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Abstract

The plasma sheet,Whichis con丘ned around the equatorialregion of the

magnetosphere,isoneofthemostactivesitewheretheparticledistributionconsistsof

notonlythethermalcomponent(～SeVeralkeV)butalsothesuprathermalcomponent

(～SeVeraltenstohundredsofkeV)asaresultofvariousaccelerationandtransport

PrOCeSSeS.Thesetwocomponentsofmagnetosphericplasmabehaveandaffectplasma

and丘eldstructuresinthemagnetosphereindi鮎rentways.Thethermalcomponentis

amajorcomponentofplasmaintheplasma sheetandplays a mainroleinglobal

interaction with the ambient magnetic and electric 丘elds,hence their spatial

distributionandalsoglobaltransportprocessesarecloselyrelatedtolarge･SCale丘eld

StruCtureSOftheplasmasheet.Ontheotherhand,thesuprathermalcomponentisa

minorcomponentandusuallytheirabundanceisnegligiblysmallascomparedtothe

thermalcomponent.Howevertheyaregeneratedabundantlyduringgeomagnetically

disturbed periods such as substorms and transportedinto theinner region ofthe

magnetosphere.Theseenergeticparticlesgeneratealarge･SCalecurrentsystemaround

theEarthandtherebycausesigni且cantvariationsinthe geomagnetic丘eldnearthe

Earth.Thusinordertounderstanddynamicsofthemagnetospherecomprehensively;it

isessentialtoexaminethecontributionofboththermalandsuprathermalplasmasto

theformation ofthe magnetospheric plasma and丘eld structures and also to the

energizationprocessesoccurringintheplasmasheet.Therefore,inthisdissertation,I
investigate typICalmagnetospheric phenomena relating to the acceleration and

transportprocessesforthermalandsuprathermalcomponentsofplasmas,uSingthe

dataobtainedbytheGEOTAILspacecraft,anddiscussthefundamentalprocessesof

Plasmaaccelerationandsubsequenttransportinthemagnetosphere.

FirstImade a statisticalstudyonionflows,PreSSure,andthe magnetic neld

directlyobservedintheplasmasheetandderivedtheirlarge･SCalestructures.Itwas

Shown that the averageionflowin the plasma sheet has a signi丘cant duskward

COmPOnentinthelocalmidnighttodusksideregions,butisdirectedalmostsunward

Onthedawnside.Sincethisasymmetryprobablyresultedfromthecontributionofthe

ionpressuregradientdrift,WeeStimatedthetruedistributionoftheconvectionelectric

丘eldbycorrectingtheobservedVxB丘eldbytheobservedionpressuregradient.The

resultisthat,inadditiontotheduskwardcomponentoftheelectric丘eldrepresenting

thesunwardconvection,theelectric丘eldhasasigni丘cantsunwardandanti･SunWard
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(Ex)componentonthedawnanddusksidesofthetail,reSPeCtivelylThismeanSthat

theearthwardconvectionhasatendencytobifurcateatthemidnightmeridiantoward

dawnandduskinarelativelysymmetricway｣ItisalsofoundthatthemagnitudeofEx

issignificantevenat downtaildistancesofR>15RE,Showingthatthebifurcation

OCCurS at muCh greater distances thanpredicted by earlier models.Theimportant

resultisthattherearesignificantdi鮎rencesbetweentheconvectionpatternsofions

(deducedfromionvelociti)andmagneticflux(deducedfromtheelectric丘eld)inthe

near･Earthplasmasheet.Thisdi鮎rencesuggeststhatthefrozen･inconditiondoesnot

holdforionsinthenear･Earthplasmasheetandthusionsandmagneticfluxesare

transportedindi鮎rentways.

Next,Istudiedtheaccelerationandtransportprocessesofenergeticparticlesby

investigatingspatialandtemporalcharacteristicsoffluxenhancements ofenergetic

ParticlesandalsotheircorrelationwithsubstormactivitiesonthebasisofGEOTAIL

HEP･LDobservation.Ⅰfoundthatsomeofthesefluxenhancementsexhibiteitherclear

energy･dispersedordispersionlessfeaturesintemporalvariationsofparticlefluxes.

Thesecharacteristicsgiveusimportcluestoestimate howfarawaytheobservation

POintsarefromthe source ofthe energeticparticles.Usingthese clues,Iexamined

PrOPertiesofenhancedenergeticparticlesduringsubstorms.Ⅰfoundthatthedispersed

eventsofenergeticionsaredistributedpreferentiallyontheduskside,Whilemostof

thedispersedelectroneventsarefounddawnwardofthemidnightmeridian.Onthe

Otherhand,thedispersionlesseventsarefoundonlyonthenightsideandaremostly
distributedwithinR<15REfromtheEarth.Fromtheseresults,itisinterpretedthat

energeticparticlesformingsuchfluxenhancementsare generatedonthenightside,

andsubsequentlydriftazimuthally;andthenreachtheobservationpoints.Adetailed

analysisshowsthationdispersionlesseventsarefoundmorefrequentlythanelectron

events.Thisfactimpliesthattheaccelerationmechanismislesse鮎ctiveforelectrons.

Ialsoexaminedtheircorrelationwith substorm activitiesin detail.Itwasfoundthat

almosta1lofthe dispersionlessanddispersedeventsare associatedwithsubstorms.

The dispersionlessflux enhancements occurred within about+/･2minutes ofthe

COrreSPOndingsubstormexpansiononset,Whileallofthedispersedeventsarepreceded

by the onset probably due to their丘nite transport timefrom the source region.

Duration of the observed energy dispersionis consistent with our test particle

Simulationwiththe source site assumedatlocalmidnightinthenear･Earthplasma

sheet.Itwasalsofoundthatsomeofthedispersedeventshavealong(～SeVeraltensof

minutes)energy dispersion,indicating a possibility that energetic particles
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OCCaSiona11ycouldmakeacloseddriftpatharoundtheEarthevenatradialdistances

exceedingtheradiallimitoftheinnermagnetosphere.
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Chapterl

Introduction

1.1 GeneralIntroduction

Interplanetary spaceis not avacuumbutis丘11edwith chargedparticlesinthe

StateOfplasma.InterplanetaryplasmaorlglnateSinthesolarcoronaandiscalledthe

SOlarwind.Itflowsoutwardatasupersonicvelocityandblowsagainsttheplanets.As

aresult,themagnetic丘eldsofplanetsaredeformed,andthemagnetic丘eldstructure

Calledmagnetosphereisformedaroundeachplanet.

The progress of spacecrafttechnology madeit possible to measure the space

Plasmas andthe magnetic丘eldsinsitu,and,fo1lowingthe discoveryofthe Earth's

magnetosphere,Wediscoveredthemagnetosphereofotherplanetsinoursolarsystem,

SuCh as Mercury;Jupiter,Saturn,Uranus,and Neptune.As shownin Figurel･1,

although they have di鮎rent spatialscales,there are fundamentalsimilarities

betweenmagneticstructuresofthedi鮎rentmagnetospheres.Thesimilarityindicates

that the magnetospheres obey similarlaws of plasma physics,and thus we can

understandsuchmagnetospheresbystudyingtheEarth'smagnetosphere,theoneto

whichwehavetheeasiestacces8.

The studyofThe Earth's magnetosphere hasprogressed rapidly duringthelast

fourdecadesbydirectobservationsusinganumberofspacecraft.Detailedanalysesof

the magnetospheric plasmas and丘elds measuredin situ revealed that plasmas of

SOlarwindoriginpenetrateintothemagnetosphereandarethenacceleratedorheated

Prlmarilyin the reglOnlying alongthe equator ca11ed"theplasma sheet",Whichis

almost always 丘11ed with accelerated plasmas.It was also revealed that these

accele`ratedplasmas canbe classi丘ed generallyinto the thermalcomponentandthe

SuPrathermalcomponentwithregardtotheirenergies,andcorrespondingly;thereare
diffbrent acceleration and transport processesfor them.The formeris a major

COmPOnentOftheplasmaintheplasmasheetanditstypicalenergyanddensityare

aboutafewkeVand～0.1/cc,reSPeCtivelylThethermalplasmaplaysamainrolein
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interaction with the ambient magneticfields,hence their spatialdistribution and

globaltransport are closely related to thelarge･SCale丘eld structure ofthe plasma

Sheet.Inparticular,COnVeCtionofthisthermalplasmawithmagnetic丘eldlinesoccurs

in such a way that the spatialdistribution ofplasmais consistent with the丘eld

COn且guration.Therefore,inordertounderstandthestructureofthe magnetosphere

COnSistentlyfromtheparticleand丘eldpointsofview,itisneededtoinvestigatehow

Plasmasareconvectedgloballyinthemagnetosphere.

Onthe other hand,the rest(the minor component)is basically classi且ed as a

SuPrathermalcomponent.This component consists ofparticles with energiesfrom

SeVeraltens to afew hundred keV and their abundanceis negligibly smallas

COmParedtothethermalcomponentduringgeomagneticallyquiettimes.However,it

isknownthattheirpresenceisslgnificantduringgeomagneticallydisturbedperiods.

Inparticular;duringtheeruptivephenomenoncalledsubstorm,eXPlosivelygenerated

energeticparticles are transportedinto theinner region ofthe magnetosphere and

then generate a ring current around the Earth which signi丘cantly perturbs the

geomagnetic丘eldneartheEarth.Hencewehavetoinvestigatenotonlythetransport

PrOCeSSeSOfthethermalcomponentbutalsotheaccelerationmechanismsresponsible

forthegenerationoftheseenergeticparticles.

After all,in order to understand the dynamics of the magnetosphere

COmPrehensively;itisessentialtoexaminethecontributionsofboththethermaland

SuPrathermalcomponentsofplasmas.Especiallyduringsubstorms,Wehave totake

energetic particlesinto account.In this thesis,Istudy their statisticaland global

PrOPertiesbyexaminingtypicalphenomenaresponsibleforfundamentaltransportof

eachparticlepopulation.Theprincipalmechanismcausingthe transportofthermal

Plasmaintheplasmasheetisplasmaconvection,andwemakeastatisticalstudyonit.

For the suprathermalcomponent,We Study the flux enhancements of energetic

Particlesinthemagnetosphereinassociationwithsubstormactivities.

Forthesestudies,WehaveusedparticledataobtainedbytheGEOTAILspacecraft.

TheoutlookofGEOTAILisgiveninFigurel･2.GEOTAILwaslaunchedinJuly;1992

as ajoint project betweenInstitute ofSpace and AstronauticalScience(ISAS)in

JapanandNASA.Inthe丘rsthalfofitsmissiontime,GEOTAILwasputintoalong

ellipticalorbit to explore the distant magnetotail.In the second otbitalphase,

GEOTNLwas putinto a near･Earth orbit and has been surveying the near,Earth

plasma sheet(9RE<R<30RE,RE:Earthradius～6378km).The simultaneous

ObservationofboththermalandenergeticparticlescarriedoutonboardtheGEOTAIL
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SPaCeCraftenablesusastatisticalstudyusingbothofthermalandsuprathermaldata.

In this dissertation,Iinvestigate typicalmagnetosphericphenomena relatingto

thetransportprocessesofthermalandsuprathermalcomponentsofplasmas,uSing

thedataobtainedbytheGEOTAILspacecraft,anddiscussthefundamentalprocesses

Ofplasmaaccelerationandsubsequenttransportinthemagnetosphere.

1.2 TheSun,theSolarWind,andInterplanetaryMagneticField(IMF)

The Sunis a typicalmain sequence star closest to the Earth andit provides

Particlesandneldsthatareresponsibleforelectromagneticphenomenaoccurringnear

the Earth.The Sun has an atmosphere consisting of hotfu11yionized gas.Its

OutermOStPart,Ca11edthe solarcorona,WhosetemperatureisaboutafewmillionK,

expands steadilyintointerplanetary space since the solar corona cannot bein

hydrostatic equilibrium because ofits hightemperature.Thisionized gasflowlng

throughinterplanetary spaceis called the solar wind.The solar wind consists of

PrOtOnS,electrons,andotherminorionspecies,itscompositionbeingsimilartothatof

the solar corona.The solarwind densityandtemperature decrease withincreaslng

distancefromtheSunandareabout～10/ccand～105KneartheEarth,reSPeCtivelyl

Thecoronalgasesobtainsupersonicspeedsandthe solarwindarrivesatthe Earth

Withaspeedofseveralhundredkm/sec.

The Sunis a magnetic star and the solar coronais threaded with the Sun's

magnetic丘elds.Since magneticnelds are genera11yfrozen･into a highconductivity

media suchas the solarwind,the solarwindpu11soutsolarcorona magnetic丘elds

awayfromthe Sun.Interplanetary magnetic丘eld(IMF)observed near the Earth

OriginatesintheSun'smagnetic丘eld.TheintensityofIMFisusuallyaboutseveral

nanotesla(nT)ininterplanetaryspaceneartheEarth,sorbit.

1.3 TheEarth'sMagnetosphere

The magnetosphereis atypicalmagneticstructureinducedaround amagnetized

planetbyinteractionoftheplanetarymagnetic丘eldwiththestellarwindfromastar

Closetotheplanet.InthecaseoftheEarth,thestellarwindisthesolarwindandthe

Planetarymagnetic丘eldis the geomagneticfield.The basicfeatures ofthe Earth's

magnetosphere,deducedfrommanyyearsofobservations,areSummarizedinFigure

l･3.Inthisngure,thesolarwindhitsthegeomagnetic且eldanddeformsit,SOthatthe

3



magneticcavity(magneto革phere)asshowninFigurel･3isformedaroundtheEarth.

Theboundarythat separatesthe magnetospherefrominterplanetaryspaceiscalled

themagnetopause.

TheEarth'smagnetosphereisnotsphericallysymmetric;itiscompressedbythe

solarwindonthesidefacingthesolarwind(namelydayside),Whileitiselongatedon

thenightside,forminga"magnetotail"extendingmorethanathousandearthradii

behindtheEarth.Sincethesolarwindissupersonic,abowshockisformedinfrontof

themagnetosphereasshowninFigurel･3.The丘eldlinesinthenorthern(southern)

hemisphereofthemagnetotailaredirectedalmostsunward(anti･SunWard),andthe

regioncontainingthesunward(anti･SunWard)丘eldlinesisca11ednorthern(southern)

lobe.Between the northern and southernlobes,thereis a region丘11ed with a hot

Plasma withits plasma pressure balancing thelobe magnetic pressure,Called the

Plasmasheet.

1.4 TheOpenModeloftheMagnetosphereandReconnection

Spacecraftobservationsrevealedthatmostofthemagnetosphericphenomenaare

controlledbythesolarwindandtheassociatedinterplanetarymagnetic丘eld(IMF).

Thisindicates that both the solar wind plasma andIMF penetrateinto the

magnetosphere.In other words,the magnetosphereis partia11y"open"to

interplanetary space,and one of the mechanisms responsiblefor theinteraction

betweenthesolarwindandthemagnetosphereismagneticreconnectionbetweenIMF

and the geomagnetic丘eld.Incorporating two magnetic reconnection sites,Du脚

【1961】proposedanopenmagnetosphericmodel,Whichhasbeenwidelyacceptedby

researchers for thelast four decades.This magnetosphere modelis shown

SChematically as a cut along the noon･midnight meridian planein Figurel･4.

Accordingtothismodel,themagneticreconnectionbetweenIMFandthegeomagnetic

丘eld occurs on the dayside magnetopause.The magnetic reconnection creates丘eld

linesoneendofwhichisconnectedtothepolarregionoftheEarth,Whileanotherend

extendsintointerplanetaryspace.Theyarecalledopen丘eldlines.Thiskindof丘eld

lineisconvectedtailwardaroundtheEarthandstoredinthemagnetotailtoformlobe

magneticfluxe8.Another reconnection siteis operativeinthe distant region ofthe

magnetotailbeyondthelunarorbit(～60RE).The丘eldlinesinthe northern and

southernlobesarereconnectedthere andthe resultantclosed且eldlinesareconvected

earthwardinthemagnetosphere.
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1.5 Magneto8PhericConvection

1.5.1GlobalCirculationofPlasmaandMagneticFluxes

The two magnetic reconnection sites stated aboveinducelarge･SCale plasma

COnVeCtionin the magnetosphere,Whichis called magnetospheric convection.The

daysidereconnectiontransfersmagneticfluxesfromthedaysidemagnetospheretothe

magnetotail.Inthemagnetotail,thelobemagneticfluxesareconvectedfromboththe

northernandsouthernlobestowardtheplasmasheet.The magneticreconnectionin

the distanttaildrivesearthwardconvectionoftheplasma andmagneticfluxes,and

transfersthemthroughthenear･Earthplasmasheettothedaysidemagnetosphere.In

thisway;themagnetosphericconvectionisresponsibleforlarge･SCalecirculationofthe

Plasmaandmagneticfluxinthemagnetosphere.

1.5.2 PlasmaConvectionintheNear-EarthPlasmaSheet

AsexpectedfromDungeysmagnetospheremodel,aSunWardconvectionisinduced

intheequatorialregionofthemagnetospherebyreconnectionoccurringinthedistant

tail.Particularlyinthenear･Earthplasmasheet,thissunward(earthward)convection

isinduced almost always,andis prlmarily responsibleforplasma transport to the

inner magnetosphere as we11as to the dayside reglOn.In addition to the plasma

transport,the earthward convection transports magneticfluxes frozen･in to the

ambient plasma.Therefore we need to examine globalproperties ofthe earthward

COnVeCtion such as the overallconvection pattern to understand plasma and丘eld

StruCtureSinthemagnetosphere.

Before direct survey ofconvectiveflowsin the magnetosphere using spacecraft

began,the globalpro丘1e ofmagnetospheric convection was onlyinferredfrom the

distribution ofelectric且eldsinthe polarionosphere.Because ofthe highelectrical

COnductivityparalleltothefieldlinesintheEarth'smagnetosphere,SuChionospheric

COnVeCtionpatterncanbemappedtotheequatoralong丘eldlinesandtheequatorial

COnVeCtion pattern wasinferred.The appearance of more realistic magnetic丘eld

models【e.g.鞄聯nenho;1989】1ed
to more quantitative mapping between the

ionosphereandtheequatorialregionofthemagnetosphere.Oneofthemorerealistic

models of the convection patternin the near･Earth magnetotail[Dono帽D aDd
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Rostokez;1991】is shownin Figurel･5.The tailplasma convectionis directed

genera11y sunward,is fairly uniform across the tail,and splits dawnward and

duskward almost symmetrically as theflow approaches the Earth(R<10RE).It

shouldbe noted,however,thatthepresent statusofmagnetosphericmagnetic丘eld

modelsmaynotberealisticenoughtoallowaprecisemappingbetweentheionosphere

andtheplasmasheetinthemagnetotail,thusdetailsoftheconvectionpatterninthe

equatorialmagnetosphereweresti11uncertain.Thereforedirectsatelliteobservations

areneededtostudytheequatorialconvectionpatterninthenear･Earthplasmasheet.

Inthelasttwodecades,SeVeralspacecraftwerelaunchedtostudyconvectiveflows

inthenear･Earthplasmasheet,butnoneaccomplishedsufncientlyquantitativeand

realisticmodelsowingtoabsoluteshortageoftimespentonthestatisticalsurveyof

Plasmasheetflows.Thisisbecauseaspacecraftcanobserveplasmaflowsonlyata

丘Ⅹed pointin the vast specialscales ofthe magnetosphere at a glVeninstant and

hence a huge amount of observations are needed to survey allportions of the

near･Earth plasma sheet.The GEOTAIL spacecraft has been surveying the

near･Earth plasma sheet and already completed the extensive survey of the

near･Earthplasmasheetforseveralyears.Suchplentyofsurveydataenable usto

Studyglobalpro丘1esofconvectiveflowsintheplasmasheetindetail.Usingthesedata

ObtainedbyGEOTAIL,Ihaveconstructedamorereliableconvectionpatterninthe

near･Earthplasmasheet.Ihavealsoderivedplasmaflowpatternandthedistribution

Of plasma pressure,Which makesit possible to derive the associated convection

electric丘eld.TheseresultsarepresentedinChapter2inthepresentthesis.

1.6 MagnetosphericSubstorm

1.6.1 Near-EarthNeutralLineModel

The plasma convection has often been discussed to account for rather

quasi･Stationary aspect ofthe magnetosphere,SuCh as the globalstructure ofthe

magnetosphere.However,the magnetosphere also has a dynamic aspect yielding

intermittent energy conversion.In particular,SuCh an energy conversion process

occurssometimesveryexplosivelyand,aSareSult,CauSeSglobalperturbationinthe

geomagnetic 丘eld and enhances plasma transportin the magnetosphere.This

phenomenonaffbctingthewholemagnetosphereiscalledsubstorm.Oneofthemost

acceptedmodelsforthe generationofsubstormsis Near･EarthNeutralLine model
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(NENLmodel)proposedby肋es[1977】.Thetemporalevolutionoftheplasmasheet

COn且guration on the night sideisillustrated schematically on the noon･midnight

meridianplaneinFigurel･6.AsshowninFigurel･6,reCOnneCtiondevelopsinthe

near･Earthplasmasheet(seethesecondpaneloftheFigurel･6).Thisreconnection

PrOCeSSCOnVertSthelobe magneticenergyexplosivelyintothe kineticenergyofthe

Plasmain the plasma sheet and resultsin alarge･SCale transport ofplasma and

magneticfluxesin the plasma sheet bothin the earthward and anti･earthward

(tailward)direction.Thereconnectionsiteitselfistransportedtailwardandthenthe

magnetosphere recovers gradua11ytoits quiet,mOre relaxed state.As a result,the

Plasmaandmagneticfluxesaretransportedintheearthwarddirectionearthwardof

thereconnectionsite,Whiletransportedinthetailwarddirectiononthetailwardside

ofthereconnectionsite.

1.6.2 EnergeticParticleInjection

Inthecourseofsubstorms,ParticlesareenerglZedtoenergiesashighasseveral

hundredkeVinthemagnetotailandsubsequentlytransportedearthwardwithalarge

Velocityof～SeVeralhundred km/sec.This energeticpopulationisinjectedinto the

innerregionofthemagneto鱒phere,andthenobservedasasuddenfluxenhancement

･Of energetic particles at severaltens to hundreds of keV for example,at

geosynchronousorbit.Asaresult,theseinjectedenergeticparticlesmodifyproperties

Ofthelocalparticle distributions drastica11y;and alsoinduce alarge･SCale current

SyStemPrOVidingsigni丘cantperturbationeveninthe stronggeomagnetic丘eldnear

the Earth.Accordingly;the generation mechanism ofthese energetic particles and

their transport processesin the magnetosphere are main subjects ofresearchfor

understandingthemagnetosphericsubstorm.

One ofthe most remarkable resultsobtainedbygeosynchronousobservationsis

that particle flux enhancements are often observed simultaneously at di鮎rent

energiesaroundlocalmidnight,Whileawayfromthemidnight,theyareobservedas

SuCCeSSivefluxenhancements startingfromhigherenergies downtolowerenergies,

thatis,theyare dispersedinenergy[e.g.,I俺肋etaI,1976;励kwetaI,1978;

助由DetaI,1978].Thesetwotypesoffluxenhancementshavebeeninterpretedas

fo1lows:Inthe source regionofthose energeticpopulations,the accelerationprocess

generates particles with di鮎rent energies simultaneously and therefore they are

observedwithlittledispersion,Whileawayfromthesourceregion,theparticleswith

7



di鮎rentenergiesamiveattheobservationpointsatdiffbrenttimesbecauseoftheir

di脆rencein the transport speed caused by the energy･dependent gradient･and

curvature･B drifts.Thus the conclusion was reached that energetic particles were

injectedaroundthemidnightsectoratthetimeofsubstormexpansiononset,andwere

suppliedtotheotherlocaltimesectorsbytheirenergy･dependentdrifteffects.Onthe

otherhand,theaccelerationmechanismsarestillcontroversial,andtherehavebeen

variousmodelsincludingtheonesbasedontheNENLmodel【e.g.,励kez･etaI,1979]

andthecurrentdisruptionmodels【e.g.,hLIetaI,1988].

Properties ofenergeticparticlesinthe near･Earthplasmasheet have attracted

researcher'sinterestsbecausethe near･Earthplasmasheetisimportantasasource

regionofenergeticparticlesinjectedintotheinnermagnetosphere.Inordertoclarify

detailedtransportprocesses ofenergeticparticlesandtoinspectthe validityofthe

aboveaccelerationmodels,itisessentialtoexamineenergeticparticleenhancements

inthenear･Earthplasmasheetonaglobalscale.However,thepaststudiesmadeonly

casestudiesoftypicalevents,Ortheyhavebeenlimitedtoastatisticalstudyonthe

generalcorrelation with geomagnetic activities.Thus,in the present study;Ishall

makeastatisticalstudyonsuchfluxenhancementeventstoinvestigatespatialand

temporalcharacteristics ofthe energetic particle enhancements that occur during

substorms.Thking these resultsinto account,Ishalldiscussin Chapter3the

accelerationmechanisms andglobaltransportprocessesofenergeticparticlesinthe

courseofsubstorms.

1.7 Content80fThi8Dis8ertation

The aim ofthis dissertationis to examine globalfeatures ofplasmasin the

magnetosphere andto studythefundamentalprocesses ofplasmaenergizationand

transport.Inordertoattainthispurpose,Ishallutilizetheplasmaandmagnetic鋭eld

dataobtained bythe GEOmILspacecraft.Inparticular;by usingbothlow energy

(namely;thermalenergy)andhighenergyparticledata,Isha11extendmystudytoa

wideenergyrangeofplasmasinthe magnetosphere,andtherebydiscussthe global

transportprocessesformagnetosphericplasma.

Inordertodothat,Ipaymyattentiontothetwotypicalphenomenaobservedin

themagnetosphere.Oneisplasmaconvectioninthe near･Earthplasmasheet.This

large･SCale convectioninducedinthe plasma sheetisprlmarilyresponsibleforthe

plasmatransportinthemagnetosphere.Bystudyingit,Icanunderstandtheglobal
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PrO丘1eoftransportprocessesresponsibleforthebulkmotionofthe magnetospheric

plasma.Anothertypicalphenomenonisthefluxenhancementofenergeticparticles

observedintheoutermagnetosphereduringsubstorms.Becauseenergeticpopulations

Play a signi丘cant rolein the substorm･aSSOCiated features observedin the

magnetosphere,the study of their transport processes and also energization

mechanisms provides us a key to understand temporal,but signi丘cant transport

e鮎ctsassociatedwithsubstorms.

InChapter2,Istudythepropertiesofthermalions,thatis,aVeragePrO別esof

Plasmaflowsandconvectionelectric鋭eldinducedbythegeneralinteractionbetween

themagnetosphereandthesolarwind.Theionbulkflowsandthe且eldstructuresare

examined using the data obtainedin the plasma sheet by GEOTAIL to construct

Statistically the convectionflow pattern and also globalpro丘1es ofthe convection

electricneldandplasmapressureinthenear･Earthplasmasheet.Itisshownthatthe

ionflow patternis not symmetric about the noon･midnight meridian,While the

convection electric丘eld driving theion bulkflowis symmetricin the dawn･dusk

direction.Accordingly;theimportant conclusionis drawn that this discrepancy

betweenionflows and convectionelectric丘eldimplies the violationofthefrozen･in

assumptionofthermalionsintheplasmasheet.

In Chapter3,Iinvestigate properties of energetic particles by studyingflux

enhancementsofenergeticparticlesintheoutermagnetosphereduringsubstorms.I

examinetwotypicaltypesofparticlefluxenhancements,thatis,dispersionlessand

dispersedfluxenhancementsfoundintheoutermagnetosphere(R>9RE),andshow

thattheycanbereasonablyexplainedbyassumingthattheseenergeticparticlesare

generated around thelocalmidnight sector,and subsequently drift awayfrom

midnight and are supplied to wholelocaltime sectorsin the magnetosphere.Its

implication for the globalplasma transport associated with substormsis also

discussed.

In Chapter4,Idiscuss the globaltransport processesfor both thermaland

suprathermalplasmasinthemagnetosphere.Ialsoexaminetheirrelationtothestate

Ofthemagnetosphere.

In Chapter5,Isummarize the present study and draw a generalconclusion

relatingtotheglobalplasmatran鱒pOrtinthemagnetosphere.

9
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Figurecaptions

Figurel･1.Fundamentalsimilaritiesinmagnetosphericcon丘gurationsoftheplanets

inthesolarsystemandsomecelestialobjectsintheUniverse.(Adoptedfromhzb

【1991】.)

Figurel･2.OutlookoftheGEOTAILspacecraft.(Adoptedfrom∧砧血ゐ,1994.)

Figurel･3･Three■dimensionalshapeoftheEarth'smチgnetOSPhere･Thebasicparticle

and magneticfieldfeatures are representative ofother planetary magnetospheres

althoughthedetailscanbedi鮎rent.

Fi印rel･4.Magnetic丘eldtopologyforthenoon･midnightmeridianplaneinDungey's

openmagnetospheremodel.TheEarth'sclosed丘eldlines(markedbyl)areconnected

withtheIMF(markedby2)onthedayside.Theopen丘eldlines(markedby3and4)

arecarriedbythesolarwindtailwardandreconnectwitheachotheronthenightside

neutralline.Afterthat,TheEarth'sclosed丘eldlinesareconveyedsunward.仏dopted

丘om励ββ刀dI佗〟由皿β【1984】.)

Figurel･5.Arealisticmodeloftheconvectionpatterninthenear･Earthmagnetotail

derivedby肋0帽naDdRostokez･[1991】.The contourlinesinthe丘gure showthe

COnStant electric potentiallines mappedfrom the Heppner･Maynardionospheric

electric丘eldmodelusingtheTbyganenko1987(toppanel)and1989(bottompanel)

magnetic丘eldmodel【物nenko,1987;1989].

Figurel･6.Development ofthe near･Earth reconnection andplasmoidformationin

the magnetotail.N represents the distant neutralline,and N'represents the

near･Earthneutralline.This neutra11ineis newlyformedinthe near･Earth region

duringasubstorm.(AdoptedfromHbnes[1977】.)
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Chapter2

AverageProfi1eofIonFlowandConvectionElectricField

intheNear･EarthPlasmaSheet

Abstract

TⅣ0･dimensionaldistributionofionflowandconvectionelectric丘eldinthenear･Earth

plasma sheet(･28<Ⅹ<O RE)is obtained statisticallyonthe basis ofplasma and

magnetic丘eldmeasurementsonboardtheGEOTAILspacecraft.Ourresult con丘rms

thattheaverageionflowintheplasmasheethasasigni丘cantduskward component

inthelocalmidnighttodusksideregions,butisdirectedalmostsunwardonthedawn

side.Sincethisasymmetryprobablyresultedfromthecontributionofionpressure

gradient drift,We eStimated the true distribution of convection electric鋭eld by

COrreCting the observed VxB丘eld by the observedion pressure gradient.The

convectionelectric丘eldthusobtainedhasfo1lowingcharacteristics:(1)Inadditionto

thepositiveycomponentoftheelectric凸eldrepresentingthesunwardconvection,the

electric丘eldhasasigni且cantx･COmPOnent(Ex)whichhasoppositesignsonthedawn

anddusksidesofthetail.Thismeansthattheearthwardconvectionhasatendency

tobifurcateatthemidnightmeridiantowarddawnandduskinarelativelysymmetric

way｣(2)ThemagnitudeofExissignificantevenatdowntaildistancesofR>15RE,

Showing that the bifurcation occurs at much greater distances than predicted by

earlier models.(3)Existence of signi丘cant di鮎rences between the convection

patterns ofions(deducedfromion velocity)and magneticflux(deducedfrom the

electric丘eld)suggests that thefrozen･in condition does not holdforionsin the

near･Earthplasmasheet.
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2.1Introduction

Before direct survey of convective flowsin the deep magnetosphere became

available,the globalpro丘1e of magnetospheric convection wasinferredfrom the

distribution ofhigh･latitude electricfields nearthe Earth.物色raDd物ⅦaZd

【1987]developedamodelionosphericconvectionpattern(calledH･Mmodel)athigh

latitudes by analyzing electricfield measurementsfrom the DE･2sate11ite.Their

resultcon丘rmedthatanti･SunWardconvectiondominatesinthepolarcap,andthat,at

thepositionwheretheanti･SunWardconvectionmeetsthenightsideauroraloval,the

convectiontendstobifurcateandturneithereastwardorwestward,therebyproducing

returnflowstothedaysidealongtheauroraloval.Thereturnpartoftheionospheric

convectioncorrespondstothesunwardplasmaconvectionintheequatorialregionof

themagnetosphereasexpectedfromopenmagnetospheremodels【e.g.Dun抑1961】.

Because ofthe highelectricalconductivitypara11elto丘eldlinesin the EarthTs

magnetosphere,theionospheric convection pattern can be mapped to the equator

along丘eldlines.Atkit2SOn[1984】presented a schematic view ofthe equatorial

projectionoftheionosphericconvectionpatternanddiscussedthe sourceregionsof

neld･aligned currents.Donovan aDdjわstokez･[1991】and物ⅦaZdetaI[1995】

constructed more realistic convection patternsin the near･Earth magnetotailby

projectingthe observed electric neld(H･M model)along the modelmagnetic neld

【筏昭和enho1987;1989].Accordingtotheirresultforthe物Demko[1989](T89)

model,the tailplasma convectionis directed generally sunward,is fairly uniform

acrossthetail,andsplitsdawnwardandduskwardalmostsymmetrica11yastheflow

approachesthe Earth(R<10RE).It shouldbe noted,however,thatthepresent

statusofmagnetosphericmagnetic丘eldmodelsmaynotberealisticenoughtoallowa

precisemappingbetweentheionosphereandthemagnetosphere,andthusdetailsof

the convection patternin the equatorialmagnetosphere are sti11uncertain.Itis

desirable to study the equatorialconvection pattern directly from sate11ite

observations.

Direct observation of plasmaflowsin the near･Earth plasma sheet has been

reportedfrominstrumentsonboardISEE2andAMPTE/IRMspacecraft.Statistical

studieshavebeenmademainlyforgeomagneticallyquiettimes【A励ouhsetaL,

1993;j弘u,1993】.These statistics showed that the averageflowin the central
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plasmasheetispredominantlydirectedduskwardatlocalmidnightandonthedusk

side,Whileitis weak and directed almost sunward on the dawn side.Thus a

dawn･duskasymmetryexistedintheflowpatternforthecentralplasmasheet.The

averageflow鱒peedwasoftheorderoftensofkilometerspersecond.ADg如oubset

aI,[1993】alsofoundthat the aboveflowpatternwas expressible as a sumofthe

sunwardExBdriftandtheduskwarddiamagneticdrift.Intheirstudy;theconvection

electric丘eldwasassumedtobedirecteddawntodusk,andderivedfromanensemble

averageofthexcomponentoftheobservedflowvelocityandthezcomponentofthe

magnetic丘eld,Whilethe diamagneticdriftwascalculatedfromtheelectriccurrent

estimatedfromthecurlofamodelmagneticneld(T87model,【物D錯｣わ,1987】).
The extentofthecurrentlayeroverwhichthe diamagneticdriftwas averagedwas

determinedinsuchawaythatthecalculatedflowspeedagreeswiththeobservedone.

Thustheirstudyonlyindicatedapossibilitythattheobservedflowpatterncouldbe

decomposedintotheearthwardExBdriftandthemodeldiamagneticdrift.Inorder

to con丘rmthispossibility observationally;the ExB driftand the diamagnetic drift

shouldbederiveddirectlyfromactualmeasurementsofplasmavelocity;PreSSure,and

magnetic丘eld.Thisiswhatweaimatinthepresentpaper.

2.2 DataandMethod

Forthepresentanalysis,WeuSeionmoments(theiondensityNi,temPeratureTi,

andthethreecomponentsoftheionbulkvelocity(ⅤⅩ,VhVz)obtainedfromtheLEP

instrument on board the GEOTAIL spacecraft,and the three magnetic 丘eld

components(Bx,By;Bz)obtainedfromtheMGFinstrument.Detailedinformationon

theseinstrumentshasbeengivenby仙IetaI[1994】and彪汝ubunetaI[1994】,

re鱒peCtively.One･minute averages are usedthroughout.Allthe vectorcomponents

aretransformedintotheAberratedGeocentricSolarMagnetospheric(AGSM)system

assuminga4･degreeaberrationangle.Inthiscoordinatesystem,theX･aXisisrotated

clockwiseby4degreefromtheSun･EarthlinesothattheX･aXisisalignedwiththe

nominalsolarwinddirectionintheEarth'srestframe,thatis,thecentralaxisofthe

magnetotail.ThesignconventionfortheX･aXisissuchthatitispositivesunward.The

Yaxisis de丘ned as the vector product ofthe X direction and the Earth's dipole

moment,andtheZ･aXiscompletestherighthandedCartesiancoordinates.

Weidenti且edtheplasmasheetmeasurementsbythepresence ofahot,tenuOuS

plasma,Whichisoperationallyde且nedtobeofiondensitylessthanl.0/ccandion
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temperatureexceedingl.OkeV Werestrictedourselvestothecentralportionofthe

plasmasheetbyadditiona11yrequiringeitherthatthemagnetic丘eldelevationangle

(theanglebetweentheBvectorandtheX･Yplane)waslargerthan30degreeorthat

theabsolutevalueofBxwassmallerthanhalfthelobe丘eldintensityestimatedfrom

theT89modelforKp=2.Wbanalyzedonlythecentralportionoftheplasmasheet

de丘nedinthiswaytoavoidthecontaminationfromtheplasmasheetboundarylayer,

whichmayhavedi鮎rentcharacteristicsfromthemainbodyoftheplasmasheet.

Figure2･1showstheGEOTAILorbitontheX･YplaneduringOct.1994toDec.1997.

The thick dashed curvein the 丘gure shows the nominalmagnetopausein the

equatorialplane.In the present study;the extent ofour analysisislimitedin x

coordinatetoO>ⅩAGSM>･28RE,WhereGEOTAILhadagoodcoverageoftheplasma

Sheet,andinycoordinate toIYAGSMl<18RE tO aVOid magnetopause crossings.The

analyzed regionis shown by the black rectanglein Figure2･1.We divided this

rectangular regioninto14×18bins each having a2REX2RE area.Observed

quantitieswere丘rstaveragedineachX･Ybinandthenalow･PaSSSPatialfi1terwas

appliedinsuchawaythataweightedmeanof3×3binswasassignedtothebinatthe

center.Theweightratiowas2:1betweenthecentralbinandeachofthesurrounding

eightbins.DuringtheperiodOct.1994toDec.1997,atOtalof499,676individual

datapoints(1･minvalues)wereavailableinthecentralplasmasheet,Withanaverage

of3084measurementsfor one X･Y bin.In order to maintain the reliability of

statistics,OnlythoseX･Ybinsforwhichmorethan500datapointswereclassi丘edas

thecentralplasmasheetwereutilizedforstatistics.

2.3 Results

2.3.1Ionflowpattern

Figure2･2shows the distribution ofionflow vectorsin the analyzed area.Ion

velocitiesplottedherehavebeenobtainedassumingthata11detectedionsareprotons

【馳1etal,1994】.ItisapparentthattheaverageflowhasapositiveXcomponent,

i.e.,isdirectedsunward,eVeryWhereintheregionstudiedhere.ThemagnitudeofVx

decreases withincreasing X,indicating that the sunwardflow obtained aboveis

generallydeceleratedastheflow approachesthe Earth.Atthemidnightmeridian,

forexample,themagnitudeofVxamountstollOkm/satX=･25REbutdecreasesto

only20km/satx=･12RE.Itisalsoapparentthattheionflowhasasignificanty
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component(Vy)whichisasymmetricallydistributedaroundthemidnightmeridian,aS

hasbeenpointedoutbyA励0乙LhsetaI[1993】.vyislargeandpointedduskward

fromlocalmidnighttotheduskflank,butissma11andpointeddawnwardonthedawn

Side.Thedawnwardcomponentonthedawnsideissosmallthattheflowdoesnot

deviate much from the sunward direction.On the other hand,the duskward

COmPOnentOnthedusksideiscomparableto,OreVeneXCeedsthesunwardcomponent,

1eading to alarge deviation offlow vectors ffom the sunward direction.Both

dawnwardandduskwardcomponentsbecomesmallinmagnitudeatthetailflanks.

2.3.2Ionpressuredistributionandpressuregradientdrift

Althoughthe averageflow vectors showninFigure2･2constitute asystematic

flow pattern,individualvelocity data sampledin each bin havelarge variance

(standard deviation)about the mean values shownin the丘gure.Therefore the

Plasmasheetflowpatternobtainedabove shouldbeinterpretedtobeaveragesover

relativelylargevelocityvariationsinherenttotheplasmasheetflow,aSWaSPOinted

outbyA励0び血ぎefβ上【1993】.

Our goalinthe presentpaperis to derive the average distribution ofconvection

electric丘eldinthenear･Earthplasmasheet.At丘rst,itmayseemeasytoestimate

theconvectionelectric丘eldfromthevectorproductofVandB,bothofwhichcanbe

derivedfromourGEOTNLmeasurements.However,aShasbeenpointedoutearlier,

boththepressuregradientdriftandtheExBdriftcontributetotheionbulkvelocity

observed.Therefore,Priortoobtainingtheequatorialdistributionoftheelectricnled,

we should丘rst studythe distributionofionpressure onthe X･Yplane.Figure2･3

showstheXandYdependenceofionpressureforafewrepresentativeXandYranges.

TheionpressurehasbeenderivedasaproductPi=NikTi,WhereNiandTiarethe

observediondensityandtemperature,reSPeCtively;andkistheBoltzmannconstant.

Theiondensityandtemperaturehavebeenaveragedforthesamesetofdatapoints

asusedforthestatisticsofflows.ThetoppanelshowstheXdependenceofPiforthe

midnight and an off･midnight Y range,i.e.,lYl<2RE and8<fYl<10RE,

respectively.TheionpressureisanincreasingfunctionofXbothnearandawayfrom

the midnight meridian[郎ence et aI,1989;Angelopoulos et al.,1993】.At the

midnightmeridian(lYl<2RE),theionpressuregradientisgreatlyenhancedcloseto

theEarth,Whileitisonlygradua11yincreasedintheregionawayfromthemidnight

meridian.ThebottompanelofFigure2･3showsthey･dependenceoftheionpressure
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fortworepresentativeXpositions,i.e.･16RE<Ⅹ<･14RE(shownasadottedline)and

･24RE<Ⅹ<･22RE(shownasasolidline).Itisclearlyseenthattheionpressurein

theplasmasheetispeakedaroundlocalmidnight(withapossibleshifttowarddawn

fortheXintervalof･16RE<Ⅹ<･14RE),anddecreasesgradua11ytowardthedawnand

duskflanksforbothXranges.

Oncetheionpressuredistributionisobtained,thepressuregradientdrift隼p can

beestimatedfromtheobservedvaluesofiondensityandmagnetic丘eld(notshown).

Forexample,atthepositionX=･15REinFigure2･3,themaximumvaluesof∂I3/aX

and叫/∂Y areaboutO.031nPa/RE(atmidnight)andO.011nPa/RE(atY=3RE),

respectively｣FromtheiondensityofO.3/ccandtheBzcomponentof5.7nTforboth

bins,Weget fbx=6･3km/sand ftpy=18km/s･TheYJcomponentofthepressure

gradientdrift隼pyobtainedatmidnightprovides45%oftheduskwardcomponentof

theaverageionflowvelocity(～40km/s)obtainedatthesamelocationinFigure2･2.

OntheotherhandtheX･COmPOnent;Vbpx,ObtainedatY=3REPrOvidesonly12%of

thesunWardcomponentoftheaverageionflowvelocity(～55km/s)obtainedatthe

samebin.

2.3.3 Convectionelectric丘eld

Now we can derive the average electric neld vectors by correcting theionflow

vectorsobtainedinFigure2･2forthetwo･dimensionalpressuregradientwhosecuts

have beenpresentedin Figure2･3.Fromtheionequation ofmotion,aSSumlng a

quasi･Steadystate(av/∂t～0)andalsoassumingthattheconvectivederivativeterm

isnegligible,theaverageelectric且eldcanbecalculatedaccordingtotheformula

<E> =･<Ⅴ×B>+ ∇<Pi>/e<Ni>,

whereVB,Pi,Ni,andeareionbulkvelocity;magnetic丘eld,ionthermalpressure,ion
density;and the electron charge,re鱒peCtively二 The brackets(<>)intheformula

ShowsthattheobservedquantitiesareaveragedforeachX･Ybinandthenlow･PaSS

nltered.Thepressuregradientateachbinisevaluatedbynumericaldiffbrentiation

using the centered di鮎rence scheme.In the present study;Only the X and Y

components ofthe electric伍eld are discussed because the spatialcoverage ofthe

spacecraftintheZdirectionisnotenoughtoderivestatisticallysigni丘cantpressure

gradientinthe Zdirection.Weusethe∇<Pi>/e<Ni>termasanapproximationto
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itsexactcounterpart<∇Pi/eNi>.

The resultant electric丘eld vectors are plottedin Figure2･4.As expected,the

averageelectric丘eldvectorsinthecentralplasmasheethaveapositiveYcomponent

(Ei)everywherein the plotted regionindicating the presence of the sunward

convectionintheplasmasheet.Thesunwardconvectionisstrongest(Ey=0.2mV/m)

atlocalmidnightandbecomesweakawayfromthemidnightmeridiantowarddawn

anddusk.

Itisfoundthat,inadditiontoEy;theelectric丘eldhasasigni且cantx･COmPOnent

(Ex).Exispositive(directedearthward)onthedawnsideandisnegative(directed

tailward)ontheduskside,indicatingthattheconvectionflowtendstobifurcatewith

onebranchdeviatingduskwardandtheotherbranchdeviatingdawnward,aVOiding

theEarth.Weshouldnote,however,thatasignincantExcomponentexistsnotonly

neartheEarth,butalsoatconsiderable distancesdownthetail(Ⅹ<･15RE)inthe

regionnotfarfromthemidnightmeridian(aroundlYl<5RE,forexample).This

resultindicatesthattheconvectiontowardtheEarthbeginstobifurcateatpositions

muchfartherawayfromtheEarththanexpectedfromthepaststudies【e.g.物叩aZd

efβん1995】.
Figure2･5showsquantitativelyhowmuchtheVxBtermandthepressuregradient

terminformula(1)contribute to the average electric丘eld shownin Figure2･4.

Figure2･5aandFigure2･5bshowcontributionsofthetwotermsatX=･15REtOEx

and Ey;reSPeCtivelylFigure2･5a shows that the x component ofthe VxB term

(representedby a solidline)islarge and negativeforlocalmidnightto
duskside

reglOnS,butisalmostzeroonthedawnside.ThisasymmetrylSCOnSistentwiththe

dawn･duskasymmetryoftheionflowpatternnotedbefore(seeFigure2･2).However,

thisasymmetryislargelycompensatedbytheX･gradientoftheionpressureglVenby

adashedline.Thexcomponentofthepressuregradientisalwayspositivesothatit

partiallycancelsthexcomponentoftheVxBterminthedusktomidnightregions

andaugmentsitonthedawnside.Asaresultofthesummationofthesetwoterms,

theresultantEx(dottedline)hasoppositesignsbutsimilarmagnitudesonthedawn

and dusk sides of the midnight meridian,PrOducing a roughmirror symmetry

(preciselyspeaking,antisymmetry)aboutthemidnightmeridian.Ontheotherhand,

ascanbeseenfromFigure2･5b,Ey(dottedline)isdominatedbytheVxBterm(solid

line).ThemagnitudeofEyisalmostconstantfortheyrangeof･15<Y<10RE,and

becomessmallnearthetailflanks,Particularlyontheduskside.Summingup,the

globaldistributionofthe electric丘eld vectorsis fairlymirror･Symmetric aboutthe
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midnight meridianwiththe Ex component having opposite signs onthe dawnand

dusksides.

2.3.4 ExBdriftpattern

Two･dimensionaldistributionoftheExBdriftvectorsobtainedfromthecalculated

EvectorsisglVeninFigure2･6.XandYcomponentsoftheExBdriftareevaluatedat

the tailmidplane by dividingthe observed<Ey>and<Ex>by<Bz>,reSPeCtively;

assumingthatthe magnetic丘eld has onlythe Z component atthe tailmidplane･

NotethatthisevaluationinvoIvesanotherapproximationthat<Ex/Bz>isreplacedby

<Ex>/<Bz>.Asexpectedfromthe electricneld distributionobtainedinFigure2･4,

theExBdriftvectorsaredirectedsunwardeverywhereintheanalyzedregion.The

beginningofthebifurcationofthesunwardflowisalreadyevidentatx=･28RE.The

ExB dri氏vectors have roughmirror symmetry about the midnight meridianin

contrasttotheasymmetricionflowpatternshowninFigure2･2.SincetheExBdrift

correspondstothetransportofmagneticflux,aSigni丘cantdiffbrenceexistsbetween

theglobalconvectionpatternsofionsandmagneticflux.

2.4 Discus8ion

Itshouldbestressedthatourresultsrepresentgrossfeaturesoftheplasmasheet

for which dynamicaland spatia11ylocalized characteristicsinherent to the plasma

sheethavebeenlargelysmoothedout.Asnotedinthepaststudies【戯画通annet

al,1989,Ang如ouhgetaI,1993】,ionflowsobservedintheplasmasheettendtobe

random and high1y time･Variablein both magnitude and direction even during

geomagneticallyquiettimes.Thusaninstantaneoussnapshotoftheionnowpattern

would not be as systematically ordered as the one shownin Figure2･2is. The

COnVeCtion pattern derivedinthis paper should beinterpreted as representing an

ensemble average(oralong･time average)ofsuchhigh1yvariableflow8.Although

individualflows may appear to be random and have no preferred direction on a

relatively short time･SCale,they constitute a systematicflow pattern on alonger

time･SCale.From thispoint ofview,the average pro且1es derivedin our statistical

Studyreflecttheessenceofsuchalongtime･SCaleconvectionpattern･

Theaverageelectric丘eldpro鋭1ederivedinthepresentstudyisimportantforthe

transport ofparticles and magneticfluxin the magnetotail.Itisinteresting to
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compare our result with the tailconvection patterninferred fromionospheric

observations【Rbstokez31991;物azdetaI,1995】.Theionospheric convection

pattern prqjected onto the tailequatorialplane by these authorsindicated that a

dawn･tO･duskelectric丘eldisdominantinthetail,afactthathasbeensupportedby

ourstudy｣Astrikingdi鮎renceexistsbetweenthepatterninferredfromlow･altitude

observationsandtheoneobservedin･Situ(ourresult)regardingtheExcomponentof

theelectricfield.Inbothresults,theExcomponentisdirectedsunwardonthedawn

sideandanti･SunWardontheduskside,indicatingthatthesunwardconvectionflowis

bifurcated near the midnight meridian.Prqjection oflow･altitude observations

suggeststhattheregionwheretheExcomponentbecomessigni丘cantisrestrictedto

thenear･Earthregion(R<10RE).Ontheotherhand,OurreSultindicatesthattheEx

componentis comparablein magnitude to the Ey component not onlyin the

near･Earthregionbutalsoatlargerdistancesof>25REaSSeeninFigure2･4.The

discrepancy between our result and the tailconvection patterninferred from

ionosphericmeasurementsprobablyimpliesthattheT89magneticneldmodelusedin

theprojectionprocessmapsthenightsideportionoftheionosphericconvectionmuch

nearertothe Earththanreality.ItisnotedthatbothDonovanandRostokerand

Maynardetal.usedtheT89modelforarelativelylargeKpvalue(Kp=4),forwhich

themagnetic丘eldinthemagnetotailismoredipolarthanusualsothatthe丘eldline

fromthe且Ⅹedpoint･intheionosphereismappedtotheequatorialplaneclosertothe

Earththanusual.

TheaverageionflowpatterninFigure2･2showsacleardawn･duskasymmetry:

ionnowvectorshave a signincant duskwardcomponentbothonthe dusk side and

aroundlocalmidnightbuthaveonlyasmalldawnwardcomponentonthedawnside.

A励ouhsetaI[1993】showedthattheobservedflowpatternmaybeexplainedas

a sum ofthe sunward ExB driftandthe duskward diamagnetic drift.Inshowing

this,theyestimatedthe diamagneticdriftbytakingthecurlofthe modelmagnetic

neld[Tbyganenko,1987】anddividingitbythe measuredion density｣Further,the

convectionelectricfield(excludingthecorotationpart)wasassumedtobe
directed

dawntoduskandwasestimatedfromthepolynomial丘ttotheearthwardconvection

speedsmeasuredatX<･10REandthemeasuredmagnetic丘eld.Theyshowedthat

theobservedandthemodelflowpatternsaresimilar.However,SincetheExBdrift

atx<･10RE(excludingcorotation)wasassumedtobepurelysunwardintheirmodel,

they did not discuss the deviation ofExB driftfrom the x direction･The average

electricneldobtainedinouranalysisshowsthattheExBdriftitselfhasasigni丘cant
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YcomponentatX<･10RE.SincethiscomponentoftheExBdrifttendstocancelthe

pre8Sure gradient drifton the dawn side and augmentit on the dusk side,the

dawn･dusk asymmetryofthe observedflow pattern natura11y arisesin our model,

whiletheoriginofasymmetrywasnotapparentinthemodelofAngelopoulosetal･

【1993】.

W占havenotmentionedthedependenceoftheconvectionpatternongeomagnetic

activityinthe presentpaper.It has been shownthatburstyflowsinthe plasma

sheet tend to occur morefrequently during geomagnetica11y active times【e.g.

A励ouhsetaI,1989].Largeelectricneldvaluesaccompanyingsuchfastnows

mayresultinalargermeanelectricfieldfordisturbedtimesthanforquiettimes･

However;eVidence has beenpresented that the plasma sheetisfor the most part

characterized by randomly varying slowflows,and that the fast nows mentioned

abovearemuchrarerthanslowflows【助angaDdBTaD烏1986;励u如ムannetaI,

1989].Inaddition,OurPreliminarystudies(notshownhere)showthatthequalitative

aspectofthe average nowpatterndoesnotdependonthe Kpindex.Thistopicis

beinginvestigatedandwillbediscussedinaseparatepaper.

Ouranalysispresentedinthispaperhasshownthatasigni丘cantdi鮎renceexists

betweenconvectionpatternsofionsandmagneticfluxinthenear･Earthportionofthe

magnetotail.(Compare Figure2･2with Figure2･6.)This factindicates that the

frozen･inconditionisviolatedevenforthermalions asanalyzedhere.Thefrozen･in

conditionisnotsatisfiedbecausethepressuregradienttermiscomparabletotheVxB

termintheionmomentumequation.Particularly;thepresenceoftheradialpressure

gradientinthenear･EarthplasmasheetleadstoanimbalancebetweenEandVxBin

theXdirectionandgivesrisetoadi鮎renceintheYcomponentofion/magneticflux

transport.Figure2･6showsthatmagneticflux,Whilebeingconvectedearthward,is

transportedtowardsdawnandduskinasymmetricway Ontheotherhand,theion

flowpatternpresentedin Figure2･2indicates that the averaged motionofionsis

deflectedduskwardsigni丘cantlysothatthefrozen･inconditionisnotsatis且edinthe

Plasmasheet.
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Figurecaptions

Figure2･1.GEO取uLorbitontheX･YplaneduringOct.,1994-Dec.,1997.Theblack

dashed curveis the nominalmagnetopausein the equatorialplane.The black

rectangleshowstheareaforwhichthestatisticalstudyismade.

Figure2･2.AverageionnowpatternintheplasmasheetontheX･Yplane.

Figure2･3.Averageprofi1esofionkineticpressurePiintheplasmasheet.

Figure2･4.Theelectric鮎1dvectors(Ex,Ey)calculatedfromboththeaverageVxB

ValuesandthepressuregradientforeachX･Ybin.

Figure2･5.Yvariationsof(a)thex･COmPOnentSand(b)y･COmPOnentSOftheVxBterm,

PreSSuregradientterm,andtheresultantelectric丘eldevaluatedinthebinofX=･15

Re.

Figure2･6.ExBdriftvectorsintheX･Yplanecalculatedfromtheelectric丘eldshown

inFigure2･4.
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Figure2-3

[
d
d
u
】
聖
コ
笥
聖
d
一
d
∈
L
空
±
u
O
一

甘
d
u
】
聖
コ
詔
聖
d
葡
∈
L
心
壬
u
O
一

■

■

■

■

0

(U

(U

nY

6

5

AT

3

2

｣

0

nY

∧U

■

■

■

■

nY

n)

0

nY

6

5

AT

3

2

.1

0

∩-

∧U

33

Averagethermalpressure

-15 -20 t25 -30

X-AGSM[Re]

AveragethermaIpressure

20 15 10 5 0
-5

Y-AGSM[Re]

∧U2-51-轟Ul



Figure2-4
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Figure2-6
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Chapter3

Flux Enhancement of Energetic Particles

Near･EarthReglOn:GEOTAIL･HEPObservation･
●

Abstract

●

1n

Wもhavefound that both the energy･dispersed and the dispersionless nux

enhancementsofenergetic(>40keV)particlesarefrequentlyobservedfaraway(R>9

RE)from the Earth,Which are similar to the ones observedin association with

substormactivitiesatgeosynchronousorbit･Usingenergeticparticledataobtainedby

the HEP･LDinstrument onboard the GEOTAIL spacecraft,We Studied spatialand

temporalcharacteristicsofthesefluxenhancementeventsandalsoexaminedtheir

correlation with substorm activities.It wasfound that the dispersed events of

energeticionsaredistributedpreferentia11yonthedusksideandareveryrareonthe

dawnside,Whilemostofthe dispersedelectroneventsarefoundonthedawnside

withfeweventsfoundontheduskside.Itisalsonotedthatthedispersedeventsare

relatively rare around the noon and midnight meridian.On the other hand,the

dispersionlesseventscanbefoundonlyonthenightsideandaremostlydistributed

withinR<15REfromtheEarth.Adetailedanalysisshowsthationdispersionless

eventsarefoundmorefrequentlythantheelectroneventsandthattheioneventsare

foundboth aroundlocalmidnight andin the evening sectorbut that the electron

events arefound onlyin the post･midnight sector.Since the dispersionless and

dispersed characteristics oftheflux enhancementsimply that their source siteis

nearbyandthattheyare transported farawayfromthe source,reSPeCtively;itis

interpretedthatenergeticparticlesformingsuchfluxenhancementsaregeneratedon

37



the night side,and then driftazimuthally westward or eastward,tO reaCh the

observationpoints･Ⅵ毎alsoexaminedtheircorrelationwithsubstormactivitiesand

foundthatalmosta11(96%)ofthedispersionlessanddispersedeventsareassociated

withsubstorms.The dispersionlessflux enhancementsintheplasma sheetproper

occurwithin+/･2minutesofthecorrespondingsubstormonsetdeterminedbyground

magnetograms,Whileallofthedispersedeventsareprecededbytheonsetowingto

their丘nitetransporttimefromthesourceregion.Timescalesoftheobservedenergy

dispersionsareconsistentwithourtestparticlesimulationresultwiththesourcesite

assumedatlocalmidnight.Itwasalsofoundthatsomeofthedispersedeventshavea

long(～SeVeraltenminutes)energydispersion,indicatingapossibilitythatenergetic

particles occasionally canfo1low a closed driftpath around the Earth at radial

distancesfurtherawayfromtheinnermagnetosphere.
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3.1Introduction

Itiswellknownthatenergeticparticleswithenergiesofafewtenstoseveral

hundred keV are generatedin the plasma sheet and theninjectedinto theinner

magnetosphere during a magnetospheric substorm[e･g･,Lulet aI,1987and

references therein].These energetic populations are observed directly by the

spacecraftasasuddenfluxenhancementofenergeticparticleswithinacertainrange

ofenergyこTbrevealthegenerationmechanismoftheseenergeticparticlesandalso

theirtransportprocessesinthemagnetosphereisoneofthemostimportantsubjects

Ofmagnetosphericphysics.

Alargenumberofstudiesonsubstorminjectionhavebeenmadeprimarilyon

thebasisofobservationsmadeatgeosynchronousorbitsinthelastthreedecades･It

was revealed by many authors that the particle populationinjectedinto

geosynchronousdistanceconsistsmainlyofelectronsandprotonswithenergiesmore

than25keV【e.g.,Hな及wetaI,1976;励kwetaI,1978;励肋DetaI,1978]･These

irjectionsinthenightsidemagnetosphereareassociatedwiththesubstormeXPanSion

onset【肋mdi1967;点如由n et aI,1981】.It was also found that the flux

enhancements caused by theseinjections have di脆rent shapes depending on the

distancefromtheinjectionsource【LaDgeⅣtdetaI,1967;1971;月兜犯･aDd仲払cklbz3

1969].Inthevicinityofthesourceregion,Particlefluxesincreasesimultaneouslyfor

diffbrentenergies(dispersionlessfluxenhancement),Whilefluxenhancementsoccur

successivelyfromhighertolowerenergies,beingdispersedinenergy;OWingtotheir

energy･dependentdriftfromthesourcetotheobservationpoint,Whichisreferredto

asadispersedfluxenhancemeht･Becausegradient･andcurvature･Bdriftingparticles

correspondingtoadispersednuxincreasecangoaroundtheEarthatgeosynchronous

altitude,itisobservedthattheinjectedpopulationpassesthesatellitemanytimesas

driftechoes.Thesetwoinjectionfeatureswereinterpretedbymeansoftheinjection

boundarymodel[MI柑in,1974;腸ukandMwain,1974】,Whichisassuminga

injectionsourceregionwithdouble･SPiralshapedboundarieswhereparticlenuxesare

suddenlyenhanced simultaneouslyoverawide energyrange･Recently;肋etaI

【1997a]madeastatisticalstudyondispersionlessinjectionsatgeosynchronousotbit

and re且ned the aboveinjection
boundary model.They showed that theinjection

boundaryisnotidenticalforionsandelectronsbutdisplacedagainsteachotherinthe

dawn･duskdirection.

Observationalstudies have been made also for energetic particlesin the
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magnetotail･励zTigetaI,[1976]analyzed energeticproton､dataobtainedin the

plasma sheet andfound丘eld･aligned protonbeams with short durations(～afe

minutes)calledimpulsive
bursts.They alsofound thattheseimpulsive bursts are

Closely associated with the substorm OnSet.There are other energetic particle

enhancementsobservedintheplasmasheetthatwerefoundtobeclearlyassociated

withsubstormand/orplasmasheetrecovery[HbneLgetaI,1976].Theseobservational

results wereincorporatedinto the modelproposed by励kw et aI[1979]where

particlesareenergizedwithinabriefinterval(～1min)bymagneticreconnectionin

thevicinityofthemagneticneutra11ineatthesubstormonset,andtheninjectedinto

theinnermagnetosphere.Subsequently;theinjectedenergeticpopulationleaksoutto

the near･Earthplasmasheet astheplasmasheetexpandsinthe substormrecovery

phase.On the other hand,LuIetaI[1988]indicated a possibility that energetic

Particlesassociatedwithsubstormsareacceleratedbytheturbulentinductiveelectric

丘eldassociatedwiththecurrentdisruptioninthenear･Earthplasmasheet.肋etaI

【1997b]performed a globalMHD simulation of magnetosphereincluding the

near･Earthreconnection,andcalculatedtestparticletrajectoriesintheabove丘eldto

revealdetailed characteristics ofacceleration processes with theinjected energetic

Particles.Theirresultsindicatethatenergeticparticlesaree鮎ctivelyacceleratedby

theinductive electric丘eldin the near･Earth reglOn,rather than by magnetic

reconnectionitself.

Flux enhancement events foundin the outer magnetosphere(R> 9RE)

frequentlyshoweitheracleardispersionlessordispersedsignature similartothose

Observedatgeosynchronousdistance.Inthepresentstudy;WeCOnCentrateOurSelves

On these characteristic flux enhancements of energetic particles,because these

dispersionlessanddisper8edfeaturesprovideusimportinformationaboutthelocation

Oftheaccelerationsiteandalsothetransportprocessesfromthesourcesite.Thiskind

ofenhancedfluxeventshasbeenreportedinthepaststudies【LzIIetaI,1988;蝕DeH

etaI,1998],however,thepaststudiesweremainlyconcernedwiththecasestudyofa

typicalevent.Thus,inthepresentstudy;WeWi11makeastatisticalstudyonsuchflux

enhancement events toinvestigate generalproperties offlux enhancements of

energeticparticlesintheoutermagnetosphere.Inordertodisc†1SStheabovemodels,

Weneedtoexaminespatialandtemporaldistributionsoftheenhancedfluxregionsin

detail,utilizing their dispersionless or dispersedfeatures.恥kingthese resultsinto

account,WeWilldiscusstheaccelerationmechanismandtheglobaltransportprocess

Ofenergeticparticlesintheoutermagnetosphereduringsubstorm.

40



3.2DataandInstrumentCharacteristics

Inthepresentpaper;We uSe energeticparticle measurementsobtainedbythe

HEP･LDinstrument【DokeetaI,1994】onboardtheGEOTAILspacecraft.HEP･LDis

a鱒peCtrOmeterfor energetic particles employing time･Of･flight(T)and energy(E)
detection systems to determine both the particle's mass and energylBecause the

amountoftherawdatawiththefu11resolutionin(E,T)istoolargetobetransmitted
fu11y;theobtaineddataaresummedinvariousbinsandcompressedintoseveraldata

typesbytheonboarddataprocessorandthentransmitteddowntothegroundstation.

Amongseveraldatatransmission modes supported byHEP･LD,We uSedthe mode

Called EDIS.This mode provides us three dimensional(3polar directions and16

azimuthalspinsectors)particlefluxeswithllenergychannelsintherangeof80keV

-4MeVforionsand30keV-400keVforelectronswiththetimeresolutionof24sec.

Inthismode,eaChincidentparticleiscountedbythe onboardsystemwithoutmass

identi丘cationsothattheaccumulatedparticlefluxesforeachenergychannelcontain

bothionsandelectronsinthespeci丘edenergyrange.ThisisbecausetheEDISmode

isdesignedtomeasureparticlefluxessolelyonthebasisofSSDcounts(withoutthe

time･Of･flightinformation)to avoid relativelylow efficiency of the time･Of･flight

detection.

WhentheHEP･LDdatatransmissionisoperatedintheEDISmode,thescienti丘c

dataofthetime･Of･flightmeasurementisnottransmittedtothegroundstation.Even

in this mode,however;the time･Of･flight detectionis stilloperating onboard the

SPaCeCraftandwecanobtainsomeinformationintheengineeringsectionofthedata.
Thisengineeringdataincludesoutputfromhardwarecounterswhichcountthetotal

numberofincidentparticlesandalso,amOngalloftheincidentparticles,thenumber

Ofparticles whose time･Of･flight are successfu11y measured.Since the post･1aunch

Calibrationoftheinstrumentrevealedthattheonboardtime･Of･flightdetectionsystem
hasno sensitivitytoincidentelectrons,Whileissensitivetoions,thisfactsuggests

that we can estimateincidentflux ratio ofions to the entireincidentparticles by

COmParing the above two counteroutputs.Ⅵ毎analyzed statistica11ythe correlation

betweentheabovetwocounteroutputsandemplrlCallydevelopedamethodbywhich

WeCaneStimatearatioofionfluxtothetotalamountofparticlenux(thedetailed

informationonthisestimationmethodisdescribedin伽shi1998).Thususingthis
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ratio,WeCanClassifyeachobservationinterval(24sec)asan"ion･dominantinterval"

Or"electron･dominantinterval"byinquiring whether theionfluxes dominates the

totalflux or not.Tb avoid ambiguity;We eXCluded the timeintervals whereion

abundanceis comparable toelectron.Inadditiontothe energeticparticle data,We

usedthelowenergyparticleandmagneticnelddataobtainedbytheLEPinstrument

【馳1etaI,1994]andtheMGFinstrument【彪止ubuDetaI,1994】,reSPeCtivelyl

3.3Ca8eStudy

Firstofall,WeWillshowanexampleeachforthedispersionlessanddispersed

flux enhanCementS Of energetic particles observed by GEOTAIL.These events

demonstrate typICalcharacteristics offlux enhancements that wi11be studiedlater

Statistically:Usingthesetypicalexamples,WeWilldiscussbasicfeaturesofvariations

inenergeticparticlefluxesandalsotheircorrelationtosubstormactivityindetail.

3.3.1Eventl(June21,1996)

Figure3･1shows the energy･time spectrogram,the diffbrentialfluxesfor the

lowest丘veenergychannels,andpitchangleanisotropleSOfenergeticparticlesinthe

丘rst,fourth,and丘fthpanel,reSPeCtively;ObservedwithHEPduringll:00UTL15:00UT

OnJune21.AIso shown areion and electron energy spectra obtainedbythe LEP

instrument(second and third panel,reSPeCtively)with theion bulk velocity

COmPOnentS,density;and temperature(6th and8th panel)derivedfrom the LEP

Observation,andBx･andBz･COmPOnentSOfthemagnetic丘eld(7thpanel).Becausethe

analysis ofionflux ratio describedinthe previous section shows that this time

intervalisonthewholeclassi丘edasanion･dominantinterval,theplottedenergetic

Particlefluxes represent energeticionfluxes.Asseenfrom high(>1keV)ion

temperature derived by LER GEOTAIL was within the near･Earth plasma sheet

during this timeinterval.Atll:51U℃ GEOTAIL observed an abrupt flux

enhancementofenergeticionswithoutanyenergy･dispersionintheenergyrangefrom

80keVuptoabout500keVItisalsoseenthatthe dispersionlessfluxincreaseis

associated with a fast earthwardflow(～250km/s)and sharpincreasein the Bz

COmPOnentOfthemagneticneld.SuchassociationoffastflowsandBzdipolarizationis

COmmOntOalmosta11dispersionlessfluxenhancementsstudiedhere.
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Since energetic particlesin the near･Earth plasma sheet are subject to

energy･dependentazimuthaldrift,adispersionlesscharacteristicofthefluxincreases

indicatesthattheseenergeticionswereobservedbeforetheyhadtimetodriftany

appreciabledistancesfromtheaccelerationsite･Presumablytheywereproducedvery

closetotheobservationpoint.Examiningatemporalvariationinfluxrevealsthatthe

dispersionlessfluxenhancementhasnocoherentfeatureinthepitchangleanisotropy;

andthatthefluxintensityaswellasthepitchangleanisotropyishigh1ytime･Varying
duringtheintervaloffluxenhancement.Thesefeaturesareconsistentwiththepast

studiesmadeonthe suddenfluxenhancementofenergeticparticlesassociatedwith

thedipolarizationorcurrentdisruption[e.g.LuletaL,1988].

After the temporaldecay ofthe enhanced energeticionfluxes,a SeCOnd nux

enhancementstartedgradua11yfromthehigherenergychannelsbeginningat12:26U℃

successively toward thelowest energy channelreaching E=88keV at12:48Ull

producingaclearenergy･dispersionwithatimescaleof～40min.Becausethemotion

ofenergeticparticlesalongthe丘eldlineistoofasttobedispersedmuchinenergy;the

dispersedarrivalsshouldbeinterpretedasaresultofthetime･Of･flighte鮎ctcaused

byenergy･dependentdriftsperpendiculartothemagnetic且eld.Hencesuchseparate

arrivalsin di鮎rent energiesimplythat energeticparticles constituting the second

enhancementhadalreadydriftedadistancelongenoughtobedispersedappreciably
inenergylThisfactindicatesthatthesedispersedenergeticparticlesarenotalocally

acceleratedpopulationbutapopulationwhichhadbeengeneratedatsomeotherplace

andthendriftedtothe spacecraftposition.Anotherinterestingcharacteristicofthe

dispersed energetic populationis thatits particlefluxis enhanced morein the

directionofthemagnetic丘eldthannormaltoit,aSShowninthe丘fthpanelofFigure

3･1.Thispitchangleanisotropyoccurredformostofthelongdispersioneventsfound

inthepresentstudyandhencethesedispersedpopulationsarecomposedmainlyof

Particleswithsmallpitchangles.

When these energetic particle events occurredin the magnetotail,a Clear

substormactivitywasseenonthegroundasshowninFigure3･2.Thetoppanelof

Figure3･2showsgroundmagnetometerdatatakenatCollege(CMO)onthesameday

andthebottompanelshowsPi2pulsationactivityduringlO:00UT-12:00UTrecorded

atxAKIOⅨA(alowlatitudestation).Itisevidentfromthesepanelsthatamoderate

substormactivitywasinitiatedwiththe expansiononsetatll:37UTasdetermined

fromaPi20nSetinthe bottompanel.Thus the dispersionlessfluxenhancementin

Figure3･1took place14min.after the substorm onset,andisfo1lowed by the
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dispersed enhancements･A somewhatlarge time delay offluxincreasefrom the

Substormonsetwasprobablycausedbythefactthatthespacecraftwassituatedfairly

Off･equatOrintheplasmasheet.

3.3.2Event2(Dec.9,1996)

Nextwewillpresentanexampleofthedispersedfluxenhancementofenergetic

ionstypicallyobservedawayfromthemidnightsector.Figure3･3shows,inthesame

format as Figure3･1,the plasma and且eld pro丘1e during theinterval12:00UT-

16:00UTonDecember9,1996,WhenGEOTAILwaslocatedintheeveningsectorof

themagnetosphere.AIsoshowninFigure3･4are(toppanel)magnetic丘elddatafrom

the2100magneticmeridianstations【挽motoetaI,1996],and(bottompanel)Pi2

Pulsation activities observed at KAXIOKA.Again our estimation ofion nux ratio

reveals that the energetic particles observed durlng thisintervalconsisted

Predominantlyofions.AvisualinspectionofFigure3･4enablesu8tOidentifyatleast

twosubstormsequencesduringthistimeinterval:the且rstsubstormoccurredatabout

13:00U℃andthesecondonebecameactivatedat14:30UT.Inassociationwiththetwo

Substorms,multiplefluxenhancementswereclearlyseenintheHEPenergyrange

from13:04UT and14:32U℃respectivelylItis noted that theseflux enhancements

Weredispersedinenergyforrelativelyshortdurationsofafewminutes.Inadditionto

thehighenergyrange,the energydispersionsappearedtoextenddowntotheLEP

energyrange(<40keV),eVenthoughthelowenergytailsofthedispersionswereless
discernible probably owing to their merglng With the pre･eXisting population.

Examiningthetemporalcorrelationwiththecorrespondingsubstormonsetsindetail,

Wefoundthatthedelaylnthearrivaltimesofmultiplefluxincreases,relativetothe

OnSetS Ofthe corresponding substorms,is about afew minutes andthus consistent

Withthetimerequiredfor200keVprotonstodriftfromlocalmidnighttothelocation

Ofthespacecraft.Thereforeitcanbeinterpretedthationsconstitutingthesedispersed

fluxenhancementscamefromthelocalmidnightregionwhereenergeticparticleshad

beengeneratedincloseassociationwithasubstormonsetasindicatedpreviouslyin

Eventl.The fact thatflux enhancements observed at dusk consisted ofmultiple

dispersed populationsimplies that multiple accelerations of energetic particles

OCCurred atlocalmidnight evenfor a single substorm,and the resultant multiple

energeticpopulationswereobservedasaseriesofdi鱒perSedfluxenhancementsafter

theirduskwardtransportwiththeenergy･dependentdrift.
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3.4 Statisticalstudy

TheGEOTAILspacecrafthasbeensurveyingthenear･Earthregion(9RE<R<

30RE)ofthemagnetosphereforseveralyears.Figure3･5showstheGEOTAILorbiton

theX･Y(namely;equatOrial)planeduringtheperiodApr.,1996-May;1998,Whenthe

EDISdataoftheHEP･LDinstrumentwereavailable.Wevisuallyinspectedourdata

Plotsforthistimeinterval,andidentified63(53ionandlOelectron)dispersionless

and200(136ionand64electron)dispersedfluxenhancementevents,reSPeCtively｣
Using these data sets,We Performed a statisticalstudy to obtain the spatial

distribution and temporalproperties of the disper8ionless and dispersed flux

enhancements.Theircorrelationwithsubstormactivitieswasalsoexaminedindetail.

3.4.1Spatialdistributionoftheevents

InFigure3･6a(toppanel),WeShowthelocationsofthespacecraftontheX･Y

Planefortheintervalswhenthedispersionlessanddispersedfluxenhancementswere

Observed.Inthe且gure,redasterisksandsmallbluecirclesrepresentthedispersed

anddispersionlessevents,reSPeCtivelylSuperimposedarethenominalmagnetopause

position(green curve),the geosynchronous orbit(blue circle),and the spacecraft,s

Perigeealtitudeof～9RE(violetcircle).Weseethatthedispersedfluxenhancements
are observedin al1localtime sectors.A carefu1examination of theirlocaltime

distribution reveals that the di鱒perSed events are distributed rather uniformly

betweenthe spacecraft'sperlgee,namelytheinneredge ofthe spacecraftcoverage,

andthenominalmagnetopauseintheeveningsector,Whilearerelativelyrarenear

themagnetopauseinthemorningsector.Sincethe orbitalcoverageofGEOTAILis

goodnearthemagnetopauseaswellaswellinsidethemagnetopause,thisdawn･dusk

asymmetryimpliesadi鮎renceinthetransportpathofenergeticparticlesbetween

thedawnandduskflanks.Ontheotherhand,thedispersionlessfluxenhancements

arefoundonlyonthenightsideandaredistributedaroundthemidnightsectorinthe

near･Earth plasma sheet.Itis also seen that most of both the dispersed and

dispersionlesseventsarelocatedinwardofaboutR=15RE.Theseresultsimplythat

the accelerationyielding such energeticparticles occursfrequently at thelocations
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earthwardofX=･15REarOundlocalmidnight.InFigure3･6b(bottompanel),We

Show aplot which represents occurrencefrequencies ofthe disper8ed(black open

rectangles)anddispersionless(redsolidbars)eventsasafunctionoflocaltime.Here

theoccurrencefrequencyisnormalizedbythetimeGEOTAILspentineachlocaltime

SeCtOr･Theoccurrencefrequencyofdispersedfluxenhancementsshowsabluntpeak

inthemornlngandeveningsectors,reSPeCtively;andbecomessmalltowardthelocal

midnight,Wherethedispersionlessfluxenhancementshavethemaximumoccurrence.
Thisresultisconsistentwiththeinterpretationthatenergeticparticlesaregenerated

nearthe midnightmeridianandbecome dispersedinenergyastheydrifttowards

dawnandduskawayfrommidnight.

The aboveinterpretationimpliesthations andelectrons shouldhave di鮎rent

localtimedependencesbecausethedirectionofazimuthaldriftisoppositeforionsand

electrons.Figure3･7a,3･7bpresentthelocaltimepro丘1esoftheeventoccurrencefor

energeticionsandelectronsseparatelylAsseenclearlyfromFigure3･7a,theionand

electron dispersed events are dominant on the dusk and dawn side,reSPeCtively;

COnSistent with the direction of their azimuthaldrift motion.The distribution of

dispersed events forions and electronsis almost exclusive to each other;The

distribution has a peakinthe evening and morning sectorforions and electrons,

respectivelylItisalsonotedthatsomedispersedeventsarefoundintheunfavorable

SeCtOrSbothforions andelectrons.Ⅵ毎found that allofthese events showedrather

flatenergy･dispersionwithalongtime,i.e.,afewtoseveraltensof minutes.This

factsuggeststhatenergeticparticlescangoaroundtheEarthcompletelyforminga

Closeddriftpathat adistance ofR～10RE;the time scale ofthese dispersionsis

COmParabletothedriftperiodofafewhundredkeVprotonsandelectronsaroundthe

Earth under theinfluence of gradient and curvature drifts.This result willbe

discussedindetaillater.

ThedispersionlesseventsillustratedinFigure3･7balsoshowthesametendency

Oflocaltime distribution as the dispersed events.On the other hand,unlike the

dispersed events,thelocaltime distributions ofions and electrons are overlapped

aroundthemidnightsector.Theseresultsarequitesimilartothoseofdispersionless

injectionsobservedatgeosynchronousorbit【e.g.肋eta),1997a].However;itisof

interest that theion dispersionless events have a signi丘cantlylarger rate of

OCCurrenCe than the electron events.In addition,the similar unbalancein the

OCCurrenCefrequency can be seen O)utless markedly)betweenions and electrons

dispersed events.These facts appear toindicate that electrons tend to obtainless
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energyascomparedtoionsinthecourseoftheaccelerationprocessthatcausesforthe

dispersionlessfluxenhancements･

3.4.2 Substormcorrelation

In order to examine whether the above events are associated with substorm

activity;We Checkedifatleast one ofthefo1lowing two substorm signatures was

observed‥(1)aclearbay･1ikedecreaseintheH･COmPOnentOfthegeomagnetic丘eldat

high1atitudegroundstationsand(2)aclearpositivebaysignatureatmid･1atitude

stations.The substormactivitiesidenti丘edwiththeabovecriteriacanincludeweak

activities,1ike pseudo breakups or smallsubstorms that arelocalized both

latitudinallyandlongitudinally;aSWellasfu11ydevelopedsubstorms･Inthepresent

study;We eXamined allsuch activities with various magnitudes to examine the

substormassociation,becauseevensma11activitiesappeartobecorrelatedone･tO･One

withtheearthwardflowburstsorwithplasmaheatingphenomenainthetailplasma

sheetasreportedinthepaststudy[e.g.,ADgekpouhsetaI,1996,hゐeta),2001】･
InThblel,WeShowedthenumberofsubstorm-aSSOCiatedeventsaswellasthetotal

eventnumberforionsandelectrons.Wbseethatalmostallofboththedi鱒perSedand

dispersionless events are closely correlated with the substorm activitylThese

statisticalresultsstronglyindicatethatthesefluxincreasesofenergeticparticlesin

thenear･Earthplasmasheettakeplaceinassociationwithsubstorms･Itisalsonoted

that,eVen thoughthey are very rare,there exist a certain number offlux

enhancementeventswithnosubstormsignature.Theseeventsmaybeinterpretedto

becausedtotheplasmaheatingassociatedwithflowburstsintheplasmasheet:It

wasreportedthat fastearthwardflows canoccurevenduringquiettimes andbe

accompaniedbyenergeticparticles【A励ouhsetal,1994:1996]･
Nextwewi11examine temporalcorrelationofthefluxenhancements withthe

substorm onsetin detail.In particular,the timing analysisfor the dispersionless

eventsisveryimportantbecausethedispersionlesscharacteristicsdirectlyreflectthe

on･Site generation ofenergetic particlefluxes･In this analysis,however,We muSt

carefu11yinterpretthedispersionlessfeaturesbyconsideringthemotionoftheplasma

sheet relative to the spacecraft.Thisis because plasma sheet boundary crossings

causedbyquickexpansionsoftheplasmasheet丘11edwithenergeticparticlesalsolead

toapparentlythesameobservationalfeature,namelythedispersionlessfluxincrease･

Henceweseparatethedispersionlesseventsintotwogroups,"IJObe･tO･PSevents"and
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"ps･throughoutevents",byconsideringwhetherthefluxincreaseswereobservedas

thespacecraftenterstheplasmasheetfromthelobes,Orthespacecraftwasinthe

plasmasheetproperthroughouttheevents,reSPeCtivelylEventsintheplasmasheet
butwithlargeBxcomponentofthemagneticneldareclassi丘edasLebe･tO･PSevents

toavoideventsneartheplasmasheetboundary｣

Figure3･8showsalocaltimedependenceofthetimedelayofthedispersionless

fluxenhancementfromthecorrespondingsubstormonset･Hereweplottedonlyevents

duringwhichtheonsettimecouldbedeterminedfromPi2pulsationactivityatthe

low･latitudegroundstationsofKakioka(EAK)andHermanus(HER)･Inthe丘gure,

open circles and triangles denoteLebe･tO･PS events and PS･throughout events,

respectivelylAnegativevalueofthetimedelaymeansthatthefluxenhancement

precedesthe substormonset･Itisshownagainthatthe
dispersionlessevents are

localizedaroundthemidnightsector･AsseenfromFigure3･8forLebe･tO･PSevents,

thevaluesoftimedelayarescatteredfromaroundzerotomorethantenminutes,

whilePS･throughouteventswereobservedwithinthetimedi鮎renceof～2minutes

fromthesubstormonset,eXCePtOneeVentWithalarge(…11mih)timedelaylAIsoseen

isthatthetimedelayfromthesubstormonsetsforPS･throughouteventsappearsto

beratheruniformlydistributedinlocaltime.Eventhoughsomefluxenhancement

eventsprecedethePi2pulsation,thisfactdoesnotnecessari1ymeanenergeticparticle

generation prior to substorm onset･It should be takeninto account that the

identi丘cationofPi2pulsationonsetshasapotentialuncertaintyofafewminutesdue

t｡1atitudinalandazimuthalpropagationpropertiesofthepulsationwaves【thぼumIet

aI,2000].Hence,from the result ofPS･throughout events,We Can Only saythat

energetic particlesforming the dispersionlessflux enhancements are generated

"almostsimultaneously"withsubstormonsetswithinanaccuracyofafewminutes･

Ontheotherhand,Lebe･tO･PSeventscanbeobservednotonlyattheonsetsbut

also evenmuchlater(～10mih)thanthe corresponding substormonsets,and such

largetimedi鮎rencescannotbeexplainedbythetemporaluncertaintyoftheonset

determination due to the wave propagation time･Instead,aS Stated above,these

eventscanbe reasonablyinterpretedasthe rapid entryofthe spacecraftintothe

plasmasheetcausedbytheexpansionoftheplasmasheetitselfassociatedwiththe

substormexpansiononset･Thethinplasmasheetthatexistspriortotheonsetsis

knowntoexpandinthenorth･SOuthdirectionatthesubstormOnSetS･Thereforethe

plasmasheetentryofthespacecraft,namelyobservationofapparentdispersionless

features,Canbedelayeddependingonthepre･OnSetPOSitionsofthespacecraftrelative
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totheplasmasheet.

Onthe contrary;the dispersedeventsdonot appeartobe correlatedwiththe

correspondingsubstormonsets,aSShowninFigure3･9.Redplusesandgreencrosses

inFigure3･9representthedispersedeventsforionsandelectrons,reSPeCtivelylAs

seenfromthe丘gure,timedelaysofthedispersedeventsaredistributedfromOmin.to

severaltensofminutesatanylocaltimesector.Thisresultisnotsurprisingbutwould

bereasonablyinterpretedbythe multiple dispersedfluxenhancementsas notedin

Event2.We have shownobservationa11ythatevenasingleonsetofsubstormcould

producemultiplepopulationsofenergeticparticlesinanintermittentmanner･Such

multipleejectionsofenergeticparticlesatlocalmidnightwouldleadtotheobservation

ofdispersedflux enhancements with time delays ofseveraltens ofminutesfrom

substormonsetatlocaltimesectorsawayfrommidnight.

3.4.3Spatialcharacteristicsoftimescaleofenergy･dispersion

Energy･dispersedfeatures of energetic nux enhancementsgive usimportant

information on the transport ofenergeticparticlesfrom their source regionto the

observation points.Past studies showed that energetic particles with energies of

severaltens ofkeV orlarger are subject
to gradient and curvature driftsin the

magnetosphere[e.g.励e搾SetaI,1991】.Sincethegradientandcurvaturedriftspeeds
increasewithparticle'senergies,the driftingparticleshavingdi鮎rentenergies get

dispersedinspaceandthenarriveattheobservationpointintheorderofdecreasing

energyaftertheytravelafinitedistanceontheirdriftpathfromthesourceregion･
Sincetheseparationofdriftingparticlesisexpectedtobecomelargerastheytravel

longerontheirdriftpath,thedi鮎renceoftheirarrivaltimes,thatis,thetimescaleof

energydispersionis ameasure ofthe distancefromthe source regionofenergetic

particlesmeasuredalongtheirdriftpath.Inthissection,WeWillinvestigatethelocal

timedependenceofthetimescaleofenergy･dispersiontoexaminetransportprocesses

ofenergeticparticlesinthe magnetosphere during substormactivitylHowever,the

magnetic丘eldaswe11astheelectric且eldofthemagnetosphereisverycomplicated

andhenceparticletrajectoriescannotbeobtainedanalyticallylTherefore,WeWill丘rst

perform a numericalsimulation of energetic particle driftsin the model

magnetosphericelectricandmagnetic丘eldtounderstandbasicpropertiesofparticle

trajectoriesinthemagnetosphere.Thenwewillcomparethenumericalestimateswith

theobservationalresultsobtainedearlierinthisstudyl
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3.4.3.1Numericaltracingofenergeticparticledrifts

In order to examine characteristics of particle drift pathsin the

magnetosphere,Wemade adriftpathcalculationinthemodelelectricandmagnetic

丘eld.Asamodel丘eld,WeadoptedaVb11and･Steintypeelectricneldwiththeshaping

factorof2【IbLhDd1973】andtheTsyganenko1989magnetic丘eldmodelforKp=3

【物Denko,1989].Trajectoriesofparticledriftsweretracedthree･dimensionallyby

SOIvingtheequationofguidingcentermotionbothperpendicularandparalleltothe

magnetic丘eld[e.g.,A加･tb叩1963】,

〟⊥=㌃×(一言+些∇β+竺婚)(1)曾 留

∂β →del
叫ノ虎=-〟盲+∽〟⊥･盲 (2),

Where u⊥and uH describetheguidingcentermotionperpendicularorparalleltothe

magnetic丘eld,reSPeCtively;elis the unit vector of the magnetic丘eld,andp

representsthemagneticmomentwhichisconservedthroughouteachdrifttrajectoryl
∂/∂s denotes a derivative along alocalneldline.In Formula(1),gradient and

curvaturedriftterms(thesecondandthirdterm,reSPeCtively)areproportionaltothe

PerPendicular and parallelkinetic energy;reSPeCtively;Which cause dispersed drift

SPeedsinenergylThesetwoterms dependalsoontheelectriccharge ofparticlesso

thationsandelectronsdriftintheoppositedirectiontoeachother.Ontheotherhand,

the ExB driftterm(the丘rstterm)depends neitheron charge noronenergylThe

electron trajectoryis calculated by reversing the direction oftheion gradient and

CurVature driftsin the azimuthaldirection.This simpli丘cationleads to the same

equatorialprQjection of trajectory asthe one with realelectron mass,but wrong

bouncingperiodalongthe丘1edline【乃血AashlaDd旗mozi1989].

In Figure3･10a,We Show the calculated three･dimensionaltrajectory ofthe

guidingcenterofaprotonwithaninitialenergyoflOOkeVandwitha15degreepitch

angle at the starting point ofcalculation(Ⅹ=･9RE,Y=Z=0).Figure3･10bis the

equatorialprojectionofthe3･DtrajectoryontheX･Yplane.Itisseenthattheproton
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driftedazimuthallywestwardaroundtheEarth,bouncingbetweenthenorthernand

southernhemispherealongthemagneticfieldline.Asaresult,thetestprotonmakes

acloseddri氏patharoundtheEarthandcomesbacktotheproximityofthestartpoint.

Adetailed examination oftheinterrelationship between di鮎rent driftcomponents

revealedthatthegradientandcurvaturedriftcomponentscontributepredominantly

totheazimuthaldriftmotion.Itisalsofoundthattheresultantcloseddriftpathis

nearertheEarthontheduskside,Whileitexpandsoutwardonthedawnside,Which

isduetoasma11contributionfromtheExBdrift.Thecalculationforanelectronpath

(notshown)withthe sameinitialconditionrevealedthatthe shape oftheelectron

trajectoryisanti･Symmetrictothatoftheprotontrajectoryaboutthenoon･midnight

meridian,aSeXPeCtedfromthe charge dependenceofgradientandcurvature drifts.

These results arein qualitative agreement with the past studies【乃hahashlaDd

両虎1989;jね紺野efβん1991】.

Nextwewilldemonstratethedependenceofthedrifttrajectoryontheparticle

Pitchangle.Figure3･11showstheprotondriftpathsmappedtotheequatorialplane

alongthe丘eldline,andthered,green,andbluecurvesarethemappeddriftpathsof

PrOtOnSWiththestartpointofX=･7,･9,･11RE,Y=Z=0,reSPeCtivelyこThreecurveswith

thesamecolorrepresentthetrajectoriesforpitchangleof15,45,90degrees.

Tbunderstandgeneralpropertiesofthepitchangledependenceoftrajectories,

WefirstfocusonthethreetrajectoriesstartingatX=･7REillustratedwithredcurveS.
AmongthreeredcurveS,themostinwardonewithafairlycircularshapeistheone

for15degreepitchangle,andthee11ipse･liketrajectoryjustoutsideofitcorresponds

to the45degree pitch angle case,and the most outward trajectory reaching the

POSt･nOOnmagnetOPauSeisfor90degreepitchangle.Itisfoundthatparticleswith

Smallerpitchanglescantakemoreinwardpathseveniftheystartedtodriftatthe

Samedowntaildistanceonthenightside.Thispitchangledependencecanbeseenfor

allof the cases with di鮎rent starting point distances.This e鮎ctis due to the

di脆rencein trajectory between gradient drift and curvature driftin the

magnetosphere.Because,inthe near･Earth magnetosphere,the radius･Of･CurVature

VeCtOrOfthe magnetic且eldis directed almost radiallyat al1localtime sectors,the

CurVaturedriftisalwayspointedinthealmostazimuthaldirectionandthusresultsin

afairlycirculardriftpathforthecurvaturedrift･dominantparticleswithsmallpitch

angles.Ontheotherhand,theintensityofthemodelmagneticfieldintheequatorial

regionisnotazimuthallyuniformbutshowsaclearasymmetryinthenoon･midnight
direction due to thefield compressionbythe solarwind on the dayside.Therefore
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COntOurlines of the constant丘eldintensityin the equatorialregion tend to be

off･Centered,andevencrossthemagnetopauseonthedayside【Roed珊;1970].This
factmeansthatthegradientdrift･dominantparticleswithpitchanglesnear90degree

tendtopassamoreradia11youtwardregiononthedaysidethanonthenightside.Itis

also noted that gradient･drifting particles may directly reach the magnetopauseif

theirstartingpointsonthenightsidearemoredistantthanthegeosynchronousorbit.

Theseresultsareconsistentwithdriftpathcalculationsperformedinthepaststudies

【jねe帽gefβ上,1991】.

3.4.3.2Comparisonbetweenthenumericalestimatesandtheobservation

Now we can compare quantitatively simulation results and the observation

results.Figure3･12shows thelocaltime dependence ofthe time scale of energy

dispersionfor dispersedion(red pluses)and electron(green crosses)events,

respectively｣Herethetimescaleofenergydispersionisde丘nedasthetimedi鮎rence

betweenthefluxincreasesintheenergychannelsof312keVand88keVInaddition,

wetheoreticallyestimatethetimescaleofdispersionbyback･traCingdriftmotionsof

Particlesatthe abovetwo energiesatR=9RE at agivenlocaltime tothe midnight

SeCtOr.The di鮎renceinthetimethatisneededforparticleswithdi鮎rentenergies

(312keVand88keV)todriftfrommidnighttoagivenlocaltimeisconsideredasa

timescaleofdispersion.Forthisestimation,WeCOnSideredionsandelectronswiththe

Pitchangleof45degreetotakethee鮎ctsofboththe gradientandcurvaturedrifts

intoaccount.TheestimatedtimescaleforeachlocaltimeisshowninFigure3･12by

redandgreenlinesforprotonsandelectrons,reSPeCtively｣

In Figure3･12,the distributions oftheion and electron dispersed events are

almostexclusiveofeachother;beingcenteredontheduskanddawnside,reSPeCtively;

Showingthe same result asFigure3･7b.Itis also seenthat mostofthe dispersed

events show fairly short(<10minutes)dispersions and that the time scale of

dispersiontendstobecomelargerawayfromthemidnight.Acomparisonbetweenthe

Observation result and the numericalestimate shows that,for the most part,the

Observedtimescaleofdispersionisconsistentwiththeestimatedoneatal1localtime

SeCtOrS.Theseresultsstronglysupportourinterpretationthatbothionsandelectrons

COntributingto the observed dispersion were generated atlocalmidnight and then

driftedtotheobservedlocations.

Asurprisingfactisthatpartofthedispersedeventsshowssubstantiallylong(～
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afewtoseveraltensofminutes)dispersions.ItisalsoseenfromFigure3･12that

theseeventswithalongdispersionarefoundatanylocaltimesectorforbothionsand

electrons.Thus these features cannot be explained by the effbct of the

Charge･dependentdriftfromthemidnightregion;theyratherindicatethatparticles

formingthedispersionhavedriftedfromsomewheremuchfurtherthanthemidnight

SeCtOr.W占caninterpretsuchalongdispersionasaresultofparticle'striparoundthe

Earthbeforetheobservation.Ifenergeticparticlesgo aroundthe Earthandthereby

driftasufficientlylongpath,theygetfurtherdispersedinenergy｣Henceobservations

requirethatenergeticparticleswithenergiesofafewhundredkeVmakeacloseddrift

Path around the Earthin the magnetospheric丘eld con丘guration.According to the

driftpathcalculationshowninFigure3･11,WeSeethatsuchacloseddriftpathcanbe

realizedoutwardofthegeosynchronousdistanceifdriftingparticleshavesmallpitch

angles(seethecaseof15degreepitchanglewiththestartingpointofX=･9REin

Figure3･11).

The pitch angle dependenceis actually observed as a parallelpitch angle

anisotropyofparticlefluxesinEventlshowninFigure3･1.Asstatedpreviously;a

dispersedincreaseinparticlefluxesparalleltothe magnetic丘eld directlyindicates

thattheenhancedfluxesconsistofparticleswithsmallpitchangles.Inadditiontothe

eventstudy;aStatisticalstudyforthesedispersedeventswithlongenergy･dispersion

has been made and the resultis shownin Figure3･13.Inthe軸ure,the ratio of

Particlefluxesperpendicularandparalleltothemagneticneldisplottedagainstlocal

timeforthedispersedeventswhosetimeislongerthan20min.Herethepitchangle

anisotropyis derivedby averaging over each dispersion the ratio ofparticlefluxes

With pitch angles more than andless than45degree.Thus the anisotropyindex

more/1ess than unityindicates perpendicular･/parallel･enhancedfluxes ofenergetic

Particles,reSPeCtively;referringtothedirectionoflocalmagnetic鋭eldline.Itisseen

fromFigure3･13thatmostofthe dispersedeventshavingalongdispersionshow a

Parallelpitchangleanisotropyonthenightside.Asshownbythepresentsimulation

results,OnlyenergeticparticleswithsmallpitchanglescangoaroundtheEarthand

thengetbacktothenightsideregion.Thusthedispersedfluxenhancementsonthe

nightsidecanbereasonablyinterpretedasaresultofenergeticparticlesdriftingwith

Smallpitch angles on a closed path around the Earth.On the other hand,the

anisotropyindexindicates anisotropic feature or even perpendicular･enhanced

Characteristicsforeventsobservedonthedayside,indicatingasigni丘cantcontribution

from particleflux perpendicular to the magneticfield.This resultimplies that
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energeticparticles withlargepitch angles as wellas those with smallpitch angles

haveaccesstothedaysidemagnetospherealongtheircloseddriftpaths.Accordingto

thesimulation,itisexpectedthatthoseparticleswithlargepitchangleswouldbethe

OneS Which started on the nightside much nearer to the Earth.It should be

rememberedthatthedriftpathforlargepitchangleparticlesexpandsoutwardonthe

daysideandhenceparticlesthatwereintheinnerregiononthenightsidecangoout

totheregiononthedaysidewhereGEOTAILwaslocated.Therefore,SuChdispersed

eventsobservedonthedaysidewouldbeamixtureofparticleswithlargepitchangles

fromtheinnermagnetosphere andthosewithsmallpitchanglesfromthenightside

magnetosphere.

3.4SummaryandDi8CuS8ion

Wb found that flux enhancements of energetic particles with clear

energy･dispersedfeatures are observedin the outer magnetosphere(R>9RE)
fo1lowingthecorrespondingsubstormonset.Inadditiontoourobservation,ithasbeen

reportedthat,duringsubstorms,theioncompositionsensorsonthePOLARsatellite

(placedinapolarorbit)observedionpopulationsdriftingaroundtheEarthoverwide

LandenergyrangesofL～4･8RE(L:geocentricdistancemappedtotheequator)anda

fewkeVtohundredsofkeVindependentofthemassandchargeoftheions【hnDeH

etal,1998】.Thkingobservationsmadeatdi脆rentradialdistancesintoaccount,itis

COnCludedthatthereglOnOfsuchenhancedenergeticparticlesextendsspatiallyfrom

theinnermagnetosphereofR～4REtOtheoutermagnetosphere(R～10RE).However;

intheinnerregion,energeticparticlescangoaroundtheEarthmanytimesandresult

inmultipledriftechoesbecauseofthesteadydipole･1ikemagnetic鋭eldthere[蝕DeH

etaI,1998].Ontheotherhand,SuChmultipledriftingechoesarehardlyobserved,Or

atmostonlythe且rstdriftechoisseenintheoutermagnetosphere.Thereasonforit

would be that only particles with smallpitch angles can make a closed drift path

aroundtheEarthatradialdistancesfurtherawayfromthegeosynchronousorbitand

SuChparticleswouldbelosttothehigh1atitudeionosphereduetotheco11isionwith

theneutralatmosphere.Ofcourse,energeticparticleswithlargepitchangles,Which

are steadilycon丘nedbetweenmagnetic mirrors ofbothhemispheres,WOuld readily

reachtheflankmagnetopause andbelostfromthe magnetosphere.Asaresult,the

driftingechoesofenergeticparticleswouldrapidlydecayintheoutermagnetosphere.

InFigure3･6a,WeShowedthatthedispersionlessfluxenhancementofenergetic
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Particlesoccursmostlyaroundthemidnightsectorwithinadowntaildistanceof15RE.
Since the dispersionlessfeatureindicates that the observationpointis close to the

SOurCeSiteofenergeticparticles,thisfactindicatesthattheaccelerationsiteshouldbe

muchclosertotheEarththanthenominalreconnectionsiteintheplasmasheet(･30<

Ⅹ<･20RE)[胸gaIetaI,1998].ThusthisresultdoesnotsupporttheBakermodel

【励kwetaI,1979]inwhichparticlesareacceleratedbythenear･Earthreconnection

and theninjectedinto theinner magnetosphere.Instead,Our reSultis rather

COnSistentwiththeaccelerationwithaninductiveelectric丘eldasproposedby肋et

al[1997b].They suggested that energetic particle accelerationis due to the

temporarily evoIving electric丘eldlocalized around themidnight sector somewhat

earthward of the near･Earth reconnection site.They performed a globalMHD

Simulationofthenear･Earthmagneticreconnectionforsubstorms,andthen,uSingthe

re8ultant dynamicalelectric and magnetic丘eld,they calculated trajectories oftest

Particles.Their most remarkable resultis thations tend to be accelerated more

efficiently around X=･12RE due to theinductive electric丘eld associated with

depolarization of the magneticfield,rather thanin the vicinity of the magnetic

reconnectionpointaroundX=･20RE.Theregionofenhancedinductiveelectricfield

foundintheir simulationisconsistent withthe accelerationsite expected fk･Om the

Observed dispersionlessflux enhancementsin the present studylIn addition to this

SPatialcorrespondencebetweenthesimulationandtheobservation,aSStatedinCase

Studyl,mOSt Of the dispersionless events analyzedin the present study are

accompanied by a signi丘cantincreasein the northward(Bz)component of the

magnetic丘eld.ThesimilarBzincreaseisseeninthesimulationofBirnetal.andis

interpreted to be responsible for the generation of theinductive electric 丘eld.

Thereforewesuggestthatenergeticparticlescontributingtotheenhancedfluxwould

havebeenacceleratedbythesamemechanismdemonstratedbyBirnetal.

Inrelationto the accelerationmechanism stated above,temPOralvariations of

enhancedparticlefluxesduringdispersionlesseventsprovideinformationabouttheir

accelerationprocesses.The presentobservationofdispersionlessflux enhancements

revealedthatadispersionlessfluxenhancementconsistsofintermittentfluxincreases

With short durations of～minutes and that their pitch angle distributions are

randomly varying or fairly uniform with no preferentialdirection of anisotropyl

Similarfeatureswereobtainedinthepaststudyonadispersionlessfluxenhancement

associatedwiththedisruptionofthenear･Earthcross･tailcurrent【LuletaI,1988],

Where energetic particlefluxes as we11as thelocalmagnetic丘eld exhibit a high1y
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turbulentfeature.Hence these observationalresults are suggestive ofa possibility

thatnotonlyasimpleadiabaticbetatronaccelerationbytheincreaseof丘eldintensity;

Whichisexpectedtoresultinaperpendicular･enhancedpitchangle distribution,but

alsosomelocalizedtransientnonadiabaticaccelerationworksefficientlyintheabove

region.For such an acceleration mechanism,肋et aI[1997a]proposed an

accelerationprocesswhereequatoriallytrappedparticlesexperiencethesuccessionof

the Speisertype acceleration[*ejkez;1963】undertheinductive electricfield and

therebygainenergyrepeatedlyinastepwisefashion.However,aSShownintheirtest

Particlesimulation,thismechanismtendstogenerateparticleswithlargepitchangles,

andthusisnotconsistentwiththeobservedfluxenhancementsinthepresentstudy

that show no preferentialpitch angle anisotropylThusin order to explain the

Observations bythis mechanism,an additionalphysicalprocess responsiblefor the

rapidpitchanglescatteringoftheacceleratedparticlesisneeded.Incontrasttothe

near･Earth plasma sheet,thelnjection at geosynchronous distances shows a clear

Pitch angle anisotropy wherelarge pitch angle particles are dominant.This can be

reasonably understood because,arOund geosynchronous orbit,the Speiser type

acceleration does notwork e鮎ctivelydue to thelarge magnetic丘eldintensity;and

instead,theadiabaticbetatronaccelerationbecomesdominant.Therefore,theprimary

accelerationprocessfortheinjectedparticlesshiftsfromthenonadiabatictoadiabatic

PrOCeSSeS aS Particles areinjected from the near･Earth plasma sheetinto the

geosynchronousdistance.

Oneoftheimportantstatisticalresultsinthepresentstudyisthatelectronflux

enhancementeventsare relativelyrareascomparedtoionevents.Inparticular,the

dispersionlesselectroneventswerefoundtobe substantiallylessfrequentthanthe

ion ones,SuggeSting that the corresponding acceleration mechanism does not work

e鮎ctivelyfor electrons.This would be considered as a reasonable resultif you

assumedthenonadiabaticaccelerationprocessesdiscussedabovetoberesponsiblefor

thedispersionlessfluxenhancementsinthenear･Earthplasmasheet(R>9RE).This

kind of nonadiabatic energizationis achieved generally by violating particle's

gyromotion around the鋭eldline andtherebymakingthem driftinthe directionof

localelectric丘eld.In the proximity ofthe neutralsheetin the near･Earth plasma

Sheet,Characteristiclength ofthe curvature of丘eldlines canbe comparable to the

gyroradiusforionswithenergies～afewtensofkeVandthusionsattheseenergies
Can eaSily stray out of their gyromotion and gain energies efficientlyfrom the

inductive electric丘eld.Onthe otherhand,electron gyroradiusismuch smallerand
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electronstendtobehaveadiabatically｣肋etaI[1998]examinedelectrontrajectories
in the region of the stronginductive electricfield andfound that the adiabatic

betatronenergizationcausedbythe sunwardExBdriftplaysamoreimportantrole

Ontheelectronacceleration.Becausethebetatronaccelerationismoree飴ctivecloser

totheEarthwherethe gradientofthefieldintensitybecomessteeper;itisexpected

thatelectronsareacceleratedefficientlyintheinnerregion(R<9RE).Thereforeitis

suggested that the acceleration site(precisely speaking,the tailward edge ofthe

accelerationsite)forelectronsis shiftedclosertothe Earththanthatforions.This

radialdisplacementoftheaccelerationregionbetweenionsandelectronscanexplain

notonlythe rare observationofdispersionless electronevents aroundthe midnight

SeCtOr,butalsotheabsenceofdi鱒perSedelectroneventsaroundthedawnflankregion

as shownin Figure3･7b,because energetic electrons are expected to start drifting

fromthe regionclosertothe Earththanions,andthustheydrifttowardthe more

SunWardmagnetopause.

Thedi鮎renceintheradialdistanceoftheaccelerationregionbetweenionsand

electrons may cause animbalance betweenthe abundance oftheinjected energetic

ionsandelectronsintheinnermagnetosphere.Generallyinthemagnetosphere,OnCe

aparticleisacceleratedtohighenergies,itstartstodriftazimuthallyawayfromthe

accelerationsiteandtherebydeviatesgreatlyfromthetransportpathexpectedfrom

ExB drift.Actually the test particle simulation performed by肋etaI[1997b]

demonstratedthatacceleratedionsareejectedduskwardfromtheaccelerationsiteat

the midnight.Therefore,in the course ofthe acceleration process associated with

lnjection,energizedionsdriftawaybeforeelectronsbegintobeacceleratedandthusit

isdifficultfortheenergizedionstopenetrateasradiallyinwardastheelectronsthat

have not been accelerated yet.This may resultin a relatively smallabundance of

injectedenergeticionsascomparedtoenergeticelectronsintheinnermagnetosphere.

月壷duetaI[1996]studiedtheenergeticparticleinjectioneventsaroundR～6RE

usingparticledataobtainedattheCRRESsatelliteandindicatedthat,attheCRRES

Orbit,dispersionlessionlrjections arein generalless clear and tend to occur more

frequentlyinthehigherenergychannels.Thisresultseemstobeconsistentwiththe

above suggestion derivedfrom the present study;because the smallabundance of

injectedenergeticionswouldleadtoalessclearfluxenhancementofions.Inaddition,

ifpart ofions are trapped deeplyinthe acceleration region andtransportedto the

innermagnetospheretogetherwithelectrons,theionsaresubjecttoaccelerationfora

longertimeandthusexpectedtobeenergizedtohigherenergiesthanelectrons.
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Hereitisinterestingtodiscussthespatialextentoftheinjectionregionandits

relationshipwiththatofinjectioneventsobservedatgeosynchronousorbit.Asshown
inFigure3･6a,thedispersionlessfluxenhancementsarefoundnotonlyatmidnight

but also atlocaltime sectors signi丘cantly awayfrom midnight.In addition to the

dispersionless events awayfromthe midnight,Figure3･6b showsthat,eVeninthe

midnightsector;thedispersedeventsarealsofoundwithalmostthesameprobability

asthe dispersionlessevents.These results suggesttwoimportant characteristicsof

the accelerationregioninthenear･Earthplasmasheet.Oneisthatthe acceleration

Siteofinjectedenergeticparticlescanbeformednotonlyinthemidnightsectorbut

also at thelocaltime sectors awayfrom the midnight.This means that energetic

Particlescanbeinjectedintoregionssigni且cantlyawayfromthemidnightsectorin

theinnermagneto鱒phere.Anothercharacteristicisthattheaccelerationsiteisfairly

localizedintheazimuthaldirectionsothatthedispersedsignaturescanbeobserved

Only when the acceleration site shifts azimuthally fromlocalmidnight.This

azimuthallylocalizedaccelerationsiteisconsistentwiththereglOnOflargeinductive

electricfieldshownintheMHDsimulationperformedby肋etal[1997b].Itshould

bealsonotedthatthepaststudiesatgeosynchronousorbit【e.g.,翫MetaI1996;

肋etal,1997a]reportedtheexistenceofsigni丘cantlyoff･midnightdispersionless

injectionsandsuchanlnjectioncanbeexplainedbytheoff･midnightaccelerationof

energeticparticlesinthenear･Earthplasmasheetshowninthepresentstudyl

Fina11y;Weinterpretourresultoffluxenhancementsintheoutermagnetosphere

inthelightofthepaststudiesclosertothe Earthandsummari2:eenergizationand

Subsequentglobaltransportofenergeticparticlesinthemagnetosphereinassociation

Withsubstorms.Ourinterpretationis shownschematicallyinFigure3･14.Herewe

illustrateontheX･Yplanetemporalevolutionoftheregionofenhancedenergeticions

(red hatched region)and electrons(green hatched
region)just afterthe substorm

expansiononsetandafewtensofminutesaftertheonsetontheleftandrightpanels,

respectively｣AIsoshownarethenominalmagnetopause(solidcurve),thespacecraft,s

perigeedistance(dottedcircleofR=9RE),andgeosynchronousorbit(theinnermost

solidcircle).Asshownintheleftpanel,duringasubstorm,energeticparticleswith

energiesfromseveraltenstohundredsofkeVare generatedaroundlocalmidnight

almostsimultaneouslywiththesubstormexpansiononset.Theaccelerationregionis

associatedwiththeregionofdepolarization(shadedregion)andslightlydisplacedin
the dawn･dusk directionforionsandelectrons.Accordingtothepaststudiesinthe

innermagnetosphere【e.gリ励ヱ甜etaI1977,翫(ねJetaI1996],thesunwardedge
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Oftheenhancedfluxregioncanextendtogeocentricdistanceof4･5RE.Ontheother

hand,its tailward edgeis mostlylocated around R=15RE,Whichis significantly

earthward ofthe near･Earth reconnection site.Asshowninthe present study;the

tailward edge of the acceleration regionfor electrons tends to beformed more

earthward and thus electrons are primarily accelerated and start driftingininner

regionsascomparedtoions.Subsequently;theenergeticionsandelectronsgenerated

atthemidnightsector$tarttOdriftduskwardand dawnward,reSPeCtively;and are

transportedintothedawnandduskflanksonatimescaleof～SeVeralminute8.Since

energetic particles with energies of～hundreds of keV are primarily subject to

gradient･and curvature･B driftwhose speed depends on particle's energy;the

energeticpopulationgetdispersedinenergyinthecourseoftheirazimuthaltransport.

The energeticparticles drift on separate drift paths depending also on their pitch

angles;thosewithlargerpitchangles,thatis,nearer90degree,tendtotraceouter

Pathsandreachthemagnetopauseatmoretailwardpositions.Itshouldbenotedthat

electronsareacceleratedinandthenstarttodriftfromtheregionclosertotheEarth

thanions.Thus energetic electrons are suppliedinto more sunward regions along

theirdriftpath,aS Showninthe rightpanelofFigure3･14.Inparticular,Particles

With sma11pitch angles can make a closed driftpath around the Earth,i･e･,gO

longitudinally around the Earth via the dayside magnetosphere and return to the

midnightsector.
Afew tens ofminutes after the onset(the right panel),energeticions and

electronsspreadoutoverthe dusk and dawnside magnetosphere,reSPeCtively;and

furtheちParticles with smallpitch angles stilldriftinto the opposite sides ofthe

magnetosphere,then get back to the midnight sector and mergeinto the newly

acceleratedpopulationthere.Thisdriftingpopulationisobservedasafu11ydispersed

fluxenhancement duetotheirlong driftpaththeyhave driftedon.The driftpath

Calculationinthepresentstudyshowedthatonlyparticleswithsma11pitchanglescan

returntothemidnightregioninthenear･Earthplasmasheet(R>9RE),Whilethose

Withlarge pitch angles reach the flank magnetopause and belostinto the

magnetosheath.Hencewelldispersedfluxenhancementsfoundonthenightsideare

mostlycomposedofenergeticparticleswithsmallpitchangles,Showingparallelpitch

angle anisotropylOnthe otherhand,Particleswithlargepitchanglesstartingfrom

theinner magnetosphere also have access to the dayside magnetosphere near the

magnetopausealongtheircloseddri氏pathexpandingsunwardonthedayside.Thus

energeticpopulationwithlongdispersionfoundonthedaysideconsistsofsmallpitch
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angleparticlescomingfromthenightsideplasmasheetandalsooflargepitchangle

Particles originatingin theinner magnetosphere.Since generallyfluxintensity of

energeticparticlesislargerclosertotheEarth,the dispersedfluxenhancementson

the dayside are dominated by the particles ofthe near･Earth origin,reSultingin
isotropICOreVenPerPendicularpitchangleanisotropy.
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Figurecaptions

Figure3･1･=EP energy･time spectrograms,di鮎rentialfluxesfor thelowest丘ve

energychannels,andpitchangleanisotropiesofenergeticparticlesinthe丘rst,fourth,

andnfthpanel,reSpeCtively;ObservedbyHEPduringll:00UT･15:00UTonJune21･

AIsoshownareionandelectronenergyspectraobtainedbyLEP(secondandthird

panel,reSPeCtively)withionbulkvelocities,density;temPerature(6thand8thpanel)
derivedfromtheLEPobservation,andBx･andBz･COmPOnentSOfthemagneticneld

(7thpanel).

Figure3･2.(Tbp)groundmagnetometerdataonJune21,19960bservedatCollege

(CMO)and(bottom)Pi2pulsationactivityduringlO:00UT-12:00UTatⅨAⅢOKA(a

lowlatitudestation).ItisevidentfromFigure3･2thatamoderatesubstormactivity

wasinitiatedwiththeexpansiononsetatll:37UTasdeterminedfromaPi20nSetin

thebottompanel.

Figure3･3･Theplasmaandneldpromeduring12:00UT-16:00UTonDecember9,

1996,inthe sameformat as Figure3･1･Duringthistimeinterval,GEOTAILwas

locatedattheeveningsectorinthemagnetosphere.

Figure3･4.(Tbp)magneticnelddataofthe2100magneticmeridianstations【挽moto

etaI,1996],and(bottom)Pi2pulsationactivitiesobservedatKAEIOKA･Avisual

inspectionofthisdataenablesrustoidenti玩atlea8t,tWOSubstormsequencesduring

12:00UT-16:00UT:thenrstsubstormoccurredatabout13:00UT,andthesecondone

becameactivatedat14:30UT.

Figure3･5.GEOTAILorbitontheX･Y(namely;equatOrial)planeduringApr･,1996-

May;1998,WheretheEDISdataoftheHEP･LDinstrumentwereavailable･

Figure3･6a･ThelocationsofthespacecraftontheX･Yplanewhenthedispersionless

anddispersedfluxenhancementswereobserved･Inthe且gure,redasterisksandsmall

blue circles represent the dispersed and dispersionless events,reSPeCtivelylAIso

superimposed are the nominalmagnetopause(green curve),geOSynChronous orbit

(bluecircle),andthespacecraft,sperigeealtitudeof～9RE(violetcircle).
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Figure8･6b.Theoccurrencefrequenciesofthedispersed(blackopenrectangles)and

dispersionlessevents(redsolidbars).Heretheoccurrencefrequencyisnormalizedby

thesatelliteresidencetimeforeachlocaltimesector.

Figure3･7.Thelocaltimeprofi1esoftheoccurrencefrequenciesfor(a)dispersedand

(b)dispersionlessionsandelectrons,reSPeCtivelyl

Figure3･8.Thelocaltime dependenceofthetime delaysofthe dispersionlessflux

enhancementsfromthecorrespondingsubstormonsets.Hereweplottedonlyevents

duringwhichtheonsettimescouldbedeterminedfromPi2pulsationactivitiesonthe

low･1atitudegroundstationsofKakioka(ⅨAK)andHermanus(HER).Inthe丘gure,

open circles and triangles denoteIJObe･tO･PS events and PS･throughout events,

respectivelylIn thefigure,a negative value ofthe time delay means that aflux

enhancementprecedesasubstormonset.

Figure3･9･Thelocaltime dependence ofthe time delays of the dispersed nux

enhancementsfromthecorrespondingsubstormonsets.Redplusesandgreencrosses

inthe且gurerepresentthedispersedeventsforionsandelectrons,reSPeCtively

Figure3･10.(a)Thecalculatedthree･dimensionaltrajectoryoftheguidingcenterofa

protonwithaninitialenergyoflOOkeVand15degreepitchangleatthe starting

pointofcalculation(Ⅹ=･9RE,Y=Z=0),and(b)isitsequatorialprdectionofthe3･D

trajectoryontheX･Yplane.

Figure3-11･Theprotondriftpathsmappedtotheequatorialplanealongtheneld

line,andthered,green,andbluecurvesarethemappeddriftpathsofprotonswith

thestartpointofX=･7,･9,･11RE,Y=Z=0,reSPeCtivelyEachthreecurvesforeach

colorrepresentthetrajectoriesforpitchangleof15,45,90degree･

Figure3･12･Thelocaltime dependenceofthetime scaleofenergydispersionsfor

dispersedion(redpluses)andelectron(greencrosses)events,reSPeCtively｣Herethe

time scale ofenergydispersionsis de丘ned asthe time differencebetweentheflux

increasesintheenergychannelsof312keVand88keVAIsoshownaretheestimated

timescaleofdispersionsbyback･traCingdriftmotionsofparticlesattheabovetwo

energiesatR=9REatagivenlocaltimetothemidnightsector･
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Figure3･13.Theratiosofparticlefluxintensitiesbetweenperpendicularandpara11el

tothemagnetic丘eldareplottedagainstlocaltimeforthedispersedeventswhosetime

SCalesofdispersionsarelongerthan20min.Hereapitchangleanisotropyisderived

byaveragingovereachdispersionthe ratioofintensityofparticlefluxeswithpitch

anglesbetweenmorethanandlessthan45degree.

Figure3･14.Schematicdiagramsofenergizationandsubsequentglobaltransportof

energetic particlesin the magnetospherein association with a substorm,Whichis

deduced鈷･Omthepresentstudyaswellasthepaststudies.

Thblel.Thenumberofsubstorm･aSSOCiatedeventsaswellasthetotaleventnumber

fordispersionless/dispersedionsandelectrons.
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Figure3-3
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FigⅦre3-4
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Figure3-6a

Figure3-6b
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FigⅦre3-7a
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Figure3-7b
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FigⅦre3-8
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Figure3-11
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FigⅦre3-12
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Fig11re3-13
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FigⅦre3-14
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Chapter4

GeneralDiscussion

Ihave studied both thermaland suprathermalcomponents ofplasmain the

near･Earth plasma sheet by examininglarge･SCale phenomena typicalfor each

COmPOnent,SuCh asion convectionin the near･Earth plasma sheet and flux

enhancements ofsubstorm･aSSOCiated energetic particles.WhatIfoundfrom these

Studiesisthataccelerationandtransportprocesses are much differentbetweenthe

thermalandsuprathermalpopulations.

The plasmain the near･Earth plasma sheet consists mainly of the thermal

COmPOnentWithdensityandtemperatureof～10'1/ccand～afewkeVrespectively;and

thethermalcomponentplaysasigni丘cantroleintheinteractionwithambientelectric

andmagnetic丘elds.W占haveshowninChapter2thatnotonlytheExBdriftcausedby

theconvectionelectric且eldbutalsotheionpressuregradientdriftcontributetoion

transportinthenear･Earthplasmasheet,and,aSareSult,theionflowvectors,Which

aregenera11ydirectedearthward,have asigni丘cant duskwardcomponentespecially

aroundthemidnightregionandontheduskside.Ontheotherhand,theconvectionof

magneticfluxes determinedbythe ExB driftis mainly directed earthward,andit

bifurcates nearthe Earth towards dawn and duskin a fairly symmetric waylThe

Signi丘cantdi脆renceintheconvectionpatternthatexistsbetweenionsandmagnetic

flux means that thefrozen･in conditionis not satis丘ed evenforlarge･SPatial･SCale

transportphenomena such as the plasma sheet convection.Since thermalions and

magneticfluxesaretransportedindi鮎rentways,alarge･SCaleasymmetrymayarise

inthe plasma sheet.Forexample,h滋甜etaI[1986]indicated thatthereis a

dawn･dusk asymmetryin the magnetic且eldintensityin the plasma sheet.They

showedthattheBz(northward)componentofthemagneticneldislargeronthedawn

Side than on the dusk side on averagein the near･Earth plasma sheet and they

attributedthis丘eld asymmetrytothe diamagnetice鮎ctofduskward driftingions.

Thisresultisconsistentwiththeconvectionpro丘1eofionsderivedinthepresentstudy;
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ionsaretransportedpreferentiallyduskwardandtheresultantconcentrationofions

Onthedusksidemaycausethediamagnetice鮎ct.

Thedi鮎renceintheconvectionpatternbetweenionsandmagneticfluxmeansa

di鮎renceintheconvectionpatternbetweenionsandelectrons.Paststudiesonthe

temperatureratiobetweenionsandelectronsintheplasmasheet【e.g.,励u頑aDDet

aI,1989]showedthattheelectrontemperatureisbyafactorof5･7smallerthanthe
iontemperatureonaverage.This meansthatthe electronpressure gradientdriftis

VerySmallandisnegligible ascomparedto the ExB drift.Thusthe resultantflow

Patternforelectrons shouldbe almostthe same as thatforthe magneticflux,and

therefore signi丘cantlydi鮎rentfromthatforions.This diffbrencebetweenions and

electronswillcauseaglobalchargeseparationinthenear･Earthplasmasheet,Which

COuldbeasourceofthelarge･SCalecurrentsystem.Suchacurrentsystemcausedby

Chargeseparationwasthoughttooccurintheinnerregionofthemagnetosphereand

COntributetotheringcurrent.Intheinnermagnetosphereonthenightside,thestrong

earthward field gradient there willinduce a westward current through the

Charge･dependentgradient･B driftofions andelectrons.Thepresent studysuggests

that the westward ring current extends outward and may extend eveninto the

near･Earthplasmasheet.

AlthoughIhave not mentioned the generation process ofthermalplasmain

Chapter2,the most plausible mechanismfor heating the thermalcomponentis

thought to be magnetic reconnectionin the magnetotail.Basically magnetic

reconnectionconvertsthe magneticenergy storedin thelobeinto kineticenergyof

Plasma,andcantherebyenergizeplasmae脆ctivelytoenergiesof～SeVeralkeVwhich

aretypicalforthermalionsinthenear･Earthplasmasheet.Becausethereconnection

inducesplasmaconvectiononbothsidesofthereconnectionpoint,itcanexplainboth

the generation and the subsequent earthward convection ofthermalplasmain the

near･Earth plasma sheet.The present study can only show thatthe reconnection

OCCurSbeyondthenear･Earthplasmasheet,andcannotspecifyitsdowntaildistance.

∧独力通etBI[1996]derivedtwoplausible reconnectionsitesfromtheirstatistical

Studyofplasmaflowsinthemagnetotail.Oneofthemislocatedinthemid･tailregion
(･40RE<Ⅹ<･30RE),andanotherinthedistanttail(Ⅹ～･140RE),Withthelatterbeing

interpretedtobe the distantneutralline discussedinthe past.Sofar,the originof

thermalplasmainthenear･Earthplasmasheetislikelytobethedistantneutralline,

becausemanyobservationsindicatedthatthermalplasmaintheplasmasheetseemto

besuppliedrathercontinuallyfromthe source.Thesefeaturesareconsistentwitha
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fairlystablecharacteristicofthedistantneutra11ine.Inaddition,itwasreportedthat

theiondistributionfunctionofthenear･Earthplasmasheetisreasonablyexplainedby

thethermalizationofionbeamscomingfromthedistanttailalongtheplasmasheet

boundarylayer[Rdibka,2001】,alsosupportingtheplasmasupplyfromthedistant

neutralline.

Asstatedabove,thethermalplasmaissuppliedtotheplasmasheetratherstably

throughthetailreconnectionandassociatedplasmaconvection.Onthecontrary;the

PrOduction and transport of suprathermalplasmais found to be a transient

Phenomenon.This energeticpopulationis negligibly sma11in geomagnetically quiet

times,buttheenergeticcomponentdrasticallyincreasesduringsubstorms.Asshown

in Chapter3,this energeticpopulationis produced nearthe midnight meridian at

downtaildistancesofX>･15RE,andsubsequentlydriftsintheazimuthaldirection

awayfrom midnight andis transported to the otherlocaltime sectorsin the

magnetosphere.Because theoreticalstudies showed that the tailreconnectionitself

CannOtaCCelerateparticlestoenergieshigherthanafewtensofkeVotheracceleration

PrOCeSSeSareneededtoproduceenergeticparticleswithenergleShigherthanseveral

tensofkeVAsapossiblemechanism,肋etaI[1997b]sugge8tedaccelerationbythe

StrOngduskwardelectric丘eldthatisinducedtemporarilyatthetimeofthenear･Earth

reconnection.Thisinductive electric丘eldisinducedbytheinteractionbetweenthe

dipole･like magnetic丘eld near the Earth and the fast earthwardflow ofthermal

Plasmacausedbythenear･Earthreconnection.Thermalionsandelectronstrappedin

theregionofstrongelectric丘eldexperience nonadiabaticaccelerationprocessesand

thengainsubstantialenergies.Afterawhile,theinductiveelectric丘eldisreducedas

thenear･Earthreconnectiondecays,andtheassociatedenergeticparticleacceleration

StOPS.Thepresentstudyshowsthattheacceleratedparticleshavinglargepitchangles

Willreachthedawnordusksidemagnetopauseinseveralminutesandbelostfromthe

magnetosphere.Therestofenergeticparticleshavingsmallpitchanglesisexpectedto

belost byinteraction with neutralatoms near the Earth.Thus energetic particles

generatedduringsubstormswilldisappearfromthemagneto鱒phereinafewhours.

The transport ofthese energetic particles occurs throughtheir gradient･and

CurVature･B drifts.Gradient･and curvature･B drifts are both proportionalto the

Particle energy andinversely proportionalto the particle charge.Because the

acceleratedparticleshavehighenergies,thegradient･andcurvature-Bdriftsaremuch
fasterthantheExBdriftcomponentassociatedwiththeconvectionelectric丘eld.Since

theformer two drift components are charge･dependent,ions and electrons drift
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azimuthallyintheoppositedirectionsinasymmetricway;Whentheyaretransported

towardthe dayside region.Inadditionto the di飽renceinthe spatialproperties of

transport,thetime scaleisverydi鮎rentfromthatofusualplasmaconvection.The

earthwardconvectioninthenear･Earthplasmasheettransportsplasmafromthenight

Sidetothedaysideonthetimescaleofseveralhours,Whiletheazimuthallydrifting

energeticparticlesgeneratedonthenightsidegoaroundtheEarthinonlyafewtens

Ofminutes.Thusittakesonlyafewtensofminutesforenergeticparticlesaccelerated

Onthenightsidetobedistributedtoalllocaltimesectorsinthemagnetosphere.
Thkingtwodi鮎renttypesoftransportprocessesforthethermalandenergetic

Plasmas,animportantpieceofinformationisderivedforthemagnitudeofinductive

electric丘eldresponsiblefortheaccelerationofsubstorm･aSSOCiatedenergeticparticles.

Becausegradient･andcurvature･Bdriftvelocitiesforenergeticparticlesareverylarge,

a strong duskward electric丘eldis needed toinject plasma radiallyinto theinner

magnetosphere.Past studies on fast plasmaflowsin the plasma sheet【e.g.,

A励otLlbsetaI,1996]indicatedthatthenear･Earthreconnectionresponsiblefor

these払stflowscaninduceelectric丘elds(～1mV/m)whichareoneorderofmagnitude

larger than the usualconvection electric且eld(～0.1･0.3mV/m).Even with this

magnitude of electric且eld,the resultant earthward ExB driftwillbe at most

COmParabletothegradient･andcurvature･Bdriftsandtheenergeticparticlescannot

beeasilyinjectedintothelocalmidnightregionoftheinnermagnetosphere.Hencein

Ordertotransportenergeticplasmaintotheinnermagnetosphereeffbctivelytocause

Suddenfluxenhancements asobservedactuallyatgeosynchronous distances,eVena

duskward electric丘eld ofabout afew tens ofmV/m has to existin the near･Earth

Plasmasheet.Accordingly;aStrOnginductiveelectric丘eldassug官eStedby肋etaI

【1997b]isneeded notonlyforthe energeticparticle accelerationbut alsofortheir

Subsequentinjectioninto theinner magnetosphere.The magnitude oftheinductive

electricfieldreproducedintheirMHDsimulationisaboutlOmV/matX=･10REand

thusisconsistentwiththemagnitudeofelectric丘elddiscussedabove.

Thereisalsoacharacteristicoftheplasmatransportcommontoboththermaland

energeticplasmas.Thermalionsinthe plasma sheet turn awayfromthe sunward

COnVeCtionand,aSaWhole,tendtobetransportedduskwardbythepressuregradient

drift,WhilethermalelectronsaresubjectonlytoExBdriftbecauseoftheirrelatively

lowtemperature,andbasicallytransportedsunwardsymmetricallyonthe dawnand

dusk sides of the Earth.AIsoin the case of the energetic particle enhancement

associatedwith substorms discussedin Chapter3,electrons seemtobe transported
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morein the sunward direction and acceleratedininner regions thanions at the

midnightsector.Thusionsareenergizedefncientlyandthenstarttodriftazimutha11y
duskward,Whileelectronsarestilltransportedtowardtheinnermagnetospherewith

little acceleration,Showing the transport direction similar to the thermalplasma

COnVeCtion.SincetheExBdriftworksequallyforionsandelectronswithallenergies,

thedi飴renceinthetransportdirectionbetweenionsandelectronsiscausedbythe

gradient･/curvature･Bdrifts,WhichareproportionaltotheparticleenergylThusthe

above di鮎rence betweenions and electronsindicates that,generallyin the

magnetosphere,ionstendtobepreferentia11yacceleratedandgainhigherenergiesas

COmPared to electrons.In other words,We Can Say that the energization processes

Playinganimportantroleinthegenerationofthethermalandenergeticplasmastend

toworkmoreefficientlyforionsthanelectrons.Thiscanbereasonablyunderstoodby

assumlnganaCCelerationprocessthroughparticle'snonadiabaticmotion,becauseions

Canvi01atetheirgyromotionmoreeasilythanelectronsduetotheirlagermass,and

therebycangainenergyfromtheelectric丘eldbymovinginthedirectionoftheelectric

丘eld.
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Chapter5

Summaryandconcludingremarks

Inthisdissertation,uSingthedataobtainedbytheGEOTAILspacecraft,Ihave

Studied energization and transport processes of magnetospheric particles.In the

magnetosphere,the plasma sheetis one ofthe most active siteswhere theparticle

distributionconsistsofnotonlythethermalcomponent(～SeVeralkeV)butalsothe

suprathermalcomponent(～SeVeraltens-hundreds ofkeV)as a resultofvarious

accelerationandtransportprocesses.Thethermalcomponentisamajorcomponentof

Plasmaintheplasmasheetandisresponsibleprimarilyforinteractionswithambient

electric and magnetic丘elds.On the other hand,the suprathermalcomponentis a

minor component negligiblein geomagnetically quiet times.However the energetic

COmPOnentis substantially generated atlargein the near･Earth plasma sheet and

resultsinsigni且cantperturbationinmacroscopicpropertiesofmagnetospheresuchas

the geomagnetic 丘eldintensity during substorms.Accordingly;Ihave paid my

attentiontotwotypICalphysICalphenomenainwhicheitherthethermalcomponentor

thesuprathermal(energetic)componentplaysacrucialrole.Oneisplasmaconvection

inthenear･Earthplasmasheet.Anotherisafluxenhancementofenergeticparticles

associated with substorm activity.TherebyIexamined generalproperties of each

COmPOnenttOunderstandtheaccelerationandtransportprocessesofmagnetospheric

Plasmascomprehensivelyこ

FirstImade a statisticalstudy ofionflows,PreSSure,and the magnetic丘eld

directlyobservedintheplasmasheetandderivedtheirlarge･SCale structures.These

Plasmaand丘eldstructuresinthenear･Earthplasmasheetarerathercommonasa

result of globalinteraction between the geomagnetic 丘eld and the earthward

COnVeCtioninducedbythe magneticreconnectioninthemagnetotail.The resultsare

summarizedasfo1lows:

1.Ionflowsinthenear･Earthplasmasheetaregenerallydirectedearthward.The
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flowvelocitiesare～100km/satX=･25RE,andtheflowsare deceleratedto～afew

tenskm/sasitapproachesthenear･Earthregion(R～10RE).Ontheotherhand,there

also exists a signi丘cant dawn･dusk flow component,Showing clear dawn･dusk

asymmetry:.Theflowshavelargeduskwardcomponentsatmidnightandonthedusk

Side,Whilehaverelativelysmalldawnwardcomponentsonthedawnside.

2.The equatorialdistribution ofion pressure shows that theion pressure

increases toward the Earthbothforthe midnight and off･midnight dawn and dusk

regions.TheX･dependenceofionpressureismoreremarkableinthemidnightreglOn.
3.The duskward component of the pressure gradient drift derivedfrom the

Observedion pressure pro丘1eis signi丘cantlylarge and even comparable to the

duskwardordawnwardcomponentsofionnows.Thisfactindicatesthatthepressure

gradient driftcontributes much to observedionflowsin the plasma sheet.On the

COntrary;earthwardandtailwardcomponentsofthepressuregradientdriftarevery

Smallandnegligibleascomparedtotheearthwardcomponentofionflows.
4.Thedistributionoftheconvectionelectric丘eldshowsthat,allovertheplasma

Sheet,theelectricfieldhasadawn･tO･duskcomponentcorrespondingtotheearthward

COnVeCtion.Inadditiontotheduskwardcomponents,theelectric丘eldhasaslgni丘cant

earthward(tailward)component on the dawn(dusk)side,indicating that the

COnVeCtionflowtendstobifurcate,Withonebranchdeviatingduskwardandtheother

deviating dawnward,aVOiding the Earth at the center.Because a slgni丘cant Ex

COmPOnenteXistsnotonlyneartheEarthbutalsoatconsiderabledistancesdownthe

tail(R>15RE),thisfactindicatesthattheconvectiontowardtheEarthbeginsto

bifurcateatpositionsmuchfartherawayfromtheEarththanexpectedfromthepast

studies.

5.Two･dimensionaldistribution of the ExB drift vectors obtained from the

Calculated E vectors shows that the beginning ofthe bifurcation of the sunward

COnVeCtiveflowis alreadyevident at X=･28RE.The ExB driftvectors have rough

mirrorsymmetryaboutthemidnightmeridianincontrasttotheasymmetricionflow

Pattern.

Fromtheseobservationalresults,itisconcludedthattheconvectionelectricfield,

Whichis applied to the plasma sheet by the tailreconnection,is rather symmetric

about the midnight meridian.However,eVen under such a symmetric electric丘eld

con且guration,theresultantbulkmotionofions(essentiallyrepresentingthemotionof

thermalions)isnotsymmetric,Particularlyaduskwardflowcomponentissigni丘cant

atmidnightandontheduskside.Thisresultindicatestheimportantfactthat,inthe
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near･Earthplasmasheet,theassumptionoffrozen･inofmagneticfluxesisnotvalid

and thermalions and magnetic fluxes are transportedin di脆rent ways.This

discrepancy ofconvection can be also considered as the discrepancy ofconvection

PrO丘1ebetweenionsandelectrons,becausetheelectronpressureissmallascompared

toions andtherebyelectrons tendto ExB drift along almost the same wayas the

magneticfluxes do.Thisindicates a possibility that the plasma convectionin the

near･Earthplasmasheetcausesglobalchargeseparationbetweenionsandelectrons,

andtherebyinducesalarge･SCalecurrentsysteminthemagnetosphere.

Anotherimportant conclusionis that the electricfield has a sigmi丘cant Ex

COmPOnentWhichbifurcatestheearthwardplasmatransporttowardsdawnanddusk.

This factindicates that earthward･flowing thermalplasma(and also energetic

components)are deflected dawnwardor duskward andcannot easilyapproachthe

near･Earth region under the usualconvection electric丘eld.Therefore an additional

duskwardelectric丘eldisneededtotransportplasmasintotheinnermagnetosphere,

forexample,duringsubstorms.

Next,Istudiedtheaccelerationandtransportprocessesofenergeticparticlesby

investigatingfluxenhancementsofenergeticparticlesduringsubstormsonthebasisof

GEOTAIL HEP･LD observation.A suddenfluxincrease of energetic particlesis

Observedfrequentlyinthenear･Earthplasmasheetduringsubstormactivity.Ⅰfound

thatsomeofthefluxenhancementsexhibitclearsignatureseitherofenergy･dispersed

OrOfdispersionlessfeatures.Thesecharacteristicsgiveusimportantcluestoestimate
how far away the observationpoints arefrom the source ofenergetic particles.In

Particular,the dispersionless signature shows that the observation pointisin the

Vicinity ofthe source region.Using these clues,Iexamined spatialand temporal

PrOPerties of enhanced energetic particles during substorms.A detailed temporal

COrrelation with substormsis alsoinvestigated.The results of my studies are

summarizedasfo1lows:

1.Disper8ionless events are found around thelocalmidnight sector,While

dispersed events arefrequently observed at otherlocaltime sectors awayfrom

midnight.This resultis consistent with theinterpretation that energetic particles

COnStituting suchflux enhancements are generated aroundlocalmidnightin the

near･Earthplasma sheet,and subsequently drift awayfrom midnight and then are

dispersedinenergy

2.Dispersionlession events are distributed slightly duskward ofthe midnight

region,Whiledispersionlesselectroneventsarecenteredslightlydawnward.Thesense
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Of the shift of event occurrenceis consistent with the direction of gradient･and

CurVature･Bdriftforionsandelectrons.ThesametendencylSalsoseenfordispersed

ionandelectroneventswithmuchclearerdawn･duskseparationforionsandelectrons.

Thisresultalsosupportstheaboveinterpretation.

3.Bothfordispersionlessanddispersedevents,electroneventsarerelativelyrare

as compared toion events.In particular,dispersionless electron events are

Substantia11ylessfrequent thantheions.This factimplies that,inthe near･Earth

Plasmasheet,theaccelerationmechanismresponsibleforthegenerationofenergetic

Particles during substormsisless e鮎ctivefor electronsin the near･Earth plasma

sheet.

4.A correlation study with substorm activity showed that both of the

dispersionlessanddispersedeventsarecloselycorrelatedwithsubstormactivities.In

Particular,dispersionlesseventsoccuralmostsimultaneouslywiththecorresponding

Substormexpansiononsets.Thisfactindicatesthatenergeticparticlesaregeneratedat

thesubstormexpansiononset.

5.Most of the dispersed events exhibit a short(～SeVeralminutes)energy

dispersionandthetimescaleofenergydispersionincreasesaswegoawayfromlocal

midnighttowardthedawnandduskflanks.Thetimescaleagreesquantitativelywith

thevaluesestimatedfromthedriftpathcalculationassumingthesourceofenergetic

Particlesatlocalmidnight.

6.Somedispersedeventshavelong(～tenSOfminutes)dispersionandcannotbe

explainedbyasimpleazimuthaldriftfromlocalmidnighttotheobservedlocaltime

sectors.Becausetheseeventsarefoundinalllocaltimesectors,i.e.,eVenOntheflanks

OPPOSitetothe directionofgrad･andcurvature･Bdriftforionsandelectrons,these

eventswithalongdispersionindicatethatenergeticparticleshaveacloseddriftpath

around the Earth,eVen tO the radialdistances much further than theinner

magnetosphere.Adetailedinvestigation showed that dispersed events with along

dispersiononthe night side show clearparallelpitch angle anisotropy;While those

foundonthedaysideexhibitisotropicorevenperpendicularpitchangleanisotropy1

7.Driftpathcalculationforparticleswithdi脆rentpitchanglesshowedthatonly

Particleswithsmallpitch anglesinthe night side plasma sheetcango aroundthe

Earthandthenreturntothemidnightregion.Inaddition,particleswithlargepitch

angleswhichstartfromthemidnightregionintheinnermagnetospherecantakea

CloseddriftpatharoundtheEarthandhaveaccesstotheoutermagnetosphereonthe

dayside.Thus dispersedeventsobservedonthe dayside are mixturesofsmallpitch
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angleparticlesstartingintheplasmasheetandlargepitchangleparticlesstartingin

theinnermagnetosphere onthe night side.These simulation results are consistent

with the observed pitch angle distributions of dispersed events having along

dispersion.

Fromtheseresults,Itisconcludedthatenergeticparticleswithenergieshigher

than severaltens of keV are generated almost simultaneously with substorm

expansion onset around the midnight sectorin the near･Earth plasma sheet,and

Subsequentlydriftawayfrommidnightandaretransportedtootherlocaltimesectors.
Asaresult,energeticparticlesaresuppliedtotheentirelocaltimesectorsintheouter

magnetosphere.Itisalsoconcludedthattheaccelerationofenergeticparticlesdoesnot

Seem tO be caused by near･Earth reconnection,because the substorm･aSSOCiated

generationofenergeticparticlesoccurswithinadistanceof15REdownthetail,Which

is much earthward of the near･Earth reconnection site.The randomly varying

Characteristics ofpitch angle distributionobservedin dispersionlesseventsindicate

thatparticles are acceleratedin a non･adiabatic mannerinthe near･Earthplasma

sheet.

Finally;Iwouldliketocommentonthefuturepro鱒peCtOftheresearchIpresented

inthis dissertation.In the present study;allobservationalresults are based on

observationsintheoutermagnetosphereachievedbytheGEOTAILspacecraft.Sincea

SinglespacecraftcanobservePhysicalparametersonlyata丘Ⅹedpointinspaceata

giveninstance,We have to collect events obtained at variouspositions and analyze

them statistically toinfer their spatialstructure.Ifother spacecraft observing the

Same Phenomenon simultaneouslyare available,We CaneXamine the spatialextent

andalsospatialevolutionoftheeventdirectlylMultiple･POintobservationsareneeded

especiallyforthestudyoffluxenhancementofenergeticparticlespresentedinChapter

3.From the statisticalanalysesinthe present study;Iwas not able to obtain the

azimuthalextentofthedispersionlessfluxenhancement,Whichreflectsthedawn･dusk

widthoftheaccelerationsite.Ifmultiplesatellitesareplacedatcertainlongitudinal

intervalsinthenightsidemagnetosphere,WeCandeterminetheazimuthalextentof

theaccelerationsitebycheckingthedispersionlesscharacteristicateachsatellite.Itis

alsoimportant to examine the radialextent of theflux enhancement region.By

examiningthe detailedtemporalcorrelationbetweenobservationsinthe near･Earth

Plasmasheetandatageosynchronousdistance,WeCanfo1lowtheearthwardevolution

Ofenhancedenergeticparticleregion,thatis,theinjectionofenergeticparticlesduring

substorms.Suchinformation on the spatialextent offlux enhancement regionsis
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importantnotonlyfortheinvestigationofthecorrespondingaccelerationprocessesbut

alsoforexaminlngSPatialcorrelationwiththeaurorabrightenlngintheionosphere.
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