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Abstract  

Across－POlarizationscattering（CPS）diagnostic methodwasappliedtothe   

GAMMAlOtandemmirrorinordertodevelopameasurementsystemdiagnoslnglnternal   

magnetic月・uCtuations・IntheCPSprocess，anincident－electromagneticwaveinordinary   

modeisconvertedtoanextraordinary－mOdewavebythemagneticfluctuationsinaplasma・   

Inthesameway，anincident－electromagneticwaveinextraordinarymodeisconvertedto   

anordinary－mOdewavebythemagneticfluctuationsintheplasma．  

WehaveappliedtheCPSmeasurementutilizinghomodynesystemalongwitha   

reflectometertothecentral－Cellplasma・WefoundthatthefrequencyspectrumOftheCPS   

Slgnalisbroaderthanthatofthereflectometerslgnal．Thisphenomenonisconsideredto   

beobservedduetothewave－numbermatchingconditionintheCPSprocess．  

Thenwehaveappliedthehomodyne－CPSmeasurementutilizingmovablereceivers   

inordertoobservethedispersionrelationofthemagneticfluctuations．Fromtheoretical   

analysISOftheCPSprocess，itisexpectedthatanobservedwavenumberrelatestoa   

SCatterlngangle・Asaresult，Wefbundthatthefrequencyspectrumbroadenswithanin－   

CreaSeinthescatterlngangle．Thisisalsoconsideredtobeduetothesatisfactionofthe   

WaVe－numbermatchingconditionintheCPSprocess，andweobtainedtherelationbe－   

tweenthewavenumberandthefrequencyofthefluctuation，i・e・，dispersionrelationofthe   

fluctuation，fromgeometricalanalysISOfthescatterlngangle・Thisnuctuationisconsid－   

eredtobeelectromagneticdrift－WaVeDopplershiftedbyExBrotationveloclty・  

Next，theCPSsystemwithanultrashort－Pulsemicrowaveasasourcehasbeenap－  

pliedtothecentral－Cellplasma・Sincethepulseheightofthescatteredwaveisexpectedto  

beproportionaltothelevelofthemagneticfluctuation，thissystemhasanadvantageof   



measurlngtheabsolutelevelofthemagneticnuctuations．   

Inordertorelatethepulse－heightofthescatteredwavetothelevelofthemagnetic   

仇ICtuationnumerical1y，WehaveappliednumericalsimLllationoftheelectromagneticpropa－   

gationincludingtheCPSprocesswiththefrequency－dependentfinite－differencetime－  

domain（（FD）2TD）method・Andwehaveconfirmedthatthepulse－heightofthescattered   

WaVeWaSaCCuratelyproportionaltothelevelofthemagneticfluctuation・Moreover，We   

haveobtainedthenumericalrelationbetweenthesevalues．  

Intheexperiment，WeCOnfirmedthattheCPSsignalcanbeobservedwhenthe100r  

llGHzimpulseislnJeCtedintotheplasma，Sincetheseimpulses，Whichismode－COn－  

Vertedbythemagneticfluctuations，CanPaSSthroughtheplasma．Fromthedeviationof  

thepulseheightofthereceivedimpulse，theaveragedfluctuationamplitudeisestima亡ed  

tobeO・016％bycomparlngWiththesimulationresults．  

Consequently，WeCOnfirmedthatthemoderconvertedscatteredwaveisobserved   

PrOPerly，andthemagneticfluctuationcanbemeasuredwiththesesystems・  
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Chapter 1 

Introduction  

Thermonuclearfusionisconsideredtobeaneternalenergy－SOurCeinsteadof   

fossilfuels．Massofdeuterium（D）containedintheseawateramountsto4xlO16kg，   

anditcorrespondstoenergyoflO22GJbythedeuterium－tritiumfusionreaction・In  

ordertoachievethetherrnOnuClearreactor，highvalueofthetripleproductofplasma   

temperature，densltyandconfinementtimeisneeded・Recently，thebreak－eVenCOndi－  

tionhasbeenattainedbytokamakplasmas，thatis，tOtaloutputpowerbythefusion   

reactionisequaltoplasma－heatlngPOWer・  

SystemsforconfinementofhighenergyplasrnaSaremainlycategorizedinto   

twotypesofexperimentaldevicesasshowninFig・1・Onetypeofthesystemsisan   

inertiaconfinementsystem．Inthissystem，isotropICln」eCtionofhigh－energylasers   

OrParticlebeamsinducesimplosionofafuel－Pellet・Highdensltyandpressureplasma   

issustainedbyablationoftheouterreglOnOfthepe11et，however，Steadystateopera－   

tionisdifficultforthissystem・Anothertypeisasystemwhichusesanexternalmag－   

neticfield，andchargedparticlesareconfinedbythemagneticfield・Thismagnetic   

COnfinementsystemisfurthercategorizedintoatorusandanopen－endedsystemac－   

COrdingtomagneticconfigurationofthesystem．GAMMAlObelongstotheopen－   

endedsystem・Thissystemhasseveraladvantages，thatis，itcanachievehigh－beta   

Plasma，Steadystateoperation，andissimplegeometry・However，theimprovementof   

axialconfinement，Whichisamainproblemoftheopen－endedsystem，isimportant   

Sincetheplasmadroppedintotheloss－COnereglOnCanrunaWayalongthemagnetic  
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Fなurel・1VAriousexperimentaldevicesfbrfusionexperiment  

fieldline．In1976，anideaoftandemmirrorwasproposed【1，2］，andtheproblemhas   

beenbrokenthrough．TheprlnCipleofthetandemmirrorisbasedontheimprovement   

Oftheaxialconfinementbyformationofconfiningpotentialsinadditiontothemag－   

neticconfinement．InGAMMA10，theformationoftheconfiningpotentialsandthe   

improvementoftheaxialconfinementareconnrmed，althoughthemechanismofcon－   

finingpotentialfbrmationhasbeenstudiedbytheoreticalandexperimentalapproaches   

［3］，thedistributionoftheionconfiningpotential（plugpotential）hasnotbeenclearly   

understoodyet．Thenradialtransportsacrossthemagneticfieldlinehavebecomea   

nex・ttOplCOfdiffusion・  

Theradialdiffusionacrossthemagneticfieldlinedependsonthecollisional   

effectofchargedparticles，i・e・，thechargedparticlescandiffuseacrossthemagnetic   

fieldduetoco11isionsbetweenelectronsandions．InanaxISymmetricmagnetic－field   

COnfiguration，thestepsizeofthediffu扇onisLamorr畠diusoftheeltctron，Whichis   

toosmallcomparedtotheminorradiusoftheplasma・Thisiscalledclassicaldiffu－  

2   



Beam Probe  Potentia‡Fluctuation  

Fなurel．2Systemsfbrmeasurevariousfluctuations  

Sion・Inanon－aXISymmetricmagnetic－fieldconfiguration，SuChthatminimum－Bfield，   

torussystemandsoon，theionsdriftradiallyduetograd－Bdriftatthegeodesic   

CurVatureOfthemagneticfield［4－6］・Thatis，Orbitsoftheionsaredistoredellipti－   

Cally・Inthiscase，thestepsizeofthediffusionisdefinedasdifferenceofthesemimaq   

joraxisandthesemiminoraxisoftheellipticalorbit．Thisiscalledneoclassical（reso－   

nant）diffusion，Which diffusivityisextremelylargerthanthatoftheclassicaldiffu－   

S10n．  

While，SeVeralinstabilitiesofplasmaparameters，SuChasdenslty，temPerature，   

magneticfield，andpotential，alsoplayacriticalroleinradialtransport［7］．Inthe   

CaSethatamplitudeoftheinstabilitiesacrossthemagneticfieldlineincrease，the  

Chargedparticlesarefluctuatedbytheinstabilities，andtheycandiffuseradially・The  

StePSizeofthediffusionisdefinedasamplitudeofthefluctuations．  

So，manytyPeSOfdiagnosticsystemshavebeendevelopedinordertomeasure   

andstabilizeseveraltypeSOffluctuationsasshowninFigl・2・However，directmea－   

SurementOfmagneticfluctuationincoreplasmasstillremainsama」Orissueinplasma  
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diagnostics・Recently，aneWteChniquetomeasuretheinternalmagneticfluctuations   

WaSprOPOSed・Thistechniquecalledcross－POlarizationscattering（CPS）methodis   

basedonthemodeconversioneffectofincidentelectrornagneticwavebymagnetic   

fluctuations・Thepurpuseofthisstudyisthedevelopmentandverificationofmea－   

SurementSyStemforthemagneticfluctuationswiththeCPSmethod・  

Inthischapter，abriefhistoryoftheCPSdiagnosticsisdescribedinSec・ト1，   

andtheorganizationofthethesisispresentedinSec・1－2・  

1－1MagneticFluctuationMeasurement  

Themagneticfluctuationsareatpresentmeasuredonlyattheedgebymagnetic   

COils．1tisimportanttomeasurethemagneticfluctuationsinthecoreplasmawithout   

Perturbingplasma・TheCPShasbeenintensivelyinvestlgatedbydifferentresearch－   

ers【8－10］．Theprincipleofthisdiagnosticsisbasedonthepolarizationchangeofthe   

electromagneticwavescatteredbymagneticfluctuations．  

Experimenta11y，theCPSexperimentwasperformedbyX．L．Zoue［al．inthe   

ToreSupratokamakin1993［11］・HisgroupconfirmedtheCPSprocessintherange   

Ofseveral－hundredkHz－fluctuationsbycomparlngWiththedataobtainedbyconven－   

tionalcollectiveThomsonscattering（CTS）・ThememberofGAMMAlOgroupalso   

appliedtheCPSmeasurementin1994，andconfirmedtheCPSprocessintheion   

CyClotronrangeoffrequenciesbycomparingwiththedataofreflectometry［12］．In   

1996，theauthorsuccessfullyappliedtheCPStothelow－frequencyreg10nWiththe   

frequencyoflessthan200kHz［13］．  

ThesimulationworksrelatestotheCPSaswellasCTSandreflectometry have   

beenperformedbymanyresearcherswithfullwaveequationsinl－Dor2－Dmodel   

［14，15］・Thetr可ectoryofincidentandscatteredwaves，andscatteringcross－SeCtion  

4   



bythemagneticfluctuationswerecalculated・  

1－20rganizationoftheThesis   

Inthechapter2，WeWilldescribeprlnCiplesoftheCPS・Thepropagationwayof   

modesinadielectricmediumwillbepresentedbriefly・InthefollowlngSeCtion，an   

inducedcurrentandanelectricfieldofthescatteredwavebythemagnetic－fieldand   

thedensltynuCtuationswillbederivednumerically・Thesederivationsintroduceprln－   

CiplesoftheCPSandtheCTSmeasurements，andtherelationsbetweenmagnetic   

fluctuationsandtheCPSwillbeclarified・Additiontothat，temPOralandspatialreso－   

lutionofseveraldiagnosticswillbedescribedalongwithcomparisonwithotherdiag－   

nosticsystemsfordensltyfluctuations．  

Inthechapter3，theGAMMAlOdevicealongwithheatlngSyStemSanddiag－   

nosticsforthemeasurementofbasicplasmaparameterswillbepresented．Then，the   

fluctuationsexcitedintheGAMMAlOplasmawillbeintroducednumerically．  

Thechapter4describesatfirstexperimentalsetupswithacontinuous－WaVeSyS－   

tem・HomodynesystemsfortheCPSandthereflectometermeasurementareapplied   

inordertoconfirmtheCPSprocess．Additiontothat，mOVablereceiverswiththe   

homodynesystemwillbepresentedinthefollowlngSeCtion．Itisappliedinorderto   

Obtainthedispersionrelationofthefluctuation．  

Inthechapter5，Simulationsandexperimentwithanultrashort－Pulsesystem   

Willbedescribed．Firstofall，thesimulationmodeloffrequencydependentfinite   

differencetimedomain（（FD）2TD）method，Whichisasimulationmethodforcalcula－   

tionsofelectromagneticfieldsinananisotropICanddispersivemedium，Willbepre－   

Sented．Thenthesimulationresultsanddiscussionswillbedescribedinthefollowlng   

SeCtion・Inthediscussion，relationsbetweenmagneticfluctuationsandscattered  

5   



waveinvariousplasmaparameterswillbeclarified・Afterthesectionofthesimula－   

tion，theCPSmeasurementsystemwithultrashorトPulsemicrowaveswi11bedescribed・   

Andtheabsolutevalueofthemagneticfluctuationsestimatedbythemeasurement   

willbediscussed．  

Inchapter6，theresultsofthethesisresearchwillbesummarized・   

Intheappendix，WeWillpresentdetailsofthederivationofthe（FD）2TDmethod・  

∂   



Chapter 2 

PrinciplesofCross－Polarization  

●      Scatterlng   

Itisconsideredthatplasmanuctuationsplayanimportantroletoanomaloustrans－   

portinmagneticallyconfinedplasmas・InordertoimprovetheperformanCeOfthecon－   

finementsystems，itisnecessarytoidentifythetypeofthefluctuation，i・e・，POtential，   

magneticfield，denslty，andtemperature，andclarifytherelationsbetweenthesefluc－   

tuationsandtheanornaloustransportoftheplasma・Severaltypesofprobesareused   

tomeasurethesefluctuationsinlowdensltyandtemperatureplasmas，however，these   

arerestrictedintotheedgeoftheplasmainhighdensltyandternPeraturedevicesuch   

asGAMMAlO．Thus，anunPerturbingdiagnosticmethodisessentialtomeasurethe   

fluctuationsinthecorereglOn・Thediagnosticsuslnganelectromagneticwaveanda   

heavylOnbeamhavebeendevelopedandimprovedsinceearlylnthe1980s．  

Inthischapter，WeWilldescribethepropagationoftheelectromagneticwavein   

thedielectrlCmedlumintheSec・2－1，andtheprocessofthecross－POlarizationscat－   

terlnglntheSec・2－2・AndintheSec－2－3，thecomparisonwithotherdiagnostics   

uslngelectromagneticwavesisdescribed．  
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2qlPropagationofElectromagnetic  

WavesinaMagnetizedPlasma［16，17］  

Maxwe11，sequationsandconstitutiveequationsinamagnetizedplasmaare  

∂β  
∇×g＝－二二  

∂r  

∇×〝＝り  

（2．1）  

（2．2）  

（2．3）  β＝抽〟  

（2．4）  β＝gog  

（2．5）  ．J＝と奴  

Where，EandBaretheelectricfieldandmagneticfieldrespeCtively，Jistheinduced   

Currentdenslty，eOandFLoarethedielectricconstantandmagneticpermeabilityrespec，  

tively，and6istheconductivitytensor．InordertoeliminateB，Eqs．（2．2）－（2．5）are   

SubstitutedintoEq．（2．1），thenhomogeneousplasmawaveequationisobtainedas   

言（ ∇×（∇×小拓飢go堵＝0  （2・6－  

Usingquasi－1inearapproximation，Whichtechniquereplaces∇×and∂／∂twithjkand   

jurespectively，Eq．（2．6）iswrittenby  

頼（た×現＋～．g＝O  
C‘  

（2．7）  

Where，kanduarethewavevectorandangularfrequencyrespectively，andgisthe   

COmPlexdielectricconstantindicatedasfollows．  

β   



ノヽ 0‘  

£＝1＋一丁－  

ノ山ど0  可u2一成）  

0  

（2．8）－  

Where‘Jpe，ucearetheelectronplasmafrequencyandelectroncyclotronfrequency  

respectively，andthemagneticfieldisinthezdirection・Nowweconsiderthatthe  

frequencyofthemodeismuchhigherthanatyplCalfrequencyoftheionmotion，ion  

motion－relatedtermsareneglectedintheexpressionofEq・（2・8）・Introducinganon－   

dimensionalparametern…kdco whichhasthemagnitudeof refractiveindex，Eq・   

（2．7）iswrittenas  

（2．9）  〝×（乃×厨）＋£・月＝0・   

Definingananglebetweentheexternalmagneticfieldvectorandtherefractiveindex   

vectoras O，andassumingtherefractiveindexvectortobeinthex－ZPlane，i・e・，   

k＝k・（sinO，0，COSO），Eq・（2・9）canbeexpandedexplicitlyas  

1  

亡㌧二言ビ叫ビ  砿  n2 cos 8 sin 8 －〃2cos2∂ －ノ  
山（山ユー巌）  つ 山〕一山ご‘．  

砿  山三ピ軋  
－〝 

2  

0  1－  
ニ 

山ー一  
．（2．10）  

0  ト一刀2sin2∂   n2cososinO  

ThisequationrepresentssimultaneousequationsforthreeelernentSOfE（≠0）．Inor－   

derfortheseelementsto have anontrivialsolution，thedeterminantofthematrix   

mustbezero・ThisconditionglVeSSeVeraldispersionrelationofthemodes・Fromthe  

タ   



COndition，WeObtainaquadraticequationfornas  

Aグー4－β〃Z十C＝0・   

Here，  

（2．11）  

∴＝■ニー  

亙．  砿  
1－ 「  

（J‾  

sin2∂＋  （2．12）  

‘J三【．  
sin2∂  

山（山一〟。ビ）   

（2．13）  

1・COS2∂）  

c＝〔1潮－  
（2．14）  

BysoIvingEq．（2．11）forn2，WeCanget  

2（A－β＋C）  
乃2＝1－   

（2．15）  
2A一鋸（β2－4AC）り2・  

Equation（2．15）iswrittenasfo1lowsbysubstitutingEqs・（2・12）－（2・14）intoEq・（2・15）・  

2山紬2一転）／山2  
乃2＝1－  （2．16）  

2（揖2岬Uい一一ご・｝三sin2∂±叫ビ△  

Where，  

2 1／2 

△＝（顧n4β＋4叫2一転）cos2∂〉・   
（2．17）  

Equation（2．16）istheAltar－Appleton－Hartreedispersionrelationforcoldplasmaelec－  

tromagneticelectronmodes・AconvenientfactoringofEq・（2・16）isobtainedwith  

approximationsbasedontherelativesizeofthetwotermsinA・Thetwopossibilities   

are  

J〃   



巌sin40＞＞4u－2（u2一転）2cos20  

巌sin40＜＜4u．2（u2一転）2cos20・  

（2．18）  

（2．19）  

Withthefirstoftheseapproximations，Wehavetheordinary（0）andextraordinary   

（X）modesaccordingtothe±choiceofsigninEq・（2・16）・  

2   つつ   0－‾揖；ビ  

（2．20）  O MODE J7 ＝   

山ユー砿cos2∂   

（山2一鴎）2一山2山たsinZ∂  
2  

′‡ ＝  （2．21）  ⅩMODE  
が（山2一巌十㌦巌sin2β  

Nowweconsiderthewavepropagatesperpendiculartoexternalmagneticfield   

（0＝7d2），Whichisthesamesituationastheexperimentweperformedinthisstudy・  

Then，therefractiveindicesofeachmodeareglVenby  

〃2＝ト砿／山2  

＿＿2＿1 ‘J三g  山2一転  

（2．22）  

れ2＝1－ニ掌  
（2．23）  

02‘け2一砿一成  

Thepolarizationoftheelectricfieldofeachmodeisobtainedfromcomparison   

betweenEq・（2・10）andEq．（2．22）or（2・23）・InthecaseofOmode，  

（2．24）  g＝n．g＝0，g＿≠0． γl■   

While，inthecaseofXmode，  

、げ、＿  －－0三乱  

（2．25）  g＝0．  ち－可山2一砿一砿），  

Ⅵ1hatis，theelectricfieldofthewavepolarizedinOmodeispara11eltotheexternal   

magneticfield，andthatinXmodeisperpendiculartotheexternalmagneticfield．  
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2q2Cross－PolarizationScatterlng ●  

by Magnetic Fluctuations 

Inthissection，Wewi11describeelectromagneticwavescatteringmechanism   

duetomagneticanddensltyfluctuations・Propagatlngelectromagneticwaveinthe   

dielectricmediuminduces currentduetoelectricfieldofthe sourcewave．Thiscur－   

rentcannotinduceelectromagneticwavesexceptforthesourcewaveinthestatic   

medium，however，itcaninduceelectromagneticscatterlngWaVeSduetodeviationof   

theinducedcurrentbytheseveralnuctuations．  

Insubsection2－2－1，theinducedcurrentbythemagneticanddensltyfluctua－   

tionsisdescribednumericallylnOrdertoclarifyrelationbetweenmagnitudeofthe   

SCatterlngWaVeSandthatofthefluctuations．  

Insubsection2－2－2，therelationbetweentheelectricfieldofthescatteredwave   

andfrequenciesandwavenumbersofthemagneticanddensltyfluctuationsisde－   

SCribednumerically．  

2－2－1InducedCurrentbyMagnetic  

andDensityFluctuations［9］  

Awaveequationofthescatteredwaveinthedielectricmediumisderivedby   

COnSideringMaxwell’sequationandconstitutiveequations・Thewaveequationis   

（2・26）  

▽×（∇×可珊＋孟〕普＝堵  

WhereEistheelectricfieldofthescatteredwave，andEoandFLoarethedielectric  

constantandmagneticpermeabilityinthevacuumrespectively・AndJistheinduced  
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CurrentbythemagneticanddensltyfluctuationsthatinducesscatterlngOftheelectro－   

magneticwave・Theinducedcurrentbythefluctuationsisderivedasfo1lowsbytak－   

1ngaCCOuntOffluidequationofelectronsinequilibriumstate・  

du  
′一肌ど＝－ピ堰川×β）＋彗∫＝－e堰川×β）←りビ2乃2u  

フつ  

＝－ビ堰川×β）＋＝0  
0■  

（2．27）  

Wheremeandearetheelectronmassandelementarychargerespectively・AndP・ どJ   

denotesfrictionalforcebetweenelectronsandions，and771StheresistivltyOfthe   

Plasma・Now，WeCOnSiderperturbationfields，i・e・，E＝旦＋Ei，B＝Bo＋B，n＝n＋h，   

0＝CT＋6，WhereE．andE aretheelectricfieldoftheincidentandscatteredwave， J∫  

andBoand Baretheexternalmagneticfieldandmagneticfluctuationrespectively・  

Andnand harethestaticcomponentandfluctuationcomponentoftheelectronden－   

Slty，andoand6arethestaticandperturbedcomponentoftheconductivlty，reSPeC－   

tively．BysubstitutingtheseperturbationfieldsintoEq．（2．27），Wehave   

一項＋力）（旦十吼ト（ぴ＋瑚欄）×（β0＋軒≡（α＋柵・且∫）＝0・（2・28）  

While，electricfieldsoftheincidentwaveandthescatteredwavesatisfyfo1low－   

1ngfluidequations withthestaticfield．  

一叫一喝×β0＋竺呵＝0  
0－  

－e呵一成∫×β0＋望鱒ゞ＝0  
（7  

（2．29a）  

（2．29b）  

BysubstitutingEqs・（2・29）intoEq・（2・28）andneglectingsecondarycomponentsof   

theperturbationinEq・（2．28），equation（2．28）becomes  

一叫旦＋且∫卜α（旦＋旦－）×虐一喝×吼＋  e〃（旦＋旦）＝0．  （2．30）  

Here，inducedcurrentinEq．（2．26）isinducedfrominteractionbetweenelectricfield  

Jj   



oftheincidentwaveand6，h，B，SOthat，termSthatrelatetoelectricfieldofthe   

scatteredwavearenegligibleinEq（2．30）．Consequently，WeObtaintheinducedcur－   

rentbythemagneticandthedensltyfluctuations，thatlS，   

（2・31）  

∫＝成∫＝燕＋去車叫  

Where，COefficientsinEq．（2・31）arewrittenaso＝－jE。丘）三Jw，1／en＝u’JE。u三eB。・  

BysubstitutingthesecoefficientsintoEq．（2・31），itisrewrittenas  

ト空車・嵩車×景］・  （2・32）  

ThefirstandsecondtermoftherighthandofEq・（2・32）indicatecomponentofin－   

ducedcurrentduetodenslty andmagneticfluctuationrespectively・Polarizationof   

thescatteringwaveduetodensltyfluctuationissametothatoftheincidentwave・   

While，theelectricfieldofthescatterlngWaVebymagneticfluctuationisperpendicu－   

1artothatoftheincidentwave，i．e．，theincidentwaveinO（X）modeisconvertedinto   

X（0）modeduetomagneticfluctuation．Thiseffectiscalledcross－POlarizationscaト   

terlng・  

InordertocorrespondtheinducedcurrenttophysICalimage，thescatterlngPrO－   

CeSSbydensity（a）andmagnetic（b）fluctuationsbasedonEq・（2・32）areshownin   

Fig．2．1．Intheexistenceofdensityfluctuation（a），theinducedcurrentparalleltothe   

electricfieldoftheincidentwaveisinducedduetotheincidentwave．Thus，themag－   

nitudeoftheinducedcurrentisproportionaltothemagnitudeofth．edensltyfluctua－   

tion．Ontheotherhand，intheexistenceofmagneticfluctuation（b），reradiationsource   

isinducedbythecrossproductofmagneticfluctuationvectorwithinducedcurrentby   

theelectricfieldvectoroftheincidentwave．Thus，theelectricfieldofthescattered   

WaVeisperpendiculartothatoftheincidentwave，andthemagnitudeoftheinduced   

Currentisproportionaltothemagnitudeofthemagneticfluctuation・  
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（b）  
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Reradiationsource  

bydensityfluctuation  bymagneticfluctuation  

Figure2．1Schematicviewofthescattenngprocessbydensltyandmagneticfluctuation  

2＿2＿2ElectricFieldoftheScatteredWave   

byMagneticandDensityFluctuations［18】  

WhenanincidentelectromagneticwaveislnJeCtedtoaplasma，theelectronsinthe   

plasmaareacceleratedbytheelectricfleldoftheincidentwave，andtheacceleratedelec－   

tronsreradiateelectromagneticwaveinalldirections・Thisisthemechanismofelectro－   

magneticwavescatterlng・Theelectricfieldofthescatteredwaveduetotheseelec－   

tronsisobtainedfromLienard－Wiechert’spotential［19］as  

］ret，   
（2・33）  

〃×〈（〃－β）×郎／呵  e  

4花どoC   
旦（り）＝  

（トβt乃）5月  

where，r，tindicateevaluationpositionandtimeoftheelectricfield，andβandnare  

theratioofelectronvelocltytOthespeedoflightandaunitvectordirectlngtOan  
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Figure2．2CoordinatesystemsforEq・（233）  

evaluationpolntfromanelectronrespectively・AndRindicatesthedistancefromthe  

electrontotheevaluationpolnt，andsubscrlPt・－ret＝meansthatthevalueinthebrack－  

etsisevaluatedattheretardedtime［＝t，一尺／c・Thesecoordinatesystemsareillustrated   

inFig．2．2．Inthelowelectrontemperaturecase（7t＜1keV）1ikeGAMMAlOplasma，  

Eq．（2．33）iswrittenbyβ＜＜1as  

ト×〈〃×叫呵】 
re【  

gJr，り＝  （2．34）  
勅どoC2Jモ  

Theelectronsareforcedtovibratebytheelectromagneticfieldoftheincident   

WaVe．TheequationofmotionisglVenby  

∽＝堰川×舶，  
dr  

（2．35）  

WhereE・andBoaretheelectricfieldoftheincidentwaveandtheexternalmagnetic J   

field，reSPeCtively・  

LetusdenotethemonochromaticplanewavewithfrequencyuEandwavenum－  

bervectorki，bytheformEi＝E。COS（uit－ki・r）・Theaccelerationforcetotheelec－  

tronlS   

坤r＝三拝ocos（叫トたノ・r）川×β0〉・  

BysubstitutingEq・（2・36）toEq・（2．34），itiswrittenas  

（2．36）  

〈ト×〈〃×現】cos（叫トた′・r）＋ト×〈〃×（uxβ。珊．（2．37）  且∫（り）＝  

4方ど0〃－Cユ尺  
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Equation（2．37）indicateselectricfieldofthescatteredwavebyanelectroninthe  

scatterlngreglOn・Inordertoevaluatetheelectricfieldofthescatteredwavefroma11  

electronsthatexistinthescatteringregion，Eq．（2■37）shouldbesummedupinthe   

SCatterlngVOlumeV as                              ∫  

和宮，J牛os（叫－ん∫・r）  
頼り＝帝×〈〝×現軋∫dr′  

e2 「．＿′ 可上帝×〈〝×（γ×β。）〉］  
＋  

尺  

乃（r′，∫牛os（叫一々∫・r）  
＝帝×〈〝×go）臣r′  

（2．38）  

g rJ＿′ ト×〈乃×（虜。×β。）〉］  
cos（叫－た′・r）   

触ど0〝lC2  

wheren（r，，t，）istheelectrondensityatthepositionr’andr。＝e2／47Tq，mC2denotesthe  

classicalelectronradius・Generally，POtentialsinaplasmaarescreenedoutinadis－  

tanceofDebyelengthdefinedasÅ。＝（kBTe／47rne2）l／2・Thecloudofshieldingcharge  

SurrOundingaroundeachparticleeliminatestheelectricfieldoutsideoftheclouds・   

Onasma11distancecomparedtoaDebyelength，i・e・・k＾D＞＞1，Wherekisthewave  

numberoffluctuation，theparticlepositionisuncorrelated，andtheelectric’fieldof  

thescatteredwaveissuperpositionbyindividualelectrons・Ontheotherhand，for   

kAD∫1，CO11ectiveeffectssuchaswavesinaplasmacan beintroducedtothescatter－  

ingproblem・Here，WeCOnSiderthedensltyandthemagneticfluctuationwiththe   

WaVenumberkandfrequency（0，andrewritetheelectrondensityn（r’，t’）andexternal   

magneticfieldB。（r’，t’）bytheFourierintegralexpressionas，  

ノ（腑）  

申′）＝J器†蒜榊）ピ  

β0（r′，り＝J器J蒜 ル叫 
榊）ピ 

，  

（2．39a）  

（2．39b）   
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andthecosinefactorby   

・e 
cos（叫′サr′）＝‡トノ（叫イ′）‾ノ（叫イ′） 】・  

Then，equation（2・38）isrepresentedas   

拙り＝号卜可〃×g。〉】×  

（2．40）  

圭  

（（叫・叶－（中小′）ーノ佃一軒－（上′叫r′）   
＋ピ   比況dr′  

d加抽′ト×〈乃×（虜。×恥叫〉］  
（2．41）  

尺   Jル（2．巾  
榊′十叶－（小町り＋g－ノ佃叫ト（た′叫r′）  

e  

Sincetheobserv1ngPOSitionissufficientlyfarfromthescatterlngreg10n，thedistance   

Randtimet’areapproximatedtoR≡Ro－n・r’，t′＝t－R。／c＋n・r’／c，reSPeCtively・   

SubstitutingtheseapproximationsintoEq・（2・41），Wehave  

dα沈dr／  
乃（た，U）×  

蝉耕×｛嘲∬† 
伸′｝ 

】  

dα挽dr′  
ト×〈〝×（呵×β（頼））〉］×  

（27r）4  

巾い（枕）・r′〉ーバ山一什（た一頼′〉  
＋ビ  

d仙北dr′  
れ（鬼，0）×  

＝耕×｛瑚J↓∫ 

【吋…′ ］，  

（2．42）  

d（α沈dr′  

ト×〈〝×（吼×恥叫〉】×  
（、2可、l   

J几  
4花ど0〝ヱC22月0  

【ピノ町ノ（叫r′＋g‾れ′e榊－け ］  

whereu±＝COi±u，k±＝±（k．一－ki），k∫arethefrequencyandthewavenumbervector  

ofthescatteredwaverespectively，andthetimedelayRn／cisomitted・Theintegral  
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withrespecttor’canbeexpressedintermofthedeltafunctionforV：→∞，thenwe   

Obtaintheelectricfieldofthescatteredwavebythefluctuationsas，  

dは挽  
乃（鬼，0）×  

g．，（r，り＝念［〟×〈〃×g。〉∬J（封げ   
［e丸′中一り＋√れ′∂（た－り］  

d揖  

JJ（2げ  
ト×〈〝×（成。×恥叫〉］×  

【e両∂（た－り・e‾れ′∂（た－り】  

一計×〈招0〉∬誹頼れ′＋叫吋〃－′】  
（2．43）  

ト×〈〝×（呵×坤．，瑚〉巨  

＋ト×（乃×（呵×叫，叫〉巨′   

Thefirsttermoftheright－handsideinEq．（2．43）indicatestheelectricfieldofthe   

SCatteredwavebydensltyfluctuations，andthesecondtermindicatesthatbymag－   

neticfluctuations．  

Consequently，1tisfoundthatthedensltyandmagneticfluctuationleadtoelec－   

tromagneticwavescatterlng，andthefrequencyofthescatteredwavediffersfrom   

thatoftheincidentwavebyfluctuationfrequency，1．e．，SCatteredwavewiththefre－   

quencyofco．（叫）hasthewavenumberofk．（k）・Andthewavenumberofthefluc－  

tuationisdeterminedbytheangleObetweennormalsurfaceoftheincidentwaveand   

thescatteredwavegeometricallyasEq．（2・44）andFig．2．3・  

lた±1＝2陣n  
2  

（2．44）   
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FなTLre2．3Relationbetweenthewavenumberofincident，SCatterlngandfluctuationwaves  

2－3ComparisonwithOtherDiagnostics  

Densltyfluctuationmeasurementisoneofthemostdifhculttechniqueinthediag－   

nosticswithelectromagneticwaves．ElectromagneticwavescatterlngOrreflectionare   

usedinthesediagnostics，andmeasurementwithelectromagneticwavescatterlnglS   

furtherclassifiedaccordingtoKlein－Cookparameterandarrangementoftheincident   

anddetectingantennas・Klein－Cookparameterisobtainedas，   

e≡  
（2・45）  

WhereQiscalledKlein－Cookparameter，kiandkarethewavenumberoftheincident  

WaVeanddensltyfluctuationrespectively，andListhewidthofthedensltyfluctua－   

tion・InthecaseofQ＞＞1，thescatteringoftheelectromagneticwavesobeysBragg   

SCatterlng．ConventionalThomsonscatterlngmethodisutilizedinthisreglOn，andit   

hasbeenusedtomeasuredensltyfluctuationssinceearlyinthe1980s．Ontheother   

hand，inthecaseQ＜＜1，thescatteringobeysRamanscattering・FraunhoferDiffrac－   

tion（FD）methodisutilizedinthisregion．Thismethodisdevelopedlaterinthe1980s，  

2〃   



andithasanadvantageofmeasurementofsmallwavenumberreg10n・  

Reflectometerhasbeendevelopedsince1990s・Thismethodutilizesthereflec－   

tionoftheelectromagneticwavesfromthecutoff1ayerperturbedbythedensltyfluc－   

tuations，andhasanadvantageofhighspatialresolution・  

Detailedcharactersofthesediagnosticsaredescribedinthefollowlng・  

CollectiveThomsonScatteringMethod（CTS）［18，20，21】  

IntheBraggreglOn，thedensltyfluctuationactsasintensltygratingtothe   

PrObebeam，andthescatterlngPrOCeSSObeysBraggscattering，1．e．，frequenciesand   

WaVenumberssatisfyBragg’sconditionbetweentheincidentwave，thescatterlng   

WaVeandthefluctuation・Theprobebeamandscatteredwaveintersectwithamoder－   

atescatteringanglesoasnottoreceivetheprobebeamasshowninFig2．4（a）・Fre－   

quencyoftheincidentwaveischoseninorderthattheincidentwavepassthroughthe   

Plasma，andthedensltyfluctuationismeasuredinthereg10nWheretheprobebeam   

andscatteredwaveintersect．AwavenumberreglOntObemeasuredinthesystemis   

determinedbyEq・（2．45）andconditionofthecollectiveeffectas，  

（2・46）  

（告〕1′2＜＜鬼≦去・  

Equation（2．46）indicatesthatlargewavenumberregionismeasuredbythismethod・   

ThemeasuredwavenumberalsosatisfiesEq．（2，44），SOthatthedispersionrelationof   

thefluctuationisobtainedbyvarylngthescatterlngangle，however，thewavenumber   

OfthefluctuationtobemeasuredislimitedbythesizeofthediagnoslngPOrt・  

Theminimumlimitandresolutionofthewavenumberdependonthecondi－   

tionthatthescatterlngangleequalstothedivergenceoftheprobingbeam，i・e・，  

2  

た。、i．、＝△た≡一  

明■  

（2．47）   
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（a）  

（b）  

FiitLre2・4SchematicViewoftheCTS（a），FD（b）andreneCtOmeter（C）  
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Thespatialresolutionperpendicularandalongtotheprobingbeamare2Woand4Wo／  

SinO，reSpeCtively・  

FraunhoferI）iffractionMethod（FD）［22－24］  

IntheRamanreglOn，thedensltynuCtuationactsasphasegratlngtOtheprobe   

beam，andfirstorderofdiffractionwaveisinducedindependentofdirectionoffluc－   

tuationmovementasshowninFig・2・4（b）・Twodiagonalportisneededinthissys－   

tem，SOthattheaccessibilityofthemeasurementisbetterthanCTSmethod．Theinci－   

dentwaveintherangeofFIRisoftenusedinordertosatisfytheconditionofClein－   

Cookparameter・Thescatteredwaveisdetectedwithinthedivergenceoftheprobe   

beam，and measurementisperformedbymixlngthescatteredwaveandthetransmit－   

tedwave・AwavenumberreglOntObemeasuredinthesystemisdeterminedbythe   

WaVenumbernormalizedby thewidthoftheprobebeamas，  

0．1≦∂≦l †   

Where，0＝kW。／2・Equation（2・48）iswrittenwithwavelengthÅas，  

方略≦Å≦10嘲・  

（2．48）  

（2．49）  

Equation（2・49）indicatesthatthewavelengthofthefluctuationwiththelengthof  

approximatelythirtytimesofthewidthofthebeamwaistcanbeobservedbythis  

SyStem・AndmeasuredwavenumberalsosatisfiesEq・（2・44），SOthatdispersionrela－  

tionofthefluctuationisobtainedbyscannlngthediodedetectoracrossthebeamat  

theforwardfbcalplane・However，reSOlutionalongtheprobebeamispoor，SOthatthe  

identificationofthefluctuationisdifficult，inthecasemorethantwonuctuationsare   

excitedalongtheprobebeam・  
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Renectometer［25－28］  

AschematicviewofthereflectometerisshowninFig．2．4（C）・Thefrequency  

oftheincidentwavelessthanplasmafrequencylSuSedasasource，andamplitudeor  

phase－mOdulatedreflectedwavefromtheperturbedctltOfflayerisdetectedbythe  

receiver・Sincethissystemobservesreflectedwave，ithasanadvantageofgoodac－  

cessibilityuslngOnlyonediagnosticport・Bymixlngthedetectedsignalwithlocal  

OSCillator，andanalyzlngtheintermediatefrequencyslgnal，thefrequencyspectrumoF   

thedensltyfluctuationisobtained・Thissystemhasahighspatialresolution，however，   

no wavenumberinformationisobtained．  

Cross－PolarizationScatteringMethod（CPS）  

CPSmethodisanewtechniquetomeasuremagneticfluctuation・Itispro－   

POSedearlylnthe1990s．ThissystemutilizesCTSandreflectometermethodsimultか   

neously，thatis，frequencyoftheprobebeamischoseninorderthattheprobebeam   

encountersthecutofflayer，andarrangement oftheantennassimilartoCTSmethod   

isapplied．Thissystemcanalsomeasurethedispersionrelationofthefluctuationas   

CTSmethod，however，thewavenumberofthefluctuationtobemeasuredislimited   

duetothesizeofthediagnosticsport・Thewavenumerresolution dependsonthe   

WidthoftheprobebeamasEq・（2．47），andthespatialresolutionisbetterthantheCTS   

methodconsideringthatmostofthescatterlngOCCurSatthecutofflayer・Additionto  

that，thissystemcanrneaSureinthesma11scatterlnganglewithinthedivergenceof  

theprobebeam sincetheincidentwavecannotreachthereceiverhornwheniten＿   

COunterSthecutofflayer．   

Maximumwave－numbermeasuredbythissystemisdeterminedbytheconditionof  

Eq・（2・44）・ThemeasuredwavenumberattainsthemaximumvalueatO＝7r，i．e．，back  

SCatterlng・While，theminimumwave－numberisdeterminedbytheconditionofEq・  
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（2．47）．InthepracticalcaseintheGAMMAlOmeasurement，themaximumandthe   

minimumwavenumbermeasuredbythissystemareabout7cm．JandO．2cm－1for   

PrObingbeamwithfrequencyof18GHzandbeamwidthoflOcm・  
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Chapter 3 

DescriptionoftheGAMMAlODevice   

andFluctuationsinGAMMAlO  

GAMMAlOisatandemmirrordevicewhichhasaneffectivelyaxISymmetricmag－   

neticfieldconfiguration・Thevalidityofatandemmirrorwiththermalbarriersastothe   

improvementofaxialconfinementhasbeenconfirmed・Inrecentexperiments，mOreOVer，  

neutronsattributedtothedeuterium－deuterium（D－D）fusionreactionatthetemperature   

OfabovelOkeVareobserved［29］．  

Inthischapter，theGAMMAlOdevicewillbedescribedinSec・3－1，andtheheatlng   

anddiagnosticsystemsusedinGAMMAlOwillbedescribedinSecs・3－2and3－3・And   

theseveralfluctuationsexcitedintheGAMMAlOplasmawillbedescribedinSec・3－4・  

3■10verviewoftheGAMMAlOThndemMirror  

Configuration of the magnetic coils 

GAMMAlOconsistsof5mirrorcells，andtotallengthisabout27masshownin   

Fig・3・1・Itshowsthearrangementofmagneticcoils，magneticfluxtubeformedby   

themagneticcoils，distributionofthemagneticfluxdensltyOnthemachineaxisand   

axialdistributionoftheexpectedplasmapotentialfromtoptobottom，reSPeCtively・  

Central－Cellisamainreg10nforplasrnaCOnfinement，anditislocatedatthe   

CenterOfthecells．Mirrorratioof5and magneticfluxdensltyOfO．405Tatthe   

midplaneareformedbythe12circularcoilsinthestandardoperation・Thelengthand  

2∂   



thediameterofthevacuumvesselinthecentral－Cellare6andlm，reSPeCtively．A   

fixedlimiterwitharadiusofO．18misinstalledatz＝0・33m，anditcontroIsshapeof   

thecentral－Cellplasma．  

Anchor－Cellsconsistsof3baseballcoilsand2recircularizlngCOils，Whichare   

COnneCtedtothebothsidesofthecentral－Cell．Minimum－Bfieldformagneto－hydro－  
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FLgELre3・1arrangementofmagneticcoils、magneticfluxtubeformedbythemagneticcoils，distribution  

Ofthemagneticfluxdensl［yon［hemachineaxisandaxialdistributionof［heexpected  

Plasmapotentialareillustratedfromtoptobottom・  
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dynamic（MHD）stabilityisformedbythebaseballcoil，i・e・，radialelectricfieldwhich  

excitesMHDinstabilitiesissuppressedbytheminimum－Bfield・Therecircularizlng   

coilsplayaroleinconnectlngthemagneticfieldofthecentral－Ce11andplug／barrieト  

ce11axISymmetrically・Mirrorratioandmagneticfluxdensltyatthemidplaneare3   

andO・61T，reSPeCtively・Mirrorlengthofanchorcellisl・5m・  

Plug／BarriercellsarereglOnStOformplasmapotentialsforionandelectron   

confinement・Axisymmetricmagneticfieldwithmirrorratioof6isgeneratedby6   

circularcoils・Magneticfluxdensltyattheplugandbarrierreg10narelandO・5T，   

respectively．Mirrorlengthofthecellis2・5m・  

Inadditiontothesecells，end－reglOnSareattaChedtothebothendofthecells・   

Endplatesareinstalledinfrontofbothendwallsinordertocontroltheplasmapoten－   

tial，Whichconsistoffiveconcentric，mutua11yinsulatedcircularplatesasshownin   

Fig・3・2・Endplatesareelectricallygroundedorfloatedrelativetothevacuumvessel   

andbiasedattheapproprlateVOltagewhichaffecttheradialelectricfieldoftheplas－   

mas．Inthestandardoperation，theazimuthallysegmentedendplatesarefloatedfrom  

FigtLre3．2Schematicviewoftheendplates  
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thevacuumvesselthroughalME2resistorsothatthenetcurrenttotheendsiseffec－   

tivelyzero・  

Vacuumexhaustsystem  

VblumeofthevacuumvesselofGAMMAlOisabout170m3．sixturbomolecular   

pumps，6heliumcryopumpsand41iquidheliumcooledcryopanelsareusedtomaintain  

thebasepressureof7xlO－8Torrduringtheplasmashot，andthetotalexhaustvelocltyOf   

thesepumpsis2712m3／s・ECRdischargecleanlngwithheliumandbakingprocessofthe   

vacuumvesselareperformedforpreparationoftheplasmashot・  

3－2HeatingSystems  

TheGAMMAlOplasmaisproducedbytheplasmaguns，gaSPuffingsystem   

andICRFpower．Theinitialplasmawithhighionizationdegreeisproducedbythe   

Plasmaguns，Whichutilizesmagneto－Plasma－dynamic（MPD）arcjets，andtheyare   

lnJeCtedintothecentral－Cellfrombothendsalongtomagneticfieldline・Durationof   

theMPDpulseisaboutlmsinthestandardoperation・Afterln」eCtionofMPDplasma，   

hydrcEen；aS・isf一ユeledintotheinitialplasmabyth已・gaSPuffin9rS∵SterTIS・Finally， ヽ＿．   

mainplasmaisstartedupbytheICRFheatlngOfthegas・ArrangernentOfthegas   

PuffingsystemsandvariousheatlngSyStemSareShowninFig・3・3・Inthestandard   

OPeration，gaSPuffingsystemsof＃1b，＃2b，＃3aand＃4aareused・  

ICRF（IonCyclotronRangeofFrequeney）  

TwotypesofICRFsystemsareusedtoproduceandheatplasma，andarein－   

stalledinthecentral－Cell．TheICRFwaveswithfrequenciesof9．9andlO．3MHzare   

excitedintheplasmabytheRFlosci11atorthroughNagoya－TypeIIIantennaslocated  
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F如re3．3ArrangementoftheheatlngSyStemSandgaspaffingsystems  

atz＝±2・2m・Thesefrequenciescorrespondtotheioncyclotronfrequencyatthe  

midplaneoftheanchorcell・Thesewavesnotonlyproduceaplasmainthecentraland  

anchor－CellreglOn，butalsoheattheionsthroughioncyclotronresonanceheatingln  

ordertoproducehighbetaplasmasforMHDstability［30，31］・Themaximumpulse  

durationandthetotaloutputpoweroftheRFIsystemare500msandlMW，reSpeC－   

tively・AnothertypeofICRFwaveisusedforheatinglOnSinthecentraトcell・The   

ICRFwavewithafrequencyof6・36MHzisexcitedbytheRF20SCi11ator，anditis   

ln」eCtedintotheplasmabythedouble－half－turnantennainsta11edatz＝±1・7m・This   

frequencycorrespondstotheioncyclotronfrequencynearthemidplaneofthecentral   

Cell．ThemaximumpulsedurationandthetotaloutputpoweroftheRtl’2systemare   

also500msandlMW，reSPeCtively・TypICally，theiontemperatureandplasmaden－   

Sltyattain5keVand2xlO12cm－3bytheapplicationoftheICRFwaves・  

ECRH（ElectronCyclotronResonancetieating）  

Theplug／barrierECRHsystemsareusedtoformconfinementpotentialsfor   

ionsandelectrons・Thesesystemsutilize4gyrotronswithfrequencyof28GHzand  

maximumoutputpowerof150kW・Thisfrequencycorrespondstotheelectroncyclo－  
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tronfrequencyattheplugreglOnandthesecondharmonicsoftheelectroncyclotron   

frequencyatthebarrierreglOn，reSPeCtively・ThesemicrowavesintheXmodeare   

launchedbyVlasov－Nakajimaparabolicreflectorantennasvialow－lossoversize－   

WaVeguides，andelectronsareheatedbythesemicrowavesthroughelectroncyclotron   

damplng・Warmelectronsproducedbytheplug－ECRHarerunnlngaWayfromthe   

PlugreglOnduetoaxialgradientofthemagneticfield，SOthatthepotentialhillforion   

COnfinementisformedattheplugreglOn・While，thebarrieトECRHproducehotelec－   

tronsinthebarrierreglOn・SinceaxialgradientofthemagneticfieldinthisreglOnis   

nearlyzero，thehotelectronsareconfinedinthemidplaneofthebarrierreglOn．Con－   

Sequently，thepotentialdipISPrOducedbytheseelectrons．  

Inadditiontothesesystems，CentraトECRHsystemisinstalledatthecentralcell   

toproducehotelectrons・Thefrequencyandtheoutputpowerissametotheplug／   

barrier－ECRHsystems・Andthisfrequencycorrespondstothesecondharmonicsfre－   

quencyoftheelectroncyclotronffequencyatthecentral－Cell．Thissystemisusedfor   

SuPPreSSionoftheionenergylossinducedbytheelectrondrag［32］．  

NBI（NeutralBeamInjection）  

TwotypesofNBTsystemsareinstalledintheplug／barrier－Cells、Oneincalled  

SloshingNBIsystemandtheanotheriscalledpumplngNBIsystern・Thesloshing  

NBIsystemlnJeCtSaneutralhydrogenbeamattheangleof41degreetothemagnetic  

fieldline・Thissystemproducessloshing10ndistributionatplug／barrierreglOnin  

Ordertoformionconfiningpotentialefficiently・ThepumplngNBIsystemalsoin－  

JeCtSaneutralhydrogenbeamattheangleof30degree・Thissystemisusedtosustain  

theconfiningpotentialbydrivlngCOldionsoutofthethermalbarrierbychargeex－  

Changeprocess．  
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3－3Diagnostics  

SeveraldiagnosticsareusedinGAMMAlOformeasurementofplasmaparam－   

eterssuchasdenslty，temPerature，pOtential・Inthissection，SeVeraldiagnosticsrelat－   

1ngtOthethesisareintroducedbriefly・  

Microwaveinterferometer  

In GAMMAlO，thelineintegrateddensltylSmeaSuredwithsevenMach－Zehnder－   

typemicrowaveinterferometers，Whichareinsta11edinthecentralcell，eaStandwest   

anchorce11s，innermirrorthroatbetweentheanchorcellandtheplug／barriercell，eaSt   

andwestbarriercells，eaStandwestplugcells，andthecentralmirrorthroatbetween   

thecentralcellandeastanchorcell・Especially，atranSmitterandreceiverofinterfer－   

ometerinstalledinthecentralcellaremovablealongthey－aXIS，andradialdenslty   

PrOfileisdeducedbyapplicationofAbelinversiontechniquetochordalline－denslty   

PrOfiles・  

Softx・raydetector［33］  

Severaltypesofx－raydiagnosticsystemsEireinsta11edinordertodiagrmsethe   

electrontemperatureanditsdistributionfunction，SuChasx－rayPulse－heightanalyzer   

（PHA）andx－rayabsorptionmethodusingsemiconductorandmicrochannel－Plate   

（MCP）detectors・ThePHAandabsorptionmethodsareappliedtotheplug／barrierand   

Central－Ce11plasmasforthemeasurementofenergyspectraandtemperatureprofiles，   

respectively・  
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HIBP（HeavyIonBeamProbe）［34］  

Theradialprofilesofplasmapotentialinthecentral－Cell（Z＝1・2m）and barrier  

midplane（z＝一8．8m）aremeasLlredwithHIBPusingneutralAuO－beam・Anincident  

beamacceleratedupto16kVcanbesweptradiallyacrosstheplasmauslnganelec－   

trostaticdeflector・Ionsaredischargedbytheplasmaalongwiththebeamorbit・The   

Au＋beamaredetectedbytheelectrostaticenergyanalyzerofaparallelplatetype   

Withmicro－Channelplate・Theenergyandtimeresolutionsofthesystemarelessthan   

50Vand200トLS，reSPeCtively・  

CX－NPA（ChargeeXchangeNeutralParticleAnaly2＝er）〔35］  

CX－NPAisusedforthemeasurementofiontemperatureuslngChargeexchange   

reactionwithneutralhydrogenatoms・Thesystemisinsta11edinthecentraトce11（z＝M   

O．6m），Whichisthesameaxialpositionasthescanninginterferometer・Theviewing   

angleofthesystemcanbechangedfrom－8・Oto＋8・Odegree，Whichalmostcoversthe   

Wholecrosssectionoftheplasma・AteachangletheenergydistributionofCX－neutrals   

upto30keVisobserved・Theiontemperatureprofilesarecalculatedbythechordal   

dataobtainedbyradialscantogetherwiththedensltyPrOfile，Plasmapressure，Hα   

PrOfileandTeprofile・  

3－4FluctuationsinGAMMAlO  

SeveraltypesoffluctuationsareexcitedintheGAMMAlOplasma・Thesefluc－   

tuationsareconsideredtoinduceradialoraxialtransportofplasmaparticles．Inthis   

SeCtion，WedescribethefluctuationsmainlyexcitedinGAMMAlO．Thesefluctua－   

tionsareclassifiedintofo1lowingtypesaccordingtotypeofthedrivlngforceand  
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frequencyrange．  

Fluteinstability［36］  

Inthesimplemagneticconfinementsystem，theRayleigh－Taylorinstabilityis   

excitedeasily，Sinceahigh－PreSSurePlasmaissustainedbythe magneticfield，thatis，   

aheavymatterissustainedbyalightmatter．  

ForsimplicityderivationoftheiriStability，nOWWeaSSumethataboundarybe－   

tweentheplasmaandthevacuumisinthey－ZPlaneassh．owninFig・3．4（a），andthe   

externalmagneticfieldisspreadedovertheplasmaandthevacuumuniformly・We   

alsoassumethetemperatureofionsandelectronstobezero，i．e．，Plasma－betaislow．   

Avectoroftheforcegcausedbytheplasmapressureand／orcurvatureoftheexternal   

magneticfieldisinthepositiveornegativexdirection，andthefbrceisassumedtobe  

Vacuum  

FなtLre3．4Physicalmechanismofthefluteinstability  
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aconstant．Avectorofdensltygradientisalsointhenegativexdirection．   

TheionsandtheelectronsmovetowardtothenegativeydirectionwithavelocltyOf   

tbduetothegxB。drift・Intheequilibriumcondition，theionsobeyfollowlngequa－  

tionofmotion．  

∽′乃。（里。－∇）鴨＝e研。×β。＋〝～′〃。g  （3．1）  

Where，miandnoarethernaSSOfanionandtheiondenslty，reSPeCtively・Sincethe  

forcegisassumedtobeaconstant，％becomesconstant，i・e・，1efttermoftheEq・（3・1）  

equalstozero・TakingthecrossproductofEq・（3・1）withB。，Wehavethedriftveloc－   

1tyOftheion，aS  

γ0＝gxβ0＝一  
（3．2）  

Whereuciistheioncyclotronfrequency・While，thedriftvelocltyOftheelectronis  

negligiblecomparedtothatoftheions，SincetheelectroncyclotronfrequencylSmuCh   

higherthantheioncyclotronfrequency．Thesevelocitiesmakerandomthermalfluc－   

tuationsgrownasshowninFig・3・4（b）・Thatis，theelectricfieldElisgenerateddue  

tothedifferenceofthedriftvelocltybetweentheionandtheelectron，andtheseare   

forcedtomovepositiveornegativeydirectionbyEJXBodrift・Consequently，the  

disturbedboundarygrowsunlimitedly．  

Inthecylindricalplasma，nute－1ikeboundaryisformedbytheinstabilityas   

ShowninFig・3．5，SOthatthisinstabilitylSCalled“fluteinstability”．  

IntheperturbedfieldsuchasFig．3．4（b），theequationofmotionfortheionsis   

rewrlttenaS，  

両町叫）［孟（…l）・（…1）・∇（…1） 
］   

＝e（柁。＋相方l＋（γ。＋り－）×β。卜椚′（〃。叫）g’  
（3．3）  

Where，nland叫．aretheperturbedcomponentoftheiondensltyandthedriftveloclty，  
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Fなure3．5Schematicviewofthefluteinstability FigtLre3・6Dispersionrelationofthenuteinstability  

respectively・ByusingEqs・（3・1）and（3・3），andneglectingthesecond－Ordertermof   

theperturbedcomponentintheequation，Wehavetheequationofmotionforthefirst   

Ordercomponentoftheperturbedionsby   

司普再0・∇）ヰ舶用×β0）・  
（3・4）  

Usingquasi－1inearapproximation，andsubstitutlngeaChcomponentoftheperturbed－  

ionvelocityandtheperturbed－electricfield，i・e・，γ1＝V正文＋V＆9，El＝卑，夕，intoEq・  

（3．4），Wehavetheeachcomponentoftheionvelocityas，  

gl、，  

⊥glγ＝β0 隼（Jし・J  

叫，T＝  （3．5a）  

山一叫。且1、，  
叫、．＝‾ノ   （3．5b）  

町 吼  

Where，uandkarethefrequencyandwavenumberofthefluctuation，reSPeCtively・  

Andrelation戒＞＞（u－kvi。）2isadoptedtoderiveEqs・（3・5）・  

Eachvelocltyfortheelectronisderivedinthesamemanner・Nowweconsiderthat   

theelectroncyclotronfrequencylSmuChhigherthantheioncyclotronfrequency，   

eachcomponentofthevelocltyfortheelectronare  
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uど■Y＝  （3．6a）  

Uの，＝0  （3・6b）  

Next，COntinultyequationforthefirstorderoftheperturbedcomponentiswrittenfor   

theionas，   

再。・∇）〃1再1・∇）佃0∇・γ1＝0・  

Usingquasi－1inearapproximation，theequation（3・7）isrewrittenby  

一ノ揖〃－＋ノ叫0乃1＋叫，r〃占＋庫〃otノル＝0，  

（3．7）  

（3．8）  

Where，n占＝∂no／∂x・  

Quasi－1inearizedfirstorderofthecontinuityequationfortheelectronsisalsoderived   

bythesamewayas，  

（3．9）  ーノ山門1＋叛誠＝0，  

here，thisequationisderivedwiththerelationofl㌔。＝Oandlノ＝0・ り’  

UsingEqs．（3．5），（3．8）and（3・6），（3・9），Wehave  

包 
＝0  

glγ．ノ．ご，…山一叫。  
（山一叫。）巧＋差㌘再上勅。  （3．10a）  

βo  

U ‾ ∨  
山。f 昂  

glγ＝ノ叫  

亀  乃占  
（3．10b）  

Consequently，WehavethedispersionrelationofthefluctuationbyusingEqs・（3・2）   

and（3．10），aS   

㌦「叫。山一g也＝0  
乃o  

The solutions are   

1ノ2  

揖＝喜叫0±［‡た輌誉］  

（3．11）  

（3．12）  

ThedispersionrelationoftheflutemodeisshowninFig・3・6・Thisrelation  
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Showsthatthesolutionisarealnumberfoトgn占／n。＜k2v言／4，SOthattheplasmais  

COnVeCtivelystable．Inordertoexcitethefluteinstability，ltisnecessaryforgand   

n占／no tohaveanoppositesignmutually，i．e・，thisconditioncorrespondstothephysi－   

CalpICturethataheavymatterissustainedbyalightmatter・  

IntheGAMMAlOplasma，thefluteinstabilitymaybeexcitedinthefrequency   

around5kHz．  

Driftwave［37］  

Thedriftmodeisintroducedbytakingaccountofafinitetemperatureofthe   

electronsintheinhomogeneousdensltyPlasma．Nowweconsiderthatamagnetic   

fieldBoisinthezdirection，andtheplasmadensltyVariesalongthexdirectionas  

ShowninFig・3・7（a）・Wealsoassumethatthetemperatureoftheionsiscold，andthat  

Vacuum  

Vacuum  

FなtLre3・7PhysicalTneChanismofthedriftinstability  
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oftheelectronsisfiniteandconstant．   

Intheexistenceofthedensltygradient，theelectronsmovetowardtothepositivey  

directionwithavelocltyOfl左eduetothediamagneticdriftoftheelectrons，i・eリ  

たβ7二 〟〃  

′7岬（ノ丁山，  
（3．13）  、tJJ－・＝  

WhereTistheelectrontemperature． ど  

ThisdiamagneticdriftvelocltyCauSeSCharge－SeparationperpendiculartOthedensity   

gradient・Thatis，theions，Whichhaslessmobilitycomparedtothatoftheelectrons   

duetoalowtemperature，remainsinthedensereglOnOftherandomthermalfluctua－   

tionsasshowninFig．3．7（b）．While，theelectronscanrunawayfromthedensere－   

glOnduetothediamagneticdrift，andthesearelocalizedinthesparsereglOnOfthe  

fluctuation・Thus，theelectricfieldEJareforrnedatthenodesofthefluctuation，and  

thefluctuationpropagatestowardtothepositiveydirectionduetothe E，×B＆force   

totheions．  

Additiontothat，theelectronscanalsorunawayfromthedensereglOnalongthe   

magneticfieldwithathermalveloclty，SOthatthedensltyPerturbationalsopropa－   

gatesalongthemagneticfield・Thisinstabilitydrivenbythedensltygradientiscalled   

driftinstability・  

Next，WeShallderivethedispersionrelationofthedriftmodeclassifyinglntO   

twocasesaccordingtoavalueoftheplasma－beta．  

（a）Driftwaveinthelowpressureplasma（β＝2FL。nkBT／B3＜＜1）   

Inthelowpressureplasma，themagneticfieldisassumedtobehomogeneous，   

andweconsiderlesslongitudinalphase－VelocltyOfthedriftwavecomparedtothe   

Alfvenveloclty．InthisassumptlOn，theelectricfield，Whichmakesthedriftmode   

risen，iscurトfree，SOthatitiswrittenbyE＝－∇p，Whereq）1SaPlasmapotential．The  

electronscanmovealongthemagneticfieldfreelywiththethermalveloclty，SOthat  
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theseattainthermodynamicalequilibrium，i．e．，  

カビ／〃＝叩／たβ㌔，  （3．14）  

Where neandnaretheperturbedandunperturbedelectrondenslty，reSPeCtively・  

While，theperturbedion－denslty niCanbeobtainedfromthecontinultyequa－   

tlOn aS  

普＋∇（叩）＝0，  （3．15）  

Where叫isthemacroscopICionveloclty，Whichcanbeobtainedfromtheequationof  

motionfortheion・For（O＜＜COc［，thesolutionoftheequationisexpressedbyuslng  

quasi－1inearapproximationas  

γ⊥＝×唖  

gた＿  
叫ヱ＝ 甲，  

（3．16a）  

（3．16b）  

WherevE⊥andv・aretheionvelocltyPerPendicularandparalleltothemagneticfield， Jこ  

respectively．BysubstitutingEqs・（3・16）intoEq・（3・15），andusingquasi－1inearapproxi－   

mation，Wehave  

告＝（慧＋慧〕読，   （3．17）  

Where  

たβ㌔た、．1（7〃  

川し．叫L．′＝h  

＊ 丘β㌔た、，1血  
（J＝  

′丁岬し∫′～血  

＝U。どち，   （3．18）  

is rhe drift frequency. 

Fina11y，WehavethedispersionrelationofthedriftinstabilitybyuslngquaSi－neutralcon－  

dition，i・e・，nE＝ne，aS  

山2一山＊山一C、≡たぎ＝0，  

wherec．Y＝（Um（）Vヱisthesoundvelocity・  

（3．19）   

4∂  



（b）Driftwaveinthehighpressureplasma（β＝2p。nk8T／B言＞＞mビ／mi）  

Nowweconsiderthattheplasmapressureishigh，i・e・，theionisnotcold，but   

hasafinitetemperaturewhichequalstotheelectronternPerature（7l＝It）・Astheelec－  

trontemperatureincreaseswithincreaslngPlasma－beta，thelongitudinalphaseveloc－   

1tyOfthedriftmodeincreases．Nowwealsoconsiderthecasethatthelongitudinal   

COmPOnentOfthephasevelocltyOfthemodereachesAlfvenvelocltyC。・For血）／k＝～C。，  

thelongitudinalelectric－fieldofthemodecannotbeconsideredcurトfree，SOthatthe   

magneticfieldisbentslightly．Inthissituation，Weintroducealongitudinalpotential   

V（determinedbyPoissonformula；E。＝q∂v，／∂z，WhereE。isalongitudinalcompo－  

nentoftheelectricfield．While，Wealsoassumeslowoscillationofthemode，SOthat   

thetransversecomponentoftheelectricfieldisconsideredtobecurl－free．Thatis，in   

thesamemannertothelow－PreSSureCaSe，WeCanretainthetransversepotential甲；   

Fi＝－∇⊥甲，WheretheE⊥isthetransversecomponentoftheelectricfield■  

SincethethermalvelocltyOftheelectronsconsiderablyexceedsthelongitudi－   

nalphaseveloclty，theelectronsreachequilibriumalongthemagneticfieldline，i．e・，   

（∇×P）。＋e乃gこ＋e乃（職ピ×β）。＝0，  （3・20）  

WherePisthepressureofelectrons・Usingthequasi－1inearapproximationandPoisson   

formula．Eq．（3．20）isrewrittenby   

ノ榊㌔－たβ＝榊・  
（3・21）  

Where，旦：isthex－COmPOnentOftheperturbationinthemagneticfieldduetothe   

effectofmagneticイieldbend・ThisisdescribedbyuslngFaraday，slawandquasi－   

1inearapproximation，aS   

旦こ＝ノ（甲－y）・  

BysubstitutingEq・（3・22）intoEq・（3．21），Wehave  

（3．22）   

4J  



＝ 

告左甲・責（…）（1一意〕・  
（3．23）  

Inordertorelate甲and一〝，Ampere，slawspecializedinalowfrequencyreg10nisused・   

Thez－COmPOnentOftheinducedcurrentiswrittenbyapplyingquasi－1inearapproxi－   

mationtothelaw，aS  

つ  

ノ。＝壁二項庸一y），    （J  （3．24）  

wherek三＝k，…＋kf・Thez－COmPOnentOftheinducedcurrentisalsointroducedfrom  

therelation，∇・j＝0，inadditiontoEq・（3・24）・Fromtherelation，WeObtain  

ノ。＝ノ吋g∇⊥れ（γ⊥一里⊥）・  （3．25）  

TheperpendicularcornPOnentSOftheionandtheelectronvelocltyaredeterminedby   

theequationofmotionfortheionandtheelectron・Thesolutionsare  

⊥  た⊥中一 
【叫  

り⊥＝  

昂  

（3．26a）  

職⊥＝×触   （3．26b）  

Wherethefirst，SeCOndandthethirdtermOftherighthandfortheionvelocltyeXPreSS   

thecomponentofthevelocltydueto ElXBb force，perPendicularcomponentofthe   

electricfieldE⊥andfiniteramorradiuseffect，reSPeCtively・  

BysubstitutingthesesolutionsintoEq．（3．25），andcomparingthelongitudinalin－   

ducedcurrentwithEq．（3・24），Wehavetherelationbetweenpandv／，aS  

1  

中一γ＝一 （…＊）甲 
呑 （3．27）  

wherec＾istheAlfvenvelocitydeterminedbycA＝（E。C甥／nmi）1′2・  

Fina11y，bysubstitutingEq・（3・27）intoEq・（3・23），andusingquasi－neutralcondition，   

i．e．，COmParingwithEq・（3．17），andconsideringthelongitudinalwavenumberisconsid－  
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Fなure3．8DisperSionrelationofthedriftins［ability Fなure3・9Schematicviewofthedriftinstability  

erablysmall，Wehavethedispersionrelationoftheelectromagneticdriftmodeas，  

揖2＋0＊0－C三た三＝0・  （3・28）  

ThedispersionrelationoftheelectromagneticdriftwaveisshowninFig．3・8・   

Asthelongitudinalwavenumberbecomessufficientlysmall，thismodechangesto   

electrostaticdriftmodewhichoscillateswiththefrequencyofa）＊．Figure3・9shows   

ani11ustrationoftheequidensltySurfaceofthedriftinstabilitylnthecylindricalplasma・  

IntheGAMMAlOplasma，thedriftwavemaybeexcitedinthefrequencyaround   

lOkHz．  

AlfvenIonCyclotron（AIC）instability［38－40］  

TheAICinstabilitylSeXCitedinthefrequencyrangeof5・6－5．9MHzinthe   

GAMMAlOplasma・ThisfrequencyrangeisassociatedwithO・85～0・95timestheion   

CyClotronfrequency・ThisinstabilitylSeXCitedwithincreaseinanisotropICion－tem－   

Peratureandplasma－beta・ThedispersionrelationoftheAICinstabilityisdescribed   

aS  

坤，〟）＝たユcユー揖2＋山王∫ズ′（抽）＝0，  （3．29）   
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WherexilStheelectricsusceptibilityoftheionwhichisexpressedasfollows・  

丘）  α）  

Zl（∈），  （3．30）  
山一叫′ r′   0一山L・f  

Where，Z，（Oistheplasmadispersionfunction，andEiswrittenastheform，  

W－1  
ぐ＝   （3．31）  

（β⊥γ′／（ト射りり2叫b〆  
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Chapter4  

CPS Measurement 

withContinuousⅥねveSource   

Inordertodevelopmagneticfluctuationmeasurementsystem，itisimportantto   

confirmthatdetectedsignalssatisfyCPSprocessdescribedinChap・2・Forthisrea－   

son，WehaveperformedtheCPSmeasurementwithcontinuouswaveasasourcewhich   

hasanadvantageoffluctuationfrequencymeasurement・  

Inthischapter，theCPSsystemalongwiththereflectometersystemandresult  

ofthesesystemsaredescribedinSecs・4－1and4－2・Andthesystemwithamovable   

receiverhornformeasurementofdispersionrelationofthemagneticfluctuationis   

describedinSecs・4－2and4－3・Thesesystemsaredesignedtomeasurethefluctuation   

intherangeoflowfrequency（＜200kHz）・  

4－1HomodyneSystemn）rCPS  
andReflectometer  

TheschematicoftheCPSandtherenectometerdiagnosticsystemsisshownin   

Fig．4．1．Figure4．1（a）describestheXmodereflectometerandtheO→XCPS（O   

modeinjectorandXmodereceiver）・Figure4・1（b）describestheXmodereflectome－   

terandtheX→OCPS（XmodeinjectorandOmodereceiver）・Theywerelocatedat   

themidplaneofthecentralcell（Z＝0）・Thesesystemsutilizea7－18GHz，100－150   

mWoutputofayttrium－iron－garnet（YIG）oscillatorasasource，andtheincident  
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（a）  

（b）  

FigtLre4．1SchematicViewofO→XCPSandXmodereflectomerersystem（a），  

X→OCPSandXmoderenectometersystem（b）  
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waveisfedtoatransmitterhornviaawaveguideandacoaxialcable・Thepyramidal   

hornswithOmodeandXmodepropagationsareinstalledinthetopandbottomports   

respectively，andareusedastransmittersorreceivers・ThernOde－COnVertedscattered  

signalandthereflectometersignalaremixedwiththelocalosci11ator（LO）wave・The   

intermediatefrequency（IF）signalisamplifiedbylow－nOiseamplifiers，andfedto   

high－SPeeddigitizerswith2・5LLSSamPlingtimeand4MBmemory・  

ThecutofffrequenciesoftheOandtheXmodemicrowavesaredistributed   

radiallyasshowninFig・4・2inthetypICal・electrondensltyOfthecentral－Cellplasma・   

Inorderforthereceiverhorntoavoiddetectlnganincidentwavedirectly，aPrOPer   

frequencylSChosen・Theincidentwavewiththisfrequencyencountersthecutoff1ayer，  

X→O  
CPS  

【
N
工
旦
ゝ
O
u
当
b
聖
山
 
 

○一斗×  

CPS  

0  2  4  6  8   10 12 14  

Radius［cm］   

Figure4．2TypicalcutofffrequenciesofOrdinaryandExtraordinarymodesinthecentralcellplasma  
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howeverthemodeconvertedscatteredwavecanpropagatethroughtheplasmaas  

ShowninFig．4．2．  

4－2ResultsandDiscussion  

ThetypICalplasrnaParameterSinthepresentexperimentareasfo1lows：theline－   

integrateddensltylSnl＝4xlOJ3cm－2withaneffectivediameterofl＝32cm，the ぐぐ’l▼l‾■▼■‾‾’t・  

electrontemperatureisT＝60－100eV，andtheaveragediontemperatureisT＝4－6 ど■しノ⊥‾‾‾l‾‾‾J  

keV・Figure4・3showsanexarnPleofhotionmodeswiththetimesequenceofthe   

heatlngSyStem，Wheretheline－integrateddensltyandthediamagnetic－loopslgnalat  

thecentralcellandtheCPSsignal（0→X）duringthetimetheECRHpowerisapplied  

areplottedfromtoptobottom，reSPeCtively・ThefrequencyspectrumoftheCPS   

Slgnalshowsthatlow－frequencywavesoflessthanlOOkHzarestronglyexcitedina   

Plasma・ThetimeevolutionofthefrequencyspectraisshowninFigs・4・4and4・5・   

Figure4・4correspondstotheO→XmodeCPS（incidentfrequency：10．2GHz）and   

theX－mOdereflectometer（14．287GHz）signals，WhiletheX→OmodeCPS（11．46   

GHz）andtheX－mOdereflectometer（11■159GHz）signalsareshowninFig．4．5．The   

incider）tfrequenciesarechosensothatbothsystemsobservesimjlnrradial・POSitions・一   

Oftheplasmaatthesametime・Itisapparentthattheintensltyandthespectrumofthe   

fluctuationschangeaftertheapplicationofthebarrier－ECRH，indicatlngthemodifi－   

Cationoftheradialelectricfieldduetothepotentialformation・Itisnotedthatthe   

frequencyspectraoftheCPSsignalsarebroaderthanthatofthereflectometerslgnal．  

ThediscrepancyofthespectrabetweentheCPSandthereflectometerslgnals   

Canbeexplainedasfo1lows．TherefractiveindexesoftheO－mOdeandtheX－mOde   

PrOPagationsaregivenbyEqs・（2・22），（2．23），aS  
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（a）  

PIug－ECRH  

Barrier－ECRH  

FなtLre4．3（a）Timesequencesoftheheatingsystems，（b）lineintegrateddensity，（C）diamagnetic  

loopsignal，（d）CPSsignal，and（e）powerSpeCtrumOftheCPSsignal・  
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FigELre4．4PowerspectraldensityofCPS（0→X）signal（top）andreflectometer（Ⅹ→X）signal（bottom）  
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F如re4．5PowerspeCtraldensityofCPS（X→0）signal（top）andreflectometer（X→X）signal（bottom）  
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Ⅳ0＝慧＝〔1一針  
（4．1）  

and  

フつ U‾‾山完ど   

Ⅳズ＝Cた〝＝      丘）  （4．2）  

inthecoldplasmaapproximation，Where丘）andto。・どaretheelectronplasmafrequency 〝ど  

andtheelectroncyclotronfrequency，reSPeCtively．  

IntheCPSprocess，theincidentO（X）waveisconvertedtotheX（0）waveby   

magneticfluctuationsuntilitreachesthecutofflayeroftheplasma・Thescatterlng   

PrOCeSSSatisfiesthewavenumbermatchingconditionk＝k：ks，Where k，kLandk are JS′′1S   

thewave－numbervectorsofthefluctuation，theincidentwaveandthescatteredwave，   

respectively・Therefore，k≡OinthetransparentreglOnOftheplasma，Sincethescaト  

teringangleO5＝Oforthepresentsystemandk＝2kiSin（OJ2），WherekI＝k∫isclose  

tothewavenumberinthevacuum．AtthecutoffreglOnintheO→Xprocess，the   

WaVenumberoftheincidentwave，k。becomesOaccordingtoEq・（4・1）・However，  

thatofthemode－COnVertedXwave，k∫becomes u／caccordingtoEq・（4・2）・Inthe  

X→Oprocess，thewavenumberofthemode嶋COnVertedOwave，ksbecomes（0・8－1）  

u／c atthecutoffregionaccordingtoEqs・（4・1）and（4・2）inthesamemanner．As   

result，kvariesfromOtokifortheO→XprocessandfromOto（0・8－1）k（forthe  

X→Oprocess・Ontheotherhand，thereflectometeralwaysglVeS k≡0，Sincethe   

WaVenumbersoftheincidentwaveandthescatteredwaveequaltoOatthecutoff  

layer・SincethefrequencyofthefluctuationisusuallyglVenbytherelation 丘）＝kvr＝  

Wheret）isthephasevelocltyOfthewave，WeCOuldobservethehigherfrequencyby 〝  
theCPSmeasurement．ThephasevelocltyOfthefluctuationsdeterminedfromthe  

observedspectra，Vp＝3km／sisinagreementwithI叫l－V，・l＝2M5km／susingthe  
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presentexperimentalconditions，Wherelノd≡7：／eBLJ，．＝1－4km／sisthedriftveloc－  

ity，V，．＝E／B≡6km／sistheExBrotationvelocity，eisthechargeofanelectron，L。  

isthedensltySCalelength，andEistheradialelectricfieldofthecentralcellplasma・   

ThemagneticfieldfluctuationsmayhaveaslgnificantinfluenceinthedrifトWaVe   

modeduetothefinite－βeffectandtheshearlessmagneticfieldofatandemmirror，  

i・e・，（47me℃／B2）（払昭）＞1，WhereLJ∫istheshearlengthofthemagneticfield［41］・   

ItisseeninFigs・4・4and415thatthespectrumOftheX→Osignalhasahigher   

frequencythanthatoftheO→Xsignal・Thismaybeexplainedduetothedifference   

OfthescatterlngreglOn・TheO→ⅩscatterlngOCCurSinthecoreplasmareg10n，While   

theX→OscatterlngOCCurSintheedgereglOnWherethelargervalueforphaseveloc－   

1tyCanbeexpected・  

4－3HomodyneSystem払rMovableReceiver  

AschematicviewoftheCPSsystemisshowninFig．4．6．Itisalsolocatedat   

themidplaneofthecentral－Ce11（Z＝Om）．PyramidalhornSattaChedtothehorizontal   

POrtandthebottomportareusedtolnJeCttheincidentmicrowavepowerinXmode．   

TwopyramidalhornSattaChedtothetopportareusedtoreceivethescatteredpnwer   

inOmode・Thereceiverhornscanobservetheslgnalswithvariousscatterlngangles   

byuslnganOPtlCalrailandrotarystages．Thesystemutilizesa7－18GHz，100－150mW   

OutPutOfaYIGoscillatorasasource・TheCPSsignalspickedupbythereceiver   

hornsaredetectedbyhomodynesystems・Theresultantintermediatefrequencies（IF）   

areamplifiedbylow－nOiseamplifiers，andfedtohigh－SPeeddigitizerswithO・5トLSOr   

20nssamplingtlmeand4MBmemory・Inthepresentexperimentthefrequencyof   

theoscillatorisfixedduringaplasmashot．  
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Fなure4．6 SchernaticviewofthescanlngCPSandreflectometer  

4－4ResultsandDiscussion  

Dispersion relation of the low-frequency waves 

Figure4・7showsthetimeevolutionsofthediamagnetizm，1ine－integratedden－  

sityatthecentraトcell，andanexampleoftheCPSsignalandthetimesequenceofthe   

heatlngSyStemS・ThepowerspectraoftheCPSsignalforvariousscatterlngangles  

arealsoshowninFig・4・7・ThescatterlngangleO ofthereceiverhornismeasured ∫  

fromtheverticalaxisatthecutoffpolntOftheincidentwavefrequencyasshownin  

Fig・4・6，SincethescatterlngCrOSSSeCtionattainsthemaximumva‡ueatthecu佃ff －1  

1ayer・ItisseenthatthepowerspectrumoftheCPSsignalbroadenswithanincrease  

inthescatteringangle・ThepeakfrequencylSPlottedagalnStthescatterlnganglein  

Fig．4．8（a）．Thefrequencyseemstobeproportionaltothescatteringangle，although  
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F如re4．7Timeevolutionoftheplasmaparametersatthecentralcell：（a）timesequenceoftheheating  

systems，（b）diamagnetic－loopsignal，（C）1ine－integrateddensity，and（d）CPSsignal，  

FrequencyspectraoftheCPSsignalforvariousscatteringangles（－4，－8，－12degree）  

areshowninthebottomfigure・  

5∫   



thedependenceonthepositivescatterlngangleshowsadeviationfromlinearrelationship   

betweenkandoatlargescatterlngangle・Thisdeviationisconsideredtobeoccurreddue   

tomixlngOfthereflectedwavealongwiththeCPSsignal・Thatis，thelowerfre－   

quencylSeStimatedbytherenectedwavewhichhasnowave－numberresolutionin   

thesamemannertoSec・4－2・Thek－uSPeCtrum，i・e・，thedispersionrelationofthe   

fluctuationsisshowninFig．4．8（b）．Thewavenumbersofthefluctuationsarecalcu－   

1atedfromthematchingcondition  

（4．3）  舟＝鬼 －た．         ∫     ∫   

Wherek，k∫，andk・arethewavenumbervectorsofthefluctuations，thescattered J   

WaVe，andtheincidentwave，reSPeCtively．Here，thewavenumberoftheincident   

WaVeisassumedtobezero，SincetheCPSprocessoccursmainlynearthecutofflayer・  
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FなILre4・8（a）Dependencebetweenthepeakfrequencyandthescatteringangle．  

（b）DisperSionrelationofthemagneticfluctuation．  
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Thewavenumberofthefluctuationscanbedividedintotwocomponents，aZimuthal   

COmPOnent（k。＝k sinO）andradialone（k，＝k∫COSO）・InFig・4・8（b），thehorizontal ．－  

axisshowstheazimuthalcomponentofthewavenumber・Thedispersionrelationis   

given by 

（4．4）  山2＋α＝山一C三た‡＝0・            ＊   

AsolidlineseemstoagreewiththeelectromagneticdriftwaveDopplershiftedbythe   

ExBrotationveloclty・Inthepresentstage，itisdifficulttodistlnguishthemodeof   

themagneticnuctuation．Notethatthecleardependenceofthepeakfrequencyonthe   

SCatterlngangleisnotobservedintheedgeplasmareglOn・Itisconsideredthatthe   

radialcomponentofthewavenumberisdominantintheedgeplasmareglOn・  

CouplingbetweentheICRFmodesandthelowfrequencywaves  

ThesimultaneousmeasurementsoftheCPSandthereflectometryareperformed   

WiththesetupshowninFig．4．6，WhereahornattaChedtothebottomportisusedasa   

receiverofthereflectometeraswellasatransmitteroftheCPSandthereflectometer．   

Thereflectedwaveisseparatedfromtheincidentwavebyacirculator，andismixed   

withtheunpertubedLOwaveinamixer・Figure4・9showsthetimesequenceofthe   

heatlngS）’占temS，tlreIdialnagnetizln，andtheline－integrated■dellSityOfthecentral－Cell   

Plasmafromtoptobottom・TheRF2powerisfurtherincreasedduringthetimeof   

130－180ms，WhiletheECRHpowerisnotapplied・Thetimeevolutionofthefre－   

quencyspectrumoftheCPSsignalisshowninFig．4．10fortwofrequencyreglmeS．   

InFig・4・10（b）thepeakat6・36MHzcorrespondstotheRF2－drivenwave．Thespec－   

trumaround5・7MHzcanbeobservedwhenthediamagneticslgnalattainsacertain   

level・Severaldiscretepeaksareobservedinthismode・Theinstabilitywasidentified   

astheAlfvenioncyclotron（AIC）mode．Theincreaseofplasmabetaandiontem－  
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Figure4・9nesequencesoftheheatlngSyStemSareShowninthetopfigure，andtimeevolution  

Ofthediamagneticloopsignal（a）andtheline－integrateddensity（C）．  

peratureanisotropyproducetheinstability．TheAICmodeistheelgenmOdedeter－   

minedbytheaxialboundaryconditions，Whichcausesthediscretepeaksinthefre－   

quencyrangeofw＝0・9wci，WhereucEistheioncyclotronfrequency・Whenthe  

additionalRF2powerisappliedat130ms，thelowfrequencyfluctuationsstartto   

growwithincreaseintheAICmodes．ThefrequencyspectraoftheCPSandthe   

reflectometerslgnalsat145msareshowninFig．4．11fortwofrequencyreglmeS・   

Thepeakat70kHzinthelowfrequencyreglmeagreeSwiththefrequencydifference   

betweentwopeaksobservedinthehighfrequencyreglme，thatis，tWOdiscreteAIC   

modesaround5・7MHz・Itisnotedthatthepeakpowerat70kHzobservedintheCPS   

Slgnalisabout3timeslargerthanthatobservedinthereflectometerslgnal，Whilethe  
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Figure4．10TimeevolutionofthefrequencyspectraoftheCPS（X→0）signal  

inthehigh－frequencyregime（top）andlow－frequencyregime（bottom）■  
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FなLLre4・11FrequencyspeCtraOftheCPSsignal（a，b）andthereflectometersignal（C，d）at145ms．  

POWerbelow40kHzintheCPSsignalissmallerthanthatinthereflectometerslgnal．   

Thefluctuationsaround70kHzisconsideredtobetheelectromagneticwavesexcited   

duetothenonlinearcouplingbetweenthediscretemodesoftheelectromagneticAIC   

WaVe・Thisinay．CauSethesaturationoithediamagnc・ti＝mat◆tlleJL：entral・こel■1・Pla3Lna／・・・■・  

4－5Summary   

Insummary，thecross－POlarizationscatterlngdiagnostictechniquewithfrequency   

Of8－18GHzwasappliedtothecentraトcellplasmaoftheGAMMAlOtandemmirror   

formeasurementofelectromagneticplasrnaWaVeSinthelow－ftequencyreglOn．The   

CPSprocessisidentifiedbycomparlngthefrequencyspectrabetweentheCPSand  
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thereflectometersignals．TheCPSsignals（bothO→XandX→Oscattering）exhibit  

broaderfrequencyspectrathanthoseofthereflectometerslgnals，Whichisconsidered   

tobesatisfactionofthewavenumbermatchingcondition・  

Additiontothat，thek－COSPeCtraOfthelowfrequencywaves（＜40kHz）are   

Obtainedfromtheangulardistributionofthescatteredwaves・Fromtheridgeofthe   

k－WSPeCtrathedispersionrelationoftheelectromagneticdriftwaveDopplershifted   

bythe ExBrotationvelocltylSCOnSideredtobeconfirmed．TheCPSmethodalso   

Observethelowfrequencyfluctuations（－70kHz）atthesametimewiththeobserva－   

tionoftheAlfvenioncyclotron（AIC）waves（一5．7MHz）．Astheplasmabetavalue   

andtemperatureanisotropylnCreaSe，theamplitudeofAICmodebecomeslarge，and   

thediscretemodesappear・TheadjacentAICmodescoupletoexciteanotherlow－   

frequencywaveswhichmaycausethesaturationoftheplasmabeta・Thesearecon－   

SideredtobetheslgnatureOfthemagneticfluctuationmeasureduslngthismethod・  
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Chapter5   

Systemsn）rCPSMeasurement  

withUltrashort－PulseWaveSource  

Anultrashortqpulsemicrowavesisusefulasaprobebeamduetohavlngbroad   

bandfrequency・Itcandiagnosespatialprofileofplasmaparameterswithoutsweeplngthe  

frequencyoftheprobebeam［42，43］・Additiontothat，Sinceitisconsideredthatthepulse  

heightofthescatteredwavebymagneticfluctuationisaccuratelyproportionaltothe  

amplitudeofthemagneticfluctuation，aCPSmeasurementsystemwhichutilizesthe  

ultrashort－Pulsehasanadvantageofestimatlngthefluctuationamplitudecomparedtothe   

CWsystem．  

Inthischapter，therelationbetweentheamplitudeofthemagneticfluctuation  

andtheheightofthescatteredimpulseisclarifiedbythenumericalsimulationoftheCPS   

process・Theabsolutevalueofthemagneticfluctuationinthecentralcellplasmaisesti－   

matedbycomparlngbetweenexperimentalresultsandsimulationresults・  

5＿1SimulationofCross－Polarization  

●     ScatterlngProcess  

Wehaveperformedanumericalsimulationofelectromagneticwavepropagation   

takinglntOaCCOunttheCPSprocessuslngfrequencydependentfinitedifferencetime   

domain（（FD）2TD）method［44，45］inordertoinvestigatetherelationshipbetweenthe   

fluctuationamplitudeandthescatteredelectricfieldquantitatively・TheFDTDtechnique  
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fortheanalysISOfinteractionsofelectromagneticwavewithmaterialbodieswasfomしト  

1atedbyYbefornondispersivemediamorethan30yearsago［46］・Recently，（FD）2TD  

formulationhasbeendeveloped，Whichallowsexplicitcalculationofwidebandtransient  

electromagneticinteractionswithfrequencydependentmaterials・InthefollowlngSeCこ  

tion，WeWilldescribeaboutthesimulationmodelofthe（FD）2TDmethod・Thedetailsof   

thederivationoftheCPSprocesswith（FD）2TDnotationisdescribedinAppendixA・  

SimulationModel  

Thesimulationisathree－dimensionalproblemwhichhasawidthofO・05m（xdi－   

rection），heightofO．25m（ydirection）anddepthofO．25m（zdirection）asshowninFig・   

5．1．Theparametersusedforthe（FD）2TDcalculationsarecellsizeAx＝Ayニ△ヱ＝2・5   

mm，timestepsizeAt＝4．5ps，numberofcellsN元＝20，坤＝100，〃之＝100，andnumberof   

timesteps＝250・TheelectrondensltylSalmostzerointhereglOnOfy＜0・125m，andithas   

aconstantvaluevarylngfromOto2xlO12cm．3inthereglOnOfy＞0．125m．Theexternal   

magneticfluxdensltylnthezdirectionisO．405Tinthewholeofthecomputationspace・   

Theincidentwaveusedinthe（FD）2TDisaplaneGaussianimpulseamplitude－mOdulated  

Lo（1at‡onofthe．  

Evaluation line maanetic fluctuation 

FigELre5・1Computa【ionalspaceofthesimulationandelectrondensltydistribution  

andevaluationlineusedinthesimulation  
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Fなure5．2SchematicviewoftheinitialelectricfieldinOmode  

WithasinusoidalwavewhichhasafrequencyoflOGHzandamplitudeoflV／millus－   

tratedinFig．5．2．ThesameinitialelectricfieldsareglVeninthez－yPlaneateachxindex・   

ThepolarizationoftheincidentwaveisOmode（Z－POlarized）・Initialmagnetic員eldinthe   

XdirectionisalsosetuplnOrderfbrthepulsewavepropagatestothepositiveydirection・   

Onthex－yPlaneatz＝Oandz＝100，2ndLiao［47］，Whichisanameofaboundarycondi－   

tion，isusedinorderthattheelectromagneticwavespassthroughtheboumdarywithout   

reflection：The▲AmplitudeofthemagneticfluctuationandtheelcctrondensltyareVari－   

ablesinthiscalculation，andlocationofthemagneticfluctuationinthexdirectionisfixed   

Onthex－ZCrOSSSeCtionaty＝187．5mm・  

5＿2SimulationResultsandDiscussion  

ThedistributionofelectrondensltyandthepropagationofincidentwaveintheO   

mode（Ez）andscatteredwaveintheXmode（Ex）inducedbytheCPSprocessaredemon－  
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F；gure5・3Distributionofelectronder7＜ity（ユl．andpr叩agationofincidenr（fullcurvc）  

andscattered（brokencurve）wavesatt＝Ops（b），297ps（C），432ps（d）and477ps（e）．  

StratedafterseveraltimestepsinFig・5・3・Themagneticfluctuationislocatedaty＝0．1875  

mwithamplitudeof卑JB。＝10％，WheretheelectrondensityisO・5xlO12cmチTheinci－  

dentwavepassesthroughtheplasmawith1ittleattenuationbecauseofthelowdenslty，   

however，SeVeralpercentoftheincidentwaveisreflectedattheedgeoftheplasmadueto   

thedifferenceinwaveimpedancebetweenvacuumandtheplasma・Thereflectedwave  
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PrOPagateStOWardthenegativedirectionatl＝297ps・While，thescatteredwaveisin－   

ducedwhentheincidentwavepassesthroughtheplasmawithmagneticfluctuations（t   

＝432ps）．Thentheinducedscatteredwavepropagatesintobothpositiveandnegativey   

directions（t＝477ps）・  

Theratioofelectricfieldbetweenthescatteredwaveandtheincidentwaveatthe   

scatterlngPOlntisplottedasafunctionoftheelectrondensltynOrmalizedbythecutoff   

densltyinFig・5・4・Inthiscalculation，theamplitudeofmagneticfluctuationisfixedat   

O．0405T（10％）．Theamplitudeofthescatteredwaveincreaseswithanincreaseinthe   

electrondensltyOfthescatterlngPOlnt，thatis，eaChelementoftheconductivltytenSOr   

containedintheinducedcurrentoftheCPSincreasesduetotheincrementofelectron   

plasrnafrequency・While，themode－COnVertedscatteredwavedoesnotinducedinthecase  

thatthemagneticfluctuationinthezdirectionisinthesamelocation・Thisisduetothe  
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FLkure5．4Theratiooftheamplitudeofthescatteredwavetothatoftheincidentwaveasafunction  

oftheelectrondensltyatthepositionwherethemagneticnuctuationsexist・  

ThedensltylSnOmalizedbythecuト0ffdensltyOftheincidentwave・  
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Samedirectionoftheincidentelectricfieldandthemagneticfluctuationvectors．  

Therelationshipbetweentheelectricfieldofthescatteredwaveandthemagnetic   

fluctuationlevelisshowninFig・5．5．Inthiscalculation，theelectrondensltyisfixedat   

O・1xlO12cm－3・Amplitudeofthescatteredwaveisexactlyproportionaltothenormalized   

magneticfluctuationlevel，andthegradientofthislineisO．152・Thisisexplainedthatthe   

inducedcurrentoftheCPSisproportionaltotheamplitudeofthemagneticfluctuation   

indicatedinEq．（2．32）．Sincetheincidentwavepropagatesintwo－dimensions，andthe   

CutOff1ayeroftheplasmasisnotflatinactualexperiments，itisconsideredthatthemode   

COnVerSionrateislowerthanthissimulation．  

100   

10－2   

10－4  

聖10－6  
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Figure5・5Dependenceoftheconversionefficiencyonthenomalizedmagneticnuctuationlevel  
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5－3System払rMeasurementofCPS  
Using Ultrashort Pulse Microwaves 

Theschematicviewoftheultrashortpulse－utilizedCPSmeasurementsystemis   

ShowninFig．5．6．Thissystemisalsolocatedatthemidplaneofthecentralce11（z＝Om）・   

AmicrowavesourceisaPicosecondPulseLabs，Mode13500DImpulseGenerator，Which   

generatesavoltageimpulsewithan8Vamplitudeandafu1l－Widthathalfmaximum   

（FWHM）of65ps，intoa50E2loadatarepetitionrateoflMHz・Theamplitudeofthe   

impulsecanbeadjustedbyanattenuatorswitchattachedtotheimpulsegenerator・The   

attenuationvariesfromOto81dB．Inthepresentexperiment，theattenuationisfixedat   

15dB．Theimpulseisatfirstfedthrougha30cmsectionofWRD750waveguide（7－18   

GHzpassband）whichattenuatesthelow－frequencyportionoftheFourierconponentand   

Chirpstheslgnal．Thechirpedsignalisthenamplinedbya40dB，6－18GHzlow－nOise   

amplifier，andband－PaSSfiltereduslnganinterdigital－tyPeband－PaSSfilter・Arangeof   

filtersisavailablewithcenterfrequenciesfrom8tollGHzatlGHzintervalsand3dB   

relativebandwidthof3％ofthecenterfrequency・Forthepresentexperiment，band－PaSS   

filtersaご7，8，10，11GHz－WeretuSe・d・TTheband－PaSSfilteredsignaユ・islthen・・amplifiじdbrrユ山・ 

40dB，6－18GHzlownoiseamplifier（DBSMicrowave，DBし0618N720），andfedto   

transmitterhornintheOmodelocatedatthebottomport・InordertoeliminatetheXmode   

COmpOnentOfthetransmitterwaveduetothemodecontaminationofthehorn，thepolar－   

izerwhichattenuatestheXmodewavewith40dBisusedinfrontofthetransmitter．The   

impulseisthenlnJeCtedintotheplasmaviaateflonoptlCallens．  

Inthereceiversection，themode－COnVertedimpulseduetotheCPSprocessand   

multireflectionbythechamberwallaredetectedbythereceiverhomintheXmodeviaa  
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丁ねnsm／打erSecr／0n   

Figure5・6SchematicViewofdlemagneticfluctuation－inducedimpulsemeasurementsystem  

thetenonoptlCallenslocatedatthetopport・Eccosorbsandapolarizerwhichattenuate   

theO－mOdewavewith60dBareusedinfrontoftheoptlCallensandthereceiverhorn，   

respectively．Theseareusedinordertoeliminatemulti－reflectedsignalhavlngmuChhigher   

amplitudecomparedtothescatteredwavebythemagneticfluctuations・Thereceived   

waveisfirstamplifiedbythe40dBgalnamPlifier，anddetectedbyaSchottkybarrier   

diodedetector・Thesquare－lawdetectedsignalisamplifiedandfedtoadigitaloscillo－   

SCOPeWithlOGSample／s・  
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5－4ResultsandI）iscussionofPulse  

Measurements  

ThewavefbmsobservedbytheoscilloscopeareshowninFig・5・7・Thefrequency   

Oftheincidentwavesare7（a），8（b），10（C）andllGHz（d）．Theyareplottedbythefu11   

CurveOrbrokencurveCOrreSPOndingwithorwithouttheplasma・Severaltracesareplot－   

tedinthesamengurebyperfbrm1ngthepulsedmeasurementsinthesameconditionand   

inthedifferentplasmashot．  

TheincidentimpulseintheOmodewiththesefrequenciesencountersthecutoff   

1ayer，anditisreflectedatthevacuumchamberwall．ThemodeconvertedwaveintheX   

modewiththefrequencyof70r8GHzisalsoreflectedatthecutoff1ayeroftherighthand   

XrnOde・However，themodeconvertedXmodeduetomagneticfluctuationwiththe   

frequencyoflOorllGHzcanpassesthroughtheplasma・  

TheModeconvertedsignalsareobservedduetomultiplereflectionbythevacuum   

Chamberwalleveniftheplasmadoesnotexist・Inthiscase，itisnotedthattheimpulse，   

Whichreachesthereceiverhomdirectly，1Seliminatedbythepolarizerattachedtothe   

receiverhom・Thatis，Onlytheimpulsereflectedatthechamberwallrotatetheirmode   

Slightlyandreachthereceiverhorn．  

InthecasethattheimpulsewithfrequencyoflOorllGHzisln」eCtedintothe   

Plasma，theCPSimpulsecanreachdirectlytothereceiverhombefbrearrivalofthemulti－   

reflectedimpulse・Timedelayoftheimpulsebetweenwithandwithoutplasmaisabout4   

ns，andisnearlyconsistentwiththedifferenceofoptlCalpathlength・  

While，inthecasethattheimpulsewithfrequencyof70r8GHzislnJeCtedintothe   

Plasma，itisarrivedatthereceiverhomafterarrivalofthemode－COnVerted，multi－re－  
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FigLLre5・7Wavefbrmsobservedbytheoscilloscopwithoutplasma（brokencurve）  

andwithplasma（fullcurve）・Incidentfrequenciesare7（a），8（b），10（C）andllGHz（d）・  
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nectedimpulse．ThisisconsideredthattheoptlCalpathlengthisextendedeffectivelydue   

totheexistenceofthecutoff1ayer．  

ThedetectoroutputoflOandllGHzcomponentsareO－1．3VandO－0・6Vrespec－   

tively．Thedifftrenceofeachsignalisexplainedasthedifferenceoftheincidentpowerof   

eachcomponentinanultrashortpulse，i・e・，theamplitudewithfrequencyoflOGHzis4   

timesaslargeasthatofllGHz．TheshotbyshotdeviationoftheamplitudefromOtol．3   

Vmaybeattributedtothedifferenceofrnagneticfluctuationlevelatthemeasurement   

time．TheseareconsideredtobetheslgnatureOfmagneticfluctuationsmeasuredwiththis   

SyStem．WbhavemeasuredtheO→Omodedirecttransmissionoftheimpulsewithout   

Plasma．Thedetectoroutputisl．3Vwith55dBattenuationoftheimpulseasshownin   

Fig，5．8．Byusingthisvalue，WeeStimatethemodeconversionrate（thescatteredpower  

dividedbytheincidentpower）ase／F≡0－10－4，i・e・，ち／E；＝0－10－2，Whereざ，，andEE  

aretheelectricfieldofthescatteredandtheincidentwave，reSPeCtively．Thenormalized   

magneticnuctuationlevelwith1essthanlO％isestimatedbycomparlngtheexperimental   

resultsandthesimulation（Fig．5．5）．However，thisvalueincludesthetotalscatteredpower   

fromthescatterlngVOlume．Inordertoestimatetheaveragedlevelofthe magneticnuc－  
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FigLLre5．8 Waveformsobservedbytheosci1loscopwithoutplasma．ThehorninOmodeisusedasa  

receiver，andincidentfrequenciesislOGHz．  
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tuation，thefo1lowlngeStimationlSPerforrned・Assumlngthatthemagneticfluctuationsof  

lO％arespreadedoverthescatterlngVOlume，WeObtainthetotalmodeconversionrate  

alongtotheprobebeamas6・43byintegratingthemode－COnVerSionrate（Fig5・4）fromO  

scat cu【。ff，thatis7theintegrationisperformedfromtheplasmaedgetothecutoff tolofn／n   

layer・Sincethemode－COnVerSionrateispreciselyproportionaltothelevelofthemagnetic  

fluctuation，thetotalaveragedlevelofthefluctuationsisobtainedbycomparlngtherate  

of F，／旦≡10．2and Es／旦＝6・43，i・eリtOtalaveragedlevelapproximates to  

点／B≦10‾2／6．43×10％≡0．016％・Thisvalueisalmostconsistentwiththeabsoluteam－  

plitudeofO・02％measuredbythemagneticprobeslocatedattheedgeoftheplasma・  

However，theidentificationofthefluctuationisimpossibleinthissystem・Theincident   

impulsewithrepetitionrateofmorethan20MHzandpulseheight－amPlitudeconverter  

andFourieranalysISOftheslgnalarenecessarylnOrdertoidentifythefluctuation・  

5－5Summary  

Insummary，thesimulationofcross－POlarizationscattennghasbeenper－   

forrnedwith（FD）2TDmethodtoclarifytherelationsbetweenmagneticfluctuationand  

scatteredwaveinducedbytheCPSprocess・Therelationsbetweenthescatteredelectric  

fieldandthedensltyatthetscatterlngCenterOrthemagneticfluctuationlevelareobtained   

fromthecalculation．Itisconfirmedthatthemodeconvertedscatteredwaveincreases   

withanincreaseintheelectrondenslty，andtheratioofthescatteredwavetothenormal－   

izedmagneticfluctuationlevelisO．152．  

TheultrashortpulseCPSsystemhasbeenappliedtothecentral－Ce11plasmainorder  

tomeasureabsolutelevelofthemagneticfluctuations・ItisalsoconfirmedthattheCPS  

slgnalcanbeobservedwhenthelOorllGHzimpulseislnJeCtedintotheplasma・The  

averagednuctuationamplitudeisestimatedtobeO・016％bycomparlngwiththesimula－   

tionresults．  
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Chapter 6 

Conclusions   

Inconclusion，WedevelopedtheCPSmeasurementsystemformeasurementofthe   

internalmagneticfluctuations・  

Atfirst，WehaveappliedtheCWwave－utilizedCPSsystemtothecentral－Ce11plasma   

alongwiththereflectometersystem，andfoundthattheftequencyspectrumOftheCPS  

slgnalisbroaderthanthatofthereflectometerslgnal・Thisisexplainedthattheslgnalwith   

theCPSmeasurementsatisfieswave－numbermatchingconditioninthescatterlngPrO－   

cess，i．e．，itobserveSfinitewavenumberofthefluctuation．WhilereflectometerobserveS   

wavenumberofnear1yzero，SOthatthefrequencyspectrumoftheCPSsignalisbroader   

thanthatofthereflectometerslgnalbyconsideringthatthebothmeasurementsmeasure   

the fluctuation with same phase velocity. 

ThenwehaveappliedtheCPSsystemwithmovablereceiversinordertoobserve   

thedispersionrelationofthefluctuation・Asaresultoftbemeasurement，itisfoundthat   

thefrequencyspectrumisbroadenlng，l・e・，thecentralfrequencylSincreaslng，Withan   

increaseinthescatterlngangleduetothewave－numbermatchingcondition・Sincethe   

measuredwavenumbercanbedividedintoazimuthalandradialwavenumberfromthe   

geometricalanalysISOfthescatterlngangle，WeCanObtainthedispersionrelationofthe   

fluctuation・ThepresentfluctuationseemstobeelectromagneticdriftwaveDopplershifted   

by ExBrotationveloclty・  

Next，WehaveappliedtheCPSmeasurementsystemwhichutilizestheultrashort－  

pulsemicrowavesasasourceinordertomeasuretheabsolutelevelofthemagneticfluc－  
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tuations．  

Beforetheexperiment，Wehaveperforrnedthenumericalsimulationoftheelectro－  

magnetic－WaVePrOPagationinthedispersiveandanisotropicmediumwith（FD）2TD  

method．Weclarifiedtherelationsbetweenthemagneticfluctuationandthescatteredwave   

inducedbytheCPSprocessfromthesimulation，i・e・，themodeconvertedscatteredwave   

increaseswithanincreaseintheelectrondensltyandthelevelofthemagneticfluctuation・  

Intheexperiment，WeCOnfirmedthattheCPSsignalcanbeobservedwhenthelOor   

llGHzimpulseislnJeCtedintotheplasma・The100rllGHzimpulselnJeCtedintothe   

Plasmacanreachthereceiverear1iercomparedtothatlP」eCtedintothevacuum・Whilethe   

70r8GHzimpulselnJeCtedintotheplasmawasobservedwithseveral－nanOSeCOndsde－   

laycomparedtothatlPJeCtedintothevacuum・Theseareconsideredtobeaslgnaturethat   

themode－COnVertedsignalcanbereceivedwiththissystemproperly・Fromthedeviation   

Ofthereceivedimpulse，theaveragedfluctuationamplitudeisestimatedtobeO・016％by   

comparing with the simulation results. 

Fromtheseexperiments，WeCOnfimedthatthemagneticfluctuationscanbemea－   

Suredwiththissystem・  
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Appendix  

FormulationoftheCPSProcess  

With（FD）2TDNotation   

InthisAppendix，WeWillformulatetheCPSprocesswith（FD）2TDnotation・The   

（FD）2TDisamethodthatsimulatespropagationofelectromagneticfieldsinthedisper－   

Siveandanisotropicmedium［48，49］．Atfirst，WeWillformulatetheMaxwell’sequation   

inthenon－lossymediumwith（FD）2TDnotationalongwiththedescriptionofthecoordi－   

nate systemsinthecalculation．ThentheinducedcurrentbytheCPSprocessisformu－   

1atedwith（FD）2TDinA－2．InA－3，fullformulationoftheCPSprocessisderivedby   

COmbiningMaxwell’sequationandtheinducedcurrentbytheCPS・  

A－1FormulationofMaxwellEquation  

with（FI））2TD Notation  

CoordinateSystems［50］  

Computationspaceisdividedtemporallyandspatiallybyafinitedifferenceas   

ShowninFig・A．1，andMaxwell’sequationiscalculatedaccordingtothecalculusoffinite   

difftrence・Eachcomponentoftheelectricfieldsisevaluatedspatia11ybythevectoralong   

thesidesofacubiccelldividedbythewidthofAx，△yandAz．Themagneticfieldcompo－   

nentsareevaluatedbythenorrnalvectorofthecubes．Thefieldsaredividedtemporallyby   

finitedifference△t，andtheelectricandmagneticfieldsaredefinedtoevaluateatthe   

integertimeandhalfintegertime，reSPeCtively・  
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（b）  

FigureA．1 TヒmporalandSpatialcoordinatesystemsoftheelectromagneticfields  

SizeoftheCellandTimeSteps［50］  

TheFDTDmethodisbasedoncalculusoffinitedifference，SOthatprecision   

resultsofthesimulationisobtainedbyminimalcellsize，howeverthesizeofthememory   

andcalculationtimeisfurtherextendedwiththenumberofthecells．Andmaximumsize   

OfthecellisdecidedbytheNyqulSt’ssamplingtheorem，i．e・，Sizeofthece11issmaller   

thanhalf－WaVelength．Genera11y，thecellwidthoflessthanonetenthofthetargetwave   

lengthisadequateforprecisecalculation，i・e・，  
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山＝△ッ＝△z＝△≦  

ふ損10，  
（A．1）  

Wherevisthespeedofthetargetwave，andjJaxisthetargetfrequency・  

While，thetimestepsizeislimiteddistinctlybytheCourant’sstabilitycriterion   

aS，  

（A．2）  
（1／血）2＋（1／△ッ）2＋（1／△z）2・   

TbmporaryFormulationofAmpere，sLaw  

Inthissubsection，WeaSSumethattheplasmaisnotalossymediumandalso   

dispersiveandanisotropicmaterials．Derivationoftheinducedcurrentwith（FD）2TDno－   

tationwillbedescribedinA－2．AccordingtotheassumptlOn，Ampere’slawisdescribedas  

∂β（0）＿（∂£r（以）g ＝ 
∇×ガ＝  （A．3）  go  

∂r  U  ∂J’   

Where£，（W）istherelativedielectrictensordenotedby  

（A．4）  

（恥／0）2・（0。ど仲）  （山pど／叶・（1－ル叫  

（トル／山）2－（〟。ど仲）之  

（恥ル）2・（0亡・ど仲）  

（ト川0）㌧（uL．ど／0）2  

（揖〝ビル）2や－ル／叫  
1－  

（1－ル／山）㌧（札付）2  

0  

（トル／以）2－（吼．ど／可2  

0  1－  

1＋ズ．じY（叫 －〝。，（以）  0  

廠。．（叫1＋∬．じT（叫   0   

0  0  1＋ズ。（叫  

Wherexarethedielectricsusceptibilityfunctions・Inordertotransfbrmthesesusceptibili－  
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tiestotime－domainfunctions，theseareexpandedintopartialfractionsandFouriertrans－   

formedas，  

紳蝉R榊＝Re ［浩i〔1＋鉦一言）  

砿（り＝チッ（り＝咄碑輯禦（叫］  

ズ。。（り＝票（1イ隼明，  

（A．5a）  

（A．5b）  

（A．5c）  

Wheresp＝－γ＋juL・eand㌔＝－γ－］ucearethevalueatthepoleoffrequency－domain  

electricsusceptibilities，andvandU（t）arethecollisionfrequencyandunitstepfunction，   

respectively・   

Wecanrewriteeachcomponentofthefrequency－dependentconstitutiveequationsrelates   

todielectricnuxdensitybyusingthesecoefficientsandconvolutiontheorem［19］as，  

q（煩。＝舶）＋上和一T）ズ∬（T声T－上研一T）ズ．。・（T）dT  （A・6a）  

q（f）／ど。＝ち（小玉帥一丁）‰伸丁十王耕一T）ズ”（T）dT  （A・6b）  

∂。（購。＝且。（小玉和一T）∬ヱ。伸T・  （A・6c）  

ThenPiecewiseLinearRecursiveConvolution（PLRC）method［51］isappliedto   

Eq・（A・6）inordertocalculatetheelectricfieldinthestrongdispersive－mediumprecisely．   

ThismethodassumesthattheelectricfieldevoIveslinearlyfromprevioustimestepto   

PreSenttimesteplnthecalculations・Theintegrationsintheequationsatt＝nAtarewritten   

asthesumofthesequencesby  

誉＝阜ご・R怯恒こ・匿冊1  

ヰ差〈椚柵m－1－ぢ  
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町′〃－l一冊〉］  

ぢ＋鮎［紳竹（  

βご  

ど0   

－Re［雛〝針（町′‖1－Ⅰ骨漉〉］  

Jい－1 誉＝g；－＋∑〈町′〝か（町′′巨1一打乳           用＝0  

（A．7b）  

（A．7c）  

Where，SuPerSCriptsliken，n－mandmindicatethatthevaluesareevaluatedatt＝nAt，（n－   

m）△tandmA［，reSpeCtively，andkご；and訂aretheconstantsdescribedby  

身ご；＝じl）△′ 丸（T）dT  

and  

象；－＝上王：「1’△J （T一血）‰（T）dT  

，reSPeCtively．  

（A．8）  

（A．9）  

Finally，Ampere’slawwiththe（FD）2TDnotationisobtainedbysubstractingdielectric   

fluxdensityatt＝（n－1）AtfromEqs．（A．7），aS  

（q一町l）／ど。＝（1＋忠一監）gご－（ト監）町l  

カニ，一監）ぢ－監町1一町l＋町1  

吉（∇×ガり 
．，   

（A．10a）  

（巧一町l）／ど。＝（1＋銘一計匿－（1一引町1  

巾ヌて一監）旦ご・即．ご‾1一町l一町l  

（∇×〟り 
ブ   

（∂三’－町1）／ど。＝（1＋裳一計匿－（ト引町1－町1  

（∇×〃り こ  

Whereq：；‾larethevariablesatprevioustimestepexpressedby  

（A．10b）  

（A．10c）   

ββ  



（A・11）  軒＝Re剛＝Re［iE；！－m－1AkE・（E；冊2－Er－”）－1呵，  
where，A曳㌫and△訂aredescribedbyA㍊＝㍊－㍊＋1andA訂＝訂一訂十［・reSPeC－  

tively・  

Consequently，eaChcomponentoftheelectricfieldisobtainedbysoIvingthesimulta－  

neousequationsofEqs・（A・10）for旦r，E、，andE†atthepresenttimestepasfollows・  

（1・忠一捌1一監ト（某・一覧）監  
町l  

（1＋ズヱY一引㌧匿．－が  

蕊£＋（1一己）㍊  
町1  

（1・忠一監ト（ズ笠．－監）2  

1＋ズ三T一監  （∇×〟りY〕 
（A．12a）  〔   

△J  

十－   

ど0   

町l一町1  
（1＋忠一監）2＋（葉．－引  

某．一己・  
（軒町1＋吉（∇×〟′巨1′2）γ〉  

＋  

（1＋北一已ト（葉．－監）2  

馴卜監）一（某一監）監  
町1  

（1・㍊－が＋匿一監）2  

㍊監＋（ト監）某  
g．ご‾1  

（1・ズニ．一覧）2＋匿－が   
1＋鑑一覧  ・l ・町1＋吉（∇×〃彗、－t         」 （A．12b）  

一町1＋吉（∇×ガりY〕  

〈町l・岩（∇×町。）（A・12c）  1一監 即＿l． 1   
gニー＝  

1＋裳一覧】こ 1＋要一監  

TbmporalandSpatialFormulationofFaraday’sLaw  

ForformulatingFaraday’slawwith（FD）2TDnotation，WeaSSumethatmagnetic  
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perrneabilitylSaValueinthevacuum，i・e・，CalculationdoesnottakeaccountofanisotropIC   

anddispersiveeffectinFaraday，slaw・Faraday，slawis  

∂〟  
＿＝＿∇×g  
∂J 〃  

（A．13）  

ThederivativeofHatt＝n△tismadeascentraldifferencebetweenthemagneticfieldat   

r＝（〃＋1／2）△randJ＝（乃－1／2）△J，aS  

〃冊1／2－ 〝′卜Ⅰ／2  

＿∇×g  
〃  

（A．14）  
△J  

TherotationofEatevaluationpolntOfeachmagneticfieldcomponentismadespatia11y   

bythesamewaytothetemporalderivation．Finally，themagneticfieldofeachcomponent   

atthepresenttimestepisdescribedas，  

昭＋l／2（り＋1／2，尤＋1／2）＝町1／2（り＋1／2，た＋1／2）  

一（恥＋1細／2卜船町2）〉  

十蓋〈恥＋1′2，…卜恥十1′2，相  

弔＋1／2←＋1／2，ノ，た＋1／2）＝町1／2（∫＋1／2，ノ，た＋1／2）  

一志〈叫＋1′2，ノ，叫一旦ご（叫2，ノ，瑚  

十 〈瑚十1，ノ，…／2ト舶…′2）〉  

畔＋1／2←＋1／2，ノ＋1／2，た）＝町1／2（∫＋1／2，ノ十1／2，た）  

一 〈叫・1，州2，叫（小1／2，瑚  

＋孟〈旦ご…2，ノ叫ぺ（叫2，ノ，瑚  

（A．15a）  

（A．15b）  

（A．15c）  

Where，l，］andkdenotethepositionofeachelectromagneticfieldvector．  

Inthecaseofnon－lossymedium，thecalculationisexecutedbyapplyingEqs・  

（A・12）and（A．15）mutually．  
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A＿2FormulationofInducedCurrentofthe  

CPSwith（FD）2TDNotation  

Inthissubsection，WeWillfbrmulatetheinducedcurrentbytheCPSwith（FD）2TD  

notation．EachelernentOftheinducedcurrentbytheCPSisderivedfromEq・（2・32），aS  

叫どどoU2  
Jcp∫（叫＝－ ×  

戒凧  

2廠㌶り銘・（かズミヤ」（か翔＋批‰Å〉gニ  
ー（かズ雑草T＋2放てズ．㌔凧・〈（藍十島畝－2虎ふ∬．誘〉g。  

ズ強旦，一方三郎｝．  

（A．16）  

Where旦て，P，，andB－aretheeachcomponentofthemagneticfieldfluctuation・Thefre－  

quency－dependentcomponentssuchas‘d2xェr（u）x叩（u）areconvertedintotime－depen－  

dentcomponentsbyLaplacetransfbrmation．ConvolutiontheoremandPLRCmethodare   

alsoappliedtothesecomponentsbythesamewaytoderivationofAmpere，slaw・Final1y，   

Wehavetheinducedcurrentatthepresenttimestep，aS  

車焙＋2酷＋焙＋螺＋㌔誓）＋㌔朋1  
Jご＝  

ヰ軽普・p詣）＋専㍗彗別  

一可2㌢霊）＋2鳴））  

（A．17a）  

枠嘘）呵霊し㌣こ～‡し 
）－） 

）  

・中豊＋鳴）・㌣こ～‡）・幣））  

瑚2鳴）・2アニ剖  

d）l．・ど【1 Jご＝－一  
山三ピβ。  （A．17b）   
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牛坤標、■）＋2轄））〉  
Jごン策〈坤璧－）＋喋  

（A．17c）  

where咄忠） isthevariable・Inthisequation，Subscriptslikexxxyx・XeX，Xy2x，XXXy島  

xx2EandFy2Eareassociatedwithcomponentsof監町綜，曳芸，コ，吉ニ。．，与：”and与：2，  

respectively，WhichvaluesarederivedbythesamewaytoEqs・（A・8）and（A・9）・And  

SuPerSCrlPtSlike旦r，ち，andE－indicatethatthecornPOnentOfeachelectricfieldisadepen－  

dentvariableintheexpressionof聖gument・ThevalueofVIZisrelatedtothatatt＝（n－1）At，   

e・g・  

聖こ。∬＝身㍊g〃＋eト叫）△′糀㌫＋卑㌫，  （A．18）  

Wherek㍊，istheconstantderivedbyintegratingk．叩（T）fromOtoAt，andぜ㍍㌧1Sthe  

Variabledescribedas  

ノ揖三ピ△J  e卜v十ノ揖ぐ）A′（g（叫）△′ 

－1）g〃‾l＋e卜叫）△′卑㌶（A・19）  ぜ忘ゝ   
2（－γ＋れど）   

A－3FullFormulationoftheCPSProcess  

TbmporalFormulationofFaraday’sLaw  

Faraday’sIawattheprescnし1imestepisrewrittenwith（FD）lTDnotation，aS  

β′－－β〃‾1  
坐∇×〟叫2＝  

ど0   

．J叫2   

ど0  ど0  

β′！－β′巨1△り′！＋J〃‾1   （A．20）  
＋  

ど0  ど。 2  

Where，inducedcurrentcannotbeevaluatedathalfintegertime，SOthattheaveraged  

inducedcurrentbypresentandprevioustimestepareusedinthecalculation．  

While，Eqs・（A・17）isrewrittenbyexpandingfbrelectricfieldatthepresentand  

PreVioustimestep，aS  

β4   



ノ：－＝  

柵＋庸＋（監瑚ご㌧項  

J 一昨｝A・21b）  

（A．21c）   

Jご＝  

Where，  

咄g・－）十鳴去り】  
雪〃－1＝Re【巧監隻隼監呈gサ  （A・22a）  

‘項 

ぢ－1＝Re 

） 

（A・22b）  

・り■‾ズ  

（A．22c）  

） 

ギ‾1＝Re【げ（転注隼轄去り）＋監禁㌧藍苦】  （A・22d）   

（A．22e）  

り 
針＝Re［呵監禁り＋標門・転注畑轄皇］  （A・22り  

軒＝Re【el聖二（り＋喧（り）十整（り・聖㌣）］  （A・22g）  
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畑 ）） 

軒＝R中一血恒灯）ト軒 ＋軒］・  
（A．22h）  

BysubstitutingEqs・（A・10）and（A・21）intoEq・（A・20），Wehavesimultaneousequations   

fortheelectricfieldsatpresentandprevioustimesteps，aS  

力．て＝A．一旦．ご＋札町l＋qT丘’ご十中一町l＋印ご＋G一て町l＋J．Y  （A．23a）  

力γ＝4，ぢ＋乳ぢ●Ⅰ＋C、旦ご＋∂y町l＋甲；－＋q町1＋Jγ  （A．23b）  

れ＝A＿gご＋且訂1＋C。g．ご＋∂。町】＋印；’＋G。町1＋ノー ＿＿－＿l、．l、l、．1ゝ   

Where，eaChcoefFicientisdescribedby   

A・T＝Ay＝1・ズヱY一監一 ・2枇一監ヴ）   

2吼   
旦＝ち＝」＋監一叢・   

q＝－qンか監一 ・醜瑞＋ズニ濁）   

中一＝→い甥一 ・鴫・引  

（A．23c）  

（A．24a）  

（A．24b）  

（A．24c）  

（A．24d）  

隼ミ．△J  
F ＝＿＿∴ 1   

2年，砿  
〈咄て：一監：＋ズこニー乾．・）＋2阜鶴一監。－）〉  （A．24cj  

G・V＝ 〈鴫＋引＋2吼〉  

ゐ・T＝（∇×〝り 

（A．24f）  

（A・24g）  

J，T＝一鱒ニ‾1＋聖‾1  

叫し．△J  
（2叶十吋一軒－2卓出＋芸ノーご‾1  （A．24h）   

2榊三l一   

β古  



雪・＝篇〈2枇一監り擁（紘一監コ・ズニ・濁）〉  （A・24i）  

GJ・＝一叢〈鴫＋乾：）欄叩〉  

た）・＝（∇×が） 

（A．24j）  

（A．24k）  

JJ，＝一町⊥一町l  

ト軒・2材＋好一2吋）・芸Jご‾1 （A・241）  叫し．△J  

2旦）砿  

A。＝1＋葉一監   

β。＝－1＋監  

Cこン槻一引  

（A．24m）   

（A．24n）  

（A．240）  

∂＿＝－  （A．24p）  

モ＝貨車披瑞）  

Gこ＝隠  

れ＝（∇×〟り 

′ニ＝一町l一 rl  叢（珊瑚小 

（A・24q）  

（A．24r）  

（A．24s）  

（A．24t）  

Finally，temPOralformulationhasbeenmadebysoIvingEq・（A．23）fortheelectricfields   

atthepresenttimestepasfollows．  
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ざご＝  

－A，TA、・A。＋A。仁一Cy＋Aγq仁一仁一C。雪一－C、・真空＋A．て吾，た  

（AγAこ単一－Aこ叩，－A｝，β苫＋仁一堺＋q．隼－β，郡）町l＋  
トA。旦q＋Al・A。pT＋畔真一P，研一Al．qG。＋叩G。）町l－  

（－Aγβ。吾・旦qち＋4・A。G．Y一雪・鱗－A。qYG，守真吾q．）町l－  
AJ，A。転＋雪・彗転＋A。仁一ち，一旦雪力、十A、・仁方。－q，fニ・力。＋  

4・A。J∴雪．・雪J∴A。qJJ・＋真空J、，－A、，fソ＝＋仁一雪イ＝  

（A．25a）  

g＝  

A∫A、′A。－Aこq，q，－4・q差＋仁一C。ろ十q，仁真一A－Y雪，真  

（A。単一q－A∫Aニq＋qq圭一叩仁一旦YC。阜＋A．一明）町l＋  

（一A．rAこ阜・・Aこq・q・ちqたがqq苫－q，仁G。＋A．Y鱗）町l＋  
（一旦仁一た＋A．Yβ。ろ十AこqG．，－q鱗－AAGγ・C。仁q）町l＋  
－A三qキー＋q即∫＋在Aこち－C。qち十qモカ。－4T即。＋  

Aごq左－C。ち左－4A。㌔＋qた左一qたJ。＋A．TちJニ  

（A．25b）  

ーA∫布A。＋A。qq＋4｛圭一qTC。省一q・真空＋A，一考彗  

しA灘・qて叩＋A・4旦－仁一叫岬て叩一A．T堺））．町1＋  
（ち仁一仁一Aγqq－A．斬＋鱗雪＋A．ー鱗－qr鱗）町1・  
（A．YAヅβ。一旦qてq・－AJ・C。G＿r・q鱗＋qC。Gl，－A．v棉貯1＋  
A）・C。力，r－C、・雪月．Y－仁一C。力、十Aズ彗んγ－A．TAJ，力。＋qYC、．ゐ。－  

A）・C。J．、1q・モJ．T＋qqJv－A．T仁J，，＋4rA、イ。－仁一C、，J。  

（A．25c）  

SpatialFormulationofFaraday，sLaw  

ForexampleofEq・（A・25a），thetermSOfE：：一上andE二卜Iareincluded，however，  

theseelectricfieldsdonotexistwhere阜rexistsasshowninFig．A．1（a）．Forpreventing  

thisinconvenience，SOmeSPatialaveragehasbeenmadetoEごqJandE二t－1as  
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Ey（ト1，j－1／2，k）  Ey（i＋1，j＋1／2・k）  

FigELreA．2Arrangementoftheeachcomponentoftheelectricfields  
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町l（り，た一1／2）＋g㌻1（り，鬼＋1／2）  

＋且㌻l（いり，良一1／2）＋g㌻1（J＋1，ノ，た＋1／2  
g㌫ニ（∫←1／2，ノ，鬼）＝  （A．26b）  

Here，thecoordinatesofthelefthandofEq・（A・26）correspondtothatof阜，，andthoseof  

therighthandofEq・（A・26）denotethecoordinateswheretheE orE，eXistasshownin y   

Fig．A・2・  

AndthetermSOfharealsoaveragedbythesamewayas，  

カニど2（∫＋1／2，ノ，た）  
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（A．26c）  

一志〈町1′2（′＋  

カニご2（∫＋1／2，ノ，た）  

町l／2←＋1，ノー1／2，た＋1／2）＋町1／2（り－1／2，た＋1／2）  

＋町l／2¢＋1，ノ十1／2，た＋1／2）＋町1／2（り＋1／2，た＋1／2）  

一町l／2日＋1，ノー1／2，た－1／2）＋町l／2（り一1／2，た－1／2）  

＋町り2¢＋1，ノ＋l／2，た－1／2）←町昭（り＋1／2，友一1／2）  （A．26d）   
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力㌫ざ2（∫＋1／2，ノ，た）  

△J  

4どo  

ThetermSOfF：－1，Erl，h，，，hyandhこinEq．（A．25b）arealsoaveragedspatiallyas，  

似り・1／呵 
，ノ．1，た） 濫㌶㍊昔㌶ 〉 

（A・27a）  

拙り＋1′畔 培嵩霊昔岩霊叫 ‡ 

（A・27b）  

カニ，ご2（り＋1／2，た）  

（A．27c）  

力；ニど2（り＋1／2，た）   

‾ 

ーニ  

ー二 

タ♂   



カニこざ2（り＋1／2，た）  

町判皿／2，ノ，た一1／2）＋町隼＋1／2，ノ，た＋1／2）  

＋町l／ヱ（J＋1／2，ノ＋1，た－1／2）  
＋町l／2い＋l／2，ノ＋1，た＋1／2）  

一町Ⅰ／Z（ト 1／2，ノ，た－1／2卜町り2（ト1／2，ノ，克＋1／2）  

－町l／2（トl／2，ノ＋1，た一1／2）  
－町l／ヱ（ト1／2，ノ＋1，た＋1／2）  

（A．27e）  

町l／2（り＋3／2，良一1／2）  

＋旦ご‾1／2（g＋1，ノ＋3／2，丘＋1／2）  

－〟ご‾1／2（り－1／2，た－1／2）  

－〃ご‾り2（g＋1，ノー1／2，た＋1／2）   

ThetermSOf町1，町1，h．r，hvandh。inEq・（A，25c）arealsoaveragedspatiallyas，  

町1（∫＋1／2，ノ，鬼）＋町1（∫←1／2，ノ，た＋1）  
乾・ニ（り，…′2）＝  （A．28a）  

十町1（ト1／2，ノ，た）＋町1（ト1／2，ノ，た＋  
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檻，ど2（り，た＋1／2）  

町1／2（り－1／2，た＋3／2）＋町l／2（り＋l／2，た＋3／2）  

一町1／2（り－1／2，た－1／2）十町1／2（り＋1／2，た－1／2）  

町1／2（汗1／2ノーl／2，た）＋町l／2（∫＋1／2ノー1／2，た十1）  

＋〃ご叩（J＋l／2ノ＋1／2，た）＋〃 ご瑚（∫＋1／2ノ＋1／2，た＋1）  

－〃；叫2（ト1／2ノー1／2，たト〃ニト1／2（ト1／2ノー1／2，た＋1）  

－〃三雄（ト1／2ノ＋1／2，たト〃 棚（ト1／2ノ＋り2，点＋1）  

（A．28d）  

ん；ニど2（り，た＋1／2）  

去〈町1′2（叫2，ノナ…′2）サ′2い′2，ノ，た＋朝  
一去〈町1′2（小1′2刷′2）耳′2（折1／2，…／2）〉   （A．28e）  

Finally，SPatialformulationoftheFaraday’slawismadebysubstitutlngtheseaveraged   

electromagneticfieldsintoEq・（A．25）．  
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