o

& have spatial and temporal variations, They can e ccaplder«d me a superypor

tion ¢ . guand- 1 ) i fast verying hi frequercy flelas
vien of . guasi-atatiy fields . ﬁn end fast veryd &

$_, T. as follows
N - -+ ’
E = F # B« (3.7n]
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W= consifer the whistler wave under the following conlfgurst loni
the static sagnetic field lies in the z-axis, while the direction of pro-
negation of the wave liegs in i:he.z—s plane making angie y vith respect to
the r=a%is;

Ferpuan and Tundin [13] have shown that the slegtric field . and

) S . )
mametic field B. of the quasi-wonochromatic vhistler packet can be descrived

oy
B, = -aAcos$ {3.3a)
. = -Asin @ (3.7]
E = -ahcosd (3,3¢]
aad B = nlcos ¥ sin ¢ {3.he)
= -nia ©08 § : (3.4m)
E- ¥
B = . {Sth’

Wt ,e,;m:{f,t} ig ‘the mmplitude of she wave wiichestinfies the conditions

1 l
——]
I

By
1 13A — (3,5t]
X !B << k-

1 jg the refractive index of ths plasma axd is related to & and @ hy the

naual ion.
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- v

ant o, are coefficionts of polarizstisn of whistler wave in the 1inesr

wimetica 8nd are reiaded by

e L o, ©oe X4y 2in X

cosune that 0 % €€ 1 . Yn this chge of quasilongitudinal propesstion

2
wave n, @, & and o ere expressed in tewms of the vave, cyclotron and

e freguenciss asg [;33
g *

2 5 - P
; &f‘) T (3.6)
:u{mﬁcoa X -0)
% = wees X-w,
B RN B (3.7a)
= X i .’-'
%z Ve (3.70)

UCEES S

~E 51 (3.8s)
J_-;-

@ %00t ¥ ek {3.50)
&'.&

. 2

fs 13.1) dnowhich & . iy and __t’ are fefined by

now introduce & coordinate system in the velocity spacs a2 ghown in
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T wE
x Sy X% (3.9a)
Syt
vy “z2%% ' (3.0p)
TR e
% ‘1xe.r g (3.9¢)

B

Lo}

=

fx./

Fig. 3.1 Configuration of Various Vectors

The expressids for ¥ and B given by #q#.(3,2) can now be written s

- - - - e -
E= 2 aA eosQex—A ainét-y -:rzA cospe, (3.10a)
+ . . ; J -

E=nﬁcosxsin¢:x+nacm¢:?+au:z {3.10b)

The eguetion of motion of the particle in the gpiceity space is

> a *i(eea ] :x + sin O :y) + vy :z (3.11)



: -1¥v 7
wiere O = tan (_I i3 the phase of the cyslotron motion of the particle;
v
b - -

Vu =V, and v, = (vi.-l-vi)i

2 ar¢ the longitudinal and transverse componenta

of the particle veiceity pelative to the magnetostatic field,
Differentiating eqf3.11) with respect to time we obtain

:3': = [cos (3] f“_-vlsin “:];x'i [uin 0 ?l. + v cos %] ;y + v, :z (3.12)

ic which the notation P "is used instead of g for any quantity P.

Substituting for i"', #, Band 3 in accordance with egs. (3.11), (3.12) and

(3.10) in eq. (3.1b) we obtain

(205 @ 9 - v sin e-é]@z %.E;in & % +v cos © :ﬂfy + Py Zz

= ‘:-l-i [Eo- a,xA cos ¢ :x-" sin ¢ gy— G"A cos § :a

- - ] s
-;-:j X &Bosin 9 = ¥pnA cos ﬂ e-8 E'»m‘- o0s ¥ liﬂ"“"BoCOBgﬂy =

m
ev, nA [cw 8 ﬁdlo- cos x sin O sin Q] ;3 (3.13)
m

Multiplying both sides of eq. (3.13), scalerly. by 'é'z we obtain

o ;
I = —e§° o B2 'erA cos $ - ey nA [:coa B con ¢ ~comy oin D ain ¢*]

ey ik ; (3.26)
7ith the help of the identities _
sin @ sin ¢ = 3 [fos(0-4) - cos (04] ] (3.15)
snd cos Q@ cos §= ;Ccou (Ol'-ﬂ + cos (M)J ' (3.150)

the above equation can be written as
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where a stands for the Larmor rediug, L is the distance in which

the chenges in the components of the magnetic field hecome of the arder
el the magnetic field, T is the time necesgary for the particle to drift
through this distence and Vy is the eloobrical arift velooity.

7.2 Ayeraged Emit;,;:‘;%ggrat Motion of gmén Cyelotron Resdnaade
Hultiperiodic or multi frbquenicy systes of Aifferential squations,

enntrining fast rotating phases are generally represented as follows,

X = %, ?f..é ety (3.24n)

3 o= 1 wed) «Awt? cel (3.24b)
Where X = (é., rerry Xyl i 8 nlavly vavying veetor,

3= {6y uoedy &) Sk Hasb Warvlis vector

w = iz Trequency which depends on the slovly verying vector

£ is & small paraseber

P are pepiedic yeotor functions.
A nmethod of averaging of auch & system of multiperfodic Ailferentiel equat.
inss in the ressnance case was suggested Uy X.F, Bogiivbov and Yu. A
“itropolekid [ju].Applying their metlod of veraging to the eqa, (3.01],
f3.1€), (3.28), (3,21) and (3.23], seoumiog the longitudisal electric field

to be wesk, ve obtcii__ the averagsd eguations,

r = v,.ggi-'.l_z 155 (3.25)

g
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Ty = A +e, cos ) (3.26)
vy = b cos§ . {2.27)
¢o= w -w g sind (3.28)

where ¢ = 8-¢
From these averaged squations we obtain the expressions for the "actusl’
variskles of the particle motion, with the eecillating terms taken into

ronsideration, as follows

v = R4 Lfs’iﬁe-:;-ma:y) (3.20)
.m"J
a (3.30)
Yoo v, +013i;n¢+nzﬁn(9ﬂl
“y wo . ml
. 8i - so8 0 + b, sin(®4+d) (2.31)
o= v b b, sin @ ~ b, zo® 5 |
iy o
8 éq sin € - g, cos O _ cos(®+$) (3,32)
2 = o .u&__ !}m_,_‘.w
: o °
b o= ¢ + KkWein® ' (2.33)
o i Ml ;

[+
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where each of the first term on the right side of each equationm representn

4n sveraged value in the resonance case.

v
The ratio “op appearing in the ogcillating term of the position vect

°

of the particle is the Larmor radiue of eyclotron rotation of the p;rticle
around the constant magnetic field. The equation for the longitudinal comp
of the psrticles velocity shows thst itg oseillating term depends ca the his
frequency of the wave. The oscilla&.na terms, of the transverse ccomponent ¢
velocity and that of the phase of cyclotron motion, are dependent on the his
frequency of the wave and on the quasi-stationary electric field fc. Hince
the wave is propagating =t smell angle y, the transverse component of the wr
vector is small ecompared with the longituding) component, i.e.,

kK = keiny <<k ecos ) = Ky

Thus, in eq. (3.33] the second term is much less than the first term,

3,3 Anplysis of the Averaged Equations_of Mction of Charged Farticles_in
Cyclotron Béa_ga;g,gg_g

In the absence of magnetic field the motion of the particle in the
veve's fiald would be rescnant when phase veloeity of the wuve is equal to
the component of the yelooity of the particle aleng the direction of the

wave's propegation. That s,
o B (3.34)



This type of resonance is called cherenkov Tesonance. ‘Under this condition

the particie emits cherenkoy radiation (vaves) (for those w = vy i = v cog O
%

. -+ <>
where © is the angle between X and v). However, each emission process can

be reversed and, hence, for the same condition of w and i: the wave must

cavse the inverse effect, cherenkov absorption, connecied with the transfer

of epproperiate Energy £:.d momentum from wave to the .particle [Il]'

In the presence of magnetic field we have another type of resonance
known as eyclotron resonance, Such resonance occurs when the frequency of
“the weve is equal to the rotational speed of the particle sround the magnetic
field. It is to be noted that cycloiron resonance also takes place when the
frequency of the wave field is an integral muliiple of the cycloiron frequency,
' Thus, the resonance -condition for a particle moving across the magnetic field \
is given by

W = mw  n=1023,... (3.35)
If on the other hand.a particle has a constant velocity component vy in the
direction of the megnetic field, the frequency "felt" by the particle is the
Doppler shifted fr?queric;-}r,equal to w(-ﬁ) = YyVy. For such a case the cyclotron
resonance condition .isl . |

(k) - k,,v.," =aw. azh, 1, 2. . (3.36)
For n = 0 this condition reduces to the cherenkov resonance. For n = 1,2,3,...
ea(3.36) becomes

- . > {3037
h}(k) =_ 7 |wc, + kuvn '

e e — e
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Thus, for o > O the phase vuladity' of tha vave along the magnetic ficld ia
grm;ter thm"ﬁp velocity of tht wﬁe:h Vi And we have pormal Doppler

effect. -In ‘EBIK me\the particle sbsorbs epevgy fron the wave and we have

damping of waves under normal Doppler effecte.

Whea o = =1, #2, =3, ... condition ("3-35,] Leccmes

(ke wae Ia;ncl ' (3:38)
Thas, for n < 0 the phase velocity of the wave sleng the magnetic field
ie less than the Mie'le‘a ‘reloczty Vg, o t.his case the wvave shsorbs |
enzrgy Trom the Mieh and 13 anplified under ancmalous Doppler effect,

The averaged equations of motion of charged particles, eqs. (3.25)~
(3,28) are derived under the cyslotwon ressnance condition (3.36], which
corregponds to normal Do-p'é!.ex- effact for p=l.

Tn the exact resenence i.,e,, vhenp o = 1 we have

&
wl) =
Kn
For wnistler vave (k) is sesller than « apd: from eq(3.39) ve conelude that

Va

"

q (2,39)

the vescnencd veigeity Y& and k. have opposive signs, This shows that the
rasonant particles m_owe to the vhistler vave,

The imeatip;:bian of the metion of charged pavticles, with the help
of eqs. {3.25)-(3.28) is & very comel feated problem. An stated earlier leot
the whistler waye be f¥cpagatiag in » veakly jontzed non howogeneous nlasma.
The wave nusber k ia mngi.ns snd oan be Mnﬁ ﬁ'on the dispersion eguation

(3,6). _ v
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'&irferenk-iationf“'of €q (3.28) with respect to tims gives

¥ = -y l.n"‘kn‘l;'ﬁ*ﬂinﬁ_ﬁg*.h dosq;li! {3:.“0’

“upposs that the high frequency vave 1s quite weak and the amplitude varies

slowly, then the last two terms of ege(3, ho} can be na;lectod Zince we
know bm e BN i

i’s. - % *.r..ih;., ’. "r.._evn

and in- the eomiderpd emcnf mnmtic vave

P un
W= congb-?' ak" =0
_ & 8.‘3‘

then oq (3.%0) E:w be yritten as

i s ml W * kg »

niy, (com & -1) eos ¥ =« 0 {3.51)
” , = .

iz equation .'La"aﬁs o a0 iuteav-ﬂ. of motion,'

Py U(g‘} = W = constam ' : (3.%2)
Mera U’{@) = &2?&_" + k‘.,;l ]dl + fk“ﬁ [cos X -1) sin ¥ (3.%3)
oo [ G- 9 2m

is the"'ia‘ofeutir.l ensrgy’ in the opate of phase difference.y .

Bq. (3.42) 21y descrfbes the monerelativistic motion of charged
particles in the Qn;e ﬁnoe rﬁ,q,}_. As far as the funoticn 8(%) has
inima fpetential*uull). Ttaere ‘will be trapped resonant particles vhose
wotion ia finiuq wﬁ There sre. &l90 tragped particles,vhose motion
aamnm@a.ﬁfxm

B:f ana];zin; q.,tB.lB) it is pouﬁlo to find the value of the nagle
for u!liuh the w mﬂiclu m m.l in the potential well, To find
hemmm“uﬁuW9hﬁwhmumm

1
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% au(y)
& ay - =0
iy ext
which yields
2 ak-'!l Ek-p

V.
+ [
R o thee, v
From this egqueation follows that

cos"f’extn Iﬁl'

B
where Y = vnz ?i'_'_ ph -
u " o
& e't.“nh‘f_l_ ( .
Lo o | 1~cous 'x)

nhv (1-cos x) cos ¥, =0

(3.44)

Fauation (3.44) is the necessary condition for the particles %o be trapped.

In the case of homogenous plasma 3n o o and in the susence of

: 9z

the phase 3 with frequency

ek, nAv, i
n = J—E'}{IHCOB %)
: Uk

. * L g - i . T 3 v t
suasi-stationary electric field io, the trapped particles oscillate nbou

T TR —




Iu the caae where ¥= 0, that is, when

732 -3k" T - k" “ ‘3” )
: 32" 3 0

resonance interaction of purticles with thne wave ia 2imiisr to the Anternot io
in the case of & homogenesus plasms, &:pa-esaicn (3.85) ic then the cosdition
of compensation effect of non-homopenfety 6F plasma by asasl stationwsy «lrote
fiald.

Prawing horizental line (fig 3,2), cérresponding bo the piven valae o
the total energy, it is possidle to -up-.ci!‘y- the possible range of motinn - Y=3)
the particles, Those electrans vhose enewgy, in the system of coopdisntos wis
is leas than the amplitude OF are trapped in the potentinl well  The maflos
of the pavticies is Iimited by two dorders as it is shown in otential well
78 beiween points *1 and %-. These pavticlen remaln in the potepbial well, or
chunging energy with the weve, until thdy fulerchungs sperpy with other purtic
=g get out of this state,

Tt can Be noted ‘that the one dlmenaional finite motden i the rotentis
vall PQ'is periodic, According to the projerty of pariodie motion tha perind
motion of particle T(R) 18 equal to twise the time of movdon from F o T,

From =d, (3,42) it can Do shown that tne Ew'z'iod of ascilintien oe resoanat

trapoed particles ls

W) =2 S e (2 26)
SR cai)

5 in the absence of guami-stationwiy
In the case of hemogenes s plasme and

- k -
elacirie field, or vhen Y= C, theperiod is giyn ne

%
o« ' mm#‘%‘é‘ \’ﬂkéw
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CORCLUSION

In this thesis the motiun of charged particles, especialiy siectron,

in = collisionless, .acn-homogencous plaswa is comsiderel. The equerfon of

motion of en elestron, in the magneotized plasme, when a high fruquency

whistler wave is propagating oblique to the wamnetoststic finld, ars derived,

The system of equations are found to bs multiperiodic. The equations are
then average? in the sase of cyclotron renorlumcp with the help of uethod of
ayeragzing. Expressions for the "resl"” varisbles of the particie's motion in
the resonance csce are derived. It is found that these expresginne cousist
of to sverswged term and ni;cm.anory terme vhich mainly devend ofther s the
wave's frequency or on the gquasi-~stationary electric fiela,

By anal_yzi:ng the averaged ~guations inm the phase difforance soage,
un approximate integral of metion is found. It ie shown that, vith the nelp
of the integral of wotion, it fa pousible to determine the ragion of bounded
ard anbounded  particle motion in the cese of weak quABL-BYMLiIGuAT electric

field, It is also ghown thot there is a condition of compensatics effect oo

she nor-homogeniety of plasma by quasi-atationary electric field.
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