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PREFACE

Thethesisisconcernedwiththestudyofradio-frequencyplasma

probeswhichhavebeendevelopedtomeasuretheelectrondensityin

spaceandlaboratoryplasmas:awordof"plasma"isusedtodesignate

theforthstateofmatter-hightemperaturegaseousstateinwhichan

appreciablenumberofthegasatomsareIonized.Themostappropriate

parameterstodescribethephysicalpropertiesaretheelectrondensity

andtemperature｡

Recentyearshavewitnessedanexplosivedevelopmentofspacesci-

ences.sincespacevehicles一一artificialsatellitesandsounding

rocketsaswellasmannedspacecrafts-havemadeitpossibletoprobe

directlyinitsplaceandtogiveusagreatdeal0finformationonthe

conditionsandpropertiesoftheupperatmospheresurroundingtheearth

andalsoofotherplanets,thesun.andstars｡

Theearth'supperatmosphere,forpurposesofthisstudy,extends

upwardinaltitudefromlevelsof50kmorso,thewho:Leregionofsig-

niflcantionizatlonproducedprimarilybythesolarradiationbeingterm-

edtheIonosphere.Thepercentageoflonizatlontendst0increasewith

Increasingheight,althoughtheabsoluteconcentrationofelectrons

exhibitsalayeredstructureassociatedwithdifferentphotolonizatlon

andrecombinationprocesses.ThestructureandItsbehaviourofthe

IonospherehavebeenrevealedbymeasuringtheelectrondensityInthe

D,EandFregionandabovewithin-situplasmaprobescarriedon

rocketorsatellitevehicles.Themostusefultechniqueinmeasuring

theelectrondensity1Sthegyro-plasmaprobe,akindofthefrequency

scanningImpedanceprobe.whichwasinitiatedbyH.Oyain1964｡

Thecriticalsurveyofexistingprobetechniqueshasbeenmade,in

ordertofindtheirmostproperapplicationtotheelectrondensitymeas-

urementsinspaceandlaboratoryplasmas.TheLangmuirprobehaslong

beenregardedasthemostappropriateprobetechniquesinceI.Langmulr

andR.Mott-Smithfirstexaminedthecurrent-voltagecharacteristicsof

ametallcprobeinadischargedtube:In1924.However,therehasbeen

knownsomedifficultiesintheLangmuirprobetechniqueitselfIn
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measuringtheelectrondensityinatenuous(lowdensity)plasmasuch

asanionosphericplasma･･Themostseriousproblemforsuchad.c･

plasmaprobe1Stokeeptheprobesurfaceextremelycleantoavoid

contamination.Ther｡f.plasma十probesarefreefromsuchconta万mlnatlon,

butonemustclarifythecomplicatedbehaviorsoffrequencyresponse

ofanantennaandvariousplasmaresonancephenomenainamagneto-

activeplasma.ThefrequencyresponseoftheImpedanceofanantenna

1nthemagneto-IonicenvironmentisofInterestfromboththeoretical

andexperimentalviewpoints.Fortheoreticalplasmaphysicistsitposes

basicproblemsinelectromagnetictheoryandboundaryvalueproblem.

whileforexperimentalresearchersitisofpracticalusetodiagnose

theenvironmentalplasmasaswellastomakeanefficientspacecommu-

nicatlon｡

TheInstrumentationofrocket-borneandsatellite-borneprobe

systemsmustbe十carefullydesignedtohaveoptimumconditionsofelec-

trlcal,mechanical,andthermalsystems.Theinstrumentshouldbesub-

jectedtopre-fllghttestofelectrica:Landmechanicalperformances

undervariousphasesofthespacecraftmission,andalsoit1Sdesira-

blethattheoperationalfunctionsoftheprobesystem∧areconfirmedin

thespacesimulationlaboratoryplasma.Sincetheobserveddataare

transmittedtothegroundstationthroughthetelemetrysystem.onboard

dataprocessingsincludingtheautomaticdetectionsystemare.some-

times,requiredinordertoencodetheobservedanalogdata｡

Inthisthesis.r.f.plasmaprobessuchasgyro-plasmaprobe.

mutual1皿ipedanceprobe.andcapacitanceprobearestudiedandare

appliedtothemeasurementsofelectrondensitiesInthelaboratory

plasmaaswellasinthespaceplasmausingsoundingrocketsandthe

satellite.Theionosphericobservationswithr.£.plasmaprobes,the

earlierstudiesontheelectrondensityvariationintheionosphere.

andalsothetheoreticalbackgroundonther.f.plasmaprobesarere-

viewedinChapter工｡

ChapterIIisdevotedtothesystem万descriptionofr.f.plasma

probesandthetheoreticalInvestigationoftheIonsheathformation

aroundthebodyInaplasma.Thespacevehicleintheionospheric
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plasmaIssurroundedbythe10nsheathand.therefore.r.f.response

ofthe10nsheathIsessentﾆialintheexperimentofplasmaprobes｡

InChapterIll,thelaboratoryexperimentofr.f.plasmaprobes1S

described.Usingaapparatusofthevacuumchamberwithplasmasources

forsimulatingthespaceplasma.behaviorsofr.f.plasmaprobesare

examinedundervariousplasmaconditions.Thecomparisonofelectron

densitymeasurementsbyr.f.andd.c.plasmaprobeswascarriedoutand

agoodagreementofmeasuredelectrondensitiesintherangefromabout

101゛cm-'to106cm~^hasbeenobtainedwithgyro-plasmaprobeand

Langmulrprobemethods.IntheLangmuirprobeexperiment.thecontam-

lnationontheprobesurfacewascarefullyremovedby10nbombardment

andspacepotentialwaspreciselydeterminedbyther.f･method.As

forthemutualimpedanceprobe,thefrequencyresponseofthereceived

signalIntensity1Sverycomplicatedbecauseoftheexcitationof

Bernsteinmodewaves.Theeffectontheprobemeasurementwasorigi-

nalyfoundbyourexperiment｡

InChapterIV,soundingrocketexperimentswithr^f.plasmaprobes

aredealtwith.TheelectrondensityprofilesintheionosphereInthe

altituderangefromabout70kmto2000kmweresuccessfullyobtained

usingsoundingrocketsS210-6and8,Kappa8“:L5,Kappa9M-35,38and

41,andLambda3H-5and6,whichwerelaunchedfromKagoshlmaSpace

Centerfrom1969t01973.Variousplasmaresonanceeffectsonthe

antennaImpedancehavebeendiscoveredintheseexperiments.Thecom-

parlsonsbetweenr.f.plasmaprobe,VLFDopplermethod.Langmulr

probe.andtwo-wireprobewerecarriedoutInthesoundingrocket

exper:ImentsofKappa9M-35and38.Thecomparisonsofvariousprobe

methodsrevealedsourcesoferrorandgaveincreasedconfidencein

measurements.Thecapacitanceprobewasusedforthemeasurementof

electrondensitiesinthelowerionospherewherethegyro-plasmaprobe

isnotapplicableduetocollisionaldampingoftheplasmaresonance｡

TheRadioExplorationSatelliteREXS"DENPA"waslaunchedonAugust

1991972,withtheMu4S-4rocketfromKagoshlmaSpaceCenter.The

REXSprojectteamhasbeenorganizedsince1967tobuildascientific

satellitetoobserveionosphericandmagnetﾆosphericphenomena.Chapter
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Vgivesthedetaileddescriptionofthegyro-plasmaprobe(IPS)which

wasinstalledinthespacecraftREχStomeasuretheantennaimpedance

asa･functionoffrequencyoverawiderangewhichincludesthevarl-

ousplasmaresonances.TheIPSinstrumentonboardthespacecraftwas

successfullyoperatedandmeasuredvaluesofalltheobservational

Itemswereacquired｡

InthelastChaptﾆerVI,resultsobtainedbythegyro-plasmaprobe

onboardthespacecraftREXSarepresented.Theglobalelectrondensity

profileisdeducedfrommeasuredupperhybridresonancefrequenciesin

thealtituderangefromabout250kmt06500km.Thegeomagneticlati-

tudevariationoftheelectrondensityprofileinthetopsideiono-

sphereisexamined,comparedwiththeresultsofthetopsidesounder

satellitesAlouetteland工I.Theobservedenhancementsofelectron

densitiesinthemiddlelatitudetowardstheequatorialregionare

attributedtotheequatorialanomally.Theantenna:impedancevalues

arealsoinvestigatedandthephotoemissioneffectontheimpedance

valueofanantennainatenuousplasmahasbeenclarified.The

measuredlowerhybridresonancefrequenciesgivetheeffective10n

mass. Thestructureandthedynamicsinthetopsideionosphereare

discussedonthebasisoftheseexperimentalresults.
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system.Tl,T2,T3aretransmittingantennasandR

receivingantenna.

2-14Rocketborneinstruments.(a)Lambda3H-5(four
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Chapterl REVIEWOFIONOSPHERICMEASUREMENTS
WITHR.F.PLASMAPROBES

FollowingWorldWarII,itbecameclearthattheuseofIn-situ

probescarriedonspacevehiclesplayedanImportantroleinobserv-

ingthepropertiesoftheupperatmosphereandprovidedsignificantscl-

entlficdatawhichcouldnotbeobtainedbyground-basedobservations.

Inthisway,anewspaceagehasbeenopenedtothe'researchersinspace

physicsespeciallyIntheexplorationoftheearth'supperatmosphere｡

Inthischapter,thehistoryofobservationsoftheionospherewith

In-sltuplasmaprobes,expeciallytheprogressofJapanesesounding

rocket,arebrieflyreviewed.Theelectrondensityprofilesandphysi-

calpropertiesoftheionospherearedescribed,inordertounderstand

thesignificanceoreχplanatlonoftheresultsthathavebeenobtained

bytherocketandsatelliteexperimentsdescribedinthisthesis.A

surveyofantennaImpedancetheory,and･theoreticaldescriptﾆionofa

plasmaasadielectricmediumaregivenasthebasisofr.f.plasma

probestudies.

§1.ObservationsofIonosphericPlasmawithIn-situPlasmaProbes

Inordert0investigatetheionosphericplasma,itisadvantageous

tomeasuretheparametersoftheIonospherewithin-situplasmaprobes

carriedonrocketorsatellitevehicles.Manymeasuringmethodshave

beendevelopedsincethefirstradiopropagationexperimentbyJ.･C.

SeddonIn1947.^Fortheelectrondensitymeasur゛ments,r.f:./imped-

anceorcapacitanceprobesandupperhybridresonanceprobeshavebeen

established,2｀31andalsotheLangmuirprobeandItsmodificationshave

beenused.312｀5121Excellentsummariesofthesurveyofinl一犬situprobes

匹珀

forelectrondensitymeasurementIsthetop-sidesounderwhichhave

beensuccessfullyoperatedonAlouetteI(launchedSeptember,1962)and
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AlouetteII(launchedNovember,1965).Manypapershavebeenpublished

onexperimentaltechniques,resultsoftheelectrondensityprofilesand

associatedresonancephenomenaintheionosphericplasm゜.SS~8i゛

InJapan,thefirstattempttomeasuretheupperatmospherewith

in-situprobesonboardaspacevehiclewascarriedoutduringIGY

(InternationalGeophysicalYear,1957~1958).Thevariousmethodsof

measuringelectrondensityIntheIonospherehavebeensuccessfully

perfomnedsincetheKappa8typerocketsbecameavailablein1960｡

Theresonancerectificationprobewasfirstusedt0Investigate

theresonanceofaspaceplasm万g,31゛815andthefrequencycorresponding

totheprobecurrentpeakwastakenasameasureoftheplasmafrequ-

ency.But,later,thisresonancehasbeenidentifiedasasheathreson―

ancebymanyinveStigatorS.86｀95Ithasbeendisclosedthat.sincethe

theoryofsheathresonanceisverycomplicated.Itisvirtuallyimpos-

sibletodeduceelectrondensityfrom.thisprobe｡

ThefixedorsweptvoltageLangmulrprobeswerealsousedfor

measuringtheelectrondensityinthe10noSphere.96^゛97Theexper:Iments

Inlaboratoryplasma万aswellasinspacep:Lasmamadeitclearthatthe

contaminationonthemetalsurfacecausesthehysteresisofcurrent-

voltageLangmuirCurve.98゛99Theidentificationofthespacepotential

withrespecttotheprobefloatingpotentialisverydifficultbecause

thephenomenonofelectroncurrentdepletionnearthespacepotential

1Sstillunsolved.Thereareadditionalproblemssuchastheprobeand

thereferenceelectrode(vehiclehull)dimensions,thecontactpotential

0fthemetalsurface.thephotoelectricemissioncurrent,themagnetic

fieldeffect,""andtheramandwakeeffects.Nevertheless,this

methodhasbeenextensivelyused.becauseofitssimplicity｡

TheVLFDopplermethodhasbeendevelopedrecently.Theelectron

densityisdeterminedfromtheDopplershiftofaknowncontinuous

waveduetothevehicle�otion.101^゛103ThefrequencyshiftofVLFsignals

(CW)transmittedfromtheground-basedstation1Smeasuredbytheinstru-

mentonboardthevehicleandtelemeteredtotheground.TheDoppler

shiftcanbedetectedwithaprecisionof±2Zformostofthetimeof

rocketflightexceptneartheapexandinthelowerpartofthe
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ionosphere.Yet,itisfeltthatfinespatialstructuresorirregular-

Itiesintheelectrondensityfluctuationcannotbemeasuredwiththis

tequnlque･

Since1964,thegyro-p:Lasmaprobe.akindoffrequencyscanning

Impedanceprobe.hasbeendevelopedtoobserveallkindsofplasma

resonancephenomenarelatedtothefundamentalpara万"1万etersofionospheric

plasma･.12゛16ﾀ20Theprobesystemisdesignedtomeasuretheprobe

impedanceinavectorform.namelywithamplitudeandphaseoverthe

widefrequencyrange,includingtheelectrongyro-frequency,thesheath

●resonancefrequencyandtheupperhybridresonancefrequency.Toellmi-

natecontaminationduetostraycapacity.acapacitancebridgeisem-

ployedInthesensornetwork.Theelectrondensitycanbeobtained

withinanaccuracyof±1Zfromtheupperhybridresonancefrequency^''

whichIsIndependentoftheprobeshape,theprobeaspectwithrespect

tothegeomagneticfield.andtheIon-sheathformedaroundtheprobe.

UsingvarioustypesofsoundingrocketssuchasKappa8,Kappa9M

andLambda3Hrockets,fineelectrondensityandtemperatureprofiles

inthealtituderangeof90kmto2000kmhavebeenmeasuredbythe

gyro-plasmaprobe.16゛20゛31゛104｀109,

TheMu4Stypesatellitelaunchingvehiclehasbeenavailable

since1971,andthefirstscientificsatelliteSHINSEIwaslaunchedon

September28,1971.Thiscarriedaf:IxedvoltageLangmuirprobeas

Japan'sfirstattempttomeasuretheelectrondensityprofileona

world-widescale.""ThespacecraftREXSwasthesecondscientific

satellite,andthegyro-plasmaprobewasinstalledt0investigatethe

globalelectrondensitydistributionsofthetopsideionosphere.

§2.ElectronDensityProfileintheIonosphere

Theearthissurroundedbyelectronsandchargedatﾆomsandmole-

culesthatmakeuptheionosphere.Thediscoveryoftheionosphere

wasfollowedafterMarconi'swirelesstransmissionfromEnglandtothe

UnitedStatesIn1909.Theradiowaveenergytravelledmuchfarther
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thanpermittedbytheinversesquarelawthathadbeenwell-knownas

theAustin-Cohen'sequation.EarlierIn1902,A.E.KennellyandO.

Heavisidehadsuggestedindependentlythatan.Ionizedlayeraroundthe

earthcouldguidetheenergytogreatdistances.Thisionizedlayer

affectingradiowaveshassincebeennamedtheKennely-Heavisidelayer.

E.V.AppletonandM.A.F.Barnettmeasuredtherefractionofthe

radiowavefromtheionosphere.In1925,G.BreitandM.A｡Tuvesue-

ceededIntransmittingradiopulsesverticallytotheIonosphereand

receivingthereflectedechoes.Thesefurnishedmuchofourknowledge

oftheionosphereuntiltheexperimentsbyrocketsinthelate194O's

andsatellitesinthelate1950's｡

Theoreticaltreatmentsoftheformationandtheexistenceofioni-

zedlayersintheupperatmospherehadbeenfirstdevelopedbyS.

Chapman111in1931.Heconsideredtheabsorptionofmonochromaticradl-

ationfromthesuninanisothermalatmosphereofwhichthedensityvar-

iesexponentiallywithheight,andtheenergyoftheradiation.0ra

definitefractionofIt,issupposedtodissociateorionizetheair.

Thewell-knownChapman'sequationfortherateofproductionofions,

I(X,h)atheighthabovethegroundatthezenithdistancexgives

usthefundamentalconceptoftheformationoftheIonosphere;

and

I(χ,h)=Io･exp{l-Z-secχ･exp(-Z)},

Z°(h-hm(O))/H,

(1.1)

whereH1Sthescaleheight.andhm(O)andIoarethevaluesof

themaximum10nproductionlevelhm(χ)and工(χ)forχ=O.From

eq.(1.1)heightofthemaximumionproductionlevelhm(χ)lsdeduced

as

hm(χ)=hm(o)十H･£nsecχ (1.2)

TheChapmanlayeris,thus,formedintheupperatmosphere,andthere-

combinationofIonsandelectronswhichareproducedinthismanner
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proceedsslowlyenoughatthe10Wgasdensitiesinvolvedsothathigh

concentrationsofelectronspersisteventhroughoutthenight.

Duringthedaytime,severaldistinctionlspheric"layers"o｢

"regions"arerecognized.Inorderofincreasingaltitudeand
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Fig.1-1Normalelectrondistributionsattheextremes
ofthesunspotcycle;(a)daytimeand(b)nighttime
(afterW.B.RanSon112).
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increasingIonconcentration,theyarecalledtheD,E,F1,andF2

regions.Figure1-1showstypicaldaytimeandnighttimeelectronden-

sityprofilesinthemid-latitudeionospherefortheextremesofthe

sunspotcycle.^'^AbovethemaximumelectrondensityIntheF2region,

theelectrondensitydecreasesmonotonicallyouttoseveralEarthradii.

TheFlandF2regionsj01natnight.andavalley,0rdepressionin

electrondensity,appearsbetweentheEandFregions｡Arathercommon

perturbationoftheelectrondensityIntheEregionoccursnear100km

andconsistsofathinlayer(onlyafewkilometersthick)which1S

calledsporadicE.TheDregionelectrondensityalsodecreasesdras-

ticallyatnight.TheCregionatthealtitudeofabout50kmisformed

bythecosmicrayionization.Sincetheseionizedlayersaremainlycon-

trolledbythesun,variationsofelectrondensitiesarecalssifledinto

3mainclasses;thediurnalvariation,theseasonalvariationandthe

annualvariation.

2.1ElectronDensityintheDandERegions

DRegionTheDregionisthelowestionosphericregionclosetothe

atmosphericmesosphere.Thealtitudeusuallyascribedt01tIsfrom

60kmtoapproximately85km.Itsdaytimeelectrondensityisestimated

tobeoftheorderof103cm~^orlessinnormalconditions,butitmay

increasebyasmuchastwoorderofmagnitudewhenanintensesolar

flareIsoccuring.Cosmicrays(mostlyprotonsatrelativistlcveloci｡

ties)arethesourceofelectronsbelowabout70kmIntheDregion,and

χ-raysandLyman-aultravioletradiationarethesourcesathigher

altitudes."^x-raysproduceelectronsbythephotoelectriceffect(2

t08λ｀゛1thenergiesof5t01.5keV)andbyComptonscattering(1A

withenergieslargerthan10keV).Theχ-rayreactionsareχ-ray十〇2

今‘02十十e‾andx-ray十N2fN2十十e‾toform02十andN2+10ns

andelectrons.Lyman-auv(1215.7A;10eV)reactswithnitricoxide

toformNO十andanelectron,1･e･,Ly-a十N04'NO十十e‾｡

Thetimevariationoftheelectrondensitymaybedescribedby
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讐'q｀(xeffNe^
(1.3)

whei°eQistheelectronproductionrateand(xeffistheeffective

recombinationcoefficient.Ithasbeenassumedthatthenumberof

electronsequalstothenumberofpositiveions,i.e.,thenegativeIons

areneglected.工ntheDregion,sincetherecombinationtime1Sshort,

lonizationequilibriumcanbedeterminedbysettingdNg/dtequalt00.

Then,Ne^°Q/Ceff-Itisnecessarytosumoverthesourcesandre-

combinationcoefficientsforvarietiesofatmosphericconstituentsin-

volved.ThedominatinglossmechanismforelectronsintheDregion

appearstobedissociativerecombinationofelectronsonpositiveIons

叶.TheneutralmoleculesoratomsarethenleftInexitedstate.viz.,

e‾十�｀りM*.

Fromtimetotimetheknowledgeofelectrondensitydistributions

IntheDregionincreasesconsiderably.Thesephenomenaareof

greatphysicalandpracticalInterest;ofpracticalInterestbecause

oftheirdeleteriouseffectonradiopropagation.Thefollowingfour

classesofperturbationsareidentified.

(1)ThesuddenIonosphericdisturbance(SID).^15~117Alargesimulta-

neousincreaseinelectrondensityovertheentiredayhemisphere,which

1nturngivesrisetoSt:rongattenuationofradiosignals,resultingin

radioblackouts.SID'sarecausedbyincreaseinsolarx-rayfluxduring

somelargesolarflares.Theylastafewminutestoseveralhours｡

(2)ThepolarcapabsorptioneVent(PCA).118゛119AlargeIncreaseof

ionizatlonoverthepolarcaponly.PCA'sarecausedbyenergeticpro-

tonsemittedfromthesunduringlargeflares.Theystarttoreachthe

earthanhourorsoaftertheflareandlastuptoseveraldays.

(3)Theaurora:Labsorptionevent(AZA).120｀123Alargeincreaseasso-

elatedwithaurorasandgeomagneticstorms.Theseeventsareattribut-

edtoaninfluxofenergeticelectronsintotheauroralzoneandpos-

slblyalsototheiraccompanyingbremsstrahlungχ-rays.Theyarecommon

intheauroralzone,buttheydooccurequatorwardoftheaurora:Lzone

duringgeomagneticstorms.

Figure1-2showstheelectrondensityversusaltitudeintheD
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Fig.1-2Theelectrondensityversusaltitude
intheDregionfortypicalnormalconditions.
suddenionosphericdisturbances.polarcapab-
sorption,andauroral absorption
(afterR:E.Bourdeau124).

regionfortypicalnormalconditions,suddenionosphericdisturbance.

polarcapabsorption,andauroralabsorption.124

(4)Thewinteranomalyevent･.125~130AmoderateincreaseinDregion

electrondensitiesassociatedwithanenhancedmesospherictemperature

occursinthewinteratmiddlelatitude,lastingforseveraldays･

ERegionThealtituderangefromapproximately85kmto:L40kmis

designatedtheEregion.Theimportantsolarradiationsfortheproduc-

tlonofionizationintheEregionarex-rays(10~100A),Lyman6

(1025.7A),cmline(977.0A)andLymancontinuum(865~9nλ),131゛132

ThePr:imaryionsthatareformedareN2十,02十,andO十.Themain

ionicspecies.however,arethediatomicions02十andNO十.TheN2+

ionsdlssociativelyrecombineveryrapidly,andtheymayreactchemi-

callywithoxygen,resultingintheverysmallN2十concentractlon.

ItwasfirstﾆrecognizedbyD.R･Bates^^^thation-atominterchange

reactionsofthetypex十十YZ゛XY十十Zshouldproceedrapidlyin

theionosphere.SuchchemicalreactionsofO十with02andN2

quick:i-yremovetheO十ionsandproduceeitherNO十〇rO2十ions.The
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rateofelectronremovalbecomestobeofrecombinationtypeandthe

effectiverecombinationcoefficientapffintheEregionisgiven

by132

_ai[N0+】十(x202++03[N2十】
Oeff=[N(yﾄ)十[02+]+IN2十】

(1.4)

whereapairofsquarebracketsdenotesthenumberdensityofatomsor

molecules,andai,012,and03arethedissociativerecombinationcoef-

flclentsofNO+902十ﾀandN2+,respectively‘Thea_ffgivenby

eq.(1.4)isnearlyequaltoai.becausethegreaterpartofionsin

theEregionareNO+10ns.As"effdoesnotchangeappreciablywith

altitude,thepeakofe:Lectrondensitywillappearatroughlythes/a万me

levelasthatofpeakofelectronproduction(seeeq.(1.3)).Theheight

ofpeaklevelisabout110km.InthelowerpartﾆofEregion,electrons

arelostbydissociativerecombinationonO2十,1･e･,02十十e--≫-0十〇,

andth:IscontrolstheelectrondensityatequilibriuminthelowerE

region｡

ThetimevariationoftheElayerisrelativelyregularandItsde-

greeofvariationwithsolaractivityIslessthanthatofF1layer.The

peakelectrondensityiswellrepresentedbyC.W.Allen'sexpression;

Nm91.34)(10s{(1十〇.0097R_)cosx}゜‘5[cl1“3] (1.5)

whereRzIstherelativesunspotnumber.K.MaedaandS.Fukao^^^

havestudiedthesunspotnumber(R^)dependenceoftheEregionmaximum

electrondensity(Nj^)nearnoon,which1Sgivenby

Nm°Noo√1+ppRz(cosx)(1十r)/2, (1.6)

whererIsapositivescaleheightgradient,andN00andPeare

constantvalues｡K.Maeda'^'゛136゛1317hasinvestigatedandsummarized

theelectrondensityprofilesinthelowerionosphere,based0ndata

availablefromrocketexperiments,andgavethestandardelectron

densityprofileInthealtituderangefromabout60kmto200km.
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Fig.1-3Theelectrondensityprofiles;

time(afterK.Maeda127゛137).

km

(a)daytimeand(b)night-

Aftersunset,NmEdecreasest0itsnighttimevalue,typicallyof

theorderof5×103Cm‾3,whichcouldprobablybemaintainedbythe

extremeultravioletradiationsfromthenightskysuchasLymana,Lyman

e,andtheheliumlineS.138~140Thereexistdeepvalleysabovethe

nlghtt:ImeElayer,inwhichtheelectronconcentrationismuchlessthan

theelectrondensityatElayerpeak.^'*^Representativeelectronden-

sityprofilesinthedaytimeandinthenighttimeareshowninFig.1-3｡

SporadicE(ES)lonlzatlon1Ssometl』lesobservedatabout110km

altitudeinathinlayerofaboutafewkilometersthickness.Inthe

equatorialEregion,thereappearstrongnon-blancketingreflectionsat

100kmheightandalsoaslantedechointheionogram.Theformeris

calledas"equatorialsporadicE"or"q-type",andthelatteras"equa-

torialslantsporadicE".Thesearecloselyrelatedtotheequatorial

electrojet.142゛143Theoriesoftwo-streaminstability^'*'*andcross-

fieldinstability^45~lit8areproposedtoexplainthesetypesofirreg-

ularities.Intheauroralzoneandthepolarcap.Irregularities^49

seemtoberoughlydividedintotwogroups;oneiscloselyrelatedto
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theprecipitationofenergeticauroralparticlesandtheotherisdue

toanIntensecurrentstream.I.e.,theauroralelectrojet.Themid-

latitudeEslayerisclassifiedintothefollowingtwogroups.One1S

theIntenseblanketingsporadicElayer,uniformoversometensof

kilometerInhorizontaldimension｡Thewind-shearprocessmaybethe

maincauseofthistypeofES.150｀154Theotherisdiffusenonblanket-

Ing,orscatteringtypesporadicE,inwhichtheelectronconcentration

isnotlargeandirregular.ThemostprobableformationmechanismIs

thecross-fieldlnstabi:Lity.i'≫5~m7.155

2.2ElectronDensityintheFlandF2Regions

FlRegionThealtituded･marcatlonsbetweentheEandFlregions

andtheFlandF2regionsarenotclearlydefined.andthealtitude

rangefrom140kmt0200km1ScustomalycalledtheFlregion.Thelayer

isnotpresentatnightduetothedepressioninelectronconcentration

abovetheEregion.Attimes,evenduringtheday.Itmaynotbeobserv-

edasaseperatelayer.ItIsmoreliabletoappearasaseperatelayer

Insunmerthaninwinterandnearnoonthannearsunriseandsunset.

ThesolarspectrumInthebandfrom200へt0900Aisprincipallyres-

ponslbleforthephoto-ionizationinthisregion.^"Becausethe

photoelectronsarereleasedwithrelativelyhighenergy.whichshare

principallywithotherelectrons.theelectrontemperatureisseveral

hundreddegreeshigherthantheatmosphericneutraltemperatureduring

thedaytime.^"

ThepredominantionsareNO十and02十nearthe10Waltitude

boundary,andagradualtransitiontekesplaceuntil.attheupper

boundary.0十istheprincipal10n｡

ItisbelievedthattheprincipallossprocessIsrecombination

fortheEregionandeffectivelyattachmentfortheF2region.TheF1

layerisanintermediateregionfromrecombination-typetoattachment-

typeelectronremoval.T.Yonezawa^32gavetheeffectiverecombina-

tioncoefficient(cteff)whichInvolvestheeffectsofthebothtypes
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ofprocessesas.

_61N2+6202
(xeff‾

Ne十器【N2】十訟･[02]

(1.7)

where131and132areratecoefficientsoftheion-atomInterchange

reactions,l.e･,0++N2やN十NO十andO十十〇2+O十〇2十,

respectively｡

AccordingtoC.W･Allen^^'*thepeakelectrondensity(N^,)inthe

daytimeisexpressedinthefo1:Lowingform.

Nm=2.40×10m(cosχ)/[cm‾3] (1.8)

Theheightofthepeaklevelisabout180km.Theelectronconcentration

1Stypicallyoftheorderof2.5×105cm爽3atnoonduringsunspot

minimumand4×105Cm'3atnoonduringSunSpotmaximum.K.Maedal58

studiedtheoreticallytheelectrondensityprofileoftheFlregion.

Assuminga=ai°(Z21neq.(1.7),thefollowinganalyticaleχores-

slonofelectrondensityIsproposed

where

l｡=4§w{1+(1+首)1/2}

B*=ei{[H2]+訂【o2】}｡

(1.9)

TheconclusionsderivedfromK.Maeda'sstudyare:工ntheF2andupper

Flregions.4B゛;2/(XQisverysmallandNe^Q/B*;whileinthe

Eregion,theabovequantity1SlargeandNe=｡/q7^｡Inthemain

partoftheFlregion.NeisproportionaltoneigherQnor西.

ThecomplexrelationshipbetweenQm(maximumQ)andNmmakesit

meaninglesstoexpressNmasasimplefunctionofRzandχ,e･g･,

Nm(゛/I+pgRg(cosχ)kascustomarilyused.Theexampleofelectron

densityprofileintheFlregionIsshovminFig.1-4.

F2RegionThespatialandt:imevariationsoftheF2layerare

stronglyinfluencedbythegeomagneticfield.Thevariationwiththe
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solaractivityisalsoverypronounced･AccordingtoC.W.A11en.131゛

thepeakelectrondensityisexpressedinthefollowingempiricalform.

Nm=5.9×105(1+0.0200Rz)cosχ[cm‾3] (1.10)

Thelevel0fthepeakisnormallysituatedatabout300kmbydayand

350kmbynightInmiddlelatitudeandatgreateraltitudesforhigher

solaractivityand/orneartheequator.Themainionizedconstituent

1satomicoxgen(O十)1ntheF2region.TheupperboundaryofF2layer

1SgenerallyassignedtobeuptothealtitudewhereO十ceasestobe

thepredominantIon.TheelectrondensityNe(h,t)atanyheightand

timeisgivenbytheSo:Lutionofthecontinuityequationforelectrons

Inageneralformofeq.(1.3),

拾=Q-L印e)-div(He･句
(1.11)

inwhichtermsontheright-handsideareproduction,loss,anddiver-
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gingmovementofionization,respectively.Themovementtermcanbe

writtenasthedivergenceofatransportfluxofionization,

div(Ne･も=dlv[Ne･(らM十;yT十ち)] (1.12)

Herethreetypesofmovementarerecognizedexplicitly.namely,move-

mentcausedbyelectromagneticforces,byatmospherictemperature

changesandbyambipolarorplasmadiffusion.TheformationoftheF2

layercanbewellrepresentedbytheelectronremovaloftheattachment-

typelossandtheverticalmotionortheambipolardiffusioninthefol-

lowingformofthecontinuityequationcorrespondingtoquasi-equllib-

riumconditionONe/9t-0);

Q=6Ne+忿(Ne･Wd) (1.14)

wherezisthealtitudeandWdservestodefinechangesinelectron

densitybyverticalmotion.IntheregionuptotheF2peak.PNepre-

dominatesoverthediffusion.term,andbecauseitdecreasesmorerapidly

withaltitudethantheelectronproductionrate(Q),Neincreas‘es

withaltitudeuptoitsmax:itnumvalue.NeartheF2peak,thediffusion

termbecomeslagerthangNgandtheelectrondensitybegins!:ode-

crease.AtaltitudewellabovetheF2peakwhereqandβNecanbe

considerednegligible,theelectrondensitydistributionisgivenbythe

diffusiveequilibriumequation;153

L
Ne
云■[Ne･･((Te+T1)1+M･g=0 (1,15)

wheregistheaccelerationofgravity.KistheBoltzmannconstant.

andTeandTiaretheelectronandIontemperatures.Totakeaccount

ofthetemperaturedifferenceofelectronandIon,especiallybyday

IntheFregion,itisconvenienttodefinetheplasmatemperatureTp

andtheplasmascaleheightHbytheequation;

(Te十T1)･and≪p°2KTp/M°g
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T.YonezawaandH.Takahashi^6"showedthattheextendedChapman's

distributionswithaconstantscaleheightgradient(J.W.Wright"1)

cannotberepresentativeoftheactualelectrondensitydstributlonIn

thehigherregionaboveF2peak.S.Chandra^"developedamodified

Chapmanfunctionwithavariablescaleheightgradient,i.e..

Ne(z)=Njn'exp D1ぺ謔一一(丿1釦 (1.17)

｀゛hereNe(z)1stheelectrondensityatheightzandZmisthe

heightoftheraaximumelectrondensity,Nj^.ThescaleheightH,here.

variesasafunctﾆionofheight;whentheHvaluetakestobeconstant.

eq.(1.17)isequivalenttothesimpleChapmanfunction.･Togivethe

analyticalformforthevariablescaleheight,amodifiedChapmanfunc-

tionhasbeenfoundtobeingoodagreementwiththeelectrondistribu-

tlonobtainedexperimentallywithintheheightrangefrom100kmbelow

theF2peaktoanaltitudeofabout700km.

FRegionAnomaliesEarlyinvestigationsoftheF2layercritical

frequencyrevealedthatitdoesnotbehaveata111nthemannerofa

simpleChapmanlayer.FollowingH.R:tshbethand0.K.Garriott,'^'

someoftheoutstandingproblemsofF2layermorphologyare:

(1)behavioroftheF2peak(maximumelectrondensityNniF2,andheight

ofF2peakhn,F2)andthediurnalbehaviorofelectronconcentration

atfixedheights;

(2)theseasonal,annual,andsemiannualanomalies;

(3)themaintenanceoftheFlayeratnight;

(4)thepolarFlayer;

(5)theequatorialanomaly;

(6)stormeffectsintheFregion.

Someofthesephenomenaandtheglobalelectrondensitydistributions

Inthemid-andlow-latitudesaredescribedbelowinbrief.

AsforthemaximumelectrondensityatF2peak(NmF2)､J.0､Thomas

et,163,16t゛madeitclearthatNmF21Speakedaboutnooninwinter
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duringmoderatelyhighsolaractivitybutIsratherirregularinother

seasonsandalsoa11seasonsduring10Wsolaractivity.Themorning

andeveningmaximaofN≫F2appearInmostsummermonths,andthis

mechanismhasbeenattributedtothetemperaturechange65andtover-

tical,.f,166.167AsregardstheheightofF2peak(h_F2),theheat-

IngandcoolingoftheatmospherealterstheheightatwhichD/H^~β;

DisdiffusionconstantIntheF2layerandHisthescaleheight.

Thedetailed:Investigationsaboutdiurnal.seasonal,semiannualand

annualanomalieshavebeenmadebyL.V.Berkner,^^^T.Yonezawaand

Y.Arima,^69T.Yonezawa,170J･W.KingandP.A.Smith^^^andmany

others.

AtnightthemaximumelectrondensityanditsheightintheF2

layervaryratherirregularly.InthehoursproceedingF-layersunrise,

theremaybenoticeableincreasesordecreases>Someofthesepre-sun-

risephenomenamaybeattributabletoaninfluxofphotoelectronsalong

geomagneticfieldlines,whentheconiugatepoint1SIlluminatedbythe

Sun.172゛173ThemaintenanceofthenightF2layerhasnotbeenclearly

explained.TheF2peakishigheratnightthanbydayatmid-latitude,^"

andexpla:Inedthisbyupwarddriftduetowinds.Althoughthisdrift

doestendtopreservethelayer.byreducingtheeffectivelossrate｡

itcannothaltthedecaycompletely.Thephotoionizationbyextreme

ultravioletradiation.inthenightsky1SalsoquiteInsufficientto

maintainthenightF2layer.≫^≪butapossiblealternativeisconsider-

edtobecorpuscularionization.probablybysoftelectronsorprotons

of102~103eVenergy,''**andthepenetrationofelectronsandions

slowlyintotheF2regionfromtheexospherebyambipolardiffusion.175

Thehigh-latitudeFregionbehavesinmorecomplexity;evenatthe

geographicsouthpolewherethediurnalvariationofχisnegligible.

therearediurnalchangesofelectronconcentrationwhichmustbedue

tomovementprocesses･
176

ThevariationsoffoF2showappreciab:Le

dependenceonuniversaltime.^'''^'RThepossiblemechanismconsider-

edbyJ.W.Kingeta1.179Isthattheneutralairwindsblowacross
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polarregionsfromthedayhemispheretowardthenighthemisphere,pro-

duclngverticaldriftsintheFregionwhichdependontheorientation

ofthegeomagneticfield.ThemaintenanceoftheFregionionizatlon

duringthepolarwinterpresentsaproblemwhichres゛smblesthatofthe

nighttimeF2layer.

Intheequatorialregion.geomagneticlineofforcerunsnearly

horizontal:1-ysothatdiffusionofelectronsandIonsinthevertical

directionacrossthegeomagneticfieldline1Salmostcompletelypro-

hiblted.Inthiscase.however,twofactorshithertoneglectedmust

betakenintoaccount.First,theradiativerecombinationofO+

IonswithelectronS126(h,thePlankconstant;り,thefrequencyofthe

radiatedwave)≪

O十十e‾+○十hり (1.18)

willmanifestItsexistanceatsufficientlygreatheights,becausethe

recombinationcoefficientofthisprocess"rad.thoughverysmall,

doesnotchangewithheightwhiletheeffectiveattachmentcoefficient

6decreasesrapid:Lywithheight.Anotherimportant.0rperhapsmost

essential.processisthediffusionalongthefie:Ldlineandthe

electrodynamicaldrift.159゛180｀188Theobservedelectrondensitybyday

intheF2layerasafunctionoflatitudeshowsapronounced"trough"

centeredonthemagneticdipequator,with"crests"15°t020°tothe

northandsouth.43゛63゛79゛189｀'191Theplotsoftheelectrondensityat

fixedheightbelow(S･A･Croometa1.192)andabovetheF2peak

(J,W.Kingeta:L.60)areIllustratedInFig･1-5andFig.1-6･Figure

1-7showscontoursoftheheightofregionsofconstantscaleheight

plottedagainstlatitude."Enhancementofelectrondensityinthe

middlelatitudetowardstheequatorialregionareso-calledtheequa-

torialanomaly.AsevidentinFig･1-6,ledgesoflonizationoccur

a:Llgnedalongaspecificmagneticfieldline｡

ItwassuggestedbyS.K.Mltra^93thattheanomalymightbedue

tothediffusionoflonizationawayfromtheequator,causingan
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eta1.60).

accumulationofelectronstothenorthandsouth,butmechanism,however,

canonlyproducea"trough."whichIsmuch"shallower"and"narrower"In

latitudethantherealequatorialtrough.194RecentlyE.N.Bramleyand

M.Peart^^^calculatednumericallythecontinuityequationincludingthe

diffusionalonggeomagneticfieldlineandelectromagneticdrift≫≪i

togetherwithelectronproductionandloss.andshowedthatanupward

electromagneticdriftofafewm/sec.whencombinedwithfield-aligned

plasmadiffusion,issufficienttoproduceequilibriumionosphericdis-

tributioncloselyresemblingthoseobservedintheequatorialregion.

Figure1-8showsanexampleofcontoursofelectrondensityasafunc-

tionoflatitude(1ndegree)andheight(inunitofscalehightof

ionizablegas);thedashedlinerepresentsthegemagneticfieldline

andthedottedlineIsthelocusofpointsofmaximumdensityatfixed

heights.W.B.HansonandR.J.Moffett^^^obtainedthesimilarresults

andalsoexplainedtheasymmetricaldistributionabouttheequatorby

horizontalwindsblowingacrossthetrough,oftheorderof50m/sec.

Thevectorplotsofelectronfluxinthemeridianplane,theso-called

equatorialfountain,areshowninFig.1-9,calculatedbyW,B.Hanson

andR.J.Moffett.^*'Themotionisduetothecombinedactionof
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Fig.1-9Avectorplotofelectronfluxes(theequatorial
fountain)･Magneticfieldlinesareshownevery200km
(afterW.B.HansonandR.J.Moffett187).
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plasmadiffusionalongmagneticfieldlinesandelectromagneticdrift

acrossfieldlines,producedbyanassumeddistributionofeastward

electricfield.Theincoherentscattertechniquehasnowdevelopedto

measuretheactualverticalionizatlondriftsoveraheightrangeof

about200kmt0700km195andobtainedthevaluesof10t030m/sec

which1Supwardduringmostofthedayanddownwardatnight｡196

Somesmallperturbationsofthelow-latitudeF2layercanbere“

latedt0locallunartime.andareprobablycausedbyelectromagnetic

driftsassociatedwithlunartides.^''

IonosphericFregiondisturbancesarecharacterizedbychangesin

globalelectrondensityprofileovertheperiodofafewdaysaccompa‘

niedbygeomagneticstorms｡Extensivestudiesonmorphologyoflono-

sphericstorms,especially,onthebehaviorofNn,F2weremadeby

T.0bayashl,198゛200andtheglobalelectrondensitychangesinthetop-

sideionospherehavebeeninvestigatedbyE･S.Warrenj01andK.L.Chan

andL.Colin^''^andothers.TheelectrondensityintheFregion1S

generallyenhancedIn10Wlatitudes.whileitisdepressedinmiddle

andhighlatitudes.butitsvariationsmanifestcomplicatedfeatures

dependingonstageofstormdevelopment,location(altitude,latitude)

andlongitude),season.localtimeandsoon.T･Obayashiand

M.Matuura^"^haveshownthattheabundanceratio0fatomicoxygento

molecularoxygenornitrogen1Sadominantparametertocontrolthe

electrondensitychange,andproposedthetheoreticalmodel0fFregion

storm.

SometimestheFregionshowsadiffusecharacterwhichIsattrlbut-

edtocloudsof'electronshavingconcentrationsdifferentfromtheambi-

entsurroundings.ThisconditionIscalledspreadF,andItoccurs

mainlyatnight｡204Thename"spreadF"hasbeenadoptedforthepheno‘

menabecauseofthevisualappearanceoflonograms,whichshowrather

diffuseFregiontraces｡TherearetwomainclassesofspreadF,frequ-

encyspreadingandrangespreading.ThephenomenaofspreadFoccur

moreoftenathighlatitudesduringperiodsofhighsunspotactivity,
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showaminimuniatalltimesnear35-deggeomagneticlatitude,andoccur

moreoftenat10Wlatitudeduringperiodsof10Wsunspotactivity･

Therealsoexisttravelingionosphericdisturbances(TID)andthe±r-

regularitiesprincipallyresponsibleforradiostarscintillations.The

FregionIrregularitiesresponsibleforspreadFanditseffectsupon

radiowavepropagatlonaswellasthemovementofirregularitieshave

beenInvestigatedandsummarledIn

WavePropaeationandCommunication

eadFanditsEffectsu

editedbyP･Newman.205

22-

Radio

(1.19)

2.3ElectronDensityintheUpperIonosphere

Thetopsideionosphere,abovetheF2peak.hasbeenexploredby

satellitescarryingtopsidesounders,suchasAlouette,anddirect

measuringinstrumentsofvariouskindsofplasmaprobes.Fromthesea

broadpictureofthespatialdistributionsofelectronconcentrat:10n

andtemperature,andof10ncompositionhavebeenobtained.Information

aboutthetopsideatparticularsites1Salsoobtainedbyground-based

techniques,suchasincoherentscatterandrocketexperl皿ents･

BecauseoftherelativelysmallscaleheightofoxygenIons,their

abundancequicklydiminisheswithincreasingaltitudeabovetheF2peak.

ataratethatdependsverysensitivelyontemperature.Thisupper

regionoftheionosphere｡inwhichprotonsarethedominantIons,1s

oftenreferredtoastheprotonosphere.ThesourceofIonsinthe

protonosphere1Sdueonlyinaminordegreetodirectphoto-ionlzation

ofatomichydrogen;mostofthelonlzatlonarisesthroughchargeexchange

intheupperportionoftheFregionaccordingtothereaction^"^

○十十HiH十十〇

Thegeomagnetic-latitudeandlocal-timebehaviorsofelectronden-

sity(Ng)andtemperature(Te)atafixedheight(1000km)areillus-

tratedInFig.1-10.whichistakenfromtheresultsobtainedbyL.H.

S
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(a) (b)

GCOtuOO･UTITUrχ仮χM<acTicuTm≪

Fig.1-10'Averagedlatitudinalandlocal-timebehaviouroftheelec-

tl°ondensityNg(a)andtemperatureTe(b),at1000kmnear1965vernal

equinox(afterL.H.Braceeta:L.66).

Braceeta1.66usingthecylindricalelectrostaticprobe.Thecont:lnuous
･

evolutionofNefromapeakduringthedaytoavalleyduringthenight

1Sclearlyshown.Likewise,thetemperaturetroughattheequator,

whichvariesthroughtheday.andthemaximaat60°geomagneticlatitude

areevident.Theimportantprocessescontrollingthe1000kmionosphere

arethephotoelectronheatsourceandtheelectroncoolingbythelocal

electronsandprotons*TheequatorialmaximumofNeisexplained^"7

asthediffusionupwardofelectronsandionsalongmagneticfieldlines

1nresponsetothedaytimeheatingbyphotoelectrons.Theequatorial
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Fig.1-11Relativeelectron

andiondensitiesalongline

offorceasafunctionofthe

temperature-modifiedgeopoten-

tialheightzandthevertl-

calaltitudescaleh.･n,Ti2,

andn3arethedensityratios

oftheelectrons,theHe十,and

theR+10nSwithrespecttothe

○+10ns(afterJ.J.Angerami

andJ.0.Thomas208).

RELATIVEDENSITIES

minimumofNeatnight1Scausedbythedownwarddiffusionofelectrons

andprotonsbecauseofnighttimecooling｡

Asforthedistributionofelectronsandionsalongthegeomagnetic

fieldline,J.J.AngeramiandJ･O.Thomas^"Rgavethetheoreticalcon-

siderationaboutitsdiffusiveequilibrium,takingintoaccounttheef-

fectsoftheelectricfieldthatarisesfromchargeseperation.thecen-

trifugalforcearisingfromtherotationoftheearth,andthe‘effectof

thegravitationalfield.Figure1-11illustratestherelativeelectron

andion.densitiesalongalineofforceasafunctionofthetemperature-

modifiedgeopotentialheightzandtheverticalaltitudescalehfor

aconstanttemperatureof1500°K.Theelectronsandionsareassumed

tobeatthesametemperature,andtheioniccompositionatthebase

levelisgivenbyn2=6.3×10‾3,andn3=1.6×10‾411wheren2

andT13arethedensityratiosofHe十andH十ionswithrespectto

O十ion.ThistheorycanbeaPp:Llcabletotheelectrondensitydistrib-

utionIntheprotonosphereandtheheliumionlayer;thehelium10n

layerisnotwellestablished.butsomedirectmeasurementsofthehell-

u�･ionshavebeenreported.209゛211

S.J.Bauer^^^andA.Evlatareta1.213alsocalculatedanddiscus-
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sedabouttheelectrondensityprofileofacollislonlessorion-exo-

spheremodeldistribution,andgavethetheoreticaldistributionfunc-

tionas

N(R)゜%exp(-jj)゜{1-(1-IU)1/2e゛p【1-iぷ?liy】}(1.20)

whereBisthefieldstrengthofthegeomagneticfieldattheappro-

priatelevel.Hthescaleheight.Rtheradiusvectoralongageo-

magneticfieldline.R゛ageopotentiallengthparameter,andthe

subscriptMreferstoareferencelevelbelowwhichaMaxwell!an

distributionisvalid.ThistypeofdistributionIsonewhichcorres-

pondstoadiffusiveequilibrium(firstterm),20weightedbyafunction

dependentontheIntensityofthegeomagneticfield(incurlybrackets).

ExperimentaldatafromkneewhistlerS211゛,215areingoodagreementwith

theempiricalmodelR‾4plasmadensitydistributionfromthehigh

altitudetowardstheboundaryoftheplasmasphere;R爽3powerlawapprox-

Imateseq.(1.20)atgreatdistances.Figure1-12showsthefourtypes

oftheplasmadensitydistributionalongamagneticfieldline.

11

,

1

10-'

10-2

10-3

Fig.1-12Plasmadensitydis-

tributionsalongmagneticfield

line,whoseapexintheequa-

torialplaneisatL=5Rq,

areshownforadiffusiveequi-

librlum,andcolllslonlessor

lon-exospheremode:L,aswellas

forR‾3andR‾1゛powerlaw

models(afterS.J.Bauer212).
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Thetransitionregionbetweentheupperportionofthe･Fregion,

wherethepredominantionisO+,andtheprotonospherecanbedescribed

intermsoftheaforementioneddiffusiveequilibrium10ndistributions.

However,suchadescriptionIsanoversimplificationandnotavery

goodapproximationtotheactualsituation.becausethehyp0thasIsof

diffusiveequilibriumrequiresthattherebenosignificantdiffusive

flowofIons.EspeciallyInhighlatitudethestructureoftheiono-

sphere1Scloselyaffectedbydynamicalplasmaflowmechanism.216~2ie

1nthepolarionospherewhichappearstobesharp:1-ydividedfromthe

mid-latitudeFregionbya"trough",theescapeofionizationfromthe

ionosphereoccurswithsufficientrapiditytosuppresstheH十andHe十

densities,leavingO十asthedominant10nt03000t07000km.Since

theO十scaleheightissmallrelativetothatforH+,theoverall

electrondensitiesaregreatlyreducedbelowplasmasphericvalues:･:219>220
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Fig.1-13Electronnumberdensityprofilededucedfromthe
upperhybridresonancenoiseobservedbyIMP-6(afterR.R.
ShawandD.A.Gurnett221).
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Itisverydifficulttomeasuretheelectrondensitypreciselyin

theouterregionofmagnetospherewithplasmaprobes.Therehavebeen

sopoordataabouttheelectrondensitydistributioninthisregion.

RecentlyR.R.ShawandD.A.Gurnett^^'measuredtheelectronnumber

densitiesas10was0.1cm“31ntheregionbeyondtheplasmapause,from

theobservednoisesoftheupperhybridresonanceandalsooftheplasma

resonance.Theelectrondensityvaluesdeducedfromtheseresonance

frequenciesareshowninFig.1-13,whichC:Learlyshowsthesharpplasma-

pauseboundarybetweenL=4andL=5(L:Mcllwain'sL-Va1Ue222),

andthedecreasingelectronnumberdensitytotheseveralearthradii

beyondtheplasmapause｡

Theaccumulationofdataforelectrondensitydistributionstogether

withthevaluesofelectrontemperatureintheupperionospherehasbeen

requiredtounderstandthephysicalanddynamicalpropertiesoftheiono-

sphere,andalsot0investigatethecouplingbetweentheionospheric

plasmaandtheouterspacebeyondthemagnetosphere.andinterplanetary

space.

§3.TheoryofR.F.PlasmaProbes

Ther.£.plasmaprobessuchasthegyro-plasmaprobe,themutual

impedanceprobe.andthecapacitanceprobe.measuretheselfand/or

mutualantennaImpedanceasafunctionoffrequency.Thefrequency

responseofImpedanceofanantennaInamagneto-ionicenvironmentis

ofinterestfromboththetheoreticalandexperimentalviewpoints.

Fortheoreticalplasmaphysicists.ItposesImportantproblemsinelec-

tromagnetlctheoryandboundaryvalueproblem.whileforexperimental

researchersit1SofpracticalusetomeasureIonosphericparameters

aswellasparametersofa10wdensityplasmainthelaboratory｡

Thepermittivity.C,0fanisotroplchomogeneouscoldplasmais

givenbythewellknownrelationof^^^

e=eo(1一字),
ω

-
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wherecollisionsandtheeffectofheavypositiveionshavebeenneg-

lected;ε01sthepermittivityoffreespace,ωtheangularfrequency

andnetheelectronplasmaangularfrequencyproportionaltothesquare

rootoftheelectrondensity.Consequently,theambientelectrondensity

maybededucedfromtheimpedancevalueofanantennainsuchanideal-

izedplasmaifthecapacitanceofanantennasystemIsassumedtobe

proportionaltothedielectricconstantofthemedium.However,antenna

impedanceIsgenerallyafunctionofelectronandiondensities,colll-

slonfrequencies,te万mperatureorvel:Locitydistributionfunctions,mag-

neticfieldIntensityanddirection.andantennaconfiguration.The

theory1Ssocomplicatedthatappropriateapproximationsshouldbe

introducedforthecalculationofanantennaImpedance｡

Consideringasensornetworkincludingasurroundingplasmaasa

partoftheelectricalcircuit,1tIsconvenienttorepresentaplasma

asanequivalentelectricalcircuit.whichhastheequivalentproper-

tiesofalinearfrequencyresponseofaplasmawhenr.f.‘electricpoten-

tialisappliedtotheantenna.Thisrepresentationbeinganoversim-

plifledmodelofaplasma,is,however,extremelyuseful,providedthat

thereisnoseriousconsequencesoftheantennaimpedancedueto,the

electromagneticandelectrostaticwaveeχcitationsandotherdissipative

mechanismsofnonlinearity.゛

Inthissection.historicalsurveyofr.f.antennaimpedancetheory

1Sbrieflydescribed｡andapermittivityofaplasmaanditsequivalent

electricalcircuitareintroducedbysolvingtheMaxwell'sequationwith

thehydrodynamicequationofmotion.Thetheoreticalexpressionof

theimpedanceofashortcylindricalantennaInacoldmagnetoplasma1S,

alsoﾀpresented,followingT.R.Kaiser^^"*andK.G.Balmain.^^^'し

3.1HistoricalSurveyofAntennaImpedanceTheory

R.F.probesweredevelopedfromtheelectro-staticprobewhichwas

investigatedbyI.LangmuirandH.Mott-Smlth^^^in1924.Inthecase

oftheelectro-staticprobemethod,thed.c.electriccurrentcollected
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bythed.c.potential0fthemetalicprobeinaplasmaisusedtodeduce

theelectrondensityandtemperature.whileInthecaseofr.f.probes

theradio-frequencyimpedanceofaprobe1Smeasuredasthehighfrequ-

encyresponseofaplasmawhenasmallr.f.potential1Sappliedto

theprobe.Therefore,ther.f.probestudyposesinterestingproblems

notonlyonthefundamentalplasmatheorybutalsoontheelectromag-

neticboundaryvalueproblem｡

AsforthetheoreticaltreatmentofantennaImpedance,theplasma

canbeclassifiedintocoldandwarmplasmas.Thetheoryofcoldplasma

withanexternalstaticmagneticfieldhasbeendevelopedtoyieldthe

fundamentalformulaofantennaimpedanceandsomekindsofreson-

ances.However,inrecentyears,theexistenceofvariousplasmawaves

excitedbyprobeshasbeenrevealedbyexperimentswithspaceandlabo-

ratoryplasmas.ThethermalmotionofelectronsandIonsareimportant

Inthesephenomena,and,therefore,theoreticalanalysisofwarmplasma

isrequired｡

AnotherC:LassificatlonofcalculationsIsIntroducedbyfollowing

M.L.SchiffandJ.A.Fejer.^^^1nthefirstcategory(referedasI),

theantenna1Sassumedtohaveathree-dimensionalcloselyspacedmesh-

likestructureInsidewhichtheelectricfieldvanishes.Thecalcula-

tionofantennaimpedance1Sgreatlys:lmpllfiedbecausetheundisturbed

plasmacanbetakentobeuniformoverallspaceand6-functionofthe

currentsourcecanbeassumed.Inthesecondcategory(referedasII).

1t1Sassumedthattheparallelcomponentoftheelectricfieldandthe

normalcomponentofthefluidvelocityvanishonthesurfaceofthe

antennaconductor.Theuniformplasmaoccupiesonlythespaceoutside

theantenna.ThissecondcategoryImpliestheboundaryvalueproblem万

〇ftheInteractionoftheconductorsurfaceandtheplasmabecausethe

ionsheatharoundtheantenna1SrealisticallytakenIntoaccount.

TheoryofAntennaImpedanceinColdPlasmaAssumingtheplasmaas

adielectricmediumwithdielectrictensorasIntroducedbyT.H.Stix^2.3

andothers,thepotentialandelectricfieldsaroundanantennaincold

magneto-activeplasmaarecalculatﾆedbysolvingtheboundaryvalue
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problemofthemodifiedLaplace'sequationorthesourceproblemofthe

modifiedPoisson'sequationwiththequasi-staticapproximation.The

admittanceofthebi-conicaldipoleinamagneto-ionicmediumwascalcu-

latedbyT.R.Kaiser."■≫K.G.Balmain^^^obtainedtheanalytical

expressionoftheimpedanceofashortcylindricalantennainamagneto-

activeplasma,assumingafilamentarytriangularcurrentdistribution.

Theeffectsoftheupperhybridresonance,plasmaresonance,andgyro-

resonancewereclearlyrevealed.J.p.LafonandH.Well^^Rdiscussed

aboutthecurrentdistributionontheantennasurfacemorestrictly.

H.Oya^^'calculatedthehighfrequencyfieldaroundthequasi-points

dlpoleusingtheFouriertransformationmethod.K.E.Miller^'"com-■

putedtheMaxwell'sequationnumericallyandobtainedthefrequency

spectrumofantennasurfacecurrentandadmittanceofaninfinite

cylindricalantennaparalleltotheexternalmagneticfield.,

HydrodynamicApproachofWarmPlasmaTheoryThetheoryofantenna

impedanceinawarmplasmausuallyemployseitherthelinearized

Boltzmann-Vlasovequation(theKineticapproach)orthehydrodynamic

equationstogetherwitheitherPolsson'sequationinaquasi-static

approachorMaxwell'sequations.Takingastresstensororascalar

pressureasarepresentativevaluefortheeffectduetotheelectron

thermalmotionInsteadofitsdistributionfunction,thelinearized

equationsofmotion(ormomentumtransfer)andcontinuity(ormass

transfer)intennsofthemacroscopicparticledensityandvelocityare

usedinthehydrodynamicapproach｡

Incategoryl,theFouriertransformationmethodcanbeapplied

andthetheoreticalcalculationshavebeenmadebyJ.K.E.Tunaleyand

R.J.L.Grard"^forthemeshsphereandplanegridprobes.M.L.Schiff

andJ･A･Feier^^'forthemeshsphereprobeandK.G.Balmain^^^for

theshortdipole･H.Oya=^^^computedtheeffectduetotheelectron

acousticwaveinthecaseofthecylindricaldipoleparalleltoamag-

neticfield,andJ.R.Wait23■*alsocalculatedtheradiationresistance.

R.L.Monroe^35derivedtheanalyticalformulaeofthecurrentdistri-

butlonandtheadmittanceofaninfinitecylindricalantennainalossy.
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compressibleplasma.usingtheintegro¬differentialequation.M.L.

Schiff"^alsoobtainedtheself-consistentcurrentdistributionona

gridtypedlpoleanterm万a.Theelectroacoustlcwaveexcitationandthe

resistivecomponentofanantennaimpedanceneartheresonancefrequency

arederivedfromthesecalculations,resultsonthefixedfrequency

ImpedancemeasurementsintheionospherebyH.A.Whale^"beingverified.

Ontheotherhand.R･J.L.Grard^^^,andB.Rooyeta1.239calculated

themutualImpedanceandshowedquantitativelythatastheparameter6

(dimensionoftheantenna/Debyelength)decreases.theradiationof

electro-acousticwavefromtheantennaincreasesandtheresonancepeak

oftheimpedanceisgraduallydamped｡

IncategoryII,theFouriertransformationmethodcannotbeapplied

becausetheambient.plasma万1sboundedbytheantennasurface.M.H.

Cohen""arguedthattheequivalentmechanicalforceshouldbeconsidered

ontheboundary.andK.G.Balmain^"*1definedtheabsorptioncoefficient

Aas(VI/VO)゜A(ni/no),whereVlandvoaretheperturbedand

meanthermalvelocityofe:lectrons,andn1,andnoaretheperturbed

andequilibriumelectrondensities.SettingthequantityAequalto

zeroandv^.whichareequivalenttoassumerigidorreflecting

boundaryandaperfectabsorptiveboundary.respective:Ly.J.A.Fejer21゛2

(A=:0)an万dK,:G,Balmaln^"*'(A一:/2/Tr)solvedtheproblemforthe

sphericalprobe.‘0.HoltandJ.Tr41m21゛3alsoobtained‘theimpedanceof

parallelplates.A.D.Wunsh,^'゛4andK.R｡CookandB.C.Edger^"*^

showedthatt!lecurrentdistributionvalidonlyforanantennainacold

environmentcanbeincorrectwhenappliedtoanantennaInawarmplasma.

S-H.LinandK.K.Me1246゛21゛7alsoinvestigatedthecylindricalantenna

whenAisnotequaltozero,andbothcurrentdistributionandimped-

ancewerenumericallycomputed.SimilarcalculationsweremadebyG.L.

MaxamandK.M.Chen.21゛8D.H.Prels^"'discussedmorestrictlythe

boundaryconditionsandtheintegralequationsforacylindricalantenna

inawarmplasma.J･TarstrupandW.J.Helkkila^^^"computedtheImped‘

anceofasphericalprobewithasmoothsheathmodelandobtainedgood

agreementwiththeexperimentalresults｡

Thusthehydrodynamicapproachcanbeusedtoexplaintheeffecton
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the:impedanceduetoelectronthermalmotionwhichisimpossibleto

derivefromacoldplasmaapproxl皿ation.buttheLandaudampingand

resonanceeffectsoftheBernsteinmodewave^cannotbeaccounted

bythistheory.

KineticApproachofWarmPlasmaTheoryThelinearizedBolzmann‘Vlasov

equation.togetherwithMaxwell*sequations.areusedinthekinetic

approach.IncategoryI.H.H.Kuehl^^^formulatedthelongitudinaland

transversecomponentsofelectricfieldastheIntegral0fthe

productoftheFouriertransform,ofthedyadicGreen'sfunctionandthe

sourcecurrentdensity.AndalsoH.H.Kuehl^^^'^^'*calculatedthe

inputresistanceofashortfilamentalantennaandcompareditwith.the

resultsofthehydrodynamicequations.Thecomparisonshowsthatthe

hydrodynamicresultisincorrectbelowtheplasmafrequencybut1Sa

goodapproximationabovetheplasmafrequencyiftheantenna1Slonger

thantheDebyelength.ForantennalengthscomparablewiththeDebye

length,hﾑowever,hydrodynamlcresultsarevalidonlyatfrequenciesfar

abovetheplasmafrequency･Theresistanceforfrequenciesbelowplasma

frequencyIsduetoLandaudampingandhasnocounterpartinhydrody-

namictheory.SimilarcalculationsweremadebyM.L.ShiffandJ.A.

Fejerforsphere^^'andM.L.Shiffforcylinder.^"Thestandingwave

abovetheplasmafrequencypredictedinthehydrodynamictheoryisaf-

fectedbyLandaudamping.G,BaenzingerandH.H.Kuehl^^^madecom-

parisonbetweencoldplasmamodel.hydrodynamictheory,thekinetic

theory･:Whentheexterna:Lmagneticfieldisapplied.theoriesingener-

albecomeverycomplex.F.W.Cr:awfordetal.^^'tookintoaccountthe

equivalentplasmapermittivitycomponentperpendiculartothemagnetic

fieldandcalculatedtheImpedanceoftheplaneparallelplatesand

thatofthecoaxialcylinder.Theimpedancechangeduetothereson-I

ancesassociatedwithcyclotronharmonicsoftheBernsteinmodewave

hasbeenrevealed.R｡Buckley^^Robtainedtheadmittanceofaplane

gridcapacitoranddiscussedtheelectricfielddistributionwith

respecttothedistancefromthegrid｡

IncategoryII,J.PavkovichandG.S.Kino^^'solvedthelinearized
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Vlasovequationassumingazeroorderparabollicpotentialdistribution

Inthesheathofaninfiniteplaneprobe.Similarly,R.Buckley^60

calculatedtheelectricfieldandtheimpedanceofasphericalprobe,

takingthesteadypotentialinthesheathfromtheworkofI.B.

Bernsteinandl.N.Rabinowitz.^^'Theresonancerectificationofthe

resonanceprobewasstudiedquantitatively.F.C.Shure^^^obtained

theimpedanceofaplasma-filledparallelplatecondensorasafunction

oftheeffectivedielectriccoefficient.Thesetheoriestreatedawarm

plasmawithnoexternalstaticmagneticfield,andtheImpedancecalcu‘

latlonofanantennainawarmmagneto-activeplasma1Srequiredto

explainexperimentalresultsInspaceandlaboratoryplasmas.

3.2DescriptionofPlasmaasaDielectricMedium

Ther.f.probemethodsarepr:Lnclpallytodetectalinearfrequency

responseofaplasmawhenasmallr.f.potential1Sappliedtoanantenna

Inaplas"1万乱:Theplasmaisrepresentedbydielectrictensor,andalsoby

specificadmittanceofan.unitcircuitwhichhasthesameelectrica:Lpro―

pertles｡

FollowingL.Spitzer,Jr･,263macroscopicquantitiesofplasmacur-

44
rentJandvelocityVaredeterminedbythemacroscopicequationof

motion.viz.,thetransfer(ortransport)equationsofkinetictheory.

ForasingleparticleoftypekInaregionwhereanelectricfield

Eandamagneticfield言arepresent.theequationofmotion1S

givenby

nkmk(拾

八

and 八

゛気･∇気)'11kqJk-∇4k'11klilk∇Φg゛な･(1.22)

-l
4●4･-1･
E十VKXB,

一卜

゜‾nkmkvkvk

(1.23)

(1.24)

wherenkIsmacroscopicparticledensity.'"kmass.vj.meanvelocity,

- 33-



qkcharge.l;stresstensor,Φggravitationalpotential,andVk

collision.frequencyoftheparticlek,respectively.Theplasma

currentdensitylandchargepsatisfythecontinuityequationas

tionas

where

器+v･i･o

i°xqknktklandp°X

kk

(1.25)

1k"k° (1.26)

Finally,completingthe:Listofbasicrelations,theMaxwell'sequations

fortheelectromagneticfieldareintroducedasfollows:

∇xilF=-{M

y

,

∇d=･§|+i,

∇･れp,

∇･B=0

(1.27)

(1.28)

(1.29)

(1.30)

andB=V』oH,D=e:oE,andnotatIonsareusedintheusualmeaning

(lnM.K.S.unitsystem).Equation(1.25)abovemayalsobederivedfrom

eqs.(1.28)and(1.29)･

Here,itisassumedineq.(1.22)that;

(1)thegradientofthegravitationalpotentialisnegligible,i.e･,

∇Φg゛O;

(2)thestresstensorcanbeexpressedbythepressure,andtﾆhetempe-

ratureTkishomogeneous,1°e°9∇j

8k2'KTk/mk;

(3)thetimedependenceofa11ゆevariablesisproportionalto

exp(jωt);

(4)thestaticmagneticfield乱1Sappliedparalleltothez-axis

intheCartesiancoordinates(x,y,z).

Equation(1.22)isrewrittenintermsofplasmacurrentikand
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+
displacementDas

恰十八(∇･ﾐk)+Ek･∇硲･ヽ1jl血吼=n誠一､2∇lみ

where

and

nk゛(2
K;k)1/2;angularplasmafrequency,

χ'121yL;angulargyro-frequency･

(1.31)

ThesignofΩkIsdefinedtobesamesignwithIk'1°e･lΩk>0

forapositivechargedparticleandΩkくOforelectronornegative

chargedparticle.Sincethetotalcurrentdensitylwhichflows

throughtheantennasurfacetoaplasma1Sequaltothesumofthe

plasmaconvectioncurrentiandthedisplacementcurrent9D/9t,I.e.,

ま=8D/8t十i,therelationbetween.まandD1Sdeducedfromeq.

(1.31)bylinearized.as

1=jω(1十

where

-J△k“1･

k

△k‾lak2∇Pk

い
4
｡

りk-Qk

jω十Vk

0

1

]
I

0
0
+

徊

(1.32)

ThesecondtermIntherighthandsideofeq.(1.32)isattributedto

theelectrostaticwaveexcitedbyanantenna,^07whilethevaluein

theroundbracketsofthefirsttermshowsthewell-knowndielectric

tensor(K)ofaplasma,^'^

Eχχ

‾Eyx

0

and

Cχχ

Eyy

o

1

Z

0
0
Z

Ｃ

e゛c°eyy°1十l?1

こ

(jω

ﾀﾐ

)

yk

十Ωk2'

Exy=Gμ゛l?ﾀﾞ゛(如ﾀﾐ)?k
十Ωk2'
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EzZ°1十χ

k

虻

jω

1

jω十り
(1.36)

Thespecificadmittance1Sdefinedastheadmittanceofanunit

volume(anunitlengthwithanunitarea)andcalculatedfromeq.(1.32).

[;]=ﾐﾚ=EOﾘ

゜jωGo{eχχsin^e十EzZcos20}

゜yj.sin2e十y,.cos^e (1.37)

4
wheree1StheangleofavectorEwithrespecttothez-axis･yi

andy≪arethecomponentsofaspecificadmittanceperpendicularand

4･
paralle:LtotheexternallyappliedmagneticfieldBo.

Inwarmmagnetop:Lasma万,thespecificadmittance311playsavery

Importantrole.Undertheconditionoftheelectrostaticapproximation.

whenthewavenumbervectorkxisperpendiculartothemagneticfield.

thedielectricconstantKj.foranelectronlongitudinalwaveiswritten

as

亀=1十

8
t
-
^

n=1

J!j..ex(-λ)In(λ)n2(゜ω十り)

jω(か{(jω十り)2十n2Ωe2}

andthecorrespondingspecificadmittanceχ,.Wis.

乙｀゛=jωeoK

(1.38)

(1.39)

whereλ=『k』.11)2;r1.=(KTe/m)1/2/Ωeisthegyro-radiusofan

electronwiththermalenergyKTgandk』Listhewavenumberperpen-

dlculartothemagneticfield.ln(入)1smodifiedBesselfunctionof

ordern,andthesuffixedenotesthequantitiesforelectron.

ThismodeofwavepropagationhasbeendesignatedasaBernsteinmode

byl.B･Bernstein^^^andT.R.Stix^^^whoderivedthisdispersion

relationforacolllsionlessplasma.F.W.Crawfordetal･,257taking

collisionsintoaccoutapproximately,gavethesameexpressionofe(1･
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(1.38).Inthismodel0felectrostaticwaveforpropagationate=

TT/2,Landaudamping1Srigorouslyneglected｡

Intheabovetreatmentofthebehavioroftheparticlekdescrib-

edineq.(1.31),theequationofmortion1Slinearizedbyneglectingthe

CI:OSStermsof気(∇･jk)and乱･∇気.Theseterms.however,play

avery:Importantroleinthehighlyinhomogeneousplasmaregionsuchas

neartheantennaboundary.Sincethegradientoftheparticlevelocity

isconsideredtoactupontheimpedanceofaplasmaasaresistiveloss,

theeffectofthesetermsmaybeestimatedbythefollowingroughapprox-

1"1万j゛万tion.万assumingonedimensionallnhomogeneityofparticlevelocityIn

thex-direction;八=Cv十゛X)i+7yj｀十゛Zll･where£,j｀,£are

respectivelyunitvectorsinχ,y.Zdirections.

気(∇･気)+気･∇気･2脊･気 (1.40)

Therefore,thiseffectcanbeInvolved:impllcityinthecollision

frequencybyintroducingtheeffectivecollisionfrequency;

りeff°り+2∇χv (1.41)

Itshouldbenoted.however,thatthelinearapproximationIs,princi-

pally,unabletoapplytheequationofmotionoftheparticleinthe

sheathregionwheretheneutralityorthequasl-neutralltyofaplasma

doesnothold.

3.3RepresentationofPlasmabyEquivalentElectricalCircuit

ItispossibletorepresentspecificphysicalphenomenaInterms

ofanequivalentelectricalcircuit.providedthattherebethesame

differentialequationswhichdescribeeachphysicalandelectricalpro-

pertlesofthem.Theadmittance(orimpedance)ofaplasmameansthat

theequivalentelectricalcircuitwithItsadmittancehasthesamere-

sponseoftheresultantcurrentcuasedbytheexternallyapplied
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potentialorelectricfield,orviceversa.Itis,therefore,unable

torepresentexactlyanequivalentresponsefortheexcitedelectromag-

neticorelectrostaticwaves.Y.Itatani^64firstintroducedthiscon-

ceptofplasmaImpedance.T.DoteandT.Ichl�1ya265triedtoexplain

theresonancefrequencyobtainedwiththeresonancerectificationprobe.

usingtheequ:Lvalentelectricalcircuit.

Here,theplasmaIsassumedtoconsistofel:Lectronsandonekindof

positiveionsdenotedbysuffixeandsuffixi,respectively.From

eq.(1.33),(1.34)and(1.36),thespecificadmittancesy』.andy,,

canberewでitteninthef0110w:Ingforms;

yl.=jωEo十χ
1

ふl,e百ぶy.ﾄj(気長7十匹

=jωco十χ

y.°jωεo十

k= e

C
-
^
≪
r
l

=jωco十7

1

Vk
eonw →･jぢな

where

1

k=1,eRk十j“'Lk'

Rk°iElhiごs;equivalentspecificresistance.

ωiLlr゛0)‘;equivalentspecificreactance,

Gk゛三り119‘≫equivalentspecificconductance.

ωCk°三!9CIに｀;equivalentspecificsusceptance,

Co=ε0
●

ﾀ specificcapacitanceinfreespace.

(1.42)

(1.43)

Inaccordancewiththeseformulae.theequivalentelectricalcircuits

foryj.andyiiareillustratedinFig.1-14.
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Totalequivalentspecific

admittanceoftheprobesyste万7"万

1naplasmaisdefinedasa

ratiooftheprobeadmittance

inaplasmatothatinfree

space.Assumingthespherical

symmetryforasphereprobe

andtheaxialsynnnetryfora

cylindricalprobe.thetotal

equivalentspecificad万Tn万ittance

YtIsdeducedfromeq.(1,33)

as

Yt゛徊{1-p2}y,+p2yn}

y1三

!1,三

RiLi

G,

Fig.1-14Equivalentelectrical

circuitsofthespecificadmittance

31andyirofcoldplasma･

(1.44)

wherepisgeometricalfactor;p°COSOforplaneprobe,p°

1/万forsphereprobe.andp=(l/≫^)sinaforcylindricalprobe.

whereoandaaretheanglesofthesymmetrical万axisofplaneprobe

andcylindricalproberelativetothestaticmagneticfieldline.Tak:ing

accountofsimplesheathmodel,namely,theelectronplasmafrequency

°d∇χ71゛eq.(1.41)areconstant:Inthesheathregion,thetotal

equivalentspecificadmittanceVrIscalculatedandtheequivalent

electricalcircuitisshownInFig.1-15.Thesuffixlsdenotesthe

quantitiesinthesheathregion.FromFig.1-15,the10Wfrequency

responseofthecurrentJcollectedbytheplaneprobesisdeduced

whenthevoltageVisappliedtothesheath,

JJ追記.L
2VxVLs

(1.45)

whereLsisthethicknessofsheath.Thisisequivalenttoso-called

Langmulrcurrent-voltagecharacteristics;since∇χv,HesandI-s

largelydependupontheappliedvoltage.Jisgenerallyanonlinear

functionofV.Thisresistancecanbereplacedbythediode;its

inversecurrentincludingadarkcurrent,andtheforwardsaturation
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Fig.1-15Equivalentelectricalcircuitsofthetotalspecific
admittanceyofsheathregion(denotedbyasuffixs)andplasma.
Ionsbeingneglected｡

currentarecorrespondingtotheIonandelectronsaturationcurrentin

the･Langmulrcharacteristics,andthecurrent-voltagecharacteristicsof

boththediodeandthesheathshowanexponentialtypecurrentresponse

foranappliedvoltage｡

Forthewarmplasma,thespecificadmittance31｀゛1neq.(1.39)

canbe,also,rewritteninthefollowingform;

y｣ｸﾞ =jωEo十χAn(λ)･

n=1

=jωco十

(X)

χ

n゛l

1

｣旦_

n^eong^

1

Ren十｣ωLen十
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whereRen゛i;Jχy'n'eqne^'equivalentspecificresistance,

ωI-en°ij?χy･1;equivalentspecificreactance.

and

^en°An(λ).ΞJal谷旦;equivalentspecificconductance.

ωCen=ωAn(λ)゜寧;equivalentspecificsusceptance.

佩(λ)=lexp(-λ)In(λ)~l_cA＼n-i十termsofhigherorderInλ

forsmallλ.

TheequivalentelectricalcircuitforywisshowninFig.1-16.As

1sobviousfromthisfigure,seriesresonancesoccuratthefrequencies

ωn°1/4こふiこn=nfie(n=1,2,3･･‥.),1･e･,higherharmonicsofthe

cyclotronresonancefrequency.IfthecollisionfrequencyVeisnegll-

glble.Inthecaseofactualconditionofaprobesystem,theseries

resonancefrequencyisaffectedbyacapacitanceofthesheatharound

thesensor.TheseriesresonanceofanantennaadmittanceIscalled

thesheathresonance(SHR).Theupperhybridresonancefrequency,

whichisgivenas(Ile2十Ωe2)1/21neq.(1.42)whenVe°O･,is

alsomodifiedbyhigherharmonicgyro-resonancesinawarmmagneto‘

plasma.Theresonancefrequenciesaregivenasrootsofthefollowing

equation.

1-

y
An(λ)･ｺｷﾞを≒=

n=lω'nΩe

0

(1.A7)

Forexample.1ftheparameters

arechosensuchthatne/Oe=

1｡0,λ-0.4,theratioof

thefundamentalroottothe

upperhybridresonancefrequ-

encyincoldplasmaapproχima-

tlonis0.98.

G.1

y“ﾖ

Fig.1-16Equivalentelectrical
circuitofthespecificadmittance
yよwofwarmplasma.
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3.4ImpedanceofCylindricalAntennainPlasma

Thedataonthefrequencyresponseofacylindricalantennaimped-

ancehavebeenobtainedintheionosphericplasmausingmanyrockets

and:inthelaboratoryplasmausingthespacesimulationｽchamber.An

exampleoftherecordobtainedbythegyro-plasmaprobeonboardthe

Kappa8-15soundingrocket^'1sshowninFig.1-17.Theprobesystem

isdesignedtomeasuretheantennaadmittanceYinvectorform.name-

:lywithamplitudeC(equivalentcapacitance)andphaseΨ|,

x/w=Cexp(-jΨ) (1,44)

whereωisappliedangularfrequencyandj=呵.Whentheantenna

impedanceiscapacitiveorinductive.thephaseangleΨ1sequalto

-Tr/20r+7T/2,respectively.Theupperhybridresonancefrequency

PHASESHIFTANGLE

FREQUENCYREFERENCE

16129754321(MHz)

≠
程

1 9
0
0
言

Fig.1-17Typicalrecordofantennaadmittanceversusfrequency
(Kappa8-15rocketonJan.9,1969).

-42-



1sgivenasC(ω)=0,undercollislonlesscoldplasmaapproximatﾆion.

andtheelectrondensityvalueNe(electronS/cm3)canbededucedfrom

themeasuredupperhybridresonancefrequency^UHR(MHz)as

Ne゛1.24052)(104(f臨R一略) (1.45)

where%isthegyro-resonancefrequencyinMHz.

Theoreticaltreatments,0fashortcylindricalantenna(lengthL

andradiusra)incoldmagnetoplasmahavebeenperfoirmedbymanyworkers･

FollowingBalmain,^^^theimpedance1Sexpressedas

whereF

a

Zp゛ﾐμiごS711T万･【見n乞ﾌｰ1一見n£2F】

=sin2(z十a゛2cos2(χ

゛=(K゛/Ko)1/2

Ko=1-x≪/u

K'゜1-xeU/(U2-Ye2)

xe=He2/ω2

Ye°Ωe/ω

U=1-j(Ve/ω)

(X°angleoftheantennaaxiswithrespect

tod.c.magneticfield

(1.46)

Intheaboveformulation,raくくLandthefila"lentarytriangular

currentdistributionontheantennasurfaceisassumed.Incomputing

a゛゛(K゛/KO)1/2andF1/2,thesquareroothavingapositivereal

partshouldbeused｡

Theantenna:Immersedinaplasraarapidlyacquiresnegativecharges

becauserandomelectroncurrentsaregreaterthanrandomioncurrents.

Theaccumulationofcharge1Sli皿itedbythenegativepotentialwhich

developsbetweenthebodyandthemedium,andequilibriumisestablish-

edwhenelectronandioncurrentsbecometobeequal.Consequently,the

antennaissurroundedbyanionsheath,whoseadmittanceiscapacltlve

Inthehighfrequencyregion.
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Theantennaimpedanceislargelyaffectedbythesheathimpedance,

andIfthesharpboundarymodel0fthesheathisconsidered,thetotal

ImpedanceofanantennaZiswrittenas

Z(ω)=
1

jωCs
十Zp(ω) (1.47)

whereCsIstheeffectivecapacitanceofionsheath.Theseriesand

parallelresonancefrequenciesaredeterminedasZ(ω)equaltomini-

mumandmaximumvalues.ThemaximumvalueofZ(ω)isequivalentto

Zp(a))゜゜)･andC°0111eq.(1.44)withcollisionlesscoldplasma

approximation.Fromeq.(1.46),theupperhybridresonancefrequency.

゛UHR°(ne2十Ωe2)1/2,satisfiestheconditionofparallelresonance.

Thisfrequency1SIndependentoftheangle(xandisnotaffectedby

theimpedanceoftheionsheath.Thisresult1SveryimportantInmeas-

uringtheelectrondensityofaplasmawithr.f.probemethods.The

seriesresonancefrequencyislargelyaffectedbythesheathimpedance.

asisexpectedineq.(1,47).ThisresonanceIscalledthesheathreson-

ance(SHR).BothUHRandSHRareIndicatedinFig.1-17.
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ChapterIISYSTEMDESIGNOFRFPLASMAPROBES

§1.Introduction

Variouskindsofr.f.plasmaprobesformeasuringanelectron

densityintheupperatmospherehavebeeninvestigatedwithtﾆhedevelo-

pmentofspacevehiclessince1940's.AsnotedIntheprecediiigchap-

ter,theresonancerectificationprobewasinvestigatedoriginallyby

JapaneseScientlStS8゛34andappliedtotheobservationoftheiono-

sphericplasmadensity.Ithasbeen,however,clearedthatthisreson-

ancefrequency1Snotidenticalwithaplasmaresonancefrequency.

Thegyro-plasmaprobewasinitiatedbyH.Oya.^"whichhasbeen

usedasthemostusefulprobetomeasuretheelectrondensityinspace

aswellasInlaboratoryplasmas.Section21sdevotedtothedescrlp-

tionofthegyro-plasmaprobesystemandtheoreticalconsiderationsof

theprobeImpedance.ThisprobeIsdesignedtomeasuretheantenna

Impedanceasafunctionoffrequencywhich1Sscanninginawiderange

includingvariouskindsofresonancefrequencies.Theparallelreson-

ance6fantennaimpedanceIsidentifiedastheupperhybridresonance

oftheambientplasma.AcapacitancebridgeisemployedInItssensor

networkInordertoeliminateasmallunbalanceduetostraycapacity･

Itshouldbenotedthattheupperhybridresonancefrequencymaybe.

affectedbyelectron-neutralcollisions,especiallyinaweaklyionized

plasma,besidesthecollislonaldampingoftheresonance.Inaninhomo-

geneousplasmawheretheelectrondensityorthemagneticfieldinten-

sltygradienteχistsaroundanantenna,thequestionariseshowto

definetheupperhybridresonancefrequencyrelevanttosuchamedium.

Theexperimentalresultswhicharedescribedinthenextchapter,show

thattherecanbeobservedoneparallelresonanceofanantennaimped-

ancedespiteoftheinhomogeneityofthemedium.Theresonancefrequ-

encyisidentifiedasoneobtainedbyIntegratingaspecificadmittance

oftheplasmaoverthewholespace.Frequencycharacteristicsofan

antennaimpedanceinawarmmagnetoplasmaareexaminedbycalculating

thespecificadmittancegivenineq.(1.39).
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Themutualimpedanceprobeconsistsoftwowhipantennas,which

aremadeupatransmitter-receiverantennasystem.Sincethereceived

signalintensityisafunctionofplasmaimpedancebetweentwoantennas,'

thisprobe1Stomeasurethefrequencyresponseofmutualimpedanceof

twoseparatedantennas.S.Miyazaki^^^calculatedanalyticallythe

potentialfieldandtheimpedanceofatwo-wireprobe.usingadielectric

tensorofacoldplasma.Resonanceeffectsonthereceivedsignaldue

totheupperhybridresonanceandtheharmonicsofthegyro-resonance

wereverifiedbytheLambda3H-6soundingrocketexperiment^(see

section4,Chapter工V).工thasbeenalsorevealedthattheelectro-

staticBernsteinmodewavepropagatingperpendicu:Lartothemagnetic

fieldproducesconsiderableeffectsonthereceivedsignalIntensity

(seesection3,ChapterIII).Section3explainstheinstrumentation

ofthisprobesystemandthemutualImpedanceincoldplasmaaswellas

inwarmplasma,usingthespecificadmittanceofaplasma.

Twotypesofthecapacitanceprobehavebeenusedintherocket

experimentS9゛18゛19゛30;one1Safixedfrequencyimpedanceprobewhich

measuresthecapacitancevalueofantenna,andtheotherisahighfrequ-

encycapacitanceprobemeasuringthefrequencyshiftoftheLCoscillator

inwhichthecapacitanceCofanantennachangesitsvaluewithchange

ofplasmaparameters.ThisprobemethodIsusedtodetectthefine

structureof10Welectrondensityintheupperatmosphere,namely,in

theionosphericDregionandthemagnetosphere.section4describes

theInstrumentationofthisprobesystem.andthecollisioneffecton

theelectrondensitymeasurementIntheDregion.

Insection5,thecapacitanceoftheionsheathsurroundingabody

Inaplasmaisinvestigated.Whenr.f.potential1Sappliedtothe

body,thechargeaccumu:Lationismodulatedbythenonlinearresponseof

thesheath.Theequilibriumd.c.potential0fthebodywithrespectto

theplasmadecreasesuntilelectronandion十currentsbecometobeequal･

Someexperimentalandtheoreticalinvestigationsofr.f.responseofthe

sheathhavebeenreported.^^^Thedeformationof10nsheathdueto

thisshouldbetakenintoconsiderationintheexperimentsofr.f.plasma

probes,andalsoinsatelliteexperimentswhenthehightensionr.f.
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fieldisusedintheonboardinstrument.Thefloatingpotential0fa

bodyaffectedbysuchr.f.potentﾆial1Scalculatedanalyticallyandthe

effectonthemeasurementofelectrondensityisdiscussed.

§2.Gyro-plasmaProbeSystem

2.1Instrumentation

Asnotedbefore,thegyro-plasmaprobeisdesignedtomeasurethe

antennaadmittanceinvectorform,namelywithamplitudeandphaseover

awidefrequencyrange.andacapacitance十bridgeisemployedinits

antennanetworkinordertoeliminatecontaminationduetostraycapac-

ity.Figure2-1showstheblockdiagramofthegyro-plasmaprobe

systemwhichisdesignedforsoundingrocketexperiments.(Theprobe

systemonboardthespacecraftREXSwillbedescribedinChapterv.)

Thesweptfrequencyrangeisusuallyfrom0.2MHzt015MHz,whichin-

eludethegyro-resonancefrequencydeterminedbythegeomagneticfield

(aboutfrom1.3MHzt00.9MHzinthealtituderangeupt02000km)and

theelectronplasmaresonancefrequency(about0.9MHzt013MHzinthe

altituderangefrom90kmt02000km)IntheIonosphere.Thescale-

valuesofthegyro-plasmaprobearecalibratedinthepre-launchingtest.

ToTM

ToTM

Fig.2-1Blockdiagramofrocketbornegyro-plasmaprobe
system.
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Fig.2-2Typicaleχampleofantennanetworkcircuit.Thecapacitance

bridgewithanantennacomprisesthefourcapacitorarms;CojCojCt,
CrandthevariablecapacitorMC601Y.

ThedetailedcircuitsoftheantennanetworkIsshowninFig.2-2,1n

whichthecapacitancebridgewiththeantennacomprisesthefourcapaci-

torarmsofCo,C0,CtandCrandthevar:iablecapacitorMC601Y.

Thedifferentialamplifierconsistsoftwofieldeffecttransistorswith

highinputImpedanceandtheintegralcircuitofadifferentialopera-

tlonalj1万mpllfier｡

TakingtheequivalentcapacitanceoftheantennatobeC,the

amplitudeoftheoutputpotential△Vofthedifferentialamplifieris

calculatedas

where

△V=
G2VIN

c*=(i-3')Co十Ct-β'Cr,andC=C(ω),

3'=Gi/Gz.
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GiandG2arethevoltagegainsoftheinputFETamplifiers,andVtn

1Stheamplitudeofinputpotentialtothecapacitancebridge.The

capacitancebridgeshouldbebalancedbyadjustingthevariablecapaci-

torMC601Y,thegainsoftheInputFETamplifierstobeGi:=:G2,and

theinputimpedanceofthedifferentialamplifier.WhenC大゜Oand

Co>>C,theoutputsignal△V1Ssimplyproportionaltotheequiva-

lentantennacapacitanceC,namely

△V≪C(ω) (2.2)

Thisprobesystemiscapableofdetectingthechanges'of△Voverabout

80dBoftheabsoluteamplitude^OUT*Thephasedifferencebetv゛eenVtn

and^OUTismeasuredintherangeof7Tradianusingthephasecompar-

atorwithsaturationamplifiers.Figure2-3(a)and(b)showstheam-

plitudeandphasecharacteristicsofthegyro-p:Lasmaprobe,andthe!｢

responsetoduiinnyantennaelementsareIllustratedinFig.2-4(a),(b),

and(c).Astheequivalentcapacitanceofan.antennaInaplasmacanbe

shownineq.(1.47)togetherwitheq.(1.46),theoutputvoltage△v

hasItsminimumvalueattheupperhybridresonancefrequencyandits

maximumvalueatthesheathresonancefrequencyprovidedthatthecol-

llsionfrequencyisnegligibleandthatthecapacitancebridgeIsjust

balanced.
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Fig･.2-3(a)Amplitudemeasuringcircuitconversion-scaleat0.85MHz

(b)PhasemeasuringcircuitcharacteristicatIFfrequency,100kHz.
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Fig. ２－４　(a) Simulation of am-

plltude by pure capacitance (1 -

3000 pF). (b) Simulation of am-

plltude and phase variation by Ｌ

-C-R resonance circuit (L=50 yH,

C=37 PF, R=10 ｋΩ）．　(c) Simula-

tion　of　　amplitude　　variation

resonance damp ing due to Ｒ (L=25

μＨ，　Ｃ＝３５ PF,　R=<>°, 10 Ｋ，フ．５ Ｋ，

５．１ K, 3.0 Ｋ，１．０ｋΩ），ａｎｄ lower

trace shows the reference frequ-

ency marker.
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2.2　　Calibration of Capacitance Bridge Unbalance
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　　　　Thebalancing of the capacitance bridge should be carefully adjust-

ed so that C*　in eq. (2.1) becomes　to be zero. But, if an unbalanced

quantity still remains,　the resonance frequency Ｗｉ１:Ｌshift　and　the

calculated electron density must be corrected.　For ＣＯ:Ldand homogene-

ous plasma. ｎｅｇ:lectﾆingthe edge effect of antenna, the equivalent cap a―

citance of the cylindrical antenna Is deduced from eqs. (1.47) and

(1.46) as

and

Ｃ＝
三白）

Ｃｓ十Cp

　　　＿　　　　　　27TeoLa゛－1･Ｋ゛FI/2
Cp‾ｈ(Ｌ/ｒａ)－1一兄n{(a'十F1／2)/2F}
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Here,thedeviationofthemeasuredelectrondensityisdefinedas

a'=優=恍2こ(2.5)

whereω大1stheangularfrequencyattheminimumpointoftheantenna

capacitanceandωUHR°(He2十Ωe2)1/2.Inthecolllsionlessappro-

ximatlon,thecorrectionfactora大forthedeviationofthemeasured

electrondensityNg*fromNe.isobtainedfromeqs.(2.1),(2.3),and

(2.4)as(c?=-a'd十�)-1)

Ne°(1十a*)Ne*.

and (X大=
Cs△c+e*(Co+Cr)

Cpo△c十日(CO十Cr)十Cs゛

(2.6)

(2.7)

whereAc°Ct-Cr;straycapacity,

3*=1-6゛;gaindifferenceoftwoFETamplifiers.

Cpo;antennacapacitanceInfreespace.

Cs°2TreoL/Jln(rg/ra“ra/rs).rszsheathradius･

NeiIstheestimatedelectrondensityassumingω大tobeωUHR･

Figure2-5(a)and(b)showthecorrectionterm(x火whichiscomputed

asafunctionofnormalizedstraycapacitance.△/Cpo,andthegain

differenceoftwoFETdifferentialamplifiers,(.?,whenthecyllndri-

calantennaisparalleltothestaticmagneticfield.Theparameters

arechosenasCo/Cpo°509Cr/Cpo°30andCg/CpO'2.5°The

normalizedstraycapacitancemustbereducedlessthan10'.2(-40dB)

andthegaindifferenceoftwoinputFETdifferentialamplifiersmust

balanceatabout2×10""(-74dB),Inordertoholdthecorrection

terma゛withinabout±1Z.

-51-



100

0
1
1

〔
?
<
3
0
0
1
χ
.
"
3
A
i
l
S
Z
3
a
N
0
a
i
0
3
1
3
J
O
N
O
I
i
V
I
A
B
Q

m
乙

1･-4

ojl詐

χ
.
^
]
d
W
d
J
i
a
d
o
a
o
z
3
a
3
J
j
一
Q
z
一
ろ

10-'10゛210‾

NORMALIZEDSTRAYCAPACITANCE〔△/C,｡〕

〕

NORMALIZEDSTRAYCAPACITANCE〔△/Cpo〕
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2.3CollisionEffectonResonanceCharacteristics

Whentheelectron-neutralcollisionfrequencTIsnotnegligible

comparedwiththeelectrongyro-frequencyandelectronplasmafreq^uency,

theparallelresonancefrequencTisdeviatedfromtheupperhybrid

resonancefrequency,togetherwiththeeffectofcollisionalbroadening

oftheresonance.Consequently･,theelectrondensityvaluededucedfrom

theparallelresonancefrequencyshouldBecorrected.Figure2-6Ishows

theprobecapacitanceineq.(‘2.3)normalizedbythecapacitancein

freespace.AsthecollisionfrequencyIncreases,thefrequency-togive

minimumvalueoftheprobecapacitance.Indicatedbydots.Increasesand

theresonanceIsgraduallyflattenedout.Thecorrectionfactor(χ

definedineq.(2.5)versusthecollisionisshowninFig.2-7.Ifthe

gyro-frequencyislessthanth£plasmafrequencyorthecollision
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frequency,theasymptoticsolutionofthisvalueIsgivenby

a'=

ぶ二こjiE:

‾1
2

(2.8)

whereξ=り/Jie-1:heelectron.densityNeisequaltoCl十a')‘≫Ne*.

Thiscorrectionfactor1Sverysmalleχceptinthelowerionosphere

belowabout100km.

2.4ImpedanceofAntennainInhomogeneousPlasma

Theplasmainspacearoundtheantennaisconsideredtobehomo―

geneousonascaleoftheantennadimension.rtisnecessary.however,

toexaminethebehavioroftheantennaimpedance:tnaninhomogeneous

plasmabecausetheionsheath1Sformedaroundthevehiclewhenthe

vehicle'sbodyacquiresanegativecharge.TheerrorIntheelectron

densitymeasurementwithr.f.probesduetothedensitygradientis

alsoappreciableinthelaboratoryplasmaexperiments.
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Fig.2-8Prolatesphericalcoordinatesystem

ItIsconsideredherethatthelocalplasmafrequencyIsafunc-

tlonofposition,thesheathelectrostaticfieldbeingexpressedInth.e

prolatesphericalcoordinatesystem(入.y.Ψ)asshowninFig.2-8.Tke

cylindricalantenna(lengthLandradiusra)1Sapproximatelyre―

presentedinthiscoordinatesystﾆemas

Wtiere

λ0=(L/2)/c

c=原万F‾二‾77.

(2.9)

Themetriccoefficientshi.h2,andh3aregivenasf0110ws.

hi=c匹,

h2=c/(X^-y^)/(l-u^)i

h3=･/(X^-1)(1二‾芦.

(2.10)

Iftheequipotentlalsurfaceisassumedtobeλ=constantandthe

staticmagneticfieldisperpendiculartotheelectrostaticfield,the

specificadmittanceofavolumedて(hih2h3dudλdΨ)IS
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ωs(λμ'i')h2h3dydΨ

hldλ
(2.11)

whereC(λ,u.Ψ)lsadielectricconstant.Thetotaladmittanceofan

antennaIsobtainedbyIntegratiiigthespecificadmittanceoverallspace

outsidetheantenna,th,en.

7°[長∫
λo

dλ
-l

(2.12)

Forexample.whenadielectricconstantisthatoffreespace,Eo,the

admittanceofanantennainfreespaceiseasilycalculatedas

Y=-｣ω2TreoL
cosh‾1(L/2ra)

[]2.13)

Wheninhomogeneltyofplasmasuchasdensitygradientorgradient

ofthestaticmagneticfieldeχistsin1JandΨdirections,theabove

(
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Fig.2-9Normalizedprobe
capacitance.Dindicates
thee-holddistanceofelec-
tron.densitygradient,andL
Isthelengthofcylindrical
probe.
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formulation1Snotanexactsolution.Toestimatetheeffectofden-

sitygradientinmeasuringanelectrondensityfromtheparallelreson-

ancefrequencyofantennaImpedance,it1Susefultocomputethefrequ-

encyresponseoftheadmittancegivenIneq.C2.12).Figure2-9shows

theadmittanceofacylindricalantennaa=2000mmandra=5mm)in

plasma,Inwhichtheradialgradientoftheelectrondensitydistribu-

tionfunction1SasSlimedas

0, λQくλくλS

Neoexp{(λs-λ)/D},λsくλ

(2･､14)

wherethesharpboundarysheatKmodelisemployed,λSisthedistance

ofthesheathboundaryfromtheaatennasurface,andDIsthee-fold

distanceofelectrondensitygradient.TheparallelresonancejustCO-

Incldeswiththeupperhybridresonancecorrespondingtothemaximum

electrondensity.WhenthedensitygradientInμdirection1Sassumed.

theelectrondensitydeducedfromtheparallelresonanceisnotthevalue

ofmaximumelectrondensitybutanaveragevalueofthedistribution

function.Inthiscase,deviationsofmeasuredelectrondensityfromthe

maximumvalueNeocanbecalculated.TheresultsareshowninFig.2-10,
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assuminganexp(-|μI/D)typeoftheelectrondensitygradient,where

D1Sthee-holddistanceoftheelectrondensitygradientnormalizedby

L/2･.Asevidentfromthisfigure,whenthenormalizede-holdelectron

densitygradientD1Sunity,theelectrondensitydeducedfromthe

parallelresonancefrequency1Slowerthanthelocalmaximumdensity

about-40Z｡

Inthesoundingrocketexperiments,thedensitygradientismainly

causedbythesheathregionaroundtheantenna.Inthiscase,sincethe

densityinhomogeneity1Sconsideredtoberadialgradientandtheambi-

entplasmaIshomogeneous,themeasuredelectrondensityshowsthevalue

ofambientplasmadensity.Consideringthecaseofanantennaina

rocketwakeregionwhich1Sproducedbythevehiclemotionorthecase

thatapartofanantenna1Scoveredbythe10nsheatharoundthe

vehicle'sbody.thedensitygradientalongtheantennaaxisorthe

azlmuthaldensitygradientshouldbeconsidered.Inthelaboratoryex-

perlments,asItIsgenerallydifficulttogeneratehomogeneousplasma万S

Inascalelargerthantheantennad:Imenslon,theabove-mentionedcal-

culatlonsmustbeintroduced｡

Whenthegradientofthestaticmangeticfieldintheprobeaxis

directionexpressedbytheformB(z)=Bo/(z十zo)十B00whereB0,

BO10andz0areconstant,theadmittanceofancylindricalantennais

computedfromeq.(2.12).ThisistheIntegratedformofthespecific

admittancegivenineq.(1.44)alongthez-axis.whentheangleaof

thestaticmagneticfieldwithrespecttothez-axisIsTr/2andthe

electrongyro-frequencyisafunctionofz.Thespecificcapacitance

ineq.(1.42),i.e･,COHe2/Ωe2,decreaseswithincreaseofmagnetic

fieldIntensity.Thecontributionofsheathcapacitancetothetotal

admittancebecomes･tobenegligiblewhenne^くくΩe2,becausethespe-

cificcapacitanceofaplasmabecomestobemuchsmallerthanthespe-

ciflccapacitanceoftheionsheath.Consequently,thesheatheffect

ontheadmittanceofanantennaisneglectedinthefollowingCa:Lcula-

tions.Figure2-1:Lshowstheantennacapacitancenormalizedbythatin

freespacefortheInhomogeneousmagneticfields.Thefrequencyshift

andthebroadeningofresonancearecausedbytheinhomogeneityofthe

appliedmagneticfield.ExperimentalresultsCdescrlBedInChapterIll)

- 58-



agreewellwiththiscalculations.
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Fig.241Dampingofresonanceandresonancefrequency
shiftduetotheinhomogeneityofappliedmagneticfield.

Thecylindricalprobelength62cm.ZO=1cm.and

B00゛4.6gauss.Threecurvesarecorrespondingtothe
magnetic:爪eMIJ呵々呼戸叩?一呵s:?|ﾘﾘgauss･11:]

are(a)1×10-(b)4.5×10-2,and(c)9×10-2.

2.5ImpedanceofAntennainWarmMagnetopiasma

Therehavebeenknownsomeevidencesthattheadmittanceofan

antennachangesitsvaluesattheharmonicsoftheelectrongyro-

resonancefrequency.Thisadmittancechangecannotbepredictedbythe

coldplasmatheory.Thesecondharmonicofgyro-resonancewasfirstdls-

coveredbytheKappa8-15soundingrocketexperiment(.M.Ejirland

T｡Obayashl^7).V.F.Meltzerand狂.R.Rabben29･alsodetectedthis

secondharmonicresonance.Thethirdandhigherharmonicseffectson

theantennaadmittancehasbeenrevealedinourlaboratoryexperiments.

Inthemostsimpleconfigurationoftheparallelplatesalongthestatic

magneticfield,theadmittanceoftheprobeIswellrepresentedby瓦IW

givenIneq.(1.39).Figure2-12showsthecapacitanceoftheprobeas

afunctionoffrequency.?wocasesareconsidered;platedistancesare

d°0.1mand1.0mbuttheircapacitancesinfreespacearethe
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same,thecollisionfrequencies

fv=0.01MHzand0.50MHz.

Theplas･m万afrequency,thegyro-

frequency,andtheelectron

temperatureare5.00MHz,1.18

MHzand1000°K,respectively･

Forsimplicity,thewavenum―

berkisselectedtobecon―

stantvalueof2ir/d.Forthe

case d=0.1mandfり=

0｡01MHz,asharpresonance

effectappearsattheharmonics

ofgyTO-resonance.Thisindl-･

catesthat,astheparam万eters

6'(dimensionoftheprobe

system/Larmorradius)de-

creases,thecoldplasmathe-

orycannotbeapplicable.The

warmplasmatheory1Sessen-
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Fig.2‘12Capacitanceofparallel

platesinwarmplEsma.

tialforsuchcomputationoftheantennaImpedance.

§3.MutualImpedanceProbeSystem

3.1Instrumentation

The�utualimpedanceprobeconsistsoftwowhipantennas,which

aremadeupatransmitter-receiverantennasystem.Thesweptfrequency

signalofconstantvoltageorconstantcurrentisfedtothetransmit-

tingantennaandthesignalintensityoftheresultantnearfieldIs

detectedbythereceivingantennawiththepre-amplifierofthehigh

inputor10winputimpedance.Figure2-13showstheblockdiagramof

measuring十circuitsforselfandmutualimpedanceinLam万ibda3H-5sound-

ingrocketexperiment.Thesweptfrequencyrangelafrom0.2MHzto
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Measuring Circuit for　Self&　Mutual　Impedance

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O.125sec

Fig.　2-13　　Block diagram of self and mutual impedance mea-

surement systﾆem.　Tl, T2, T3 are transmitting antennas and

Ｒ receiving antenna.

(a3 LAMBDA 3H-5
（b）しAHBDA 3H-6

Fig. 2-14　Rocket borne instruments, (a) Lambda 3H-5 (four
whip antennas with １３０cm in length and one vertical antenna
with ６０cm in length) ; (Jo) Lambda 3H-6 (two whip antennas
with １６０cm in length).
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Fig.2-15Blockdiagramofmutualimpedanceprobesystem.

10.0MHzandtheappliedconstantvoltagetotransmittingantennas(71､

T2andT3)is0.1Vrms･Ther･､f.electricfie:LdIsdetectedbythere―

ceivingantenna(R)withitsInputresistanceof200knandcapacitance

of7.8pF.S:ImilarexperimentwasalsocarriedoutbyL万ambda3H-6sound-

ingrocket.Th､erocketborneInstrumentsareshowninFig.2-14.Elec-

tricalcircuitsofthisprobesystemexcepttheantennanetworkcircuit

aremuchth､esameasthatofthegyro-plasmaprohe｡

Inthelaboratoryexper:iment､thereceiverwith10Winputimpedance

of75aandthecoaxialfeederof3C-2Vareusedtomatchtheoutputand

inputimpedancesoftheoscillatorandthereceiver.Theblockdiagram

isshowninFig.2-15.Theparallelcylindricalantennassetinaclose

distance1Sdesignated"TwowireProbe".Ingeneral､thecylindrical

antennasperpendiculartoeachotherandtheparallelmeshdiscswitha

movabledistanceareusedformutual1皿pedanceprobe.

3.2MutualImpedanceinMagnetoplasma

Toobtainthecharacteristicsofthl!receivedsignalintensityas
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Fig.2-16Equlva:LentcircuitformutualImpedanceprobesystem.

afunctionoffrequency.asimplifiedmodeloftheprobesystemiscon-

sideredasfollows.ThetransmittingsignalIsfedtotheantenna

throughthecoaxialcablev?hlch1sterminatedbythecharacteristic

/
impedanceZ0.Thereceivingantenna1SalsoterminatedbyZ0.The

equivalentcircuitforthisprobesystemisillustratedInFig.2-16.

CpandCpmarethecapacitanceofaantennaandthecapacitancebe-

tweentwoantennasinaplasmawhicharethefunctionsoffrequency･

eistheInducedvoltage,1°e･9e°“j(M7Zp)VL゛hereM'andZp

arethemutualInductancebetweentwoantennasandtheselfimpedance

ofaantenna°CstandCmtarethestraycapacitances.Vs.Vl.v

and｡VrarevoltagesatthepointsIndicatedinthefigure｡

TheinputvoltageVrtothedetectorofthereceiverisexpres-

sedas

Vr'Vexp(-yl)=V

and

(2.14)

｀9c゛≒;回:
2Cpm+Cgt+

設問゛<wt)･Vo(2.15)

whereCO=(jωZQ)-l,Cm=(-ω2M゛)-1,V01sanoutputvoltage

oftheendofcoaxialcablewhenanantennaisremoved;

Vo゛Vs/(coshU十slnhY£)●vs (2.16)

Yand見arethepropagationconstantandthelengthofacoaxial
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Fig.2-17Receivedsignalintensityasafunctionof

frequency.fl?゜3MHz,%°1°18MHz,fり゜o°05MHz,

andTe°1000K.ProbedistanceIs0.1m,andCpo

°5PF.Cst°1PF.Cmt'0.5pF,andM゛=0.25uH.

Sheathcapacitance1Sassumedtobe30pF.

cable;‘thecondition,‘Y又<く1,1sassumedIneqs.(2.14),(2.15)

and(2.16).Figure2-17showsthecalculatedreceivedsignalIntensity

versusfrequencyunderthecondition;fp°3.0MRzﾀf狂゜1.18MHz,

fv°0.05MHz,Te°1000°K,andthedistancebetweentwoantennas

0.1m..Theabruptsheathmodelisemployedandthesheath･capacitance

Isassumedtobe30pF.Thecapacitanceofanantennaaadthecapaci―

tancebetweentwoantennasinfreespaceare10pFand5pF.Themutua:L

inductanceMi‾1sselectedtobe0.25yH.Theplasmaisconsideredas

thedielectricmediumwhichhaaa･die:Leetrieconstantgiven±neq.(1.34)

forcoldplas圃aoreq.(1.38)forwarmplasma.InFig.2-17,the十solid

curveshowstheratioofthereceiyeds:lgnalintensitytotheinputvolt-

ageinwarmplasma,andthedashedcurveshowsthatincoldplasmaappro:-'

xlmatlon.IfthemutualinductanceIsneglected,th£intensityratio1S

givenbythechainedcurve.Theeffectofhigherharmonicsofthegyro-

resonanceuponthereceivedsignal‘intensitycanbeclearlydemonstrated
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inthefigure.ThefrequencyoftheparallelresonanceIsshiftedfrom

fUHR゛(fP2十fR2)1/2.Thecomparisonwiththヽeexperimentalresultsis

describedinthenextchapter･

§4.HighFrequencyCapacitanceProbeSystem

4.1Instrumentation

TheprobeInaplasm゛lbeingusedasacapacitanceintheLCtank

circuitoftheHartley-tﾆypeoscillator,thechangein.oscillatorfrequ―

encyIsrelatedtotheelectron.densityofaplasma.Thechoiceof

oscillatorfrequencyInfreespacewellabovetheupperhybridresonance

frequencyandthecollisionfrequency,permitssimplificationinboth

thetheoryandtheInstrumentation.ThetypicalHartley―typeoscillator

circuitdiagramisillustratedinFig.2-18･Cp1Saprobecapacitance

andC01Safixedcapacitancewhichcontrollstherangeoffrequency

change.ThistypeofoscillatorhassuchadvantagesthatIt1Spossible

tooscillateInlowvoltage(こO°2Vpp)andthat8negativepotentialcan

beappliedtobothelectrodesofthecapacitorCp゛Tosuppressthe

thermaldriftoffrequency,theoscillatorIscoveredbythethermal

insulatorandcontro:Liedbytheelectricalheater,theobservational

temperaturebeingkeptaconstant.

ThechangeInoscillatorfrequen―‘

cy△f1Sobtainedas

△f=
虻._Ct‥

2foCO十Cpo
(2.17)

wherefoandCpoaretheosci―

llatorfrequencyandtheprobeca-･

pacitanceInfreespace.andthe

condition.f02〉>fUHR2and

fり2,Isassumed.Consequently,

△fislinearlyproportionalto

-

一 一 一 一

･12V

犬･10sl･y

1
1

|

Fig.2-18Circuitdiagramofthe
Hartley-typeoscillator.
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Fig.2-19Systemblockdiagramof
onboardS210-6soundingrocket｡

thecapacitanceprobe

theelectrondensityvalue.Thecomproni±sedchoiceoftheoscillator

frequencyisa:Lsorequired,becausethesensitivityofthefrequency

shiftisinverselyproportionaltotheoscl:Llatorfrequency,whilea

morecomplicatedtheoreticalcalculation1Sneededforalowoperating

frequency｡

Inthepresentexperiments,thetechniqueforcountingthefrequ-

encyshifthasbeenemployedasshown万InFig.2-19.Thissystemhas

twochannels.Inthechannel1,thefrequencydifference,subtracting

aconstantfrequencyofthecrystalcontrolledoscillatorfromtheoscil-

latorfrequency,1Sdemultlpliedbythebinarycha:inandtransmitted

throughtheFM-FMtelemetryasasubcarrlerfrequency.Thefrequency

ofthecrystalcontrolledoscillatorandthenumberoftheBinariesare

determinedsuch.thattheallowablechangeInfrequencyis.withinthe

givenfrequencybandwith.Inthechanne:L2,th£sametypeoscillator

(OSC2)Isprovided.Thefrequencydifferencebetweenoscland21s

measuredprec:Iselybyusingagatedcounteranddirectlytransmittedas
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binarybitsusingthevcochannel0fFM-FMtelemetrysystem.Thesever-

alkindsofd.c.potentialareappliedtothesensors.Theuseofa

deepnegat:Ivepotentialtotheprobeprovidestheinf:Lightcalibration,

givingthefrequencyofoscillatorinfreespace,sothatanysystematic

driftintheoscillatorfrequencyduetoenvironmentalchangescouldbe

adequatelycorrected.Langmuircharacteristicsofprobecurrentversus

appliedvoltageareobtainedsimultaneouslywhen.thesaw-toothvoltage

Isappliedtotheprobe.Thechangeinfrequencyresponsetotheappli-

edpotentialgivetheinformationaboutthesheath.゛

4.2DesignofElectricalCircuits

TheHartleycircuitconsistsessentiallyofagrounded-baseampli-

fierhavingatunedcollectorload.ConditionstobefulfUledforthe

amplifierofthistypeare;(1)theamplitudeofcurrentfedbacktothe

inputbethecorrectvaluetoobtainthecorrespondingoutput.and(11)

thephaseofthefetH)ackcurrentbeinphasewith.theoutput.hence

givingpositivefeedback｡

Inthecapacitanceprobe,thesiliconN-channelunjunctionfield

effecttransistorC3SK28G)areused.Thistypeofthetransistorfeed-･

backoscillatorisverysimilartoavacuumtubeoscillator.Thebasic

Hartleycircuit,withoutthebiasingnetwork,isshowninFig.2-20(a);

part(b)isthed:Lagramasafourterminalnetwork.Thしeconditionof

oscillatorcanbeexpressedIntermsoftheadmittancematrixas

Y11

Y21

Y12

Y22
≦0 (2.18)

whereYii,Yi2,Y21,andY22aretheinputadmittance,reverse

transadmlttance,forwardtransadmlttance.andoutputadmittance,re-

spectﾆIvely.ConsideringtheconductancegofthecondencerCIna

plasmaandthecomplexadmittancematrlχofthetransister,i.e.,y1

゛gl十jωc19yr゛gr+jωCr,yf'8f十jωCf.andyo'go十jωc0,
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鋤咄
Fig.2-20Hartleyoscillator;(a)

a.c.equivalentofHart:Leyoscillator

and(!))representationasth､efour

terminalnetwork.

(a)(b)

theoscillatorfrequencyisdeducedfromeq.(2.18).

where

ω2= (2.19)

(2.20)

(2.22)

C(L+L2+2M)+△g(LiL2-M2)十(L2C5十Llci-Mcr-Mcf)

where△g°(gigo-grSf)十g(gi+gr十gf十gQ)･

A(LiL2-M^){cico-CrCf十C(ci十cr十cf十CO)}

F゛{C(玩+L2+2M)十△g(LIL2-M2)十(L2cO+LICi-Mcr咄cf)}2

Whengくく10‾1mho.thefrequencjrIsapproxねaatedby

可匹ﾄ天
Theconditionofoscillationisalsofoundtobe

gf十gf-2g≧Ll+^!

gi十(と五器〉2go十{1十(EtEま)2}gL2-HI

-
L1+L2+2MLIL2+M2｡
¬7可5゛

(

辻

)

χgcΞ(gi十g)co十(go十g)ci‾(gf‾g)cf‾(≒‾g)cr

Sincethetermχgcisnegligiblecomparedwiththeotherterms,and

grくく8fand8q<くglinthヽe:Lowfrequencyapproximation.thecon-

ditiongivenineq｡(2.21)becomestobe

趾._(LI十L2+2M).L(!!.+M

g1(LI+M)(L2+M)gi゛L2+M
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If g°09eq.(2.22)isreducedtothewell-knownformula;

趾.

91
(Ξhf)>ﾓｹﾓﾄR (2.23)

wherehfisaforwardcurrentamplificationratioofthetransistor.

Thisvalueshouldbelargeenoughtosatisfytheinequalityofeq.(2.23)｡

Theindexofstabilityoftheoscillationis･definedasaratio0f

thelefthandsidetotherighthandsideofeq.(2.22).Theindexof

stabilitydecreaseswiththeIncreaseoftheconductanceoftheprobein

aplasでg.Usingtheparametersof3SK28G,Fig.2-21showstherelation

oftheindexofstabilitywithrespecttotheconductance.Theindex

ofstabl:Lltyisusuallychosentobegreaterthan25forthestable

oscillation,.TheconductivityisdeducedfromtheImaginarypartof

permittivityineq.(1.34).TheoscillatorofthecapacitanceprobeIs

2100
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d
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i
s

1

STABILITYOFHARTLEY-TYPE

OSCILLATOR

CONDUCTANCE9(mho)

10‾2

Fig.2-21IndexofstabilityofHartley-typeoscillatorversus
conductanceofthecapacitor.(C=30PF,Li=3yH,L2=

0.33uH･g1°20Umho,gf゛9.2mmho(3SK28G)).kisa
couplingfactorofLiandL2.
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foundtobealwaysstablein.theionosphere.whileunstableInthelab-

oratoryplasmawhentheelectrondensitybecomesgreaterthan107cm‾3

atthecollisionfrequencyabout1MRZ｡

Todesigntheelectricalcircuit,somestabilizationsoftheoscll-

latorfrecLuencyhavebeenconsidered;(i)toincreasetheqvalue

ofLCtankcircuit,(ii)toincreasetheratioofCtoL,(ill)the

reactance十stabilizationtocompensatethechanges〇fyparameterof

thetransistor,(Iv)tostabilizethequiescentpointoftheloadline

ofthetransistorbythestabilizedd.c｡powersupply｡

4.3CollisionEffectonElectronDensityMeasurement

Sincetheelectron-neutralcollisionfrequencyIsgreaterthanthe

plasmafrequencybelowthealtitudeofabout85kmintheloweriono-

sphereandtheoscillatorfrequencyIsusuallychosentobe10MHzto

15MHzintheS210soundingrocketexperiments,th£linearre:Lationof

thechangeinoscillatorfrequencygivenineq.(2.17)shouldbecor―

rectedinthelowerionospherewherethecondition.f02>>fり2sis

notsatisfied.Asmentionedabove,theimaginarypartofthepermit―

tlvityofadielectricconstantdoesnotcontributetothechangein

oscillatorfrequencybecausetheconductanceismuchlessthan10~Vho,

theusualprobedimensioabeingassumed.Usingtherealpartofper-

mlttivitydeducedfromeq･(1.34)andthecondition.f02>>fUHR2,

eq.(2.17)isrewrittenas

△f=1ヰ･Co+Cpo^fo2+

≒
ﾌ) (2.24)

Toevaluatethecorrectionfactorduetocollision,themodelcol-

1isionprofileinthelowerionosphere:Isadoptedfromthevaluesgiven

byJ.S.BelroseandI.A.Bourne.^^^Iftheoscillatorfrequencyin

freespaceistaken.tobe14MHz,thecondition.thatthecorrection

factor1Sequaltoorlessthanabout10Zissatisfiedintheregion

above70km.
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Asfortheeffectduetﾆ010nsheathformedaroundaprobe.the

capacitanceprobehassuchdisadvantageastomeasurethevery10welec-

trondensitywheretheDebyeshieldinglengthbecomesmuchlongerthan

theprobedimensions.Theoscillatorfrequencyis,also,shifteddue

tostraycapacitanceofasensorandtemperaturedriftoftheelectri-

calelements.Consequently,Itmaynotbeappropriatetomeasurethe

absoluteVa:Lueofelectrondensityotherwisetomeasurethefinestruc-

tureofelectrondensityvariations｡

§5.R.F.ResponseofIonSheath

Inthissectionthe10nsheathformationaroundaprobeinaplasma

isinvestigated.Itisassumedthatneutrals,ionsandelectronsarein

t:hermalequilibliumandIsotropic,andthattheearth'smagneticfield

willbeneglected.Furthermore,thevariationoftheequilibriumpo-

tentlallowenoughtoletelectronsadjusttheirdensityInstantaneously

totheambientpotential,buthighenoughtoletthe10ndensityremain

thesame.Inthefollowinganalysis,theplaneprobewithoutanedge

effectIsconsidered.

5.1SheathFormationaroundaBodyinPlasma

AbodyImmersedinplasmarapidlyacquiresanegativechargebe-

causerandomelectroncurrentsaregreaterthanrandomIoncurrents.

Theaccumulationofcharge£slimitedbythenegativepotentialwhich

developsbetweenthebodyandthemedium.andequllibliumwith.theme-

diumisestablishedwhenelectronandioncurrentsbecometobeequal.

ThisequilibriumpotentialIscalled"floatingpotential".Thediffer-

enceofthedensitiesbetween.electronsandIons,Inturn.resultsIn

theequilibriumofthepotentialinthesheathregionwhichiswell

representedbythePoisson'sequation.
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Forthequasi-staticconditionwherethemeanfreepathislarger

thantheprobeandthesKeatKdimension.theBoltzmann'slawisapplied

totheelectrondensity.AssumingaMaxwellianvelocityd:Istributlon.

ofelectrons.theelectroncurrentdensity,Je.toasurfaceatpoten-

tialVwithrespecttotheplasmaisgivenas(V<0,(1>O)

Je°-NQq(堕)1/2exp(qV/KTe),

whereN01Sambientplasmadensityand-q

O).Theelectrondensity,Ne,atpotential

Ne゛Noexp(qV/･cTe).

(2.25)

iselectroncharge(q>

vcanbeexpressedas

(2.26)

AsfortheIondistribution,ionsacceleratedthroughthepre―sheath.

regionhaveﾄthedr:ift一犬Maxwellianvelocitydistributionfunctionas

f(u,v,w)=(5hliT)3/2exp[一気{u2+(ﾗv-v,)2+w2}] (2.27)

whereVisthecomponentofthevelocityvectorperpendiculartothe

probesurface,andvo(=･/KTe/M]〉isthe10nvelocityacquiredthrough

thepre-sheathregionwherethequasi-neutralityholds-Then,the10n

currentdensityJ11Scalculatedas

Ji°No'q∫vf(u,V,w)dudvdw

=Noq･exp(-か{(限)1/2十vo}, (2.27)

whereNo'(゜Noexp(-か)isthedensityattheboundaryedgeofthe

pre-sheathregion.TheiondensityNiisdeterminedbytheequation

ofcontinuity;

NiVi゛Nn'vo (2.28)

andtheionvelocityViIscalculatedbytheconservationofenergy,
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1Mv12十qv°1M(唾h十゛02)十qVt (2.29)

whereVt(゜-KTe/2ci)1sthepotent:lalatapointofthepre-sheath

boundary.269Iftheionthermalvelocity゛tkisnegligiblecompared

withv09theiondens‘ity,N19atpotﾆentlalVIscalculatedfrom

eq[.(2.28)andea.(2.27)as

N1°Noexp(-が(゛Te/2qv)｀/2

ThePoisson'sequationcanbeexpressedas

∇2V'一昔(N1-Ne)

5.2SheathCapacitanceofPlaneProbe

(2.30)

(2.31)

Oncethepotentialdistributioninthesheathregionisobtained

bysolvingthePolsson'sequation,thecapacitanceofaprobeIseasily

deducedasthe2ndderivativeofthepotentialwithrespecttothe

distance,r,andthepotent:lalattiteprobesurfaceCseeAppendixA);

A= CλD
了石゜‾ か拾lo (2.32)

whereCisthecapacitance.StheprobeareaﾀλD°(COKTe/Neq2)l/2

theDebyelengthof°

Indicatesthequantityattheboundary-oftheprobesurface.Usinge(l

(2.26)andeq.(2.30),thePoisson'sequationgivenineq..(2.31)1S

revorittenas

(1｀yl
i;7'゜expy-;已iiﾌﾀ (ﾘ冲 (2.33)

･
9

wheree=2.71828(Napier'snumber).Sincethequasl-neutrality

holdsinthepre-sheathregionwherey≧1/2,boundaryconditions

atthesurfaceofsheatharegiven,approximately
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d2y/dx2=dy/dx=0 wherey°-'1/2 (2.34)

Then,thenormalizedcapacitanceAiseχpressedInthefollowingform,

A(y)=
-2
-l/2_

{2(expy十(-2y/e) 2-2exp(-1/2y)}1/2
(2.35)

Iftheiondensity:Inthesheathisassumedtobeconstantandsameas

theIondensityintheambientp:Lasma,eq.(2.35)Isgivenas

A(y)'包(exjJ?y-1)}l/2‘ (2.36)

Figure2-22showsthenormalizedcapacitanceAigivenineq.(2,35)

andA2givenineq.(2.36)versusthepotentialontheprobesurface.

Thenormalizedcapacitancedecreaseswithdecreaseofthepotential

becauseoftheincreaseofthesheathdistanceorradius,asiseyident

inthefigure.TheequivalentsheathradiusisgivenbyλdM.

Fig.2-22Normalizedcapacl―
tanceAversusprobepotential. 0
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5.3 ChangeinFloating
R.F.Field

PotentialduetoAppliedHighTension

Whenthehightensionr.f.fieldIsappliedtoabodytheequlll-

bliumpotentialofthebodyisaffectedandchangesitspotentialto

satisfythequasi-floatingconditionofelectronand10ncurrents:

thatIs,

昨
05

乱
{Je(Vf+Vasin�ﾆ)十JjL(Vf)}da)=0 (2.37)

whereVfandVaSinωtarethefloatingpotentialandtheapplied

r.f･potentialwithangularfrequencyω.Theelectroncurrentdensity

Isgivenas(seeeq.(2.25))

Je°'Noq(
m)1/2ap{ざと(Vf十Vasinωt)}

ΞJeoexp{走(Vf十Vasinωt)}, (2.38)

whiletheioncurrentdensity.assumingvthく<v091Sdeducedfrom

eq.(2.27)

Ji゛Noq(警)1/2exp(-か ΞJ10 (2.39)

Fromeqs.(2.37).(2.38)and(2.39),thechangeInfloatingpotential

△Vfis

AVfΞVfo-Vf=!そ旦見nl,(畿) (2.40)

whereVfo1sthefloatingpotentialwithoutanimpressedr.f.field

andl01samodifiedBesselfunctionoforderzero.Figure2-23

showsthevariationof△Vfversusr.f･potentialVa.forvarious

electrontemperatures.Thistemperaturedependenceofthechangein

△Vfasafunctionofappliedr.f･potential,hasbeenutilizedtothe

r.f.electrontemperatureprobe.270゛271
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Fig.2-23Changeinfloating
potentialduetoappliedr.f.
potential.

[
n
°
A
]
'
A
^

0
｡

y｡〔Volt〕

Here,thetransientresponseoffloatingpotentialisformulated

forthecasethatr.f･potential.Vasinωt.isapplied.Denoting

thatpotentialwithrespecttotheplasma,capacitance,charges,elec-

tronandion.currentdensities,andsurfaceareasareVk.Ck,Qk,Jek

andJlk.andSk(k=1and2),thederivativeofQkgivesthetotal

current,

k=i,2
°
を
'J

I,2

ckvk゛J

I,2

(Jek十Jik)sk'

Thefollowingdimensionlessquantitiesareintroduced:

y°
乙.

KTe゛

andtheparameters.

Ae=

a°附1

eoKi
ﾋJeOj

(2.41)

(2.42)

Aio°EnKlﾋJio≫Ak°Sk'*Eぷね?(2.43)

andit1Sassumedthationcurrentdensityisequaltotheion

-
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saturationcurrentdensity,i.e..J11=J12=J10.Usingthe

relationthatv2=V1十VaSinωt,eq.(2.41)iswrittenas

乱{((1-6)A1+6A2)y+6Λ2a･sinωt}=Aeoexpy･{(l-6)+6exp(a･Sinωt)}十A10

(2.43)

whereAi=Ai(y)andA2=A2(y十a･sinωt).Forsimplicity,

‰翼よ

｡

こe二二二e二によでこでこご二才

thickness.Then,eq.(2.43)Isreducedto

乱(y+6a･sinωt)=Aiexp(y)+A2exp(y+a･sinωt)+A3
(2.44)

whereAi=(l-6)Aeo/A,A2=6Aeo/AandA3=Aio/Λ.Thisdif-

ferentlalequationcanbesolvedanalyticallyundertheinitialcondi-

tionthaty°yoatt°O.

y=A3t-6a･sinωt-ら[e-yo十器･ｷﾞ3t･(6'Io(6a)+6lo(6'a))

+2χ

n･.1

(-1)il{(ll
y■1- eA3tsin(2nωt十(X

6/A3+4n^a)^

(6112n(6a)+12n(61a)

where

and

COSと抒ぎ;四)(OO)}]

sinOn'六･COSOn'六･

(2.45)

6'=1-(5

Intherocketexperiment,thebodyland2areconsideredtobethe

vehicleandtheprobe.andthen6くく1.Theaboveequationbecomes

y-A3t一見[e-yo十紆(1-eA3t)(1十古10(a))]

Theequilibriumpotentialisobtainedas(tや[x]),

y-yo-6lo(a)

-77-

(2.46)

(2.47)



1
4
1
3
1
2
1
1
1
0
9
8
7

一
"
i
＼
i
v
u
N
3
x
o
d
s
e
o
H
d
a
a
z
n
v
w
H
O
N

TIME〔se(●3

Fig.2-24Changeinquasi-equillbrlumfloatingpotential

duetoappliedr.f･potential.(Te゛1000°K,No°1×10S

cm‾3110nmolecularweightAA=25,andVa゛1.0volt).

wherey01sthefloatingpotentialatt=0.Thesecondtermof

therighthandsideofeq.(2.47)istheeffectofappliedpotential･

Fromeq.(2.45),thetimeconstantofpotentialy.i-e･,e-holdtl皿e,

1sgivenapproximatelyas,

て2
L

A3
Ξ1'石?1§JJ10 (2.48)

Whentheequilibriumpotentialy-decreases.Aalsodecreases(see

Fig.2-22)andthetimeconstantincreases.Figure2-24showsthe

changeofthequasl-equillbrlumpotentialyfdefinedbyeq.(2.37),

whenther.f.potentialwiththeamplitudeof1.0volt1Sappliedbe-

tweenabodyandaplasma.Thecurves(a),(b)and(c)arefordiffer-

enttimeconstantscorrespondingtothedifferentnormalizedcapacitances,

A=1,0.1,.･and0.01.Figure2-25showsthetimeresponseofpoten-

tialyinthesameconditionofFig.2-24fortheoperatingfrequency

1MHz‘Thequasl-equilibriumpotentialyf1Sindicatedbythedashed
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Fig.2-25Changeinbody'spotential;frequency1.0MHz

line.

Thispotentialchangecausesthedeformationofthe10nsheath.

Thヽ1smodulationeffect1Sessentialnotonlytother.f.probe,but

alsotoanystaticanalyserintherocketandsatelliteexper:Lments,

whenahightensionr.f.fieldisappliedtothesensorimmersedin

aplasma.Theabovecalculationisnotself-consistent.becauseItis

assumedthatΛ1Saconstantvaluetosolvethedifferentialequa-

tionandthenAisvariedasafunctionofthepotentialy.The

analyticalexpressiongivenineq.(2.45),however,revealsthechanges

Inpotentialyandquasl-equllibriumpotentialyfwhich1Sobtained

byintegratingeq.(2.45).
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ChapterIllR.F.PLASMAPROBEEXPERIMENTSINLABORATORYPLASMA

§1 Introduction

Variousexperimentsofr.f.plasmaprobeshavebeencarriedoutin

laboratoryplas万17゛万whichhastheelectrondensityof103t01061Cm“:3

andelectrontemperaturelessthanabout4×103°K,Thistenuous

plasmawith10welectrontemperaturehasbeenmadepossiblebythe

developmentofhighvacuumtechniquesandaparticularplasmasource.

Thebackdiffusiontypeplasmagun1SemployedastheP:Lasmasourceto

simulatetheconditionintheupperatmosphere.Alargeplasmachamber

attheInstituteofSpaceandAeronauticalScience,Universityof｡'

Tokyo^'^hasalsobeenusedforthepresentexperiments｡

MeasurementsofantennaImpedance±naplasmahavebeenmadeby

usingthegyro-plasmaprobeandthemutualImpedanceprobe.Theelec-

trondensity1Sdeducedfromthemeasuredupperhybridresonancefrequ-

ency･Theeffectofhigherharmonicsofthegyro-resonanceontheanten-

naimpedance1Srevealed.Theexcitationofelectrostaticwavefroman.

antennaanditspropagationcharacteristicshavebeeninvestigated.The

Bernsteinmodewaveisidentifiedfromtheobserveddispersioncharac-

teristicsofthewave,propagatingperpendiculartothemagneticfield."1

TheantennaImpedanceinaplasmawithaninhomogeneousmagneticfield

ismeasuredwiththegyro-plasmaprobeandcomparedwiththeaforemen―

tionedtheorygiveninsection2.4,ChapterII｡

Theelectrondensity1Salsomeasuredbythehighfrequencycapa-

citanceprobe.Thefrequencychangecharacteristicsversusthebias

potentialappliedtotheprobeshowthemaximumatthespacepotential･

Thedependencesoffrequencyshiftontheelectrondensityandthe

appliedmagneticfieldarepresented｡

Thecomparisonofthegyro-plasmaprobe,themutualimpedanceprobe

andtheLangmuirprobehasbeencarriedout.Valuesofelectrondensity

deducedfromthegyro二plasmaprobeareingoodagreementwiththeresults

obtainedbytheLangmuirprobe,itsspacepotentialbeingdeterminedby

ther.f.methoddevelopedbyT.Dote.^'^Themethodsofcorrectionfor
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electron-neutralcollisionanddensitygradient,discussedInthegyro-

plasmaprobesysteminsection2,Chapter工I,havebeenconfirmed｡

Abodymovinginaplsmawithavelocityhigherthanthe10nther-

malvelocityproducesawakeregionbehindthebodyItself.Thewakeof

thiskindproducedbythespacecraftinanionosphericplasmahasbeen

studiedboththeoreticallyandexperimentallybymanySCient1Sts2747282゛109

since1960.Themodelexperimentinthelaboratoryplasmaforslmulat-

ingthemovingbodyisTnn万debyemployingan10nbeamwithsupersonic

velocities.Thebackdiffusion.typeplasmagunandthesolarwindsim-

ulatorareusedforthispurpose.Severalimplicationsofthiswake

effecttomeasurementsbyr.f.plasmaprobesaswellaselectrostatic

probesaredescribed.

§2.GenerationofPlasmaintheSpaceSimulationChamber

2.1SystemofSpaceSimulationChamber

Tosimulatethespaceplasma,itrequiresratherlargevolumeand

homogeneousplasma;itsdimensionshouldbe,atleast,comparablewith

sometensorhundredsofDebyeshieldinglengthandofthecharacterls-

ticwavelength.Thevacuumvesselwith600TTlTnIndia万meterand1000Tnm

inlengthhasbeenutilizedasaspaceplasmasimulationchamber.The

systemblockdiagram1SillustratedinFig.3-1.The6-lnch011dif-

fusionUHV(ultra-highvacuum)pump(PUL-06)withthechevrontypebuf-

fiecooledbywater1Susedasamainvacuumpump,followedbythe2-

inch0111diffusionpump(PUL-02)andtherotary-vanepump(PVD-150)･

Theliquidnitrogentrapisequippedatthetopofthemainpump.The

titaniumgetterpump(PGT-12)isequippedasafinalsublimationpump･

Boiledwaterflowsthroughthecopperpipesurroundingthevacuumves-

sel,andthemantle-heaterandtheribbonheatershieldthemanifold

andthevacuumgauge,forbakingtheequipment.Thesearrangementsare

essentialtoattainultra-highvacuum.Theultimatepressureofthis

systemisdesignedtobelessthan3×10‾9torr.Figure3-2shows
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PUL-06PUL-02

Fig.3-1Systemofspaceplasmasimulationchamber.

PVD-150

thepumpingsequenceandthecharacteristiccurveofpressureinthe

vessel｡

Thecopperwirecoil1swoundroundthewallofthevessel(stein-

lesssteel)toproduceahomogeneousmagneticfield.Themagneticfield

intensitychangesitsvaluefrom0.3gaussto9.5gauss.linearly

proportionaltotheappliedcurrentfromOAt01.0A.Thescanning

armcontrolledexternally.1Sinstalledtofixorsweeptheantenna,at

anypositioninthevessel｡

Selectedpuregassessuchashelium.neon,argonandn:Itrogencan

beinjectedintothehighvacuumvesselthroughtheliquidnitrogentrap.

exceptfor.ArandN,eliminatingthemixtureofinpurities.The

-82-



｢-1

3

2

0

･
v
l
J
O
l

に｣

Lj』

y
n
s
s
3

Qご

Q.

-2

3

-4

-5

-6

7

-8

ROTARYPUMP

DIFFUSION PUMP

CATHODE

ACTIVATION

GASINLET

OUTGAS

N2

TITANGETTER

Fig.3-2Pressure
versusvacuumpump-
ingsequence.

0246e101214

Time(Hour)

gaspressureinarangefrom10-3torr.to10'6torr.1scontrolledby

twoways,;(i)thepressurebalanceofdifferentialpumpingbetween

pumpingspeedandgasflowspeedwhichcanbeadjustablebythevaria-

bleneedleva:Lveorthevariableleakagevalve,(ii)someamountofgas

1Stobeintroducedafterclosingthemainexhaustvalve.Toobtaina

stableplasma,thegaspressureshouldbemaintainedconstantduring

theexperiment.

Thelarge-scalespacechamberisavailableattheISAS.Thes±ze

ofitsmaincylindricalvesselis20010mmindiameterand3000mmin

length.AsetofHelmholz-coil1Sequippedtoapplyhomogeneous
1-

staticmagneticfield(about0.4gausst0100gauss)inthedirection
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paralleltotheaxisofthevessel.Thevesselismadeofnon-magnetic

"1万aterlal(stainlesssteel).Aresidualgasbackpressureof10‾:9torr.

1sattained.usingtwo36-inchoildiffusionpumps,atitaniumsub-

limatlonpumpandasmallsputterionpump.Theantennacanbemoved

bythescann:Lngarmwhichcanmechanicallymovetoanydesiredposition

1nthevessel.

2.2PlasmaSourceanditsCharacteristics

Manytypesofplasmasourceareavailabletos:Imulatethespace

plasmaconditioninthelaboratory.Mostofthemareconcerned

togeneratehighdensityandhightemperatureplasmas,whicharerelevant

tothestudyofcontrollednuclearfusion.Thespaceplasmainthepre-

sentstudyIs,however,concernedwithrathertenuousand10welectron

temperaturegas.Theso-calledbackdiffusiontypeplasmagunhasbeen

developedtosimulatetheplasmaoftheearth'sionosphere｡

Figure3-3showsthebackdiffusiontypeplasmagunused

inthespacesimulationplasmachamber.HotcathodescoatedBaO

ortantalummetalareusedaselectronemitterfilaments.Emitted
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Fig.3“3Backdiffusiontypeplasmagun
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electronsareacceleratedbythepotentialdifferencebetweenthegrid

GlandG29andtheyactt0Inducethegasdischarge.TheproducedIons

diffusebackwardwithelectronsemittedfromfilaments.theamblpola｢

diffusion.Theelectrondensitycan.becontrolledbytheelectroncur-

rentflowtothefilament,gridGl,gridG2andplateP,andthegas

pressure.Thecharacteristiccurvesofelectrondensityversusplate

currentwithvariousotherparametersareshown.ﾊﾞinFig.3-4(a)and(b).

Theelectrondensityincreasesmonotonouslywithincreasingplateand

gridcurrents,untilthepressurereachesacertainlevel.Thestabili-

tyandreproduclbllityofelectrondensityvaluesareexcellent.
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Fig.3-4Electrondensityversusplatecurrent.……ArgonplasmaﾄIS………
producedbythebackdiffusiontypeplasmaguriwithtantalummetal………

cathodes(filament｡current170AandgridGlcurrent50mA);
(a)gridG2current60mAandG.P.thegaspressure,and(b)gaspres-
sure'5.｡0ｻﾞX10"^torr｡゛d'IG2thegridG2current‘･…………゜-
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§3.　Experimental Results

3.1　Gyro-plasma Probe Experiment

　　　　Layout of the present experiment, including ａ cylindrical antenna

with ６００mm in length and １０ mm in diameter, is shown in Fig. 3-5.　As

noted in section 2.1, Chapter 工I, an antenna impedance is measured in

ａ form of　　Ｃ’ｅｘｐ（－ｊ４ﾉ）　givenin eq. (1.44).　Typical examples　of

antenna capacitance　Ｃ　as ａ function of frequency are given in Ｆｉｇ・

3-6 (a) and (b).　Argon plasma with gas pressure of　　１，６×１０‾３　torr.

is produced by the barium oxide cathode plasma gun.　In the case ｏｆ（ａ），

the measured upper hybrid resonance frequency is 9.99 MHz from which

electron density is deduced to be　　1.22×１０６　cm ;　　the gyro-reson-

ance frequency is 1.18 MHz (the geomagnetic field intensity of 0.42 gauss)

Slmultﾆaneously, electron density and temperature are measured by　the

Ｆｉｇ・　３－５　　Layout of the gyro-

plasma probe experﾆLment in the

space simulation chamber.

3
３
Ｎ
Ｖ
１
1
３
Ｗ
Ｖ
０

3
Ｄ
Ｎ
Ｖ
ｉ
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Ｄ
Ｖ
ｄ
Ｖ
Ｄ

(a)

-
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Ｆｉｇ・　３－６　　Capacitance of an

antenna in ａ plasma as ａ func-

tion of frequency;　(a) Ne =

1.22）（１０６ ｃｍ‾３，　and (b) Ne

=9.29×１０４ ｃｍ‾３．
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Fig.　３－７　　Capacitance

of antenna when the mag-

netic field is applied;

(a) 0.42 gauss, (b) 2.1

gauss and (c) 3.1 gauss･

fUHR ° 5.7 Hz, 7.9 MHz,

and 10.3 ＭＨｚ‘　^SHR ゛ ４．１

MHz, 5.9 MHz, and ８．７

MHz.

Langmuir probe, which yields the values of　　1.18×１０６cm-3　and 2400　°Ｋ．

The relative error of electron density values measured by two probe meth-

odes is　±3 。２Ｚ．　In the experiment （ｂ），　fuHR = 2.98 MHz　　and　then

Ne ゛ 9.29 ×１０４　cm-^　　Asis evident in this figure, characteristic

peaks are found near 2nd, 3rd, and 4th harmonics of the gyro-resonance

frequency.　These resonance peaks are well-understood by the theory of ａ

warm magnetoplasma discussed in section 2.5, Chapter ＩＩＩ。

　　　　　Whenａ homogeneous magnetic field is added, both upper hybrid reson-

ance and gyro-resonance frequencies　increase.　Figure ３－７shows the changes

of resonance frequencies　for three different applied magnetic field in ten-

Ｓｉｔ!es.　The upper hybrid resonance frequency changes according to the

relation as　　^UHR °／ｊｦi77‾i47‘゜　Thecalculated　fp　for three casesタ

5.58 MHz, 5.26 MHz, and 5.53 MHz, agree with each other within　±5 Z．

When the magnetic field intensity is large, 3.1 gauss in the case　(c).

the sheath resonance frequency １Ｓfound to be very Ｃ:Loseto the　gyro-

resonance frequency･　This fact indicates that the contr:Lbution of sheath

capacitance to the total admittance of an antenna becomes negligible

when the strong magnetic field ﾆIs applied,　ｉ．ｅ・タ　　Ｈｅ２　＜くΩｅ２タ　　as

discussed in section 2.4, Chapter ＩＩ。

　　　　　Inhomogeneousmagnetic field can be superposed by ａ small rectangu-

lar coil (250 mm ｘ３００mm) set near the antenna ｔｉＰ・　TheIntensity

changes inversely proportional to　the distance along the antenna ａχ１Ｓ．

The homogeneous static magnetic field (3.45 gauss;　ｆＨ゛ 9.67 MHz) is

applied by the helmholtz coil in the nitrogen plasma (Np ゛ 8.65×１０５ｃｍ‾３），

．■ 87 －
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Ｆｉｇ・　３－８　　Capacitance of

antenna in an inhomogene-

ous magnetﾆic　field.　Uni-

form statﾆic field is　3.45

gauss.　Small coil cur-

rents are 0, 1, 3, 6, 8,

12, 16, 22, and ２５ Ａ．

and the small coil　current is varied from　Ｏ Ａ to ２５Ａ．　The results

are shown in Fig. 3-8.　As the coil current increases ，　the capacitance

gradually increases near　^UHR　and decreases near fsHR-　Both　^SHR

and　fmjj) are shifted to higher frequency when the applied　magnetﾆic

field Increases.　The capacitance in lower frequency part shows　dents

and the minimum appears neａｒthe plasma resonance frequency.　The results

accord　Ｗｉｔﾆｈthe theory of an antenna in an inhomogeneous plasma given

in section 2.4, Chapter II.

3.2　Mutual Impedance Probe Experiment

　　　　　Ａrocket-borne mutual impedance probe with two whip antennas was

tested in the laboratory plasma.　The distance ｂｅｔﾆweentwo antennas is

kept constant in the first experiment.　To study the effect of electro-

static wave excitation upon the measurement of the mutual impedance.

the movable receiving antenna is used to measure the dispersion charac-

teristics of wave。

　　　　　Theinstrument　is set in the center portion of the chamber filled

with argon plasma with electron density of about　　１．５×１０５cm ,　and

gas pressure ２．７×10-^ torr.　The received signal intensity　as　ａ
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Fig.　３－９　　Self Impedance measurement by gyro-plasma probe (a), and

the received signal intensity （Ｏ dB = 0.1 ｖｒｍＳ）ｏｂｔａｉｎｅｄby mutual

Impedance probe (b).　Left side; Ne ゛１’４）（１０５ｃｌｌ‾３１　^UHR°3.70

MHz,　and　% ゛ 1.55 ＭＨｚ‘　Right side;　Ne ゛１’５×１０　ｃｍ‾　タ　fUHR

°4.30 MHz,　and　fH = 2.22 MHz.

function of frequency is compared with the capacitance of antenna meas-

ured by the gyro-plasma probe, as shown in Fig.　3-9.　The resonances

corresponding to　fSHR>　fuHR　and　2fH　are identified In the received

signal intensity, especially ａ marked change at the 2nd harmonic gyro-

resonance frequency。

　　　　　Inthe second experiment, a disk mesh sensor with １９５mm in diamet-

er is used as ａ transmﾆItter, the swept frequency signa:Ｌbeing　applied

through ａ coaxial cable terminated to the ground by the low impedance

of 50 n.　The disk plate with １００minin diameter is used as ａ receivﾆIng

antenna. which is movable approximately perpendicular to the　applied

magnetic field.　Two methods are used to detect the ｅ:Lectrostatic mode

wave propagating in ａ plasma;　one is square-law or linear ａｍｐ:Litudede-

tection system (ASD).　The input potential ｔﾆｏthe receiver is considered

to take the form as

　　　　　　　　^IN ° Aa(r)sin(ωｔ十φ１)十Ｂａ・exp(-k-;r) sin(ωt十ｋｒ・ｒ十(|)２)　　(3.1)

where　　ｋ °ｋｒ十ｊｋｉ　　is ａ wave number vector,　ｒ　the distance from the

-
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transmitter.φlandφ2theinitialphaseshifts,andAa(r)andBa

theamplitudes.Thefirsttermoftherighthandsideofeq.(3.1)re-

presentsadirectlycoupledpotentialbetweentwoantennasandthe

secondtermstandsforelectrostaticwavepropagatingperpendiculartﾆO

themagneticfieldline,Landaudampingbeingneglected.Thed.c.out-

putofsquare-lawdetectoris(Bj°Ba°exp(-k-.°r))

^OUTcc
公ぐふdm

°
1(AI(F)4･Ba2)+Aa(r)Blcos(kr･r+φ2-φ1)

(3.2)

ThePSDsystemhasaringmodulatortomultiplytheinputsignalbythe

samefrequencysignalwithaselectedphaseofφ3=φ1+7T/2anda

constantamplitudeCa.

27T

^OUT'

hi:

^IN゛Ca°sln(ωt十φ3)dω

゜
1!3:Cacos(kr･r十φ243)

(3.3)

Figure3-10showstheoutputsoftheelectrostaticmodewaveobtained

byASDandPSDmethods.Fromthisrecord,thewavelength1Sdeduced

tobeapproximatelythesamevaluesof13.67cm(ASD)and13.92cm(PSD),

andk1゛O｡

Whentheantennaposition1Sfixedandthefrequency1Sswept,the

outputofreceivedsignalIntensityshowstheplasmaresonancephenomena｡

l
l
i
N
n
A
H
V
H
i
i
a
a
v
]
i
h
a
s
i

Fig.3-10Electrostaticwaveforms

ぷ二7装具ｺﾞ｡?惣゜≒oﾀﾞ･･

torr‘jNo'3.0-3.1×105cm‾≒Te
ﾆぷ8
=
゜l:o器2ﾊﾞ゜゜0‘7gauss,f°

-90-



FREQUENCY〔MHz〕

LEVEL〔dBm1

Fig.3-11(a)Receivedsignalintensityasafunctionoffrequency:

%゛1.96MHz,f°4.92~5.03MHz,fUHR°5.30'5‘40MHz,fり゜
27kHz,r°1.4ScmandλD=0.4cm.
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Figure3-11(a)showssomeexamplesofdataobtainedbyASDmethod,the

distancebetweentwoantennasbeingfixedtobe19cm,34cm,50cm.

and65cm.･Besidesthedecreaseofthereceivedsignalintensity,a

complexinterferencepatternappears,whichchangeswiththedistance.

Theresultsofreceivedsignalintensitymeasuredasafunctionofdis-

tancearesummarizedinFig.3-11(b).Theeffectofanelectrostatic

wavepropagationisrecognizedabovetheelectrongyro-resonancefrequ-

ency,withlargeamplitudeoscillationsinthefrequencyregion.1く

f/fnく2.TheIntersectspectrumofthisfigure(b)atafixedposition

givesthesamespectrumasfigure(a).Thatis.thereceivedsignal

intensity,measuredbythemutualﾆImpedanceprobe,isaffectedbythe

phasemixingoftheelectrostaticmodewave.Thedispersion.relation

(frequencyversuswavenumber)isillustratedinFig･3-12.Thisω-k

diagramIndicatesthattheelectrostaticwaveexcitedbyatransmitter

1StheBernsteinmodewavepropergatlngperpendiculartothemagnetic

field.ThedispersionrelationoftheBernsteinmodewaveforvarious

〔
"
s
m

A
O
N
s
n
o
a
H
J

JT=k^vo/iv｡

8

Fig.3-12Dispersioncharacter-

istlcs.Solidline1Sadlsper-

tioncurveofelectrostaticBern-

steinmodewaveforfp/fH°2.24.

-

‘t
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Fig.3-13Dispersionrelation
oftheBernsteinmodewave.
(afterF.W.Crawfordeta1.283)



parameters(lie/Ωe)2isIllustratedinFig.3-13(afterF.W.Crawford,

eta:L.283).ThisgivesanexperﾆLmentalevidenceforthetheoryof

mutualimpedanceofanantennasinawarmmagnetoplasma,discussedin

section.3.2,ChapterII(seeFig.2-17).

3.3HighFrequencyCapacitanceProbeExperiment

Basicexperimentalstudyofa

highfrequencycapacitanceprobe

hasbeenmadetodeveloptherocket-

borneinstrument.Asnotedinsec-

tion4,ChapterII,thefrequency

shiftofoscillation1Safunction

ofpermittivityofaplasmabe-

tweentwoelectrodes,whichIncludes

theeffectofan10nsheathsurround-

ingtheprobe.Thethicknessofan

ionsheathcanbecontrolledbyd.c.

potentia:Lappliedtoelectrodes.

Theparallelmeshplateswith80

Tnin.indiameterandspacingof34

mmwasusedasasensor.Figure

3-14showsthebiaspotentialde-

pendenceoftheoscillationfrequ-

encyfordifferentelectronden-

sitiesasaparameter.Thepoten-

tlalatthemaximumfrequencyshift

isfoundtobethespacepotential.

9.4

9 . 1

9 . 2

9.1

9.0

'30｡20-100102030

Fig.3-14Frequencyshiftof

capacitanceprobeversusapplied

biaspotential.

abovewhichthefrequencydecreasesagainduetotheelectronsheath.

Theoscillatorceasestooscillateforveryhighelectrondensity.As

theconductancegincreases,theconditionofoscillationstability

givenineq.(2.22)becomestobeunstable.Thechangeinoscillation

frequencyatthefloatingpotentialwithrespecttoe:Lectrondensity
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Fig.3-16Frequencyshiftof

capacitanceprobeversusappll-

edmagneticfield.Argonplasma;

Ne°4.53×105cm'39fp=6.04MHz,

fo=9.08MHz.

isshowninFig.3-15.Thegyro-resonancefrequency(fjj゛1.29MHz)Is

negligib:Lecomparedwiththeoscillatorfrequencyinfreespace(fo=

9.08MHzinthisexperiment)｡

Thepermittivityofaplasmaapproachesunitywhenastrongmag-

neticfieldisappliedparalleltotheplatesurfaceI.e.,Ωe>〉He

andω.Ifacollisionfrequency1Sneglected,theoscillatorfrequ-

encyofLCtankcircuitIsgivenas

ω2=1{(ω g+貼十n|)±Aωo+ne+Ωe)2-4唯} (3.4)

whereωS'l/LCoandC°CoEo^XX*Figure3-16showstheoscll-

lationfrequencyasafunctionofmagneticfieldintensity･Theelec-

trondensityofanargonplasma1S4.53)(105C11‾3(fP°6.04MHz)･

Solidlineindicatesthetheoreticallycalculatedfrequency,andthe

valuesobtainedbytheexperimentaregivenbydots.Themeasured

valuesdeviatefromtheupperbranchofsolidlinesnearthecrossing
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pointofω0=Ωeandtheoscillationbecomesunstable.IntheregionI

whereΩe>>ωandHe.theoscillationis.again,stableandthe

frequencycoincideswiththelowerbranchofsolidlines.Themecha-

nismofthistransﾆItionhasnotbeenclearlyunderstood.butifthe

frequencyωdeviatesfarfromthatoffreespaceω0,thequality

factorofLCtankcircuitisvery10Wandtheoscillationbecomesto

beunstable｡

Themostessentialproblemconcerningthehighfrequencycapacitance

probeishowtoeliminatetheeffectoftheionorelectronsheath.

stabilityoftheoscillatingfrequencyisalsoimportantfortheaccura-

cy'ofe:Lectrondensitymeasurement.

3.4ComparisonofElectronDensityMeasurementwithR.F.and
D.C.ProbesinLaboratoryPlasma

Measurementsofelectrondensitywiththreedifferentkindsof

probes,i.e.,Langmuirprobe,gyro-plasma万probe,andtwo-wireprobe,

weremadetocomparewitheachother.Theargonandheliumgasesare

used,whicharegeneratedbybackdiffusiontypeplasmagunswithBaO

cathodes.Thegaspressureiscontrolledintherangefrom1.3×10‾5

t04.7×10‾2torr･,electrondensityfrom2×･104cm‾3t01.7

×!06cm'3andtemperaturefrom500°Kt01500°K｡

TheLangmuirprobemeasureselectronand10ncurrentscollectedby

thesphericalprobewith50inniindiameter,theapp:liedpotentialbeing

suppliedfromatriangularvoltagegenerator.Thespacepotential0f

plasmacanbedeterminedbytheelectronsaturationcurrentatinter-

sectingpointoftwoLangmuircurvesrepresentingtheelectronsatura-

tionregionandtheretardingpotentialregion.Anothermethodtode-

terminethespacepotentialisther.f≫methodwhichmeasuresr.f.cur-

rentresponseoftheprobe･Thedetectedsignalindicatesamaximum

intensityatthespacepotential.Theelectronsaturationcurrentleo

atthespacepotentialcanbe.thus,determined.Unlesstheparticle

distributﾆionfunction.inaplasmaisMaxwellian,therearesomediffer-

encesinvaluesofspacepotentialdeterminedbytwomethods.Ther.f.
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Fig.3-17Langmulrcurvefor(a)Maxwelllanand(b)nonMaxwelllan
distributions.UppertraceIstheseml-logarithmlcplotsInarbitrary
unit(afterT.Dote).

method:ismorereliabletechniquethantheother.becauseofthedeform―

atIonoft:heLangmu:iｿrcurveduetonon-Maxwelliandistribution.Figure

3-17showstypicalexamplesoftheLangmulrcurvecorrespondingtothe

caseofMaxwelllandistribution(a)andnon-Maxwelliandlstr:Ibution(b),

togetherwithther.f.currentresponseIntensities.Themeasuredelec-

trondensity.^enthegaspressure:Isratherhigh.mustbecorrected.

takingtheshieldingeffectIntoaccount,i.e.,multiplyingthemeas―

゛1･edvaluesbythefactor{1十Rp(l十λe/Rp)/λe)}･where≪pis3

proberadiusandλethemeりmfreepathofelectrons｡

Thegyro-plas･la万probewithacylindricalantenna(L=:300mm.ra

゛10mm)wasusedtomeasuretheelectrondensity;asweptfrequency

rangeisfrom0.8MHzt010MHz,aperiod0.3sec.andanamplitudeof

r.f.potentialappliedtotheantenna0.1Vrms-Thecollislonaleffect

mustbetakenintoaccountfortheresonancefrequencyshiftinaP:Lasma

■when.theelectronneutralcollisionfrequencyIshigh.Thecollision

frequencyiscalculatedasaratioofthermalmeanvelocitytothemean
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SWEPTFEQUENCY〔MHz〕

Fig.3-18Rawdataobtained
withthetwo-wireprobe(after
L:Mori)andthegyro-plasma
probe｡

freepathwhichisdeduced

fromthecolllslonalcross

sectionoftheparticle.^^'*

Thetwo-wireprobecon-

slstsoftwoparallelwires

with300TnmInlengthand2

"i1万indiameter.andthespac-

ingoftwowires1S70mm.

Thefrequency1Ssweptfrom

ot010MHzandthesignal

suppliedtothetransmitting

wirethroughacoaxialcablewithacharacteristicI皿pedanceof75Ω.

Theelectrondensity1Sdeducedfromthefrequencyatmaindip(minimum)

ofthereceivedsignalIntensity,assumingthatthisIstheupperhybrid

resonance｡

Figure3-18showsthedataobtainedbythegyro-plasmaprobeandthe

twowireprobe.Theelectron.densitydecreasesinnumericalorderindi-

catedonthecurves.Thedataofthetwo-wireprobeshowrathercomplex

intensityspectrum.whicharecorrespondingtothelargewavenumberk

discussedinsection3.2,Chapterl工(seeFig.2-17)｡

Theresultsofelectrondensitiesobtainedbythreeprobemethods

areSulⅢnarlzedinFig｡3-19,20,and21.Thelettersindicatedonthe

datapointsrepresentthedifferentplasmaconditions;B,C,D,J,K,

L,N,andoforargonplasmas,andF,H,P,Q,R,S,T,andufor

heliumplasmas｡Thecomparisonofthegyro-plasmaprobeandtheLangmuir
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Fig.3-20Comparisonofelectron
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probeandtheLangmuirprobe.
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Fig･3-21Comparisonofelectron
densitiesmeasuredbythetwo-wire
probeandthegyro-plasmaprobe.
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probeisshowniχIFig.3-19.Agoodagreementswithinarelativeerror

of±20Zisobtainedintheelectrondensityrangefrom104cmto

106cm73･Thoughthephysicalprinciplesofthesetwomethodsaredif-

ferent,i.e.,r.f.responseofaplasmaandcollectionofchargedpar-

tideinaplasma,thecoincidencebetweenthesetwomethodsisremark-

ab:Le.Thecomparisonsofthetwo-wireprobeandothertwoprobemethods

areshowninFig.3-20and21.Thesystematicdeviationofthemeasured

valuesIsfound:thetwowireprobegivesthehigherelectrondensity

valuethantheothermethods,especiallyinlowelectrondensityplasm万a万S.

ThisIscausedeitherbythemis-identlficatlonofresonancesand/or

frequencyshiftsfromtheprincipalresonancefrequencies,^UHRandnfH･

3.5WakestructurebehindaBodyinPlasmastream

Abackdiffusiontypeplasmagun(Baocathode;filamentcurrentof

66Aandvoltageof4V)whichproducesprotonorargonplasmawithhigh

speedionstreams^Rwasusedtosimulateamovingbodywithsupersonic

ve:Locityinaplasma.Thesolarwindslmulator^^^producesaproton

streambyr.f.dischargeandsubsequentselectofH十ionsthroughthe

Benett-typemassspectrometer.Thisapparatuswasalsoemployedforthe

purposeofthisexperiment.Adiskplateobstaclewith190mm.indiam-

eterwassetInfrontoftheplasmasourcetoobstructtheionstream.

Theionbeamfluxintensity(Niviparticles/cm°sec)behindtheobstacle

wasmeasuredwithaFaradaycagecollectorwith40plplindiameterwhich

excludeselectronsbynegativepotentialsappliedtofourgrids.Only

theIoncurrentcollectedbytheplateisamplifiedby108(160dB)with

anoperationa:Lj°pllfler.Inthepresentexperiment,theoutputpoten-

txal0f0.2voltscorrespondstothefluxof:LX10^particles/cm'see

ExperimentwithBackDiffusionTypePlasmaGunFigure3-22shows

thedistributionsofionfluxintensityatdifferentparticlevelocities･

vpisanacceleratingvoltageappliedbetweenthefilamentandthegrid.

zshowsthedistanceofameasuringpo:intfromtheobstacle･Astheion
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Fig.3-23Pressuredependenceof
wakestructure.Argonplasma｡1s
usedandz=64cm.

beamvelocityIncreaseswithIncreasingVp,theionfluxIncreasesand

thewakeregionbecomesnarrow.Thepressuredependenceofthedlstrib-

utlon1SshowninFig.3-23.Thedistanceofthemeasuringpointbehind

theobstacle1S64cm.Theplasmaconditionchangesasthegaspressure

varies.InthecaseofP=10‾3torr.,theflatdistributionisob-

servedandthewakeregionbehindtheobstacledisappears･Astheargon

plasmaisusedinthisexperiment,theIonfluxIntensitycorresponding

tothesameacceleratingvoltageIsmuchlessthanthecaseofaproton

plasma(seeFig.3-22).

ExperimentwithSolarWindSimulatorThevelocityofprotonstreams

canbedeterminedbytheamplitudeofappliedaccelerationvoltageVe-

Figure3-24showsVedependenceofwakestructurebehindtheobstacle.

Thewakeboundary.canclearlybeIdentifiedbytheenhancementofion

fluxintensityfromwhichtheangleofMachconearecalculatedtobe

7.6°,5.7°,and3.8°correspondingtotheaccelerationvoltageoflkV,

3kV.and6kV,respectively.Theiondensityproducedbythisplasma

･ 101-



0
2
1
0

I

〔
o
a
s
.
j
U
j
o
/
^
O
I
〕
A
l
I
S
N
a
X
N
I
X
n
i
d

1

V,DEPENDENCE

V.;=6

･Z=80cm

･Z=140cm

30

DISTANCEFROMCENTER〔cm^

Fig･3-24Vedependenceofwake

structure.Protongaspressure°

1×10‾6torr.anddischarger.f.

hightensionRf°1.5kV.

OBSTACLEPLATE

FLUX〔1/cm2･sec〕

DISTANCEFROM

PLASMAGUN〔cm〕

Fig.3-25Wakestructurebehind

theobstacle.Ve=1kV.RF=

1.5kV,andP=1×10‘6torr.

sourcedependsontheaccelerationvoltage,becausethefluxintensity

ratio0fVeiandVe21SnotproportionaltovE1/VE2°Thewake

boundaryobtainedinthisexperimentshowsmoredistinctedgeeffect

thaninFig･3-22.Thereasonmaybethattheelectrontemperaturepro-

ducedbyr.f･dischargeismuchhigherthanthatproducedbybackdif-

fusiontypeplasmaguns.Figure3-25showsthefinewakestructureunder

thecondition;Ve°1kV,Rf(discharger.f.hightension)=1.5kV,

andP(pressure)゜1×10‾6torr.ThewakeboundaryshowstheMach

coneangleofabout5.7°whichsuggeststheelectrontemperatureofthe

orderof5×104°K,assumingtheMachnumberissimplydefinedas

aratioof10nbulkvelocity./2qVg/M,tothe10nsoundvelocity,

/KTe/M.Intheoutsideregionofwake,thefluxintensityshowswavy

structure,propagatingtotheZdirection.Althoughphysicalmecha-

nismofthiseffecthasnotbeenexplaintheoretically,itisverylike-

1ythatsomewaveexcitationmayoccurneartheboundaryofthewake

region.
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ChapterIVROCKETOBSERVATIONSOFTHEIONOSPHERE
WITHR.F.PLASMAPROBES

§1.Introduction

Anumberofexperimentsofr.f｡plasmaprobeshavebeencarried

outsince1966,usingJapanesesoundingrocketssuchasS210,Kappa8,

Kappa9MandLambda3H.Ther.f.plasmaprobessuchasgyro-plasma

probe,mutualimpedanceprobe.highfrequencycapacitanceprobehave

beenusedtostudythevariousplasmaresonancesintheIonospherein

ordertoobtaintheelectrondensityandtemperatureprofilesinthe

altituderangefromabout70to2000kmandalsotheioncompositionin

thetopsideIonosphere.27゛31ﾀ106,287~289Therocketlaunchingstation

1StheKagoshlmaSpaceCenter(KSC),InstituteofSpaceandAeronautical

Science,UniversityofTokyo.Thelocationoflaunchingsite1Sthe

geographicalcoordinatesof131°04゛45"eastand31°15'00"north,the

geomagneticcoordinatesof198.4°eastand20,O°north,andtheheight

abovethesealevelis276m.Seriesofexperimentswhichwereper-

formeduptonow,arelistedinTable4-1,inwhichtheinstrumentsde-

notedbyasterisksweretakeninchargeofotherexperimenters｡

Theobserveddatatransmittedfromtherockettothegroundstation

throughtheFM/FMtelemetrysystemareanalysedwiththepreciserocket

trajectorytofixthetime-spaceofeachdatumpoint.Theposition.of

therocketismeasuredbytheradar-transponderequipmentinstalled

onboardthevehicleandtheground-basedradarequipment.Insection

2,themethodtodeterminetherockettrajectoryisexplained.Thegeo-

magnetﾆicfieldiscomputedusingthegeomagneticreferencefield.^^^

Usingthegyro-frequencydeterminedbythecalculatedgeomagnetic

fieldﾆLntensity,theionosphericelectrondensityisdeducedfromthe

upperhybridresonancefrequencywithinanaccuracyof±1Z.Thehigh

frequencycapacitanceprobeandtheLangmuirprobealsogivetheelec-

trondensityvalues･Theresultsofallthemeasuredelectrondensity

profilesintheionospherearepresentedinsection3.Theelectron

tﾆemperatureIsalsodeducedfromtheprobeadmittancelevelatlower
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Table4-1ListofsoundingrocketexperﾆIments.

N0. Rockets
LaunchingAltitude

Time(JST)Range(km)
Remarks

1｡

一
一
一
●
･
一
●
も
･
●

2
3
4
5
6
7
8
9
0
1

1
1

L-3H-2

K-8-15

L-3H-6

L-3H-5

K-9M-32

S-210-5

K-9M-35

S-210-6

K-9M-38

S-210-8

K-9M-41

July
Jan
Jan
Sept
Sept
Sept
Jan
Jan
Jan
Jan
Jan

Date

-

23,1966

9,1969

21,1970

19,1970

27,1970

28,1970

23,1971

21,･1972

22,1972

16,1973

19,1973

15:35

16:40

11:10

20:30

15:42

10:20

20:20

11:24

15:00

08:40

18:00

220-1800

90-190

350-1850

300-2050

-

-

].80-340

70-1:LO

95-360

70-120

95-330

GP大大大

P
P
P
P
P
P
P
P
P
P

G
G
G
G
Ｃ
G
G
G
Ｃ
G

,MIP

(Failure)

(Failure)

,VLF大大

,LP,CP

,TWP*VLF**LP*

,LP

Abbreviation:GP=Gyro-plasmaProbe,M工P=MutualImpedanceProbe,
CP=CapacitanceProbe,LP=LangmulrProbe,TWP=Two-V
VLF=VLFdopplermethod.Experimenters:*H.Mori,*大I.Kimura,and
大大大H.Ova.JSTisthe135°Emeridiantime.

frequency.108Assumingadiffusiveequilibriumdistributionofelectrons

inthetopside･'ionoSphere,208the10ncompositioniscalculatedusingthe

measuredelectrondensityandtemperatureprofiles･287A:LItheseprofi:Les

arealsogiveninsection3｡

Insection4,variousplasmaresonancesobservedbythegyro-plasma

probeandthemutualimpedanceprobearedescribed.Theupperhybrid

resonanceisdetectedunambIguouslybytheantennaImpedancemeasurementﾆ9

andthisprocedureiswell-understoodtheoretically.Thesheathreson-

anceisrathercomplex,coupledwiththegyro-resonanceanditsharmonics.

AneffortismadetoexP:LainItsnaturebythetheoryofawarmmagneto-

plasma,asdiscussedinsection3.3,Chapterlandsection2.5,Chapter

l工･-UsingBalmaln'sformula^"forashortcylindricalantennagivenin

eq.(1.46),H.0ya291predictedanewkindofplasmaresonance,viz.,a

modifiedp:Lasmaresonance.neartheupperhybridresonance.Theexperi-

mentaldataobtainedbyLambda3H-2soundingrocketdemonstratedistinct-

1ytwoparallelresonances,thatis,theupperhybridresonanceandthe

modifiedplasmaresonance.Itisshownthattheanglee(8;theangle

ofantennaaxisrelat:Ivetothe‘geomagneticfie:Ld)dependenceofthis
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resonancefrequencycanbepredictedtheoretically.Themodifiedplasma

resonancewasdiscoveredbythisanalysis.^°^Bothamplitudeandphase

oftheantennaadmittancechangesitsvaluesappreciablynearthehar-

moniesofelectrongyro-frequency･.Thisadmittancechangewasrecognlz-

edbyKappa8-15soundingrocketexperiment.7andconfirmedbysucces-

siverocketexperimentsandalsobylaboratoryplasmaexperimentsas

describedinsection3.1,ChapterIII｡

Thecomparisonsofelectrondensitymeasurementswithgyro-plasma

probe,VLFdopplermethod,two-wireprobe,andLangmuirprobehavebeen

madeusingKappa9M-35and38soundingrockets≫Intheexperimentof

Kappa9M-35,theelectrondensitiesobtainedbythegyro-plasmaprobe

andtheVLFdopplermethodareIngoodagreementwitheachother.But,

somesystematicdiscrepanciesinmeasuredelectrondensitieswerefound

betweentheVLFdopplermethodandotherprobemethodsIntheexperiment

ofKappa9M-38.Theseexperimentsbroughtsomeproblemsonthesheath

formationaroundarocketandItspotentialchangeduetoanappliedr.f.

hightension(seesection5.3,ChapterII).Italsogivesattentionto

thebehavioroftheantennaImpedanceinan.inhomogeneousplasma,Viz･,

thecasethatapartofanantenna1Simmersedinasheathregionsur-

roundingarocketbody,asdescribedinsection2.4,ChapterII.The

highfrequencycapacitanceprobe,theLangmuirprobe,andthegyro-plasma

probehavebeen,also,comparedwitheachotherusingS210-6and8

soundingrockets.Theresultsofthesecomparisonsofvariousplasma

probesarepresentedinsection5.

§2.DataProcessingSystem

2.1DeterminationofRocketTrajectory

ThepositionoftherocketXi(Xi,y19z1)correspondingtothe

timet11Smeasuredbythetrackingradarequipment.Providedthat

thismeasureddataareexactlyequaltothetruepositionsoftherocket｡

4●
therearetwomethodscommonlyusedtodeterminethepositionxat
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timet(t1≦t≦ti+i);(i)linearinterpolationorextrapolationmeth-

odusingtwovectorpoints;tiand芸i十1≫and(ii)parobolicapproxi-

mationusingthreevectorpoints11,ﾐ;t1+2and;t1+2.TheformerIs

equivalenttoassumetheconstantvehicle'svelocitybetweentiand

t1十1,andthelatterisequivalenttoassumingtheconstantgravita-

tionalaccelerationoftheearthbetweentiandti+2｡

Themotionofrocketafterburn-outintheverytenuousatmosphere

iswellrepresentedbytheKepler'slaw.Theequationofmotioninthe

polarcoordinatesystemInthevehicle'sorbitalplane(r9Φ)j1S

d^rdΦ2μE?･-r咀)=-7

and 乱(r2器)=0

(4.1)

(4.2)

where

earth.

11E゛398,603×109m^/sec^isagravitationalconstantofthe

Byintegratingeq.(4.1)and(4.2),dr/dtisobtainedas

器゛±1[-2ET{(r-av(l-ev))(av(i十ev)-r)}]l/2(4.3)

where av゛‾μE/2ET9

ev゛(1+2hlET/μ1)1/29

andEtandhEareintegralconstantsfol:eqs.(4.1)and(4.2),

respectively.Equation(4.3)representstheelliptictrajectoryofthe

vehiclewiththesemimajoraxisayandeccentricityevUsinganec-

centricanomalyEasaparameterbysolvingeq.(4.3),thedistance

fromthecenteroftheearth.randthetimeT(T=OatE=0)are

givenbythefollowingwell-knownformulas.

and

r゛av(1‾ev'cosE),

T=

(4.4)

(4.5)

Sincethemeasuredpositionsaregiveninthegeodeticcoordinates.
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thetransformationofcoordinatesystemfromgeodetictogeocentricCO-

ordinatesandviceversamustbeIntroduced.Thisprocedure1Salso

necessaryfortheanalysisofthesatelliteorbit,andtheyaredescribed

insection4,Chapterv｡

Aftertransformationtothegeocentriccoordinatesystems,the

angle.1190fthevehicle'sorbitalplanerelativetothemeridian

planeatKSCisdeducedus:Ingthesphericaltrigonometryas

and

11°sin爽1(sinAA*/sinAΦ),(4.6)

△Φ=cos'1{sinゆo･sinCil'o十△ψ)･cos△λfcosψo･cos(il/o十帥o)},(4.7)

△A゛=cos“111十sin2(ゆo十△ゆ)･(cos△λ-1)}.(4.8)

whereψ01SthegeocentriccolatitudeofKSCfromthenorthpole.Aゆ

theangledifferenceofcolatitudebetweenthemeasuredpositionand

KSC,and△λthatofeastlongitudes,takingaccountoftheearth's

rotationspeed(4.3752695×10‾3radians/mln).Theangle101Sde-

terminedbyaveragingallthecalculatedvaluesiicorrespondingtothe

measuredpositions.Theinversetransformationfromdo.△Φ)to(△ψ,

△λ)1sgivenas

and

△ψ=tan-1(tan△Φ･COSlo).

△λ゜COS'1【1十cos{sin~:
1

が7

ψ

?≒sinlo)}-1]

(4.9)

(4.10)

SimilarcalculationsareperformedabouttheintegralconstantshE

andETﾀthatis.

and

hE°1j

l

(£Lﾆ!y1LﾆjL)2゛ぺ4‾三くひ尹

ﾍﾟ万(尚)2-えぐし

(4.11)

(4.12)

wherethesuffixidenotesthevaluemeasuredattimet1.Fromeqs.
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(4.3),(4.4),and(4.5),theellipticcurveofthevehicle'strajectory

1SdeterminedIntheorbitalplane.Finally,theinitialcondition

ro°r(t°O)1sdeterminedbytheleastsquaremethod,thatis.

f(ro)Ξ

N
よ
{゛1‾゛(t1)}2lminimum

(4.13)

wherer(ti)isthecalculatedposition.attimet1usingtheinitial

conditionro=rCt=0)｡

Therockettrajectory1Scomputedintermsofthetimeandthe

positionwherethemeasurementwascarriedoutatthetimet.This

method,however,isnotapplicabletotheloweraltituderangewhere

thefrictionforceduetotheatmospheredece:Leratesthevehicle'sve-

locity.Asit1Ssimplyassumedthattheearthcanberepresentedto

beanoblatespheroid,anyanomaliesoftheearth'sgravitationalfie:Ld

areneglected.Thedistancefromthelaunchpadtothevehicle'sposi-

tlonprojectedontheearth'ssurface1Scalculatedasalengthofan

intersectingarcbetweenaquadric(theearth'Ssurface)andaplane

(theorbitalplane)asgiveninAppendixB.

2.2ComputationofGeomagneticField

AsnotedInsection3,ChapterI,thegyro―frequencycanbededuc-

edfromthegeomagneticfieldIntensity.Thegeomagneticreference

field1Sexpressedbyaseriesofsphericalharmonicsingeocentric

sphericalcoordinates(1:･ψ,λg)withthegeomagneticpotentialv

andintensitycomponentsgivenby

V=ao

χ=

Y=

1
-

｢

Xx

o(?)゛‘1°゛n皿(λl)‘哩(゛)'

賛=-sinψ1ﾀ(ﾁﾞNn+2yl゛nmvλE?d-pS(x).

57§な゜j霖j

l(ひ)゛゛m=oλE)畷(x),

∽･

r･s1耐
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Fnm(λE)゜8n*cosllλE十畷‘s1゛"1λE≫

Gnm(λE)゜畷゛s1゛111λE‾畷゜COSl1λE'

DPI(x)=dD否(x)/dx,

Intheaboveexpressions.i?l(x)IstheassociatedLegendrefunction

oftheSchmidtquasi-normalizedtypedefinedby

昭(x)=
七/疋亡!££ﾆ尨こ

瓦[(n十m)!]dχm゛n'

with 1form=0
‰づ

2form≧1

(4.15)

andx°COSlpwhereψisageocentriccolatltudemeasuredfromthe

northpole.a01stheradiusofthereferencesphere(6371.2km),r

theradialdistancefromthecentﾆerofthereferencesphereﾀandλE

thegeocentriclongitudemeasuredeastwardfromGreenwich.χ,Y,and

Zarethenorthward,theeastwardandthedownwardcomponentsofthe

magneticfieldvector.sSand昭arethesphericalharmonicGaussian

coefficients,andthevaluesproposedbyJ.C.CainandR.E.SWeeney290

areemployedinthiscalculation.ThetotalscalarIntensityFand

thegyro-frequencyfHareobtainedas

F=√Fﾏ?‾7?(A.16)

and fH'2.7992048)(F【MHz;Fingauss】

IncomputingP7:(x)anddPS(x)/dx.thefollowingrecurrence

formulasareIntroducedfromeq.(4.15),as.

77七戸[2n-l]x°pS-,(x)-/ぷこ了こ7°PI-2(゛)]fo゛O≦必‾2'

1

ぶ司石二i可
･【2(m-1)j･rr‰)-ぷ『二了百二而‘)-P?J-2(x)]

for2≦m≦n,(4.17)
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and

dPZ(x)浮=一巡正芦5こr1･1(･)+戈妙｀畷(･)
(4.18)

Themeasurementofthegeomagneticfieldusingthesoundingrocket

wasmadebytheflux-gatemagnetometeronboardtheKappa8‘15･Thecom-

parisonbetweenthemeasuredgeomagneticfieldintensity^'^andthethe-

oretlca:Llycalculatedoneshasbeenperformed,andtheresultisillus-

tratedinFig.4-1.Theerrorbetweencomputedvalues(solidcurve)and

observedones(dots)islessthan200gamma,which,inturn,contributes

theerroroftheelectrondensityvalue,deducedfromfuHR≫lessthan

about±0.5Z.Fromthemeasuredupperhybridresonancefrequency^UHR

andthedataforthevehicle'strajectoryobtainedbytheradar,theelec-

trondensitytogetherwiththeobservedpositioniscalculated.Thecom-

puter-aldedgraphicaldisplayshavebeenperformed.Anexampleofthe

outputdisplayfromtheχ-YplottﾆerisshownInFig.4-2,usingthedata

obtainedbyKappa9M-35soundingrocket.Inthiscase,theeccentricity

ofthetrajectoryIs0.98andthesemimajoraxis1S3388.2205km.The

electrondensityprofileshowsaremarkablewakeeffect,andtheenvelope

oflocalpeakvaluesIsconsideredtobetheprofilerepresentingthe

trueambientelectrondensity･

(
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)
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p
n
;
u
i
v

Total
Mag

Q430.440.45

neticFieldIntensity(gauss)

Fig.4-1Geomagneticfieldintensity
alongrocketflightpath:Solidcurve
showsthetheoreticallycomputedvalues
anddotsIndicatetheobservedones
(Digitalnumbersrepresentthetime
afterrocketfiring).
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§3.ElectronDensityandTemperatureMeasurementsintheIonosphere

Usingfourkindsofsoundingrockets,theelectrondensitydistrib-

utionsintheionospherehavebeeninvestigated.S210rocket1Sused

formeasurementofthelowerionosphereinthealtituderangefrom70km

t0120km.Thegyro-plasmaprobe,thehighfrequencycapacitanceprobe.

andtheLangmuirprobeareusuallyinstalled.Thegyro-plasmaprobecan

beusedtomaasuretheelectrondensityaboveabout90km.becausethe

electron-neutralcollisionpreventstheresonancedetectionintheregion

wheretheplasmafrequencyislessthanthecollisionfrequency･Thehigh

frequencycapacitanceprobecanmeasuretheweaklyionizedplasma,giving

theelectrondensityinthelowerionosphere(70kmt0120km).The

Langmuirprobe1Stomonitorthecurrentdensitytothesensor.Inthe

lattertwomethods.theabsoluteelectrondensity1Sinferredonlywhen

itiscomparedwiththeelectron.densitydeducedfromthegyro-plasma

probeorthefoEoftheionogram.Kappa8and9Mrocketsaredesigned

tomeasuretheE,FlandF2regionsinthealtituderangefrom90kmto

340km.Lambda3Hrockethasthecapabilityofliftingthepayloadsupto
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Table4-2Listofionosphericconditions.

Rocket
SolarZenithKIndex
AngleX[deg]P

DailySolar
FluxSa

WolfNumber
-

RzRz

S-210-6

S-210-8

K-8-15

K-9M-35

K-9M-38

K-9M-A1

L-3H-5

L-3H-6

Dateand

Time(JST)

"
11:24,Jan.
08:40,

16:40,

20:20,

15:00,

18:00,

Jan.

Jan.
Jan.
Feb.
Jan.

20:30,Sept･

11:10,Jan.

52.1°

70.9°

85.7°

129.6°

60.1°

100.4°

120.6°

52.7°

-
6

-
2

-
1

3
+

2

127.9

93.8

183,3

182.9

180.4

94.8

134.7

182,9

7879

1143

152

107

167

47

98

118

2
9
0
3
3
2

1
7
8
4
9
1

1
1

昌丿訓eがば: solarzenithangle,KthegeomagneticIndex,
dailysolarfluxat288oMHz,Rztherelative

sunspotnumber,andRzthethreemonthaverageofRz

thealtitudeofabout2000km.Theelectrondensityprofileandthe

electrontemperatureofthetops公ieionosphereaboveF2peakarereveal-

edbythisrocket｡

Theparametersofionosphericconditionssuchasso:Larzenithangle

X[degree]lgeomagneticindexKp≫dailysolarfluxat2800MHzSa【Wm‾2

Rz'11,andrelativesunspotﾆnumberRzforindividualrocketexperi-

mentsaresummarizedinTab:Le4-2｡

Typica:Lrockettrajectoriesobtainedbytheradarareillustrated

111rig.4-3(a)S210-6,(b)Kappa8-15,(c)Kappa9M-41,and(d)Lambda

3H-6.ThevariationofthegeomagneticfieldalongthetrajectoryIs

giveninFigs.4-1and2forKappa8-15andKappa9M-35.For3H-6ex-

perimentshownInFig｡4-4,thegeomagneticfieldIntensityvariesin

therangefromabout0.46gausstolessthan0｡2gauss･

3.1ElectronDensityProfileintheIonosphere

LowerIonosphereUsingS210-6and8,theelectrondensitydistri-

butionsinthelowerionospherewereobtained.Theresultsare
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sityalongLambda3H-6rocketflight
path.
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illustratedinFig.4-5.Thearrowsinthefigureindicatethecorre-

spondingelectrondensitiesdeducedfromthecriticalfrequenciesfoE

andfoEsoftheionogramobtainedsimultaneouslyatKSC.

IntheS210-6rocketexperiment,theantennaofgyro-plasmaprobe

waslocatedinsuchapositionthatthewakeeffectofelectrondensity1S

clearlyseeninbothascendinganddescendingcases.Themaximumelec-

trondensityofElayerwas1.5×105cm'3whichagreeswellwiththe

valuededucedfromfoEs.anditsheightabout107km.Belowthealti-

tudeof88km,theupperhybridresonancecouldhardlydetected.Twohigh

frequencycapacitanceprobes(CPiHand#2)withdifferentspacingof

paralle:Lplateswereused.Theirsensorsweremountedatthetipofarm

whichwasdiployed･atthetopoftherocket.Theelectrondensitydis-

trlbutlonobtainedbythecapacitanceprobewasnotaffectedbythewake

effectintheascendingpath,whilethelargeelectrondensitydepletion

wasobservedInthedescendingpath.Thedottedcircledenotestheesti-

matedelectrondensityvaluededucedfromtheantennaadmittance.The

fix-biasedLangmuirprobes(L?411and#2)werealsoequipped.Theelec-

trondensitiesmeasuredbythreeprobemethodsareIngoodagreement

witheachother.

IntheS210-8rocketexperiment,thecapacitanceprobeandthe

LangmulrprobewereInstalled.Thecoaxialmeshcylinderlocatedonthe

topoftherocketwasusedasasensor.Tomodifythe10nsheath,the

sweptvoltagewasappliedtothesensor.Fromthemaximumfrequency

shift,theabsolutevaluesofelectrondensityarecalculatedandshown

inFig.4-5(b)bythedots.Thedashed]Lineshowsthevaluededuced

fromthefrequencyshiftatthefloatingpotential.

Asforthemax:LmumelectrondensityofElayerInthemiddle-lati-

tude,K.MaedaandS.Fukao^^^givetheempiricalexpressionas.

forsummer.Nm'1.32)(105/T而こ了1Rj;(cosx)o゛6,(4.1)

forwinter.Nd,°1.34X10V1+0.石Fi;(cosx)゜゜52.(4.2)

UsingionosphericconditionslistedinTable4-2,thecorrespondingNm
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Fig.4-6Electrondensityprofiles(Kappa8-15).

arecalculatedtobe1.4×105Cm“3(S210-6)and1.0×105cm"

(S210-8).Thesecalcu:Latedvaluesareingoodagreementwiththe

observedones.

EtoFRegionIonosphereElectrondensityprofilesobtainedbythe

gyro-plasmaprobeonboardtheKappa8-15soundingrocketareillustrated

inFig.4-6.ThevalueNm(5.9×104cm‾3)deducedfromtheverlcal

incidentionogram1Sindicatedbythearrow.ThecalculatedNmfrom

eq.(4.2)is5.1×104cm‾3.Alargeelectrondensity(Ng=2×lO-c㎡“3)

atthealtitudeof94kmpersistedduringtherocketflight,inspiteof

anobviousexpectationofthereductionInelectrondensitybelowElayer

accordingtothetransitionoflocaltimeintheeveningionosphere

(aboutaquarterofanhourinterval).Thereexistsasmalltroughbe-

tweenDandElayerbothintheascendinganddescendingcases｡

Thestructureof.winterionosphereanditsdiurnalvariationwere

measuredwiththeseriesofrocketflights;Kappa9M-35,38,and41.An

exampleoftherawdatadisplayedbythecomputer-aidedX-Yplotteris

illustratedinFig.4-2(a).Theresultsofthreerocketobservations

aresummarizedinFig･:4-7･Alongwiththeserocketexperiments,

116-



-

Fig.　4－7　　　E:lectron

density distributions

measured by Kappa 9M-

35, 38 and ４１．

　
叩

　
り
／
』

了
〕

　
　
　
　
　
　
川

　
　
　
　
　
　
Ｃ

　
　
　
　
　
　
Ｉ

３
ａ
ｎ
ｊ
.
i
n
ｖ

10

Ｋ

　　　　　　--‾こＪｙ-'ご
　　　　　＿..ｔ゛‾
ｙニ

20:20

　１０４

ELECTRON

/

－一一一一

15 : oojs'i

- 一 一 一 一

二こKNVl･:l.Ol'iAsceiidiML.)

…一一KNVI-:1.0　l'(l)osc-cn<lirig)

　　　１０５

DENSITY [cm 勺

1 0

(a) 15:00、Feb

　22、1972.

（ｂ）１８：00, Jan･

　１９，:L973.

（ｃ）20:15, Jan･

　23, 1971.

Fig.　４－８　　工onogramsobtained by Yamagawa Radio Observatory・

-

- 117 －

一一

リ
。
・
Ｉ
－
・
‐
－
一
一



〔
､
ヽ
一
一
己
A
O
N
H
i
l
O
a
a
i

TIME(lK,ur:JST〕

Fig.4-9Diurnalvariationof

foF2(Yamagawa,Jan万.23,:L971).

l
t
-
"
≫
)
A
i
l
S
N
H
Q

10゛

N.F,(20:15,JAN,23,1972)

K-9M-35

YAMACAWA
KOKUBUNJI

AKITA
WAKKANAI

GEOMAGNETICLATITUDE(North)

Fig.4-10Geomagnetﾆiclati-

tudevariationofNmF2.

verticalIncidenceionogramsshowninFig･4-8weresimultaneouslytaken

attheYamagawaRadioObservatory.InthecaseofKappa9M-41,theshad-

owline1Scalculatedtobeanaltitudeof106km(X=100.4°).Thedaily

solarf:LuxSaandtheWolfnumberRzatthattimewereabouthalfofthe

valuesinothercases.ThemaxlmiunelectrondensityNF2obtainedby

Kappa9M-41wasmuchsmallerthantheothers.Thetypicaldiurnalvariation

offoF2observedonJan.23,1971,atYamagawa1SshowninFig.4-9.

Beforeandafterthenoon,thepeakelectrondensitieswereobserved,

andalsoafterthesunsettherewasanenhancementoffoF2.TheNmF2

deducedfromionogramsisindicatedbythearrowinFig･4-7･Itdoes

notnecessarilyfollowthatthemeasuredvalueofNmF2bytherocket-

borneinstrumentcoincidesthevaluededucedfromfoF2,becauseofthe

latitudedifferenceofobservations.Thegeomagneticlatitudedependence

ofNmF2,obtainedatthesametimeofKappa9M-35rocketlaunching,is

illustratedinFig.4-10.TheelectrondensityatF2peakisnotﾆiceably

Increasingtowardstheequator.Thelatitudinalvariationofdaytime

electrondistributionintheF2layerisdiscussedInChapterVIusing

thedataobtainedbythespacecraftREXS.

TopsideIonosphereThedayandnight-timeelectrondensitydlstrib-

ut:Lonsinthetopsideionosphereweremeasuredbythegyro-plasmaprobe

onboardLambda3H-5and6soundingrockets.Figure4-11showstheday-
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ElectronDensity(cm')

timeionosphericelectrondensityprofile(11:00JST,Jan.).Theslope

ofthelogarithmicelectrondensity.whichisproportionaltothescale

height,changeswithaltitude.Thescaleheightbelow800km

levelisapproximately200km.whileabovethe1200kmlevelitis950

km.ThisIndicatesthatthepredominantIonosphericconstituentishy-

drogenabovethe1000kmlevel(theoreticallypredictedscaleheightIs

about1500kmforhydrogenatmospherewithtemperatureof1000°K).The

night-timeionosphericelectrondensityprofile(20:30JST,Sept.)Is

shownInFig.4-12,Inwhichthearrowindicatesthemaximumelectron

densityofF2layer(Ng=5.2×105cm)deducedfromionograms.The

solidcurveistheenvelopeofthemeasureddata.Uptonow,theobserv-

ationsoftopsideionospherewithgyro-plasmaprobewerecarriedoutthree

times(Lambda3H-2,5and6).Figure4-13illustratesthreeobservations

withdifferentlocaltimes.TheelectrondensitydistributionofF2

layerchangesremarkably;themaximumelectrondensityofnight-timeF2

layer1Smuchlessthanthatofday-timeF2layer.Thesystematicdif-

ferencebetweendayandnight-timeelectrondensitydistributionsfar

above500kmlevel1Snotrecognizedfromtheseexperiments.These

electrondensityprofilescanbewellrepresentedbythediffusiveequl-

111briumdistribution^"^asdescribedInsection2.3,ChapterI(see

Fig.1-11)･
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3.2ElectronTemperatureintheIonosphere

Takingaccounttheeffectoftheion-sheathformationaroundaprobe

atthefloatingpotential,theelectrontemperatureisdeducedfromthe

admittanceoftheprobe.Atfrequencymuchlowerthanthesheathreso-

nancetheadmittance1Spurecapacitive,andanamplitudeofadmittance

representsan10nsheathcapacitance.Forthecylindricalsensor.

^sheath°2TreoL/£n(rg/rg), (4.3)

whereLandraarethelengthandtheradiusofthesensor.The

radiusofthesheathboundaryrscanbededucedfromthiscapacitance.

Todeterminethefloatingpotential,Polsson'sequationaroundthesen-

sormustbesolved.Assumingonedimensionalazimuthalsyiranetryincy-

llndrlcalcoordinates.Polsson'sequationreducesto(seeeq.(A.8)1n

AppendixA)

11k(x公)=expy-1, (4.4)

wherey'qV/KTeandx°r/λD°Here,itisassumedthattheion

sheathregion1Sfreefromelectrons,andthatthe10nconcentrationis

constant.Theaboveequationisreadl:i-yintegratedundertheInitial

conditions;V(rs)=OanddV(rs)/dr=0.And,Vfisgivenas

V(O)｡

Theelectroncurrentletotheprobeatfloatingpotentialis

calculatedasafunctionofelectrontemperature,usingMaxwelllandis-

tributlonfunction.

le°2TTrsL°Je. (4.5)

whereJeisgivenineq.(2.25)･

Consideringtherocketmotionrelativetotheenvironmentalplasma,

the10ncurrentcollectedbythevehic:Le'sbody1Spredominatedbythe

vehicle'svelocityW.Itisassumedthatthe10npartﾆIclevelocity

-121-



measuredinthereferenceframefixedtothemovingvehicle1Sapproxi-

matelyW,becausethe10nthermalvelocityissufficientlysmallcom-

paredwiththevehicle'svelocity･FollowingH.OvaandT.Aso,i°≪the

Ion.currentcollectedtotheprobeiscalculatedasfollows.Theenergy

andtheangularconservationofaparticleareholdas

1

-2 M(u|゛vj)=1H(111+vg)+,Ivf,

rSVS

゜raVO

(4.6)

(4.7)

whereu,Varetheradialandtheperpendicularvelocitycomponents,

andsuffixSandodenotethevaluesofthesheathandtheprobe

surfaces,respectively.Asan10nwhichreachestheprobesurfacehas

thepositivevelocitycomponentu0,thefollowingrelationshouldbe

satisfied.

where

v|/b2-u|/a^く1

a2゛-2qVf/M,

h｡一二｡竺f

rS2‾ra2M

(4.8)

ThecriticalvelocityV°bIsthemaximumlimitofthetangential

velocitycomponentofparticlearrivingatthebodysurfacehavingzero

radialvelocitycomponentattheedgeoftheionsheath,andu°a

isthevelocityacquiredbythepotentialVfTherefore,theioncur-

rent1Scalculatedas

(χ0

11゛N.qLI2/orgu'-cosada (4.9)

whereu"=WsinoandoIsananglebetweenthecylindricalprobe

axisandthedirectionofthevehicle'svelocity･Theangle(Xois

determinedsoastosatisfytheequation(4.8)withUg=U'･COSaand

Vs°u゛゜sina.
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ThefloatingconditionIsexpressedas

le+11゛O･ (4.12)

Fromtheaboveequation,theelectrontemperatureintheionosphere

wascomputed･Thealtitudevariationofthesheathcapacitance^sheath

ineq.(4.3)obtainedbythegyro-plasmaprobeonboardLambda3H-5rocket.

IsIllustratedinFig.4-14.Theresultsofelectrontemperatureprofile

obtainedbyKappa8-15rocketareshowninFig.4-15,Theelectrontemper-

atureinEtoFlregionisabout500°Kt01000°K.Itshowslargespatial

Irregularitiesinthesamewayastheelectrondensityprofileduetothe

wakeeffect･,TheelectrontemperatureintheEregionisratherhigh,

- 123-



〔
"
"
i
l
3
a
n
x
i
x
i
v

ELECTRONTEMPERATURE〔'K〕

Fig.4-16Electrontemper-

atureprofile(Lambda3H-5).

rangingfrom500°Kto1100°K.This

fact,aswellashighelectronconcen-

trationoftheDlayer.maybeimpor-

tantcluet0interpretingtheradio

absorptionanormaly.It1Snotedthat

thepresenttheoryIsonlyapplica!)1e

totheregionwheretheplasmafrequency

ismuchhigherthanneutral-electroncol-

11sionfrequency.i.e.,theregionabove

approx:Lmately100km.Inthetopside

region,thenight-timeelectrontemper-

atureprofileobtainedbyLambda3H-5

1SillustratedinFig.4-16.Theelec-

trontemperatureinthealtituderangefrom250k皿t0850kmisabout

1100°Kt01400°K.Thisvalueagreeswiththeelectrontemperature

deducedbytheretardingpotentialana:Lyzer.2"Abovementionedtheory

israthersimplefortheionsheath.andit1Snecessarytoestablish

thesheathmodeltakingconsiderationofthewakeeffectformedaround

theprobeItself.

3.310nCompositionintheTopsideIonosphere

AsdiscussedInsection2.3,ChapterI,thetopsideionosphereis

wellrepresentedbytheelectronsandionsindiffusiveequilibrium

(seeFig.1-11).Assumingthateachionisindiffusiveequilibtium

above500km,theiondensityisgivenby^°≪

Hi(l)=Hio(ぞ治=)2-r(一几j?iy)(iぷ万 (4.13)

wherezisthealtitudemeasuredfromthereferencelevelat500km.

andsuffixodenotﾆesthevalueatthebase.ThescaleheightHiof

thei-thionspecies1Sgivenasafunctionofaltitude
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Fig･4-17Electrontemperature

profilemeasuredbytheretard-

ingpotentialanalyzer.

IonsareconsideredtobeconsistedofO+
?

(1°1)9He十

(4.14)

(i=2)and

(1=3).andtheircompositionratioatthebaseistakenfromthe

datagivenbyS.J.Bauer,""thatis.

N2o/Nlo°2.48X10"^゛dN30/N10°1.01゛(10‾1

Introducingthedensityratio0fthei-thIonwithrespecttotheelec-

trondensityas,

where

3

ni(z)゜Ni(2)/Ne(2)゜Ymi°
1=0

3

Yi°
1=0°

(4.15)

Hence,Hioiscalculatedasfollows;nio=O‘88826,n2o°0.02203,

and^30°0.08971°

ThecalculationwascarriedoutinthecaseofLambda3H-5rocket

experiment,usingtheelectrondensitydistributiongivenInFig.4-12

andtheelectrontemperaturedlstﾆributiongiveninFig.4-17whichwas

measuredbytheretardingpotentialanalyseronboardLambda3H-5.^
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TheIoncompositionratiosni.T12andn3areobtainedfromeq.(4.

15),integratingeq.(4･13)numericallyalongthealtitude.Theresult

1SshowninFig.4-18.Belowandaboveabout600km,themainconstit-

uent10nspecieschangedfromO十toH十,whileHe+10nwastheminor

constituent.FromFig.4-18,themeanmolecularweightiscalculated

andshowninFig･4-19.

§4.ResonancePhenomenaobservedintheIonosphericPlasma

Variouskindsofresonanceeffectsontheimpedanceofanantenna

InaplasmahavebeenInvestigatedinlaboratoryplasmaasdescribedin

thepreviouschapter.Intherocketexper:iments,theseresonancephe-

nomenahavebeenobservedbythegyro-plasmaprobeandthemutualim-

pedanceprobe.Themodifiedplasmaresonancewasalsoidentified.which

hasnotbeenobservedinlaboratoryplasma.

4.1UpperHybridandSheathResonance

Thefrequencycharacteristicsofantennaadmittanceexhibitthe
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Fig･4-20Altitudevariationofamplitudeofantenna
capacitanceversusfrequency(Lambda3H-6).

parallelandseriesresonanceswhichareidentifiedwiththeupper

hybridresonance(UHR)andthesheathresonance(SHR),respectively･

Figure4-20illustratestheoutputsignal0ftheamplitudeofantenna

admittancewhichwasobtainedbytheLambda3H-6rocketexperiment｡

TheUHRandSHRfrequenciesdecreasewithincreasingaltitudecorre-

spondingtothedecreasingelectrondensityandthegeomagneticfield

intensityinthetopsideionosphere.ITheadmittancevalueatUHRfrequ-

encyrepresentsaQvalueofresonance.Theadmittancevalue1SInverse-

1yproportionaltotheQvalue.ThemaximumofQvalue1Sobservedat

thealtitudeofabout500kminthreeLambda3Hrocketexperiments,and

atthehigheraltitudeQvaluedecreases.Thisfactindicatesthat

theremaybesomedissipativemechanismseveninacollision-freeplasma.

R.Oya^33haspointedoutthattheelectrostaticwaveexcitationfrom

theantennareducestheQvalueofplasmaresonance.Anexampleofthe

“万万mplitudeandphasevariationsasafunctionoffrequencyobtainedby

theKappa8-15rocket1SshowninFig.1-17,insection3.4,Chapterl｡

ThemutualimpedanceprobeonboardtheLambda3H-6gavethetrans-

mlttedsignalIntensityasafunctionoffrequencywhichrepresentsthe

mutualadmittanceofthetransmitter-receiverantennas.Curvesof
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Fig.4-21Recordsobtainedbythemutualimpedanceprobe;left,(a)
receivedsignallevel;(b)equivalentcapacitanceofsingleprobe;

right,altitudevariationof^UHRminimum.

signallevel(OdB=0.1Vrms)plottedagainstfrequencyareshownin

Fig.4-21.Asharpminimuminthesignallevelisfoundneartheupper

hybridresonancefrequency.Thefrequencyatwhichtheminimumoccurs

changeswithaltitude,coincidentwith^UHRidentifiedbythegyro-

plasmaprobe.Inthisexperimentthechangeinreceivedsignalinten-

sityatthesheathresonancefrequencywasnotdetected,becauseof

levelsaturationofthereceiver'samplifiernearSHRfrequency.

4.2ModifiedPlasmaResonance

ThetotalimpedanceZ(ω)ofan.antennainaplasmaisexpressed

approx:Imatelyasasumoftwoimpedances,asgivenineq.(1.47),viz.,

Z(“J)=l/jOjCg十ZP(ω)･゛■here2p1Sthei叫jedanceoftheambient

plasmaandCsistheeffectivecapacitanceof10nsheath.Under

colllslonlessconditions,resonancesoccurinthefollowingcases;(i)

1十如CSZp゛0and(ii)Zp'infinity.Condition(i)resultsin

thesheathresonance.whilecondition(ii)givestworesonances;one

ithpphybidωUHR河ご‾77dththth

modifiedplasmaresonance.ωMPR-USingBalmain゛Sformula225forashort

cylindricalprobeimmersedinahomogeneousmagnetoactIveplasma,H.Oya^91
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predictedthismodifiedplasmaresonance.whichoccursneartheupper

hybridresonance.Fromeqs.(1.46)and(1.47),themodifiedplasma

resonancefrequency1Sexpressedas

咄PR°74{(ne2十Qe2)十ぶe4+2Ωe2He2cos2e十Ωe4}1/2 (4.16)

where01stheanglebetweentheprobeaxisandthegeomagneticfield.

J
"
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3
N
V
l
l
3
t
t
J
K
)
-
f
l
O
]

Fig.4-22Theequivalentcapacitance
ofcylindricalprobeatdifferentaspect
angle9(afterR.Oya"1).

FREQUENCY.MH.

Theoreticallycomputedcurvesoftheprobe

capacitanceatdifferentaspectanglesOare

showninFig.4-22,inwhichtheupperhybrid

andmodifiedplasmaresonancesareindicated.

Thevariationsinthemodifiedplasmareso-

nancefrequencyisrepresentedbythepara-

meterSO),whichisdefined

s<9,-iと器EWy旦=去[1-j{1十(1-4(x262sin20)1/2}1/2](4.17)

where(X'He/ωUHRand6=Ωe/ωUHR-Thefrequencyofthemodified

plasmaresonancecoincideswiththeupperhybridresonancefrequency

(S=O)whenO=O°,andwiththeplasmaresonancefrequency(S=1)

when9=90°｡

Typicalrecordsoftheprobeadmittance(equivalentcapacitance)

versusfrequencyarereproducedInFig.4-23,whichwereobtainedbythe

gyro-plasmaprobewithacy:Lindricalsensor(L=:1600mm.ra=20mml)

onboardLambda3H.-2soundingrocket-Theydemonstratedistinctlytwo

parallelresonances,thatis,theupperhybridresonance(UHR)andthe
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Fig.4-23Typicalrecordsoftheprobecapaci-
tanceversusfrequency(Lambda3H-2).

0.20.40.60.81.0

S

Fig.4-24ObservedvaluesofS(0)=

((゛UHr“)KPR)/(ωUHR-ne).withrespect

tothegeomagneticaspectangleof

theprobe.Thesolidcurveisthe

theoreticallycomputedvaluesusing

ionosphericplasmaparametersatthe

altitudeof730km.

�odifledplasmaresonance(MPR).Thesheathresonance(SHR)appearsas

aseriesresonance.Theeffectofparallelresonancesareverypronounc-

edwhenthesensor1Slocatedoutsidetherocketwake.

Theangleoftheprobeaxiswithrespecttothegeomagneticfield
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linewasdeducedusingamagneticaspectometeronboard.Theobserved

valuesofS(0)areshowninFig.4-24.Thesolidcurveshowsthevalue

comp゛tedtheoreticallyfromeq.(4.17)forthecasethatI[j2-n=2.54

MHzand‘Ωe/2π=0.91MHz,whicharerepresentativevaluesatthe

altitudeof730km.It1Sevidentthattheobservedresonancecharac-

terlsticsareingoodagreementwiththetheoreticalpredictionsand

thattheexistanceofamodifiedplasmaresonancehasbeenconfirmed

experimentally･

4.3CyclotronHannonicResonance

Inwarmmagnetoplasma,thespecificadmittanceyx"appearedin

eq.(1.46)playsaveryimportantrole:especiallywhentheparameter

6'(dimensionoftheprobesystem/Larmorradius)decreases,thecold

plasmatheorycannotbeapplicable.Theoretlca:Lconsiderationsofthe

cyclotronharmonicresonanceeffectsonantennaimpedancearegivenin

section3,ChapterI,andsection2.5,ChapterII｡

Thesecondharmonicofgyro-resonancewasfirstdiscoveredbythe

Kappa8-15soundingrocketexperiment.Figure4-25showstherecordin

whichsecondharmonicgyro-resonanceeffect1Sexhibiteうdbothinampli-

tudeandphaseofadmittance.Seriesoftheantennaadmittancecurve

versusfrequencyatdifferentelectrondensities(differentaltitudes)

(
d
d
)
300

UJI

り

Z

<Z

ﾄｰ

-
り

<t

Q.

4

○

○○
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10

IMPEDANCECHANGEo12Fm

byK-8-15
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FREQUENCY (MHz)

Ph●･･
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Fig.4-25Amplitudeand

phasechangesofantenna
admittance(Kappa8-15).



SweepFrequency(MH.I

Fig.4-261Recordsofsecondharmonic
cyclotronoscillation(2fjj)e血iblted
bothinamplitudeandphaseofadmit-
tance(a°172km,b=170km,C°
168km,d=166km,e=165km,f=
164km.g=163km).

aredemonstratedinFig.4-26.Itis

evidentfromthefiguresthattheamp11-

tudeandphaseofadmittanceshowappre-

ciablechangesatthesecondcyclotron

harmonic,2%whentheadmittanceis

sufficientlylow,i.e･lneartheupper

hybridresonance.Thisobservedresonancecharacteristicsagreewell

withtheaforementionedwarmplasmatheoryandalsowiththeresults

obtainedbythelaboratoryplasmaexperiments(seeFig.3-6(b)insec-

tlon3.1,ChapterIII).The3rdandhigherordercyc:Lotronharmonics

Resonance●t2ゐ

､

f

､｡｡

べ770kiii

ごづy_一､､

犬

SるOk廊
入

≪7I>I≫
犬

34Sk>i
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700km

760lun

SiOkm

870lun

920kin

Fig.4-27RecordsobtainedbytheLambda3H-5(a)
and6(b).
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Fig.4-28ChangeInreceivedsignal
intensity8t2%(Lambda3H-6).

arenotdetectedbecauseofthe10wfrequency

responseofthetelemetrychannelsduetothe

narrowbandwidthofFM-FMtelemetrysystems

adoptedinthepresentexperiment.Examples

ofthesecondharmonicofgyro-resonanceOb-

tainedbytheexpert皿entsofLambda3H-5and

6areshowninFig.4-27,Inwhichthearrow

Indicates2%calculatedfromthegeomagnetic

fieldintensity.Theadmittancechangeat2fH

1Snotappearedintherecordsillustratedin

Fig.4-20,becausetheadmittancechangeat

2%Isverysmallundertheconditionthat2fRく<fUHRorfUHR

くく2%.asisexpectedfromeq.(1.46)andFig.4-26.1ntheexperiment

ofthemutualimpedanceprobe,twosharpminimaofthereceivedsignal

intensityappearinthealtituderangeabove1500km;one1Slocatedat

fUHRandtheotherat2%.asgiveninFig.4-28･Theagreementbe-

tweenthespikefrequencyandthetheoreticallycomputed2%1Sexcel-

lent.Therehasnowell-establishedtheoreticalinterpretationofthis

spikephenomenaat2fR｡

IntheexperimentofKappa9M-38,therelationbetweenthehigher

harmonicsofgyro-resonance,thesheathresonanceandtheupperhybrid

resonancewasinvestigated.Figur:e4-29showsthevariationsofthese

resonancefrequenciesversustherocketflighttime.Thechangein

admittanceappearsatthefrequencybetweenfSHRand^UHR-Thefrequ-

encydoesnotcoincidentwiththetheoreticallycalculatednfii.Figure

4-30(a)and(b)ShoWthevariationoftheresonancecharacteristicsof

antennaadmittanceversusfrequencyatvarioussheathcapacitances(a),
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andelectrondensities(b).Thetransitionofthegyro‘resonanceIs

clearlyunderstood･Thisfactindicatesthatthehigherharmonicsof

gyro-resonanceoftheantennaadmittancearelargelyaffectedbythe

sheath､capacitanceandtheelectrondensityas1Spredictedfromthe

theoreticalcalculationgiven:insection2.5､ChapterII(seeFig.2-12).

§5.ComparisonofVariousPlasmaProbeMethods

Themeasurementsofelectrondensitywiththreedifferentkindsof

probes.I.e.,Langmuirprobe,gyro-plasmaprobe.andtwo-wireprobe,

werecarriedoutinthelaboratoryplasmaexperimentasdescribedIn

section3.4,ChapterIII｡ThevaluesobtainedbytheLangmuirprobe

andthegyro-plasmaprobeshowagoodagreementwitheachother.in

spite･ofthephysicalprinciplesofthetwoplasmaprobemethodsbeing

basedonthedifferentphysicalproperties｡Intherocketexperiment,

comparisonsofelectrondensitymeasurementwithgyro-plasmaprobe.

VLFdopplermethod,two-wireprobe.Langmuirprobe,andthehighfrequ-

encycapacitanceprobe,wereperformedbytheKappa9M-35and38,and

theS210-6and8soundingrockets,toevaluatethereliabilityofeach

method.

5.1VLFDopplerMethodandGyro-plasmaProbe

TheVLFDopplermethodlQI^'103Istodeterminetheelectrondensity

j･
froml二heDopplershiftofaknowncontinuouswaveduetothevehicle's

motion,viz.,thefrequencyshiftofVLFsignalsfromtheground-based

station.ismeasuredbytheinstrumentonboardthevehicleandtelemeter-

edtotheground.IntheexperimentoftheKappa9M-35,a40kHzground

signal(JG2AS)transmittedfromKemigawaStation(35°38'north,140°04゛

east)nearTokyoanda22.3kHzsignalfromNorthWestCape(21°49'south

114°10'east)InAustraliawerereceivedbyaloopantenna(0.091m2,･20

turnS).295IntheexperimentoftheKappa9M-38,a17.4kHzsignalfrom
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Fig.　4－3:Ｌ　　Electrondensity profiles obtained by the VLF
Doppler method (after I. Kimura and Ｔ・　Tomimoto) and by
the gyro-plasma probe (Kappa　9M-35 and 38).

Yosaml Station (34°３６１　north, 137°01' east) was received by the dipole

antenna (3 ｍ in length from tip to tip).　From the 22.3 kHz source　in

southern hemisphere, two signals were received by the rocket:　ａ down-

coming signa:Ｌ which propagated to the rocket along the magnetic field

line and an upgoing signal which propagated through the earth-ionosphere

wave guide and then upward through the ionosphere to the rocket.　The

Doppler shift can be detected with ａ precision of ±２ Ｚ for most of the

time of rocket flight except near the apex and in the lower part of the

ionosphere。

　　　　　Thecylindrical antennas (600 mm and 1150 nun in length and １５ mm

in diameter) was used as ａ sensor of the gyro-plasma probe which was

standarized to measure the amplitude of antenna admittance.　The ｅ:lee-

tron density Is deduced from the measured upper hybrﾆid resonance frequ-

ency and the results are shown in Fig.　4-7, in section ３．１。

　　　　　Themeasured electron density distributions versus altitude are

summarized in Fig.　4-31.　工ｎ the ｅχperiment of Kappa 9M-35, the electron
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Fig.4-32Comparisonofelec-

trondensitiesobtainedbyKappa

9M-35rocketexperiment.

densityvaluesintherangefrom

101゛Cm‾3t05×105cm‾3showa

goodagreementwitheachother.In

theregionaroundtheapexofthe

rocketthereexistsomedifference

betweentwomethods,andalsobe-

tweenthevaluesobtainedbythe

VLFDopplermethodalongtheas-

cendlngpathand1Sthedescending

path.ThelatterdiscrepancyIsdue

totheionospheremodelwhichisas-

sumedaperfectlyconcentriclono-

sphericlayerwithnohorizontal

gradientIntheelectrondensity･

ThiserrorIscorrectedIntheKappa

9M-38rocketexperiment,introducingtheinclinationoftheionospheric

layerasshowninFig･4-31.Thecorrelationdiagram∧oftheelect】ron

densitiesmeasuredwithtwoprobemethodsintheKappa9M-35rocketex-

perlment1SshownInFig･4-32.Therelativeerrorissomewhatincreas-

ingtowardsthe10Welectrondensityvalue･IntheexperimentofKappa

9M-38,alargesystematicdifferenceInelectrondensitybetweentwo

methodsareobserved.ThedeviationofelectrondensityIsdefinedby

thedifferenceInelectrondensitynormalizedbythevalueoftheVLF

Dopplermethod,andshowninFig.4-33.Twomethodsgiveapproximately

thesamevaluestillthealtitudeof180kmalongtheascendingpath,

andthenthedeviationgraduallyincreasesuptoabout50Z.Themaxi-

mumelectrondensityatF2peakdeducedfromfoF20ftheionogram

(seeFig.4-8)is2.32×106cm‾3which1Scoincideswiththevalue

obtainedbytheVLFDopplermethod.Itisconsideredthattheelectron

densityaroundthevehicle'sbodydecreasesforsomereason.Thewake

effectswhich1Sthecauseofthedepletionofelectrondensitybehind

amovingvehicle,areeliminatedfromthedataofthegyro-plasmaprobe.

ThemostprobablereasontobeconsideredIsthatanaccumulationof

negativechargeonavehicle'ssurfacecausesthevehicle'Spotential
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Fig.4-33DeviationofelectrondensitymeasuredbytheKappa
9M-38rocketeχperlment."CPION"denotestheswitch-ontimeof
theelectricalpowerofthe10nmassspectrometer.

todecreaseandtheradiusofsheathsurroundingthevehiclet0increase.

Tomeasurethe10ncomposition,theinstrumentofamini-Qtypeionmass

spectrometerwasinstalledandanr｡f.hightensionwithasweptvoltage

of100vo:Ltst0600voltsanditsoscillatingfrequencyof650kHzwere

appliedtothegridofsensor｡Asdescribedinsection5,ChapterII,

thequasi-floatingpotentialdecreaseswhenther.f.hightensionfield

appliedtothebodyInaplasma.AssumingthatNe°105Cm‘≒Te

゛1000°K,10nmolecularweight=25,Va=1voltandthedimen-

sionoftheKappa9M-typerocket1Stﾆakenintoaccount,thefloating

potentialygivenineq･(2.47)becomestobeabout13,which,inturn.

givesthevalueofthenormalizedcapacitanceA=0.06.ヽSincetheDebye

shieldinglengthλDcalculatedtobeoftheorderofafewmmthroughout

therocketflightabove100km,theionsheathradius.λD/Aﾀisesti-

matedtobeabout10cm.WhenapartofanantennaIsimmersedina

sheathregionsurroundingarocketbody,theelectrondensitydeduced

fromthegyro-plasmaprobeis:Lowerthanthevalueintheambientplasma,

asdiscussedinsection2.4ChapterII.Theelectrondensitydeducedby

theVLFDopplermethodmayberegardedasthemeanvalueoftheregion

muchlargerthanthatofthegyro-plasmaprobe,anditmaybefreefrom

theeffectofanionsheath.
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5.2

LangmuirProbe,Two-Wire
andGyro-plasmaProbe

Probe,CapacitanceProbe,

Asiswellknown,electrondensityandtemperaturecanbededuced

fromthecurrent-voltagecharacteristicsofelectronscollectedbya

metalicprobe,viz.,asweptvoltageLangmuirprobe.Conveniently,it

maybeassumedthattheelectrontemperatureisconstantand,then,the

electroncurrent1Sdirectlyproportionaltotheelectrondensity･The

method1ScalledafixedvoltageLangmuirprobe｡WhiletheLangmuir

probeisverysimpletechniquetomeasuretheelectrondensityina

plasma,anuncertaintyremainsinabsoluteelectrondensityvalueunless

takingasurfacecontaminationawayanddeterminingaspacepotential

preciselyandsoon｡Problemontheelectroncurrentdepletionnearthe

spacepotential1Sstillunsolved.Intherocketexperiment,thereare

particularproblemssuchastheprobereferenceelectrode(vehiclehull)

dimensions,thephotoelectricemissioncurrent,thegeomagneticfield

effect,andwakeeffects.Thecomparisonofelectrondensitymeasure-

mentswiththesweptvoltageLangmuirprobe(LP)andthegyro-plasma

probe(GP)wascarriedoutintheexperimentofKappa9M-38rocket.

Thecylindricalprobewith200mminlengthand2nrmIndiameterwas

usedfortheLangmulrprobe.Themeasuredelectrondensityprofile

versusaltitudeIsshowninFig.4-34,inwhichtheregionwiththe

shadowlinesarethereliablerangeofelectrondensityvaluesandthe

dottedlinesIndicatetheerrorregion｡Afairagreementofelectron

densitiesmeasuredbytwoprobemethodsisfoundinthisexperiment.

ThearrowoffoF2denotestheelectrondensitydeducedfromthever-

tical.incidenceionogram.anditdoesnotagreewiththemaximumelec-

trondensityatF2peak･measuredbyprobemethods.Thecausemaybedue

tothelocalpositionaldifference｡

InthesamerocketexperﾆLment,thecomparisonofthetwo-wireprobe

(TWP)andthegyro-plasmaprobe(GP)wasalsoperformed.Thetwo-wire

probeconsistsoftwoparallelcylindricalantennaswith638inininlength,

2mmindiameterandthespacingof50mm.Therecordsobtainedbytwo

methodsatdifferentaltitudeareillustratedinFﾆi-g.4-35,inwhichthe
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by Langmuir Probe (LP) (after Ｈ．Mori) and gyro-plasma
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Fig.　4－３５　　Records obtained by two-

wire probe (after H. Mori) and gyro-

plasma probe (Kappa 9M-38) .
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Fig.　4-36　　Comparison of　output

wave forms obtained by gyro-plas-

ma probe (GP) and ｔﾆwo-wire　probe

(TWP).　Ｒ denotes　the received

signals from GP and TWP.
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ordinatedenotesthereceivedsignalintensityinarbitraryunitforTWP

andtheantennacapacitanceforGP.Theiraltitudevariationsarevery

similarwitheachother.buttheresonancefrequenciesaresomewhatdif-

ferent.Forexample.Fig･4-36Illustratesthecomparisonoftheeach

outputwaveformobtainedatthealtitudeof235km｡Inthisexperiment

thereceiver(R)withmonopoleantennaof620mminlengthwasalsoequip-

pedtoreceivether.f.electricfieldsexcitedbyGPandTWP.Thereso-

nanceIdentificationsareindicatedbyalphabetﾆs,atoh.Thegyro-frequ-

ency%is:L.13MHz.Theresonancesatd,e,andfarecorresponding

tonfHwheren゛5,6,and7,respectively･Thesecharacteristics

arewellexplainedbythetheoreticallycomputedselfadmittanceofthe

gyro-plasmaprobe(seeFig.2-12)andreceivedsignalIntensityofthe

mutualimpedanceprobe(seeFig.2-17).Thehigherharmonicgyro-reso-

nancen%asIsindicatedInFig.4-291Stheresonance"e"1nFig.

4-35.
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CHAPTERVGYRO-PLASMAPROBEONBOARDTHESPACECRAFTREXS

§1.Introduction

OnAugust19,1972,REXS(designatedasDENPAafterinjectionInto

theorbit)waslaunchedtoobservespaceplasmaparameters,VLFplasma

wavesandgeomagneticfieldintheorbitwiththeperigeeof240km

theapogeeof6570km.andinclinationof31°.Inthespacecraft(77cm

diagonallengthand68cmtall,withthree2mantennas,seeFig.5-1),

the"ImpedanceProbeforSatelliteObservation(IPS)"hasbeen

installedtogetherwithotherpayloadsthatwereplannedtomakean

integratedobservationforplasmastructureandwave-particleinteract-

10nphenomenaintheionosphereandthe10Wpartofthemagnetosphere.

Theseequipmentsincludetheelectrontemperatureprobe(TEL),the

electromagneticandplasmawavereceiver(PWP),theflux-gatemagneto-

meter(MGS),thecyclotronInstabilityexper:iment(CIE)andtheelectron

beamanalyser(EBA)｡

ThesweptfrequencyimpedanceprobeIPS,which1Sdesignedto

measureionosphericplasmaparameters,consistsofanimpedancemeasur-

ingequipment,automaticsample-detectionsub-systemsanda2mantenna

asasensorimmersedInspaceplasma.Theimpedancemeasuringequip-

mentisknownasagyro-plasmaprobe.Variousplasmaresonancefreque-

nciesaredetectedandantennaimpedancevaluesatseveralfrequencies

aremeasured.ThosedigitalizeddataarefedtoPCMtelemetrythrough

adatasamplingsystem｡

Thepre-flightoperationandplasma-simulationtestswerefound

tobesatisfactory;theyprovided,also,thecalibrationdataon

equipmentcharacteristicsatdifferenttemperaturevaluesthatcan

berealizedintheflightcondition｡

Inthischapter,all0fthetechnicalinformationtoconstruct

theIPSsystemfortheREXSsatellitearegivenindetailinsection2.

OperationalCharacteristicsofpre-launchingtestsandthedatahandl-

ingmethodaregiveninsections3and4.
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UHF TELEMETRY ANTENNA

Fig.　５－１　　spacecraft REXS

Design Concept of Gyro-plasma Probe　　　The gyro-plasma probe for the

REXS satel:Lite (工PS) is designed to measure the antenna Impedance

characteristics as ａ function of frequency over ａ wide range which

includes various plasma resonances. Since the observed data are trans-

mltted through ａ time-sharing PCM telemetry, the onboard data process-

ing system are required to provide all digital information of measured

plasma resonances and antenna impedance values。

　　　　Ａ block diagram of the general concept of IPS is shown in Fig.　5-2.

The system consists of the high frequency gyro-plasma probe (IPH), the

１０Ｗfrequency gyro-plasma probe (IPL), the frequency calibration

circuits (IPS CAL), the timing control signal generator including the

antenna switching circuit, and the data processing system。

　　　　The swept frequency ranges are　0.2-15 MHz　for IPH channel and

0.3-15 kHz　for IPL channel.　The upper hybrid resonance frequency

（ｆＵＨＲ）ａｎｄthe sheath resonance ｆｒｅｑｕｅｎｃｙ（ｆＳＨＲ），ａｎｄａｎｔｅｎｎａadmittance

values are detected and stored in the IPH channel.　The lower hybrid

resonance frequency (fujD) is detected and the antenna admittance values

- 143 －



|

1
4
4
-

Fig.5-2BlockdiagramofIPSinstrument

ANALOGCXJT

(TOENC)

(Lhl,Lh2!Lh3.)

DIGITALour
-
(TOENC)

(Fhi.&Fh,)

･IPH
(HIGHCHJ

･IPL.

(LOWCH)

IPSCAL.



aresampledandstoredintheIPLchannel.Themeasuringitemsare

summarizedinTable5-1.Forthereference,ananalogformofthe

admittance-frequencycurveofanantennaInaplasmaIsshowninFig･

5-3｡

BoththeIPHandIPLsystemsconsistofr.f.sweptsignalgenerator,

anddataprocessingcircuits.utilizingthefrequencyspectrumana:Lyser

technique,theoutputsignalfromthecapacitancebridgeisamplified

andmixedwithlocalsweepsignaltobeIFamplitudemodulatedsignal.

anditiscompressedbythelogarithmicoperationalamplifier.As

fortheresonancefrequencydetectionofIPH,thetriggeringsignalto

thegatecontrolcircuitisfedbythemonostablemulti-vibratorafter

resonanceidentificationthroughthedifferentiatorandlevelcomparator｡

Tocheckthestandardfrequency,theIPSCALsectionIsprovided.

TheIPSCALsectionconsistsoftheswitchingcircuit,mixer,select-

Iveamplifierandsaturationamplifier｡

Thetimingsignalgeneratorproducesthevarioustime-sequence

controlpulsesforthedataprocessorandswitchingcircuitsusingthe

standardtimingpU:Lseoutofthetimingencoderinstrumentofthis

spacecraft｡

Tocheckthestandardfrequency,theIPSCALsection1Sprovided.

TheIPSCALsectionconsistsoftheswitchingcircuit,mixer,selective

amplifierandsaturationamplifier｡

Thetimingsignalgeneratorproducesthevarioustime-sequence

controlpulsesforthedataprocessorandswitchingcircuitsusingthe

standardtimingpulseoutofthetimingencodeInstrumentofthis

spacecraft｡

TodesignIPScircuits,asasatellite-borneinstrument,following

constraintsshouldbeobserved｡

i)Toreducehard-wavecomponentsandtheirweight.

ii)Tominimizethepowerconsumption;circuitsareoperatedin

tlme-sequenciallybyswitchingthepowersource,exceptforthe

comnion.partswherethehighstabilityisrequired.

ill)Tosecurethereliabilityofoperationsinathermalvacuum

environmentandintheradiationhazard;■Individualinstru-
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Table5-1Observationitemsandabbreviations

Abbreviation

h
h
h
h
h
丸
丸
見
え
又

F
F
L
L
L
F
C
L
L
L

H
L
P
P
T
一
I

Items‾

upperHybridResonanceFrequency

SheathResonanceFrequency

EquivalentCapacityat300K且z

EquivalentCapacityatUHR

EquivalentCapacityat13MHz

LowerHybridResonanceFrequency

FrequencyCalibration

EquivalentCapacityat1.25KHz

EquivalentCapacityat3.80KHz

Theequivalentcapacitanceistheabsolutevalueofthe
representativeantennaadmittancedevidedbytheoperating
angularfrequency･

mentpartsaretestedundersimulatedspaceconditionsbeforetheInte-

gratlonofcircuits.

PCMTelemetrySystemThedatatransmissionhasbeenmadethrough

twotelemetrychannelsat136.695MHz(VHFTM)and400.500MHz

(UHFTM)withPCM/DPSK/AM(PulseCodeModulation/DifferentialPhase

ShiftKeyed/AmplitudeModulation).FM/AMmode(IRIGBANDが10)1S

alsousedinUHFtelemetrychannel,theoperationofthischannel

beingselectedbythecommandItem"SIG.CHANGE-2".Theobserveddata

hasbeenstoredintheonboarddatarecorderwhich1Scapabletostore

thedata(recordingtimeof133minandplaybacktimeof7min).The

outlineofthesignalflowIsshownInFig.5-4.Thetelemetrysignal

is768Hzsquarewavephaseshift-keyedbya64bpssplit-phase-mark

codestreaminareal-t:imemode,and3648Hzsquarewavephase-shift-

keyedbya1216bpssplit-phase-markcodestreamInaplaybackmode｡

InthepresentPCMcoding,onesamplingdatum1Squantizedby8

bitspulseswhichcorrespondtodeclma:Lcountsof255,andthebit

rateofthisdatatransmissionsystemin°anormalsamplingmode1S

64bits.Oneframeofthetelemetryunitconsistsof32words,that
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Fig.5-3Schematicillustrationofadmittance-frequency
characteristics.Frequencyrange1KHz-15MHz,equivalent
capacitance=admittance/frequency･

Fig.5-4Signalflowofsciencepayloads.

IstransmittedIn4sec;thatisdefinedasonemode.IntheREχS

satellitesystemthemodechangesincyclicform;aperiodofone

rotationofthesemodesis32secthatcontains8frames｡

Thete:Lemetrymodeformatofthetime-sequentialwords1Sshown

InFig.5-5,inwhichthedataobtainedwiththegyro-plasmaprobe

areallocatedinmodeIll(IPH)andModeIl2(IPL).SYIsaframe
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MODE

‐
2

U
~

MODE
SEQUENCE

G G. G4 G, G<

SY MZ MHl MH2 HK
F｡ Lh. n. Lh, Fh, Lh> Fhi Lh, Fh, Lhj Fh, Lhi Fh. Lh. Fhi Uh, Fh, Lh, Fhi Lh. Fhi Lh, Fhi Lhs Fh.

| 1 |
sv MZ HHl MH2 HK

F｡
L/i Fl

L(, F/ L(i f; LII F( LIi F/ LI｡ F( u, F/ L/> F/ LI, Cl. l/,
c;. L/i Cl. l;. C74

Fig.5-5Telemetrymodeformat;Illfor工PHandl工2forIPL

synchronouspatternandMZ,MHi~2,andHKaretheaxialcomponent,

twohorizontalcomponentsofgeom万agneticfield,andthehousekeeping

data,respectively.F01susedasaframecountert0Identifythe

fra万memodefromltoIV.

§2.InstrumentationoftheGyro-plasmaProbe

2.1HighFrequencyGyro-plasmaProbe

Thedetailedcircuitdesignsandconstructionforthehigh

frequencygyro-plasmaprobe(IPH)aregiven.Thesweptfrequency

signalIsgeneratedbythevoltagecontrolledoscillator.buffer

amplifiers,crystaloscillators,mixers,andvideo-amplifierswith10W

passfilters.Theantennaimpedanceismeasuredbythecapacitance

bridgewithpre-amplifIer,theoutputsignalfromwhichisconvertedto

IFsignal(100KHz)anddetectedthroughtheIFamplifierandthe

lineardetector.Thefrequencyandresonancedetectorsforidentifica-

tionofthetimeat300KHzﾀ13MHz,fuHR'and^SHRassociatedwith

logarithmicandlinearamplifiers,sampling-hoIdcircuitanddata

processingcircuitsarepresented.Thegatewidthcontrolcircuitwith

acrystaloscillatorand8-bitbinarycounterforFhiandFh2arealso

explained.
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-12VCONST

SAW-TOOTHGENERATOR VCO-:

Fig.5-6Saw-toothgeneratorandvoltagecontrolledoscillator

Saw-toothGeneratorandVoltageControledOscillator(VC01)The

Saw‘toothgeneratorusedinthisinstrumentisakindofboot-strap

circuitasshowninFig.5-6.TheoutputsweptvoltagetoVOCl1s

apotentialdifferencebetweentwopointsoftrimmerresistorVR2and

VR,.Theperiodofthetime-base1Sgivenbythetimingandencoder

Instrument(TIM-ENC)ofthespacecraftandcoincideswiththetime

intervalofa＼3ordrateofENC,thatis,125ms｡

Thevoltagecontrolledoscillator(VCOl)isaColpittsType.

Q11sthesilliconN-channeljunction-typefieldeffecttransistor(FET),

andCRiandCR2aretheepitaxialdiffusedjunctionMesatypesilicon

diodes(varl-capdiodes),characteristicsofwhichareshowninFig.5-7.

ThefrequencyofthisoscillatorIsexpressedas

1=士/写八需‾ (5.1)

whereCo=(Ci･C2)/(Cl十C2)and△y=yiyo-yryf-CiandC2

arethecapacitiesofthevari-capdiodesCRiandCR2whichchangeIts

valuesdependingupontheappliedvoltagefromthesaw-toothgenerator･

y19Yo,yr,andyfaretheinputadmittance.outputadmittance,reverse

transadmittance,andforwardtransadmittanceofthetransistorQi,
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respectively.Therefore5this

typeofoscillator1Sinfluenced

byanactiveelementingeneral･

Thesweptfrequencyrange

ofthisoscillatoris77.1MHzto

62.3MHzanditsoutputvoltage

amplitudeIs50mV+1dB.The-

relationofthesweptfrequency

tothesaw-toothvoltage

appliedtothevco11sillust-

ratedinFig.5-8.Thetime

versussweptfrequency1Sshown

InFig.5-9.

[
A
]
3
3
V
i
"
1
0
A
H
l
O
O
i
-
M
V
S

FREQUENCY[MKU〕

Fig.5-8Oscillationfrequency

versusappliedsaw-toothvoltage

(VC01).

[
J
O
I
A
l

I

--･

REVERSEVOLTAGE〔V〕

Fig.5-7Characteristicsof

thevari-capdiodesCRiand

CR2(1S1619).

TIMECms〕

Fig.5-9Characteristicsof
sweptfrequencyversussweeptime.

SweptFrequencySignalandLocalSignalGeneratorsTheswept

frequencysignal(77.1MHzt062.3MHz)ofvco11Sconvertedinto

twovaluesbytwomixerswithtwodifferentcrystaloscillators.

ThesesystemsareillustratedinFig.5-10.Thefrequencyrelation

betweenfsandfl､61sasfollows.Mixerlandmixer2aredouble

balancedmodulators,then,f3°fstflandf4°fs±f2°Thehigh
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SWEEPSIGNAL

FROMVCO-1o一一

(fs:77.1MHz~62.3MH2)

X'TALosc1

SWEEPSIGNAL

(fs:15MHz~0.2MHz)

SWEEPLOCAL

(1,:15.1MHz~0.3MHz)

Fig.5-10Blockdiagramofsweepsignalgenerator.Frequency

relationsbetWeenfsandfl~6aregivenintheparentheses°

frequencycomponentsofthemareeliminatedthroughthelowpath

filters(LPFland2)9afterwhichf5'fs‾flandf6'fs‘f2･

Thefrequencydifferencebetweenf5(SWEEPSIGNAL)andf6(SWEEPLOCAL)

isalways100KHz,beingusedfortheintermediatefrequencyof

theIFamplifier.Asthefrequencydifferencebetweentwocrystal

oscillators1Sjust100KHz,thesignaltonoiseratio(S/N)Is

madeextremely10wbymixingthetwosignalsIfthebufferamplifiers

areremoved.Bufferamplifierland2actasIsolaterstopreventthe

crystaloscillatorsignalontheotherchannelfrommixingwiththe

signal.TheelectricalcircuitsdiagramofthissectionIsgivenin

Fig.5-11.

1)X'talOscillator:Thecrystalcontrolledoscillatorusedhere

isaPierce-typeofovertoneoscillatorwiththecrystal(HC-18/U)and

thefrequencystabilityis3×10-5/゜C(-30°C~+60°C).Frequencies

ofLOCALland2are62.100MHzand62.000MHz,respectively.These

signalsareusedforlocalsignalstothebalancedmodulatorsthrough

bufferamplifiersvAilchsuppresstheinterferencefromsignalsfrom

vco1.
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2)Bufferland2:Theseamplifiersaredouble-tunedamplifiers

whichhavebroadbandwidthand6dBgain.Thecenterfrequencyis

69.5MHzandthebandwidthis士8MHzat-3dB.Asmentionedabove.

theseamplifiersalsoactasIsolaters,andtheirIsolatﾆIonis-46dB.

3)Mixerland2:Theuseofdoublebalancedmodulators.which

possessanappearancesomewhatlikethepush-pullamplifier.automati-

callyellimlnatesboththecarrier(fg)andthemodulatingfrequency

(florf2),aswellasmanyoftheintermodulationfrequencies.The

carrierfsIsbalancedbythetransformerandcontrolsthevaluesof

resistanceofthediodesagainstthemodulatingsignal.:Namely,the

outputsignalcontainsfrequencycomponentsoffs士flandfs士f2

withoutthecarriertermfs･

4)LPFandVideoAmplifier:Toeliminateahighfrequencycompo-

netitoftheoutputsignalfromthemixer,alow-passfilter(Inductive

M-drivedwavefilter)IsdesignedtohaveanImageimpedanceof50Ω,

acut-offfrequencyof25MHz,andafrequencyofmaximumattenuation

of40MHz.Thevideoamplifierisacurrentfeedbackamplifierwhich

possesses3direct-coupledtransistors.Thecut-offfrequency(-3dB)

Is18MHzanditsgainis20dB.Frequencycharacteristicsofthis

systemareshowninFig.5-12,andoutputsofthesweptfrequency

signalsare2｀1Vp-pforthesuppliedvoltagetothepre-amplifier

and4°2Vp-pforthelocal･sweepsignal.Thesinusoidalwaveforms

areIllustratedinFig.5-13.

Si9･halDetectionSystemTheoutputsweptfrequencysignalfromthe

pre-ampllflerassociatedwithacapacitancebridgeandasensorIs

convertedIntoanintermediatefrequencysignalbythemixerandIF
●

amplifier.Theuseofdoublebalancedmixermakesintermediatefrequ-

encyanduppersidebandfrequencysignals,thatis,fiF°fL士fs

whereFListhesweptlocalsignalfrequencyandfsthesweptfrequ-

ency･thatIsadjustedtomakedifference100kHzfromfL-Theupper

sidebandfrequencyIseliminatedbytheselectiveamplifier(IFAMP)

andonlytheintermediatefrequencysignal1Samplifiedandrectifiedby
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Fig. 5-12　　Frequency

characteristics of　10ｗ

pass filter and video

amplifier.

Fig.　5-13　　Output wave
form;　upper trace：
５００kHz　sweep signal.
lower trace：　６００kHz
sweep local signal.

the linear detector.　This d.c. signal from the rectifying circuit is

supplied to the logarithmic amplifier;　the output slgna:Ｌfrom the

logarithmic amplifier is fed to　the resonance detector circuit for

the upper hybrid resonance frequency (Fhi) and to the level hold circuit

for Lhi~3.　１ｎthe other channel, the d.c. signal is fed to the linear

amplifier for detection of the sheath resonance frequency (Fha).　The

electrical circuit　diagram are described in Fig.　5-14.

1）　Mixer：　　　　Asillustrated in the figure, the mixer is ａ diode

bridge-type double balanced modulator whose input and output　impedances
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Fig.5-14Mixer,IFamplifier,lineardetector.
andd.c.amplifier.

+12VH

-12VH
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FORFill&LhiS

OUTPり了

FORFN

logarithmicamplifier

are50nand600ΩΓespectively.Theunbalancecharacteristicsofthe

diodesarecorrectedbythevariableresistorVRlocatedatthemiddle

pointofthesecondarywindingoftheinputtransformer.Theoutput

sweptsignalfrequencyfL(:L5MHzt00.2MHz)fromthepre-ampllfier

Isconvertedt0100k且zbymixingthelocalsweptsignalfrequencyfs

(15.1MHzt00.3四z)･

2)IFAmplifier:Aselectiveamplificationofthe100kHzsignal

1SmadebytheIF皿plifierthat1Sdoubletunedatthefrequency100

kHzwiththebandwidthof±1kHz(at-3dBpoint).Additional

j1万mpllflcationbytheoperationalamplifieryieldsthetotalgainof

60dB.Theselectivityat500kHz1S-60dB.

3)LinearDetector:Thedioderectifierofaconventionaltypehas

linearcharacteristicsforthelevelrangeof60dB.Duet0Influence

ofthediodejunctionvoltageandtemperaturedependenceofthevoltage-

currentcharacteristics,thelinearitymorethanthisdynamicrangeIs

ImpossiblekInthiscircuitsystem,theoperationalamplifierwiththe

pairdiodesandtheintegratorisusedasalineardetectorcircuit,the

dynamicrangeofwhichis5mVt05V(60dB).

4)LOGAmplifierandLevelShiftAmplifier:Inordertoobtaina
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widedynamicrangefortheantennaimpedancemeasurement,thesignal

shouldbesuppressedlogarighmically.TheLOGmodulemodel4351

(PHILBRICK/NEXUS)isemployedasalogarithmicamplifier.Thetransfer

functionIsexpressedas

皿 (5.2)

wherethesensitifltyAisIV/decade.Theinput-1mVto-10Vis

compressedtoabout-2vto+2V.Thisoutputvoltage1Stransformed

t00vt04vthroughthelevelshiftamplifier.Thetransformedsignal

inO-4voltsrangeIsusedforautomaticdetectionoftheupperhybrid

resonance(Fhi)andtheadmittancevalues(Lhi~3).Thecharacteristics

of-theinputversusoutputlevel0fthissystemareshowninFig.5-15.
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Fig.5-15Characteristicsof

inputversusoutputﾆofIFand

logarithmicamplifiers.

Dynamicrange°60dB.
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Fig.5-16Characteristicsof

inputversusoutputofIFand

lineard.c.amplifiers.

Dynamicrange°40dB.
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5)LinearD.C.Amplifier:Thelogarithmicamplificationofthe

antennaImpedanceIsinconvenienttodetectthesheathresonance

frequency,becausethesheathresonance1Scharacterizedbyapeak

valueoftheadmittancethatcanbecompressedIfthelogarithmic

amplifier1Sused.Thed.c.linearoperationalamplifieristhen

employed.Thecharacteristicsofinputversusoutputlevel0fthis

systemareshowninFig.5-16.

FrequencyDetectorFortheautomaticmeasurementoftheantenna

admittancevalueatagivenfrequency,acontrolsignalisfedtoa

sampling-holdcircuitatthetimewhenthesweptfrequencycoincides

withagivenfrequency.Thefrequencydetectorcircuitfor0.3MHz1S

illustratedinFig.5-17.Forthispurposetheinputsweepsignalwith

thefrequencyfLissuppliedtotheL-Ctankcircuitthataretunedat

0.4MHzand13.1MHztogivethetimeofdetectionat0.3MHzand13MHz

respectively.Whenthesweepsignalfs1Sfedtothetankcircuit,the

sweepsignallevelischangedatthegivenfrequenciesduetoreaction

oftheLCresonancecircuit.ThischangeIsunsuitablefortheantenna

Impedancemeasurement.Theoutputsignalsfromthetunedcircuit,

indicater.f.pulseformwhichisrectifiedtyadiodethatproducesa

pulse.ThewaveformsoftheoutputsignalsfromtheL-Ctankcircuits

andthemonostablemultivibratorsareillustratedinFig.5-18.The

producedpulsecanbereshapedthroughaSchmltttriggercircuit.A

pulsefromtheSchmitttriggercircuitinducesatransitionfromthe

stablestateofamonostablemultivibratortothequasi-stablestate.

Themonostablemultivibratormayremaininthisquasi-stablestatefor

1001;!swhich1SdeterminedbytheRCtimeconstant,andreturnfromthe･

quasi-stablestatetothestablestate,spontaneously.Thus,therectan-

gularwaveformisobtained;thispulsegatesthecircuitforthe

automaticsamplingoftheLhiandLh3valuesatthefrequencies･of

0.3MHzand13MHz,respectively.＼

AutomaticDataSamplingSystemThesignalstothePCMtelemetry

transmittershouldbeadaptedtothetime-sharedtelemetrychannels.
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Fig.　5-17　　Frequency detector circuits (0.3 MHz and １３MHz)
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Fig. 5-18　　Outputﾆwave
form from the ｔﾆuned
amplifier (upper　trace)
and frequency detect
pulse with pulse width
of　　１００ysec from the
monostable multi-
vibrator (lower trace) .
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TheantennaadmittancelevelsatfrequenciesO°3MHz,^UHRand13MHz,

thatareobtainedatoutputpointsofthelogarithmicamplifier,are

sampledandstoredwhenfrequencydetectionandresonancedetection

pulsesaresubmittedtothegatecontrolcircuitatthetimeofswept

frequencycoincidenceat0.3MHz,^UHRand13MHz.Fortheldentificat-

Ionofupperhybridresonance,theoutputsignalfromthelogarithmic

amplifierisappliedtotwocircuits;oneisadifferentiatorwhich

producesagatingpulseattheresonanceandanotherIsacomparator

whichexcludesthepseudoresonancespikesraisedbynoisecontamlnat-

Ion.Sincetheupperhybridresonanceischaracterizedbythe

minimumoftheadmittanceversusappliedsweptfrequency,thereference

level0fcomparatorforupperhybridresonancedetectionisdesignedto

betheantennaadmittancevalueinfreespace.Thesheathresonancecan

bedetectedbydifferentiatingtheoutputsignalfromlineard.c.amplifi-

er. Thedetectionofsheathresonanceisthoughttobenegligible

InterferencefromthesmalllevelnoisebecausetheresonanceIscharacte-

rizedbymaximumvalueofantennaadmittance.Thereforethecomparator

isnotusedinthissystem.Bothupperhybridresonanceandsheath

resonancefrequencies(Fhj&Fh2)aremeasuredbyafrequencycounter

thatisgatedforthepulsecountﾆingtriggeredbytheseresonance

detectionpulses.Afunctionalblockdiagramandelectricalcircuit

ofthissectionareIllustratedinFig.5-19and5-20.Thediffer-

entiatorconsistsofemitterfolloweramplifiers,lowpassfilters,

differentiatorsandSchmitttriggercircuits.Thelowpassfilterwith

cut-offfrequencyoflkHz1Susedforthenoisescreening.Thetimedif-

ferentiationofadmittancevalueversussweptfrequencyattheoutput

pointofthelogarithmicamplifier1SobtainedbyR-Ccircuits.At

theresonancepoint.thedifferenclatedsignalgivesaturn-onsignal

tothegrounded-basejunctiontransistorwhichdrivesaSchmltttrigger

circuit.TheSchmitttriggercircuitproducesagatingpulseforthe

monostablemultivibrator･Theperformanceofthecomparatorcircuit1S

IllustratedInFig.5-21,andalsotheoutputsignalsofthemonostable

multivibratorsforparallelandseriesresonancesareshowninFig.5-22;

signalsareresponsedfortheelectricalparallelandseriesresonant
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Fig.5-19Functionalblockdiagramofresonancedetectors

forFhiandFh2andsampling-holdcircuitforLh1､3､
Includinginhibitcircuits.
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‘Fig.5-20Resonancedetectorsandsampling-holdcircuit.
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circuit impedance.

Fig.　5－2:Ｌ　　Pulse wave form

(lower trace) from the com-

parator;　dummy resonance

circuit are used. The wave

form of output signal from

the logarithmic amplifier

is surperimposed　(upper

trace) .
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(b,･SHR DETECTOR 〔I25ms/10div

Fig.　５－２２　　Outputpulse of reso-

nance detector;　output from loga-

rithmic amplifier is superimposed

(upper trace) .

１）　Sampling-Hold Circuit：　　　The sampling circuit consists of junction

type EET's　that works as an analog switching elements:　these gates are

opened by ａ trigger from the data channel selector as will be discussed

later. The sampling　ｇａtﾆｅ　timeis　100 ys.　i.e..　the same interval

with !二hepulse　width of the monostable multivibrator.　Sampled potential

values　are　stored in ａ charging condenser　Ｃ　and discharged to　zero

value by the reset signal.　The potential ０ｆ　Ｃ　istransmittﾆed to the

encoder circuit (ENC) through ａ negative feedback d.c. amplifier　that

operates as buffer circuit　with ａ high input impedance.　The gain of

this amplifier is set ｔ００ dB.　The input versus output charactﾆeristics

of sampling-hold circuit　are given in Fig.　5-23. The operation　time

sequence for ａ typical impedance function is　illustrated　in Fig. 5-24.

-
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Fig.5-23Inputversusoutput

characteristicsofthesampling-

holdcircuit.

WWD､｡､V*｡､-s､W｡､Vi≫W｡-｡
NUMBER^〔V〕

!SIGNAL｀ISHR
:

IFLOG

1

1

GMEPULSE-10.3MH2
t川R13川zo

FORSANPLINGLh,LhtLh､

濃-･

HODOUT
SIGNAL

ENC
GATE

Fig.5-24Schematictimesequence

ofthesampling-holdcircuit.Lhi
whosedetectpulseisfedtosampl-
ing-holdcircuitatW25,istrans-
mittedtoENCatW26,beingreset
atendofW26･

2)DataChannelSelectorcircuit:ThemodeIll(W8~W3l)of

telemetrytimesequenceisusedfor工PH;oddwordnumbersareforthe

counteddigitalfrequencyofupperhybridandsheathresonances(Fhi

andFh2);andevenwordmimbersareforthesampledvaluesofadmittance

levelsLh1､3.Byusingthedatachant

signalsofLhi-､.21ntheholdcircuitsarerearrangedtobethetime

serialsignalforadaptionofthetime-sharingtelemetrysequence.The

dataaresampledandstoredduringonewordinterval0fthetelemetry

sequencebeforereadingouttoENC.Nearthestartingandending

:frequenciesofthesweepsignal､pseudopulsesaregeneratedduetothe

circuitcharacteristics.Anactiveeliminationofthesepulsesare

madebyusinglogicalinhibitcircuit.Theoperationalprocedureof

theinhibitcircuitisshowninFig.5-25.Thetimedurationofthe

Inhibitpulsesaredesignedtobe10msandTo･て01Sdeterminedby

thesettriggerofthefirstLhidetectpulseandtheresettriggerof

thewordsynchronouspulse.Theoutputpulsewaveformofthedelayed

monostablemultivibratorisshownInFig.5-26.

-162-



－
－
－
－
－

り
I
I
　
r
l
1
1
1
1

一一

　　WAVE FORM （f

　　OUTPUT SIGNAL

　FROM IF LOG AMP

WORD SYNC PULSE

UHR DETECT PULSE

Sﾄ-F DETECT PULSE

　Lh, DETECT PULSE

　　　INHIBIT 1 OUT

　　　INHIBIT-2 OUT

　UHR GATE PULSE

　SHR GATE PULSE

　Lh, GATE PULSE

一一一一

SHR

づ 首
｜　　　　|| ._L
ｌ　　　　　　ｌ　　ｌＩＩ
ｌ　　　　　　ｌ　　I I

｜　　｜

匹谷べ二
二二

｜

｜

こ-.　l?<imc;　　－ 一一-

WORD

　UHR

-

INHIBIT I OUT

　FOR UHR

INHIBIT-2 CχUT

FOR SHR & Lhi

Fig.　５－２５　　Operationalperformance of inhibit circuit.
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Fig.　5-26　　Outputpulse (lower
trace) of delayed monostable
multivibrator of the inhibit circuit.
First pulse is triggered by word
synchronous pulse and second
pulse Is triggered by UHR detect
pulse.　Output curve from logarithmic
ａｍｐ:Lifieris superimposed (upper
trace).

Gate-width Control　Circuit　　　The gate-width control circuit illustrat-

ed in Fig.　５－２７generates ａ gate pulse to the frequency counter for

Fhi　and Fh2, and the frequency calibration signal.　The crystal control-

led oscillator of Pierce-type is used as the standard signal (6.5000

MHz).　This standard frequency is demultlplied by １６through the

8-blt　shift resistor coupled to the flip-flop circuit。

　　　　Theslgna:L of 406.25 kHz （＝6.5000 MHz/16) is applied to two

circuits;　one is the flip-flop circuit which demultip:Lies the signal by

４ and sends to the frequency calibration circuit, the other is an 8-bit

shift resistor.　The logical function of the 8-bit　shift resistor is

given as.
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Fig. 5-27　　Gate width contﾆｒ０１circuit.

lll:I.≪.>9I･

ISI'IIS-

T示高ｲ⊇し斜｡………ｒﾐ一一‥‥‥一一　　　-一一
ﾌﾞﾚｿﾞ……｀ﾉﾉﾆ!………富ﾚﾉ……７で……ﾔｻ……17ﾚ]IT,I:‘

＼]

riiiiai:.iiiiiiiiiirrrTiia,"

コ川士Ｕ

几。面

Ａｎ°Ｂｎ°Qn+8

－
－
。
Ｊ

TO FREQ CAL

エ~゛卜v
l

　10 a川NrﾄＲ
　OAII I'UI.SI

Fig.　5-28　　Ｇａｔ：ｅpulse　(lower
trace) and output pulse of the
monostable multivibrator (upper
trace) .　Gate width　is 19.692 ysec
and　ｊitter　of　pulse　appears
because　several　traces　are
superimposed.

(5.3)

where　An　Is　the output of the mono-multivibrator which･ ﾆis triggered

(say at n°1) by the UHR and SHR detect pulses, and Bn is　the invert-

ed pulse of　Qn-　The Ｃ:Locktime　て　of pulse　Gn　is equa:Ｌｔ０1/406.25

kHz,　i.e.,　T = 2.4615 us.　　Since the pulse width is less　than　１６て

(n, = 16) and longer than ８ て（ｎ＝８），Ｑｎ＝１（９≦ｎ≦16). Consequently,

the output pulse width of the 8-bit shift resistor is just ８ て(19.692

ys) being controlled accurately by frequency of the crystal controlled

oscl:Llator and gated at the time after ８ T period from triggering of the

mono-multivibrator. This pulse is used as ａ gate pulse to the frequency

counter for　Fhi　and Fh,.　The gate pulse and the output pulse of the

mono-multivibrator are shown in Fig.　５－２８．　Jitteringis raised by time

difference between ｃ:Lock pulse and HUR or SHR detect pulse.
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FrequencyCounterThesweptfrequencyiscountedbytheseriesof

8-bltbinarycountersduringthegatingInterval,forFhiorFh2,

thatisfedfromthegatewidthcontrolcircuit,andtransmittedto

ENCaftertime-paralleltotime-serialconversionthroughthedata

selector.Theelectricalcircuitforthisoperationisillustrated

inFig.5-29｡

Thesweptsignal1Sfedtothevideoamplifiertoget20dB

amplificationfortriggeringtheSchmittcircuit.Theoutputwave

formattheSchmitttriggercircuitisdifferentiatedandfedtothe

8-bltbinarycounterthroughthegatecircuit.Thepulsewidthof

thisgatecircuit1S19.692ys,equivalenttothefrequencyof50.782

kHz.Theavailablemaximumfrequencyofthiscounteris12.949MHz,

1.e･,255(maximum)countsofthe8-bitbinarywiththeunitof50.782

kHzforonecount｡

Theparalleloutputpulsesfromthe8-bitbinarycounterarefed

tothedataselectorandreadoutintime-seriesformbytheFhi0r

FhoreadoutpulsefromtheTIM-ENCcircuit.Thedataselectorisa

TTL-MSI(TransistorTransistorLogic-MiddleScaleIntegration)circuit

SN54151(TEXASInst.)≫theblockdiagramofwhich1SshowninFig.5-30･

Thiscircuitelementareusedtoperformstheparallel-to-serialconver-

slon.Thelogicaloperationofthecircuitisexpressedas.

Y=
一一一一
S(ABCDo

一一---一一一
十ABCDi+ABCD2十ABCD3十ABCDi,十ABCD5

十ABCDe十ABCD?),

and
-

W=Y (5.4)

wheretheDo~7aretheInput:Sfromthebinarycounter;A,B,andC

arethedataselectingpulsesgeneratedbythe4-b±tbinarycounter
-

usingthereadout･LitpulsesfromTIM-ENCandAshowstheInverted

pulseofA.S1Stheresetpulse.Thetimesequenceofthedigital

readoutpulsestoENCIsinseriesofMSB(MostSignificantBit).

ThefrequencycountingissubjectedtotherelativeerrorthatIn-

creasesasthefrequencydecreases.whenthegatepulsewidthIsconstant
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whilethefrequency1Ssweptaslinearfunctionoftimet.Takingtl

andt2tobetheopeningandclosingtimesofthegate,therelative

errorofthefrequencyEisgivenby.

f(tl)△1-/f(t)dt

E=f(ti)Aて{iでi

ふほF
ΞEo 士EI (5.5)

wheref(t)isthesweptfrequencyasafunctionoftimet,and△て回

tl-t21Sthegatepulsewidth.ForaconstantvalueofE(くく1),the

approximatesolutionofthisIntegralequationIsgivenas

f(t)=foexp(一器t)ik (5.6)

where:i:1/△て(:i:50.782kHz)Isthecol:rectingtermagainstthefrequency

resolutionrateofthecounterandf01Sthemaximumfrequencyat

t°0.AsisshownpreviouslyInFig.5-9,thetimedependenceof

sweptfrequencyIsdesignedtohaveanexponentialfunctionforf(t).

soa8tomakeEoIndependentoft.Theesti万Tn万atedrelativeerror

E01scomputedforsweptfrequencyfunctionf(t),shownInFig.

5-9,asillustratedinFig.5-31withthefrequencyresolutionlimit

ofthiscounter.Eo1sapproximatelyconstant(about4×10:':゛゛)

1narangebelow10MHzandnegligiblysmal:Lcomparedwiththe

frequencyresolutionlimit.

2.2LowFrequencyGyro-piasmaProbe

TheantennaImpedanceasafunctionoffrequencyInthe10w

frequencyrange.Includingalowerhybridresonancefrequency,canbe

obtainedbythe10wfrequencygyro-plasmaprobe(IPL).Theswept

frequencysignal1SgeneratedbyaCRphaseshiftoscillator,the
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frequencyofwhichiscontrolledbythesaw-tooth(serrasoidal)voltage

waveform.Thefrequency1Sbeateddownusingacrystaloscillator

throughthemixer,i.e.,akindofbeatoscillatorsisformed.The

highfrequencysideband(65kHz~79kHz)oftheoutputsignalfrom

themixer1Sproducedthroughthehigh-passfilterandappliedtoa

frequencycalibrationcircuit.The10Wfrequencycomponent(1kHz~15

kHz)isobtainedthroughthelow-passf1:Lterandusedasthesweptfrequ-

encysignalthat1Sappliedtotheantennaandtothefrequencydetection

circuit.Theantennaimpedance1Smeasuredbythecapacitancebridgeas-

soclatedwithpre-amplifier,theoutputsignalfromwhichisconvertedto

IFsignal(32kHz)anddetectedthroughtheIFamplifierandlineardetec-

tor.Thefrequencyandresonancedetectorsforidentificationofthetime

at1°25kHz,3°80kHz,10°1kHzand^LHRassociatedwiththelogarithmic

amplifier,sampling-holdcircuitanddataprocessingcircuitarepresent-

ed.

SweptFrequencySignalGeneratorThesweptfrequencysignalina

frequencyrangeoflkHzt015kHz1Susedforthesourcesignal0fthe｡

IPLsystem.Theusedfrequencysignal1Ssteppedupfrom65kHztoﾆ79･

kHzforthefrequencycalibration.Theblockdiagramandtheelectrical

circuitswhichgeneratethesesignalsareIllustratedinFig.5-32and

Fig.5-33.

1),SaW-TOothGenerator:Thiscircuitisabootstrapsweepcircuit

that1Sthesametypeasisusedin工PHsaw-toothgenerator;butin

thiscircuitthedeviationfromlinearityoftheserrasoidalwaveform

isverysmall,duetocurrentfeedbackthroughthelargecapacitycon-

denserC1.Theoutputtransistorofthe゛mitterfollowercircuitare

controllednottosaturateathighpotential,usingthreeserial

diodeDI~3forthelevelshiftoperation.Theemitterfollower

circuitconsistsofacomplementarycompound(Darlington)connection

ofPNPandNPNtransistors,1nordertosetthebeginningpotential

ofthesaw-toothtobejustOvolt.Thestart-endcontroll0fthe

saw-toothgenerationcircuitIsgivenbythewordsynchronouspulse
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Fig.5-32Systemblockdiagramofsweptfrequencysignal
generator.

SAWTOOTHGENE

Fig.5-33Circuitd-lagramofsweptfrequencysignalgenerator.

pReu**

6吸

fromTIM-ENCthatcoincideswithatimeperiodofwordratecontroll-

ingatENC,i.e.,125ms.TheoutputsignalfromtheterminalVR,1S

appliedtothevoltagecontrolledoscillatorandthatfromVR2

1SusedforthereferencevoltageofFえandCJli-,.Waveformsfrom

theseterminalsareillustratedinFig.5-34.
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(5.7)

-

２）　Voltage Controlled Oscillator：　　　　Thevoltage controlled oscillator

（ＶＣ０2) is the modified high-pass-type phase shift oscillator.　The

phase of ａ current is advanced by four　CR　ladder circuits and the

oscillating frequency is selected due to the condition to Ｓａｔﾆisfy

that the phase of　feedback　signal advances by　１８０°　fromthat of

the input signal.　１ｎ this circuit, the signals having the different

phases　from 3rd stage and 4th stage of　CR　ladder circuits are fed

back to two inputs of the balanced amplifier　(TRi　and TR2), and　the

saw-tooth potential from　VRi　controls the gain of　TRi .　The

oscillation frequency １Ｓdetermined by the potentia工ｒａtﾆio of these

two feedback signals, that is applied to the　input　transistor　TR3 ， as

follows,

27T

ふ

､/6 2TTRCかr?yｱy‾

]:ｎthis circuit, the oscillation frequency changes from　３３kHz to

４７kHz　in accordance with applied saw-tooth potential change of Ｏ volt

to ４．５volts.　This type of ａ phase shift oscillator is commonly used

to generate ａ signal ０ｆfrequency at VLF range.　An advantage of this

circuit　is ａ high operation stability of generating frequency, ｗｈｉ:Le



thedisadvantageisinthedistortionofthewaveformtosomeextent

comparedwithTermanoscillatorandothersinusoidalwaveoscillators.

Theoutputsignalfromthis･oscillator1Sreshapedtobesinusoidal

waveformthroughtheactivewavefilter(12dB/Oct.).

3)X'talOscillator3ZThelocaloscillatorisaPlerce-type'

crystalcontrolledoscillator.thegeneratingfrequencyofwhich1S

256.00kHzandusedforthereferencesignal0fthefrequencycalibr-

ationcircuit.Thegeneratedsignalisalsousedasalocalsignal

(32.000kHz),thatisfedtoamixer.beingdevidedby8through

3-bitbinaryandtheSchmitttriggercircuits.

4)Mixer:Themixerconsistsofadoublebalancedmodulatorwhich

isusedinIPHsystem.AsthefrequencyofthelocalsignalintoIF

stagefromthism:Ixershouldbesupressedtobe-54dB,takingthe

balance'ofthemixerbythevariableresistorthatislocatedatthe

middlepointofthepr:imarycoil0foutputtransformer(seeFig.5-33).

5)LPF,HPFandBufferAmplifier:Theoutputsignalfromthem±χer

containstwosidebands.Eachsidebandsignal1Sseparatedthrough

thelow-passfilterandthehigh-pぞﾜSfilter.Thelowersideband

(1kHzt015kHz)ofsignalisamplifiedtoapplytotheantennaand

thefrequencydetectioncircuit.Theuppersideband(65kHzt079kHz)

ofsignalisamplifiedtouseforthefrequencycalibration.Figure

5-35showsthefrequencycharacteristicsofbothlow-passandhigh-pass

filters.Thefrequencytogivemaximumattenuationinthesefilters

isdesignedtobe32kHzInordertoeliminatetheleakagesignal0f

localfrequencyfromthemixer.Thewaveformofsweptsignaltothe

pre-ampllfler1SillustratedinFig.5-36andthecharacteristicsof

swept｡frequencyversustimeareindicatedinFig.5-37

SignalDetectionSystemTheoutputsweptsignalfromthepre-ampli-

flerIsconvertedtotheIntermediatefrequencysignal(32kHz)through

themixer.ThesignalfromthemixerisfedtotheIFamplifiers;the

outputsignalfromtheIFamplifier1Srectifiedbythelineardetector

andcompressedlogarithmically.Thecircuitofthissectionislllus-

tratedInFig.5-38.ThebasicsystemdesignofthiscircuitIsthe
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Fig.　5-35　　Frequency

charactﾆerist二Ics of　１０Ｗ－

pass filter and high-pass

filter, maximum attenuation

frequency is　３２kHz.

FREQUENCY (kHバ

Fig.　５－３７　　Swept frequency

versus time curve.

same as corresponding part of IPH.　In this case、the leakage of local

swept signal (33 kHz　ｔ０４７kHz) should be carefully eliminated by the

double balanced ｍｏｄＵ:lator.　Theupper side band of output signa:Ｌfrom

吋ｌｅｍｉχershould also be depressed by the double tuned Ｓｅ:lectlve

amplifier with the band-pass filter designed to have the narrow pass-

band characteristics (+ 600 Hz at － 3dB).　This Illustrated in Ｆｉｇ｡
　　　　　　　　　　　　　　　　　　　－

5-39.　The characteristics of input versus output of this circuit are

shown in Fig.　5-40.　The d.c. signal output　from the logarithmic ａｍＰ:li-

fier is applied to the frequency detection circuits for the lower

hybrid resonance frequency　Ｆ兌　and to the sampling hold circuit for

absolute values of Impedance Ｌ兌１、３．
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Fig.5-40Inputversusoutput

characteristicsoflogarithmic

amplifierandIFamplifier.

Dynamicrange゛60dB.

FrequencyDetectorforUl~3anda^~^Tomeasuretheantennaadmit-

tancelevelatfixedfrequencies,thecontrolsignalstothesampling-

holdcircuitshouldbegeneratedatthetimewhenthesweptfrequency

justcoincideswithaspecifiedfrequency.ThefrequencydetectorIn

thiscircuit,showninFig.5-41,isasuper-narrowbandselective
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amplifierwithaRCtwinT-sectionasafeedbackcircuit,eachcenter

frequency(fo=1/2itRC)ofwhichisdesignedtobe1.25kHz,3.80kHz,

6.65kHzand10.1kHz.Thesweptsignal1Samplifiedatthesefrequ-

enclesandrectifiedtogiveatriggersignaltothemonostablemulti-

vibratorthroughthegrounded-emltteramplifier.Theoutputpulsewidth

ofthemonostablemultivibratoris100us.Fig.5-42showsthereso-

nancewaveformateachfrequencyandthesequenceoftheoutputpulses

correspondingtofrequenciesgivenabove.

LowerHybridResonanceDetector,Sampling-HoldCircuitandData｡,

SelectorThebasicconceptofthecircuitdesignofresonancedetec-

tor,sampling-holdcircuit,anddataselectoristhesameascorrespond-

ingcircuitsofIPH.Fordetectionofthelowerhybridresonancefrequ-

ency,theoutputsignalfromthelogarithmicamplifierisdifferentiated'

1ntermsoftime.Thissignal1Sformedasadetectpulse,throughthe

monostablemultivibrator,tofeedtothedataselector.Theresonance

frequencyF兌andfrequencycalibrationlevelsC兌l~4areexpressed

1ntermsofsaw-toothvoltageatthesamplingtimewhenresonancesare

detected,orthet:imewhenthesignalfrequencycoincideswithCJli~it.

Forthemeasurementofantennaadmittancelevelsat1.25kHz,3.08kHz

and6.65kHz,theoutputsignalfromthelogarithmicamplifierissampl-

edateachcorrespondingfrequency;thesampleddataarestoreduntil

theread-inpulsesofLill~3areappliedtothegatecontrolcircuit.

Thefunctionofdataselectoristotransformthet:ime-parallelsignal

tothetime-serialsignalinaccordancewiththePCMtime-sharingtele-

metryformatforthedetectedfrequencypulsesfl~4andtheresonance

pulse.Thecircuitdiagramsofthissectionare11:LustratedinFig･

5-43.

1)ResonanceDetector:Thiscircuit1Sdesignedtodetectthelower

hybridresonancewhichhasequivalentcharacteristicsasaparallel

resonantcircuit.Thecircuit1Sa:Lmostthesameasthecaseof∧the

resonancedetectorusedfortheupperhybridresonancedetection.

Theoperationofthisresonantdetectionfunction1SgiveninFig.5-44;

thisisanexampleoperatedbyasimulationdunnnycircuitfortheantenna
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Fig.5-43Circuitdiagramsoflowerhybridresonancedetector.sampling-hold
circuitanddataselector.
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inaplasma,thatconsistsoftheparallelandseriesresonantcircuit.

ThedetectedpulseattheresonancepointIsindicated,afterreshaped

bythemonostablemultivibrator,withtheImpedancevalueobtainedfrom

thelogarithmicamplifier.

2)Sampling-Hold2and3:Theoutputsignalfromthelogarithmic

am万plifiergivestheabsoluteadmittances;theseabsoluteadmittance

valuesaresampledInaccordancewiththetime-sequentialgatepulses

fromthedataselectorandstoredinthechargingcondenseratfrequ-

enciesof1.25kHz(L£1),3.80kHz(LJI2)and6.65kHz(L£,3).Thestored

dataaretransmittedtoENCthroughthed.c.amplifier.Thelowerhybrid

resonancefrequencyF兌istransmittedbycorrespondingpotentialsof

thesaw-toothsignalfromVR2.Thecalibrationofthissaw-toothsignal

1Smade十atfrequenciesoff1,f2,faandf4lthatgivescalibrationlevels

CJli,CJI2,C£3andC£i,.Theinputversusoutputcharacteristicsofthe

sampling-holdcircuits(HOLD2forL兌1~3,andHOLD3forViandC£1~4)

aregivenInFig.5-45.Thesefunctionformsofinput-outputcharac-

terictlcsareusedtoobtainanaccurateinputsignallevelfromobserv-

eddatausingthecomputer･

3)DataSelector:ThemodeII2(Ws~W31)oftelemetryformatIs

usedfortheIPLdatatransmission;oddwordnumbersareusedforthe

lowerhybridresonancefrequency(Yi)andthefrequencycalibration

levels(C£i~1,),andevenwordnumbersareusedfortheadmittancelevels

Lili~3.Byusingthedataselectorcircuitwithread-insignalsofF£,

LJli~3andCJli-^,time-parallelsignalsoftheresonancedetectpulse

andfrequencydetectpulsesfl~4aretransformedtotime-serialsignal

inaccordancewiththetime-sharingtelemetryformat.Thedataare

sampledandstoredduringonewordbeforetheassignedword.

2.3CapacitanceBridgeandPre-amplifier

Ashasbeenpreviouslynoted,thegyro-plasmaprobesystemhas

acapacitancebridgecircuitwithanantenna.Theunbalancepotential

ofthecapacitancebridgeduetothevariationoftheantenna
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admittance as ａ function of operating frequency is detected to give

the absolutﾆｅｖａ:lueof equivalent capacity (admittance value divided

by the operating frequency).　The rocket-borne gyro-plasma probe

includes both amplitude and phase detectﾆors to measure the vector

Impedance of an antenna.　The satellite probe, however, does not

include the phase detector circuit for restriction of allowed payload

weight　and limitation of　the PCM telemetry system｡

　　　　Thecircuit diagram of the pre-amplifIers　is illustrated in Fig.

5-46.　The pre-amplifier comprises the emitter follower circuit, the

capacitance bridge, the buffer amplifier with high input impedance,

- １７８ －
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Fig.5-46Circuitdiagramofpre:-amplifiersofbothIPHandIPL

thedifferentialamplifierandtheantennaswitchingcircuit

‘(IPHandIPL,andCAL).Tomeasurethetemperatureatthemomentof

operation,thetemperaturesensorofplatinumwireisallocatedin

thispre-amplifier.Thedetectedtemperaturesignalistreatedby

thehousekeepingInstrimient(HKchannel#18)andtransmittedthrough

telemetrysystem.

IPHPre-AmplifierThesweptsignalfromthepartofsweptsignal

generatorisappliedthrough50Ωcoaxialcabletotheemitterfollower

circuit(bufferamplifier)withtheInputImpedanceof50Ωandthe

outﾆputImpedancelessthan10Ω.TheIPHsystemisdesignedtohave

thedynamicrangefromlpFt01000pFforthemeasurementofthe
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equivalentcapacitance.ThevalueofthecapacitorCois100.0pF

andthestraycapacityofthecableis57PF.whichcanbecancelled

byadjustingthevaluesofcapacitorsCs.CstandC'St.The

outputseiande2(aSshowninFig.5-46)fromthecapacitance

bridgeareappliedtothesourcefollowerEETamplifierswithhigh

Inputimpedances(10nM//i2pF).Thebalanceratioofthecapacitance

bridge,thatisdefinedbythedifferenceoftheamplificationof

twoEETsourcefollowersandthecommonmoderejectionratioofthe

differentialamplifiershouldbelessthanabout-60dB(1/1000)･

Adjustmentoftheamplitudeofsignalinthesetwochannelsismade

bythevariablecapacitorC'standthevariableresistorvRI~3;and

thephasedifferencethroughthesechannelsisadjustedbythe

capacitorCp.ThedifferentialamplifierusedintheIPHisthe

widebandvideo-amplifierSN5510L(TEXASInst.)whichhasaconstant

gainandlowphase-shiftversusfromd.c.to40MHzashasbeen

IllustratedInFig.5-47(a).Thecommonmoderejectionratio(CMRR)

1sgivenInFig.5-47(b).
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Tig.5-47Typicalcharacteristicsofwidebandvideo-

=万plifier,SN5510L;(a)small-signalvoltagegainversus

frequency,and(b)common-moderejectlonratio

versusfrequency･
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IPLPre-AmplifierTheprincipleofcircuitdesign1Smuchthesame

asthecaseoftheIPHpre-amplifier.Inthissystem万thevaluesof

capacitorsCoandCsarechosentobe10000pFand100PF,to

obtainthedynamicalrangeofequivalentcapacitancefrom30pFto

10000pF.Thephasedifferenceoftwodifferentialamplifierchan-

nelsisadjustedtobemlnlmuiQshiftanglebythecapacitorsCiand
C2.
ThedifferentialamplifierusedIntheIPLisTA7034MJ(TOSHIBA)

whichhasagainof16dB,a10wNF(NoiseFigure)of7.8dBat100MHz

andCMRRof-100dBatlkHz.

SwitchingCircuitAmonopoleantennaIsusedforthesensorofhigh

and10Wfrequencygyro-plasmaprobes.andswitchedalternatelysynchro-

nlzingwithtelemetryt:Ime-sharingperiods.Theantennaswitching

circuitasshownInFig.5-48selectstheantennaforIPHand

IPLpre-amplifiers(SW1),andalsothiscircuitcomprisestheswitch-

ingoperationtoearthconnectingcircuit(SW3),andthecapacitance

calibrationcircuit(SW2).Atrappingcircuittoshutthecarrier

fromUHF400.5MHztransmittertoavoidtheinterferencehasalso

beenIncluded｡

Theswitchsw11SoperatedbytherelayRLlthat1Sderived

bythegatepulseW31andthepowersuppliesof+6VHand+6VL

fromthePSW(Powerswitchofthespacecraft)correspondingtothe

telemetrymodeIllandIl2.ThegatepulseW311sanendmark

ofeachmodesothatsw11sswitchedfromIPHtoIPLafterallthe

observationofmodeIll(IPH),andviceversa｡

Theswitchessw2andsw3areoperatedbytherelayRL2that

IsdrivedbythegatepulsesW31andW6.WhenthegatepulseW6

drivestherelayRL2,bothsw2andsw3connectthelinetothe

antenna.WhenthegatepulseW311sapplied,SW2connectsthelineto

thereferencecapacitorCrefandCg.Theswitchsw3connectsthe

antennatotheground.Theantennaisconnectedtothepre-amplifier

onlyduringtheobservationofIPS,i.e..fromW6toW30,toprotect

theFETtransistorsofpre-ampliflersfromthedamageduetohigh

voltageinputs,thatmaypossiblybetransmittedfromthecyclotron

-181-



+12VCONST

+6VH

+6VL

FROMCM

(CALON)

FROMCM

(CALOFF;

W6
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Antennaswitchingcircuit.
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instabilityexperiment(CIE).TheCIEequipmentisdesignedto

radiatetheelectromagneticwavewithhightension(about1200VPp)

atfrequenciesof120kHzt0210kHzfromahorizontal100pantenna

(seeFig.5-57)｡

Thecalibrationofoperating:LevelfortheInstrumentIsperformed

byusingthereferencecapacitor(Cref).Theoperationtoswitch

CrefbySW21Scontrolledbycommand(PICALONandOFF).Whenthe

"CALON"pulseisapplied,thegatepulseW6isinhibitedtodrivethe

relayRL2.Consequently,SW2remainsatthesideofthereference

capacitor,andthepre-amplifierwiththecapacitancebridgedetects

thefixedvalueofCp£p(100PF)゜Csisusedtocompensate8stray

capacitanceofthecablethat1Sextendedfromthepositionofsw2
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totheantenna｡

SincetheantennaoftheUHF400.5MHztransmitterIslocated

justabovemonopoleantennas,theinducedpotential0ntheantenna

1Srectifiedthroughthenonlinearityofthecircuitandthemodulat-

ionsignal(768Hzsquarewaveforthereal-timemodetelemetrytrans-

mission)issuperimposedonwaveformofIPSsignal.Inordertoavoid

thisinterferenceatrappingcircuit1Sinstalled.Itconsistsofthe

LCseriesresonatorwhichistunedtothefrequencyat400,5MHz･

Theadmittanceofthiscircuitinthefrequencyrangelessthan15MHz

takescapacltlvevaluethatIs10Wenoughnottodisturbtheobserva-

tionvalue.

2.4FrequencyCalibrationandDataProcessor

FrequencyCal1brationCircuitForthepurposeofmonitoringthe

circuitoperationinorbit,thecommandsystem1Semployedandcontrols

onboardcalibrationcircuits.OneofcontrolItems1Safrequency

calibrationofIPS;thefrequencyofthecrystalcontrolledoscillator

forthegatewidthcontrolcircuitofIPHandthesweptfrequencyof

IPL.ThesesignalsaretransmittedbyaUHF400.5MHztelemetrysystem

(IRIGban万d#10:5.4kHz±7.5%).Thecircuitofthissystem1Sillus-

tratedInFig.5-49｡

FrequencycalibrationsignalsfromIPH(101.5625kHz)andIPL

(65kHz~79kHz)areswitchedbythetimingsignal(+12VHand+

12VL)that1SfedfromPSW(PowerSwitch).Eachsignalismixed

withj二hereferenceslgna:L(256.00kHz)toconvertthesignalfrequency

intothemodulationfrequencyband.Theselectiveamplifierisused

toeliminatethelowersidebandofmixedsignals;obtainedupperside

bandfrequenciesare357.5625kHzforIPH,andinarangefrom321kHz

to335kHzforIPL.Theseobtainedsignalsarereshapedbyasatura-

tlonamplifiertoberectangularwaveformasshowninFig.5-50.

Theoutputsignal1Sdemultipliedby64throughbinarycircuitsto

obtainfinalsignalfrequenciesforthetelemetryat5.587kHzfor
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IPHandinarangefrom5.016kHzt05.234kHzforIPL

DataProcessorThedataprocessingequipmentsconsistofonboard

andground-basedsystems.Thedataprocessor,onboardthespacecraft,

Isdesignedtogenerategatecontrolpulsesthatarerequiredfor

thedataselectorwhich.controlsthedatasampleduetotime-sharing

programofthetelemetry.Theassemblyoffunctionalelements1S

IllustratedinFig.5-51;thislogicaloperationcircuit1Scontrolled

bypulses･fromtheT工M-ENC.Thetimesequenceofinputpulsesare

giveninFig.5-52.G01sapulsecorrespondingtoframesynchronous

wordandGI~6areusedtomake6groups,forW2~W31,1nwhich5

wordsareincluded.Forexample.thewordpulseWl3canbeobtained
--

asaresultoflogicaloperation.G3･W2.Theproducedread-1n

pulsesforobservationitems(Fhi,Fh2,Lhi,Lh2,Lh3forIPHand

F£,Lili,LJI2,L£3,C£i~3forIPL;seeFig.5-5)areshowninFig.5-53.

Thesereading-lnpulsesareappliedtothedataselectorsofIPHand

IPLatthetl皿eadvancingone-wordperiodbeforetheassignedword

ntunber,ashasbeenexplainedpreviouslyinsection2.1and2.2.

InputpulsesSYNC-1and2generatedfromWoandWeproducethetiming

pulseSYNC-3whichisappliedtothesaw-toothgeneratorsofIPHand･

IPL,andthesethreepulsesareusedasresettriggerpulses.Thepulses

for,W6andW31areusedforthesetandresetoperationsofthe

antennaswitchingcircuit.

Theso-called"Quick-Look"instrumentispreparedtocheckdemod-

ulatedtelemetrydataquicklyonthereal-timebase.Themain

quick-lookinstrumentsortsthetime-serialPCMsignalIntotheeach

correspondingframemode.ThesortedPCMsignalsareconvertedinto

theanalogsignalsthroughtheD/Aconverter.TheIPSquick-look

sortsthetime-serialdataofmodeIlland112intosixparallel

channelscorrespondingtoobservationalitems.FhiandF兌,Fh2and

F£,LhiandLJli,Lh2andL£2,Lh3andLil3.andCili~i,.Thecircuit

ofthegatecontrolsignalgenerator1SshowninFig.5-54.Inputpulses

ofthefra万mesynchronous,bitandwordIdentificationsignalsare

suppliedfromtheTna:Lnquick-looktothisIPSquick-lookcircuit｡

-185-

9



1

ﾄ4

CX)

C乃

|

球

INPUTS

Wd
+6VCONST

G.

SYNC-1

SYNC-2

G2

1
2
r
g

a73

4
1

g
G

4
S

G
I

G,

G6

OUTPUTS

FlREADIN

W,

SYNC-3

a.RE:ADIN

CUREADIN

Fh,READIN

N
N
N

-
-
‐

昌
I
S

[
£
o
o
Lh,&U,READIN

Uij&LI,READIN

Lh3&L13READIN

W31

+4VH+4VL

Fig.5-51Functionaloperationdiagramofdataprocessor;integrated

circuits,HD203FandHD204F,areused.



1
1
1
L
8
7
-

｢ 1FF!AME ‥1

WORDNo|0|l|2|3l吐!L且7891111131411171121223431

c
3
(
5
<
3
i
S
<
3
i
3
(
3

Ｒ
哨

４
り

咆
４

峻●

RE/y[X]VT

WORDN0.nlll2l3l4l5l6l7l8l9|10|ll|l11111111431

MODE11,(IPH)SYSYM,M,H,H.HKF,Lh,FhlFli,lLh.lFh,IUi.|Fh,lL)i.|Fli,|Ui,1,n.niFhJUiJFh,FhJU.,!

MODEII,(IPL)ISYlSYlMMiHHHWF,/■FILIJFIしI.F(I,RU.FILI,FImi!LI,FIlujc/jujcumMci

ｴ
d
l

a
o
i
O
3
n
3
S
v
i
v
D
0
1
3
S
T
l
d

1｢

LhiREADIN

Lh,READIN

Lh,READIN

FhiREADIN

Fh,READIN

u,READIN

LI,READIN

LI,READIN

F/READIN

C/iREADIN

C4READIN

C4READIN

a,READIN

j皿U太一
L一一

1WORD(125ms

FRAME 4.0sec

Fig.5-52PulsesequencesfromTIM-ENC Fig.5-53Pulsesequencesfromdataprocessor.



|

1
8
8
-

FRAMESIGIN

WORDSIGIN

Fig.5-5AFunctionalblockdiagramofground-baseddataselector.

GATECONTRC:＼.PULSE

OUTPUTS

-oCH-4

･゜CH-3

CH-1

+5V

CH-2

CH-6



BUFFERAMPGATE

-189-

Fig.5-56Electricalcircuitofgateandbufferamplifier
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GeneratedpulsesequencestocontrolthegatecircuitofIPSquick-

lookaresummarizedInFig.5-55.Thesegatepulsesareapplied

withthedelayonewordperiodfromtheassignedwordnumber,because

ofthetimedelayoftheDIkconverterandholdcircuits.Thesignal

issampledbygatecontrolpulsesandfedtothepenrecorderwith

sixchannelsthroughthebufferamplifierandd.c.amplifier.An

exampleofoneunitcircuitofthegateandbufferamplifier1S

illustratedinFig.5-56.

2.511ConstructionofPayloadandAntenna

TheREXSsatellitehasthreemonopoleantennasandtwoorthogonal

100pantennas(Fig.5-57)｡Oneofthemonopoleantennasisusedas

asensorofthegyro-plasmaprobe,which1Sathinflatstripof

springsteel(berylliumcopper)preformedintoacylindricaltube

withanoverlappingseam.Thetube1Ssubsequentlyopenedflatand

woundontoadrumforstoragepurposes.WhenthestripIsreleased

fromItsstoragedrum,thestripcurlsintoitspreformedshapeto

formatubewithconsiderablebendingstrength.Thediameter1S10nun,

andthelengthfromroottotiparemovablewiththreestepsoflength

(60cm,123cmand205cm).Whenthesatellite1Sseparatedfromthe

4thstagerocketmotor,theantennabeginstoextendwithaspeedof

5cm/secbeingcontrolledbyapre-settimer.Thecommandsystem1S

abletocontroltheextensionandretractionofantennasatevery

step.Thecapacitanceoffullyextendedantennainfreespace1S

calculatedtobe26PF,whichagreeswellwiththemeasuredvalueof

thegyro-plasmaprobe(Lh3=110decimalcounts)｡

ThemainpackageofIPSinstrumentanditspre-amplifierareshown

InFig.5-58(a)and(b).Themainpackage1Smountedontheflat

aluminium-honeycombplateofthespacecraftdeck.Thepre-amplifler

isinstalledinthecentraltube.Toprotectfromthedamagedueto

vibration,shock,andheatinvacuumcondition,allcircuitsare

encapsulated｡withapolyurethanefoam-in-placeresinthat1Scalled
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Fig.　５－５７　　Structureof three monopole antennas and

two １００ｐantennas.

Eccofoam FPH.　To protect　against temperature　increment,　ａ　thermal

barrier　of　aluminium foils is muffled　around　the　main instrument.

The covering-case of the pre-amplifier is painted black for the thermal

coupling between the pre-ampllfier　and　instruments of the spacecraft

because of its small heat capacity。

　　　　　Standardizedpre-fllght test conditions for the mechanical　and

therma:Ｌenvironment of　instruments are summarized in Appendix Ｃ．
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SummaryofIPSInstrumentThegyro-plasmaprobehasbeendesigned

anddevelopedfortheinstrumentonboardthespacecraft.Anumberof

Improvementsandre-constructlonsofelectricalcircuitsandmechanical

structureshavebeenmadeaftervariousoperationaltests.Adequate

operationalperformancesofelectricalcircuitsofboth,highand10W

frequencygyro-plasmaprobesareobtained｡

Thetotalweightofthemaininstrument1S3.642kgandthatof

thepre-amplifier1S0.434kg.Therequiredelectricalpoweris

summarizedinTable5-2.Asoneperiodof32framescontainstwelve

framesofIPSmode,theuse-timeratio0fIPHandIPLis0.1875(=6/32)･

Theaverageelectricalpowerconsumption1S2.299wattsforthenormal

modeand2.449wattsforthecalibrationmode(PICALON)｡

Reliabilityoftheinstrumentshouldbestudiedandconsidered

criticallybecauseItisunabletorepairoroperatetheinstrument

exceptsomecontrolledItemsbycommandafterthespacecraftlaunching･

ThereliabilityRisexpressedasafunctionoftimet,

R=exp(-kλNt/109),

Table5-2

MODE

E
E

『
｡

ElectricalpowerconsumptionofIPS.

+12V+6V

70toA

205mA

30mA

-

-

150mA

120mA

25mA

+4V

-

-

35mA

35mA

-
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-12V

-

30mA

25mA

70mA

-

TOTAL

1.20

3.80

2.06

0.15

(5.8)

X0.1875

W

W

W

W

-

0.713W

0.386W

-



wherekisthecoefficientofseverity.λ=1/MTBFin109fits(MTBF

isthemeantimebetweenfailures),Nthetotalnumberoftheparts.

andtthetimedurationinhour.Astheinstrumentcomprises

differentkindsofparts,λNIswrittenas

λNΞXλIN1･

1

(5.9)

ValuesofλlandNiaresummarizedinAppendixD.Thetotalm皿ber

ofpartsusedintheIPSis1438andthatofthesolderingpoints

1S3969.Thesummationofproductsofλ1andNj_becomes27007.5.

1fkmightbeunity(forthemostmildcondition),thereliability

RofIPSiscomputedtobe0.9433foranInterestlifeofthreemonths.

§3.Pre-flightTestofInstrument

TheInstrumentsonboardthespacecraftshouldbesubjectedto

pre-flighttestsofelectricalandmechanicalperformancesunder

variousphaseofthespacecraftmission.Pertainingtothesetests,

operationalcharacteristicsoftheinstrumenthasbeengiven,using

theelectrﾆicalsimulationcircuitsfortheantennaInaplasma.The

testforheateffectsinvacuumandthespaceplasma万simulation

experimentwerealsocarriedout.Thecalibrationdatafora11observ-

ationalitemswereobtained.

3.1OperationalCharacteristics

Theadmittanceofacombinedelectricalcircuitsthatconsistsof

theseries-parallelresonantcircuitshowsthesimilarfrequency

characteristicswiththeantennaInaplasma,whenthepropervalues

ofresistance,inductanceandcapacitanceelementsareused(see

Fig.5-61).
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IPH　　　The measured admitﾆtance

value (output of　logarithmﾆic

amplifier) versus　frequency is

ｉ:llustrated, in Fig.　5-59.　１ｎ

terms of the equivalent

capacitance.　The peak of the

wave form appeared at higher

frequency side, is due to ａ

resonance like phase variation

in the characteristics of ｔﾆhe

pre-ampllfier circuit.　The

frequency dependence of ampli-

tude is mainly due to the ampli-

tude variation of the sweep

signal versus frequency that

is applied to the antenna.　The

measured values of equivalent

capacities at ３００kHz （Ｌｈ１）

and １３ MHz (Lh3) are given in

terms of PCM count in Fig. 5-60.

These results are obtained

-
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Fig.　５－５９　　Equivalent

capacltﾆance versus

frequency character-

istics of ｏｕｔﾆput

from logaritﾆhmic

amplifier (IPH).

　　　　　　　　　　DECIMALCOUNT

Fig. 5-60　　Equivalent capacit-

ance versus output decimal data

（Ｌｈｌand Lh3) through sampling-

hold circuit and A/D converter

of telemetry.
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throughtheoverallsystemofinstruments.Thedetectionfunction

atLhl~3areexa万minedusingasimulationcircuit(L=100yH｡C=

30pHandCo=100pF)asgivenInFig.5-61.Theoutputlevels･Lhi,

Lh2,andLh3fromthesample-holdcircuitarecomparedwiththetotal

admittancelevelfromthelogarithmicamplifierbeingsuperimposedin

adualtraceoscilloscope.Detectionsofresonancepointfrequencies

atFhlandFh219万arecheckedbyasimulationcircuitwithparameters

ofL°100μR,C=15pFandCo=100PF.whoseparalleland,

seriesresonancefrequenciesare2.26MHz一六and1.31MHz.Theoutput

signalsfromthefrequencycounterareIllustratedinFig.5-62.

Theoutputadmittancelevelafterlogarithmicamplifieraregiven

super:1皿posedwiththecounteroutputcodes.The8-bltbinarycounts

(MSB)areindicating00101100forFhiand00011010forFh2;these

countscorrespondt02.23MHzand1.32MHz,respectively.These

agreewellwiththevaluesof2.26MHzand1.31MHz,thatareindi-

catedbythedirectrecordingoftheadmittancelevel,withinanerror

ofthefrequencyresolutionofabout50kHz.

IPLThemeasuredadmittancevalueIntermsoftheequivalentcapa-

citancethatisdetectedattheoutputofthelogarithmicamplifierIs

illustratedInFig.5-63.Aresonance-likebehaviouroftheadmittance

valueappearedatthe10Wfrequencysideofthesweeprange1Sproduced

byleakageofthesweptlocalsignalwhich1Sallocatedneartheinter-

mediatefrequencyandthereturninginterval0ffrequencysweepdue

totheretraceofthesaw-tooth.Measuredequivalentcapacitiesat

1.25kHz(LAi),3.80kHz(L£2)and6.65kHz(L£3)aregiveninFig･

!■L-64.ThesecurvesareusedforcalibrationofdecimalcountsfromPCM

telemetrytoobservedantennaadmittancevalues.Thedetectionfunc-

tlonsofLJli,L£,2,andL兌13arleexa万minedinthespaceplasmasimulation

chamber;Fig.5-65showstheoutputsL£i,Li!.2≫andLjと3fromthesampling-

holdcircuitwiththeadmittancelevelattheoutputpointoflogarithmic

Am万pllfierbeingsuperimposedinadualtraceoscilloscope.Atypical

responseofthelowfrequencyadmittanceofanantennainaplasmais

simulatedbythistest.Maincontributiontothelowfrequencyadmitt-
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Fig.　5-61　　Sampling-hold performance.

Corresponding to ０．３MHz, fTjHR and １３ MHz,

frequencies are detected and potentials

（Ｌｈ１，Ｌｈ２and Ｌｈ３）ａｒｅsampled and stored.

Output wave form of logarithmic　amplifier

１Ｓ superimposed.　Dummy antenna circuit　of

Ｃｏ（Ｌ／／Ｃ）　（Ｌ＝１００ uH,　C = 30 PF,

Ｃ　= 100 pF and damping resistor of ５．１ｋｎ）

are used.

卜

Ｏ≒L.

乱ご二

べ,?り'ＥＥ１

”． 一丿

こ判こ

ONt,

り々klfl;）

卜沁口尹

Fig.　５－６２　　Resonance frequency detection; (a) output of Fhi

is ００１０ｎ００(binary)Ξ44 (decl皿al) which is equal ｔ0 2.23 MHz,

and (b) output of Fh2 is 0011010（ｂｉｎａｒｙ）三26 (decimal) which

is equal ｔ0 1.32 MHz.　Output wave form of logarithmic

amplifier is superimposed (Vertical　：　０．５ Ｖ／ｄｉｖ．）．Ｄｕｍｍｙ

antenna circuit　（Ｌ＝１００即，Ｃ＝１５ pF and Co = 100 pF) are

used.

ance of the antenna in ａ plasma is thought to be represented as RC

parallel circuit with an inclination of　６dB/Oct. The difference
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Fig. 5-63　　Equiva-
lent　capacitance
versus frequency
characteristics of
output　from logarith-
tnic amplifier (IPL).

Fig.　5-64　　Equiva-

lent capacitance

versus output　decimal

ｄａｔａ（Ｌ兌１，Ｌ聡ａｎｄ

Ｌ聡）ｔｈｒｏｕｇｈsampl-

ing-hold circuit

and A/D converter.
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Fig.　５－６５　　An ｅχam-

pie of sampled and

Ｓｔﾆored levels of

Lii, L2,2　and ｌユ３；

frequency spectrum

of admitﾆtﾆance level

１Ｓ superimposed.

Fig.　5-66　　Resonance

detectﾆperformance.

Two resonances are

detected and　ｔﾆhe last

one is stored and

transmitted as Ｆ見．

Output wave form of

logarithmic ampli-

fier is superimposed.

The dummy ant enna

circuit with Ｌ of １Ｈ，

Ｃ of　１０００pF is used.

Fig.　５－６７　　Frequency

reference levels

Ｃ兌1～い；　saw-tooth

wave form for this

reference level is

superimposed.　Sampled

potential is ａ little

less than saw-tooth

voltage, due to input-

output characteristics

of the sampling-hold

circuit (HOLD ３， see

Fig. 5-45).
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betweensampledoutputlevelsfromoutputpotentialsofthelogarithmic

amplifier1Sduetothevariationofstoredpotentialbychargeleakat

thesample-holdcircuit(seeFig.5-45).F兌detectionfunctionis

checkedusingasimulationcircuit,withparametersL=1H,C-1000

pFandCO=1000PF,whoseparallelresonancefrequencyiscalculat-

edtobe5.01kHz.ThemeasuredF兌isIllustratedInFig.5-66;the

admittancelevel(equivalentcapacity)attheoutputpointofthe

logarighmicamplifierissuperimposedinadualtraceoscilloscope･

ApseudoresonanceatthelowfrequencysideIsalsodetected.The

lastsampleddataistransmittedtoENC.Thedata1.25VIstranslated

tobe5.00kHzusingreferencefrequencylevelsCili,C兌2,Ci!,3,and

C見4asshowninFig.5-67;thisobservedfrequencyF兌1sveryclose

tothecalculatedvalue,5.01kHz.

3.2ThermalTestInVacuumEnvironment

Operationalcharacteristicsoftheelectricalcircuitsinspace

environmentlargelydependsupontheequipmenttemperature,whichvaries

owingto(i)radiationenergyInputtothespacecraftduetosolarradi-

ation.planetaryalbedoandinfra-redradiationfromtheearth;296｀299

(il)radiativeheatoutputthroughthespacecraftsurfacetotheout-

erSplaCe;3001゛3101and(Hi)heatingoftheenvironmentduetoenergy

fromItsowncomponents,suchasreslsters,transistorsandoperational

゛｀万mpllfiers.Thermalparametersofeachpartofthespacecraft,296)302

suchasheatcapacityandheattransfercoefficientsassociatedwith

thethermalcontactresistanceandtheradiationheatiexchangeoftwo

surfacesarealsoimportantthermalcontrollingfactors｡

Theanalyticalpredictionofthespacecraftandequipmenttempera-

turesisimpossiblebecauseofthenumberofunknowablevariables.

Thermalmeasurement1Sthuscarriedoutusingoneof-spaceenvironmental

simulationfacilities;avacuumchamberwithliquidnitrogencooled

shroudwhichcanadequatelysimulatethespaceenvironmentpertaining

tomeasureofthermalbalancecharacteristicsinthespacecraft.303
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Table5-36modesofthethermalvacuumtest.

Mode 9s
6

A
B
C
D
E
F

{t}z

-
0.730

11

n

n

n

0.846

O
O
O
O
O
0

0
0
5
0
0
0

9
6
4
9
6
c
r
>

67Z

n

100

11

Z

75Z

Gn90°67Z

a/EIstheratioofsolarabsorptancetothermalemlttance,
Qssunlitangle,i.e.,angleofthespacecraftaxiswith
respecttothedirectionofthesun,6theratioofsunlit
timetooneperiod.

ElectricalheatersareattachedtothespacecraftpanelsInsteadof

solarS:Imulatorstosimulatethe.radiationInputenergy.

TestingconditionsaredeterminedasshowninTable5-3.These

conditionsareproducedtocoverthemaximumandalsotheminimum

solarradiationinputs,consideringtheparametersofthespacecraft

aspectonthepresumedorbitaswellastheparametersofthesolar

panel0nspacecraftsurface.TheamountofInputheattothepanels

hasbeencalculatedforvariousgeometricalrelationsbetweenthe

spacecraftandthesun;cyclicheatingandcoolingareapplied'

accordingtothecomputedsunriseandsunsettimesatthespacecraft

positionInorbit.Thisexperimentrequired216hours(theexperiment

wascarriedoutfromJune19t029,1972).Thermo-couplesarelocated

Inboththepre-amplifierandthemainIPSinstrument.Temperature

valuesofpre-amplifieraredetectedbythehousekeepinginstrument
●･.･

(HK)andaretransmittedthroughthetelemetrysystem.Tocheckthe

operationalcharacteristicsofIPSinstrument,thesimulationelectri-

calcircuit1Susedbeingreplacedbyanantennainaplasma.

ResultsofthistestareshowninFig.5-68.Fig.5-691Sindi-

eatingthemonitoroutputofIPH.Thetemperatureofthepre-ampli-

flerIsabout35°CatthebeginningofmodeAandgraduallydecreases

toabout8°CattheendofmodeC.SincemodeDcorrespondstoa
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Fig.　5-68　　Results of

thermal vacuum test;

conditions, modes A.G,

arc　Iisted　in Table

5-3.

Fig. 5-69　Monitor ｏｕｔﾆput

ｏｆ工PH (Horizontal; １２５ms/

１０ｄｉｖ。Vertical; １ Ｖ／ｄｉｖ．）

(a) Mode　C (temperature of

８．５°Ｃ）。　（ｂ）ＭｏｄｅE (temper-

ature of　３０.００Ｃ）．　Antenna

is replaced by dummy ｅ:lectrl-

cal circuit ， i.e.,

(6.2 ko //　１００ pF) and

　(56uH ／／　４．７ｋΩ／／　３ ｐＦ），

　and calibration level

　（１００PF) is superimposed.

-
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periodof100Zsunlight,the

equipmenttemperatureincreases

again.AsIsobviousfromFig･

5-67,sweptrangeofthehigh

frequency1Schanged,andLhi

(admittancelevelat300kHz)

Ismisdetectedbelowabout10°C.

Whenthespacecraft1Sinorbit,

thetemperatureismeasuredat

apointinthepre-amplifier.

Thecalibrationcurveofeach

measuringvalueversustemper-

atureatthepre-amplifierhas

beenobtainedbythisthermal

test. InFig.5-70,measured

valuesversust゛!mperatureatthe

pre-ampllfieraresummarized.

Thetemperaturecalibrationdata

forthevalueofF兌(lower

hybridresonancefrequency)are

i
r
w
i
n
o
T
v

ﾋ

Q
5

250

200

150

TEMPERATUREDEPENDENCE(yIPSINVACUUM

゛之尚靫n

―+-H―+++-l4^^ぺ郷回ﾋ

C4

7轟朔;J
●●●-●●●●J●●･Fh,

●-●●-●●●●●c/,

10 20 30 40

TEMPERATUREOFPRE-AMP(℃)

Fig.5-70Temperaturedependence

ofgyro‘plasmaprobecharacteristics

invacuum.

notobtainedbecausethesimulatorofantennaIsselectedtohavethe

highfrequencyresonanceduringthistest.CalibrationforF兌,can,

however,bededucedfromthedataC兌1~cu.

3.3SimulationExperimentinPlasma

Thetestofthegyro-plasmaprobeoperationInaplasmawas

carriedoutbyusingthespaceplasmasimulationchambertoexamine

outputdatarelatingtoseveralparametersoftestplasmasuchas

electrondensity,temperature,Ionspeciesandmagneticfieldintensity･

TotesttheoperationalperformanceoftheinstrumentisalsoImportant

Inthispre-flightplasmaexperiment.Resultsofthegyro-plasma

probewereexaminedandcomparedwithmeasurementsoftheLangmulr
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probemethod｡

Thelarge-scalespacechamberwasusedforthepurposeofthisex-

perlment;theequipment1Sdescribedindetail1nsection2.1,chapter

III.InstalledInaframeofthespacecraft,instrumentsofIPS,CIE,

PWPandTELwithasetofantennasaresetiathevessel.Theantenna

ofIPS1S1300Tnmﾊﾟinlengthandlocatedatthemiddleofthevessel.

ThecapacitancebridgesofIPHandIPLarebalancedtothecapacityof

cablingandinstrumentationIntheconditionofsetupforthe8pace

simulationchamberexperiment.TheLangmuirprobeisfixedtothewide

rangescanninganii>SelectedpuregasessuchasHe,N,andArcanbe

injectedtohighvacuumvesselwithanarbitrarygaspressureIna

rangefrom10‘3torr.to10‾6torr.Apairofhotcathodecoatedby

BaOareusedasbackdiffusiontypeplasmasourcesforaplasmawith

10Welectrondensitylessthan107cm‾3andelectrontemperatureof

500°Kto4000°K.

ResultsofIPHandIPLExamplesofoutputdataobtainedinthe

spacechamberexperimentareIllustratedinFig.5-71(a)~(d).The

highfrequencygyro-plasmaprobe(IPH)andthe:Lowfrequencygyro-plasma

probe(IPL)werefunctionedwelltomeasurethefrequencycharacteris-

ticsofantennaImpedance.Resultsaredescribedasfollows｡

ThebinarycounteroutputforFhi(HUR)is01010000(MSB)which

1Sequalt0800fdecimalcountandtranslatedtobe4.063MHz.Since

themagneticfieldstrength1S0.42gauss(correspondingelectron

gyro-frequencyis1.17MHz),theelectronplasmafrequency1S3.853MHz,

fromwhichtheelectrondensityiscalculatedtobe1.88×105cm~.

TheoutputforFh2(SHR)is00110100(MSB)whichisequalt0540f

decimalcountandtranslatedtobe2.742MHz.Theseresonancefrequ-

enciescoincidewellwiththeresonancefrequenciesobtainedfromanalog

databeingcalibratedbythestandardsignalgenerator｡

OutputvoltagesofLhi(0.3MHz),Lh2(fuHR)andLh3(13MHz)are

1.8V,1.1vand1.2vcorrespondingtotheequivalentcapacitancesof

68pF,14pFand21PF,respectively.Thecalculatedcapacitancevalue

ofanantenna(1300Tntninlengthand10mmIndiameter)1nfreespace
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Fig.　5-71　　Ａset of output data obtained In the space chamber
experiment.

is ２２pF which coincides well with the measured value of Lh3.　The value

of　Lh2　represents the equivalent　Ｑ　(Quality Factor) of the　upper

hybrid resonance curve.　As　the electron-neutral　collision frequency

increases,　the ｖａ:Lue of　Ｑ　decreases and　also　the　value　of　Lh2

increased.　This change of the value of　Ｑ　is related not only to

the collision　frequency of　electron-neutral particles,　but also to

the complicated mechanism　of an　ｅ:lectrostatlc　wave ｅχcitation near

ｔﾆhe upper hybrid resonance. １０７　　The value of　Lhi　represents　　the

sheath capacitance of an antenna.　As　an　electron　temperature in-

creases while an ｅ:Lectron dens:Ity remains constant, the value　of Lhi

decreases, because of increase of the sheath radius which is　controlled

by the Debye length。

　　　　　Theoutput ｖｏ:Ltages of　L£i (1.25 kHz),　Lio (3.80 kHz)　and　Ｌ見３

(6.65 kHz) are　２．４Ｖ，　２．１ｖ　and　1.86 V．　These are translated to the
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equivalentcapacitancesof4300pF,950pFand480pF,respectively,

afterthecorrectionofcharacteristicsofthesampling-holdcircuit

(HOLD-2)asshownInFig･.5-45.ThecalibrationcurvesofL£1~3have

beenshowninFig.5-64.

ThelowerhybridresonancefrequencyfLHRisexpressedas9301゛

^LHR'(
1

fH12十fpe^

_!

%l%e
･)'1/2

'fHe{}Meff(1十七.)}-l/2 (5.10)

wherefpe>fpl≫^HeandfHiareelectronplasma,ionplasma,

electronand10ngyro-frequencies,andMp/mandMeffareamass

ratio･ofprotontoelectronandeffectiveionmass.respectively.In

thisexperiment,anargonplasma(M-ff=39.948)isused;theelectron

plasmaandelectrongyro-frequenciesare3.89MHzand1.17MHz.The

lowerhybridresonancefrequencyIs,then,calculatedtobe4.15kHz.

Thelowerhybridresonance(FJl)isnotdetectedashasbeenseenin

theanalogdatagiveninFig.5-71(b).Thiscanbeattributedto

thehighcollisionalfrequencyduetoapartiallyionizedplasma

state;theionizationrateIsapproximately10‾6.Thecollision

frequency1SthoughttobelargerthantheIonplasmaandiongyro-

resonancefrequencies;i.e.,theImpedanceinthefrequencyrangeof

lkHzt015kHzispredominatedbytheresistanceofthesheathregion

surroundingtheantennainaplasma.Thelowerhybridresonanceis

pr^esumablyabletobedetectedinthemagnetospherewheretheplasma

1ifullyIonizedtomakecollisionfrequencylessthantheion

plasmaandiongyro-frequencies･

ImpedanceatVLFRangeAsIsshownInFig.5-71(d),theequivalent

capacitancevalueinthefrequencyrangeoflkHzt015kHzdecreases

asthefrequencyincreases.Threeexamplesofeχperimentsaresummarlz-

edinFig.5-72,correspondingtoexperimentalconditionslistedin
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(5.12)

Table5-4.Inthisfrequency

range,theimpedancecanbe

expressedasparallelcircuits

consistofresistanceandcapa-

citanceforeacharm.Thisim-

pedance1Smainlycontrolledby

thesheathsurroundingthe

antenna,because･theimpedance

ofaplasmabecomesverylow.

Therefore,theequivalentcapa-

citance*^eqcanbewrittenas

Ceq'/F7‾7??'/Rω

(5.11)

whereUisanoperating

angularfrequency.工fthe

equivalentcapacitancedueto

theresistance1Slargerthan

thevalueofthecapacitance

C,thatIs,(Rω)‾1>〉C,

a兄nCeqvalueIsexpressed

⌒き

‾151050

FREQUENCYtkHz〕

Fig.5-72Equivalentcapacitance

characteristicsobtainedinthe

spacechamberexperiment.Dashed

linesshowthefrequency

characteristicsofequivalent

capacitancecorrespondingto

indicatedresistances.

byalinearfunctionof見nω.Thevaluesoftheresistancecanbe

deducedfromFig.5-72;valuesareabout10kΩ,40kΩand550kΩ

correspondingtotheconditions(a),(b)and(c).Thesevalues

decreaseastheelectrondensityIncreases,asisshowninFig.5-73

Theconductanceofsheathcanbededucedfromthecurrent-voltage

characteristicsoftheLangmuirprobeInthevicinityoffloating

potential.3105N゛1万mely,theconductanceGiscalculatedas,

G°｀k(110‾Ieoe)cp(V/ve)}lv=vo

≒Ie/Ve
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whereHoandleo'Voand

VeareIonsaturationcurrent,

electronsaturationcurrent,

floatingpotentialandelectron

thermalenergyInvolt,respect-

ively.Resultsoftheresistance

calculatedfromLangmulrprobe

characteristicsareplottedin

Fig.5-73,whichareindicating

agoodcoincidencewithvalues

deducedfromthelowfrequency

gyro-plasmaprobe.Inthecase

of(c),theequivalentcapacit-

anceatthehigherfrequency

rangeinVLFrangeshowsa

constantvalueofthecapacitance

ofsheath,becausetheresist:ance

value1Ssatisfyingthecondition

that(Rω)‾1ぐC;theconstant

-

t

- 一 一

W

50

1

10'10°10｀

ELECTRONDENSITY〔c所l〕

Fig.5-73Probeconductance

versuselectrondensityvalue.

Thevaluesobtainedsi皿ultaneously

byLangmuirprobemethodare

Indicated.

capacitancevalue1Sabout50pFthatcoincideswiththevalueof

Table5-4ExperimentalconditionsoftheplasmaInthespacechamber.

Pressure
ElectronDensity
ElectronTemperature
DebyeLength
UpperHybridFrequency
ElectronPlasmaFrequency
ElectronGyro-frequency
LowerHybridFrequency
LonPlasmaFrequency
LonLatmorRadius
SheathCapacity
SheathConductancebyLP
SheathResistancebyLP
SheathConductancebyIPL

ﾚｷﾞ§

Te°K

心μ::1

な昌

-6.8χ10‾5

9.1×1051.9×105

(1500)

0.280.62

8.644.06

8.563.89

1.17

fLHRKHz4.27 4.15

fpiKHz31.614.4
^Lim

CSHpF

Gmho

R訟

Gmho

-

31-52

19-32

100

5.55

-

10-23

44-96

25

2.9×10‾5

1.9×104

1000

1.6

1.71

1.25

5.32

8.36

2.68

47

0.85-1.5

670-1120

1.8
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Fig.　５－７４　　　Frequency change of upper hybrid resonance due to applied

magnetic ｆｉｅ:Ld　;(a) 0.57 gauss, (b) 1.14 gauss.

47 pF deduced from　Lhi (1.65 V) within ａ measurement error.

Results of Applied Magnetic Field　　　The upper hybrid resonance frequ-

ency Is ａ function of ａ magnetic field intensity.　To identify the

Fhi　resonance to be the upper hybrid resonance frequency, an external

magnetic field is applied being controlled Its field intensity tc

change the electron gyro-resonance frequency.　(see section 3.1,

chapter Ill). Two ｅχamples of experimental resu:Its in the ｈｅ:Llum plasma

with the gas pressure of　　　１．４×１０‾４　torr・,and the electron density

of　。４．０× １０　ｃｍ‾３　are shown in Fig. 5-7A, (a) and (b).　The produced

magnetic field intensities are 0.5 gauss and 1.14 gauss;　outputs of

the binary counter for Fhi　corresponding　to these magnetic field inten-

sities are 2.386 MHz and 3.707 MHz, respectively.　Calculated values

of the upper hybrid resonance frequencies using the observed electron

density and the magnetic field strength are 2.41 MHz and 3.66 MHz,

which agree well with the observed data of Fhi　again. within the

measurement error.

-
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§4.ComputerSystemforDataAnalysis

4.1DataProcessingandAnalysisSystem

Thelargevolumeofdatatransmittedfromthesatelliteshouldbe

analysedwithpreciseorbitdatatofixthetﾆLme-spaceofeachdatum

point.Forthispurposeasystematicusageofacomputersystemhas

beencarriedout｡

Thedataaretransmittedtothegroundstationthroughthetelemetry

systemfromtwodatasources;one1Sdirecttransmissionon.real-time

baseandtheotheristhereading-outofstored-dataonthedatarecord-

er.Thereceivedsignals,ontheground,aredemodulatedtoobtainthe

differentialphaseshiftkeying(DPSK)codes･DPSKcodesaredecodedto

obtaindigitalbinarycodes･Thesebinarycodesarestoredinthetape

recorderwiththeframecountercodegiveninthespecia:Lportionof

telemetryframethat1SherecalledFandFocounter.Thesedata

areeditedbythecomputerthatcanbecontrolledbytheFORTRANIV

language,addingthestartingtime(UT)ofdataframe.Messagesthat

consistsofsatellitecodenumber,revolutionnumber,receivingdateand

time,frameperiod,datablocknumber,andcounternumbersofFandF0,

arealsoputintothecomputerwiththeobservationdata｡

Thepositionofthespacecraftiscomputedusingsixelementspara-

metersofthesatelliteorbitandItssecularvariations,andthetime

whendatawereobtained.^Datainbinarycodeonthemagnetictape

arerearranged,calibrated,andconvertedtophysicalquantitiessuch

as,electrondensity,impedancevalueofanantennainorbitandsoon.

OrbitalAnalysisThemethodstocalculatethesatelliteorbitinan

arbitrarycoordinatesystemhavebeenpresentedbymanyworkers(see

P.R.ESCOlba131017aSar/elview).Abriefsummary1Sgiventoshowthe

calculationprocedure.Inthepresentcalculation,followingorbital

elementsatepochtimeToaregiven;semi-majoraxisa[km],eccentricity

e9inclinationoftheorbitalplane1[degree],rightascensionofascend-

IngnodeΩ[degree],argumentofperigeeω[degree],meanmotionn
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Fig.5-75(a)Orbitplanecoordinatesystem(Xω,Υω,Zω)

andrightascension-declinationcoordinatesystem(xsY,Z)

(b)Geodeticcoordinatesystem.

【degree/min】,meananomalyM[degree],andtheirsecularvariations

duetoperturbationaroundtheKeplerianorbit.Theeccentricanomaly

EisdeterminedfromKepler゛sequation.･

E-M=esinE (5.13)

InFig.5-75(a),thegeometricalrelationbetweentheorbitplaneCO-

ordlnatesystem(XωsΥω9Zω)andtherightascension-dec1inatIonCO-

ordlnatesystem(χ,Y,Z)isindicated.ThevectorY(seeFig.5-75

(a))showsthedirectionofthemeanvernalequinoxandZisthe

earth'srotationaxis.Theorthogonalcomponentsofthesatelliteposi-

tionareobtainedasafunctionofeccentricanomalyangleE,as

χω=a(cosE-e),

Υω゛a/Fｺ‾i7sinE゛

Zω=0,

andthesecomponentsaretransformedintox9

1X
Y
Z

I ｷ]

211-

(5.14)

Y,andZcomponentsby,

(5.15)



(5.20)

212--

where cosωcosf2-sinωsinΩcosi,-sinωcosΩ-cosωsinΩcosi,

cosωsinfi+sinωcosΩCOSi,-sinωsinΩ十cosωcosΩcosi,

sinωsini｡cosωsinl,

(5.16)

Theposition(R101λE)1nthegeocentriccoordinatesystems1S

determinedfromtherelations,as

and

R=41‾i‾Fﾏ‾F,

0=tan‾l(Z/,/?‾7‾?),

λE°mod(360°+λ゛λg･360°)9

(5.17)

whereλEistheanglemeasuredeastwardIntheequatorialplanebe-

tweentheinertialχ-axis(directionofameanvernalequinox)andthe

observer'smeridian,andλgIstheGreenwichangle,thatis,theangle

betweentheinertialχ-axisandtheGreenwichprimemeridian.Theprac-

tica:Lcalculation.ofGreenwichsiderealtimeatohourU.T.canbeaccom-

plishedbymeansofthefollowingformula,^''

λgo=99°6909833+36000.7689Ty十〇.00038708T2(5.18)

wherethetime1Smeasuredincenturiesas

JD-2415020.0
TU=36525 (5.19)

andJDistheJulianDatewhichisacontinuingcountofeachday

elapsedsinceJanuary1,4313B.C.TheGreenwichangleλgatanytime

△tofdaycanbeobtainedifitisknownthatthere1Soneextraside-

realdayforeverytropicalyear,i.e..

dλ
-
dt
=1十罵石･Ξ1五死丙-[revolutions/day]

=0.2506844773 [degrees/minute]



then λg°λgo+△t‘dλ/dt (5.21)

Theposition.(恥φ9λE)1nthegeodeticcoordinatesystem(seeFig･

5.75(b))isdeterminedfortheheightHfromtheearth'ssurfaceand

thegeodeticlatitudeφ,as

H=､/(XO-XI)2十(ZO-ZI)2､

and

where

φ=tan爽1(なぞ(t),

xi=RCOS0,

Zl°Rsine,

zo゛ZiXo(l'eE2)/(xl‾eE2×1)1

andx01soneoftherootsofthefollowingquartic,

X4十a1×3+a2×2十a3X十a4゛0,

with ai=-2×i/ei.

a2°‾al十xl/eil十(1-el)yl/el:,

a3=2agxi/eg,

a4=-alxl/el･

(5.22)

(5.23)

IntheseequationsaEistheequatorialradiusoftheearth(6378.160

km)andeEtheeccentricityoftheearth(0.08182).Thetransforma-

tionfromgeocentriccoordinatestogeodeticcoordinatesadaptedhereis

tosolvethequartlcbyNewton'smethodandtodetermineoneoftheroots

thatIslocatedinthesamequadrantasthepositionin十thegeocentric

coordinatesystem.Inthiscomputations,theconvergencelimitto

obtaintheroot1Ssetotbe0.1kmwhich1Sanadequateresolutionfor

thedatasamplingofthepresentobservation｡

Theinversetransformationfromgeodeticcoordinates(H,φ9λE)to

geocentriccoordinates(R,e9λE)lseasilyobtainedas
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and

where

and

R=(xl十zl)1/2,

e=tan~^(zi/xi).

xl°(7=白≒=Fi=F十H)cosφ
こ不匹

z1'(
(1‾4)8E十H)sinφ

四阿匹写

(5.24)

(5.25)

(5.26)

(5.27)

Thegeomagneticcoordinatesystem(Om,λEm)areusedextensively

inphysicsofgeomagneticPhenomena.308Thenorthernandsouthern

pointswheretheaxisofthecentereddipole,that1Ssettogivethe

bestapproximationtotheearth'smainmagneticfield,intersectsthe

surfaceortheeartharecalledgeomagneticnorthandsouthpole,respec-

tively.ThegeomagneticnorthpoleisnearThule,Greenland,at290.239°E

geographiclongitudeandapproximately11.435°fromthegeographicnorth

poleonthismeridian.Thus,thegeomagneticdipolelatitudeomand

dlpolelongitudeλEmcanbeeasilyobtainedfromgeocentriclatitude

andlongitudeasfollows｡

sinem=sln6cosll.435°十COS0sinll.435°cos(λE-290.239),

and sinλEm=cos6sin(λE-290.239°)/coseji.･ (5.28)

ThegeomagneticfieldintensitycanbecomputedIngeocentricspherical

coordinates(R,6,λE)aSnotedinsection2.2,ChapterIV｡

TheelectrondensityintheIonospheredependslargelyonthelocal

time,thatis,thesolarzenithangleattheobservedposition.Using

theuniversaltimeUT[hours]andtheeastlongitudeλE[degrees]jthe

localtimeLT【hours】attheobservedposition1Sapproximatelycalcu-

latedby

LT°mod(UT゛λe/15°s24) (5.29)

Theelectrondensityprofilesalongthespacecraftorbitare
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describedwiththeobservedpositionthatisexpressedonthegeocentric.

geodeticandgeomagneticcoordinatesystemswiththelocaltime.

4.2CalibrationMethod

Thedigitaldatarecordedonthemagnetictapeatthegroundstation

arerearrangedaccordingtoobservationalItemslistedInTable5-1.

Aftercorrectionsofequipmentcharacteristicsduetotemperaturevaria-

tloninthesatelliteenvironment,thedataaretransformedtophysical

valuessuchasfrequenciesandtheadmittancevaluesduetothecalibrat-

eddatabytheequipmentforeachItem.

1)CorrectionsoftheThermalShift:Asindicatedinsection3.2,

theoperationcharacteristicsofinstrumentsonboardspacecraftdepend

largelyontheoperatingtemperature.ThetemperatureoftheIPSpre-

am万pliflerIsmeasuredwiththehousekeepingInstrument(HK).Correc-

tionfunctionforthedatawithrespecttotemperatureTisexpressed

inaformoftheseriesof△T=T-20usingthestandardtemperature

of20°Cas.

N

%'No+χCn(△T)゛"1

n=1

(5.30)

whereNtandNoarethedatavaluesatT°C(thetemperatureofpre-

amplifier)and20°Crespectively.ThecoefficientsCnl(n°:11万･･･.N)

aredeterminedtomakethebestfittomeasuredresultsthathavebeen

obtainedbythethermalvacuumtestasshowninFig.5-70.

2)UpperHybridandSheathResonanceFrequencies:Sincethegate

pulsewidth.ofthefrequencycounterforFhiandFh21S19.692ysec.

therelationbetweenthedigitaldataNoandtheresonancefrequency

fisgivenby

f罷Rorfcm)=NoX50.782[kHz].

3)AdmittanceValuesat0.3MHz,^UHR≫and13MHz:

● 215-
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Calibrationcurves



fortheadmittancevaluesat0.3MHzand13MHzversusdigitaldataaでe

deducedfromFig.5-60.Thecalibrationfunctionisgiven-bytheexpres-

slon,as

LhiorLh3=10大大 CnNo
n-1
[pF]. (5.32)

n･1

Therearetechnica:Ldifficultiestoobtainthemeasuredcalibration

functionforLhz,becauseLh21stheadmittancevalueatupper

hybridresonancefrequency･ThatIs,thecalibrationdataforLh2

largelydependontheresonancefrequencyitself.Thecalibrationis

thenmadeus:ingalinearinterpolationmethodas

Lh2=Lh3'十|ﾄ三{!jy･(Lhl゛-Lha') (5.33)

whereLhi'andLh3'arethecalibratedvalues,usingeq.(5.32)of

therawdatacorrespondingtoLh2.

4)LowerHybridResonanceFrequency:Thelowerhybridresonance

frequencyF又isdeducedfromC£1~4whichareoutputvaluescorre-

spondlngtofrequenciesof1｡25,3.85,6.65,and10.1kHz.The

calibrationfunctiongivenasthefrequencyversusdigitaldata.1s

giveninquadraticequationbyleastsquaresusingC又1~4whichare

obtainedinthesameperiodofthetelemetryframe.Thestandard

digitaldatacorrespondingtoCjと1~4are42,93,142,and187,re-

spectively.Thesevaluesareusedasalternatedatawhenthemisdetec-

tionsonanyC兌1~4arerevealedintheonboardoperations･

5)AdmittanceValuesat1.25,3.80,and6.65kHz:Admittancevalues

forL兌1~3InIPLchannelhavebeenobtainedafterthethreestepsof

corrections.ThefirstIsthecorrectionduetothecharacteristicof

theencoder(ENC),thatcanbecarriedoutusingafunctionas

3
VI=

X

n=l

CnNon‾≒ (5.34)

whereN01stheobtaineddigitaldataforL見1~3.Thesecondcorrec-

tionヽ1sforthegateandholdcircuits;thecharacteristicsaregivenby
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VO=

3

χ

n°1

Cnv1
n-1

(5.35)

whereVoandViareinputandoutputvoltages.TheinputsVo

versusoutputsVicharacteristicsofthegateandholdcircuitare

giveninFig.5-45･ThethirdcorrectionIsduetotherelationofthe

outputvoltagefromthelogarithmicamplifierandtheantennaadmittance

valuethatisgivenInFig.5-64:thefunctionishereexpressedby

5
L兌1~3=10**χCnvoil‾1[pF;V01nvolt]

n=1

(5.36)

A11thecoefficientsCnineqs.(5.30)to(5.36)Includingthe

calibrationcurveforthetemperatureofpre-ampliflerversusdecimal

valuesofHKoutputs(wordnumberofW81nthetelemetryframewhose

Fcounternumberis18)aregiveninAppendixE.

4.3ComputationofElectronDensity

Theelectrondensitydistributioninglobalscalearededucedfrom

themeasuredupperhybridresonancefrequencyfuHRwiththedataofthe

positionwhereobservationswerecarriedout.usingeq･(1.45)inwhich

gyro-frequenciesfuwerecalcu:Latedfromeq.(4.16).Inadditionto

theupperhybridresonancefrequency,theadmittancevalueat300kHz

(Lh1)wasalsoused,thatshowedtheminimumvaluewhentheUHRreso-

nancefrequencycoincidedwith300kHZ｡

Toshowelectrondensityprofilesasafunctionsoflocaltime.

latitude,andgeomagneticcoordinates,theautomaticgraphicaldisplay

methodisemployedusinganelectroniccomputersystemwithax“Y

P:Lotter.Thedataonspacecraftﾆpositionsasnotedinsection4.1and

theobservationdataarealsostoredinthecorrespondingaddressesof

thecommonareaofthecomputercorememorytoaccessquicklydueto

theprogramdemand.Themagnetictapesarepreparedbycombiningand

rearrangingthesedataandtheparameters,includingoperationalfunc-

tionsfortheX-Yplotter.Theflowchartofcomputingsystemsfor
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thesedataanalysisisillustratedinFig.5-76.

･ABBREVIATION

'UHR:UPPERHYBRIDRESONANCEFREQUENCY

tsHR:SHEATHRESONANCEFREQUENCY
C300:EQUIVALENTCAPACITYAT300kHz
CuHR:EQUIVALENTCAPACITYAT'UHR
C13M:EQUIVALENTCAPACITYAT13MH7

'[FHR:LOWERHYBRIDRESONANCEFREQUENCY
C125:EQUIVALENTCAPACITYAT1.25kHz
C380:EQUIVALENTCAPACITYAT380kHz

C66!):EQUIVALENTCAPACITYAT6.65kH2

Fig.5-76Flowchartofdataanalysissystem･
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ChapterVIDISCUSSIONOFRESULTSOBTAINEDBYTHEGYRO-PLASMA
PROBEONBOARDTHESPACECRAFTREXS

§1.Introduction

Mu4S-4rocketwaslaunchedfromtheKagoshlmaSpaceCenter,

Uchinoura,Kagoshlma,Japan,at02:40UT(11:40JST),August19,

!L972.At7mln8secafterthelift-off,thefourthstagemotor

injectedthespacecraftREXSintoorbitatthealtitudeof283km,

withthespeedof8.897km/sec.Thesatellitewasnamedby"DENPA

(RadioWave)"whichbearstheinternationaldesignation"1972-064A".

Mu4S-4LaunchingMu4S-41sasolidpropellantfour-stagerocket

designedasavehicleforlaunchingthescientificsatellite.Total

weightofthevehicleis･43,522kg,thelengthIs23.698m,andthe

diameterofthefirstandsecondstagesis1.41m.Eightstrap-on

boostersareattachedtothefirststageinordertoaugmentthe

thrustatthelift-offtimeandarejettisonedat9.5secondsafter

lift-off.Thefirststageflight18stabilizedaerodynamicallyby

cruciformfins.Aftertheburnoutandthecoastingof20seconds,

thenosecoveringIsjettisonedatthealtitudeof50k皿,approximately,

andthenthefirststagemotorisseparatedfromtheupperstage･

Ignitionofsixspinmotors,anddeploymentofsixsheetsofflares

takeplacetoobtainthespinstabilizationintheaxialdirectionof

thetotalspacecraftkeepingthespinmotionof2.6rps.TheIgnit-

Ionofthesecondstagemotortakesplaceinseriesattheinterval

oflsecond.Thethirdstagemotorburnsaftertheseparationof

thesecondstagemotor.Thealtitudecontrolsystemislocated

betweenthethirdandfourthstages.Afterjettlsonofthethird

stagemotor,thespinningmotionoftheupperstagespacecraft1S

sloweddownbyapairofsoliddespinnlngmotors.Theattitude

controlsystemstartstooperate,then,todirectthevehicletothe

localhorizontalatthecorrespondingpeakaltitudeoftherocket
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trajectory.Thehydrogen-peroxide･enginefortheattitudecontrol

(roll,pitchandyaw)consistsoffourhydrogen-peroxidereservoirs･

twonitrogengasresorvolrsandeightjetnozzles.Whentheattitude

controlisfinished,apairofrolljetsgiveaspinof0.5rpsto

thevehicle.Apairofresplnmotorsareoperatedtoraisethevehicle

spinupt02.7rpstokeeptheaxialstabilityagain.Thefourthstage

sphericalmotor1SIgnitedatthepeakofthetrajectory.TheIgnition

Isdesignedtomakebyaprogrammedtimer.Aradiocommandsystemfor

theIgnition1Salsopreparedforthecaseofthedeviatingflightfrom

theplannedtrajectory.Thelaststagesphericalmotorprovidesa犬

velocityincrementtoachieveorbitalvelocity.Aftertheburnoutof

thelaststagemotorﾀthemainspacecraft1Sseparatedbyreleasinga

marmanclampkeepingthespinmotionforattitudestabilization.Three

retromotorsarefiredtodeceleratetheburnoutmotortogiveasafety

distancebetweenthemainspacecraft｡

Detaileddescriptionsandpreliminalyresultsaboutthelaunching

phaseofMu4S-4havebeenreportedbytherocketlaunchinggroup｡309

Inthischapter,theresultsobtainedwiththegyro-plasmaprobe

onboardthespacecraftREχSarepresented.Theperformanceandorbit

ofthespacecraftIncludingthepreliminaryexperimentaldatﾆaaregiven

insection2.Fromthemeasuredupperhybridresonancefrequency,the

electrondensitydistributioninthealtituderangefromabout240km

t06570kmwereobtainedandcomparedwiththediffusiveequilibrium

distribution.Thegeomagneticlatitudedependenceofelectrondensity

distributionintheFlayerandthefieldalignedscaleheightarealso

deduced.Theresultsaregiveninsection3.

§2.ExperimentandResults

2.1Performance

TheinstrumentsinREXSoperated

plannedprogrammeinthelaunching
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tionphase.Thefirststepofmonopoleantennawasdeployedby

thepre-settimer,andthesecondandthirdstepswereextendedby

theradiocodmandatthefirstandthesixthsatelliterevolutions,

respectively.AttheKagoshimaSpaceCenter,allthereal-timemode

telemetrydataaswellastheonboardtape-recorderplaybackmodedata

werereceivedfromAugust19t022.0nAugust22,09:07JSTwhenthe

hightensionelectricalcircuitoftheelectronfluxanalyser(EBA)

wasswitchedonatthefirsttimeafterthelaunch,afatalaccident

tookplace.Thepowersuppliesofthespacecraftfell1nsomeabnormal

condition,andthetelemetryencoderceasedtooperatenormallyso

thatanymeaningfuldatahaveneverbeentransmittedafterwards.

Therefore,thedataduringthefirstt026threvolutionsaroundthe

earthwereavailabletomanipulate.

Theattitudeofthespacecraftwasmeasuredbytheflux-gate

magnetometer(MGS).310Thisgivesthedirectionofspinaxisinthe

rightascensionof250°±5°,declinationof-15°±3°,withcorning

angleoflessthan5°.Theanglebetweenthespacecraftspinaxis

andthedirectionofthesun1Sestimatedtobe108°.Theattitudeof

thespacecraftintherightascension-declinationcoordinatesystemis

illustratedinFig.6-1.Thespinratewas2.99rpsatthetimeof

injection,decreasinggraduallyvrLthtimeatrateof-0.01rps/100

revolutions.

Thepost-launchingradiotrackingwasmadebythecollaboration

ofJapanesenetwork,NASA,andCNEStrackingstations.Theroutine

radiotrackinghasbeenconductedbyOrbitComputationCenter(Tsukuba)

ofNationalSpaceDevelopmentAgency(NASDA),usingthedataoftrack-

ingstationsatKatsuura,OkinawaandUchlnoura(KSC),Thespacecraft

hasbeeniniectedintcヽanellipticorbitandtheresultoforbital

elementsofREXSonAugust21reportedbyNASDAare;

EpochTime

Semi-majorAxis
Semi-majorAxisDot
Eccentricity

1972,8,21.00.00.00U.T.

a
･
a
e

【km】
[km/day]
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9784.453

0.0

0.3233



Inclination
R.A.ofAscendingNode
MotionofAscendingNode
ArgumentofPerigee
MotionofPerigee
MeanMotion
MeanMotionDot
MeanAnomaly
AnomalisticPeriod
PeriodDot
HeightofPerigee
HeightofApogee

i

ω
･
ω
n
･
n

M

U

【deg】
【deg】
[deg/day]
[deg]
[deg/day]
[deg/min]
[deg/min/day]
[deg]
[min]
[mln/day]
[㎞]
[km]

31.002

41.392

-2.383

127.878

3.717

2.244

0.0

319.170

160.533

0.0

242.983

6569.593

Theseparameterswereusedtocalculatethespacecraftpositionwhere

theobservationwascarriedout.TheorbitofthespacecraftREXS

projectedontheearth'ssurfaceisillustratedinFig.6-2.Since

theanomalisticperiodofthis

spacecraftwasabout24hours/9.

theorbitsofrevolutionnumbers

AχISOF
ofnandn+9areapprox:1皿ate-

1ythesame.And,thedeviation

ofthelocaltimesatthesa万me

phases'ofthespacecraftposi-

tionsinorbitIsapproximately

equaltothemotionofascending

nodeandisverysmall.Fortu-

nately,thesefactsarevery

convenienttoInvestigatethe

physicalconditionsoftheelec-

trondensityprofilesintheiono-

sphere.

2.2ResultsandDataAnalysis

TheIPSinstrumentsonboard

thespacecraftREXShasbeen

successfullyoperatedandthe
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ATTITUDEOFREXSR.A.=250"±5‘

DEC=-15°±3゛

(AUG.19T021)

Fig.6-1Attitudeofthe

craftinrightascension-

space-

declinationcoordinatesystem
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Fig.6-2OrbitofREXSSatellite.

measuredvaluesofalltheobservationalitemshavebeentransmitted

throughthetelemetrysystem.Thereal-timetelemetrydatawere

recordedonthepapertapes,andtheonboardtape-recorderplayback

datawerestoredonthemagnetictapes.BoththesePCMsignalswere.

also,senttothemainquick-lookequipmentandconvertedtoanalog

signalsthatwerediplayedbythepen-recorders.TheIPSquick-look

sortedthesetime-serialdataofmodeIlland112Intosixparallel

channelsthatincludetwoitemseachasFhiand71in#1,Fh2andFjと1n

#2,LhiandL£1In#3,Lh2andL兌2in#4,Lh3andL兌3in#5,and,

C£i~i,.in#6.InFig.6-3,anexampleofthedatadisplayedbythe

quick-looksystemissho＼mforthecaseofrevolution‘#23,onAug.

21,1972.Anoverallprofileofthemeasuredvaluesofeachobservat-

ionalitemduringonerevolutionperiodofthesatelliteobservation

canbeclearlyfoundfromthischart.Theupperhybridandsheath

resonancefrequencies(FhiandFh2)areincreasingfromthebeginning

oftherecordandshowthemaximumvaluesattheheightofabout390

kmwhichcorrespondstotheheightofF2peak.Abovethisaltitude,
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Fig. 6-3　　Records of 工PS quick-look (rev.　//23, Aug 2:L, 1972)

the values are gradually　decreasing. The admittance value at　^UHR（Ｌｈ２）

is Inversely correlated to the values of Fh,　and Fh2 ．　The value of

Lh3　shows　the　admittance　of　the　antenna　In　free　space.　and

slightly decreases as Fhi　increases.　Admittance values at VLF range

(LJi) are abrupt:ly changed when the spacecraft passed through the

shadow line due to the earth.　The detailed features of the observed

data ｗﾆＬ１１be given later。

　．　To check the instrument operation, the command signal ”PI CAL ＯＮ”

was　transmitted at the revolution #17.　The transmitted data of sub-

carrier frequency through a A00.5 MHz for the frequency monitor of the

crystal controlled osci:Llator for the gate control ＣﾆIrcuit of the

high frequency gyro-plasma probe was just 5.59 kHz.　The swept　frequency

of　the low frequency gyro-plasma probe was from 5.01 kHz　to 5.23 kHz,

as shown in Fig.　6-4.　These calibration data showed quite normal values

as noted in section 2.4, Chapter ｖ．
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　　　　　Thetemperature in the pre-ampl±fier was monitored by the house

keeping instrument, the data from the revolution　〃Ｏ　to　#２５　being

plotted in Fig.　6-5.　The temperature was about ５６°Ｃat the beginning

phase of the orbiting.　As the spacecraft passed through the sunlit
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andtheshadowregionsperiodically,thetemperatureoscillatedwith

anamplitudeofabout4°Cduringonerevolutionexceptforthecase

oftheinitialrevolutionthatindicatearapiddecreaseofthe

averagetemperature.Thesedataareusedforthecorrectionsofthe

observeddatacorrespondingtotheoperationaltemperatureofthe

equipment｡

ExamplesoftheobserveddataforeachobservationalItemasa

functionoflocaltimeareillustratedinFig.6-6t014,beingcon-

vertedfromthebinarycountstothecorrespondingfrequenciesand

theequivalentcapacitancevaluesthroughthecalibrationmethod.

2.3ObservationofIonosphericPlasmaResonance

UpperHybridResonanceFrequency,FhiFigure6-6showsthetypical

variationoftheupperhybridresonancefrequencyduringonerevolution

(Rev.#6).Eventhougharandomscatteringofdatapointsisappreci-

able,thelowerboundaryofthedetectedfrequencyvaluesIsindicating

acontinuousprofileversusaltitude.Thescatteringofdatacanbe

attributedtoanoisethatmaybeimpressedontheantenna.Thenoise

frequencycouldbeInaudiofrequencyrange.Thenonlinearmodulation

oftheImpressedr.f.signalcanbedetectedlikearesonancepoints

eventhefrequencyiscompletelyindependentoftheUHRresonancefrequ-

ency.Whenthespacecraftwaspassingthroughtheshadowregion,the

solarcellsandelectricalcircuitsinthespacecraftareconnected

throughthediodesinthepowersupplycircuits.whilethediodesare

cutoffintheshadowregion.Thispointsuggeststhatthenoisecame

fromtheelectricalcircuitsinthespacecraftitselfthroughtheSo:Lar

cellsintothesurroundingplasmameditun.Thenoiselevelsatthe

antennacanbeestimatedtobe1,I4mV/mfromthescatteringofthe

admittancevalues(seeFig.6-9~14).Oncetheresonantpoint1S

detected,theautomaticdetectionoftheminimumpointisstoppeddur-

ingthesweptfrequencyperiod.ThismeansthatUHRresonancebecomes

thelowestpossiblefrequencyforthesucceedingtrialoftheminimum

226-



|

N

N

s､』

|

{
り
'
‘
Σ
}
″
U
Z
山
D
O
山
ぽ
ｋ

{
/
}
1

1
1

9
8

6
5

4

3

2

6

5

4
l
O

^
H
w
;
a
;

2

樺
暗
撫
ぺ
々
婬
肘

.ぎふ:

ii●,!.･

寸寸･

X竃X心X

寸罵

UPPERHYBRIDRESONACEFREOUENCr:Fh.fREV6j

:s

"
■
■
"
･

"
'
.
-
I
"
.
I

ぷ;¬

I■■

s'.l

Us1ﾀﾞ

9

LOCAL

Ｌ
り帰

館
･

12

T刺E

い
枇
い

〔h･･〕

ｿｷ

①で

瞳●･●゛･f■l●S
毒?i

!･:
■―1:･｀

ぷ:.｀･'々･･

いS'り"･'fKﾆﾌ

SHEAIHRESONANCEFREQUENCY;Fh.lBEV6l

皿城寸糞

~
翼

18

21

LOCALTIME(hour】

24

2
1
I
Ｉ

9
8
7
6

〔
'
>
m
a
;

4

3

2
Ml-^

LOWERHYBRIORCSONANCEFREQUENCY:FμREV8)

LOCU.THE(kx･)

15 18

2

Fig.6-6Upperhybridresonancefrequency(Fhi);

rev.//6.

Fig.6'7Sheathresonancefrequency(Fh?);rev.#6

Fig.6｀8Lowerhybridresonancefrequency(FA);

rev.#8.



｀心_

detectionunderthesuperimposedseverenoisedisturbances｡

Theelectrondensityvaluescanbededucedfromthesedetected

UHRfrequencies.Theperigeepointofthespacecraftorbitisat

13:35L.T.anditsaltitude1S247km.Beforearrivingandafter

passingthispoint,twomaximaoftheupperhybridresonancefrequencies

wereappeared.Thealtitudesandthevaluesofthesepeaksarecorres-

pondingtothoseofF2peaksatthedifferentpositions.

SheathResonanceFrequency,Fh2.Figure6-7showsthemeasured

sheathresonancefrequenciesattherevolutionit6.Theadmittance

valueoftheantennanearthesheathresonancefrequencyishigh;the

noiseratiotothesignalisthereforenegligiblysmalltoavoidthe

misdetectlonoftheresonanceduetonoise.Inadditiontotheusual

sheathresonance,thesecondandhigherharmonicsofthesheath

resonancehavebeenrevealed,aswasdoneforthecaseoftherocket

bornegyro-plasmaprobeexperiment(seesection4.3,chapterIV).

AssumingthemagneticfieldIsappliedperpendiculartotheantenna

surface,thesheathresonancefrequency^SHRIsapproximatelyexpres‘

as

^SHR゛(fH2十T{R

ﾐ
ｻﾞ}1/2 (6.1)

whereCsIsasheathcapacitancenormalizedbyanantennacapacitance

1nfreespace.Asisobviousfromthisequation,thesheathresonance

frequencyIncreasesasthegyro-resonanceandtheplasmafrequencies

increase.Namely,thesheathresonancefrequencychangesitsvalue

correlatingwiththevariationoftheupperhybridresonancefreque｡ncy

ashasbeenshowninFig.6-7.SincethesheathcapacitanceCsdepends

largelyontheelectrontemperature,theelectrontemperaturecould

bededucedfromtheobservedsheathresonancefrequencyusingthe

electrondensityandthestrengthofthegeomagneticfield.Butmore

accuratecalculationforthesheathresonancefrequencyasafunction
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ofelectrondensity,temperature,shapeofanantenna,etc.shouldbe

required.

LowerHybridResonanceFrequency,FJlFigure6-8showsthemeasured

lowerhybridresonancefrequencyduringtherevolution#8.Sincethe

admittanceInthelowerfrequencyregionexcepttheresonancecanbe

expressedbytheparallelcombinationofthesheathcapacitanceand

resistance,theadmittancevaluedecreasesasthefrequencyIncreases.

And,themeasuredvalueIsthelastsampledand゛storeddatainone

frequencysweep.Asismentionedbefore,thepseudo-resonances

(noises)triggeredtheautomaticresonancedetectioncircuitforthe

lowerhybridresonanceandthisnoiseswerelogarithmicallyenhanced

1ntheloweradmittancevalues.Therefore,thelowerboundaryofthe

obtaineddataareconsideredtobethelowerhybridresonancefrequen-

cy.Thisresonancedetectionsdidnotoperatedintheloweraltitude

(<100km)duetothecollislonaleffectandintheshadowregions

wheretheionsheathregionformedaroundtheantennaincreaseddue

tothevehicle'spotentialdrop.Usingthesedataandeq.(5.10),

theeffectiveIonmassinthealtituderangefrom1000kmt06500km

wascomputed.AssumingthattheeffectiveionmassMeffisequalto

2.0alongtheascendingpath(1000km~^000km,9=+11°~-20°)

andequalt01.0alongthedescendingpath(6400km~3000km.

em=-26°,-7°),thelowerhybridresonancefrequenciesarecomputed

usingthemeasuredelectrondensitiesandthecalculatedgeomagnetic

fieldintensitiesalongthespacecrafttrajectory,andshowninFig･

6-8bydottedlines.ThisresultIndicatesthattheheavyIonssuch

asHe十existintheequatorialregionupt04000km.

2.4ObservationofAntennaAdmittance

AdmittanceVaiueat300kHz,LhiFigure6-9showsthevariationof

admittancevaluesat300kHzduringtherevolution#6.Whentheupper

hybridresonancefrequencyIsmuchlargerthan300kHz,thisadmittance
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valuerepresentstheadmittanceofIonsheathsurroundingaantenna

Inaplasma.TheformationoftheionsheathIslargelycontrolled

bythedifferenceofthethermalvelocitiesbetweentheelectrons

andIons.Therefore,thisadmittancevaluethatrelatest010n

sheaththicknessdependsontheelectront万゛万11｀万perature.Thesheath

resonancefrequencyisalsothefunctionofthesheaththickness.

Thiscanbecheckedusingthemeasureddata.Forexample,

^SHR°3.305MHz,fUHR°9.090~9.293MHzat14h4im15.25S(L.T.),

andthenthesheathcapacitancededucedfromthesheathresonance

frequencyusingeq.(6.1)Is183~192PF,whilevalueat300kHzIs

185+7pF.
-

Whentheupperhybridresonancefrequencyiscloset0300kHz,

.-~〃j●.』●
tomeasuretheadmittancevalueat300kHzis!equivalenttoafixed

frequency:Impedanceprobe.Theminimumandmaximumpointsofthevalues

inacertainperiodacrossthemagnetosphereareidenticaltotheupper

hybridandthesheathresonances,respectively.Theequivalentcapacit-

ancevaluecanbeusedtodeducetheelectrondensity.Inthecaseof

therevolution#6,thisminimumpointwasrevealedatthealtitudeof

5955kmwherethegeoma万gneticfieldIntensitywas0.068gauss,and

thentheelectrondensityatthatpositionwascalculatedtobe

8.29×102cm

Theadmittancevaluewereabruptlyvariedwhenthespacecraft

passedthroughthesun'Sshadowlineduetotheearth.Thisphenomena

werealsofoundclearlyInthe10Wfrequencyside(LZi､3).This1S

consideredtobeduetotheantennapotentialchangewithrespectto

thespacepotential.1nthesunlitregion､thephotoemlssionsfrom

theantennasurfacereducestheacctmiulatlonoftheexcesselectron

despiteofthedifferenceofthermalvelocitiesbetweenelectrons

andIons.Thiseffectliftstheantennapotentialclosetothespace

potential.Theadmittancevalueofthesheathincreasesasaresult

ofthedecreaseofthesheathradius.Thespacecraftortheantenna

potential1Slargelycontrolledbythephotoemlssloneffectsas

Indicatedbythisresult.Thissuggeststhattheelectrondensity

measurementwithanystaticpotentialanalysershouldbecarefully
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plannedtoavoidthepotentialchangeduetothisphotoemission

effectintheverytenuousplasmaregions.

AdmittanceValueat^UHR'Lh2Figure6-10showsthemeasured

admittancevaluesattheupperhybridresonancefrequency.Th±s

valuerepresentsaQvalueoftheresonance,thatis,thevalues

decreaseastheQvaluesincrease.Theadmittancevalueatthereson-

anceissosmallastobecoveredwiththeaforementionednoisesin

thesunlitregion.It1Sobviousthatthevaluesdecreasedwhenthe

spacecraftpassedthroughtheF2layerwheretheelectrondensityincre-

ased.Whilethecollisionfrequencybecomesvery10WabovetheF2layer,

theQvalueoftheresonancedecreased.Thisindicatesthatthesome
‥｡･,j'･･い.

dissipativemechanismsbesidesthecollisionmayoccurevenina

collisionfreeplasma.

AdmittanceValueat13MHz,LhaFigure6-11showsthevariationof

admittancevaluesat13MHzduringtherevolutioTV#&.Thisadmittance

valueisamonitoringoutputofthecapacitanceofanantennain

freespace,andthemeasuredadmittanceindicatedthevalueof26pF

thatIsjustcoincidewiththeantennacapacitancemeasuredinthepre-

flightoperationtests.Whentheupperhybridresonancefrequencywas

closet013MHzintheF2layer,theadmittancevalueswereaffected

bytheplasmaresonanceandvarieditsvaluelikearesonance.

AdmittanceValuesatl｡25kHz,3.80kHz,and6.65kHz,Ui,LS,2.

Ljと3Figure6-12,13,and14showstheadmittancevaluesat1.25kHz,

3.80kHz,and6.65kHzmeasuredbythelowfrequencygyro-plasma

probe.Asnotedinsection3.3,chapterV,theadm!ttancevaluein

thisfrequencyrangeIncreasesasthesheathresistancedecreasesas

aresultoftheincreaseoftheelectrondensity.Thesheathresist

anceandcapacitancearededucedfromeq.(5.11).Forexample,the

admittancevalueswere8103.5pFat1.25kHz,3557pFat3.80kHz,

and2678.5pFat6.65kHzatthealtitudeof595kmwheretheelectron

densitywas2.7×105cm‾3.Usingthesevaluesandeq.(5.12),the
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sheathresistanceandcapacitancearecalculated,I.e.,R=600n~

680nandC=2100pF~2500PF,andthecondition(ωR)｀1>Cis

satisfied.Thereasonforthevery10Wvalueofthesheathresistance

Isconsideredthatthephotoemlsslonfromtheantennametalsurface

actst0Increasetheconductivityofthesheathregion.Intheshadow

regionwherethephotoemlsslon1Scutoff,thesheathresistance

abruptlyincreasedtobeseveralhundredkilo-ohmsandthesheath

capacitancealsodecreaseditsvaluetobeseveraltensplco-farads.

Asforthepotential0ftheantennawithrespecttothespacepotential

inthecaseoftheaboveexample,thevalueofabout-0.05voltsis

calculatedfromeq.(5.12)iftheelectrontemperatureof1500~2000°K

wasassumed.Inthiscase,thecomputedfloatingpotential0fthe

antennaIsabout-0.5volts.Thisdifferenceoftheantennapotential

wasalsocausedbythephotoemlssioneffect.

A11observationsweresuccessfullycarriedoutintheexperiment

withIPSonboardthespacecraftREXS.Operationsoftheautomatic

detectionsystemsasthesatelliteborneinstrumentweresatisfactorily

performedandconfirmed.Thedataforresonancefrequenciesandadmltt-

ancevaluesofanantennainamagnetosphericplasmawereobtained.

Especiallythedetectionoflowerhybridresonancebytheimpedance

measurementmethodhasbeenmadeforthefirsttime.Fromthesedata,

globalelectrondensityprofilesandtheeffective10nmasshavebeen

calculated.Theadmittancevaluesasafunctionofelectrondensity.

theelectrontemperatureandtheantennapotentialhavebeendiscussed.

Thephotoemissioneffectsontheantennapotentialanditsrelation

toadmittancevaluesInawidefrequencyrange(1kHzt013MHz)have

beenrevealed.Noisesfromthespacecraftitselfdisturbedthesignal

tobedetected.butthesignalcouldbeclearlydiscriminatedfrom

thesenoises.
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§3.ElectronDensityProfileintheIonosphere

3.1TopsideIonosphere

Fromthemeasuredupperhybridresonancefrequency,theelectron

densitycanbededuced,usingthegyro-frequencythatiscomputedfrom

themeasuredlocalgeomagneticfieldintensityatthesatelliteposi-

tion.Figure6-15showsthecalculatedgeomagneticreferencefield

intensitiesalongtheREXSorbit(solidlines)andthemeasuredvalues

withtheflux-gatemagnetometer(MGS310)onboardthespacecraftatthe

revolution#6.ThegeomagneticfieldchangesItsIntensityfromabout

0.039gaussto0.43gauss.Sincecalculatedvalueisagoodapproxima-

tlonofmeasuredvalue,thegeomagneticreferencefieldwasemployedto

computethegyro-resonancefrequency.Assumingallthedetectedvalues

(ashavebeenshownInFig.6-6)tobetheupperhybridresonancefrequ-

ency,theelectrondensityvaluesversusthegeomagneticlongitudeare

calculatedandoneexampleoftherevolution〃161sillustratedinFig･

6-16.

Figure6-17(a)and(b)showthedistributionsofthesevalues

versusaltitudealongtheascendinganddescendingpaths.Asdemon-

stratedintheprevioussection.,thelowerboundariesofthesemeasured

valuesshowelectrondensityprofilesalongthespacecraftorbit.A11

measuredelectrondensityprofilesinthealtituderangefrom240kmto

6570kmareshovmInFig.6-18(a)and(b),correspondingtotheascend-

Ingpathsandthedescendingpaths,respectively.Sincethespacecraft

traiectoriesoftherevolutionnumbersofnandn+9(n;Integer)take

approximatelythesamepositionwithrespecttothesolarcoordinate,

thegroupingsofthesameorbit(forexample,therevolutionnumbers拓,

到.5and#24)aremadeInthesefigures.Localtimesatthespacecraft

positionswhenthemeasurementswerecarriedoutarecomputedandshovm

Inthefigures.Fromtheresonancesrevealedbyfixedfrequencyadmit-

tancevaluesat300kHz,electrondensitiesatthealtitudeofabout

6000kmwerededucedandshowninthefigurebythedottedcircles,from

whichthesolidlinesaredrawninaccordancewithR‾3andR--powerlaw
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models,whereRistheradiusvectoralongageomagneticfieldline.

Asforthedistributionofelectronsandionsalongthegeomag-

netlcfieldline.J.J.AngeramlandL.0.Thomas^018gaVethetheoretical
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considerationaboutitsdiffusiveequilibrium,takingintoaccount

theeffectoftheelectricfieldthatarisesfromchargeseparation,

thecentrifugalforcearisingfromtherotationoftheearth,andthe

effectofthegravitationalfield.Theircalculationispresented

insection2.3,chapterl(seeFig.1-11).Theverticalelectron

distributionuptoabout2000kmhasbeenobtainedbythegyro-plasma

probesIntheLambda3H-2,5and6sounding,rocketexperimentsas

describedinsection3.1,chapterIV.Thetheoryofthediffusive

equilibriumhasbeenverifiedtobeagoodapproximation十〇ftheobserved

electrondensitydistribution.Thistheoryisalsoapplicabletothe

electrondensityprofilesasshowninFig.6-18.FollowingBauer,^^^

andEviatareta1.,231theelectrondensityprofileoflon一石×bsphere

modeldistributionisgivenbyeq.(1.20).Asnotedinsection2.3.

chapterI,thistypeofdistributionisonewhichcorresponds･toa

diffusiveequilibrium,weightedbyafunctiondependentontheintensl-

tyofthegeomagneticfield.Inthisexperi皿ent,thedistributionsof

themeasuredelectrondensityvaluesaboveabout2000kmfitwiththe

powerlawmodelsratherthanwiththediffusiveequilibriumdistribut-

Ion.

3.2EquatorialFRegion

AsfortheelectrondensityprofileintheregionneartheF

layer,S.ChandradevelopedamodifiedChapmanfunctionwitha

variablescaleheightgradient,asnotedInsection2.2,chapterl.

Togivetheanalyticalformforthevariablescaleheight,amodified

ChapmanfunctiongivenIneq.(1.17),hasbeenfoundtobeingood

agreementwiththeelectrondistributionobtainedexperimentallywithin

theheightrangefromabout100kmbelowtheF2peaktoanaltitude

ofabout700km｡

工nthisexperiment,thefivedifferentgroupsofelectrondensity

profilesneartheF2layerinthedayt:Imewereobtained.Although

thelittledifferencescanbefoundwithinonegroupthatincludes
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threeobservationsalongthesameorbitalphase,thesedistributions

mainlycontrolledbythegeom万agneticlatitudes.Fig.6-19showsthe

averagedistributionoftheelectrondensityprofilesofonegroup

versusthealtitude.Duringthesethree-dayobservations,thegeomag-

netlcandsolaraCt:ivitlesweremuchthesameandwereslightlydls-

turbed;thesum0fKpindices(KpIs8geomagneticplaneta巧three“

+--
hour-rangeindex)are22,23,and24,therelativesunspotnum-

bers,Rz,are54,48,and60,andthedailysolarfluxat2800MHzare

116.2,117.9,and119.5(×10-"Wm“2Hz~^),correspondingtoAugust19,

20,and21,respectively.311'Torefertothevariationsduetothegeo-

,●
magneticlatitude,thegeomag-

netlclatitudesatthealtitude

of350kmarelistedInFig･

6-19;thevalueofthegroupa

Is23.7°northandthatofthe

groupd1S41.2°.Figure

6-20(a)and(b)showthegeo-

magneticlatitudedependences

of･theheightsofF2peakand

themj1万x:lmumelectrondensity

values0fF2layer.Asis

evidentfromthefigures,

themj1万xlmumelectrondensity

andtheheightofF2peak｡

Increasewiththedecreaseof

thegeomagneticlatitude.

Theloca:1timedependenceof

thesevaluesisconsideredto

benegligiblebecausethe

timeswhenthespacecraft

passedthroughtheF2peak

aremuchthesame;at

14:40to15:07(L.T.)in

theascendingphasesandat
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50

12:10t012:38(L.T.)Inthedescendingphases.Consequently,these

changesoftheelectrondensityandtheheightofF2peakareconsidered

tobeduetothegeomagneticcontrol｡

Figure6-21showsthelatitudinalvariationofelectrondensity

atthealtitudefrom250kmt0900km,intermsofelectrondensities

atconstantaltitudeversusgeomagneticnorthlatitude.Figure6-22

representsthecontourmapoftheconstantelectrondensityinthe

altitude-latitudedomain.Thelocaltimealongthespacecraftorbit

asgiveninthesame･figure,variesfromabout10:00t013:001nthe

descendingphaseandfromabout14:00t017:001ntheascendingphase.‘

Sincethere1SnoしlargedifferenceofthelocaltimeIntheobtainedl

dataaroundthe10Wlatitude,enhancementsofelectrondensityinthe

middlelatitudetowardstheequatorialregionareduetothewell-

knownequatorialanomalyasdiscussedinsection2.2,chapterl.The

dataobtainedbythetopsidesoundersatelliteAlouetteshowthe

remarkableenhancementsofelectrondensityabovetheF2peakupto

thealtitudeof700km.Theelectrondensitydistributionsobtained

bytheAlouetteobservationcorrespondingtoFig.6-211Sgivenin

Fig.1-6(p.18).Thetheoreticalcalculationofcontoursofelectron

densityasafunctionoflatitudeandheightgiveninFig.‘1-8(p.20)

correspondstoFig.6-22.Theseresultsindicatethedynamical

behavioursofthetopsideF2regionasdiscussedinsection2.2,
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60

chapterヽI.Inthehighlatitude,theelectrondensityintheF2

regiondecreases;thehighdensityregionexistsinthemid-latitude

aroundthemagneticdipolelatitudeof20°t030°(seeFig.6-22)｡

Assumingdiffusiveequilibriumalongfieldlines,thataltitudi-

nalandlatitudinalgradientsofIontemperatureTlandelectron

temperatureTgarenegligible,andthatthegeomagneticfieldcanbe

representedbyadipolefield,thescaleheightalongthefieldlines

Hsmaybewritten(S.ChandraandR.A.G01dberg312)as

ﾕ-

Hs
=べか器!一昔 (6.2)

whererisageocentricdistance.λageomagneticdiplatitude.

Usingaboveequation,thescaleheightHscanbededucedfromthe

measuredglobalelectrondensitydistribution.Figure6-23showsthe
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contourmapofthefieldalignedscaleheightHsinthealtitude-dip

latitudedomain.Thisfigure1Scorrespondingtotheresultsofthe

AlouetteobservationasshowninFig.1-7(p.19).Theeffective10n

masscanbeobtainedfromthescaleheightHsifthe10nandelectron

temperatures゛゛ybededucedfromthemeasuredadmittancevaluesorthe

sheathresonancefrequency｡

Althoughthedatawereavailableinonlynorthernhemisphere,1t

canbeconcludedthattheelectrondistribution1Sclearlycontrolled

bythegeomagneticfield.
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CONCLUDINGREMARKS

Inthisthesis,ther.f.plasmaprobes.viz..gyro-plasmaprobe,

mutualImpedanceprobe.andhighfrequencycapacitanceprobehavebeen

studiedandappliedtothemeasurementsofelectrondensitiesinlabo-

ratoryplasmaandspaceplasma万usingrocketandsatellite｡

Thehistoricalsurveyofionosphericmeasurementsbyplasmaprobes

onboardthesoundingrocketsismadeinChapterl.Theexistingknowl-

edgesoftheIonosphericstructurearereviewed.Anoutlineofantenna

impedancetheoryIsalsogivenasthebasisofr.f.plasmaprobetech-

niques｡

InChapterII,variousr.f.plasmaprobesystemstomeasurethe

probeimpedanceincoldandwarmmagnetoplasmasaredescribed.The

gyro-plasm万aprobeisdesignedtomeasuretheantennaimpedanceversus

frequencycharacteristics,whichIncludevariouskindsofplasmareso-

nancephenomena,suchashigherharmonicgyro-resonancesaswellasthe

upperhybridandsheathresonances.Theeffectsduetoelectron-neutral

collisionanddensitygradientontheantennaImpedancemeasurementare

alsoexa万mined.Themutualimpedanceprobeconsistsofatransmitter-

receiverantennasystem.measuringthetransmittedsignalintensityas

afunctionoffrequency.Thehighfrequencycapacitanceprobeisto

measurethefrequencychangeofanoscillatordue十totheambientelec-

tron.densityvariation.Thedetailedcircuitdesignsoftheseprobes,

relevan万ttotherocketexper:Iment,aregiven.Itisshownthatthe10n

sheathsurroundingabodyinaplasmaismodulatedbythepotential

changeduetoappliedhightensionr.f.fields.Theanalyticalex-

presslonoffloatingpotentialandsheathcapacitanceofabodyaffect-

edbysuchr.f.potentialareobtained｡

InChapterIll,experimentalstudiesofr.f･plasmaprobein

laboratoryplasmaaredescribed.Usinganapparatusofthevacuum

chamberwithbackdiffusiontypeplasmasources.theperformanceof

plasma万probeshasbeentestedundervariousconditions.Fromthese

experiments,anumberofproblemshavebeenclarified;theeffectof

higherharmonicsofthe‘gyro-resonanceontheantennaimpedance.the
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excitationofelectrostaticwavefromanantennaanditspropagation

characteristics.TheBernsteinmodewavesarealsoidentifiedfromthe

observeddispersioncharacteristicsofthewave.Thecomparisonof

electrondensitymeasurementbyr.f.andd.c.plasmaprobesshoweda

goodagreementofmeasuredelectrondensitiesintherangefromabout

104Cm‾3t0106Cm'3.Themodelexperimenthasbeenperformedina

laboratoryplasmatosimulatethewakeproducedbehindthespacecraft｡

InChapterIV,theresultsofrocketexperimentsbyr.f.plasma

probesaregiven.Theelectrondensityprofilesintheionospherein

thealtituderangefromabout70kmt02000kmwereobtainedusing

soundingrocketsS210-6and8,Kappa8-15,9M-35,38and41,and

Lambda3H-2,5and6,launchedfromtheKagoshimaSpaceCenter,in

1969t01973.Variousplasm万aresonanceeffectsIncludingthe十modified

plasmaresonancehavebeendiscoveredintheseexperiments.Ithas

beenfoundthatbothamplitudeandphaseoftheantennaadmittance

changeitsvaluesappreciablyneartheharmonicsofelectrongyro-

frequency.Thecomparisonsofelectrondensitymeasurem万entswithgyro-

plasmaprobe.VLFdopplermethod,two-wireprobe.andLangmuirprobe

havebeenmadeusingKappa9M-35and38soundingrockets.Thehigh

frequencycapacitanceprobe.theLangmulrprobe,andthegyro-plasma

probehavebeen.also.comparedwitheachotherusingS210-6and8

soundingrockets.Thecomparisonsofvariousplasmaprobesrevealed

sourcesoferrorandgaveanincreasedconfidenceIntheir十measurements｡

Thegyro-plasmaprobeonboardtheRadioExplorationSatelliteREXS

waslaunchedonAugust,19,1972,bytheMu4S-4rocket.InChapterv,

theinstrumentatIonofthegyro-plasmaprobeisdescribed.Sincethe

time-sharingPCMtelemetrysyst゛゛万i7｀万wasused.onboarddataprocessing

circuitsIncludingtheautomaticresonancedetectionsystemwerereq-

uired.Todetectplasma万resonancefrequenciesunambiguously,aninhib-

Itcircuittoeliminatepseudo-resonancesignalswasInstalled.Re-

suitsofthepre-flightoperationaltestandofthethermalvacuum

environmenttestweresatisfactory.Thelaboratoryexperimentofthe

instrumentInaplasmawasalsocarriedout.usingthespacepllaSS゛

simulationchamber.tocheckoveralloperationofthesystemina
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plasma.Thedataprocessingandanalysissystemsaidedbythedigital

computerhavebeendevelopedtogetInstantaneousspacecraftpositions.

the十geomagneticreference十field.thecalibrationoftherawdataby

usingthermaldata.andtheconversionoftransmittedPCMdatatothe

physicalquantitiescorrespondingtoobservationalitems｡

InChapterVI,experimentalresultsaresirnimarlzed,includingthe

performanceofthespacecraft.Thegyro-plasmaprobeoperatedsucces-

sfullyandverygoodIn-fllghtdatawereobtained.Theglobalelectron

densityprofilesrevealedbythisexperimentprovideanimportantin-

formationtothestudyofthelocalti皿evariationandthegeomagnetic

latitudedependenceoftheIonosphere.Ithasbeenfoundthat,1na

t゛゛万11万uousplasma.theadmittanceofanant:ennachangesitsvalueinac-

cordancewiththepotentialchangeduetothe十photoemissionfromthe

metalicantennasurface.Fromthelowerhybridresonancedata.anef-

fective10nmassofabout21nthealtitudeof1000~4000kmandof

aboutlInthealtitudeof3000~6400kmwereobtained.Theelectron

densitydistributionabove2000kmisexpressedverywellbythepower

lawmodel.thoughthefieldalignedscaleheightshowsasystem万atic

changewithgeomagneticlatitude.
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APPENDICES

A GeneralExpressionofSheathCapacitance

Abodysurroundedbyan10nsheath1Scharacterizedbyadynamic

capacitancewhentheequilibriumpotentialIsallowedtohavesmall

variationatagivenfrequency.Thecurrentflowingthroughthiscapac-

Itance1SthederivativeofthechargeQwithrespecttotime.

1=壁=鞭皆･, (A.1)

wherev01Sthepotentialofthebody.Since1=C･8Vo/3t,the

capacitance1S,

,=俯 (A.2)

Acommonexpressionofthecapacitance1Sgivenforaplanesurface

Inrectangularcoordinates,acylinderofrevolutionincylindricalCO-

ordlnates,andasphereinsphericalcoordinates.It1Sassumedrespec-

tivelyplanar,cylindrical0rsphericalsymmetryfortheelectricquantl-

ties0nthesurfaceofthebodyandwithinthesheath.neglectingthe

edgeeffecton.thebordersoftheplanesurfaceandatthetipsofthe

cylinder｡

FromGauss'theoremthechargebornebyeachbody1S,

Qo=SeoEo (A.3)

whereE01stheelectricfieldatthesurfaceandSthearea｡

Bydefinitiontheelectricfieldinthemediumsurroundingeach

bodyisEI=:-3V/3r;becauseofthesymmetryIneachcase.△V=

8V/8r,Wheでerisadistancefromthebody'ssurface.Consequent-

1y,Eo=-OV/8r)owhereOV/9r)o1Sthevalueof8V/9ron

thesurface.Then,theexpressionofthecapacitance,C=8Qo/9Vo

becomes
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C=-SGo

a

-
8V

which1Salsoreducedto

c=-s･

⑤o

苛いに)lo

wherey°21ﾋsx'≒3andλDistheDebyelength°

Usingafollowingdlmenslonlessquantity

心仏

thecapacitancecanbeexpressedby

A゛づし(勺)lo

(A.4)

(A.5)

(A.6)

(A.7)

Thepotentialy1SfoundbythePoisson'sequationforthesymmetrical

probeconfigurations,assumingthatthepre-sheathregionandthe10n

sheathareformedaroundtheprobe(yくｰか.

含有(x゛公)=expy-7h7(ﾐﾄﾞ)ll (A.8)

wheree=exp(1)=2.71828･･...(Napier'snumber),Xgisthesheath

distanceorsheathradiusnormalizedbytheDebyelength,andn=0,

1,and2correspondingtoaplane,acylindricalandasphereprobes,

respectively(seeeq.(2.33)).
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B Vehicle'sHorizontalDistancefromKSC

Therockettrajectoryis,sometimes,describedinthealtitude

versushorizontaldistancedomain,basedontheearth'ssurface.If

theearth1Sassumedtobeasphere,thehorizontaldistanceiseasily

calculatedasalengthofarcofacircle.But,itismoreappropriate

toassumethattheearthcanberepresentedtobeanoblatespheroid,

I.e.,theearth'ssurface:isgivenbytheequation,

F(x,y,z)=竃十背十辱-1=0 (B.1)

whereaEandbEaretheearth'sradiiatequatorandatpole;

aE°6378.16km.tE°6356.78km.andtheeccentricityeR°0.081810.

ThepositionsofKSCandtherocketareA(λ0,iiQ)andB(λb,帆)where

λ1stheeastlongitudeandﾙthecolatitude.TheplaneIncludingA,

Bandthecenteroftheearth01stheorbitalp:Lane｡

Anyoblatespheroidandplanemaybeputintothefollowinggeneral

forms9respectively･

F(x,y,z)

f(x.･y,z)

ΞXiF,×lt

≡Xf=0

=0 (B.2)

(B.3)

whereχ=(x,y,z)andχ1=(x,y,z,1),andtdenotesthe

transposedmatrix.Fiandfarethe4×4matrixand1×3matrix.

IntroducingthetransformationmatrixTbetweenχandχ゛,χ=χ゛T

whereχ1=(x*.y',z')･Equations(B.2)and(B.3)arerewrittenin

thex゛coordinatesas

F'(x≒y'.z')
I
I

”
F1

1
χ一

一
一

xlt°0, ~~n°TjF.T,'^

f(x*.y≒zi)ΞX'f=0ﾀf≪=Tf

where yt=(x',y≒z≒1)andTI=(g?)

-
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IfthematrixTisdeterminedsoastof't=(0,0,c).eq.(B.5)

1Sequivalenttoz'=0.Namely,theplanez'=0becomesthe

orbitalplane.Therefore,theintersectinglineisobtainedbythe

equation

F'
z'=o

一

一

- F'(x',y',0)=0 (B.6)

LetOAbex'-axis.andtheplaneO祁beinx'y'plane.The

matrﾆIxTiscalculatedtobe

where

COSλOCOSφ0,Sinλocos'l'o,slnipo

Sλosiniliosinφn-sinλnCOSφ0,-slnλoslnψoslnφo十COSλOCOSφ0,COSψOSinφ

Sλoslnipocosφo十Sinλnslnφ0,-sinλosirnl^ocosφo-COSλosinφo,cosψOCOSφ

(B●7)

-ir(s±nλo･Sinλ十COSλo･COSλ)sinO･COS-COSO･sinφo=tan{(sinλo･COSλh-COSλo･Sinλh)cosih､}

fromeqs.(B.I),(B.2),(B.6)and(B.7),thecoefficientmatrices

"andnarereducedtobe

2一
Ea

2一
E
O
a―=

｀
F 1

-

O
一
E
b
b

書
I
I

h
f
c
o

I
I
ｔ

h
b
f
!
0

1
1
I

a
h
h
t
t
p
:
/
/

w
w

w
.

wherea゛=aZ-(ai2-b;2)sin2φo,

b゛=aP-(a;2-bE2)cos2ψo･sin2φo,

c'=a-2-(ar-bE2)cos2ψo･cos2φo,

h'=-(a~2-b~2)cosi|≫o･si耐o･sinφo,

f゛=-(aE2-br)cos2ψo゛sinφo･cosφo
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Consequently,eq.(B.6)isobtainedas

Flz゛=oΞxjlxilz゛=o'xlxlxlt°0 (B.10)

wherexl=(x'.y',1).X'=〔a'_?〕,andA'=G::1::〕,The

curveofsecondordergivenine(1･(B.IO)istheellipticcurvebecause

itssignaturea=a'十b'>0,andtheseconddiscriminant△Ξ

detA'>0.Hence,thenormalformofthiscurveiseasilyfoundby

八transformationofcoordinates,andthelengthABalongthisarcIs

alsoobtainedbythecurvilinearIntegral.
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C standardPre-flightTestCondition

C.IThestandardtestconditionsoftheeachinstrument

(1)ThermalTest:

+60°C
temperature

Note;Timeinter-

val0f6hoursat

eachstageof

temperature.

time

VibrationTest:

Frequency Axial Lateral Time

5~35Hz 士15dBip 士O､5=P 3min

35-200Hz 7.5mmp 2.5Gp
11

200~2000Hz 15.0Gp 5.0Gp
H

(3)AccelerationTest:

+

Axial

-

30G

2G

3min

n

Lateral! 5G n

(4)ShockTest:

(5)VacuumTest:

Thepressureisbelow10~^ifflnHgfor6hoursatroom

temperature.
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C.2Thestandardtestconditionofthespacecraft

(1)ThermalTest:

Temperature^.

(2)VibrationTest:

time

Note:timeInterval0f6

hoursateachstageof

temperature.*about40°C

foreχelusionofhumidity･

Frequency Axial Lateral Time

5~35Hz 0.4nnnp 0.13mmp 3min

35~100Hz 2.0Gp 0.67Gp n

100~400Hz 2.5Gp 0.83Gp
11

200~2000Hz 5.0Gp 1.7Gp
U

(3)ShockTest:

(4)

(5)

(6)

I
j
I

ｱ
8
9

く
く
く

MechanicalConstruction(Interface)ofeachpart,

ElectricalInterferenceTest,

DynamicalBalanceTest,

MomentofInertiaTest,

ThermalVacuumTest,

Magnetic-momentTest,

(10)Adjustmentbetweenspacecraftandlaunchingvehicle.
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D

ComputationofReliabilityofIPS

Transistor
n

n

e
d

T
o
n

M
u
:
:
=
=
-
H

F
I
D

(lowpower)
(n)

(highpower)

(analog)
(n)

(logarithmic)
(digital)
(n)

(lowpower)
(zener)

Resistor(constant)
II(variable)

Condensor(tantalum)

II(ceramic)

n(mica)

n(variable)

Coil

transformer(signal)

Relay(latching)

Crystal

DEMconnector(pin)

SMBconnector

20

100

45

100

50

250

250

25

150

3

10

2

200

10

10

10

150

10

10

70

150

1

2

0

5
4
1
4
7
2
2
1
6
6
1
4
6
2
3
9
4
4

4
1
1
3
『
/
1
9
4
7
1
0
2

1
5
2
1

1
2
3

r
D

TOTAL

127

10

3969
-

5407

2900

400

45

1400

850

500

500

775

900

228

110

1188

9200

720

2130

1090

600

240

510

140

450

127

20

1984.5
-

27007.5

(1)λ(failurerate)ofeachelementisestimatedunderthe

conditionthatthederatingratio1S0.25at30°Candthe
confidencelevel1S60Z｡
(2)lnthecaseofthespacecraftREXS,eachobservational
instrumentshouldbedesignedtohaveitsreliabilitymore
than0.948,inordertokeepthereliabilityofthewhole
spacecraftsystemmorethan0.9.
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E CalibrationCoefficientsforIPS

A11thevaluesusedhereareexpressedbythefloatingpointsdata

ofFORTRANIVlanguage;EIndicatesthesingleprecisionexponential.

(1)Thetemperatureofpre-amplifierismeasuredwiththehouse

keepinginstrument(HK),andthetemperature(T°C)versustheoutput

decimalvalue(No)isgiveninFig.E-1.Thiscalibrationcharacter-

isticscanbeapproximatedbyafollowingpolynomialfunctionselecting

Cnvaluestomakethebestfittothemeasuredfunctionas

where

and

(2)

T,=

6
χC

n°Nn'1

n=1

Ci=-0.3907810E402,

C2=十〇.4135541E十〇〇,

C3=十〇.7335699E-03,

C4=十〇.7939580E-05,

C5=十〇.3150700E-07,

C6=十〇.3742000E-10.

〔
p
〕
卜
.
a
Σ
v
-
3
a
d

S

N:DECIMALVALUEOFHK(W.,F=18)

Fig.E-1Outputdecimalvalues

vs●tempertureinpre-amplifier

ofIPS.

ThecoefficientsCnforthetemperaturecorrectionofFhi.Lhi,

andLh3thataregivenineq.(5.30),are:

FhiLhiLh3

Ci十〇.5611062E十〇〇-0.8008370E十〇〇十〇.1700000E-02

C2-0.5955836E十〇〇-0.4531361E十〇〇-0.1022510E十〇1

C3-0.2533402E-03-0.3754487E-01-0.4787000E-01

C4十〇.6972036E-03十〇.3764375E-04-0.2730000E-03

C5十〇.7875000E-04

AsforthetemperaturecorrectionofFh2,thefollowingstepfunction

isused.

NoforTく21°C,

Nt°

I

No+6.0forT≧21°C.
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(3)

eq･

(4)

are:

ThecoefficientsCforthecalibrationofLhlandLh3In

(5.32),are:

Ci

C2

C3

C4

C5

Lhi

十〇.48436849E十〇〇

十〇.31760218E-02

十〇.66991901E-04

-0.314:L9130E-06

十〇.71353541E-09

Lh3

-0.13788950E十〇1

十〇.53816587E-01

-0.39311962E-03

十〇.14225626E-05

-0.17612791E-08

ThecoefficientsC^forthecalibrationofLili~31neq.(5.36),

Ci

C2

C3

C4

C5

L兄1

十〇.79018545E十〇〇

十〇.27178132E十〇1

-0.21166261E+01

十〇.90672745E十〇〇

-0.12740256E十〇〇

L兌2

+0.11921958E十〇1

十〇.87813898E+00

-0.21107455E十〇〇

十〇.84797601E-01

-0.37502374E-02

μ3

十〇.11488734E十〇1

十〇.10426516E十〇1

-0.43391613E+00

十〇.18222577E+00

-0.16249358E-01

(5)

andNo

ThecoefficientsC^fol°theVo“ldViineq.(5.35)･andVi

1neq.(5.34),are:

1
2
3

C
C
C

VoandVi

-0.13509059E-01

十〇.10659802E+01

十〇.47236235E-02

ViandNo

-0.6711605E-01

十〇.1201142E-01

十〇.3793714E-06
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SYMBOLSANDCONSTANTS

aE°6378.160【㎞1

(zeff

6

e=2.71828.･････

eo=8.854×10‾12[F/m]

eR°0.08182

fp=ne/27r

fH°Q.j2-n

恥'り/2Tr

^UHR

^SHR

K=1.381×10爽23[Joule/゜K]

匹[]

λE

m=9.107×10爽31[Kg]

M=Meffx1.673°c10‾27[Kg]

μo°1.257×10‾6[H/m]

1JE･398,603×109[m3/sec2]

Ne=1.24゛104fP2[c゛1‾3]

iN
ｑ

‘q

Rz

H
E
H
?
<
Υ

Z

=-1.602×10‾19[Coulomb]

:Equatorialradiusoftheearth

:Effectiverecombinationcoefficient

:Attachmentcoefficient

:Napier'snumber

:Permittivityoffreespace

:Eccentricityoftheearth

:Electronplasmafrequency

:Electrongyro-frequency

:Collisionfrequency

:Upperhybridresonancefrequency

:Sheathresonancefrequency

:Boltzmannconstant

:Debyeshieldinglength

:Eastlongitude

zElectronmass

:Ionmass

:Permeabilityoffreespace

:Gravitationalconstantoftheearth

:Electrondensity;fpinMHz

:Iondensity

:Electronproductionrate

ZElectroncharge

:Relativesunspotnumber

:Larmorradiusofelectron

:Electrontemperature

:Zenithangle

:Admittance

:Impedance
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