
Production and detection of reducing and
oxidizing radicals in the catalytic decomposition
of H₂/O₂ mixtures on heated tungsten surfaces

言語: en

出版者: American Institute of Physics

公開日: 2008-02-26

キーワード (Ja): 

キーワード (En): 

作成者: Umemoto, Hironobu, Moridera, Masashi

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10297/606URL



Production and detection of reducing and oxidizing radicalsin the catalytic
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Hatoms，Oatoms，andOHradicalswereidenti丘edinthecatalyticdecompositionof

H2／02mixtures on heated polycrystalline tungsten surfaces．In order to suppress the

OXidizationofthetungstencatalyzersurfaces，theH2／02PreSSureratiowaskeptmorethan83，

Whilethecatalyzertemperaturewaskeptbelow2000K．TheabsolutedensityofHatoms

WaS determined by avacuum－ultravioletlaser absorptlOnteChnique，While one－Photon and

two－Photonlaser－inducedfluorescencetechniqueswereemployedtoextendthedynamicrange．

Since the O－atOm denslty WaS muCh smaller，Only a vacuum－ultravioletlaser－induced

fluorescence technique could be used fbrthe detection．The absolute denslty COuld be

estimated by companng theinducedfluorescenceintenslty Withthatfor H atoms．OH

radicalscouldbeidentinedbyalaser－inducedfluorescencetechniqueintheultravioletreglOn．

The absolute densitywas determinedbycomparingtheinducedfluorescenceintensitywith



thatofRayleighscatterlngCauSedbyAr．TheH－atOmdensltydecreasedwiththeincreasein

theO2Partialpressurestepwisely．TheO－atOmdensltylnCreaSedwiththeO2Partialpressure

monotonously，buttheincreasewasratherslowatlowO2PreSSureS．TheOH－radicaldenslty

Showed saturation agalnStthe O2Partialpressure．These results can be explained bythe

Changeinthecoverageconditionsofthecatalyzersurfaces．
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I．INTRODUCTION

In catalytic chemicalvapordeposition（Cat－CVDin short，Often called Hot－Wire

CVD）processes，thematerialgasesaredecomposedtoradicalspeciesonresistivelyheated

metalsurfaces・1，2　0neoftheweakpolntSinthistechniquecomparedwithplasma－enhanced

CVDisthatitisdimculttouseoxidizingspeciessuchasO2aSamaterialgas・3　Thisis

because tungsten，One Ofthe most widely used catalyzermaterials，lS eaSily oxidized．It

Shouldalsobe rememberedthatthevaporpressure oftungstenoxideishigherthanthatof

tungstenmetalandthiscanbeacauseofmetalcontamination．Recently，Wehaveshownthat

theoxidizationofWcatalyzerscanbediminishedbytheadditionofanexcessamOuntOfH20r

NH3・3　02，NO，andN20wereusedastheoxidizingmaterials，anditwasshownthatthe

decomposition e鋭ciency ofO2isthe highest．Theintroduction ofoxidizing materialsin

CatalyticCVDprocessesiscurrentlydesiredtopreparenlmscontainingoxygensuchasAl203，

SiO2，andSiOxNy・3　siOxNynImscanbeusedasabu銑rlayertoreducethestressinSiNx

鎖Ims and to preventtheformation ofmicro slitsin passivation nIms・4　However，the

mechanismofcatalyticdecompositionofoxidizingspecieshasnotbeenstudied．Infbrmation

Onthedecompositionmechanismisessentialtochoosethebestconditionsfbrdeposition．

Inthepresentwork，Hatoms，Oatoms，andOHradicalsproducedbythecatalytic

decomposition on a heated tungsten nlamentin H2／02SyStemS Were detected bylaser
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SPeCtrOSCOPICteChniquesundervariousconditions．Inaddition，theconsumptlOnefnciencies

OfO2WeremeaSuredbyuslngaquadruPOlemassspectrometrictechnique．

II．EXPERIMENT

Theexperimentalapparatuswassimilartothatdescribedelsewhere，eXCePtfbrthe

reactionchamber・5－8　AcylindriCalreactionchamberwithsixportsmadeofstainlesssteelwas

used．　Theintemal diameter WaSlO cm．　This chamber was evacuated with a tufbo

molecularpump（OsakaVacuum，TG220FCAB）．Theinnerwallsofthechamberwerecoated

With SiO2inorderto reducethe removalrates ofradicalspecies．Theprocedure ofSiO2

coatlngWaSthesameaSthatdescribedpreviously・8　Thecatalyzerwasacoiledtungstenwire

（Nilaco，30cminlengthand O．38mmindiameter，99．95％）andwas resistivelyheatedby

usingaDCpowersupply（Thkasago，EX－1125H2）．Thedistancebetweenthecatalyzerand

thedetectionzonebylaserbeamswas9cm．Thecatalyzertemperaturewasestimatedfrom

theresistivity．TheflowrateofH2WaSnxedatlOOsccm（1sccm＝6．9×10‾7moIs‾1）by

using a massflow controller（STEC，SEC－400MK3）．The H2PreSSure，meaSured witha

CaPaCitance manometer，WaS17Pa otherwise stated．Theflow rate ofO2WaS Changed

betweenO．00andl．20sccmbyusinganothermassflowcontroller（STEC，SEC－7320M）．

FourlaserspectroscopICteChniqueswereemployedtomeasuretheH－atOmdensities．
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The丘rstonewasthevacuum－ultraviolet（vuv）laserabsorptiontechniqueat121．6nm．5‾8　By

thistechnique，ltis possibleto determinethe absolute densities．The problemisthatthe

dynamicrangeisrathernarrowandrestrictedtotheorderoflOllcm－3・Thesecondteclmique

wasvacuum－ultravioletlaser－inducedfluorescence（vuV LIF）．9，10　Thisteclmiqueis more

SenSitivethantheabsorptlOnteChnique，butcannotbeemployedwhentheH－atOmdensltylS

high．WhentheH－atOmdensityishigherthan5×1010cm‾3，thesystemisopticallytoothick

andthevuvlaserbeamCannOtreaChthecenterofthechamber．Themeasurementbythis

teclmiquewasnecessarytoestimatetheO－atOmdenslty，Whichcouldonlybemeasuredwith

this vuv LIF technique．The third one was the tw0－Photonlaser－inducedfluorescence

techniqueat243．2nmtoexcitetoH（2S2S）．11，12　H（2S2S）Caneasilybecollisionallyrelaxedto

thenear－by2p2pJStateS，WhichfluoresceIiyman－αat121・6nm・Thistechniqueisalso

SenSitive，butcannotbeemployedwhentheH－atOmdensityishigh，either．Thisisbecause

Lyman－αCaneaSilybetrappedandtheupperH（2p2p）statescaneasilybequenchedbyH2and

thequantumefnciencyofthefluorescenceshoulddependontheH－atOmdenslty．Therate

constantforthequenchingofH（2p2p）byH2hasbeenreportedtobeaslargeas2．5×10‾9

3－113　Thefourthtechniquewastwo－Photonlaser－inducedfluorescenceat205・1nmtoCm S．

excitetoH（3S2S，3d2D）andtoobserveBalmer－αat656．3nm．5　Thisteclmiqueisless

SenSitive，butcanbe usedinthepresence ofanexcessamOuntOfHatoms since radiation
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trapplnglSnOteXPeCtedinthisvisibletransition．Inthepresentwork，thevuvabsorptlOn

techniquewasemployedtodeterminetheabsolutedensities．Therelativevaluesobtainedby

LIFtechniqueswere scaledtothe absolute onesbycompanngthe slgnalintensitieswhere

absolutevaluesareavailablefromtheabsorptlOnteChnique．

The procedure ofthe vuvlaserabsorptlOnteChnique was similartothatreported

previously．5‾8　Theabsorptionpathlengthwas15cm．Adyelaser（Quanta－Ray，PDL－3）

PumPedwithaNd：YAG（YAGdenotesyttriumaluminumgamet）laser（Quanta－Ray，GCR－170

OrPR0－190）wasusedasalightsource．Theoutputofthedyelaseraround729．6nmwas

doubledinfrequencybyaKH2PO4（KDP）crystalandthentripledbyamixtureofKrandAr．

Theresultingvuvlightwascollimatedwitha100－mmfoca1－lengthMgF2lens（Oken），andthe

intensltyaRerpasslngthroughthechamberwasmeasuredbymonitonngtheNO＋ioncurrent・

The procedure ofthe vuv LIF technique was also similar to that described

elsewhere・9，10　¶1elasersystemwasthe same aSthatusedforthevuvlaserabsorptlOn

measurements．Theinducedfluorescence was detected with a solar－blind photomultiplier

tube（HamamatsuPhotonics，R6835）throughanMgF2COllimatinglens andaninterfbrence

nIter（ActonResearch，122－N）．

Theproceduresofthetwo－PhotonLIFtechniques，bothat243．2nmandat205．1nm，

werealsosimilartothoseemployedinpreviousstudies・5，11，12　Thelaserpulseat243・2nmwas
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PrOducedbydoublingtheoutputofadyelaserbyaβ－BaB204（BBO）crystal，Whilethatat

205．1nmwasproducedbytriplingthe outputbyusingtwo BBO crystals andapolarizer．

The detection system to observe Lyman－αWaS the same as that usedfor vuv LIF．The

Balmer－αfluorescence was detected with a photomultiplier tube（HamamatSu Photonics，

R212UH）throughaninterfbrencenlter（NihonShinkuKogaku）．

Inthe detection ofO atoms，Only the vuv LIF technique at130．2nm could be

employed・Othertechniques，SuChasvuvlaserabsorptlOnandtwo－PhotonLIFat225・7nm，14

Weretriedbutthesensitivitiesweretoolow．Thelaserpulseat130．2nmwasproducedbya

fbur－WaVemixingtechnique．15　Twodyelasers（bothQuantaRay，PDL－3）werepumpedwith

aNd：YAGlaser（Quanta－Ray，PR0－190）simultaneously．Theoutputofoneofthedyelasers

wastripledandthewavelengthwasnxedat216．7nm，Whichisresonanttothe4p55p2［3／2］2－

4p61sotransitionofKr・Theoutputofanotherdyelaserwasscannedaround644・6nm・The

Pulse energleS Ofthelasers were O．6and6mJ，reSPeCtively．The twolaserbeamS Were

Combined and made collinearat abeam combinerand were fbcusedinto avesselnIled with

2．7kPaofKrbyuslngalO0－mmfoca1－1engthachromaticlenstoproduce130．2－nmradiation．

OHradicalsweredetectedbyemploylnganLIFtechniqueintheultravioletreglOn，

whichcorrespondstothe（0，0）bandoftheA2∑＋－X2口transition．12，16　Theoutputofadye

laserwasdoubledinfrequencybyaKDPcrystalinstalledinanautotracker（Inrad，Autotracker
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III）．ThepulseenergyoftheprobelaserwastypicallylOトLJ，Whichwasweakenoughnotto

saturatethetransitions．

TheabsolutedensltyOfOHradicalswasevaluatedbycompanngtheLIFintenslty

under saturated conditions withtheintenslty OfRayleigh scattenng caused by Ar．The

PrOCedurewassimilartothatemployedfbrtheabsolutedensltymeaSurementSOfSi，SiH，NH，

andNH2・6，17　Duringthelaserpulse，SincethedurationtimeofthelaserlSJuSt5ns，COllisional

quenchingorrotationalstatemixlngCanbeignored．Ontheotherhand，theradiativelifbtime

oftheupperA2＝＋StateismuchlongerandthequenchingprocessbyH2CannOtbeignored・18，19

Then，thedecaypro丘Iesoftheinducedfluorescencewererecordedwithadigitaloscilloscope

（LeCroy，6051A）toevaluatethefluorescenceyields．OH（A2∑＋，V，＝0）mayfluorescenot

Onlyviathe（0，0）bandaround308nmbutalsoviathe（0，1）bandaround346nm．Sincethe

WaVelengthofRayleighscatterlnglSeXaCtlythesameaSthatoftheexcitationlaser，thiscanbe

acauseofanerrorinthedeterminationoftheabsolutedensities．However，thechangeinthe

SenSitivltyOfthedetectionsystemisrathersmallandthiswasnottakenintoaccountinthe

PreSenteValuationoftheabsolutedensities．

Mass spectrometric analysIS WaS also carried out to measure the decomposition

e鋭ciencyofO2・Theexperimentalprocedurewassimilartothatdescribedelsewhere・3，5　A

quadruPOlemass－SPeCtrOmeter（Anelva，M－QA200TS）wasattachedtothechamberthrougha
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SamPlinghole（0．1mmindiameter）．Theflighttubewasdi脆rentiallypumpeddownto5×

10‾4pawithatufbomolecularpump（OsakaVacuum，TG350FCWB）．

H2（Japan Air Gases，99．999％），02（Thkachiho，99．99％），Kr（Nihon Sanso，

99．995％），Ar（Japan AirGases，99．999％），andNO（Nihon Sanso，99％）were usedfrom

Cylinderswithoutfurtherpurincation．

III．RESULTS

Figurelshowsthevacuum－ultravioletlaser－absorptlOnSPeCtraOfHatoms．TheH2

flowratewaslOOsccmandthecatalyzertemperaturewas1700K．Thespectralpronlesare

COnSistentwiththetranslationaltemperatureof450K．TheO2flowratedependenceofthe

H－atOmdensltymeaSuredwiththevuvlaser－absorptlOnteChniqueat1700Kandthosewiththe

two－PhotonLIFtechniqueat243．2nmat1700and1800KareplottedinFig．2．Consistent

resultswereobtainedat1700Kwhentwodi飴renttechniqueswereused．Inbothcases，the

H－atOmdensitiesdependlittleontheO2flowratewhentheflowrateislessthanO．3sccm，

Whiletheydecrease rapidlywhentheflow rateis overO．3sccm．Figure3illustratesthe

Similarresultsat1800，1900，and2000Kobtainedbythetwo－PhotonLIFtechniqueat205．1

nm．Atthesehighcatalyzertemperatures，thedecreaseismoregradualthanthoseatlower

temperatures．
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Figure4showsthevuvLIFspectraofOatomsinH2／02SyStemSatVariousO2flow

rates．Thecatalyzertemperaturewas2000K．TheintegratedintensltylSPlottedagalnStthe

02flowrateinFig．5．TheabsolutedensityofOatomswasestimatedbyaproceduregiven

below．Thedashedlinerepresentstheleast－SquareS丘texcludingtheongln．TheinterceptlS

negative．In otherwords，theincreaseis slow whenthe O2flow rateislow．Whenthe

Catalyzertemperaturewas1900K，theO－atOmdensltyWaSSmallerbyafactorof4．

The absolute densityofO atomswas estimatedbycomparingthevuvLIF signal

intensitiesofHandOatoms．Figure6ShowsacomparisonoftheLIFspectraofHandO

atoms．TheH－atOmSPeCtrumWaSreCOrdedinthepresenceoflOOsccmofH2flowwithout

02，WhilethatforOatomswasrecordedinthepresenceoflOOsccmofH2flowandl．20sccm

OfO2flow．The catalyzertemperatures were1600and2000K，reSPeCtively．The total

PreSSureWaS17Painbothcases．Thevoltageappliedtothephotomultipliertubewas1300V

fbrHatomsand1700VforOatoms．ThedensltyOfHatomsevaluatedfromthevuvlaser

absorptlOnmeaSurementundertheaboveconditionsisl・1×1011cm－3・TheintegratedLIF

SlgnalintensltyfbrHatomswas3．7timeslargerthanthatforOatomswhenexactlythesame

detectionsystemwasused．Here，SeVeralcorrectionsarenecessarytoevaluatetheabsolute

densltyOfOatoms．First，thetransmittanceofLyman－αlaserwhenthepathlengthwas15

cmwas71％inthepresenceofl・1×1011cm－30fHatoms・TheLIFpathlengthwassimilar
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andtheLIFsignalforHatomsmayhavebeenreducedbythisfactorbyoptlCalabsorptlOn．

TheO－atOmSlgnalmaynothavebeena銑ctedbysuchanabsorptlOne銑ct．Thelaserpulse

at130・2nm to detect O atoms，meaSured byNO＋ion current，WaS twice moreintense

COmParedwiththatat121．6nmtodetectHatoms．Thelinearitybetweenthelaserintensity

and the LIF signalwas，Ofcourse，COnnrmed．Inthe vacuum－ultravioletlaserintensity

measurements，ltWaSaSSumedthattheabsorptlOnCOefncientsofNOat121．6nmand130．2

nmarethesame・ThisassumptlOnissupportedbythemeasurementbyMarm0・20Itwas

alsoassumedthatthee鋭cienciesofNOionizationarethesame．Thephotomultiplierslgnal

increasesbyafactorof14whentheappliedvoltageisincreasedfrom1300to1700V The

e飴ctiveabsorptlOnCOe鋭cientforHatomsis4．9timeslargerthanthatforOatoms．This

factorwasevaluatedbynumeriCalcalculationsbyassumlngDopplerwidthsat450K．Inthe

presentLIFmeasurement，Onlythe3p2StateOfOatomswasdetected・Theratioofthetotal

populationofOatomstothatofO（3p2）isl．5at450K．Itshouldbenotedthatthisratio

dependsonlyweaklyontheelectronictemperatureassumed，SincetheintramultipletsplittlngS

aresmall．Thetransmittanceoftheinterfbrencenlterat121．6nmis3．3timeslargerthanthat

at130．2nm．Thewavelengthdependence ofthe sensitivltyOfthephotomultipliertubeis

minoraccordingtomanufacturer’sdata．BytakinglntOaCCOuntthesecorrectionfactors，the

absolutedensityofOatomsundertheconditionsinFig．6（b）isestimatedtobel．8×1010cm‾3．
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Sincetherearemanycorrectionfactors，unCertaintybyafactoroftwomaynotbeavoidable．

Figure7（a）showstheLIFspectrumOfOH（X2口，V”＝0）．Thecatalyzertemperature

WaS1900K．TheflOwratesofH2andO2WerelOOand0．40sccm，reSPeCtively．Variation

inlaser pulse energleS WaS COrreCtedin this丘gure．The spectrallines were asslgned

accordingtothedatareportedbyDiekeandCrosswhite．21Figure7（b）illustratesasimulated

SPeCtrum by assumlng the rotational temperature of350K．This temperature may not

representthatJuSta氏ertheformationsinceOHradicalsmaycollidewithH2mOleculesmore

thanlOO times befbre being detected．In this simulation，the transition probabilities

calculatedbyDimpflandKinseywereemployed・22　Therotationalleveldependenceofthe

rate constantsforthe quenchingofOH（A2∑＋）18，19wasnottakeninto account，Sincethe

determinationoftherotationalstatedistributionisnotthemainpurposeofthepresentstudy．

Itwasimpossibleto observe any LIF signals belongingtothe（1，1）band around314nm．

Thkingintoaccountthe di銑renceinFranck－Condonfactors，23theyieldofOH（V”＝1）is

estimatedtobelessthan5％ofthatofOH（V”＝0）．

Figure8showsthattheOH－radicaldensitysaturatesagainsttheO2Partialpressure．

Inthismeasurement，theH2flowratewaslOOsccmandthetotalpressurewas17Pa．The

Catalyzertemperaturewas2000K．TheabsolutedensltyOfOHwasevaluatedbycomparlng

thetimeintegratedLIFintensityforthePl（Ⅳ”＝2，J”＝5／2）transitionat308．6nm，LIF，Withthe
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intensityofRayleighscatteringcausedbyAr，1R．6，17　Here，J”andN”representthetotal

angularmomentumquantumnumberexclusiveofnuclearsplnandthatexclusiveofnuclear

andelectronspln，reSPeCtively．Thistransitionwaschosenbecausethatissatellitefree．The

ratioofLIFtOIRWaSO．40whentheO2flOwrateandthecatalyzertemperaturewereO．40sccm

and2000K，reSPeCtively．ThisratioshouldbeglVenby：

左IF　　5’L

左　Ⅳ0αgL

Here，弧istheArdensity，1．6×1018cm‾3，嵐isthecrosssectionofthelaserbeam，0．20cm2，g

isthedi飴rentialcrosssectionfbrRayleighscattenng，5．5×10‾27cm2，EListhelaserpulse

energyintheRayleighscattenngmeasurements，0．33mJ，hvisthephotonenergy，q，lSthe

quantumyieldofthefluorescence，andN＊isthenumberdensltyOfexcitedOHradicals．In

LIF measurements，the pulse energywasincreasedupto2．0mJto saturatethetransition．

Undersaturatedconditions，theratioofthepopulationoftheupperstate，OH（A2∑＋，V，＝0，

N，＝1，J，＝3／2），tOthatofthelowerstate，OH（X2口，V”＝0，N”＝2，J”＝5／2），befbreexcitationis

1／3when the excitationlaserislinearly polarized・24　The decay rate oftheinduced

fluorescencewas2．16×106S‾1，WhilethereportedradiativedecayrateofOH（A2∑＋，V⊆0，

N，＝1）isl．44×106S‾1．25　Then，thequantumyieldforthefluorescence，解iscalculatedtobe

0．67．ItshouldbenotedthatthedecayrateofOH（A2∑＋，V，＝0，N，＝1）measuredinthepresent

WOrkisconsistentwiththerateconstantforthequenchingbyH2rePOrtedbyCopelandetal．，
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3－118，19　WhenaBoltzmanndistributionat350Kisassumed，theratioofthe2．13×10‾10cms．

POPulation ofthelowerlevelofthe Pl（Ⅳ”＝2，J”＝5／2）transitiontothetotaloneis O．082．

ThkinglntOaCCOuntallthesefactors，thetotalpopulationofOHiscalculatedtobe6・2×109

cm－3・Thereisnolargedi銑renceifdi脆rentrotationaltemperatureswereassumed・For

example，ifweassumeaBoltzmanndistributionat450K，thetotaldensltylSCalculatedtobe

20％smaller．Thepopulationwhenthecatalyzertemperaturewas1900Kwasl／30fthatat

2000K．

TheH2PreSSuredependencesoftheradicaldensitieswerealsomeasured．TheO2

PartialpressureandtheH2flowratewerekeptconstantatO．17PaandlOOsccm，reSPeCtively．

The catalyzer temperature was　2000　K．In these measurements，Since the di凪ISion

COe鋭cientsofradicals，andconsequentlytheremovalrates，mayChange，quantitativeanalyses

are difncult，butqualitative discussionmay stillbepossible．The H－atOmand OH－radical

densitiesincreasedbyfactorsof3and2，reSPeCtively，WhentheH2PreSSureWaSincreased

from17to34Pa．Ontheotherhand，theO－atOmdensltydecreasedbyafactorof3．

According to quadruPOle mass－SPeCtrOmetric measurements，the decomposition

e鋭ciencyofO2WaSdeterminedtobe16％whenthecatalyzertemperaturewas2000Kandthe

flOwratesofH2andO2WerelOOand1．00sccm，reSPeCtively．Thisisalittlesmallerthanthat

reportedpreviously・3　Themaincauseofthedi脆rencemaybeascribedtothedi飴rencein
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thecatalyzerlength・SlightincreaseinthemassspectrometricslgnalofH20＋wasobserved

When the catalyzerwas heated，butitis not clearifH20molecules are produced onthe

Catalyzersurfacesdirectlyorproducedinsecondaryprocesses．

ⅠVDISCUSSION

Thepresentresultscanbeexplainedbyacatalyticdecompositionmodelpresented

SChematicallyinFig．9．Inthepresentstudy，thesteady－Statedensitiesofradicalspeciesin

thegasphaseweremeasured．Ingeneral，thesteady－Statedensitiesdependnotonlyonthe

PrOduction rates，but also on the removal rates，and the densities may not representthe

PrOductionratesonly．However，theremovalratesmaynotchangegreatlybytheadditionof

asmallamOuntOfO2，Sincenodepositiontakesplaceandthereshouldbenolargechangesin

thewallconditions．Itshouldalsoberememberedthatthegas－PhaserateconstantsforO＋H2，

OH＋H2，andH＋02reaCtionsareallextremelysmallbelow500K，bothforbimolecularand

termOlecular processes・26－29　The temperature near the catalyzer may be high，but the

temperaturemaydecreaserapidlywiththedistance．TherotationaltemperaturesofSiH，NH，

andCNradicalsproducedbythecatalyticdecompositionofSiH4，NH3，andHCN，reSPeCtively，

havebeenmeasuredtobebelow500K・6，17，30　Theselowtemperaturessuggestthepresenceof

e鋭cientcollisionalrelaxationprocessesinthegasphase．TherotationaltemperatureofH2
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hasbeenmeasuredtobe670Kwhenthecatalyzerwasheatedupto2700Kinthepresenceof

67PaofH2，butitshouldbenotedthattherotationaltemperaturedecreasesnotonlywiththe

decreasein catalyzertemperature but also withthatin H2PreSSure・31The vibrational

excitationis also minor．The diffbrentbehaviors ofO－atOm and OH－radicaldensities onthe

02flOwratestronglysuggestthatOHradicalsarenotproducedingas－Phasereactionsbetween

OandH2．TheO2flowratedependencesoftheradicaldensitiesmayrepresentthechangesin

theproductionratesoncatalyzersurfaces．

WhentheO2Partialpressureislow，theactivesitesoccupiedbyOatomsmustbe

SParSe．HatomsadsorbedontheactivesitescanmlgrateOnthesurfacesandcapturetheO

atomstoproduceOHradicals．ThesurfacedensltyOfHatomsmaybehigherthanthatofO

atoms，but the surfacefractional coverage by H atoms must below when the catalyzer

temperatureisashighas2000K・32　Undersuchconditions，OnlyOHradicalsareqected

besidesHatoms，andpossiblyH20molecules．TheqectionofOatomsmustbeminor．If

theresidencetimeofOatomsonthecatalyzersurfacesinthepresenceofanexcessamountof

adsorbedHatomsisshort，thee脆ctofpoISOnlngmuStbeminorandthenumberofHatoms

qectedmaydependlittleonthepartialpressureofO2．Ontheotherhand，WhentheO2Partial

PreSSureishigh，Oatoms shouldbethemainadsofbedspecies．Undersuchconditions，0

atomscanbeqected．IntheproductionofOHradicals，theincreaseintheadsofbedO－atOm
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densltyandthedecreaseintheH－atOmdensltymuStbecompensated．IfsomeOatomsreside

Onthecatalyzersurfacesundersuchconditions，i．e．intheabsenceofmanyadsorbedHatoms，

theproductionofHatomsmustbesuppressed．

TheH2PreSSuredependenceoftheradicaldensitiesisalsoconsistentwiththeabove

model．The qection rate ofOH radicals maylnCreaSe Withtheincreaseinthe adsofbed

H－atOmdensltyOnthecatalyzers，WhilethatofOatomsmaydecrease．Theincreaseinthe

OH－radicaldensityaswellasthatinHatomsisconsistentwiththemodelthatthe surface

fractionalcoveragebyHatomsislow・32　TheresidencetimeofHatomsonthecatalyzer

surfacesmustbeshort．

Underthepresentexperimentalconditions，Whenthe O2Partialpressureislowor

WhentheH2PreSSureishigh，theOHdensltyishigherthanthatofOatoms，WhiletheO－atOm

densltyishigherwhenthe O2PreSSureishighortheH2PreSSureislow．Inanycase，the

densities ofthese oxidizing species are comparable andit may be concluded that both

contributetotheoxidation．

VCONCLUSIONS

ReducingandoxidizingradicalsinthecatalyticdecompositionofH2／02mixtureson

heatedtungstennlamentSWereidenti丘ed．TheH－atOmdensityinthegasphasedecreased
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StePWiselywiththeincreaseinthe O2Partialpressure．TheO－atOmdensityincreasedwith

theO2Partialpressure，buttheincreaseratewassmallatlowO2PreSSureS．TheOH－radical

denslty Showed saturation agalnStthe O2　Partial pressure．Such O2　Partial pressure

dependencesoftheradicaldensitiescanbeexplainedbythechangeinthecoverageconditions

Ofthecatalyzersurfaces．WhentheO2Partialpressureislow，themainadsofbedspeciesare

HatomsandtheactivesitesoccupiedbyOatomsaresparse．Undersuchconditions，Only

OHradicalsareqectedbesidesHatoms，andpossiblyH20molecules．Ontheotherhand，

Whenthe O2Partialpressureishigh，O atoms shouldbethemainadsofbed speciesand O

atomscanbeqected．OHradicalsmayalsobeqectedbuttheqectionrateislimitedbythe

numberofHatomsadsofbed．
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FigureCaptions

FIGl．Vacuum－ultravioletlaser－absorptlOnSPeCtraOfHatoms．TheH2flowratewaslOO

SCCmandthecatalyzertemperaturewas1700K．TheO2flOwratewasO．40sccm，0．35sccm

andO．00sccmfromtoptobottom．Thetotalpressurewas17Pa．

FIG2．H－atOmdensitiesasafunctionofO2flowratemeasuredbyavacuum－ultravioletlaser

absorptiontechnique（□）oratwo－Photonlaserinducedfluorescencetechniqueat243．2nmvia

the2S2sstate（・and▲）．TheH2flowratewaslOOsccmandthetotalpressurewas17Pa．

Thecatalyzertemperatureswere1800K（●）and1700K（□and▲）．Theabsolutevalues

WereeValuatedfromabsorptlOnmeaSurementS．

FIG3．H－atOmdensitiesasafunctionofO2flowratemeasuredbyatwo－Photonlaserinduced

fluorescencetechniqueat205・1nmviathe3S2sor3d2Dstates・TheH2flowratewaslOO

SCCmandthetotalpressurewas17Pa．Thecatalyzertemperatureswere2000K（△），1900K

（○），and1800K（●）．Theabsolutevalueswereevaluatedfromabsorptionmeasurements．

FIG4．Vacuum－ultravioletlaser－inducedfluorescence spectraofOatomsinH2／02SyStemS．

TheH2flowratewaslOOsccmandthecatalyzertemperaturewas2000K．TheO2flowrate
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WaSl．20，1．00，0．80，0．60，0．40，andO．20sccmfromtoptobottom．Thetotalpressurewas17

Pa．

FIG5．0－atOmdensitiesasafunctionofO2flowrate．TheH2flowratewaslOOsccmand

the totalpressure was17Pa．The catalyzertemperature was2000K．The dashedline

representstheleast－SquareSntexcludingtheongln．

FIG　6．Vacuum－ultravioletlaser－inducedfluorescence spectra of H and O atoms．The

experimentalconditions were：（a）The H2flow rate waslOO sccm without O2flow．The

Catalyzertemperaturewas1600Kandthe appliedvoltagetothe photomultipliertubewas

1300V（b）TheflOw rates ofH2and O2WerelOO and1．20sccm，reSPeCtively．The

Catalyzertemperaturewas2000Kandthe appliedvoltagetothe photomultipliertubewas

1700V Thetotalpressurewas17Painbothsystems．

FIG7．（a）Laser－inducedfluorescencespectrumOfOHradicalsmeasuredinthepresenceof

100sccmofH2andO．40sccmofO2flow．Thetotalpressurewas17Pa．The catalyzer

temperaturewas1900K．TheassignmentsareshownforthePl，Ql，Q2，andR2branchesof

the（0，0）band．Thenumbersarethetotalangularmomentumquantumnumbersexclusiveof
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nuclearandelectronspin．（b）SimulatedspectrumOfOH．Therotationaltemperaturewas

assumedtobe350K．

FIG8．OH－radicaldensitiesasafunctionofO2flowrate．TheH2flowratewaslOO sccm

andthetotalpressurewas17Pa．Thecatalyzertemperaturewas2000K．

FIG9．Schematic diagram to explainthe O2Partialpressure dependence ofthe H－atOm，

0－atOm，andOH－radicaldensities．
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Fig．9．H．UmemotoandM．Moridera
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