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PREFACE

烏

- 1

Theionosphereconsistsofplasmageneratedmainly

bythesolarradiation.Itextendsfromthealtitude

o£aboutseveraltenstoafewthousands･kilometers

andtheimportanceofitsroleincommunicationover

longdistanceontheearthneverdecreaseseventoday

whenthecommunicationsatellitesarealsoputto

practicaluse.Itisstillworthwhileforpractical

andscientificpurposetomakethecharacteristicsof

theionospherefullyclear.Theionosphereisregarded

asinanequilibriumstatebetweenionizationor

excitationoftheupper-atmospherebythesolar

radiationandneutralizationthroughvariouschemical･

reactionsanddynamics.A11parametersinthese

complexreactionsmustbeknowntounderstandthe

behabiouroftheionosphere･

＼∧ﾄUptothistime,theconditionoftheionosphere

hasbeenexpでessedmainlybyitsmeasuredelectron

densityversusheight.0fcourse,theelectrondensity

hasasimplerelationtothereflectionofradiowave,

andthemosteasilymeasuredparametertoexpressthe

conditionoftheionosphere.Therearemanyspecies

●1
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ofions,however,withwhichelectronshaveparted,or

neutralgaseswhicharetheirparents.Itmaybesaid

thattheknowledgeofthecompositionoftheupper-

atmospheregivesuSﾚacolorfulinformationincomparison

withelectrons｡

Itwasdifficulttoknowthecomplicatedcomposition

o£theupper‘atmospherebyindirectmeasurementsfrom

theground,becauseoftheirinsensiblemotions.A

powerfulmeans,namely,thedirectmeasurementby

rocket-borneinstrumentswasfoundafterWorldWarII.

Themassspectrometryisoneo£themosteffective

methodofthedirectmeasuremento£theuppe'r-atmosplieric

composition｡

Inthisthesis,massspectrometersusedinthe

directmeasurementonspacevehiclesarereviewedin

Chapterl.Anewtypeo£massspectrometerwhichis

expectedtobesuitableforlongtimeflightspace

vehicles,is｡proposedandinvestigatedboththeoretically

andexperimentallyinChapterII･.Variousproblems

whicharecausedbydirectmeasurementsintheupper‘

■1｡｡¥

atmosphericplasma.･andtheircalib‘rationsarestudied

inChapterIII.Anapparatuswhichhasbeenconstructed

forthecalibrationespeciallyonthemassspectrometry.
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isalsointroducedinthesamechapter.Resultso£a

rocket-borneexperimento£theproposedmassspectrometer

aredescribedinChapterIVtogetherwiththepreflight

experimentoftheinstrument.FinallyinChapterV,

someconclusionsandfutureprospectsofthesestudies

arementionedbriefly･
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1.1.1 Outline

1.1Introduction

o£theUpper-At:゜os幽-^^(120)だ?h2)

Beforetomentionofthesubject,wemaydescribe

theconditionoftheupper-atmosphereandthereason

四六i｡.

wHyweneedsomanytimeso£observationasinvarious

●●rl

times,seasonsoryears｡

Itmaybeappropriatetosaythattheupper-

atmosphereoftheearthiscontrolledbythesun.The

circumstanceoftheupper“atmosphere,therefore,varies

withtheconditionofthesunsuchaslocaltime,

season, latitudeofanobservingpointoractivityo£

thesun.

Theoutlineo£itcanbelearnedbyfollowing

variousworks.Figure1.1whichisreferedtoCIRA

(COSPAR,!nternationalReferenceAtmosphere)1965model,

editedbyCOSPAR(CommitteeonSpaceResearch),showsﾄ

theupper-atmosphericpressuredistributionversus

height.Wecanknowthatthepressureof10'4Torris

atabout100km,andordinarymeasuringtechniquesof

mass"spectrometryinvacuumareapplicableinthehigher

ﾚatmospherethanthisaltitude･

Theaveragetemperature.0fneutralgasversus

ﾆ'ﾀﾞμ

y - ･ ■ - a

!
!
』
9
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heightisshov/inFigure1.2.Inthisfigure､t】lecurve

markedasTiscalculatedwithregardtothemeanm

molecularweightattheheightandTisnot･

Theatmosphereinloweraltituderegioniswell

mixedbywindorconvectionandithasthesame

compositionasthatofsurfaceoftheearth.Beca､useof

･ - - - -

lessfrequentcollisionamo】lgtheatmosphericmolecules

atthehigheraltitudeﾀheavymoleculessinkandlight

onesriseandthemeanmolecularweightconsequently

decreaseswithincreaseofheightassho＼minFigure1.3･

Thisphenomenonwliichiscalleddiffusiveequilibrium

distributionbeginsattheheightofabout100km｡

Inthecaseo£assummingneutralgastemperature.

calculatedionlandelectrontemperaturesversusaltitude

aregiveninFigure1.4inbothcasesoftheminimum

sunspotnumber(a.)andthemaximumone(b)｡

犬Figure1.5shov;saheightdistributiono£

compositionofneut‘ralmolecules.Theproportionof

lighterweightatomsincreasewithaltitudeandatomic

oxygenbecomesdominantspeciesinhigheraltitudethan

about200km.Atomicoxygentakesthemostimpo･rtaiit

roleinFlayeroftheionosphere｡

丿Theupper‘atmosphericcompositioninthehigher

altitudeﾌisinfluencedbytemperature,lthatiS｡
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conditionofsolaractivity.Figure1.6showsthe

calculatedconcentrationsofupper-atmosphericmolecules

inthreecasesassummin･gdifferenttemperaturecondition,

suggestingthelargeinfluenceo£suntotheearth.

Duringthetermofactivesun,theupper-atmosphereis

heatedandexpands.ﾀﾞ∧
l,

iInthesameconditions,theioncompositiono£the

upper-at㎡osphereespeciallyintopsideionosphereis

calculatedasshowninFigure1.7.Thetransition

heightsofdominantionarelargelydifferentintheso

threecases.Andthetransitionmodealsodiffersso

thattheheliumioncannotbedominantatanyheight

rangeinthequietsolarcondition.

Inloweraltitudethanabout500km,thatis,in

theionosphere,theyaremorecomplicated.Itiswell

knownthattheionosphereiscomposedo£somelayers

v;hichhavespecificfeaturesrespectively･Their

characteristicsarepredominantnotonlybythetotal

electrondensitybutalsobytheioncomposition.

ﾚTheresultsofdirectmeasurementofioncomposition

o｀fEandFregionsbyrocketbornemassspectrometerare

showninFigure1.8,where(a)iSofsummermidnightand

(b)is‘ofwintermorning.Figure1.9showstheresult.

byJapanesesoundingrocket;.Fromthesefigures,wecan
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findoutthatthedominantionisnitricoxideionor

mo].ecularoxygenionintheElayerandatomicoxygen

ionintheFlayer.Figure1.10,whichistheresult･

obtainedbythesamemethodasU艶dinFigures1.8

叩d1.9

tﾔetopsideionosphere.

Suchafactisalsoobservedbythedirect

measurementbyrocketbornemassspect‘rometerthatthe

sporadicElayerismainlycomposedbymetalionsuchas

sodium゛magnesiumﾀalminium,silicon゛potasium,calsやm,

nickel.ironaりdsoon°

IntheDlayer.hydratedprotonionsII(H20);ﾀand

rathercomplicatedionsarealsoobﾒ､erved.Existence

ofconsiderableamounto£negativeions‘isexpectedin

thislayer.

1.1.2MethodstoMeasurethe‘Upper‘Atmosphere

‥‥‥‥Composition

a-.Absorptiono£SolarUltra-violetRadiationC64)~･(69)

｢･Thesolarradiationsionizeorexcitetheupper-

atmosphericatomsandmolecules.Inanotherword,solar

radiationsareabsorbedbyupper-atmosphereandits

intensitydecreasegraduallywithdescendingaltitude｡
μ
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Theabsorbingcrosssectionsofupper-atmospheric

atomsormoleculesforultra-violetraysatthevarious

wavelengthes･are.we-11knownbylaboratoryexperiments･

Consequently,densitydistributiono£theupper-

atmosphericspecies.versusaltitudecanbeobtainedby

measuringthevariationo£intensityofaultra-violet
-

raywith"altitudebymeansoftheinstrumentonbeard

rocket｡

Therearevarioustechniquesforthispurpose･

ForinstanceﾀvariousfilteringmaterialssuchasLiF,

BaF2, A1
2O3,CaF2,MgF2permitultra-violetraysof

longerwavelengththantheirspecificcut-offwave

lengthestopassthrough.0ntheotherhand,photo-

ionizationcrosssectionso£variousgases,suchas

nitricoxideorinertgases,aregenerallyconstantfor

considerablebroadrangeofwavelengthshorterthan

ionizationthreshold.Themeasurementofadequaterange

ﾀﾞofwavelengthlispossiblebyusingacombinationofa

filterandagasionizationchamber.Forshorter＼＼'ave

＼length.range,somemetalfilm!iareavailableasthe

windowmaterial.Inthiscasephotomultiplier,.‘

proportionalcounterorGM-counterareusedasdetecters･

＼ﾚ十Upper-atmosphericcompositionmeasurementby

absorptionsofsolarultra-vi･oletraysisusefulinthe

十しμ

i
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‘regionswheresolarultra-violetraysare-strongly

absorbed, thatisjintensityo£therayschangesabruptly

v;iththethicknessoftheabsorbingconstituentofthe

atmosphere.ﾆAccordingtot恥factthattheattitudeof

rocketreferlng"tothesunaffectslargelyonthe

soundingdata,theattitudeo£rocketshouldbemeasured

lwll,.,.in'everyinstance.Theatitudecontroltomakethe

sensorconstantlypointtowardthesun,isdesirable･上

＼Table1.1shows.nineultra-violetlineswhichwere

observedintherangeof150t0220kmatWhiteSands,

USA.
} at10^04"^,onJuly10,1963,andtheirabsorption

coefficientstomoleculenitrogen,moleculeoxygenand

atomicoxygen.Figure1.11showsobservedcountrateof
○;

304Aversusaltitudeasaexampleo£thesemeasurements.

Number十densitiesofN2102ando^vhichwerecalculated

fromtheseobservationarepresentedinTable1.2.

Figure1｡12.alsoshowsobservedhydrogenLymann“○く

○
(1216A)fluxV7hichwasgotatWoomera,Australia,

at09^2"^,onDecember6,1963andnumberdensityof
●

molecularoxygencalculatedfromthemversusaltitude.

b｡ﾆAir-Glow〔70〕rり(72)

………Thebrightnessofnightskyisdueratherto

radiationsofupper‘atmospherethanlightofstars.
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Table1.1Solarultra-violetlinesmeasuredatWhite

＼Sands,USA.at10h04m,July10,1963,

l-andtheirabsorptioncoefficients･
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Theseradiationsareexcitedinbot】lnightandday.

T】!eyarecallednightair-glowanddayair-glow

･●

respectively.ｸﾞ,

Itisconsideredthatthegenerationoftheair-

glowiscausedby

(1)scatterofsolarradiationintheupper-

atmosphere,

(2)radiationfromtheatmospherewhichisexcited

｀j'●･

jorionizedbysolarultra-violetandxrays,

(3)radiationwithchemicalreactionsintheupper-

atmosphere,

ﾆ(4)radiationfromtheatmosphereexcitedbycosmic･

｀rayorhighenergyparticle･

(1)and(2)aremainlyfordayair-glow.Lymann一以is

scatteredbygeocorona･alsoinnight･

〉Thespectraofair-glowarecomposedofspecific

wavelengthsformoleculesoratomsoftheupper-

atmosphere.Byobservingtheheightdistributionofthe

air-glov/,therefore,thecompositionoftheupper“

atmospherecanbeobserved.

犬Combinationso£afilterandaphotomultiplierare

usedforinstrumentsofthispurpose.Variousmaterials

areusedforphoto-cathodeaccordingtothewavelength

rangeo£theobservingradiation.
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Themeasurementofdayair-glov;mustavoidthe

strongsolai*radiation.0ntheotherhandﾀmostof

nightair-glowaresuchweakasitisdifficultto･ﾉ

detectitselfortodiscriminatefromstarlight,

zodiacallightoralbedofromtheearth｡

Thelightintensitywhichismeasuredbysensorof

roeketborneair-glowdetectorchangeswithatitudeor

spinofrocket,becausetheapparentthicknessof

radiationlayerofair-glowchangeswithdirectionof

measurementﾀespeciallywhenrocketpassesthroughthe

layer.Itisﾀtherefore,importanttoidentifythe

attitudeofrocketanddesirabletocontroleit｡

Theimportantair-glowsmeasuredbyrocketsare

5577

5893

A(atomicoxygen)6300A〔atomicoxygen〕

A(sodium)2150A(｀nbandsofnitricoxygen)

3914A(1stnegativebandsofmolecularnitrogenion)

2500A(Schumann-Rungebandso£moleculeoxygen)･

ﾆFigure1.13showsintensityof3914Aversus

altitudewhichisobserbedatWallops,USA･,atle^ii'"

oilMarch11,1963.Heightdistributionofnumber

densityo£molecularnitrogenioncalculatedfrom

Figure1.13isshowninFigure1.14.Atthesametime
ﾀ

6300AofatomicoxygenwasobservedasFigure1.15･

ﾆFigure1.16shov;s^-bandsspectrumofnitricoxygen
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rbandspectru】nofnitricoxygenair-glow･

observedat146kmheightbyultra-violet･

sweepspectroscopewithitstheoretical

spectrumo£upperhalfofthefigureand

curvesinthefiguresarcnonlinear

characteristicsoftheinstrument｡

(afterBarth)●ﾆ

2

--ヽ

7

･ ･ ･ - -

● ●

j ¶ - ' -

!
―
-

f ゛



‐

:
-

-
-

―

-

-

I
-

1
1
-

-

―

-

-

-

-

-

一こ』

whichv;asobservedat146kmheightbyultra-violet

○
sweepspectroscopeinthev/avelengthfrom1500Atol

○

3200A,w･ithitstheoreticalspectrumofupperhalfof

thisfigure.Thecurvesinthefiguremeansnon-linear

characteristicso£theinstrument.Thisrocketwas

controlledinitsattitudeaspointingtozenithduring

ascentandtohorizonduringdescent.

c.ChemicalRelease(73)･ヽ/(74)

Inthismethod,thesodiumvapourexperimentis

wellknown.Thisexpetヽiment,however,isformeasurement･

o£thev;indandtemperatureinthe‘rangeo£90to160icm,

byobservingthemovemento£strongD'lineresonance

radiationofsodiumatomsfromsun-shinedsodiumvapour

cloudejectedintotwilightupper-atmospherefrom

rocket.犬∧ﾄ犬I

しSimilartothismetれod,heightdistributionso£

someconstituentso£theupper-atmosphereareableto

detectbyejectingsomespecificgasessuchasethylene.'

acethyleneornitricoxidewhichemitthelightof

i.●.●･specificwavelengthasaresultofchemicalreaction

withsomeconstituentoftheupper-atmosphere.The

groundobservationsatpluralpointsoftrajectoryof

theintensity'ofthechemicalradiationgive･thedensity

μ

l
i
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profileofthecomponentoftheupper-atmosphere.This

methodneedssomeaやmptionsandidealizedmodeloftl!e

upper-atmosphereintheanalysiso£intensityofthe

radiation.

Thegroundobservationisaffectedbyweatherand

｡●･●

tendstohaveerror.Itis,however,agreatmeritthat

th"epayloado£rocketiscomposedonlyo£agascontainer｡

r｡●

aspecialnozzleandavalvecontrolledbytimer･

Forexample,nitricoxidegasisusedtomeasure

atomicoxygen.Thechemicalreactionis'

NO+○‾?N02 +hｿﾞ

Intensityoftheradiationissuchstrongasthe

observationbyphotographispossibleintheregionof

existenceofplentifulamountofatomicoxygen｡

Table1.3showsparametersofaseriesofexperiment

withnitricoxideandtheresultsarecomparedwithdata

ofmassspectrometerinFigure1.17,normalizingat120･

kl!lheight●十▽

d.MassSpectrometry(121)り.･(123)

Massspectrometeristhemostpoi^erfulinstrument

notonlyforthingas‘analyser,butalsoasanalyserof

liquidandeventhatofsolid.Varioustypesofmass

＼一犬μ
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Name
LaunchTime

r.csT

Startof

Release

secafter
Launch

Release

Altitude
(Start)

(km)

Latitude

(Start)

(deg)

Longitude

(Start)

(deg)

Payload

(net)

(kg)

Tank
Pressure

(18‘C)
(atm)

四

Name

Mabel

Dinah

Eva

LaunchTime

r.csT

Startof

Release

secafter
Launch

Release

Altitude
(Start)

(km)

Latitude

(Start)

(deg)

Longitude

(Start)

(deg)

Payload

(net)

(kg)

Tank
Pressure

(18‘C)
(atm)

18h00m00s,
Nov.27,1962

22h45m00s,
Dec.3,1962

04h21m00s,Dec.6,1962

84.8

80.7

79.2

92.3

90.0

88.6

30.180

30.130

30.228

86.609

86.686

86.620

10.89

11.34

10.91

100

100

100
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Table1.3Parametersof4serieso£chemicalrelease

experimentsKithnitricoxide･
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spectrometerareusedinlaboratoryexperiments.Mass

spectrometei^Janalyze*thecharge-massratioafter

ionizin･gthematerialtobeanalyzedbyvariousmethod.

Massspectrometersmakepitpossibletolearnthewide

massrange-compositionv/ithonescanningspectrum｡

Whenmassspectrometerisappliedtomeasurethe1;

upper-atmosphericcompositionﾀitwillbringmore

reliableinformationthanothermethodsv/hichhavebeen

|,

des!cribedpreviously.IThespaceuseofmassspectrometer.

however,containsmanydifficultteclinicalproblems.

Spaceuseinstrumentsarecommonlyrequireditslight

weight,smallsized,mechanicalandthermalstrength,

stableandaccurateoperation,economicalpower

consumption,andadaptableandreliabledatato

telemeteringsystems.
●

Besidesthese,highresponseandhighsensitivity

are･generallyrequiredbecausethemeasuringobject

changesrapidlyduetothehighvelocityofvehicleand

thedensityofthesurroundingplasmaislow,respectively･

ｲ∧｡Howeverexcellent,therefore,itmaybeinlaboratory｡

●･●●

itc!oesnotnecessarilymeansuitableforspaceuse.

Therearefewwhichareadequatetospaceuseamong

varioustypeofmassspectrometer.Moreover,because

theyhaveindividualmeritsa!iddemerits,theymaybe

μ
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availableintherespectivecasewithsuitableconditions

suchasinheightrange,massrange,sortofmeasuring

objectsoravailablevehicle.Detailsoftheir

characteristicsarediscussedinfollowing.

Therearesomeproblemsofspaceuseofmass

spectrometer,inspiteo£itsmanyexcellenceon

S●1-
measuringtheupper-atmosphericcomposition.Direct

measurementmeansthattheupper-atmosphereorthe

ionosphericplasmaisintrudedbyspacevehicleasa

impurity.Theimpurityrunswithhighvelocity

comparableorlargerthanionsorgasesofenvirons･

Consequently,theenvironmentsurroundingthespace

vehiclemaydifferfromtheoriginalconditionasit

wasandtheinstrumentsonthevehiclemaygiveiwrong

results.Problemscausedbythesesituationswillbe

investigatedinlater.犬

1.2staticMass ectrometer

1.2.1DeflectionType〔21〕~(28),C75)⌒ﾉ(78),(87)~(90)

Thistype.ofmassspectrometeranalysesionswith

〉-j｡上'一Ξ

μ●
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Lorentzforcewhichchargedparticlesrunninginthe

electricormagneticfieldexperience.Theelectric

analyser,however,isusedasvelocityorenergyanalyser.

Themagneticanalyserwhichisused‘asamassspectrometer.

islEuallycalledasmagneticsectortypemassspectrometer.
1'

Ithasthelongesthistoryofmassspectrometersandit
11.
●ISthemostreliableandprecisemassspectrometerstill

~
today.'

Figure1.18isaschematicpicture‘ofmotionof

chargedparticletravellingintransversemagneticfield,

whichexpressestheprincipleofmagneticsectortype

massspectrometer.Achargedparticleo£massnumber

MandvelocityV,isdeflectedalongacircleofradius

ofcurvaturer,undermagneticfieldB.Thisrelation

isexpressedas

M= e｢
-
nipV

B,

wheree:chargeunit,

み

O｢

mか:massofaproton,

M=
よ丑

ZiUpV
B2

(ﾕ.1)

(1.2)

whereVﾚ:acceleratingvoltage.犬

上Iti･sseenfromEquation(1.2)･thatheavierions
………………y.･..･･.･･.
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Figure1.18Schematicpictureofprincipleo£magnetic
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havelargerradiusandlighterionshavesmallerradiusin

thesameconditionofvandB.Thus,whenvorBis

sweptinitsmagnitude,theionsofdifferentmassare

focusedonthecollectorthroughnarrowslitsuccessively

fromlightertoheavierorviceversaandamassspcctrun

isgottenasamagnitudeofioncurrentversusvoltage

-
ormagneticfield,thatcorrespondstothemassnumber.

Magneticfieldscanningiscommonlyadoptedespecially

forhighresolutionmassspectrometersbecauseitis

advantageousinmassdiscriminationandothers.For

spaceiise,however,itisnotsuitable,becausethe

electromagnetisheavyweightandneedsplentyof

electricpower.Themagneticsectortypeofmass

spectrometeronboardspacevehicle,therefore,uses

permanentmagnetandscansitsacceleratingvoltagefor

gettingmassspectraoftheupper-atmosphericcomposition｡

Meritsofmagneticsectortypeofmassspectrometer

asspaceusearethat:

!.electroniccircuitissimpleandeasy,‘

2･powerconsumptionislittle｡

3.十〇Derationisstableandreliable･･▽

Ontheotherhanditsshortcomingsarethat:

十1･ratherheavyinweightbecauseofus･eofmagnet.

- a

y
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2･precisemechanicalalignmentisnecessary,

3.carefulmagnetic･shieldingisrequiredbecause

geomagneticfieldissometimesusedforthe

determinationo£vehicleattitudebymeanso£the

geomagneticaspectmeterinthesamevehicle･

Figure1･.19isaexamp!eofschematicdiagramof

rocketbornemagneticdeflectiontypemassspectrometer･

Inthisexperiment,twodifferentmassspectrometGi5were

●r･
borneasseeninthisfigure.Oneisasinglefocussing

typeontherighthandandtheotherisdoublefocussing

type｀ontheleft.Doublefocussingtypemassspectrometer

employsbotho£electricandmagneticsector.Thepart

o£electricsectorworksasenergyanalyserand

eliminatesvelocityaberrationo£theionbeam.Thus,

thetotalperformanceasamassspectrometerisimproved.

､Inthis･case,asputterionvacuumpumpisemployedto

preventfromthedispersionofion･beambycollision
,1ﾄ

withﾚresidualgasparticles.

Figure1.20isschematicdrawingofmoresimplified

doublefocussingmagneticsectortypemassspectrometer

十forsatellite.へInthiscase,multiplecompositioncan

.bedetectedwhereasneithermagneticfieldnor

acceleratingvo]tageisscanned.Theionscomeintothe

＼electricsectorthroughaslitwheretheyarerefined

･●

ﾀﾞﾆ犬μ,･/
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Figureﾚ1.19Schematicdiagramo£aexampleofrocket

,∧bornemagneticsectortypemassspectrometers

'Iﾄputinrocketbody,lefthandisdouble

‥‥‥‥‥‥focussingandrighthandissinglefocussing
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v/ithitsenergyandthenintothemagneticsectorwhere

theyaresortedaccordingtomassandmeasuredbyvarious

collectorscorrespondingtomassnumbers.These

collectorsarepreparedforgasspeciesexpectedits

exsistenceintheupper-atmosphere､andarr､angedat

appropriatepositionswheretheseionsmuststrikev;ith

c
A
lcuiatingtheirlocus.(∧,/十I

1･.2.2Time-ofFlightType〔87〕z･ヽﾉ(90),〔140〕

Althoughtheremaybeopinionsthattimeofflight

typemassspectrometerisadynamicmassspectrometer.

itisclassifiedhereasastaticmassspectrometer.

Becauseinthedynamicmassspectrometerﾀsomedynamic

●forceshouldbeappliedonaparticleintheanalysing

space.Inthistypeofmassspectrometer,nodynamic

forcewillbeapplied･

Theprincipleofmassanalysisofthistypeisthat

tHevelocityofchargedparticleacceleratedbyvoltage

isinverselypropotionaltosquarerooto£itsmass,

andthetimeo£flightalongaconstantdistanceofthe

analyzedparticle‘willbedifferentaccordingtoits

mass.ﾆﾆTherearesomemodifiedtypes.
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Figure1.21showsascliematicpictureof･pulsed

beamtimeofflighttypemassspectrometerforspaceｺﾞuse.

Theoperatingprinciplecanbeeasilyunderstoodwith

thisfigure.Theionswhichareproducedbyelectron

bombardmentarepulsivelyejectedby‘theaccelerating

voltagevintodriftspaceofthelengthL.Timet

whichistakentotraversethedriftspacebyionりf

massnumberMis
j
l
-
-
l
r
―
―
-
1

t･゛.
引ﾌﾞﾂ]ｻﾐ3

C1.3)

wherev:velocityoftheion.

/'"p:massofproton,ﾀﾞ

M:massnumber.

Then,collectorioncurrentversustimedelayfromthe

timeofejectionattheentranceofdriftspacetothe

timeofreachingtothecollectorgivesamassspectrum

oftheions｡ﾄ
I
Ｉ

Asthistypeo£massspectrometerhasagood

transparenceofionandhighresponse,itissuitable

tomeasurethephenomenonv;hichchangesrapidlyor

occurssuddenly.Thesearethecapabilitieswhichare

requiredtothemassspectrometertomeasuretheupper‘

atmosphericcomposition.∧

μ

- - ● - ﾐ ﾐ 一
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Manydifficultproblems,however,lie･infrontof

achievementof.･spaceuseo£timeofflighttypemass

spectrometer.Itneedsaconsiderablylongdrifttube

toacliievcsufficientresolution,thatistomakelarge

timedifferencebetweensuccessiveioncomponents･

Payloadofspacevehicle,however,mustbesmallin

volume.●･一一

Anotherdifficultyisthattelemeterofspace

vehicleordinarilyhaspoorresponse.Theionsrun

veryfastanditisdifficulttomaketimelago£them

fromdeparture･ationsourcetoarrivalatcollector

longerthantenmicro-second.Thetelemetercannot

tran･smitthosesignalsasfullmassspectrum.Thus,as

shoiminFigure1.21,multipleanodeswithrespective

gatesareused.Byputtingthestartpulseintodelay

circuitwhichcanmakemultipledelayedpulse,gates

cansuccessivelybeopenedtotheexpectedionsof

differentmassattheappropriatelagtimeiv'hich

i1･
correspondto十theirarrivaltimebyrespectivegating

pulseanddetectedbycollectors.

1｡2.316nTrap(79)八/(85)‥＼

▽∧Thethermalvelocitiesoftheupper-atmospheric

‥‥‥‥‥μ●●
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ionsaresmallerthanvelocityofsatelliteand

comparableorrathersmallwiththemaximumvelocityof

soundingrocket.ThereﾀﾞoTらthedirectmeasurementﾆsof

･
iondensitywithvehiclearelargelyaffectedbythe

velocityandreductionofmeasureddataiscomplicated｡

Thoughtheiontrapisaninstrumenttoimprove

theseeffects,simplecompositionofioncanbemeasured

utilizingthevehiclevelocitywithit.Asseenin

i●
Figure･1｡22,aiontrapﾌconsistso£twogridsanda

collectorinashapeofplaneorsphere･

＼Thegradiento£characteristiccurveo£collector

currentver･susretardingvoltageappliedtothegridGi,

isinverselyproportionaltomassofion,＼vhenthe

vehiclevelocityislargerenoughthantheでmalvelocity

ofions＼

dl
-

dV

(ﾝQ
一吠Ne^A

MmV

where以:transparencyofgrids,
4.●.

,▽十ﾄN:numberdensityofions,

･'☆A:surfaceareaofcollector,

II●
'十/M:massnumbero£ions,

………V:velocityofvehicle,

ﾀﾞj>I.:collectorcurrent,

･●●･
∇尚っy………
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V:retardingvoltageof･G1゛

mp:massofproton.

Ontheotherhand,theretardingvoltagev;hich

preventstheionsfromattainingtothecollecteris

proportionaltomasso£ion

-
―
!
i
-

bv= 1
-

2

M mv2 (1.5)

Ifonlytv;ospeciesofionsexistintheupper-

atmosphereandmassdifferenceofthemislargeenough,

collectorcurrentcharacteristicsversusretarding･

voltagehastwogradientandastepappearsbetweenthem.

AccordingtotheEquationsC1.4)andCl≪5),masso£the

ionscanbecalculatedbythegradientsandthevoltages

at^^?hichtheionsarestopped,andtheratioofnumber

density･ofthesetwoionsisestimatedbytheion

currentatthestepo£characteristiccurve･

ﾄThetheoreticallyexpectedcharacteristiccurves

areﾀﾞshowninFigure1.231nthecaseofheliumionand

atomicoxygenion,andinFigure1.24･ofatomichydrogen

ionlandheliumion.These‘characteristiccurvesare

illustratedinvariouscaseofratiooftheions.

Asdescribedabove,theiontrapworksasasimple

:massspectrometer;;',howeveritisdifficulttoanalyze

ions,inthecasethatmultipleionsexistormassnumber
･

.･.･･･.･.μ十十
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ofionsisclose.Moreover,itisnotsoeasytoanalyze

datagottenfromexperimenteveninthecaseo£simple

compositionofionsasexpectedtheoretically.Accuracy

andreliabilityo£measureddatacannotbeevaluatedas

regularmassspectrometer.Iontrapwasusedasasimpﾕe

massspectrometerinArielsatelliteoftheUnited

Kingdom.゛'

I
j
l
l
l
―
I
i
―
―
!
―
―
!
l
r

1.･3
amicMass ectrometer

1.3.1RadioFrequencyTypeほ11皆?Ua〕(87)゛(101)'

尚/Therearevarioustypeso£massspectrometerwhich

analyzeionsbymeansofradiofrequencyfield.Mostof

themutilizetheexchangeofenergybetweenradio

frequencyfieldandionspassingthroughthefield.

.Amongthesemassspectrometers,Bennett‘typemass

spectrometerhasbeenfrequentlyusedforSIDace

observation.Bennetttypeofmassspectrometerisa

sortoflinearacceleratoranditsprincipleisa

combinationofenergyexchangee"£fectbetweenRF-field

an4･ions,withtimeo£flighteffect.

＼＼μ.･.●
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Figure1.25isaschematicdiagramtoexplainthe

operatingprincipleofBennetttypemassspectrometer･

Radiofrequencyvoltageisappliedtothecentergrid

referingtothebothsidegridsofeachtriplet.Ions

areacceleratedbyvoltageandreachedtothegridsfrom

leftHandofthisfigure.Assumingthatanychangeo£

ionvelocity‘affectedbyRF-£ieldissmallerenoughthan

itsmeanvelocity,theenergythattheiongetsfrom

RF-fieldduringpassingthrougiithetriplegrids,isgiven

as:

4W°゛【

導位

n(wt+&】dt'

＼,0｡犬

一

一

where

1
1
1
d
d
l
I
Ｆ

2ev

V

y

S

ω
θ

r£

Sω

-

･
ゆ

φ
一

･
一

一
一
一
･

み

咄ふ0)dtI]

(COS墜-1)cosf墜+θ)〔1.6〕

meanvelocityo£ion,

peakva!ueo£RFvoltage,

spacingbetweentheadjacent^ridsof

triplet,

angularfrequencyofRFvoltagef=27i:£),

phaseofRFvoltageattheinstancethat

theionreaches哺efirstgrido£triplet.

WTienRFvoltage＼£'frequency£,andgridspacesare

fixed,AWisfunctiono£vandθ.Therefore°,the

＼jμ十

■■I･●●●
f｀
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maximumof4WisobtainedfromEquation(1.6)asfollowsこ,

where

from

!
―
―
-
F
I
～
i
-

and

from

△Wmaχ

SCO

VO

一

一

2e^rf

-
Sり
-
VO

-1･な几

別盃ヱﾕ=0
㈲ﾉ

sto

VO

sm
S£O

I

V
O

3(乙w)_

- ∂v

(1-CO･S

十COS

0｡

SIλ)_

V
O

S吐

VO

一

一 1

)

FromEquation〔1.8〕and(1.9),weobtain

1
1
1
j ･一旦?とQ:!.2.33,

0

wherev

､ﾆ○

ら

μ

θ

o

り､ﾉ

四 0.81

〔1｡'7〕

(1.8)

(1.9)

(1.10)

:meanvelocityoftheionthattheenergyis

givenas4Wmaxﾀthatisjo£theioathat

satisfiesoptimumcondi･tion,

:phaseo£RFvoltageattheinstancethat

theionofoptimumconditionreachesthe

ﾄfirstgridoftriplet.
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ProvidedthatDCinversevoltageissuperposedso

astodeprivetheenergyofionsgiveninEquation(1.7)､

ionsunderoptimumconditionhavetheconst､antvelocity

ofvatanentranceandanexitofthetripletandthe
○●.

remainingionsareretarded･.TheDCbiasvoltagevbis

estimatedas:

―
―
l
! ＼

四 ･
-

2(1-COS鴛)

芦_ω

VO

v
rf

a
‘1.45vrf (1.11)

Prac!;ica･lly,asshov/ninFigure(1.25),theenergy

●
transferreueatsafewtimesandaequipotentialdrift

spaceofv;hichtransitanglesofionsundertheoptimum

conditiontotheRF-£ieldarenχ27C,isinsertedamong

theseenergytransferregions.Lengthofthedrift

spaceisshovmas:

ｆ
I
i

where

d=n
VO

-

f

- 2S

n:integer.

(1.12)

Consequently,inthissystem,ionssatisfyingtheoptimum

conditionatthefirststagekeepthesameconditionat

thesuccesivestagesandthe'otherionsareretarded

!moreandmore･十.一一

∧Finallyﾀi£agridisheldtothe･retarding

し＼ﾆｰ,●゛'ヽ-一一
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potentialvwhichallowsonlyionsundertheoptimum･
●｢

conditiontopassthrough,theseionscanreachthe

collectorandothersarcdrivenback.vcanl)egiven
｡｢

as:●

v

r ﾔ.NX1.45Xvrf )くび､ 〔1.13〕

whereN犬:numberofstages,

‥こ吠:positiveparameterlessthanunityv/hich
♂
i
j
―
~
―

determinsresolutionofthemass

spectrometerandisalsorelatedto

sensitivityofit.

Thepotentialvwhichacceleratesionstothe

velocityIVO゛isgivenas:

ev=
!MmV2

2po
(1.14)

FromEquationCl.lO)and〔1.14〕,weobtainthemass

num‘berM,o£theionsunderoptimumconditionis

calculatedas

MC^

0｡

S2

2636V(volt幻

(cm)f2 (MHz)

(1.15)

Accordingly,･therelativeabundanceofionswith

differentmassescanbeobtainedbyvaryingvorf.

ﾄ………/
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visgenerallysweptfromatechnicalreasoninthecase

ofspaceuse.

TheshortcomingsoftheBenn‘etttypemassspectrometer

forspaceusearethatanyfocussingforcedoesnotaffect

onions,thus,analysisastoradialmotiono£ionsis｀

impossibleandbecauseofusinglargenumbero£grids･,

thetransparencyofionsbecomesworseespeciallyo£the

activeionssuchasatomicoxygen.

'j:.■･

jOntheotherhand,thistypeofmassspectrometer

y●

satisfiesalmostalltechnicalmeritforspaceuse･

∧∧Figure1.26showsarocketbornefivesteigeBennett

1ふ寸

typemassspectrometerofJapan.

1.3.2Q叩drupoleFieldTypeにal蝉?n /
―
＼

･
>
c
r
i

(87)~(90)｡

(121)/ヽ/(123)

＼Abouttwentyyearsago,itwasdiscoveredin

BrookhavenNationalLaboratorythatprotonbeamwas

stronglyfocussedbyalternativemagneticfieldintensity

/らfwhichisratherweakthaninthecaseofuniform7二

magneticfield.S●inCethattime,thisphenomenonhas

beenstudiedasalenseffectofchargedparticle,

especiallye｡lectronfocussing‘probleminspacecharge

●I｡元･,･effectdominantfield.

μ
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Onthec?therhand,Pauletal.proposedamass.

filter‘withthisprinciple,socalledasPauls

MassenfiてlterorQuadrupoleTypemassspectrometer.･This

iscomposedo£fourpolesparalleltotheionbeamshown

inFigure1.27ascrosssectionalschematicview.Their

curvaturearehyperbolashownas

X2'y2°
士

‘r｡

2

(1.16)

Theoppositepairsofelectrodesareconnectedtogether･

Whenonepairisappliedwithvoltagewhichissuperposed

directvoltage^dcandratiofrequency"voltagevrfcosa)t

此
V

占
~ +＼f cosば〉t

andtheotherisappliedwith

I
i
l

φ=.-〔^dc゛Vcosωt〕

(1.17)

(1.18)

theelectricfieldsinthespaceamongthefourrods

separatedby2roare∠

EX"'(vdc゛vrfdosωt)

μ
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'=十quadrupole.
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Ey°(vdc゛V^^cost゛t)

E
Z°0

2y

-

r
0

2

(1.21)

Therefore,theequationsofmotionofchargedparticle

inthefieldarefollowingas:,.

i
―
d
l
!
!
―

M

M

M

d2

d2χ

町万

d2y

m一一･
p

dt2

"p

X

dT2

d2こ

T2

y

d2

+

ふ

一

一

ﾋﾟ

r
0

2

2e

-

r
0

2

0

8e

8e

(vdc゛vrfcosωt)X =0

(1.22)

(vdc゛vrとrCOSωt)y=0

(1.23)
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ω t

(1.24)

asfollowing:

4

dt

Z

-

2

TheyarerewrittenwithT

M22

Mmpro
2ω2

2

(vdc゛V^cos2T))(゜0

C1.25)

('vdc゛V^^cos2T)y°0.

..(1.26D
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一
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0 (1.27)

Equations(1.25),(1.26)aretheformofMathieu's

differentialequationdefinedas:

d2 X

+(a+2qC0S2T)X=0

8ev

4ev
Tf

匹匹

(1.28)

f1.29)

(1.30)

暮4

dT2

Sφlutionso£theMathieu'sdifferentialequationare,

aswellknown,stableorunstableaccordingtothevalue

o£parameters'aandq.卜｡

Thereforeionswhichareejectedintothespace

amon^thesepoles,･travelwithconstantvelocityinZ

derectionandfocusintoordivergefromcentero£the

spaceasrespectiveconditiongiveninfollowing:

q゛

Ions£mdertheﾆfocussingconditioncanreachcollecto『

of＼themassspectrometer.∧

‥‥‥‥j〉Thestableandunstableconditionwithaandqare

showninFigure1.28.FromEquation｡(1.29)and(1.30),

ん



-

-
-

―
-
-
･

-
-
-
-
一
-
･
'

-

―

-

-

-

-

一

-

一一一

-

-

一

-
I
I
t
i
―
I

α

0,

0.1

μ

ﾀ
‰

0.2

!
･

?

㎜ - . - - - J a ■ ■ - d - ･ ‥ - 皿 ' ■ ¶ - J - ■ ■ W " - 〃 ■ ･ ･ ･ ･ ■ ■ W ¶ - . J 皿 皿 ■ - - 4 ･ 一 皿 ' 酬 - - 皿 ･ ■ ･ ¶ を - d - - ･ - - - ･ a ･ - - - 〃 ■ - ¶ ' ¶ ¶ ･ a - ■ ･ ' - - ･ - ･ 4 ■ J - - 皿 ･ - -

0.3 0.4 0｡50.6

σ→

- - | ¶ - - 〃 - - a ¶ ･ ' ･ ' - ' ･ ･ ' ■ ふ " - ● 〃 ㎜

61

･ a ㎜ ■ ■ ■ ● J ■ ■

0.7 0.8 0.9

一 一 -

1.0

- - - - ■ ■ - ㎜ '

I
I
r
l
l
■
I

-
-
Ｆ
I
I
I
I

-

Figure1.28stabilitydiagramofquadrupolo
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andFigure1.28,itisrecognizedthatthestraightline

givenas..

-

2q

Z

^
dc

-

v

r｀f

一

一

kCconstant) (1.31)

crossesthestableregionandtheshorterthestraight

四W°
]fineinthestableregiongivestheh:ighertheresolution

ofthemassspectrometer.°Inconditionofkざ0.167‘

thelinetouchestheapeχpoint.ofstabletriangleand

noioncanreachtothecollectoratthelargervalueof

kthan0.167｡

Inordertouseasamassspectrometerwhichcovers

｀゛idemassrange･itisapparentfromEquationCl'29)ﾊﾞ1.30)

叩d(1.31)andFigure1°28that^dcandvrfmustbe

var･iedinwiderangewhilethe･relationbetweenv

Vr£o£Equation(1-31)issustained.

dc
and

犬Ther‘earetwoldifficultiestoadoptmassspectrometer

ofthistypeasspaceuse.Oneisthattheelectronic

circuitmustsupply^dcand^rfin‘widerangeﾀmaximum

valueof＼fisusuallyrequiredabout500voltandratio

of^dc/^rfshouldnotchangeinwholeofsweptrange

because･thefluctuationcausesdirectlychangesof

sensitivityandresolutionc?fthemassspectrometer.

Theotheristhatthesensormustbe(ごonstructedvery

十し＼ﾉづ,しヽ

｢ - ' ● ゝ ■ - ･ . - l . ･ ･ ･ ㎜
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preciselyparallel1゛ithoutanydistortionandtwist･

Thesedifficultiesareseriousproblemsforspacepurpose

whichrequiressmallpQv;erconsumption.stableoperation

andmechanicalstrength.

l
t
t
I

Inrecently｡however,inspiteo£thesedifficulty,

ﾔ

s!pectrometer.InJapan･,wealsoliseitforobservation

j.

o£ioncompositiono£thelowerionosphereandobseでvation

neutralcompositionoftheupper-atmosphere.

＼Oneo£tl?demerito£thistypeasamass

･･
spectrometeristhatpatterncoefficientofthemass

spectrumvarieswithぶhangeofkfactordefinedin

Equation(1.31),thatiswithitsresolution.Toimprove

thisphenomenon,sometechniquesareapplied,for

example゛.superpos･ｷngconstaﾘtbiasvoltageonvdc｀

'Practically,duet‘o'adifficultytomakepoleswhich

havehyperbolicsurface,columnsareusedasshownin

Figure1.29,Whenthediameterofthesecolufiinsis

selectedinpropertotheirdistances゛electricfield

inthespaceamongthepolesinwhichionstravelisnot

SOしdifferentfromthecaseofhyperbolicsurfaceasit

givesseriouseffectonionmotion.Moreover･toavoid/

･4
difficul･tyo£settingofpoles,circularconcave

electrodesaredevelopedwhichisablet?makefromone

■･･●丿･●●
μ
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Figure1;29Crosssectionalschematicdiagram

:ofconventionalquadrupole.
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columnanddoesnotneedtroublesofsettingup,andvie

adoptedthistypeforspaceexperimentmentionedabove.

Therearesometypeofmassspcctrometei"using

similarprinciple°Theoneiscalledmonopolcmass･

spectrometerasshov/ninFigure1.30.Thishassome.

meritscomparringtoquadrupoletype.Forexample,it

一
員5not･necessarytomaintaintheratiovdc/vrfso

f
restrictasthecaseo£quadrupoletype.Severe

restrictionofinjectionangleofionisadifficalty

ofthistype,especially‘forspaceuse.Recently｡

●however,itbeginstobe･usedforrocketbornemass

spectrometer･

Anothertype,socalledminiQ,hasthreedimensional

featureasshowninFigure1.31.1tisalsoconsidered

asasorto£resonanttyp‘e.Thedistinctivefeatureo£｀

thistypeisthationsunderresonantconditionare

trappedforlongtimev/hiletheothersareeliminatedout

ofthefield.Thoughithasonlyshorthistory,itwill

havemanyapplicationsinmanyfields,ofcoursealsoil:1

space元

1.3.3ResonantType(86)へﾉ(90),〔121〕八ﾉ(123)

Many･typesofresonanceofchargedparticleare
μ,犬
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ﾄ9fmonopolemassspectrometer.
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considerodandtherearemanytypesofmassspectron!etcr

usingtheseresonance.Amassspectrometerusing･the

ioncyclotronresonantphenomenonhasbeenusedasa

rocketbornpayload.Thisiscalled"omegatron"and

itsschematicillustrationis'showninFigure1.32･

丿Theoperatingprincipleisthesameascyclotron

accelerator.Ionsmade'bc1･ectronbombardmentinan y

analysing‘spaceareoscillatedbyradiofrequencyfield

appliedtothev;allsoftheanalyser,whichareparallel

tomagneticfieldB.Themotiono£ionso£massnumber｡

●●●
M,whichsatisfythecyclotronresonantconditioninthe

magneticfieldBwithangularfrequencyo£appliedRF……,

voltageC‘4)cﾀisdescribed&s

eB

一一=U､)=27L£
mM｀cc

P

(1.32)

synchronizewithRF-£ield,andtheionsgainenergyfrom

it.Consequently,theradius゛ofoscillationo£theions

i;｡1

gでowsupan(1へcollideagainstthecollector.fco£

Equation(1.32)iScalledasioncyclotronfrequencyof

iono£massnumberMinmagneticfieldB･

＼AESﾀenfromEquation(･1.32),thefrequencyofRF

voltagemustbesweptforscanningmassrange.Altliougli

itisverydifficulttogenerateRFvoltagewithaflat

●･●●●●●μ◇≒●●
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voltagecharacteristicscoveringwidelysweptfrequency

.range,thecharacteristicso£theomegatronmass‘｀

spectrometerdependlargelyonitsvoltagevalueor

fluctuation.Itisthemeritofthistypeo£mass

‘spectrometerforspaceusethationsaremadeinits

analyzingspaceandtheambiguitiesintheionsource

canbeneglected.,●●

I
I
r
―
F
―
1
1
1
1
1

1｡4Discussi｡nQZど^(90!●､｀゛･J-~＼.゛゛ﾉy
(121)~(123)

Massspectrometerswhichhavebeenusedindirect

measuremento£theupper-atmospherecompositionare

reviewedasabove.Theyhaverespectivecharacteristics

anditisdifficulttosay,inshort,whichisthemost

suitableforourpurpose.Amongmassspectrometers

describedabove,someo£themarenotfrequentlyused

because'oftheirshortcomingswhicliare･seriousobstacle

●･ゝ●.÷forspaceapplication.

■■■●十Then,thecharacteristicso£magneticsectortype,

Bennetttypeandquadrupole.typearebrieflycompared

anddiscussedfromthepointofviewofspaceuse.

'丿
‥‥‥‥Thesensorofquadrupoletypeis.thelightestand

･S

‥ﾚﾀｽ∧白
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smallest,whilethemagneticsector.typeistheheaviest

duetoitspermanentmagnet.

Asforasensitivity,Bennetttypehasratherhigh

characteristics.Thoughtransparencyo£Bennetttypeis

worse元areaofinlethasnolimit.0ntheotherhand,

¶●.

theorificeo£quadrupoletypeandmagneticsectortype

mustbena･rrov;togete

1

XCellentcharacteristics

ﾚ

especiallyinresolution.Gridso£Bennetttypedistu･rb

theionmotionandtheyareparticularlyundesirableto

measureactivespecies.

■㎜●●●
Magneticsectortypehasthesimplestelectronic

circuitandissmallestpov/erconsumptionwhile

quadrupoletypeistheworstcaseonthesepoints･

Stabilityandreliabilityofoperationwhichareimportant

forlongtermmeasurementsuchasasatelliteobservation

arerelatedtothecompleχityofelectroniccircuit.

AnundesirableaDpearanceofpseudospectrumby

theharmonicrelationofthe.appliedRFvoltageisthe

mostimportantproblemo£Bennetttype.

｀ﾀﾞWidedynamicrangeisrequieredinspaceobservation,

soitisdesirablethatthesensitivityandresolution

Cきnbeadjustedinasensorwithsomeelectronic

teC!miques.0pe･rationmodeo£massspectrometerona

satellitemustbeselectedbycommandsystem,because

¶･-●
'I｢･'｢.●･●I.｢●.●･●･･I●･

…….…………μ二‥
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theconditionso£obiccts･o£measurementchangewidely

withtime,day,season,altitudeofvehicleorlatitude

o£theearth.ｸﾞ

Bennetttypeisweaklyaffectedbyitsattitude

●●1●-

comparedwithothertypebecauseofitslargecross

sectionofbeam.Velocityofvehiclegivesdifferent

･e£fectonthem
ﾀthatiS｡massscalemovesinmagnetic

sectortype,whileresolutionbecomesV7orsein

quadrupoletype.InBennetttype,thebotheffectswill

j

appearinthesametime.

Itisimpossibletodecidethemostexcellentone..

Inearliereraofspaceobservation,Bennetttypev;as

themostpopularmassspectrometeronspacevehicle.

andrecentlyquadrupoletypeisfrequentlyemployedgetting

overtechnicaldifficulty.Infuture,quadrupoletype

willbemorefrequentlyused,butthemerito£Bennett

typethatitdoesnotneedanelectronmultiplier,must

not:beforgotten･

＼Andforsatellite,thestabilityofoperation,

ゝ●一一■●･.■

simplicityofcircuitandsmallpowerconsumptiono£

万!Tiagnetsectortypeareimportant,thoughitcannot

＼ﾆelectronicallychangeitsresolutionandsensitivity･

Itisdesirableinsatelliteobservationtocontrol･ﾌﾞ

.●･'.･あ.

resolution-andsensitivityattheanalyserwithcommand

゛ゝ.･
'.'71"･.●●●.･j●lj
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fromにheearth.Amassspectrometerwhichhassuch

W●
characteristicsasrequiredaboveisdevelopedas

describedlater.ﾀﾞ

Wearecarryingoutthedirectmeasurementof-the

upper･-atmosphericcomposition.TheBennetttypemass

Wpcctrometerv;ithoutelectronmultiplierisusedto

1
n^easuretheioncomPosiをiono£EandFlayero£the

ionospherebyKappa'9Mrocket,thequadrupolemass

spectrometerisusedformeasurementofioncomposition

ofthelowerionosphereandneutralcompositionanda

newtypeofmassspectrometerwillbeusedfortopC)ide

o£thei‘onosphereandsatellite.
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CHAPTER2

･MASSSPECTROMETERUSING

SPATIALLYPERIODICSTATICFIELD
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2.1Introduction

Varioustypeso£massspectrometersareusedfor

directmeasuremento£theupper-atmosphere.Besides

generalqualificationswhicharecommonlyrequiredto

instrumentsforspaceuse,themassspectrometerfor

thispurposeisrequiredwithhighresponse

characteristics,highsensitivityandwidedynamicrange,
≒J

inconsequenceofitsmeasuringobjectv/hiclicoversｿ

varioussortsofmasses.Asuitabletypeofmass

spectrometeらtherefore,willbeadoptedforrespective

purpose,suchasaltituderange,sortsofvehicle,

objectandsoon.

Foralongtimeexperiment,thatisonasatellite,

themostimportantconditionsarehighreliabilityand

stabilityofinstrumentsandsmallpowerconsumption･

ﾚHighreliabilitydependsdirectlyonthesimplicityof

electroniccircuit.犬Thesimpleelectroniccircuit

generallyconsumessmallelectricpower.staticmass

spectrometer,especiallymagneticsectortypesatisfies

these∧conditions.However,itcannotelectronically

controltheresolutionandsensitivitybutmechanically･

Theelectroniccontrolofresolutionatsensorwith

commandsignalfromtheearthisnecessarytochoosethe

-･･I●.●●

＼μΛ
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mostsuitableoperatingconditionatthepositionwhere

satelliteisrunningandto･g･etwidedynamicr･angeof･

theexperiment.‘

Todevelopamassspectrometerforsatellitewhich

hassuchcharacteristicsassimpleelectroniccircuit

likeasmagneticsectortypeandaschangableresolution

withelectronicmethods,wehadsurveyedmotionsof

(こhargedparticlesinperiodicfieldsandproposedanew

i
.typeo£massspectrometero£aconfigurationwhichis

superposedquadrupolespatiallyperiodicmagneticfield

andquadrupoleelectricfield.Accordingtotheresults,

wemadethemassspectでonieterandtriedtousein

laboratoryandinspace.

2.2ﾆMotionofChar edParticlesPassin 四囲血

1

11
1 3

1),

6),

2〕

λ

-

2

S atiall PeriodicStaticFields
(

ﾘ(ﾘ,G
｡/(114)'ﾍﾉ(
しj.C128)･ヽﾉ(
｡2.1十AxiallySymmetricPeriodicMagneticField

…………Atfirst,thecaseofanaxiallysymmetricperiodic

ﾚmagneticfieldasshowninFigure2.1isinvestigated･

Itisassumedherethat:axialvelocityofcharged

･■j

IS･‘.万‥‥‥‥‥:μ･.･･･.･･･..゛
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Figure2.1Schematicillustrationofarrangemento£

＼一一axiallysymmetricperiodicmagneticfield.
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particlesisconstantandadistanceo£aperiodof

motiono£chargc‘dparticlesalongthea芦isislarger

thandiametero£thebeam.へ

Assumingthemagneticfieldchangeassinusoidal

inzdirection,itmightbegivenas:

Bz゛Bocoskz (2.1)

whereB

ﾄ丿○

|!

:magneticfieldo£peakvaluethatisat

magneticpole,

k:2lt/p(I:lengtho£aperiodo£the

Z

＼magneticfield-),

:axialdistance.･

Theequationofmotiono£achargedparticlein

cylindricalcoordinateissho＼vnas

where

AseEr

･ ■ ･ ･ ■ ･ ■ - - - | ¶ ■ ■ ･ ･ ･ a

mM
右
万

ｔ

dee

一一=一一B

dtmpMz

r( 3

萌
一
と

m:mass'ofproton
p

M':massnumbers

幽
一

ｅ

j

゜e｢

eでlectroniccharge

dθ

-

dt
Bz°eE^

(2.2)

meanstheforcewhichissubjectedbyspace

μ●●
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chargeeffect,itisab].etoneglectinthecaseo£thin

densityofchargedparticle.Therefore

d^r

-

dt2

e

-B

mMO
p

2r(二B.､COSkz)2｀ =0

F‘romtheasumptionas'previouslymentioned

i
―
I
F
-
―
!
―
-
-

then

t=z/vandkz=s

dr

-

ds2

-

(

ekv

-

IHpM

B
o

)

(2.3)

2(1゛COS2Sヽ)r=0(2.4)

ｺ＼こ(Ill),
fll4)~

＼C128)へﾉ

2.2.2AxiallySymmetricPeriodicEledtricField

(1

(1

∩.

I
ﾀ

3
j

[
V
]
O

―
―

32)

i
l Althoughinthecaseofaxiallysymmetricperiodic

ElectricfieldasshowninFigure2.2,theaxial

velocityofachargedparticleisnotconstant.Itis

assumedthatthevelocitieso£chargedparticlesisequal

at｡thesamecrosssectiono£thebeam.Providingvoltage

ontheaxisvariesas:

μ

Vfz)゜vo゛V 1(1".COSk゛)

80

" ･ ● ･ ■

(2.5)
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Figure2.2Schematicillustrationofarrangementof

＼＼axiallysymmetricperiodicelectricfield
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thevo]･tageadjacenttotheaxisis･givenapproximately

as:

V(z,r)=V(z)-

1

-

4

d2 V(

dz2

2)2
｢ (2.6)

Theequationo£motiono£･radialdirectionofacharged

]particleneartheaxis,is:
ﾄ

then

nipM

d^r

-

dt2

゜e

e

一

一 -

dv〔z,r〕

-

d2V(z)

2m

P
Mdz2

(2.7)

｢ (2･.8)

Becausetheaxialvelocityofcha‘rgedparticlesis

largerenoughthantheradialvelocity,thefollowing

equationisderived

-

dz2

+

1

dV(z)dr
-

1

+'

d2V(z)

2Vり〕d゛d24V(2)dz2

r=0

C2.9)

,ﾚﾆ‘]./4

Again,itistransformedbykz=s,RikrVrz)

xmdertheconrditionsofvo≫V1

y

d^R

-

ds＼2

+

3

-
32

V12
-

Vo^

(1-'COS2s)R=0

82

(2.10)
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2.2.3QuadrupolePeriodicMagneticField
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C114)
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Inthecaseofquadrupoleperiodicmagneticfield

asshowninFigure2｡3,adoptationoftherectangular

co-ordinateisratherconvenientthancylindricalco'

|.
ordinate.Theaxialdirectionistakenaszaxis.
|'
Whenaperiodofthemagneticfieldi.islargerthanthe

radiusofbeam,componentsofthemagneticfieldis

givenas,:

B=
χ

B
y

一

一

B

O
-
ro

Bz゛k

yCOSkz

B
O

-
ro

B

O
-
ro

xCOSkz

xysinkz

(2.11)

Providing･componentsofvelocityo£theionpassing

through･thefieldare

Vχﾀ vyくKvz°v

equationsofmotiono£theionsaredescribedas

μ
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ご'十二quadrupoleperiodicmagneticfield.
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dX
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dt2
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dt^

42x

-

ds^
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-
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+

-
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-

vxCOSkz=0

vyCOSkz゛0

2

V

(COS2s)x=0

(cos2s)y=0

851

(2.12)

(2.13)
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(11
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eB

_____○_

mMr
po

eB

O

mpMTO

:radiusofbpam.

tertransformationofvariableasz=vt,kz=2s

theyarewrittenas

4eB

O

mpMrok

4eBO

mpMrok2v

2.2.4QuadrupolePeriodicElectricField

-Componentsofelectricfieldwhichismadeby

quadri!poleperiodicelectricfieldasshowninFigure

2.4aregivenasfollowsundersimillarasumptionas

previous:十ﾄ<'
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Figure2.4Schematicillustrationofarrangementof

●
‥‥‥‥‥‥‥‥‥‥‥quadrupoleperiodicelectricfield.
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X
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2V
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xCOSkz

ro

2V十一

゛｀一一一一yCOSkz

2
ro

Ea∽
Z

kV

- (x2-y2･)sinkz

(2.14)

一ro

Assameasprevioussubsection2.2.3,linesofforce

drav;hyperbola.Theequationso£motionofionsv;hich

passthroughthefieldarethat:

μ

d^X

-

at'

i'y

-

dt^

+

2eV

2eV

○

(coskz)x=0

(coskz)y=0

87

(2.15)

･t

mMr^
po

ItisapparentfromEquation〔2.14〕thattheelectric

fieldbecomestozeroontheaxisofthebeam.

Therefore,itisconsiderablethatv=visconstant
-z

上inthevicinityo£theaxis.Bythereplacemento£

variableswith.t'z/Vﾀ'kz°2sunderthesame

ﾚasumptionasprevious,Equations(2.15)arewrittenas
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ds^

dy
-

ds2

+

8eV

mMr2k2V2
po

8eV

m･Mr2k2V2
po

|

〔COS2S〕X=0

(cos2s)y°0

2.2.5DiscussionC114)(116)

C2.16)

ITheresultantequationsofprevioussubsections'

suchasEquation(2.4),(2.10),(2.13)and(2.16)are

resemble.Theyarethedifferentialequationwhichhas

acoefficiento£periodicfunction｡

Suchasortofdifferentialequationisgenerally

writtenas:゛'

'd2X

-

dt2

= [a-,2qφ(t)･]X=0 C2.17)

anditiscalledHill'sdifferentialequation.

Tothespecialcaseasφ(t)゛COS2t,itis･the

V7ellknownMathieu･sdifferentialequation.Thatis

ｿﾞ2
〉d"x

●㎜

＼〉ﾝdt2=

-

(a-2qCQS2t)x=.0 f2.18)
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.ThesolutionofEquation〔2.18〕iscalledas

Mathieufunctionanditshowsstableo･runstable

accordingtothevaluesofcoefficientofEquation

(2.18),aandq.｀Theconditionisillustratedina

■diagramasshowninFigure2.5whichiscalledas

Mathieu'sButterflyDiagram.Thehatchedareasare

stableregionso£thesolutionandtheothersgive

unstablesolution.

Equation(2.4)isinthecaseof

a°ゞ2q°(

Equation(2.10)is

a゛2q･゜

Equations(2.13)are

ekv
ﾜ

3
-
32

a°0,q°

%)

V1

2

-

Vo

^

2

2eB

O

<＼＼二‥‥‥‥‥‥‥‥'IT4い1rok2V

and｡Equat如ns(2.16)areinthecaseof

y

a°O)q°

46V1

?pMro2k2v2

90
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(2.20)

(2.21)

(2｡212)
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･Itisapparentfromtheseequationsthattheyvary

oneachoperatinglineofthediagramwhentheparameters

change.Theoperaﾘmglineisa゛‘2qforEquation

(2.19)andisa゛2qla°O/anda°Ofor

■

Equations(2.20),(2.21)and(2.22)respectively･As

seenfromEquations(2.19)･････.(2.22),according仙e

-÷』ﾀ
changesof･theconditionssuchaskﾀV゛M゛Bo゛Vlor

V,thaoperatingconditionisdeterminedat3pointon

eachoperatingline,andthesolutionisgiveninstable

orﾘnstable,thatis,thebeamofthechargedDartic:Le

J
isconvergedordivergedcorrespondingtothepointo£

thediagram.ﾄ

AslearnedfromFigure2.SandEquations(2.19)...

(2.22),i£thebasicconfigurationoffieldisused

formassanalysis,therearetheprobabilitythations

o£differentmassarefocussedinthesamecondition.

Consequently,theycannotbeusedasamassspectrometer

butsomepropercombinationo£themv;illachieveamass

spectrometer.

.I･

μ
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2.3AConfi

心

rationofMassS

,Intheprevioussection,motionsofcharged

particlesinbasiccasesofperiodicstaticfieldare

investigated.Theyareunabletohaveindividuallythe

-
firiactionasamass･spectrometer.Someappropriate

combinationso£them,howむver,inwhichbehaviorofions

isdifferentandcomolicated‘fromthe,basiccases,are

promisingtoanalyzethe･massorenergyofions･

Aconfigurationamongthemv/hic】lissuperposed

quadrupolarperiodicmagneticfieldandquadrupolar

electricfield,asschematically･illustratedinFigure

'2.6isproposedforamassspectrometer.Thelineo£

forceoftheelectricandmagneticfieldinthecross-

sectionatamagnetDositionareshovminFigure2.7

●■･.

fa)and(b)respectively･

'ltisassumedthatthevariationofthemagnetic

'fieldwiththez-axisfollowsthecosinelaw,theradius

ofbeamo£ionsthroughthefield,r

^
,ismuchless

thantheperiodofthemagneticfieldX,andwithout

＼1osinggenerality,therelationbetweenthe‘velocity

ﾀﾞcomponentso£ionscanbeexpressedasVχ゛v声vz°v゛

●･●

しUnderthesecondition,theequationsforthe

-ﾚ＼y●●●●
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!Figure2.6Schematic｡illustrationofproposedconfiguration

.superposedquadrupolarperiodicmagneticfield｡

'‥‥‥‥andquadrupolarelectricfield.
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Figure2･7Lineo£forceo£electric〔a〕andmagnetic
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magneticfieldarethesameasEquations(2.11)andthe

equationsfortheelectricfieldaregivenas£ollov;s:

2V,0
E=

.χ

E=
y

-

r
O

2

2Vo

-
2

y

X

(2.23)

The

J!

p

ro゛

refore,theequationsofmotionsforthe.ionswhich

assthroughthesefieldsare:

d^x

-

dt^

dy

-

dt2

八
謡
庖
�

+

=

+

-

y

X十

y'

2

○

2

○

V2

V2

eB

.一一...--

○

-

mMr

PO

V(cos子z)x=0

ﾂﾞSL
V(cos努･z)y=0

mpMro

(2V

(2V

o゛roBovcos2で)x°0

o
+roBO

97

vcosZiﾆ)y=0

(2.24･)

C2.25)

4

p '

2eV
二

mMr
po

2eV

○

mMr
po

ﾄUnderthesameassumptionsasintheprevioussections,

providingvt゛z,z/£゛で,Equations(2.24)become

&S:I

ぞ

｡12

mpMr

J

7l^mMr
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Theseequationsarerev;rittenwithacceleratingvoltage‘

VA (=
m勁2
12

2e

d2X､

一

疋

-

dが

+

)

丿

as

ぜr
o

2V
A

1
~

(2vo

仁

(回

+｢
O

B

十rB

がr
o
2V

A

｀‾ｹo‾o

o

⑤
cos2匂゛

ｺﾞ
0

(2.26)

⑤ cos2で)y=0

TheseareMathieuequationwhichhavenospecific

relationsbetweenaandq.Accordingly,asunderstood

fromEquations-(2･.25)or(2.26)andFigure2.5,the

regiono£"Butterflydiagram"whichgivesstable

solutionsatthesametimetothexandydirections

isthehatcliedareaofFigure2.8.Therefore,ions

havingthe＼operationalconditionintheaboveregion

haveconvergedtrajectoriesandcanbetrapDcdbyits

collector.･
WI.

‘V/hendimensionsofsensorofthemasssnectrometer

aretakenasj!゜2cm゛ro°O'2cm,coefficientof

Mathieuequationaandqaregivenas
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VA

qμ0.7χ10

･
参Ａwherevﾆandv

Bo:inWb/

1n

m

/Blo二

jﾜ

volt,

2

(2.27)

Therefore,whenBois･constantvalueandV.isvaried

forscanningofmassrうrige,amassspectrumcanbe

J
obtained.Thusthequantitesvo゛VΛandBoarerealizable

eveni£thevelocityofionsvmightbemuchgreater

thanthatofthespacevehicle｡

Someavailablecombinationsmaybeconsideredin

thesimilarconditionundersomeliTuits.Equationsof

motionofchargedparticlespassingthroughthefield

ofthesimilarshapeofelectrodesusingonlyelectric

fieldasillustratedinFigure2.9aredescribedas:

一
疋

+

-

冗2

え2
-
ro＼

j
2

Thestableregiono£

十･･･μ

＼

〔vo゛Vlcos2t〕X=0

(vo゛Vlcos2て)y゛0

C2.28)
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Figure2.9Schematic.illustrationofenergyanalyser.
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Figure2.8andasseenfromEquations(2.28)itanalyzes

incidentenergyo£chargedparticles,thatis,itis

usednotasmassspectrometerbutasenergyanalyser･..

Whenthevelbcityofaspacevehicleonv/hichthe

energyanalyserisinstalled,isfasterenoughthan

therma:Lvelocityofions,itcanbeusedasmass

spectrometerutilizingthevelocityasiontrap.In

S･ﾘchacase,itismuchmoreexcellentthaniontrap･
1
1
1
1
1
1

2.4Calculationo£OrbitsofChar

(114)j
(117),

〔115〕,

〔128〕.､/〔132〕

edParticles･

4

Thetrajectoriesofchargedparticlespassing

throughtheconfigurationofthefieldasshownin

Figure2.6and2.7,thatis,thesolutiono£Equation

r2.26)iscalculatedbyelectroniccomputerwithvarious

conditions.AlthoughtheMathieu'sdifferential

equationisgenerallysolvedbydevelopingintoinfinite

seriesoftwofamiliesaswellknown,weadopteddirect

calcu!ationoft】ledifferentialequationbyelectronic

computer.Thedetailsofthemethodadoptedforthe

purposeisdescribedintheappendix･

‥‥‥‥Though‘manycalculationshavebeendoneunder

……………μj〉つ
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variousconditionsofparameters,･onlysometypical･

resultsareshownin£ollov;ing.Thetrajectorieso£

ionsinFigure2･.10showtheaspectso£divergenceof

H+andO+ion‘sundertheconvergentconditionofHe+

ion.Figure2.11showsthetraiectoriesofthesame

kindofionsasFigure2.10forhigherresolutionwith

varyinga,e･g.V.
,○

い.ﾀﾞFromthesetwofigures,theinfluenceo£different

operationalconditionisapparentesneciallyonthe

trajectoriesoftheconvergentionsanditseemsthat

theconvergentiontrajectoriesshowaﾊﾞlaminar£lov/.

Figure2.12includesthecaseofheavi･erionsthat

is,itﾘiov;strajectoriesofNO+゛N2+and02+ionson

theconvergentconditiono£NO+ionsbesidesthatof

He+,H十andO+ions.Theinitialpositiono£theseions

･isassumedtoi'beabout1.5mmapartfromtheaxisand

theradialcomponentofinitialvelocityiszero･

Thisfigureshowsthattoanalyzethehighermasso£

ion,thelongerconfigurationofsensorofthemass

SDectrometerisrequired･

'く411o£previousresults‘areinthecasewlicrethe

ionsareinjectedintotheorificeofthemass

spectrometerinvariouspositionsandonlywiththe
●.■㎜●･･

velocitycomponentparallel･tothelzaxis.Because

＼……μΛ‥ﾄ
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thedirectionofflightofthespacevehicleinstalling

themassspectrometersensorisnotalwayscoincide

withthederectionofaxiso£thesensor,thevelocity

componentperpendiculartotheZaxisshouldbctaken

intoconsideration･ｹAlthoughdetailsoftlﾘs

characteristicscalledascharacteristicso£attack

angle･willbementionedinChapter]:II,Figure2.13is

shoimasanexampleo£theoreticalcalculationofthe'

characteristics.‘･

犬Inthiscase,theaxialcomponentoftheinitial

velocityforHe゛ions‘isSχ104m/secandtheangle

betv/eentheaxeso£thesensorandvehiclewiththe

velocityof8χ1{j3m/secisassumedtobe10degrees･

Itisapparentthatthetrajectoriesvar沁ｿﾞwithits

incidentcondition,eventheionsofconvergent

conditionslowlydivergeandthelaminarflowis

∧disturbed°ﾆI十

二＼AlthoUghthesefiguresshownpreviouslyare

jlillustratedonlyaccordingtothedeparturefromthe

:centerofthebeam,thatis,r°ﾉR二;Tﾆi｀,theactual

trajectoriesshowcomplicatedbehaviftrsinthree

dimensionalone.ｺ尚

μ

i
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ationintheCaseofFiniteLen

4

以

Asmentionedpreviously,thestabilitycondition

ofthesolutiono£Equation(2.26)isgivenbythe

hatchedareao£Figureヽ2'.8.Itholdspood,however,in

suchcasethatthemagneticandelectricfieldscontinue

infinitelyalongthezdirectionandthecircumstance

isdifferentfromactualfinitelengthofthesensor.

Thoughthenumberoftimesthationsaresubjectedto

thefield,decreasewithasensoroffinitelengthand

itisexpressedasgrowinginferiorresolution,afinite

■■●

lengthsensormustbeusedinactualinstrument.

ﾆThedatawhichareusedindesigningoptimum

configurationof-sensorandgiveasuitableoperational

conditiontothesensor,arerequired.IForthispurpose

thedeformationofthestableregioninFigure2.8in

thecaseofinfinitelengthmustbeinvestigated.The

resultso£calculationsareshowninFigure2.14.

-%･

………Itisseenfromthefigurethatthephenomenao£

theflatappexo£thetriangularboundariesmean

loweringoftheresolutionanddifferentoperational

■■■r●4
丁-･.conditionsfromthato£Figure2｡8mustbechosenasthe

numberofmagneticpolesdecrease.
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A11o£abovecalculationhavebeendone‘onthe

assumptionthattheperiodicmagneticfieldsvaryin

ﾂﾞ,

CくDsinelawalongzaxis.However,inactual｡the

magneticpolesare

j

rra

A

geddiscretely,andtheshapes

ofmagneticfieldgeneratedbythesepoleswillvary

accordingtotheshape,dimensionorintervalofthe,

poles.十

●●●
Toinvestigateforsuchcases,somestability

conditionsarecalculatedfortheseveralcasesthat

thevariationsofmagneticfieldalongzaxisarefrom

periodicallyrectangulartotriangularfigurein＼vhich

sinusoidalformiscontained.Resultsofthecalculation

い●｡
●●

isshown,inｲFigure2.15.Inthisfigurethemagn･ified

appexpartsareillustrated.

∧Itisapparentfromthis.figurethatthestable

conditionorstableregiondoesnotchangeessentially

●¨}

butthestablereだionshiftsinparalleltotheparamete‘｢

q.Consequently,‘゛itislearnedthatthedifferenceof

theshapeofmagneticfieldmakeonlyshiftofmass

rangeandgiveno■influenceontheoperationasamass

spectrometer.＼
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.でThus,thereisnonecessityof･seriousconsideration

oftheshapeorarrangementofmagneticpoles.

2｡7Prototype(115),(US),(119)

Accordingtotheresulto£previoussections,a

firstprototypeofasensorofthemassspectrometer

wasconstructedasshowninFigure2.!6.Though

mechanicalprecisionandaccuracyo£magneticfield

werenotnecessarilysatisfactory^experimentsshov/ed

theevidencesthatthesensorv/orkedasamass

spectrometer･ﾚ

Then,secondprototypeproductionv/hichis

schematicallyshowninFigure2.17wasdonewithspecial

emphasisonmechanicalprecisionofmagneticpoles,

electrodesandtheirfabricationandaccurate

magnetizationofthepoles.

'Figure2.18shows芦setofquadrantmagneticpoles･

Theaccuracyo£magnetizationo£thepolesaredefined

byfluctuationofthemagneticfieldatthecenterof

adiacenttwopolesas+2.5tb£theprovidedmagnetic

field.し犬一一･●
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TheelectrodesshowninFigure‘2.19,thecross

sectiono£whichistheshaeo£aleafo£maidenhairp

tree,aresupportedbetweeneachadiacentt扮opoles･

･Thefabricatedmassspectrometer'of‘second

prototypeisshowninFigure2.20.Thisisthefinal

O
a

I
l
i
l
l
!
1
4
1
1

f
b

rmandthesensorusedforflightexperimentwas

sicallythesameasthis,thoughtheinsulating

materialv;asdifferent.

2.8Ex

一一Laboratoryexperimentshavebeendonewiththe

sensorofsecondaryprototypemodel.Figure2.21shou's

twospectrawhichv;eregotteninthespacechamberof

theInstituteofSpaceandAeronauticalScience,

Universityo£Tokyo.Theviewinthechamberofthe

experimentisshowninFigure2.22.Thespectrumof

(a)v;asgotten＼inhydrogenmoleculeatm･osphereof10‾5

TorrandbySDecialtypeofbackdiffusionplasma

source.jThespectrumo£(b)WaSinthecasethatよhelium
I.･･.●.41●

gas:/asintroducedandtheotherconditionand

operationalparameterwasthesameasthoseofspectrura
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ofCa).Thesespectraweregotundeでtheconditionthat

theresolutionv;assetitsminimumvalue｡becausethe

inadequatedimensiono£theorificeofthe.mass〉

･●●●

spectrometercausedthesplitofionspectrumathigh

resolution..I犬

Figure2.23showsthemassspectraforhydrogen

moleculei‘onandheliumionwhichweregotintheﾄし

calibrationsystemdescribedindetaillater.The

resolutionﾄofthesensorv;assetatmaximumvalueand

theresultsofFigure2.23v;eresatisfactoryforour

purpose./>し

2.9Discussion

………Thepurposeofdevelopmentofthistypemass

●1%.■spect‘rometerwasthatithadthemeritso£staticmass

■spectrometersuchassmallpowerconsumption,simple上

費●"I･-･Ilelectroniccircuitandstableoperation,andthatit

y●●..･●●I-wasabletovaryelectronicallylitsoperationalmode'

suchasresolutionorsensitivitya.tthesensorstage.

‥‥‥‥ltcanbesaidthattheconfigurationofthistype

ofmassspectrometerachievesつthesepurpose‥‥‥‥‥
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satisfactorily.Thepowerconsumptionandelectronic

皿.
circuitii●･t】1esame'asthatofmagneticsectortypeof

massspectrometerandconsequently,itsstabilityis

alsothesamecondition.

0ntheotherhand,theresolutionischangeableby

onlyvaryingpotentialVontheelectrodesv/hichis
0.

givenbydividingacceleratingpotentialVA゛because

t1!eirratioisproportionaltoparametera.

＼y'Thesensitivityisnotsoaffectedbyvaryingthe
｡●

resolutionasexpectedbelowtothecriticalvalueofvo'

Thedimensionsofthesens･orareabout5cmin

diameter,8cminlengthwhichisthecaseo£4stage

andaboutlkginweightincludingmagneticshielding･

Thetransparency,namely,sensitivityisrather

goodthanexpectedandtheextra-ordinalmass

discriminationisnotobservedbytheBennetttypemass

spectrometer.‘
1<

∧Achievemento£themechanicalprecisionand

accuratemagnetizationisthemostdifficultthingand

shortcomingso£thetypeo£massspectrometer.

十Aseasilyseenfromitsconfiguration,theleakage

fluxofmagneticpolesisessentiallysmallbecausethe

magneticfieldisconcentratedattheendofquadrupole.

･I.･●丿.●.

Consequently,thoughthe･excellencyofthistypeo£
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massspectrometerinlaboratoryisstillindistinct

becauseofcontainingunknownquantities,manymerits

areexpectedintheutilizationinspaceﾆLnspiteo£a

fewdifficulties;‥
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CHAPTER3

PROBLEMSACCOMPANIEDWITHEXPERIMENTS

ONSPACEVEHICLEANDITSCALIBRATIONS

I
S
I
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3.1Introduction

△IMassspectrometryintheupper-atmosphereto

measureitscompositionisthemostdirectmeasurement.

thatis,itselectsonebyonetheanalyzedparticle.

Thoughitisexpectedtoaccomplishprecisemeasurement,

砂erearestill'manyproblemsthatvariouserrorsare

containedinre･suitsofmeasurementbecausethespace

vehicleinstallinginstrumentsinvadesintoobjectsof

themeasurementandrunswithhighspeedinit.These

problemscomposedmany.scientificandengineeringones｡

Asamethodtosolvethem,itisthebestwayto

removetheoriginsofthesetroubles.Itis,however,

usuallydifficultandacounterplanofoneproblemmay:

causeanothertrouble.∧

･Itisalsoimportanttocomprehendthesubstances

ofthephenomenaandt0makeadetailcalibrationfor

themeasu‘redvalue,soastomaketheprecise

measurementpossibleinspiteofexistenceo£these.

troub1･es｡

Itisveryinterestingtolearnthevarious

phenomena＼＼/hichare‘arisenbytheinvasionandhighspeed

runningofspacevehicleintheupper-atmosphericplasma･

Manyworkshavedoneabout'them.Thepurposeo£this

μ

l
l
l
I
･
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chapterisnottoinvestigateindetailaboutthem,but

toreviewclearlytheirphysicalmeaningandto

unde･rstandthedegreeofimportanceofthemonresults

ofthemeasurement.Basedonthefullunderstandine

IC,.-φ
●

o£theseproblems,appropriatemethodsandsystemswill

|一一'
beestablishedtocalibrate.instrumentsanddata.

■
>
.
r
"
-
'
ダ
ﾘ

'
ｙ

/

ﾊﾞ

Fli

3｡2.1･EffectsofAerodynamics(57)

Inthecaseo£highspeedmotionintheatmosphere,

aerodynamiceffectsareimportantnotonlyinflight

trajectorybutinmechanicalvibrationorheatingon

flightbody.Inourpurpose,however,theyshouldbe

graspedasanotherproblemespeciallyinhighaltitude,

thatisinthealtituderangeinwhichcollisionof

atmosphericparticleisrare,forinstanceinthe

altituderangeo£diffusiveequilibriumcondition｡

六大stillimportantproblemstheyareinlowerrange

thanthatﾚItiswellknoｲnthatimpingementofamass

･ ♂ r ¶ 四 - -

y
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o£gasintostationarygasgeneratesplasma.Inthe

lowerionosphere,itisnaturallyconsiderablethat

flightbodyoritsshockwavegivessomechangestothe

ambientatmosphericcompositionanderrorstoresults

ひfthemeasurement.ﾚ｡∧

Forexample,itisexpectedthathydratedproton

iTins√H゛(H-O)v;hicharesupposedtoexistinalarge

･
amountinthelowerionosphere,are･subjectedto

dissociationandmeasuredashydratedprotonionsof

smallermolecularv/eight'Orsomeotherspecies.SimilaT

effectsareexpectedinmeasurementoflne｡gativeions

inthelov;erionosphere｡

Forcalibrationoftheeffects,plasmawindtunnel

shouldbeusedbutdetailcalibrationWi1].bevery

difficult.

3｡2.2RamEffect〔122〕へ/〔125〕,(134)

'＼･Althoughproblemsonmeasurementoftheupper-

atmosphericparticlesIonthespacevehiclerunningwith

highspeedareessentiallythesubioct0fmutual

relationshit)amongthevehicleandvariousparticles'in

theupper‘atmosphericplasma,wecanonlydetectabout

μ
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themortheireffectswithvariousinfluences.v;hic】l

ariseonthemeasureddatafromthem.

Consideringfromtheviev/pointofmeasurementof

theupper‘atmosphericparameter,thesee"ffectsgiveus

theresultswhicharedifferentfromrealstateo£the

space.Calibrationsforerrorsofthedataarefinally

necessary.▽

Velocityo£asatelliteisaboutﾌﾍﾉ8×103m/sec,
･
h

t oughitdependsontheorbito£asatelliteandthat

o£soundingrocketisrathersmall.Asa/texample,

parametersofJapanesesoundingrocketareshown'in

Table3.1.･.

Ontheotherhand,themostprobablevelocity^n,

ofaparticleisgivenas:

wh

1

ere

1..

壮言1

m:massoftheparticle,

Tﾀﾞ:temperatureoftheparticle,

k:.Boltzmannconstant.

(3.1)

v;hentemperatureo£theupper-atmosphereis1500.゜K,

thevelocityoftheparticlesisroughlyestimatedas

electron

H犬

y

●
･

2χ.195 m/sec

5ﾒく･lo'5n
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Name

Paylo芦dMax. Max. Flight
Diameterweightvelocityaltitudetime

(mm)(kg)(m/sec)(km)(sec)

MT-135

S-160

S､二210

S-300

S-350

K-8LC2nd)

K-8(2nd)

K･9Mr2nd)

K-10(2nd)

L-3H(2nd)

L-3Hr3rd)

L-4Sj

M-4S･

137

160

210

314

364

166

250

255

420

767

548

2
5
2
9
8
2
0
3
2
7
･
0

1
3
4
2
7
3
3
t
o
o
o

l
l

forsatellite

forsatellite

136

1516

1716

1930

2104

1770

1805

2435

2073

2596

5397

0
0
0
0
6
5
'
C
v
l
.
7
7
7
L
O

5
･
8
2
7
1
4
8
2
3
7
n
7

1
1
2
1
1
3
2
3
0
■
i

―

217

279

328

398

453

371

422

565

486

661

1790

Table3.1ListofJapanesesoundingrockhttp:

//www.●･･j･.･.¶.･

- 一 一

μ

→ ･ ｢ ･
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Launch

angle

(deg.)

L
T
l
C
O

7
7

m
＼
D

.
7
7

V
O
O

7
o
o

0
0

0
0
C
O

0
0
0
0

7
7

'
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･
＠
･
一 1.2X103 m/sec

9×1021｀

Thevelocityofparticlesvpexceptfoﾌrelectroni'S

smalle‘rthanvehiclevelocity＼jthoughthato牡

electronislargerenoughthan･＼･'゜･

'AsshovmschematicallyinFigure3.1,therefore.

thecomponento£ionvelocityo£thedirectionofsensor

axisざttheorificeofsensorofmassspectrometerv･is
,1

―
I
L
l
j
I
r
l
l
―
゛
I

where

Vi
一

一
V

V'
cos9+V

P
COS吠 C3.2)

○く:anglebet＼゛eendirectionb£ionvelocity

andaxisofsensor,

θ:･an‘glebetweenramdirectionofthevehicle

andaxisofsensornamely,attackangle.

It1SapDarentthat'V4variesv/ithv｡and$,when

vv≫＼｀Andil!v;akesideo£thespacevehicle,sucli

･●自.aphenomenonhappensthationscannotarrivetothe

vehicle.Namely,ionscannotenter･theregiono£

wakeshoxvninFigure3.2,afterionssweptoutwiththe

vehicle,wheretan

¥ j ･

μ

y Z

＼ /^n,
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3｡2.3PressureEffect(122)/V〔125〕,C134)

Asdescribedpreviously,becausethevehicle

velocityisratherlargerthanthethermalvelocityo£

particlesexceptforelectron,particlesarebunchedin

fronto£thevehicleanddepletedbehinditﾀasif

tadpolesaresweptaway･withladle,asshowninFigure
!/l
3.3｡

Theequationwhichexplainsconceptuallythe

pressvireatafrontofvehicle,P,mayberepresented

ontheram‘vectoras:

i)゜7゛耳nT+2＼' Σnm (3.3)

wheren:numberdensitiesoftheparticles.

Thesecondtermbecomeslargerthanfirsttermwhich

expressesthepressureonabodyatrest,when＼is

:largerthanthermalvelocityofparticles.Theforce

whichgivesdragtoasatelliteisouto£theserious

questionfordirectmeas‘urementbecauseofsmall

ﾆdensityofparticles,thoughitisthedirectforce･

ﾄﾄItisratherimportantthationcurrentwhichis

collectedthroughanorificeofamassspectrometerby

lamotiono£spacevehiclewithhighspeedandmaybe

■r･●●

二.●〉‘'あ

∧犬1＼‥yﾍﾚﾚ.
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expressedsimplyas

1
｢

一

一

enAVcosB (3･.4)

whereA:areaoforificeofmass､spectrometer､

islargerthantheioncurrentwhichflowsintosurface

φ

l
problemconcerning●theioncurrentwillbementioned
･･●

infollowing｡subsection.

3.21.4PotentialandFieldEffectはn
ﾍﾉ(125),

八ﾉ(i35)

:･Whenabodyisplacedatrestintheupper-

atmosphericplasma,electronandioncurrentsflowfrom

plasmatothebody.Thebodywillacquireanet

negativechargeornegativeequilibriumpotentialdue

tothelargethermalvelocityoftheelectronscompared

tothethermalvelocityoftheions.Theelectron

(luΥΥenttothebodyisproducedonlybythoseelectrons

WhiChこareenergeticenoughtoovercometheequi!ibrium

potential.Atequilibrium,thetotalcurrenttothe

bodyiszero･withﾘleelectroncurrentbalancedbythe

positiveioncurrent.･∧ﾆI｀

<∧Dueﾀﾞtothesmallthermalvelocityoftheions,the
･●

……………………μ=几‥‥‥‥‥‥‥‥‥‥‥‥‥‥‥
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regionsurroundingt】lebodydepleteselectronsasshov'.'n･
･

inFigure3ﾀﾞ.4.1twillhaveanetpositivechargeand‘

iscalledasanionsheath.

Sinceatequilibriumthetotalcurrenttoabody

●1●I●

immersedinaneutralplasmaiszero,anegative

potentialmustexistonthebodywhichisrepresented

iorsimplifiedsitua'tioylas:＼

L
Q
I

whereT-

＼.T+

M

･
･

kT一長T7M+

2e T+M｡

electrontemperature,

:iontemperature,

･
･ massofelectron,

(3.5)

M+:masso£ion｡

ｺHowever,itdi££e巧fromactualcondition.Λsa

spacevehiclerunsinplasmawithhighvelocity,

differenttreatmentshouldbenecessarybetweenfront

andrearo£avehicle,ionandelectron,differentsize

orshapeofvehicleandsoon｡

犬Photo-emissionbyintensesolarradiationcannot

beneglected･Besidesthese,manyfactorswhichgive
･r･

influencesonthepotentialo£aspacevehicleand

consequent!ycausechangesofthesensitivityof

measurements,

μ

ヽ

shouldbeconsidered,

139

suchasasecondary

j

べ

,･/

I･●り



‐

-

■
■
1
■
-
･
-
-
y
ﾚ
ｰ
～

一 一 ･ ‥ 一 一

･●●"C

W - ¶ - ¶ - - - 〃 - - - ゝ

Rani

- - ふ ｰ - ･ - - 7 - ㎜ I

μ

Sheath

- - = = ･ 一 一 一 一

. ･ ･ J l a - ¶ - r - ● j - = - - -

140

- 一 一 ● 7 ㎞ | -

･ 四 ■ ■ 四

i
･
驚
り
I
I

″
'
‘
ん
ﾕ
ﾘ
り

"
'

l

t

F
i
i
I
I
S
l
l

･

I

I

1
d
I
I
I
I
I
j
l
l
!

ﾉ

ｱ

,

¶ ■ ¶ - ' ㎜ ･ ● ･ ･ = ･ -

o:工on

Figure3.4Schematicillustrationofcircumstanceof

∧ﾄ∧chargedparticlearoundaspacevehicle.



I

-
-

-
―

‐
-
-
-

-

|

』

-

-
-

-
‐
‐

-
―

-

―
-

emissionfromtliesurfaceo£thevehicleduetothe

cosmicraybo�)ardinent,surfacetemperatureofthe

vehicle,ra･dioemissionfromantennaofthevehicle

andsoon.＼

‘.Inthecaseofthemovingbody,potentialona

spaceve】liclealsoshouldreachtoanequilibrium.

i
Whenthetotalcurrentせothebodyiszero.

I

‘
+I++lm°0

wherel.ﾚ':electroncurrent,

I+:ioncurrentj

C3.6)

lm:miscellaneouscurrent.

ﾀﾞThesecurrentsarerespectivelygivenfollowinga

theoryofplasmaphysicsandconditiono£theupper-

atmosphereﾀsunﾀvehicleandsoon.Botho£l-andT十

mustbedealtdifferentlyaccordingtothesigno£

chargeo£vehicle.IncalculationofI+,thevelocity

＼o£vehiclemustberegarded.Asforl-,itcanbe

･dlsregat:dedv/henasizeofthevehicleissmallenough.

ﾉ十Whenthevelocityandsizeo£spacevehicleare

largeandregionofwakeinwhichionscannotenteris

largeasIshowninFigure5.4,thesinkofpotentialin

thev;akeregioncannotbeneglected.Insuchacase,

μ
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specialconsiderationshouldbepaidinestimationofl｡,

becauseelectronswhichcanentertothewakeregionare

limittedtohighenergeticelectronsenoughtoovercome

the･potential｡

Asauexample,assumingthatthevehicleisa

nりgativechargedsphereandsmallenoughtoDebye

11
lengthL,'▽
!‘-

L

＼

゜

り

7§jy:とﾐ]r

currentsarerepresentedas

I

-

一

一 拉n｡er2

(3.7･)

一
●

vm-e)(p.(fe/kT-) (3.8)

ｿTヴ゛2卜言eべ白衣ｿﾋﾞ゛y如ﾄﾞﾐﾉD

where

-. erf(x)=i

一
一

y
゛

μ

倍

で

6゛p

ヶ

Ty2〕dy

142

-｀｢〃ご●W･､41ﾐ･

(3.9)

(3.10)

(3.1･1)

y
j
ﾉ

"
‘
り
"

-
1
j
r
l
l

･ -

･



一
{

|

‐
-

-
-

-

-

-
-

-
-
-
-
-

-
-

｢

n

-

:radiusofvehicle,

:electronden‘sity,

＠
e+

n iondensity･

ProvidingJ=O･,therelationbetweenthe
m

normalizedpotentialofvehicleversusMachnumber

whichisthenormalizedvelocityo£vehicleisshown,in

jigure3●5●卜1ﾄﾄ

Inthecasethatthesizeofvehiclebecomeslarge

‘andthesheathinfronto£vehicleandnegative

potentialinthev/akeshouldbeconsideredinthe

estimation,thenormalizedvehicle･potentialversus

MachnumberisshowninFigure3.6.Insuchacondition

asthelargephoto“emissioncurrentfromsurfaceof

vehicleunderintensivesolaremission,lm XO

andavehiclemaybechargedinpositivepotential｡

しAssumingthe"parainetersoftheupper-atmosphere

in'whichthevehicleruns,thepotential0fthevehicle

andioncurrentwhichflowsintoan･orificeofthemass

spectrometercanbeestimated･

ﾄFurther,whenanattractingvoltageisappliedon

theorificeofthemassspectrometer,strongfieIdsare

gen･erated,andquantityofcurrentintothemass

spectrometerwillchangelargelyasshowninFigure3.7.
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μ

chargedsmallsphere,wherevmeans＼

(?く+iSvm+.(8ftel｀Whipple)
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3.2.5others

Asaspacevehicleiscomposedofvariousmaterials,｡

theinfluencesofout-gaseswhichareeχhaustedfrom

thesematerials,･cannotbeneglected.TheoriginsO:f7

gasesareexpectedascontaminationofsurfaceoftlie

|
･instruments,evaporationfromorganicmaterials,vapour

!●L

fromembersofrocketmotorinspecialcasesandsoon･

Amongthesethings,variousorganicmaterials

mightchangeitsquality,sublimateandex】lausta

十considerablequantityofgasesforalongterm,asa･

resultof｡applyingofintensesolarradiationinvacuum

circumstance.Thepossibilityisunablet0bedisregarded

thatthosematerialsaredetectedbymassspectrometer,

afterdissociatingorreactingwithsomeconstituents

･■■
oftheupper-atmosphere･

.AS＼anattempttoescapefromthoseeffects,a

satellitewhichwassealedhermeticallyinstainless

steelcontainer^^;ithspeciallytreatedsurfacehave

triedforaprecisemeasurementofcircumstanceonthe

sate!lite.

●●l●I●
Ontheotherhand.somesortso£chemisorption･

mightoccuratthesurfaceo£specialmaterialso£a

satellitewhichiscleanedupbysolarradiationand

y
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vacuumasaresultoflongstayintheupper-atmospliere･

Insuchacondition,anactivespeciesaroundthe

satellitemightbedepletedbythisreaction.

3.3InfluencesA earedinDatao£Measurement

･t

● -

‘'ﾄ
3｡3｡1CharacteristicsofVelocity(122)6ﾉ(125)

Asunderstoodfromprevioussection,itis

difficulttodealwithcharacteristicsappearedindata

modulatedbytheeffecto£velocity,attackangleand

potentialseparately.Thatis,thevelocityo£a

satellitegivesinfluencesbothoncharacteristicso£

attackangleando£potential.Thoughtheyare

describedseparatelyinthefollowingthreesubsections,

theircontentarenotsoclearlyseparatedasthe

subtitles.‥

゛Asthevelocity,withwhichionspassthroughthe

analysingpart,issumofthevelocitybyaccelerating

voltage‘ongridsorslitsandthevelocityofthespace

vehicle,themassspectrometerwhosemassrangeis

scannedbyacceleratingvoltage,forexampleBennett

- - ･

μ

a ･ ･ ･ I - 7 -
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type,timeofflighttypeormagneticsectortype,is

affectedbythevelocityofvehicleinitsmassrange･

Asamatterofcourse,theoperatingconditionmustbe

determinedastobeabletoneglecttheinfluence.

However,thereisthelimitfromvarioustechnical

reasons.

Asanexample,Figure3.8showscalculatedresult

Io£theenergygaino£ionsversusthechangeofion

velocitywhenthespecieswhichshouldbeselected,is

hydrogenionby'usingthethree-stagesBennetttype

-'

massspectrometer.Figure3.9andFigure13.10also

showthesamesituationswhenthespeciesv/hich十should

beしselectedareatomicoxygenionandnitricoxideion,

respectively./ご

〉Itisapparentfromthefiguresthatinthecase

o£heavierion,ashiftofmassscalebyafewper-cent.

changeofthevelocitygivesapossibilityo£serious

mistakeinthedeterminationofionspecies.Therefore,

acarefultreatmentshouldberequiredtothedataof.･

directmeasurement.Theyarenotseriousinsounding

･･
rocket‘s,butsomeadequatestepsareneedfora

･satelliteespeciallyofexcentricorbit･

ﾆ……InthecaseoftheBennetttypemassspectrometer,

｀theretardingvoltagewhichISthemostimportantfor

y｡
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analysisbecomeseffectivelylowervalueaccordingtol

theinitialionvelocityandharmonicpeaksappearin

thespectrumasaresultofgettingworseo£resolﾘtion･

Asaexample,whenthevelocityo£aspacevehicleis

8χ103m/sec,effectivよloweringofthereturding

voltageis0.3voltsforl'1十,1.3voltsforHe4'

5｡-3volts‘forO+

and

Thesevaluescannotbeneglected.

3｡3.2CharacteristicsofAttackAngle(122)八ﾉ(125)

Asexpectedinprevioussection,theinfluenceof

anglebetweenramdirectionofthesatelliteandaxis

o£themassspectrometer,50calledanattackangle,

cannotbeneglectedbecausethevelocityofasatellite

islargerthanthevelocityo£particles｡

Thecharacteristicsofattackangleisaffected

.t
notonlybyitsanglebutalsobyshapeandsizeo£

thespacevehicle,operatingmodeofthemass

spectrometer,sortsandstructureo£themass“

spectrometer,v;ayofinstallationonthevehicle,

surfaceconditionofthevehicle,orparametersof

circumstanceofthevehiclesuchaselectronandion'l

temperature,electronandiondensity,ioncomposition

● ･ ･ ･ - 〃 ｢
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andsoon.

Thereforeacalculationwithsomesimple

assumptionscannotapplytoarealcase.Itis

significant,hoxv'ever,tounderstandtheoutlineofthe

characteristicsandto'makedesignandcalibrationof

theinstrumentsbytheresultso£modelcalculation.

FiguΓc3.11showsprotonionfluxattheorifice

o£amassspectrometernormalizedbyionfluxo£ram

dいrect10nversusattackangle.Theparameterision

l
temperatureo£theupper-atmosphereandvarious

conditionsareshownasinthefigure.Figure3.･12

showsthesamecharacteristicso£atomichydrogen,

heliumandatomicoxygenasaparameter..'

<Asseeninthesefigurescharacteristics'ofattack

anglediffersbetweenspeciesofionseveninthesame

conditionandthecharacteristicsdependonvarious

conditionso£thesatelliteanditscircumstance.The

calibration,therefore,mustbedonevdththeions

whichareexpectedintheupper-atmosphereandfora11

0fparameters.し

3.3.3十CharacteristicsofPotential(122

:､‥‥‥‥‥‥C133

心

/へ/

125

135

),

)

Thepotentialandfieldaround3satellite�･ght
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ﾄvariousiontemperature°asparameter､

‥‥‥‥t＼7'∧v;here9meansvelocityofvehicle,RSFIEH

二十isradiusofsheathandRSATisradiusof

ﾆ△哺esatellite.■(afterScottい)
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becomplicatedanddifferfromcalculationswith

simplifiedmodelorsimulationexperiments,because

variouspotentialsareappliedonprobes,sensorsor

antennaso£instrumentsinstalledinthespacevehicle･

十/Figure3.13showsthecharacteristicso£attack

angleonatomichydrogenioncollectionwiththevehicle

potentialasaparameter.Thelargernegativepotentiaﾕ

o£thevehiclegivesthesmallerionfluxdifferencein

●I･d'｡●
-th戸characteristicso£attackangle,asseeninthis

f

figure.Inaddition,theattractingvoltagea]3pliedon

theorificeo£amassspectrometermayincreasethe･･

tendency.十

Figure3.14showsnormalizedoutputioncurrento£

the5-stageBennetttypemassspectrometerwhichis

usedformeasurementヶoftheionosphericioncomposition

onJapanesesoundingrocketversusattackanglewhen

theattractingvoltageis50volts.Itisassumedin

ﾚﾆ

∧thecalculationthatradiofrequencyfieldongridsof

themassspectrometerdoesnotgiveanyinfluenceon

十七hecharacteristicsofattackangle.InFigure3.15,

｡thesamecharacteristicsisshowninthecaseo£amass

spectrometerofdifferentsizefromthato£Figure3｡14j

suchas2timesin･diameterandabout1/3inlength･

………＼………Itisseenfromthesefiguresthatattracting

μ
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″'<‥､massspectrometerforJapanesescにづing

＼rocketversusattackangle､＼;l＼ereis
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一十ｲBennetttypemassspectrometer.
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voltageimprovescharacteristicsofattackan･gleand

●14

inthecaseofBennetttypemassspectrometerthe

characteristicsdependlargelyonadimensionofthe

sensor.Theyare,however,onlytheresultofcalculation

undersomeassumptionandsimplifiedsituationandactual

characteristics･areaffectedbymorecomplicated

condition.Theyshov;onlyageneraltendencyofthese

characteristics.

4

3.4CharacteristicsforActiveS

Upper-Atmosphereri22")/ﾍﾉr125

‥‥‥‥Intheup])cr-atmosphere,somespecieswliichcan

notexistatthegroundsurfaceareimport‘ant

･constituents･上Λmongthem,atomicoxygenisoneo£the

mostimportantspeciesoftheionosphereanditissaid

thatmassspectrometricmeasurementsofitgivesmaller

valuethanexpecteddensity.Thoughmanyreasonsarc

suspectedv/ithit,mainoriginofthelossmustappear

in't!1eionsourceofthemassspectrometer.Tlierefore

ヶitdependsonsizeanddimensiono£theionsorceor

inlet0fit,walltemperatureofit,electron.energy
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andsoon･

It･issaid,thatthereactioncoefficientwhich

hasbeen.gotinlaboratoryexperimentsunderhigher

pressurecannotb.eappliedtothereactionintheupper-

ere,especiallyforactivespeciesasatomic

Themechanismo£reactionintheupper-,

erewherethepressureisratherlow,might

differ*fromthatinhigherpressure.Atleast,the

results6fupper-atmosphericatomicoxygenmeasuredby

massspectrometeronspacevehiclearesuspected･

Thisisoneo£themostimportantanddifficultproblem

ondirectmeasurementoftheupper-atmosphericcomposition

bymassspectrometer.

3.5Calibration

3.5.1Calibrationasayt･OrdinaryMassSpectrometer

Therearevarioustypoofmassspectrometerwhich

isfromthesimpletypesuchasusedforanalyzing

residual,gasesinvacuumorforobservingtheupper‘

atmospherecomposition,tothelargescalemass

μ
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spectromete‘rwhichisusedforanalyzingradioactive

●･

isotopes･orfordecidingstructureoflargemolecular

organicmattershavingscorethousandofresolution･

Nomassspectrometerhasuniformsensitivityto

･●c●●j･.･

allmassesorspecieso£ions,thatis,ithasthemass･

discriiTiination.ThemassdisGriminationcharacteristics

l

iねduetoanalyseritselfanditsionsource.
ﾄ

＼Massspectrometers;｀inv;hichtheanalyzing

principledependsontransitvelocityinanalyserand

thesweepofacceleratingvoltageisusedtoscanof

massrange,havethesensitivitydependenceonthe

valueofacceleratingvoltage･

Ontheotherhand,inthecaseofaquadrupoletype

massspectrometerwhichdoesnotdependontheion

velocityinitsanalyzingprinciple,thetransparency

丿●'decreasesforions-oflargemasseswhentheinclination

o£operatingline,showninFigure1.28,ismadesteeply

inordert,0improveitsresolution･つ

J＼Althoughthemotionofchargedparticleinthe

analyzingfieldo£amassspectrometerisenough

invesstigated,therearemanyobscurepointsonionizing

actioninanionsource.･Thoughtheionizing

efficienciesofvariousspeciesofnutralparticleshave

themaximumatvariousdifferentvoltage,theionization

¶ ■ ･ ･ - - - ･ ･ ･ ･ ■ - ･ ■
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voltageappliedinanionsourceisanaveragevalue･

Effectiveionizingvoltageorsamplerateo£ionstoan

analyserdependonsize,dimensionandtemperatureo£an

ionsourceanddifferenceo£compositionbetweeninside

andoutsideo£anionsource.

1､'ltisthemostseriousthatthereisnostandard

ﾑsource.Theevaluationofpatterncoefficiento£

1.●.%･

amassspectrometerisusuallydonereferingtomagnetic

]¶Fieldscannedsectortypemassspectrometerwhichhas､

-●
thelongesthistoryandisconsideredto‘bereliable.

Weusedamagneticfieldscannedsectortypemassﾌﾟ

spectrometerasafirststandardandaquadrupolemass

spectrometerasasecondstandard.'

3'.5.2CalibrationforCharacteristicsCausedbyHigh

ﾆSpeedFlight(122)々(125)

＼･-Inthispurpose,itisthemostimportantproblem

/漑owtomaketheconditionwhichappearsaroundaspace

vehi･cleintheupper-atmosphere.Asitisimposibleto

しmake十actualconditionofhighspeedflightofthe

●･●7-vehicleinthelaboratory,it.issimulatedbymakinjg

plasmabeamwhichhasthes‘imilarcomposition,
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temperatureanddensityasexpectedintheupper-

atmosphereandisacceleratedinaparallelbeam｡

Aplasmawindtunne･1maybeavailableforsimulation

0floweraltitudesuchasDlayero£theionosphere･

Inthesimulationforhigheraltitude,aplasmabeamof

propel-characteristicsflowedinvaccumchambermaybe

available.

.,Itisratherdifficulttomakeaplasmabeamof

slowspeedasaspacevehicleandhighdensityasthe

ionosphere.Aplasmabeamofhighdensityandslow

velocityispracticallymadebythewaysthatadense

plasmaisgeneratedbydischangeinratherhigh･pressure

gasandejectedintothetestplaceofhighvacuum･

Itisimpossible,hov^;cver,tosatisfybothconditions

o£velocityanddensity･.Ajtexperimentisusuallydone

withratherhighvelocityplasmaandCOr･rectionwillbe

d･叶afteO,rard.Theplasmabeammustbeparalleland

homogeneousinsideacross-sectionwhichislargeenough

foracalibratingsensor.Themeasurementsofparameters

"●II
o£thegeneratedplasmaflowarealsoimportai!tfor

precisecalibration..

-¥･●

尚/十Figure3.16showsan･exampleofresulto£measured

characteristicsofattackangleofBennetttypemass

spectrometerformolecularhy.drogenion.ltwasdone
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inthe"･SpaceChamber"oftheInstituteofSpaceand

AeronauticalScience,UniversityofTokyo,whichhas｡

2metersindiameterand3metersinlength.

Figure3.17isaviewofthesensorinthechamber･

Theasymmetryoftheresultissupposednotby.the

asymmetryofplasma‘beam,butbytheinterfaceo£some

μΓtsofequipment.Abackdiffusiontypeplasmasource

wasusedandenergyoftheionis30eV.Thecorrected

resultofFigure3.16duetotheionvelocityisshown

inFigure3.18･･

(122)ﾍﾉ(125),
3.5.3CalibrationforActiveSpecies(127),

(136)/ヽﾉ(155)

:Asdescribedpreviously,theerrorinthe
●●･･●I･

measurementofactivespeciesisone‘ofthemostserious

problemoftheupper-atmosphericmassspectrometry･

Therearetwowaystoattainaaccuratemeasurement‘.

Oneistodevelopanexcellentinstrument,especiallyﾀ

ionsource.･Theotheristocalibrateausualmass

spectrometerintheatmosphere,whosecompositionis

accuratelymeasuredby゛someothermeans,

＼ﾆAsfortheformerway,Ivarious°typeso£ionsource

■I･.■jl･. ●weretriedchangingtheirsizes,structuresﾀo｢

万……………μ..ﾄ
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十几ﾆresultofFigure3.16aftercorrection
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materials.Recently,aheliumcooledionsourcewas

tried.Inthisic!nsource,heliumgasisflowedalong

thewall0fthe･ionsourcetoavoidreactionsor:Losses

atthev;allsurface'ofhightempeでature.Woadopted,

however,thelaterway.Thecalibrationprocedurefor

atomicO‘xygenisf0110Wing･

-Theatomic■oxygenisgeneratedbyNO〔nitricOxide〕

titrationmethod,detailsofwhichwillbe(!escribed

inthefollov/ingsubsection･.Theproductionrateof

atomicoxygencanbeknownacculatelybytheprecise

measurementoftheflowrateofnitricoxide.However,

asthepressureinthequaltzpipeat'whichatomic

oxygengeneratedisaboutat1Torr,andtl!epressure

aroundthemassspectrometermustbelowerthan10｀4,･

Torr,thedifferentialpumpingisdonethroughapin-

holebetweenthesetwoposition.

……Therefore,thedensityo£atomicoxygeninthe

atmospheresuroundingthemassspectrometeristobe

calibratedpreci･selybysomemeans.Weadopteda･.

㎜㎜･
methodforthispurposetomeasureachangeofresistance

o£athinmetalfilmcausedbyachemisorptionatthe

surface.Theoccurrenceofthephenomenoncalled

adsorptionorchemisorptiondependsonthecombination

ofmetalsandgases.InTable3.2,theactivityof
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chemisorptionofmetalsforvariousgasesinroom

temperatureisshown.Thea,somekindo£metalcanbe

chosenforthispurpose.●･

･InthecaseofCdandoxygen,thechangeofan

electricalresistanceofcadmiumfilm,∠＼R,is'

whereR

土吠

ﾑR

-

μ

･
一

=収

N(02)｀

1
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k ｡

N(Cd)才

:resistance∧o£Cdfilm,

parameterofthereactionandapproximately

4,●y

:INg02):numberofadsorbedoxygen｡

●
‥‥‥‥N(Cd):totalnumberofcadmiumatom.

Figu･re3.19showsaexampleo£resistancechangeof

●●
cadmiumfilmbyacjsorptionofoxygen.

ﾀﾞAstheatomicoxygengeneratedbyNOtitration

methodismixedwithonlymoleculenitrogen,thismethod

ﾐtomeasurethedensityofatomicoxygensiseffective

ﾋ＼andthe-accutヽatelmeasurementisexpected.Practically,

･･丿
‥○tRethinmetalfilmismadebysputteringonglassplate

-＼,lnvacuum."ﾉ
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3.5.4CalibrationSystem

a.-Outlineo£theSysternC122)/v/fl25)

Accordingtoanecessityo£pre-£light.calibration

o£amassspectrometerfortheupper-atmosphere

measurementasdescribedpreviously,asystemo£

叩paratusforthispurposeisconstructed.This

calibrationsystemismadeo£threeparts,gassupplier,

plasmasourceandcalibrationchamber,asshownin

Figure3.20･

Thegas‘suppliersendsallkindsofgasestothe

plasmasourcewhichareexpectedtoexistintheupper-

atmosphere.The£lo＼vo£gasesexceptforatomicspecies

isautomaticallycontrolledataproperrate.This

apparatusisabletogeneratejhydrogen･ﾀnitroぱenand

oχygeninatomicstate.y

……Attheplasmasource,ionsaregeneratedbyhigh

■■φ

frequencydischargeorelectronbombardmentandejected

･'
intothecalibratingvacuumchamberwithsomesuitable

energywhichisadjustable･

<1…………jInthechamber,thereareaturntablewhichis

installedatthebottomofitandonwhichamass

spectrometerforflightiscalibrated,amovab!eFaraday

.･/･j丿･･...●l･.･●』1.1j･
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cupwhichchecksthehomogeneityofdensityandenergy

ofionbeam,andastandardmassspectrometerwhichis

compose‘dofamagneticsectortypeandaquadrupo:しe

typetodiagnosesthecompositiono£the.beam.Theﾆ

calibrationsystemisshowninFigure3.21.

b

-
i
l
―
-
ﾄ
ｰ
ｰ
1
～

GeneratorandSupplierofGasSpeciesU18応口:琵い

Theschematicdiagramoftheapparatusisshownin

Figure3.22.Ithastwofunctions.‘Oneisthe

supplierofvariousgaseswithconstantflow.Gases

■f-●●
aresupplied､fromgascontainerandflowthroughmotor

drivenneedlevalvewhichcomposesaclosedautomatic

control100pwith.avacuumgaugeoraflowmeterand

electroniccircuits.Thiscontrolsystemkeepsthe

pre-setvalueofpressureorflowratewithagood

1●'I●1response●し､･
I
I
i
―
―

ﾄ2Theotheristhegeneratorofhydrogen,nitrogen

andoxygeninatomicstate.Theatomicoxygengenerating

s-ystemtakesalargepartoftheapparatus,whichis

thewellknownNOtitrationmethod.Atomicnitrogenis

"¶･
-.

generatedbyexcitationofmolecularnitrogenina

qualtzpipewhichthruststhroughamicrowavecavity･

Thecapacityofthemagnet/onmicrowaveoscillatorsof

･ ･ - " ･ ･ 丁 - - ● ' 9 ･ ･ j j ● ' 一 一 ･ 一 一
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2｡4GHisabout800Wattthoughitisusuallyoperated
z.

atabout｡200Watt.Acirculatorisadoptedinthewave

guidecircuitandprotectstheoscillatorfromthe･

reflectionpowerfromtheexcitingcavitywhichis

absorbedatnonreflectingterminal.By‘thisexcitation,

atomicnitrogenofafewpercentofmolecularnitrogen

flowisgenerated.二

Whennitricoxideisinjectedintodownstreamo£

ｹﾞ
thやexcitation,reaction(1)generatesatomicoxygen.

Re叩tion(1)N゛NO→N2゛0 〔3.13〕

k,=22χ10'11cmmolecule"sec
1

(2)N+O+M→NO+M+hり

k2°5人10
-23

cmmolecule

(S)NO゛･O→N02゛hy

sec

(3.1.4)

-1

(3.1S)

k3°3〉く10'17cmmolecule‘1SeC'1

(4)NO゛O゛M→N02゛M (3.16)

k=6χ10“32cm6molecule'2sec‘1
4

Theresultantatomicoxygen･reactswithreaction(2)

andradiatesbluelightinthecaseofexcessofatomic

nitrogen･Whennitricoxygenissurplus,greenish

＼/十

･I･I･¶･●

‘,/.

1 7 9

- ･ I I I 1 ●
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I
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yellowlightisemittedbyreaction(3).Whennoexcess

s●
exist,thatis,quantityofatomicnitrogenandnitric

oxygenisequal,theselightdiminish.Atthemoment,

there‘areonlyatomicoxygenandmolecularnitrogenin

thedownflowofreactingspot.Althoughthegenerating

rateofatomicnitrogenfrommolecularnitrogenis

indistinct,it.isclearfromabovediscussionthatthe

productionrateo£atomicnitrogenisabletoknow

accur･atelybymeasuringpreciselytheflowrateofnitr:ic

oxygen.TheflowrateL.isgivenbytherelationo£

L= CAP
一

心t

ﾀ (3.17)

whereC:'volumeo£thereserviorofnitricoxygen,｡

こAt:periodofan.experiment,＼

4P:pressuredifferenceofthereservior

●●●･･･●●●●●during△t.∧∧

Atomicnitrogeno£equalcontenttotheatomic

oxygenwillbesuppliedtothechamber,ifnitricoxide‘

flow･isstoppedastheconditiono£thoseglowfadedout･

Precisecontrolo£titratingconditioniseffectively

achievednotbyneedlevalvesintherouteofmolecular

nitrogenandnitricoxidebutbymicrowavepoweroutput,

becauseofdifferenceoftheirresponse.As･itis

μ
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apparentfromthereactionsfrom(1)to,(4)thatthe

reactionrateof･(1)isfasterenoughthanother

reactions,thegeneratedatomicoxygencanreachtothe

orificeofplasmasourcewithout･loss.

c.PlasmaSource(122)･へﾉ(125)

二,＼十'ﾆ●●

Gasesfromgassupplierareionizedattheion

sourcev;hichislocatedbetweentheframeofgas

supplierandthemainchamber.ltiscomposedofa

,"Ireducercrosspyrexpipeofgand6inches"and

threetypesofionsourcesuchasRFdischargetype,

electronbomberdmenttypeandbackdiffusiontypeas

showninFigures3.23,3.24and3.25respectively･

Thoseareabletobeinstalledinthepipealternatively･

Theionsourcesoftheformertwotypesionize.the

gasathighpressureabout10'2or10｀3Torrintheion.

sourceandtheionsareextractedthroughmanyholesand

ejectedintomainchamberwithpropervelocitywhichis'

givenatthefinalgrid.Inthecaseo£thelattertype

ofthe10nsource,densegasisflowedagainsttheｽﾞ

ionizingspaceandunionizedresidualgasisexhausted

byvacuumpumpafterionstakenoutbyelectric■field.

Figure3.26showsRFtypeionSoﾘrce.RFpoweris

■I.●●●●●＼<μ＼゛
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suppliedbywatercooledcoilwoundatoutsideofpyrex

cylindero£theionsource.RFoscillatorusedforthis

purposehas1klVofpowercapacityat14゛5.MHz'し

Frontview,finalpower‘stageandcircuitdiagramofthe

oscillatorareshowninFigure･3.‘Z'7,3-.28and3.29

respectively°･Figure3.30shov;selectronbomberdment

∧typeionsource●.I｡‘∧●ﾄl

d.MainVacuumChamber

‘'Mainvacuumchambero£thecalibrationsystemis

I･●･･..●
60cmbothindiameterandheightasshov/ninFigure

3.20.Ithasaturntableatthebottomwhichcanbear

about30kgo£v;eight･The.turntablecanberotated

fromoutsideofthechamberwithaccuracyof0.5degree

ofitsangle.十＼ﾆﾄ.

.Astainlesssteelrodo£'1'cmin･diameterpierces
I
r

throughtheceilingofthechamber,rotatesinany

direction,movesupanddownwithin50cmandbears

10kgofhangingload.Attheside‘ofthechamber,

four-of250mmflangeandtwentyof70mml

●.■■I ･'●･“
flange"arearranged..つ十‥‥‥‥‥‥‥‥
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e.StandardMassSpectrometer

Thecompositiono£theionbeamv;hichis.usedin

thecalibrationsysteminwhichaspacebornemass

spectrometeriscalibratedmustbefullyanalysedbefore

acalibrationexperiment.'･

Acombinationofamagneticsectortypeanda∧

quadrupoletypemassspectrometerisusedfora

standard.Aquadrupoletypemassspectrometeris

f‘

generallyusedduringcalibrationexperiment,because

anlinfluenceonlightionbeambytheleakageflux

existsinamagneticsectortypemassspectrometer･

Thequadrupolemassspectrometer,however,usuallylias

alargemassdiscriminationwhichdependonits

operatingconditionespeciallyonsettingo£its

ﾉﾀﾞresolvingpower.Thenthepatterncoefficientofthe

quadrupolemassspectrometeriscalibratedbyscanning

∧十‥

magneticfieldsectortypemassspectrometer.The

outlineofcharacteristicsofthesemassspectrometer

areasfollo^^;s.

Magneticsectortypemassspectrometer

十………massrange:1″'｀/200m/e

‥…………:resolutionM/>^M:>100

･■■･.●-･.･

十＼……scanning.:availablebothmagneticfieldscan

一
一
一
一
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sensityvity

sensor
･
･

andacceleratingvoltagescan

3msec/へﾉ30min.

automaticrepetitionandmanual

staTt
一
一 10

-13

Torrwithsecondary

.electronmultiplier

ionorbitof5cminradiusand

75°indeflectionangle

specialspecification:potentialofion

orificeisalwayszeroVOlLand

highvoltageisappliedonthe

sector

leakagemagneticflux:lessthan3gauss

atlmeterfromorificeofthe

sensor

Quadrupoletypemassspectrometer

mass･range,:1゛ﾉ750m/e

犬resolution:≧2Mand之500

十sensitivity:5χ10'15Torrwithsecondary

electronmultiplier

μ

scanrate
･
･

dynamicrange

I
I
‐
I
S
I

25msec,ﾍﾉ30min.

automaticandmanual

･
一 107
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FaradayCup

Inorde‘rt‘ocheckahomogeneityo£densityand

energyo£theionbeamoveritscross-section,asort

ofFaradaycupo£smalldiameterismountedattheend

ofamovablerodinmainellamber.Theschematic

diagramo£thesensorandpre-ampli£ierisshovmin

Figure3.31｡

丿ﾚ

g.'DataProcessing

Calibrationwit】lthissystemwillbedoneunder

variousparameterswhichareexpectedtogiveaserious

influencetoamassspectrometermeasurementonaspace

vehicle.A10to£datagotbycalibrationexperiment

mustbeutilizedeffectivelyforthereductionand

analysisofobservationdataonaspacevehiclev;ith

variousparametersuchasinformationoforbitor

trajectoryo£spacevehicle,aせitudeortemperatureof

S･･pacevehicleandvariousgeophysicalparameters.For

suchapurposeaconsiderablescaleo£dataprocessing

andconputingsystemisnecessaryand'asystemasshown

inFigure3.32wasplannedandisinprogress･.
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h.SupportEquipments

Manyandvarioussupportequipmentsorinstru】nents

isusedforthecalibrationexperiments.Onlyvacuum

pumpingequipments,however,aredescribedhere.The

ionsourceandmainvacuumchamberhavetv;olinesof

vacuumpumpsystemsuchas10inchand4inchoil

diffusionpumpand011.rotarypump,and'6inchand

2inchoildiffusionpumpandoilrotarypump.The

lattersystemisperfectlyprotectedfromfailureof

electricandwatersupply.Then,thelattersystemis

operatedcontinuouslyalwaysandtheformerpowerful

systemisoperated.onlyduringexperiment,especially

o£gasflow.Thefinalvacuumwhichcanachieveby

---8
fulloperationisabout10Torr.Thegassupplier

usesa4inchoildiffusionpumpandoilrotarypumps

besidesthese.
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CHAPTER4

EXPERIMENTOFSPATIALLYPERIODICSTATICFIELDTYPE

MASSSPECTROIvETERONBOARD

･JAPANESESOUNDINGROCKET
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4.1ConstitutionoftheFli htInstrument

/
ﾊ
‥
‥
‥
y

J
ﾉ
'
゛

｢

-･.･

Thetotalconstitutionofthesystemoftheflight

typeinstrumentborneinLamda-3H-6rocketis

●Q.●
schematicallyillustratedasadiagraminFigure4.r...

IAcceleratingvoltageV.^■/asappliedtotheorifice
i
ﾄﾞ゛･sensorandthevoltagesappliedtothequadrupoﾕc

II.
electrodﾀs,vA゛voand.vA“vo｀゛eremadebydividing

theacceleratingvoltage.Thesevoltagewerescanned

fromotoabout-300vin2second.

Theionswhichpassedthroughthemassspectrometer

sensorwereejectedintothechanneltypesecondary

electronmultiplier,ofwhichthe■highvoltageo£｀3kV

wasappliedtoitsentrance.Thecurrentgainofthe

multiplierwasabout106orhigher.Thistypeof

multiplierc!oesnotneedvoltagedividingresistorand

itissmallerandeasierusethanordinallyelectron

multiplierofBeCudinodes.Theoutputcurrentwas

receivedbyahighinputimpedancepre-amplifierand

!og-ampli£ier.犬

言Thepowersupplyingswitcho£highvoltagecircuit

wasseparatedfromthepowerswitchoftheotherし゛

circuitsanditturnedonbyasignalfromprogram･

timerborneintherocketafterabout5secondfroma

μ

1 9 8

' ^ ･ ' ゛ ' 3 ｀ . - . ･ ･ 4 - ● ¶ ･ ■



Figu‘re4.1Diagramofrocketborneinstrumento£

spatiallyperiodicstaticfieldtype･

massspectrometer.
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burningouto£finalrocketmotor,tliealtitude･being

about200km.

ThepayloadofthemassspectrometerforLamda-3H-6

rocketisshowninFigure4.2･.Itwascomposedoftwo

parts,suchassensor,electronmultiplierandpre-

amplifierpartandtheotherelectroniccircuitpart.

i
Thesesizewere80mmIndiameterand200mminheight
!

forsensorpartand200mmindiameterand100mmin

heightforelectronicspart.Thetotalweightwas

about2.5kg･

4.2Sensor

Thedravv'ingforfabricationofsensorandits

magneticshieldwhichv;ereusedfortheexperimentis

showninFigure4.3.Aschematicdrawingo£thesensor

partisillustratedinFigure4.4.Themagneticshield

isusedasanapertureo£orificeandoutletofthe

sensor.Therefore,themagneticshieldwasappliedthe
4
acceleratingvoltageofionsandtheoutercasewasat

therocketpotential.Theleakagefluxwassmaller

enought】lanonetentho£geomagneticfieldatabout10,
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cmawayfromtheorifice.Figure4.5showsaninside

viewofthesensorcase.

-

-.'7ji

4.3Electroniccircuits

Theelectroniccircuitswhichcontrolledthe

■･●●sensorandamplifiedtheoutputsignalwerea11solid

state.Figure4.6isacircuitdiagramofthepre-

amplifier,log-amplifierandoutputbuffer-amplifier.

Thepre-amplifier‘wasof106ohminputimpedanceandl

o£zerodecibelgain.Thedynamicrangeo£thelog-

amplifierwasabout401‘ders,thatis,inputvoltageo£

therangefromlmVt010Vcorrespondingtotherange

o£lvt05vinthe･output.Theoutputanalogsignal

wassentbyaFM-PMVHFtelemeter.

Thecircuitdiagramofsawtoothgeneratorof‘300V

isshovminFigure4｡7anditstimingcircuitin゛

■Figure4.8.Highvoltageofabout-400Vwasmadeby

DC-DCconverterandsawtoothvoltageofOへ/-300vwas

directlymadebyaMillerintegratingcircuitwithhigh

voltagetransistor.Thesawtoothvoltagewasdivided

｡●
il!aproperratioandsuppliedtothesensorand

μ
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telemeter.Theresolutioncanbevariedbychanging

thedividingresistor.Thetimingcircuitdrove･the

relayofsawtoothgeneratingcircuitineach2second･

Thehighvoltageof'3kVwasalsomadebyDC'DC

converterasshowninFigure4.9.
I
―
d
-
!
―
I

Thesimplecircuitsdescribedabovearea11
¶

electronicswhicharenecessaryforthistypeo£mass

･

spectrometer.Figure4.10showsapartofelectronic

circuitremoveditscasecover.

4.4Pre-Fli

Thepre-flightcalibrationwasdonebymeansof

thecalibrationsystemdescribedabove.Thepurposeof

thecalibrationv;astoinsureitsnormaloperationand

torecordthecharacteristicsorvoltageatthevarious

pointo£thecircuittobeusedfordatareductionsuch

assawtoothvoltageassho^-minFigure4.11｡

characteristicscurvebetweeninputandoutputoflog-

amplifier,linearityofamplifiers,accuratevoltageof

hightensioncircuit,sensitivity,resolutionandsoon.

∧Figure4.12showsoutputatthecollectoro£channeltron.
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4.5Inte rationofPa

Afterinstalledandintegratedintherocketv;ith

manyother‘instrumentsasshowninFigure4.:1.3,the

payload･wastestedﾀﾞinvariousways,suchasmechanical

vibration, shock,electronicoperationandsoon The

SjBnsoro£themassspectrometerwasinstalledatthe

topo£theLamda-3H-6rocket.Figure4.14istheclose

upvie＼＼ro£thesens､orontherocket｡

eriment

………ThemassspectrometerwasflownbyLamda-3H-6

rocketsho＼>minFigure4.15,inJanuary,19,1970･

Thoughtheperformance十〇ftherocketwasgood,the＼

outputioncurrento£theinstrumentwassaturated

●●.一一･･･

afterthemomento£turn･ingorしthehighvoltagecircuit･

tosupplythehighvoltagetotheC!lanneltron.ﾆThis

conditioncontinuesduringpassingthrougl!thepeakﾀﾞ

andfallingdowntoabout500km･しAfterthen,the犬………

■I-ゝ●●･
saturatingcurrむntratherdecreasedandiむnmasspeaksﾄ

beganto(appearinthec!at&thoughunexplainedcurrent
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whichwasmodulatedbyscanningofaccelerationvoltage

superposedonthemassspectra･Thetelemeteredraw

dataisshowninFigure4.16.1Inthesespectra,the

peaksofatomicoxygenionwhichisexpectedasthe

¶●.o1･

dominantconstituentatthosealtitude,clearlyappear.

Tiloughitisnot｡preciseduetothesuperposedunknown

l
cﾘrrentEthecontento£atomicoxygenisestimatedmore

than103 .ion/cc.

4.7Discussion

∧Thoughthenor】naloperationofmassspectrometer

sensor＼i:asverifiedinthefinalstageo£theflight,

thecauseo£thesaturationoftheioncurrentshould

beascertainedforfuturee?cperiments.

Itissupposedthatthetroublev^ascausedbythe

orificeapertureo£thesensor.Thesensorhadbeen

fabricatedasschematicallyshouTiinFigure4.4butit

w号Schangedinthefinalintegrationbeforeflightas

sho^iiTiin･Figure4.17,becauseitwasconjecturedthat

i£adischargeo£highvoltagewouldoccureinthe

|...ゝ●electronmultiplierlduetos'lowevacuationinthe
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Figure4.16Datagottenfromtheflightexperiment･

十＼十………………Theyweregottenat､about400Λ‘'300km

I･･●
…………………j.I｡0fdecent.AtomicOχygenionpeaks

μ
clearlyappear.

- j r - ¶ -

218

|

/
.
り

"
¨
ｙ
'

ﾉ
"
.
ｙ
'

, i .



-

-

-

-

-
-

-

-

-

-

-

-

-

.

1

-

‐
I
I
I
･
I

I
-
-
I
I
I

1
4
!
!
I

I

I

I

¥

r

1

1

-

し_.

I ■ ■ ㎜ ㎜ ㎜

工on

μ

219

･ - ● 〃

Channeltron

㎜ - ･ W - I - 四 - ㎜ k 〃 -

/
ﾊ

■
■
･
-
n
v .

『
｡
‐
に
r
お
J
7
'

■
>
-
:
■
.
.

1φ

Figure4.17Schematicillustrationofthesensorpart
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し

inflightando£supposedphenomenon

………j･･.･..･･whichcausedsaturationofioncurrent.
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sensorcase,itmightdisturbotherelectronicscs･

Afterthischange,theorificeofthecasewasholdby

fourslendexpolesandorificeofthesensoronv^rhich

theacceleratingvoltageappliedwasrevealedtothe

ionosphericplasma.

Itisconfirmednowthatthesaturationwasoccured

bytheionswhichweredirectly亡ollectedbythe

-

channeltrononwhichattractinghighvoltagewasapplied,

inFigure4.17.Theprocesshowtheionsreachedfrom

theorificetothechanneltron,isnotyetclear,･

thoughmanypossibilitieswereinvestigatedsuchthat

ionspassedbetweencaseandmagneticshieldor

secondaryionsweremadebycollisionbetweenthe

acceleratedionosphericionsandresidualgasesinthe

case.However,itisascertainedbythesupplementary

experimentinthecalibrationsystemdescribedabove

thatthesamecondition.ofsaturationoccurswiththe

sensorofliftedorificeandthatthenormaloperation

jrsﾀﾞachievedwhen･theorificeissetfollowingthe

ori･ginaldesign.Moreoveritisrecognizedthatthe

operationinthewakemodereducesthesaturation｡

㎜■lt
ﾀﾞConsequently,‘theproblemofsaturation･ofion

currentwillbesolvedbytheoriginalstructureofthe

● S 9
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orifice.Tosolvethetroub]｡,eofdischarge,thesensor

o£themassspectrometerwillbeputinanevacuated

containerasschematicallyshowninFigure4.18.The

insideofthecon｡tainerisevacuatedbyvacuumpump･

Afterchipcuttingthecontainertointegratethepayload

intherocket,thevacuumissustainedbygetterand
よ

eorﾐificewillbeop(ぶedatahij√altitudeina

trajectoﾋryformeasurement.Thismethodwillbeadopted

innextexperiment.It17111becarriedoutbyLamda-

3H-7rocketinJanuary1971.･.
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Figure4.18Schematicdiagramo£sensorpart

………………………………forLamda-3H-7,whichisimprovedto

∧'……………j,avoiddischarge｡'
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Beforestartingtheobservationりftheupper-

atmospliericcompositionbyrocketbornemassspectrometer.

theautherhadmadeastudyforallsortsofmass

sectromoterabouttheirmerit･anddemeritasanP

instrument£ordirectmeasurement.八

Fromthescientificandtechnicalstandpointsthe

即nnetttypeo£massspectrometerwasadopted.lthas

beenusedtomeasuretheioncompositionofthe

ionosphereanditwill'beusedformeasuringion

compositionoftheprincipalparto£theionosphereon

accountofunnecessity.ofsecondaryelectronmultiplier･.

∧ﾄRecently,withprogressofvariousfieldofscience.

especiallyo£semiconductortechniquesuchasdevelopment

oftransistorsforhighvoltageandhighfrequencyor:

fieldeffecttransistor,thequadrupoletypemass

spectrometerbecameavailable.Itisintroducedfor

themeasuremento£ioncompositioninthelower

ionosphereandofneutralcomposition｡

-ItwasdecidedtouseaBennetttypeo£mass

spectrometerforthefirstsatelliteexperimentowing

tohavemuchexperience.IA｡staticmassspectrometer,

however,･isdesirablebecauseofmanyproblemssuchas

powerconsumption,stableoperationreliabilityofthe

systemandsoon.Thestaticmassspectrometer,namely,･

μ
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magneticsectortypeisabletochangeitsresolution

andtransparencybychangingitsmechanicalslits.If

amassspectrometerwhichhasthecharacteristics

similartoastaticmassspectrometerandisableto

varyelectronicallyitsresolutionandtransparencyis

developed,it＼^illbeveryconvinientforasatellite

eixperimon‘t.
1

I
f
『

'Inordertoachievethispurpose,investigations

for･motionsofchargedparticlesinvariousperiodic

staticfieldsinbasiccasewerecarriedout.Inl

二consequenceoftheinvestigation,:aconfigurationo£･

massspectrometerwhichisexT^ectedtosatisfyour

request｡wasproposed.Studiesforpracticalcases

impresseditsrealization.Thelaboratoryexperiments

withitstrialproductionmodelgivesatisfactory

:results･ﾄThoughthefirst£lig}!texperimentv/asnot

successfulbecauseofcarelessmistakeo£installation

十m‘ethod･,anormalIoperationofthemassspectrometerv≪;as

confirmedinthefinalstageoftheflightandthecause

･g£thetroublewasascertainedbyasupplemental

simulationexperimentinlaboratory.Afterimprovement

＼oftheinstallingmethod,itwillbeusedagainin

｡●■■
＼fUtUreexperimentandwillbeadoptedtousein｀future

satelliteprojects.･ﾌﾞ･＼ﾄ
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Atthesametime,itisveryimportanttocalibrate

theinstrumentstogetthecorrectresultsfromthe

measureddata.Variousproblemswhichoccuredindirect

experimentswithspacevehicleanditscalibrations.

wereinvestigatedonmassspectrometry.Accordingto

tμeInsult,asystemforcalibrationofmassspectrometers

okspaceuseha&been(!onstructed.Theperformanceis
1●

satisfactory.Thereis･notsuchaconsistentcalibration

systemfromgassuppliertodataprocessorasthis

apparatussofarastheauthorknows.Itisableto

supplyvarious-atoms,moleculesandions,andtochange

variousparameterofthem.Therefore,itwillbeable

tousenotonlyformassspectrometerbutalsovarious

instrumentsfordirect･measurementsuchasenergy

analyser,particledetector,variousprobessoon･

Moreover,itwasplannedanddesignedtobeabletouse

forplasmabeamexperimentandsimulationexperiment

forchemicalreactionintheupper-atmosphereinfuture.
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1 EquationsGoverningIonicTrajectories

-

dt2

+(a+･2q

Incaseof

1

j
r

/
O
F

(t))x=0 (1)

(t).゜COS2t,Equation(1)isknown

asMathieuequation.Inordertoinvestigatethe

behavioro£trajectories,＼'jeassumethreetypesof

functionsasd(t):thatis,

④cosやef°ctionφ(t)'゜COS･2t

①
l
i
s
i
r
l

r
-
I

♂

trapezoidalfunction

y

t=t'+n

O£t'之7こ

t

p:widtho£apole

£:intervalof

adjacentpole

(n°0,1,2,)
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以
戸 (t)=1

=-1

_ﾙ゛
--(
i-2p

=1

foro!t'≪瓦R
▽2む

を√1〕でo゛昔弓ts:〔11〕

for

3)for

for

･I･

,

(IDtriangularfunction

specialcaseo£2

1〔11:〕£tl£で(1唾)

冗
一

2

瓦
一
2

e
･
1

(iう)女:'!1(21)

(ﾔ1)盃t屈乙

p°0

(2)

2･-NumericalAnalysisofIonicTrajectories

＼ﾚEquation(1)canbechangedintothesimultaneous

ordinarydifferentialequationo£4-thorderas£ollov/s｡

?

dx,

-
dt

dx2
-
dt

dXj

-
dt

<"=4
-
dt

♂

yjf1(tjx1゛'x2゛x3゛耳4)゜x2

゜しf2(tj1μ2･殆･)(4)゜'(3゛2q‘/)〔t〕)勺.

yf3(t゛x1゛x2゛x3゛x4)゜x4

¬f4(tμ1･)(2･･゜(3μ4)=Ca゛24f〔t〕D(3

●

4
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Althoughtherearescve‘ralmethodsofsolutionofthe

aboveequations,weadoptedthemodifiedΛdamsmethod

duetoashorttimeforcomputation.Thismethod,

sometimesknownastheAdams-Moultonmethod,isrefered

toasoneo£theclosedtypeo£predictor-corrector‘

formulas[A1']I.Itisparticularlyefficientforthe

investigationso£thebehaviorofions,thatis,

criteriono£divergenceo£trajectoriesofions.V/ritteii

toapplytoasystemofequations(3)｡thepredictor

valuesarecalculatedby

4

.l1゛1°)(i,n゛

ﾉ≒(9f

i,n゛1゛19fi,n

L5£.

,n-1゛fi,n-2)

where

.

fi,s゛fi(tO+(S'1)hjx1,s“PX2,s'PX3,s'PX4,s'1〕

withi°1,2,3,4.Thecorrectedvaluescannowbe

calculatedbyﾆ
1
F
-
一
咽
j
『
i

Ｃ
･
1

χ

,n+l
゜X.

1l
n゛

六(9fV

,n+1゛19fi,n｀5fi,n-1゛fi,n-2)

where^i,n+l°fi(tO゛11hμχ,n+1'?(l,n+1'゜^3,n+l･゛^4,n+l-'

Thefourstartingvaluesrequiredforthismetliodare

suppliedbvtheRunge-Kuttamethod,whichdescribed

μ
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below.Theincremento£X.,duetostopin･crementfrom

nto(n+l)th,isgivenas

xi,n+1 -χ
j｡n°･;〔k1,i゛2k2,ヰ2k3,i゛k4,i〕

where

'
kl

ji°hfi(tO+h(n'1)゛x1,n゛x2,n゛x3,n゛x4,n)

k2,i°hfi(10†h〔･“1〕'^l,nふ
争!μ

2,n゛

ﾔ

'殆,n

へ‰!
゛x4

こ己)

2゛n2

k3･ヰhfi(ｷO゛h(ふ1)'゛1,n゛
ﾄﾞ

'

も
,n゛

ﾄﾞ

'殆,り

j立
゛x4,

hd)ﾚ

2゛n2

k4

11°.

hfi(t04‘hnl゛X1,n+k2,1゛X2,n゛k2,2゛X3,n+k2,3j

x4,n+k2,4)

二andi=1,2,3,4

:……Re£e‘rence･≒

犬＼[A.1]Hildelrrand,F.B･,"IntroductiontoNumerical

………万………………………j∧Analysis",McGraw-Hill,Inc･,1956.

･一一l

y…………jjμ▽

.251

λ

I
ﾄ

r



-

'
一
ご

-
-

‐
-
･

-
-

-
‐

ﾚ|

-

j

-

-

｣

-

―

-

-

j ･ 』 ･ ･ ･ - ● 9 ･ ● ･ - ･ I

陽_iりIProgram

Initialization

):initialvalue
=1,2,3,4)

o£dependentvaluablexi

TO

TF

P

H
Ｗ

Subroutine

一
一
一
―
j
I

● . ﾐ ､ . ● . . . .

y

- 〃 ' I

:initialvalueofindependentvaluablet

:finalvalueo£independentva:Luablet

:integrationintervalﾀﾞ

･
･

intervalofprinting‘out

START

E-KUTTASTART工NG

I=1へ･4

J=2へz4

K1(I)=HXFfI,J-l)＼

Xfl.J)=X(I,J-l)+0.5Kiri)

F(I,J)=FCT+0.5H,XCI,J))

K2(I)=HXF(I,J)

x(i,j)=x(i,j-i)+o.5K2rn
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fromNo.2

PRED工CTOR

F(I,4)=F(T,XCI,4)

1=1+

Frl､

i‘CORRECTOR

|X(I,5)=X(I,百万
麟

B=B+WP

.J°･.4

TP=T/瓦

WRITE:TP

-

W

M=○

･
･

M C

2

四

μ

R=

2

す
I

1

･
･

R

5

I,5

ｷ

<

㎜ I -

0｡

_‥
↓゛.･

X(I,4)=XCI,5)

た

らW

ﾕ之

:IBでO｡｡1H
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fordivergenceof

T=T

fraiectories

WRITE:T,X(I,5),R

Diver enttandx

RETURN

へ/Vﾍﾍﾉﾍ心

R

●4

㎜ - ･ j ●


	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20
	page21
	page22
	page23
	page24
	page25
	page26
	page27
	page28
	page29
	page30
	page31
	page32
	page33
	page34
	page35
	page36
	page37
	page38
	page39
	page40
	page41
	page42
	page43
	page44
	page45
	page46
	page47
	page48
	page49
	page50
	page51
	page52
	page53
	page54
	page55
	page56
	page57
	page58
	page59
	page60
	page61
	page62
	page63
	page64
	page65
	page66
	page67
	page68
	page69
	page70
	page71
	page72
	page73
	page74
	page75
	page76
	page77
	page78
	page79
	page80
	page81
	page82
	page83
	page84
	page85
	page86
	page87
	page88
	page89
	page90
	page91
	page92
	page93
	page94
	page95
	page96
	page97
	page98
	page99
	page100
	page101
	page102
	page103
	page104
	page105
	page106
	page107
	page108
	page109
	page110
	page111
	page112
	page113
	page114
	page115
	page116
	page117
	page118
	page119
	page120
	page121
	page122
	page123
	page124
	page125
	page126
	page127
	page128
	page129
	page130
	page131
	page132
	page133
	page134
	page135
	page136
	page137
	page138
	page139
	page140
	page141
	page142
	page143
	page144
	page145
	page146
	page147
	page148
	page149
	page150
	page151
	page152
	page153
	page154
	page155
	page156
	page157
	page158
	page159
	page160
	page161
	page162
	page163
	page164
	page165
	page166
	page167
	page168
	page169
	page170
	page171
	page172
	page173
	page174
	page175
	page176
	page177
	page178
	page179
	page180
	page181
	page182
	page183
	page184
	page185
	page186
	page187
	page188
	page189
	page190
	page191
	page192
	page193
	page194
	page195
	page196
	page197
	page198
	page199
	page200
	page201
	page202
	page203
	page204
	page205
	page206
	page207
	page208
	page209
	page210
	page211
	page212
	page213
	page214
	page215
	page216
	page217
	page218
	page219
	page220
	page221
	page222
	page223
	page224
	page225
	page226
	page227
	page228
	page229
	page230
	page231
	page232
	page233
	page234
	page235
	page236
	page237
	page238
	page239
	page240
	page241
	page242
	page243
	page244
	page245
	page246
	page247
	page248
	page249
	page250
	page251
	page252
	page253
	page254
	page255
	page256
	page257
	page258
	page259
	page260
	page261
	page262
	00001.pdf
	page1

	00002.pdf
	page1

	00003.pdf
	page1

	00004.pdf
	page1

	00005.pdf
	page1

	00006.pdf
	page1

	00007.pdf
	page1

	00008.pdf
	page1

	00009.pdf
	page1

	00010.pdf
	page1

	00011.pdf
	page1

	00012.pdf
	page1

	00013.pdf
	page1

	00014.pdf
	page1

	00015.pdf
	page1

	00016.pdf
	page1

	00017.pdf
	page1

	00018.pdf
	page1

	00019.pdf
	page1

	00020.pdf
	page1




