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A Study of Ray Focussing of WhiStierョ Mode Waves

in the OuterいnagnetOsphero
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綿 槻 肘

T岬 劾

sU M MARY   The lltlrpose of tllls paper is tO investigate the ray

focussillg of wilistler,Inode H′aves in the otiter magnetosphere

which results in an enhanced M′ ave‐particle interactions ″
rhe

critical frequenCy in a horllogeneous plasnla iS arst studied, at

H′hich the refractive index surface of H hiStler inode H′aveS indi‐

cates a zerO curvature at a longittldinal HFaVe nOrmal angle This

critical freqtlenCy is also fOulld to be consistent HFith the zero

dirractioll coettcient in the Ftlll‐M′ave theory for a slightly in‐

1lo■logeneous plasma The tH′ o‐dllllenslonal ray‐tracing computa‐

tlons for varylllg the frequency and initial H′aVe l■ormal(lirection

in aII inhomogeneous realiStic mode1 0f tile outer inagnetoSpilere,

have yielded that althOugh the CritiCal frequency for the holl10ge‐

neous Case has its importance eVell in the inhomogeneous plasma,

the strongest ray focussing seems to OCCur at a frequency sllghtly

beloHr the above critiCal frequency,and hence that an enhanced

gyroresonance HraVe‐particle interaction is anticipated at thiS

frequericy                                ヽ

1 ,   i n t r o d u c t i o n

Gyroresonarice wave,particle interaction is inlpor‐

tant in studying not Only the generation of VLF/ELF
eIIlissions in the maglletosphere,but alSO the struCture
and stability of the magnetospheric energetic particles

(e■g4, Helll、vell and Crystal(め). In Order to enhance

ettciently the phaseibllnching of incolllirlg gyroresollant

electrons by collnter‐prOpagating M′aves, the focuSSing

Of radiation along the maglletic neld lines iS highly

required(1)'(2).HenCO,it is of great signincance to investiⅢ

gate the propagation of M′hiStler―
mode、 vaves llear the

eqllator in a Vヽide frequency range 転 ′ith norttaliZed

freqllency from O.l t0 0.7 in the outer inagnetospere,

、vith respect tO paying aマpartiCular attention to the

efFlcient vヽave―particle interaCtionS. There is ample

experilllental and theoretical evidence of ttrave refrac‐

tion in tile plasmasphere,but little study is done on the

tOpic of vヽave refraction ill the outer inagnetosphere

(see WItltO and iHayak4ヽVa(3),and the references thereiA).

In Sect.2 We discuss the propagation Of whistler‐
mode

、vaves in a homogeneous magnetoSpheric plasma based

bll the study Of refractive index surface and then a full

wave study,Then,Sect.3 deals with tlle WhiStiCrimode

M′ave  propagatiOll  in  an  illhomogeileolls,  realistiC

Inagnetosphere by means Of tllei tM′o‐diinenslonal ray,

tracing computations.

2.  Propagation in a Homogeneous MagnetOSphere
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ケ((1んか∂E//0サ十∂ガたレ)十少♂E力″
2_υ(″)ご=0(2)

υ(″) =一拷/ 2 ( Zε( r ) /εo )           ( 3 )

、vhere  cO and ttC are the hOmogeneouS and in‐
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ク=ガ2  々                    (4)

、vhere

レ=1キ(1 / 2 ) ( 3″
-1 )

=1■(1/2比[―(ガ″
2)(/rr/(_/一方つ}]     (5)
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Fig 2  Criticai norrnalized frequenCy (in a full line)as a func‐

tion of the ratiO Ofん′ケら,An apprOXimate curVe for the

critical frequeicy for/,7j牛′>1 0 is lllustrated in a broken

line The change in mOrphology Of the H′
hiStier lnode

refraCtiVe index iS recOgnized aboVe alld beloMF the

critical frequenCy

can antidipate that the Curvature of the surface vanishes

at zero Wave norlnal angle just at this critical freq(lency,

Becatise the ray direction is perpendicular to the re‐

fractive index stlrface(4), this suggeStS a pOSゃ
ibility of

enhanCed phaSe‐ bunching of incoming electrons caused

by focuttng of the rttiatiOn h the direcdon Of the

Earth's magnetic neld 80.

In the outer lllagnetosphere theあbeCOmeS,On some

Occaslons,slnaller than the y',and sO Mre M′
11l derive the

general eq(lation for this critiCal freQuency fbr ditterent
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quenCy is fOtlnd to satisfy ti

2カを(1-九c)/(1-2九c)=(あ″可)2        (1)

where ttc=え″″iS the critiCal frequency(允)n01 malized

b y んT h e  r e l a t i O 1 l s h i p  o f  t t c  W i t h あ/ / 材i S  p r e s e n t e d  i n

Fig.2. ThiS agure indiCates tilat the critiCal frequency
ノlc decreases cOnSiderably be10ヽV 05 for the more

t e n e o u s  p l a s l n a ( あ< / r r ) T l l e  V a r i a t i o n  o f  t l l e  c u r v a t l l r e s

Of the refractiVe index surface at θ
==0°is plotted in Figt

3  f o r  v a r y i n g  t h e  n o r i n a l i z e d  f r e q l l e n c y (九
=す|すB ) a 1 0 1 1宮

the broken line in Fig.2(1.e.あ
/yrF=1.0). Vヽhell the

frequencyノ生iS inCreased,the Curvature is negative(l e

concave),then crosSes ttero atノ生c and M′e llave a positiVe

curvature(convex surface).

The importanCe Of the aboVe‐ obtained Critical fre‐

qllency derived from the c01lcept‐
of refractive llldex

sttrfaces (or in other 、vords, the ray theOry) is re‐

exall■ined by llleans of a full‐Vヽave collCept.WVe consider

that the plasma is Weatty inhOmogeneous aCross the

nlagnetic neld line (Or ill r direction)and the COrre‐
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Fig 4  アヽariatiO11  ヽVith  the  nOrmalized  frequenCy  of  the

dittractionクValue in the same plasma conditiOF1 0fあ
/ん

=10

strongest ray focussing.And,this CritiCal、
frequencyノ 生c

is well apprOXimated for higher/p//r by the following
equation.

九c生05(1-(1/4)0句あ)2)もら>九つ    (6)

This approxiIIlate relation is also plotted in Fig 2 in a

broken line, vヽhich indicates the validity of Ecl(6)fOr

み/ん>2.0
in cOnclusion, both frott the refractive index stlr‐

face studies and full,M′ ave considerations, tile critiCal

norlnalized frequency is fOund tO be an iriportant fre,

Quency for having a Strong ray‐
focussing in a hol110gene,

Otls plasma and correspondingiy,We Call eXpect a strorig

phase bunching of incoming electronS, leading tO the

c1lhancenlent of M′ave‐particle interactio1ls.

3.  Propagation in an inhomogeneOus MagnetOSphere

The propagatiOn properties ofヽ Vhistler‐mode M′ aves

including the ray fOCussing and SO forth,are investigated

M′ith the aid of tヽVO d々ilnensional ray,tracillg coHlputa‐

tions.1'he outer HlagnetoSphere M′ hcre chOrtls and IIlany

Other ettisslons are generated, iS Characterized by a

r e a l i s t i c  m a g r l e t o s p l l e r i c  m o d e l . A  d i p o l e  m o d e l i S  a d O p t ‐

ed for the Earth's magnetic lleld and the plasma density

is assumed tO f01low the diffusiVd equilibrium mOdel.

The L  dependence of the equatOrial density fOr our
model is indicated in Fig.5, and the details 01l the

speciflcation of the inodel are already deSCribcd in WIlltO

alld Hayaka、va(3)alld WIuto et alさ
(7)The initial tt Value

was ixed at LO=6.6 and t4e nOrmaliZed wave freQtlency
at the equator、vhich is the sta:ting (or initial)positiOn

is、videly varied froHl九0=0 1 through O.7 with a step of

0 1 11l order to know the general bellavlourS Of ray paths.

The initial wave 1lorlnal angle θb iS also vヽidely varied

from O° tO large values with a spacing of 10°
 up tO the

oblique resonance angle θ res. The deinitions of 
Vヽave

「ig 5 アヽariation of eqtlatorial electron density with geocentric

distance,M′hiCh iS used fOr the ray‐tracing colnputat10ns

n36鮒
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ψ iS measured from the aIIti‐parallel of BO The varia‐

tions of this ψ are indicated in Fig 7

OEOCENTRIC

(radial VeCtOr)
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anf=cos l(fiずHtt J面耳て刀万万不ア乃        (7)

Other tWO ailgles are Well knoWn as followsCた
い).

徐es=COS l((///r)拒十(カ
ー/2)肝}     (8)

偽=COSTl(2///J)              (9)

Reslllts of ray卜traCing COmputations ln each flgule the

upper panei referS tO the latitudillal variatiOn ofと
value

alld the loWer,the correSpondirlg latitudinai Varia110n°
f

、vave 110rmal directiOn ψ The initialヽ
A′aVe、nOrlnal angie

仇 VヽhiCil iS indicated by lach Curve iS‖
Fidely Varied (a)

九。=06,(b)九 o=05,(C)九 o=04 and(d)九
o=03

latitudillal Variation Of theヽVave llorinal angie ψ deaned

i l a  F i g . 6 , T h e ` n e g a t i V e  i P i t i a l  w a v e  n o r m a l  a n g l e ( 仇
< 0 )

indicates that the initial、vave llormal is directed in、
vard

frolII BO,While仇>0,the 01ltWard―directed initial wave

nOrmal directiOn.For AO=0 6 in Fig.7(a)well abovc

the critiCal frer4uency,thC rays except thOSe with larger

initial positiVe 仇
'S(Such as +40° , +50°)exhibiヒ a

do vヽnWard curvature in the smaller latitude rangQ.and

folloMアed by an up ハヽ′ard curvatlユre fOr higher latittides.

The rayも M′ith仇=t40° and J-50°are found to indicate

an upWard curVature at all latitudes.At thiS normalitted

frequency,the sirnp19 COncave refractiVe index surface

o   ■ o  20  30  40

■, A T i ″ r U D E ( D E C )
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edge of the eritical cone is a type of caustic surface,and

the intensity of radiation is greatest itt thiS direction.

Because of the inhomogeneous lnagnetic fleld, the ray

w i t h 仇= 0 ° ( a n d 仇= - 1 0 °) e x h i b i t  a  s i i g h t  o u t w a r d

shift ill二in the loM′latitudes up to abotit 10° and the

s u b s e q u e n t  d e d r e a s e  i n んV a l u e t  T h e  r a y s  w i t h 仇
= - 2 0 °,
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remain parallel to the neld line4

4, COnctuding Remarks

magnetOSphere
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