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Abstract   

Itis verylmPOrtant tO have a method ofestimatlng radiation－dose  

receivedbypeopleorirradiatedinenvironmentalspace，Withouthavmgor  

Settingconventionaldosemeters・However；doseevaluationmethodisnot  

alwaysestablishedinthecaseofemergencysituation・Thepurposeofthis  

Study was to con丘rmWhether therm01minescence（TL）and optica11y  

Stimulatedluminescence（OSL）丘omnaturallyoccumingquartzcouldbe  

usedtoestimatesuchaccidentalradiationdosesornot．  

WhenionlZlngradiationisinteractedwithadielectricmaterial，SOme  

PartSOfconcernedradiationenergleSWillbeconvertedintoluminescence  

SuChasTL，OSLandsoon．Luminescenceintensitycontainsinformation  

Of totalradiation－dose receivedin the past．Therefbre，Tし and  

OSL－Phenomenafromnaturalmineralshavebeenutilizedfbrdatinginthe  

geologicaland archaeologicalnelds，andfor retrospective dosimetry．  

However，detailsofsuchluminescencemechanismshavenotyetbeenclear；  

includingdi飴renceofdoseresponseineachsamPleandsensitivitychange  

afteramealingtreatment．   

Firstofall，theexistenceofatomichydrogensbesidesintenseAl－hole  

CenterS WaS aSCertainedin electron spin resonanCe（ESR）spectrum  

measurementsofvariousnaturalquartzgralnSafterirradiationat－196OC・  

Remarkable decrease of Al－hole center slgnals，COincident withthe  

COmPlete disappearanCe Of ESR－Signaldue to atomic hydrogens，WaS  
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observedduringheatinguptoroomtemperature・Apositivecorrelationwas  

established between the atomic hydrogen slgnals and the reduced  

proportion ofthe Al－hole centers・Additiona11y；thethermalamealing  

treatmentsofthequartzsarnplesbeyond8000Cbeforeirradiationinduced  

theslgniBcantdecreaseofHOaswellastheremovalofOHabsofbanCein  

IR－SPeCtraar0und3500cm－l・Onthebasisoftheseexperiments，itwas  

PreSumedthat atomichydrogens derivedfromradiolysIS OfOH－related  

impuritiescouldoperateas＝killersMofradiation血ducedAl－holecenters・  

ThisquenchingmechanismduetoatomichydrogenwasalsofoundinRTL  

quartz・Theexistenceofatomichydrogenplaysanimportantroleinthe  

Phase－tranSitiontemperature ofβ－quartZ／tridymite ontheTしproperty  

ChangeS．   

TheESRspectraofTiーCenterSandAl－holecentersweremeasuredin  

RTLquartzirradiatedat－1960C，beforeandafterwamnguptoroom  

temperature・Only three kinds of Ti－CenterS Were Observed as  

electron－traPPing centersinthe samPles：［TiO躇十］0，［Ti04几i十］0and  

［Ti0．朋｛］O centers．Theywere a飴ctedby armealing treatments・The  

［Ti04／打］Ocenterbehavedjustlikeatomichydrogens・Tbndencyofthe  

．［TiO．朋｛］OcenterresembledtotheRTしintensitychangeaSSOCiatedwith  

increaslngannealingtemperature・Thephenomenaweresupportedbyboth  

resultsofRTLglowcurveSbroadenedandkineticparameterS，Wbichwere  

influencedbytheannealingtemperatures．   

Secondary；meChamism ofthe di蝕rent OSLsensitivitiesfor quartz  

aliquots from di飴rent ongms wasinvestigatedin termS Of  
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radioluminescence（RL）duringartincialirradiation・RLspectraofRTL－  

quartzconsistedoftwobroadRLemissionpeaks，aSSlgnabletoaviolet  

region（VIRL，400nm）andaredone（R－RL，630nm）・OSLsensitivity  

changedwiththetotalamountsofV－RLemissionsduringlrradiationof20  

Gy at difEbrent dose rates・Additionally；bleaching e飴cts ofRL with  

ShorterwavelengthlightthanOSL－illuminatinglight（470nm）wereassured  

fromanOtherexperimentwithacombinationofquartzslicesandoptlCal  

丘1ter・Conclusively；lt WaS COn血medthat VIRL emissions appreciably  

a飴cttheresidualornatura11yaccumlateddoses whentheOSL／SAR  

PrOtOCOIwasapplied■   

Tbdevelopretrospectivedosimetryofunexpectedradiationaccide叫  

thebasicstudiesonVTLphenomenawereconducteduslngnaturalquartz ●   

grams extracted丘om surface soils．A11VTLglowcurveS Ofas－reCeived  

Samples exhibited no peaks below2500C，although thereremainVTL  

Peaks withtheirintrinsic mean1ivesin the temperature reglOn below  

2500Cfbrartificiallyirradiatedquartzsamples．Therefore，aCCidentdoses  

WOuldbeestimatedwithoutinterferenceofnaturallyaccumlateddosesif  

VTLmeasurementwasappliedtosoilsamplescollectedfromanCientsite・  

Themean1ivesofVTLwereevaluatedbythevariousheatmgratesmethod  

andthentherangeOfvalueswasbetweensomedaysandtenthousandsof  

yearsd甲endingoneachpeak．Especially，themeanlifeofVTLpeakat  

2000CwasyearSOrder，SuPPOrtingtheresultsofnaturalVTLglowcⅥ∬Ve  

measurements．FurthermOre，SincetheVTLintensitywasproportionalto  

theirradiationdoses，thelowerdetectionlimitwerecalculatedtobetensof  
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mGyfromtheresponsecurve・Thisvaluewaslowerthanthatofother  

methodssuchasESRdosimetryFromtheseresults，VTLdosimetrywould  

bepreferableforaccidentalevaluation・   

Finally，ninekindsofluminescence，includingTL，OSLandin倉ared  

Stimulatedlu坤nescence（IRSL）measurements were applied to  

determination of residualdosesin atomic bomb－eXPlosion su飴red  

roofltilescollectednearepICenterareaSinHiroshimaandNagasaki，Japan．  

RTL－meaSurementSOfquartZeXtraCtSShowedthehighestresidualdosesin  

bothtiles，Which were consistent with the previous dose－eValuations．  

However，lnadditiontodoseestimationwithBTLandOSLforthesame  

quartz丘・aCtions，a1loftheestimationsfoT，including丘vekindsofTLand  

IRSLforfeldsparextractsshowedlowervaluesthantheRTL－dosevaluein  

quartzextracts・Thelowerresidual－dosesinthequartzandfeldsparextracts  

wouldreflectunstabilityoftheirluminescence－CenterSand／orwell－kn0wn  

anOmalousfadinge飽cts・Conclusively；thehighestresidualdosesofRTL  

fromatomicbomb－Su任bredrooftilesareCOnSideredtobeaneVidenceof   

themoststal）1epropertyofRTL－CenterSinquartz・  
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1．Introduction  

SincetheradioactivitywasdiscoveredbyBecqverel，A．H．in1896and  

thenuclear点ssionwasfoundbyHahn，0・in1938，nuClearenergyhas  

been usedinwide負elds such as the generation of electricity；the  

applicationfor medicaltreatment，agnCulture，SCienceand engmeerlng．  

However，SOmenuClearaccidentswerehappenedintheworld．Besides，  

nuclearprolifbrationandagingnuclearpowerindustryposeeverlPreSent  

risksofnuclearaccidents．  

InthesouthernUrals，aradiationaccidentoccurredinS甲te血ber1957．  

ThisaccidentattheMayaknuclearmaterialsproductioncomplex，eaStOf  

the town ofKyshtymin Chelyabinsk Region，reSulted丘om a thermal  

explosionofaconcretetankcontainingliquidradioactivewastes（Kryshev  

etal．，1997）．InApri11986，theChemobylnuclearreaCtOrdisasterresulted  

inalargeamountofradioactivityspreadovertensofthousandsofsquare  

kilometers（UNSCEAR2000）．Alargepopulationwasexposed，andpeople  

wholivedinBelaruSandUkrainewithinabout30knofthereactorwere   

evacuated．Populationsin more distantthan30kmwere generallynot  

evacuated，and dependingupon rainfallandwind direction，radioactive  

materialswasdepositedontheground，eXPOSlngthesepeoplecontinuously  

formanyyearS（Chumaketal．，1998；Edwardsetal．，2004）．   

InJapan inMarCh1997，there was a heand explosion at a  

reprocesslngPlantOfthePowerReactorandNuclearFuelDevelopment  

Corporation（SubsequentlyreestablishedtheJapanAtomicEnergyAgency），  

andtraceqpantitiesofplutoniumandcesiumWerereleasedatTbkai－mura  
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（STA，1997；Igarashiet al・，1999）・A criticalaccident occurredin  

Septe＝iber1999attheuraniumconversionfacilityoftheJCOCompany  

Ltd．inTbkai－mura，Japanandreleasedfissionneutrons fbrabout20hr  

（Fttjimoto，2001）・Radionuclidesinducedbyneutronsinenvironmenthave  

beendetectedusingalow－1evelcountingsystem（Komuraetal．，2000）．   

Currently；1n an eVent Ofa radiation accident the dose evaluation  

methodofthegeneralp止blic，WithouthavlngCOnVentionaldosemeters，1S  

notnecessarilyestablishedwherethedosimetryisnotbeforehandsetup．h  

the event ofthe radiation accident accurate radiation dosimetryis  

necessarytO addressvitalimmediateandlongtermPerSOnalandp止blic  

COnCemS．SeveralmethodsofphysICalandbiologicalanalysishavebeen  

availablefor estimatingthe absofbed doseinanaCCidentalirradiation．  

Thesemethods arebecomlnglnCreaSlngaVailable，SuChaselectronspln  

resonanCe（ESR）dosimetryoforganicandinorganics止bstanCeS（Ikeyaet  

al．，1984；KamenOPOulouetal．，1986；Kaietal．，1990；Ⅵ血etal，1998），  

Chemi1um血escence dosimetry（Hammermaier etal．，1986；Heide et al・，  

1987；Nickeletal．，1991）andchromosomeaberrationteclmiqpes（Fat6me  

etal．，1997）．Forneutrondosemeasurements，aCtivatedbloodsodiumand  

theactivityof32pinhairwereusedandthespeci丘cactivityofinduced  

51 
crwasdetermined（Hankins，1980；Fat6meetal．，1997；Endoetal・，  

2000）．However；inallthesecasesalengthyamountoftrialanderrorwas  

necessarytofindamaterialsensitivetoradiationandtoinvestlgateitsdose  

SenSitivityiFurthermOre，thesemethodsonlyhavethedetectionlimitover  

O・1Gyforgammaradiation・GivensufBcientspeed，aCCuraCyandthe  
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lowerdetectionlimit，theutilityofanOthermethodwouldbedeveloped．   

Recentstudies oftherm01uminescence（TL）andoptica11ystimulated  

luminescence（OSL）todeteminetheaccidentaldosesindicatethatthese  

methodshavethecapabilitytodetectthedosesindielectricmaterialssuch  

as naturalminerals and arti艮cialceramics（B＠tterLJensen et al．，1996；  

Hashimoto et al．，2002a）．OSLis awell－eStablishedtoolformeasu血g  

radiationdosesinun丘redsediments（Huntleyetal．，1985）．IthasfeatureS  

incommOnWithTLwhichhaslongbeenusedinmeasurlngradiationdoses  

（Mckeeveretal・，1985）・BothTLandOSLneedanaturaldosimetersuch  

aswhitemineral，Whichdoesnotneedtobespecia11yinstalledinadvanCe，  

prior to dose estimation．QuartzisaneXCellent materialforu占ein  

dosimetry；because ofits almost dbiquitous availabilityincludingan  

accidentalplace．FeldsparisaneXtenSive temary family ofminerals  

appropriateforTLdosimetryastheydisplayastronglunhescenceandare  

quitecommOnintheEarth，sformation・However，ltiskn0wnthatmost  

feldsparsarehandicappedby‘anOmalousfading，inTL：thatis，lossofTL  

from a11traps duringlong storage（Wintle，1977），1eading to  

underestimationindosimetry．   

ConventionalTLandOSLdosimetryofthedoseco叩Onentdueto  

naturalbackground sources canbeaninvoIvedand time－COnSumlng  

PrOCeSSmademoredifficultincontaminatedareaSWithresidualexposure  

fromanuclearaCCident．Inaddition，thedetailemissionmechanismsofTL  

andOSLarenOtClearyet・AlthoughthebulkstruCtureOfquartZuSedis  

normallythesameregardlessofitsorigin（usua11yα－quartZ），thedetailed  
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dosimetric properties of the materials depend upon the point defects 

COntainedwithinthecrystalmatrix・However，thedefbcttype，StruCtureand  

POPulationcanVarymarkedly放omsampletosample・   

Inthispaper，thebasicstudiesonradiation－inducedluminescence丘om  

naturalquartzwereconductedandnewdosimetrywithvioletNTL（VTL）  

WaS developed．In chapter2，the emissionmechanism ofbothblue－TL  

（BTL）and redMTL（RTL）wasinvestigatedin coIかmction withsome  

radiation－inducedphenomenaa触raJmealingtreatmentsofnaturalquartz  

SamPles．Inchapter3，theOSLsensitivitieswerestudied録omanaSPeCtOf  

innuence of the dose rate changeS duringirradiation，fbllowed to  

radioluminescence（RL）intensity changeS儀The VTL dosimetrymethod  

WaS developedin chapter4．The e触cts ofchanglng the size ofthe ＝   

irradiation dose，the preheat temperature，kinetic parameterS and  

Sun－bleaching wereinvestlgated・In chapter5）the residualdosesuslng  

severalluminescence－methods were comparedin qTlartZandfeldspar  

extracts丘・OmatOmicbomb－Suffbredrooftiles．  
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2．Effbcts ofannealing treatments on radiation－induced phenomena  

fromnaturalquartzsamples   

2．1．Introduction  

Itiswe11knownthatthere arelots ofradiation－inducedluminescence   

Phenomenain white minerals，SuCh as radioluminescence（RL），  

therm01uminescence（TL），OPtica11ystiⅡmlatedluminescence（OSL），and  

so on．Theluminescencephenomenonarisesfromtherecombination of  

luminescent holes with electrons which are released from metastable   

energylevelswithindielectricmaterials（naturalmaterialsandceramics）・  

Inthe TL－meaSurementS，theblue－TL（BTL）hasbeenutilizedfbrboth  

quartzandfbldspargrainstil11980s，althoughanOmalousfadinge飴cts  

havebeen noticed especia11yforfe1dspars．In1986，thered－TL（RTL）  

phenomenon丘omquartzgrainshasbeeninitia11ydiscovered丘ombeach  

sands（Hashimoto et al．，1986）and subseq叫entlyfromvoIcanic t印hra  

layersandburntarCheologicalporcelainpieces（Hashimotoetal・，1987，  

1999a，2000a）．TheestimationofequivalentdoseusingRTL丘omnatural  

quartZandarti丘cialsamplehasbeenverifiedtobeefBcientforthereliable  

datingoftephralayeraswellasretrospectivedosimetry（Hashimotoetal・，  

1993，1996a，1999b；「hkanOetal．，2003）．   

Quartz丘omvoIcamicashlayersalwaysindicatesRrL，Whereasquartz  

●●■●、．．■ fromplutonicrock suchaspegmatite onglnandgranite strataglVeS a  

typicalBTL・BTLhasbeenconsideredtobeattributabletothecontribution  

ofaluminum（Al）impuritiesbysubstitutingsiliconatoms・However，the  

non－OrnegativecorrelationbetweenAlimpurityconcentrationsandBTL  
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intensitieshasbeenoftenobservedwhenthecorrelationswereresearched  

innaturalquartzsamplescollectedfromdi飴rentorigins（Hashimotoetal・，  

1994，1997a）．They also suggestedthatatomichydrogens derivedfrom  

radiolysis of OH－relatedimpurities could operate as killers of  

radiation－induced Al－hole centers corresponding to typicalBTL－CenterS  

（Hashimoto et al・，1998）・The non－Or negative correlation was also  

occurred within single rock crystalslices（Hashimoto et al．，2003a）・  

However，theunderstandingofdefectproductioninnaturalBTLquartzis  

stillinsu伍cient．FurthermOre，thereasonfortheemissionmechanismof  

RTLhasnotyettobewellexplained．   

Inthis study；the emission mechanismofbothBTLandRTLwas  

investlgatedincoqunctionwithsomeradiation－inducedphenomenaa鮎r  

amealingtreatmentsofquartZSamPles・FortheBTL，thequenchingmodel  

concemlngatOmichydrogenandAl－holecentersbasedonelectronspm  

resonanCe（ESR）spectrawas examinedfor quartZbyapplyingvarious  

amealingtreatments・TheRTしrelatedcenterswerealsoinvestigateduslng  

ESR techniques・FurthermOre，kinetic parameterS SuCh as activation  

energleSWereeValuatedbyapplyingboththeisothermaldecayandvarious  

heatingratesmethodsinordertomakeclearemission・meChanismonRTL・  
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ヱ・2・Experimenta1  

2．2．1．Samplepreparation   

MadagascarquartZSamPlehasahydrothermalonglnandexhibitsBTL ■●   

（Hashimoto et■al．，2003a）・Medeshima quartz grainsare VOIcanically  

OriginatedandshowRTLphenomena（Nakagawaetal．，2003）．Bothquartz  

SamPles were extracted by ausualtreatment of6M hydrochloric acid  

（HCl）and 6M sodium hydroxide（NaOH）fo1lowed by20min of  

COnCentratedhydrofluoricacid（HF）．Theetchingconditionappliedby肝  

WaSatrOOmtemPeratureundercontinuousultrasonicagitationtoremove  

Surfacelayerwitheぽbcts ofα－raylnquartZ．Furtherpuri丘cationofthe  

quartzgralnSWaSPerformedbyhandselectionforthesakeofelimination  

Offbldspargrains aslowaspossibleunder amicroscope・Thepurified  

quartzsamplesweresievedtoa4justthegralnSizesranglngfrom150pm  

to 250 LLmin a diameter for ESR spectrometry；BTL and RTL  

measurements．Priortoirradiation，thegralnSWerearmealedat4500Cfor  

5mininanelectricfurnaCetOeliminatethee脆ctsofirradiation．   

Aportionofeachquartzsamplewas armealedfor24hratlOO OC  

te叩eratureintervals ranglng丘om400tolOOO OC・Theheatingand  

COOlingrateswerelOOOOCnvand3000Cnv，reSPeCtively・   

AZ－CutSlice（2Ⅱ皿inthickness）ofMadagascarcrysta11inequartzwas  

alsosubjectedtoin丘ared（IR）spectrometryaftertheamealingtreatments・   

Theqvartzgrainswereirradiatedwitha60cosource（20kGyatadose  

rateofapproximately15kGynl，Whichwassubseqpentlyevaluatedfbrthe  

absofbeddoseofquartzfromwater－absofbeddose）atroomtemperature  
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and－196OCinKyotoUniversityResearChReactorInstitute・  
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2．2．2ESRmeas11rementS  

Allsamples examined werelOO士10mgln Weight・Upon†－ray  

irradiation，the sample amealed was storedin－196 0C．The ESR  

measurementswerecamiedoutat－1960Candatroomtemperature，eVen  

afterthe annealing experiment at room temperature uslng anESR  

spectrometer（JeoILtd・JES－TE200）・Theg－Valuesusedinthisexperiment  

werederivedwithadeterminlngMn2＋ma正erequlPPedinthespectrometer・  

PriortotheseESRmeasurements，SaturationcurveSWerealsomeasuredby  

theapplicationofvarietyofmicrowavepowerlevelsasfarasfourcenters  

wereconcemed．Asresults，theconditionforhydrogenradicalswascumied  

outunderthefo1lowing condittions：microwave power，0・03mW（fbr  

BTLquartz）orO．64トIW（forRTL－quartZ）；magnetic丘eldmodulation，0・5  

mTatlOOkHz；SWeePtime，15mh；timeconstant，0・3sec；magnetic丘eld，  

294．4±10mT．The conditionsfor Al－hole centers，Ti－CenterSandan  

umidenti丘edcenterswereasfbllows：microwavepower，1mW；magnetic  

fieldmodulation，0．5mTatlOOkHz；SWeePtime，8min；tlmeCOnStant，0・3  

sec；magnetic且eld，326±25mT・Each ofthe slgnalintensities was  

normalizedtolOOmg．   

TheESRsignalsproducedby†－raylrradiation ofthe quartzgrams  

weremeasuredat－196OC．The丘rstESRresultshereafterareCalledinitial  

Al－hole center・Subseqpently；the samples were wamed up to room  

temperatureandtheESRsignalsweremea岳uredattheroomtemperature・  

Finally；theESRmeasurementswere agalnPerformedat－1960C・The  

resultsmeasuredarecalledsecondAl－holecenter；henceforth．  
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2．2．3．MeasurementsofBTLandRTL   

Anon－1ine spectrometric systemforextremelyweakphoto－emission  

derivedfrom TL has been assembled（Hashimoto et al．，1997b）．The  

system consists of two main parts，a heater controllingunitand a  

spectrometricone・Thesampletemperaturewascontrolledtobeheatedata  

linearheatingrateoflOC／sec・Eachintensity／wavelengthwasscamedby  

aphoto－diodearray（PDA，512chaJmels，HamamatSuPhotonics）andsaved  

inthecontrollermemoryas16bitdigitalvalues．Thescanmngintervalwas  

35msec．Eachof512charmeldatainwavelengthwidth，COnSistingof8  

bitsperchannel，WaSSummedupto28cyclestofbrmOneSPeCtrumPerSeC  

inaspectrometriccontroller・  

The BTL and RTL glowcurveS Were Obtained by a conventional  

photon－COuntingTL－meaSuringsystem（Hashimotoetal・，1986）・TheBTL  

measurementwasperformedusingaphotomltipliertube（PMT）witha  

bi－a比alisurface（HamamatSu，R585S）．ForthedetectionofBTL，ablue  

Blter（Hoya，B－480）wasinstalledbetweenthePMTandtheheatersite・On  

theotherhand，theRTLglowcurveSWeremeaSureduslngaPMTwitha  

multi－alkalisurface（Hamamatsu，R649S）sensitivetotheredregion・Tb  

detecttheRTL，tWOinfra⊥red（IR）cutnlters（Kenko，IRC－65LandK∬eha，  

UCF－02）andared丘1ter（Tbshiba，R－60）weresetinthefrontofthePMT   

InbothmeasurementsofTLspectrumandTLglowcurve，aCeramic  

heaterwasentirelycoveredwithbiotiteplatetoavoidthee飴ctofblack  

bodyradiationandtheheatlngrateWaSuSedlOC／sec・About5mgof  

quartzsampleswereemployedfortheseexperiments・  
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2．2．4．MeasurementsofTR－absorptionspectra  

IRspectrometryofthez－CutSliceofMadagascarquartZWaSCarriedout  

atroomtemperaturebeforeandafterapplyingtheamealingtreatments  

（400－10000C）usingaconventionalapparatuS（HImCHI，270－30）・Before  

spectrometry，themeasuringareaofthequartzslicewascheckedforthe  

aspectsofhomogeneityofcolorcenterpatternSCauSedbyX－raylrradiation・  

IR－tranSmittanCe meaSurementS Were uSed toinvestigatethe hydroxyl  

impuritygroupsbymeasuringtheirOHstretchingmodeabsorptioninthe  

3600－3200cm－1reg10n・                                                                ●  
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2．2．5．Measurementsofkineticparameters   

Therearemanymethodsavailal）1efortheanalysISOfTLglowpeaksto  

obtain values ofthe tr叩Plng ParameterS，the activation energy E，the  

frequencyfactorsandtheorderofkineticsbinthermalstimulationof  

trappedelectrons・   

Twodi蝕rentmethods（Prokeinand％gner，1993）wereappliedinthis  

study；Whicharepresentedbrieflybelow・TheapparatuSWaSa4justedto  

RTLmeasurementsasdescribedinsection2．2．3．   

OnthebasisofthefundamentalTLkineticsequation，themean1ifbて，  

whichistheaverageresidencetimeofelectronsintrapplngCenterS，lS  

inverselyproportionaltotheprobal，ility（九）oftheelectronescapingfrom  

thecapturecenterwithinunittime（Marfunin，1979）：   

p  
（2－1）  

1  

て＝－＝S－1ex  

入  

wherekistheBoltzmannconstant．ForaglVentraPdepththemean1iftof  

electronsinatrapplngStatedependsstronglyonthestoragetemperatureT  

EtypicallyrangeSbetweenO・8－2eV；givingmeanlivesatanambient  

temperatureof283K（150C）or298K（250C）rangingfromsecondsupto  

mi11ionsofyearsforverysha1lowtrapstoverydeeptraps，reSPeCtively  

（ProkeinandWagner，1993；Hashimotoetal・，1999b）・  

2．2．5．1．Isothermaldecaymethod（ITD）   

ThetrapparameterSE，SandbaredeterminedwithITDmethod・The  

methodmakesuseofthedecayofTLpeaks asafunctionofheating  

durationt血enthesamPleisheldisothermallyatanelevatedtemperature  
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Tn（n＝1，2，3，…）・ThequartzgralnSamPlewasheatedfrom40OCuptothe  

target temperature Tlat a COnStant heatlng rate OflOC／sec，Which  

containedthepositionofaglowpeak・Thereafter，thetemperaturewas  

retainedattheTlfor300sec．Themeasurementswereperfbrmeduslng  

di飴renttargettemperatures（250－3500C）・   

For general－Orderkineticsthe decaycurve OfTLintensityIat an  

elevatedtemperatureTnwithretamlngtimetisglVenby：  

（打ノb  ＝1＋Ⅰ。n。t（ト1），  （2－2）  

wherenoistheinitialnumiberoftraps丘11edwithelectrons（Chen，1984）・   

The（Ⅰ。／I）1‾1佃vstplotsareinastraightlineonlywhenthecorrectvalue  

ofbiss止bstituted（MayandPamidge，1964）．Thus，thekineticorderbof  

thedecaycanbedeteminedbytrialanderror（Azorin，1986）・Preheating  

（2000C，5min）wasdoneinordertoachieveasingleglowpeakabove  

2500CbeforeRTLmeasurements．  

2．2．5．2．Vhriousheatingratesmethod（γⅡR）   

The trap parameterS Eand s are obtained withthis teclmique  

（Hoogenstraaten，1958）．ThetemperatureTmattheglowcurvemaXimum  

dependsontheheatingrateβ：  

鳴〕＝h（計〔孟〕・（2－3）  

ConsequentlyTmshiftstohigherglowcuⅣetemPeratureSWithincreasmg  

heatingrateβ．InanA血eniusdiagramin血ichln（Tm2／β）wasplotted  
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againstl／Tmforvariousβ，aStraightlinewiththeslopeE／kisobtained，  

録omwhichEiscalculated．The駐equencyfactorsisobtainedfromthe  

interceptln（ks／E）．Themethodisstrictlyapplicableonlytopeaksobeying  

arsトOrderkinetics（b＝1）．However；ChenandKirsh（1981）showed  

themethodpracticallyyieldedaverygoodapproximationofEforany  

kinetic order evenifthefrequency factors were temperature－d甲endent  

（Gartiaet al．，1992）．Themethodis availal）leforthe estimationofthe  

activationenergywithinl％overestimationinthecaseofnon－first－Order  

kinetics（Singhetal．，1990）・   

Thesa叩1ewasheatedupto4500Catvariousheatingratestoobtain  

theheatlngratedependenceofRTLglowcurveS・TheheatlngrateSuSed  

wereO．1，0．2，0．5，1．0and2．00C／sec．Thepreheatingwasdoneunderthe  

sameCOnditiontothatintheITDmethod（SeeSeCtion2．2．5．1．）．  
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2．3．Resultsanddiscussion   

2．3．1．Changesofsomeradiation－indtlCedphenomenainBTL－quartZ  

associatedwithannealingtreatments   

Six ESR spectra＆omthe naturalMadagascarquartZ gralnS are  

i11ustratedin Figure2．1．Figure2．1（a）－（c）showsthe spectra ofimitial  

Al－holecenters，atOmichydrogenandsecondAトholecentersinthequartz  

armealedat8000C，WhileFigure2．1（d）－（f）indicates eachspectrumOf  

thesecentersinthequartzannealedatlOOOOC．   

TheatomichydrogenslgnalalmostdisappearedintheESR－SPeCtrum  

（e）ofquartzgrainsarmealedatlOOO OC，althoughtheatomichydrogen  

signalexistedunti18000CinannealingtemperatureinFigure2・1（b）・  

Once the quartz gralnS Were heated up to room temperature a  

irradiation，the atomic hydrogen slgnalcompletely disappearedinall  

Samplesused・SimilarreSultsinsyntheticquartzandglasseswerefoundby  

ⅥねeksandAbral1am（1965）andPersonandWtil（1974）．Ontheother  

hand，theAトholecentersshowthesimilarCharaCteristicpattembetween  

imitial（（a）and（d））and second spectra（（C）and（f）），although the  

intensitiesofAトholecenterswereslgnificantlydecreasedbywam皿guP  

toroomtemperature・ThedecreaslngPrOPOrtionofAl－holecenterinquartZ  

amealedat8000CisgreaterthanthatatlOOOOC・ThesedecreaslngrateS  

areingoodagreementwiththeintensitiesoftheatomichydrogen（P）and  

（e））at－1960C，SuPPOrtingaroleoftheatomichydrogenasaki11erof  

Al－holecenter（Hashimotoetal．，1997，2000b）withthepreviousresultsfor  

thesyntheticquartZbyHalliburtonetal．（1981）・  
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Figure2・2showstheintensitychangeSOftheinitialAl－holecenters，the  

atomic hydrogen and the second Al－hole centers with annealing  

temperatures，reSPeCtively・TheintensitiesoftheinitialAlhholecenterin  

Figure2．2（a）tended toincreaselinearlyinthe entire regions ofthe  

annealingtemperaturefrom4000CtolOOOOC．ThisenhanCementinthe  

intensitymightbeattributedtothegradualremoveofthedistufbingbarrier  

whichcausesionizationinthevicinityofthesubstitutedAIsites，SuChas  

relaxationoflatticedistortionorcrystalstressbythermaltreatments，and  

somereplacementofinterstitialAlintos止bstitutionqlAl（Cohen，1960）・   

TheESRsignalintensitiesofatomichydrogenalsoincreasedlinearly  

upto8000C（Figure2・2（b））similartotheinitialAl－holecenters・Itis  

probablyowlngtOrelease＆omrigidbinding・However，theintensities ●   

droppeddownclosetozeroabove8000C・Thistendencywasslgmi鮎antly  

di飴rent丘omthatintheinitialAトhole centers．The di飽rentbehavior  

suggeststheexistenceofadi飽rentmechanismabove800OCbetweenthe  

initialAINholecentersandtheatomichydrogen・Fromthisresult，itisclear  

that the sudden steep elimination of atomic hydrogensisidimately  

associatedwiththephase－tranSitiontemperatureofβ－quartZ／tridymite  

arOund8700C，PrObablyassociatedwithOHimpurities，aS described  

below．   

ContrarytotheintensitychangeSOfatomichydrogens，itshouldbe  

emphasizedthattheapparentSteePlnCreaSeOfthesecondAl－holecenters  

occurreda銃ertheannealingtreatmentbeyond8000CasseeninFigure2・2  

（c）．ThissuddenchangeisingoodagreementwiththesteepdisappearanCe  
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OfatomichydrogeninFigure2．2（b）．ThesecondAl－holecentercurvein  

Figure2．2（C）agreedexcellentlywiththedif艶rencebetweentheinitial  

Al－holecenterinFigure2．2（a）andtheatomichydrogencurveSinFigure  

2．2（b）．   

These results allowus to makethe reasonable assumpt10nthat  

atomic hydrogen canOPerate aS akiller orquencherofAl－hole center  

duringlrradiation；Al－holecenterisdecreasedbyinteractionwithatomic  

hydrogen，aS Observed ear1ierin synthetic quartz by Ha11iburton et al，  

（1981）andCamponeetal．（1995）．   

TheIR十reSults could also o蝕rinformation regarding ongln Ofthe  

atomichydrogens・ItwasrevealedthattheIR－absotbanCeat～3492c血－l，  

Whichwas assignedtoLi－dependentOHbonds（Kats，1962），Showeda  

negativecorrelationwiththesecondAl－holecentersasshowninFigures  

2．2（C）and2．3．IntheIR－SPeCtra，almostsimi1arShapesofIR－absorption  

SPeCtraareShownuPtO7000Cina皿ealingtemperature・However；itis  

Obvious that the OH－StretCh absorption bands start to decrease at  

800－9000C．This decreaslngtendencylnthewidereglOnOf3000－3600  

cm－l，Whichhasbeenasslgnedtohydroxylgroups，PrObablycorrespondsto  

eliminationofionizableOHimpuritiesbyarmealingtreatments・Thermal  

reactions of dangling bonds should produce H20 molecules・The  

individua11ylSOlated H20could not be mobile withinquartz crystal・  

However，Sincetheannealingtreatmentofthequartzslicebeyond800OC  

is certainly related tothe phase tranSition temperature ofβ－quartZ／  

tridymitear0und8700C，thephasetranSitioncouldcauserelativelylarge  
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ClustersofH20molecules・Asaresult，thevaporizationofmolecularH20  

fromquartzbringsgreatchangesinradiation－inducedphenomena．This  

mechanismcouldexplainthereasonwhythebroadabs叩tionaround  

3100－3500cm－1graduallyvanished＆omtheIRspectrawithannealing  

temperatures・However，SOmemainpeaks stillappearedinthisreglOn  

beyond8000C．   

TheTしspectrometricanalysiswasappliedtotheMadagascarquartz  

gralnSWhichshowedstrongerBTL・Figures2．4and2．5showtheBTL  

glowcurveSandtheintegratedBTLintensitiesdependentontheannealing  

temperature，reSPeCtivelylTheintegratedBTLintensityisthetotalphoton  

COuntS through the heating range・It wasfoundthatthere waslittle  

SenSitivitychangeofBTLintheaJmealingtemperaturesrangingbetween  

4000Cand7000C，Whereasthesensitivityincreasedsuddenlybeyond  

8000C・ThisBTL－reSPOnSereSe血blescloselythea皿ealingbehaviorof  

SeCOndAl－holecenterinESRspectrumaSillustratedinFigure2．2（C）．  

TheseresultsstronglysupportawidelybelievedmechanismthatBTLof  

quartzirradiatedwithionlZlngradiationisadbutedtorecombinationof ■●   

Al－holecenters［A104nllOandelectronsreleasedfromthetrappedsites  

（Marfunin，1979；McKeever，1991；Martinietal．，1995）．   

Onthebasisoftheseamealinge叩eriments，itwasascertainedthatthe  

atomic hydrogen derived from radiolysis of OH impurities could 

eventua11yoperate as aki11erorquencherofradiation－inducedAトhole  

CenterS，reSultinglnadecreaseofBTLinquartzupto8000Cofarmealing  

temperature，WhereasalackofiomizableOHcausesasharpenhanCement  
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OfBTLtogetherwithsecondAl－holecentersbeyond8000Cinannealing  

treatment．  

NaturalquartzincludessubstitutionalAlasanimpurity（Iwasakiand  

Iwasaki，1993）・Alionsexistinthe3＋valencestateinquartzandeasily  

S豆bstituteforsilicon（4＋），thusrequiringchargeCOmPenSation．TheA13＋is  

mainly charge－CO叩enSatedin two di飽rent ways：（1）AトLi十；the  

interstitialLi’existsaqjacenttoAl3＋．（2）Al－OH；thehydrogenislocated  

OnanOn－bondingp－Ofbitalofan0Ⅹygenthatisa句acenttotheAl．The  

AトOHcenterglVeSaStrOngIRabsorptionat3367cm－1asseeninFi即re  

2・3・According to Ha11iburton et al．（1981），irradiation attheliquid  

nitrogen－temPeraturedoesnota飴cttotheAトLi＋relatedOHbond，While  

theAl－OHbringsontheAl－holecenterandinterstitialatomichydrogenas  

fbllows：   

［Al0．／H］0→［A10．血lO（Aトholecenter）  

＋HO（interstitialatomichydrogen）．  （4）  

TheESR－CenterSOfAl－holecenterandatomichydrogenareStableupto  

about120－130K asindicatedinHashimoto et al．（2003a）．Abovethis  

temperaturereglOn，SOmePartSOfbothAトholecenterandatomichydrogen  

becomemobileandrecombinetoAl－OHcenter［AlOi胴］Oasmentioned  

above．However，theirradiationatroomtemperature（300K）convertsthe  

AトLiinto amiⅩture OfAトhole center，Al－OH centerandLi十bythe  

r■ヽ reaction of atomic hydroっgen，Which comesfrom the H－related deftct  

CenterS．ItisnoteworthythattheseH十relatedcentersinducemanySatellite  

bandsasshowninFigure2・3・hfact，amainpeakofAl－OHat3367cm－1  
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banddoesnotseemtochangewitharmealingtreatment，althoughtheother  

SatelliteOHdefectbandsdoclearlychange・AmongtheseOHbands，Li  

dependent OHat3492cm－1bandinalotofnaturalquartzismost  

influencedbyannealingtreatment・Theweakerbandsalsodisappearwith  

theannealingprocedure・TheirOH－defbctbandsidentiBedat3581，3437，  

3400and3350cm‾lseemsomewhatdi飴rentfromthoseinthenatural  

quartz・Additiona11y；theyalsofoundthatas－grOwnCulturedquartzdosenot  

ChangeanyAl－OHabsorptlOnbandsat3367and3306cm－1withannealing  

treatment・These results are generally consistent with the present  

experimentalresults．  

27   



2・3．2．Changesofsomeradiation－inducedphenomenainRTL－quartZ  

associatedwithanneaほngtreatments   

Figure2．6showsaTLspectruminco血OurmaPfbrmofunannealed  

quartzgralnSeXPOSedtol．2kGyofX－rayatrOOmte叩erature．TheTL  

SPeCtrumhasaTLemissionpeakaround3300Cat630nm（red－region）．   

Figure 2．7 shows RTL glowcurves of Medeshima quartz a食er  

annealingatvarioustemperatures（threealiquotseach）．Figure2．8shows  

thechangeSOfRTLintensities，WhichwereintegratedinthewholereglOn  

as a result of a皿ealing temperatures，Withstandard deviation ofthe  

rmlti－aliquotmeasurement．ThechangeSOfRTLintensitieswithamealing  

temperatureswerequalitativelydescribedasfo1lowed：Thehtensitiesof  

RTLincreasedsharplyupto8000C．Afterreachingthemaxirrrumpeak，  

theRTLsuddenlydecreasedwithincreaslngannealingtemperatureS．The  

emissionchangeSOfRTLseemtobecloselyrelatedtothephase－tranSition  

temperatureofβ－quartZ／tridymitear0und8670Casalso suggestedin  

BTLdescribedinsection2．3．1．，丘omBTLhtensitychangeS．   

Figure2．9representstypicalESRspectraofMedeshimaquartzgrains・  

InFigure2．9（a），tWOSignalswithequalintensityduetoatomichydrogens  

叩Pearatanintervalofapproximately53mT・AlJlOle center slgnals  

emergeatthemiddleofthetwoatomichydrogenslgnals・Theseparationof  

atomichydrogenresonancewasduetothehyper丘ne（hf）splittingcaused  

fromprotonspin（I＝1／2）・Ontheotherhand，theAl－holecenterresonanCe  

gavesixletsignalsduetothehfstructureof27Al（Ⅰ＝5／2）．Figures2．9（b）  

and（C）showESRspectra ofsampleswithout amealing treatment（or  
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unannealed）andwithannealingtreatmentat9000C，reSPeCtively．Both  

負guresincludetheESR slgnals beforeand afterwam皿guPtO rOOm  

temperature，COrreSPOnding totheinitialand second Aトhole centers，  

respectivelylBy compamngtwo Aトhole centersbetweentheinitialand  

SeCOnd，itisnoticeablethattheappearanCeOfTトcenterscouldcertain1ybe  

Observedonlya氏erthewam皿guPinbothsamples・Theseresultsimply  

that atomic hydrogensand alkalineions canbe createdand stored at  

－1960Cafterirradiation・Severalresearchershavealreadysuggestedthat  

the Ti－Centerhasbeenattributedto asubstitutionalTiassociatedwithan   

extraelectron・InadditiontothehfstruCtureduetomaJOrTiisotopes，the  

CentereXhibitsasupeトhyper丘ne（Shf）struCtureOWingtoa4jacentalkaline  

ions（McMomisetal・，1971；Falgueresetal．，1991；Tbyoda，1998）．Mainly；  

Ti－CenterShavebeenasslgnedfromthederivationofhydrogen，lithiumand  

SOdiumions・FurthermOre，1t WaS nOteWOdhythat the slgnalofatomic  

hydrogenscompletelydisappearedafterwam皿guPtOrOOmtemPerature．  

ThisphenomenonconcurswithapreviousresultobtainedinBTL－quartZeS  

（Hashimoto et al．，1997a）．h Figure2．9（d），ESR spectra of atomic  

hydrogensinunannealed（or as－reCeived）and amealed samplesare  

demonstrated．Theintensityoftheunannealedquartzishigherthanthatof  

theannealed quartz，although bothline widths were asslgned to be  

approximatelylmT   

Figure2．10（a）representstheESRintensityoftheinitialAl，holece血er  

as afunction of amealing temperature．Theidensitydecreased with  

increaslng the annealing temperature．Particularly；thereis alarge  
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di飴renceinintensitybetween900OCandlOOO OC．T鮎s tendencyis  

Clearlydi飴rent丘omtheresultofBTL－quartZaSShowninsection2・3・1・  

TheintensitiesofimitialAl－holecenter丘omBTL－quartZlinearlygrewover  

theentirerangeOfannealingtemperature．Figure2．10（b）and（c）showthe  

intensitiesofatomichydrogenandsecondAl－holecenterfromamealed  

quartz，reSPeCtivelyTheintensityofatomichydrogensbecameSmallerand  

Smaller associated withincrement ofthe amealing temperatures・The  

decreasing tendency of atomic hydrogen was especially remarkable 

between6000Cand7000C．Ontheotherhand，thechangeSOfsecond  

Al－holecentershowedarapidincreasebetween6000Cand7000C．The  

intensity di脆rence of Al－hole centers between7000Cand9000C  

amealing temperatures wasindistinguishable．The decrease ofAl－hole  

Centerintensitywas a飴ctedbytheamealingtreatments above9000C．  

TheabovechangesobviouslyshowdifftrentbehaviorbetweenRTL－and  

BTL－quartZ gralnS．Inthe case ofBTL－quartZ，Ste甲InCrement Ofthe  

SeCOndAl－holecenterswascon血meda鮎rannealingtreatmentsbeyond  

8000C．Thereasonswouldbeduetotheirorigins，thedi飴rentimpmity  

COntentS，the difftrent struCtureS Ofcrystalsand so on．The degrees of  

disorderincrystalmightberesponsiblefortheseresults．   

ThepowersaturationcurveSWeremeaSuredforatomichydrogensto  

COnfirmSuChevidence．Figure2．11showstheresultforMedeshimaquartZ  

asarepresentativeRTL－quartZ．TheRTLrelatedatomichydrogenswere  

Cleady delayed to saturatein comparison with BTL－related atomic  

hydrogens（0．03pW）．In general，the application ofhighermicrowave  
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POWerisrequiredto reach saturationinESRsignalintensityifatomic  

hydrogensexistatnaxrowspacesandcauselargeinteractionwitha句acent  

latticeorothermaterials・Thesaturationwi11bequicklyprogressedifthe  

atomichydrogensexistinisolatedsites（Hase，1985）．Onthebasisofthis  

result，RTしrelatedatomichydrogensareCOnSideredtoexistinnarrower  

SPaCe，WhereasBTL－relatedatomichydrogenswerecapturedinwidespace  

Sitesasisolatedstates・Thehfsplitting（53mT）oftheatomichydrogen  

SignalinRTL－quartZWaSlargerthanthatinBTしquartZ（52mT）．Thevalue  

Offreehydrogenis50・8mTThisalsomeansthattheatomichydrogenin  

RTしquartZ Shouldlocateinnarrower space，COmParlng tO  

BTしquartzasdescribedintheabove．   

Arelationship betweentheintensityQfatomic hydrogensandthe  

reducedamountofAl．holecenterswasinvestigatedtoconfirmWhetheror  

notatomichydrogensoperateaski11ersofAl－holecentersinRTLquartz，  

asi11ustratedinFigure2．12．The reducedam0unt OfAl－hole centers  

COrreSPOnds to di飴rence between theimitialAl－hole centerintensity  

（Figure2・10（a））andthesecondAl－holecenterintensity（Figure2．10（c））．  

InFigure12，theintensitiesofatomichydrogens，equlValenttovaluesin  

Figure2．10（b），arePlottedagainstthereducedamOuntSOfAl－holecenters．  

It canbe con蝕med certainlythatthe positive correlationbetweenthe  

atomichydrogensandthereducedam0untSOfAl－holecenters．Thiswas  

Veri丘edwithagoodcorrelationfactorofO．96．Thisresultwillalsobea  

StrOng eVidence ofthefo1lowlngPrOCeSS：Apart oftheinitialAl－hole  

CenterSPrOducedbytheirradiationaト196OCdisappearSaSareSultof  
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interaction or recombination with atomic hydrogens or simi1ar  

radiation－induced radicals．This process agrees with the previous  

SuggeStion，in which hydrogen radicals were reasonably considered to  

behave as killers ofAl－hole centersin BTL－quartZ（Hashimoto et al．，  

2000b）．   

Any clearCOrrelation was notinduced betweenthe Aトhole center  

intensitiesandtheRTLintensities．horderto searChRTL－relatedholes，  

ESRmeasurementsatroomtemperaturewereconductedasafunctionof  

annealingatvarioustemperatures．AnESRsignalhavlngtheg－Valueof  

2．003WaSdetectedasshowninFigure2．13（a）．Theintensityofthissignal  

is plotted againstthe amealing temperaturesin Figure2．13（b）．An  

annealing temperature dependency appearedfortheintensityofthis  

ESRrsignal，WhichissimilartOthatofRTL．Therefbre，itcantentativelybe  

PrOPOSed that RTしhole centers are responsibleforthis ESR slgnal  

detected atroomtemperature．ContrarytothecaseofBTL，theroleof  

atomichydrogenisstillunClearintheRTしconcernedquartz，althoughits  

noticeableconnectionwasprovedwithAトholecenters．  
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2・3・3・ChangeSOfRTLpropertybyannealingtreatment＄   

FromthechangeOfRTLglowcurveS，itwascon血medthattrapped  

Sitesorelectronswerea飴ctedbyannealingtreatments（Figure2．7）．The  

glow peak was broadenedand shifted tolower temperature aiterthe  

annealingtreatments・Asaresult，theredistributionofonglnaltrappmg  

Sitesoccursinmoreflexibleaswellasnon－rigidsites血enthethermal  

treatmentwasapplied・Whenquartzsampleswereirradiatedby†－rayunder  

liquid nitrogen temperature，nO Slgnals舟omTi－CenterS Were PreSent・  

However，ESR signals ofthe Tトcenters were measured togetherwith  

Aトcentersat－1960CafteroncewaJmlnguPtOrOOmtemPerature・The  

TiーCenterSWereeXPerimentallycon丘rmedaselectron－traPPlngCenterSin  

this ESR－SPeCtrumOnly・These Ti－CenterS Changedasafunctionofthe  

arnealingtemperature・The graln SamPlewas storedforlhratroom  

temperaturea鮎rirradiationat－1960C・Thestoragewasrequiredtobe  

SufncientforalldiffusionprocesstobecoⅢpletedandallTicenterstobe  

formed，aSSuggeStedbyIsoya（1988）．   

Figure2・14showsthreeTトce血ersinunannealedMedeshimaquartz  

Whichwasirradiatedat－1960Corroomtemperature．TheTi－CenterSaS  

electrontrappingcentersinthreecon丘gurations：［Ti0．胴＋］0，［TiOJLi＋］0  

and［Ti0．朋a十］0．Thee飴ctofirradiationtemperaturewasobserved．The  

intensityofTi－CenterSirradiatedatroomtemperaturewashigherthan  

OfTi－CenterSirradiatedaト196OC．Inthecaseofirradiationat－1960C，the  

intensity of［Ti0．／H＋］O was apparently higher thantheintensities of  

［TiO．几i＋］0andof［TiO．maT］OasshowninFigure2．14．Inthecaseof  
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irradiationatroomtemperature，theintensityof［TiO4朋＋］Owassimi1arto  

theintensitiesof［TiO．／Li＋］0andof［TiO．M｛］0．onthebasisofthese  

results，1tWaSaSCertainedinunamealedquartzthatalkalineionswould  

easilymovetoTisitesduringlrradiationatroomtemperatureascompared  

Withthecaseofirradiationaト1960C．   

Themaximumamountof［Ti0．d］Ocentersintheunamealedquartz  

gradua11ydecreasedwithincreaslngarmealingtemperatureasshownin  

Figure2・15・Thisbehaviorof［TiOd］Ocentersisquitesimi1artothatof  

atomichydrogensthemselvesasdescribedinFigure2・16・Thisresultcan  

beexplainedbythefollowlngaPPrOaCh・Themoreatomichydrogensare  

PrOducedbytheirradiationaト196OC，themoreatomichydorgenscanbe  

trappedintheTi－CenterS after warmng up to room temperature・In  

Medeshimaquartzamealedatdi蝕renttemperatures，itiscon蝕Ⅶedthata  

PrObablecorrelationbetweentheintensitiesofatomichydrogensandof  

［TiO．皿＋］O centers（Figure2．17）withthe correlation factor ofO．96．  

Therefore，1tis suggestedthat a part ofthe atomic hydrogensinan  

irradiatedstateat－1960Cisreco血binedwiththoseoftheAl－holecenters   

When emittlngluminescenceis accompanied with the elevation of  

temperaturesassuggestedbyHashimotoetal．（2000b）．Alternatively；the  

remainedpartofatomichydrogenscanbeco血binedwiththeTipcentersat  

roomtemperature．ThesamemOdelthatthe［Ti0．］Ocenteractsasatrapfor  

theatomichydrogen，WaSSuggeStedalsobyRinneberg（1972）．Thatis，the  

atomichydrogensarecapturedinTi－CenterSaStheelectrontraporoperate  

askillersofAl－holecentersinMedeshimaquartz．  
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The［TiO．／Li＋］O centers increased with elevating annealing  

temperatures as seeninFigure2・15・This tendencylS a COmPletely  

oppositetothe［TiO川＋］Ocenters（Figure2．15）．FurthermOre，thebdavior  

of［TiO．朋aT］Orepresents asimi1artendencyregardingRrLintensities  

（Figure2．8）．These［TiO．几i＋］0and［Ti0．M｛］Ocenterswerecreateda鮎r  

Perfomlnga－196OCirradiationandwarm1nguPtOtheroomtemperature・  

Irradiationatsu伍cientlylowtemperature（－1960C）with†－rayS，ultimately  

causescreationofholes（removalofanelectrons）onoxygenionsneareSt  

toAl．ThecationM十（H’，Li十，Na’）doesnothavesu払cientthermalenergy  

todiffuseawayunderliquidnitrogentemperature・Duringwarmng，the  

ionsM十di軌seaway，reSultingin［A10．ni＋］0and［Ti0．朋＋］0．Ageneral  

schemefortheformationoftheimpurityrelatedparamagneticcentersin  

qpartzwassuggestedbyWtil（1984）・Fromthisscheme，theformationof  

Ti－CenterSneedtheexistenceofpotentialelectrondonors（e．g．［A10JLi’］0）  

andpotentialelectronaccepters（e．g．［Ti04］0）．ThechangeSOfTiーCenter  

intensitiessuggestthattheelectron－traPPlngCenterSarea飽ctedbythermal  

armealingtreatments・   

It was noteworthy that similaramealing temperature dependency  

appearedintheintensitiesof［Ti0．朋a＋］OinESRmeasurementsandRTL  

asshowninFigures2・15and2・8・Moreover，itwastentativelyproposed  

thattheelectrontrapplngCenterSrelatedtoRTLemissionwereresponsible  

forthe［TiO．Ma＋］Osignals．Thisissimi1arreSultofSchi11es（2001），Who  

haveobtainedasirrmltaneOuSincreaseoftheRTLandtheESRintensityof  

［Ti0．朋nOcenterinthequartzsamPle．  
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RTL glowcurveS Were a鮎cted by amealing treatments as seenin  

Figure2．7．A glow peak position around3300C shifted to alower  

teⅧperature reglOnand the shapes ofthe peaks broadened，Whenthe  

thermalamealing treatment was applied・Sincethe peak positionand  

Shape relate to electron traps，andthen electron traps was apparently  

influencedby annealingtreatments・Onthebasis ofthese experimental  

results，boththeisothermaldecay（ITD）andvariousheatingrates（VHR）  

methods were叩Pliedin order to determine the kinetic parameterS Of  

trappedelectrons．   

Theresultsaresurrmarizedinlもble2．1．TheactivationenergylSWell  

known as the trap depth energylevelbelowthe conduction band．  

Unannealed（Or aS－reCeived）quartz gives the highest activation energy  

ValuedeterminedbyITDmethod．Withincreaslngannealingtemperature，  

the activation energy decreases to O．92eV On the other hand，the  

activation energyln the VHR method nolonger shows a systematic  

decreasewithelevatlngamealingtemperature．Thedi飴rencebetweenthe  

resultsin theITDand VHR methodsindicatesthat the electron traps  

responsiblefor the RTLpeak areinfluencedbythehighertemperature  

armealing treatment．Ifitwas completelyuna飽cted，the similarreSults  

would be obtainedinboththeITD and VHR methods．The sites of   

electrons trappedarefound agaln tO beinfhenced bythe annealing  

treatment．Thefrequencyfactoralsotakesananalogoustendencytothe  

activation energy．In addition，the kinetic order was greater as the  

amealingtemperaturewashigherintheITDmethod．Accordingtothe  
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Halperin－Branerequations（Horowitzetal・，1995），TLglowpeaksbecome  

broaderwithincreaslng Orderofkinetics，1・e・，reflectmganincreaseof  

retrapplng・TheRTLglowcurveSbecamebroaderwithincreaslngannealing  

temperature as seenin Figure2－7，inwhichthe similartendencywas  

COn丘rmedfromaspectsofchangeinkineticorders．0therwise，thereason  

WhyRTLpeakwasbroadenedwithamealingtreatmentistheoverlapplng  

Ofseveralpeaks．   

AsMcKeever（1985）pointedout，Bttingofageneralorderisothermal  

decay curve WithanirresoIvable sum offirst－Order decay curveS Can  

deliverwrongresults・However，Singhetal．（1990）showedthat，basedon  

a theoreticaland experimentalstudies，the VHR method could be  

COnSideredindq）endentoftheorderofkineticsoftheTLprocess・Thus  

thismethodcandeliverreliableresultsandcanbesafblyappliedforall  

typesofTLpeaksregardlessoftheirorderofkinetics．   

ThermOdynamicorkineticparameterSObtainedintheITDandⅥiR  

methodswereusedforestimatlngOfthemean1ivesoftrappedelectronsat  

a血bienttemperature．Theresultsaresummarizedinthelastcolumnofthe  

Table2・1・The meanlives obtained bybothmethods arelongerthan  

millionyearSinquartZSamPleswithamealingtreatmentsunti1700OC．  

However；the di鮎rence ofthe meanlives between theITD and VHR  

methodsis appeared over800OCinthe annealing temperature．This  

tendencyrelatestotheactivationenergy」  
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2．4．ConclⅥ．Sion  

These experiments a1low us to conclude that there are some  

COrreSPOndences between ESR slgnals and TL peaks・h BTL，the  

quenchingmodelconcern1ngatOmichydrogensandAl－holecenters－WaS  

COn丘rmed・Intheannealingexperiments，theincreasmgtrendsinboththe  

atomichydrogensandinitialAl－holecentersupto8000cwereproved・  

However，atOmichydrogenslgnalssuddenlydisappearedwhenthesamples  

Wereannealed above8000C，in good coincident with a slgnificant  

decreaseintheIR－absorptiondueto OH stretchingarOund3500cm－1  

reg10n・This sharp change Should be related to the phase－tranSition  

temperatureofβqquartZ／tridymite．Asaresult，itispossiblethatatomic  

hydrogens駐om OH－relatedimpurities could also operate asthe main  

“killer”ofallradiation－inducedphenomena，SuChasAl－holecenters，COlor  

CenterSandBTLinnaturalquartz．   

TheRTLrelatedcentersinESRspectraweresearchedincombination  

Withtheannealingexperiments．Apositivecorrelationwasfoundbetween  

the hydrogen radicalsand the reduced amounts of Aトhole centerin  

RTしquartz．Thisbehaviorofhydrogenradicalsagreeswiththeresultthat  

hydrogenradicalsbehaveaski11ersofAl－holecentersinBTしquartz．A  

POSitiveholecenterhavlngtheg－Valueof2．003tendstoincreasewiththe  

RTLintensityupto8000Cofannealingtemperature，butfrom9000C，  

remarkably；decreasetothelevelofanunamealedsample．   

TheESRforTi－CenterSWaSmeaSuredtogetherwithAl－holecentersat  

－1960Cafterwarrmnguptoroomtemperature．Itshouldbeemphasized  
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thatonlythreekinds ofTi－CenterS Wer？eXPerimenta11yrecognlZedas  

electron－traPPlng CenterS eXCePt fbr Al－hole centers in the ESR  

measurement・Theintensitiesof［Ti0．佃十］0，［TiO．几i＋］0and［Ti0．爪a＋］O  

CenterSWereaf托ctedbytheannealingtreatment．   

Additionally；theam0umtOf［TiO．胴＋］Owasproportionaltotheamount  

Ofatomic hydrogens createdbylrradiationinMedeshimaquartz・This  

COuld be explainedthat atomic hydrogens created are capturedin  

Ti－CenterSOrOPerateaSkillersofAl－holecenters．   

TrapplngSitesofelectronswerefoundagaintobecertainlyinfluenced  

by the amealing treatments，aCCOrding to di銑汀enCeS Ofthe kinetic  

ParameterSeValuated丘ombetweentheITDandVHRmethods．  
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3．Influenceofradioluminescenceonopticallystimulatedluminescence  

fromnaturalquart2：grains  

3．1．Introduction  

AnimportantaPPlicationoftheOSL，Whichislightemissionduring  

i11umination to naturally orartificia11ylrradiatedmaterials，is datingof  

ancient archeologlCalsamples as we11as geologlCalones・Additionally，  

OSLmeasurementshavebeenutilizedforretrospeCtivedosimetryusing  

quartzextractedfrom血edbricksandunaredmortars（Banedee，etal．，  

2000；Bgtter－Jensenetal・，2000）・InapioneeringworkonOSL，Huntley  

andhisworkersstartedOSLdatingofsedimentsusmganargOnionlaser  

（1985）・RecentOSLreadersareabletoilluminateirradiatedsaHTPleswith  

bluelightNemitting diodes（LEDs）or abluelaser（Bgtter－Jensen et al．，  

1999a，b）．On OSL－dosimetry and dating，OSしresponses against some  

knowndosescanbeobtainedinlal）OratOryHowever，arti負cialdosesare  

generally adm血istered to higher dose ratesin comparisonwithnatural  

OneS．Therefore，mCh attentionⅡmStbepaidwhetherOSLsignalsare  

dependentorindependentofthedoserate．   

In the OSL／SAR（single－aliquot regenera土ive－dose）protocol，the  

repeatlng CyCle ofheatlng，illumhatlng andirradiatlng PrOCedures wi11  

giverisetosystematicchangeSOnluminescencesensitivity（Wintleetal．，  

1999）．Accordingto Spooner（1994），theOSしdecaying（orshine－down）  

rates at about400 nm becamelO times fasterthanthat at514．5 nm   

argon－ionlaserlineasastimlationsource．Inaddition，bleachinge飽cts  

Werefoundtobee脆ctiveatshorterwavelengthsmorethanatlongerones  
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（B如ter－Jensenetal．，2003）．   

Radioluminescence（RL）phenomenon，1ight emission during  

irradiation procedure，has beeninvestlgateduslng naturalandarti負cial  

materials（Marazuevetal・，1995；Pet6etal・，1996；Kfbetscheketal．，2000）．  

SomeRLemissionbandshavebeenreportedinvariousquartzsamples  

（Pet6etal・，・1996；Kfbetscheketal・，2000）．IfRLemissionwavelength  

COuldbeobservedduringartincialirradiationinshorterthanWaVelengthof  

OSL－Stimulationsource，RLmaybeacauseofbleachingordi＝mishing  

e飴ctsofOSLofquartzsa叩IejustlikeduringtheOSL－Stimulation．   

Inthis section，OSLsensitivities are studiedbasedonanaSPeCtOf  

influenceofthedoseratechangeSdminglrradiation・Then，RLspectraare  

measureduslnganRLspectrometricsystem・Subsequently；influenceof  

400nm RL（VIRL）intensityon OSLintensityis examined at various  

irradiation dose rates．OSL－bleaching phenomena wi11be discussedin  

COqunCtionwiththee脆ctsofVRLemission．  
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3．2．Experimenta1  

3．2．1．Samplepreparation   

Extraction of quartz grains（150J50pm）from two surface soil  

SamPlesarOundJAEA（JapanAtomicEnergyAgency）wascamiedoutby  

thefo1lowlng Sequentialprocedures；aCid－basetreatmentswith6MHCl  

and6MNaOHsolutionsforaftwhourseach，etChingtreatmentwith46％  

HFfbr20min，andheavyliquiddensityseparation（2．63「2．67gcm－3）  

usingasodiumpolytungStateSOlution・Furtherpuri丘cationofthequartz  

grains was done by hand selectionundermicroscopeforthe sake of  

eliminationoffbldspargrains・SingleJapaneSetWincrystal蝕）mamuSeum  

COllectionwasalsoemployedinthepresentexperimenta鮎rcruShingand  

SievlngtO aqiustthe gralnS Sizesrangmgfrom150トLmtO250pmin  

diameter・Priortoirradiation，eaChsamplewasamealedat4500Cfor5  

mininanelectricfurnaCetOremOVenaturalirradiationdoses．   

Thequartzsampleswerethenexposedtoγ－rayOfa137cssource（111  

TBq，365mmdistanCe）・The丘Ⅹeddoseof20Gywasirradiatedatthedose  

rateofapproximatelylGymin－1atroomtemperatureintheRadioisotopes  

CenterofNiigataUniversity  
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3．2．2．RLspectrometry   

On－1ine RL spectrometric system was developed to measure R⊥  

emission spectraofquartz samples as demonstratedinFigure3・1・The  

SyStem POSSeSSeS SenSitivity to wavelengthbetween350and750nm  

（Hashimotoetal・，1991，1995）・ForRL－meaSurementS，anⅩ－rayirradiation  

SyStem（V議dan，VF－50JtubewithWJtarget，50kVO．3mA）surroundedby  

Shieldingleadblockswassetabovequartzsamples・R⊥observationwas  

Camiedouttwiceforeachsample，thefirstdatabeingacquiredforaquartz  

SamPleandthesecondonewithoutthesa叩Ieasbackground・Theseraw  

datawerereconstruCtedintotwodimensionalrelationshipdrawsconsisting  

OfRLwavelengthsandintensities．  
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3．2．3．OSL／RLmeasurements  

BothOSLandRLmeasurementswerecamiedoutbyanautOmatedTL  

／OSL－ieadersystem，improvedfortheOSL／SARprotocol（Hashimotoet  

al．，2002a，b）・OSLofquartzgrainspreviouslyirradiatedto20Gywas  

evaluated uslng the OSL／SAR protocolas described by Whtleand  

Murray（2000）・ThisprotocoIcompensatesforanySenSitivitychangeSOf  

theOSLsignalsbyinterpolatingatestdoseof5Gyfbreveryregenerative  

dose（MurrayandM亘dahl，1999）．   

The OSL－reader equipped sixteen blue－LEDs（Nichia Chemical  

IndustriesLtd．，NSPB－500S）thathadanemissionpeakat470nmwith20  

nmFWⅥM・AGG420nlter（Schott）of2mmthickwasplacedinfrontof  

eachLEDinordertoremovethetroublesometailofbluelight（＜400nm），  

which can CauSe CrOSS－talk betweenthe blue－ultraviolet OSLand the   

Stimulatinglight．The OSLsignalsweredetectedwithaphotomultiplier  

山be（PMt Hamamatsu，R585S）byinserting aUG－11（Schott）and an  

IRC－65L（Kenko）optical丘Iters．After5minpreheatingprocedureat220  

0c，OSL－decay curveS Were reCOrded every O・2 sec under blue  

light－i11uminationfor200sec．   

ForRしmeasurements，aSma11X－ray山be（Ⅵ血an，VF－50J）installedin  

theluminescenceleader was conveniently utilized．RL during X－ray  

irradiationwasintroducedtothePMTthroughanOPtlCalbundle丘beras  

illustratedinFigure3．2．The VRL slgnals were detected uslng the  

COmbination of PMT and optlCalBlters analogous to the OSL  

measurements．TheR－RLsignalsweredetecteduslngthecombinationof  
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PMTandoptlCalnltersanalogoustotheRTLmeasurements・Thissystem  

allowedRLmeasurementinthetemperaturerange50－4500Cunder  

COntinuous radiation exposure・Measurements werefu11y automated，  

a1lowlnguPtO16samplestobemeasuredinanyoneexperimentalrun．Tb  

CheckreproducibilityofVIRLmeasurements，theVIRLintensitieswere  

repeatedlymeasured．meintegratedV欄⊥intensitiesofeachmeasurement  

Were COmparedandindicatedverygoodreproducibilitywith＜5％of  

relativestandarddeviation．  
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3．3．Resultsanddiscussion   

3．3．1．RLproperty   

AnRLspectrumOftheinvestlgatednaturalquartzsampleisshownin  

Figure3・3・TwobroadRLemissionbandswererecognizedat400nm  

（Violet）and630nm（red），althoughthepresent quartz grains丘action  

Showed only theintrinsic RTL－PrOPertyat higherheatingtemperature  

above2500Casi11ustratedinFigure2．6．Thereexistedcleardi飴rence  

betweenR⊥（twopeaks）andTLemissions（singlepeak）．VIRLemission  

CenterS Were eXPeCtedtobeunStableaboveroomtemperature，because  

intense violet TL（VITL）was not observed or was bleached負・Omthe  

naturalquartzgralnS．   

TheV－RLintensityvariations as afunctionoftheXLrayirradiation  

durationfornaturalquartz samples areillustratedinFigure3．4．Allof  

VRL curveS Show constantintensitywithirradiation，although VRL  

intensityincreases withtheincrementofthedoserate．TheVRLcurve  

decreasesslowlyathigherdoserates．Figure3．4showsthebehaviorofthe  

VRLsignal，takenastheluminescenceintegratedovertheO・2secperiod，  

as afunction ofirradiation time．AllofVRL curveSindicate constant   

intensitywithirradiation，althoughtheVRLintensityincreaseswiththe  

incrementofthedoserate．Itisconsideredthatthesetendenciesarecaused   

bytheequilibriumstateofelectrontraps丘11ing．   

Figure3．5 showsthe R－RLintensity changeS aS afunction of  

irradiationperiod・TheR－RLcurveOfthesamequartZSamPlegradually  

increases withirradiation．In a generalmodel（Polf et al．，2004），  
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increasein the RLis expected withthe、fi11ing ofallelectron traps，  

including sha1lowand deep electron traps，aSthe trapping probability  

decreasesandmoreelectronsbecomeavaihbleforrecombination．   

Figure3・6showstheR－RLintensitychangeSWithheatingtemperatures  

foranaturalquartzsample・ThecurveisobtainedbytherepeatedR－  

measurementsaftereacharmealingtreatmentat4500C，5mininorderto  

eliminateformerirradiation・TheR－RL血tensitywasthecountatthestart  

Ofirradiation・Thetemperature dependence ofthe derivedR－RLsignal  

revealsthethermalquenching・AsimilartemperaturedependenceofRL  

WaSObservedbyWintle（1975）innaturalquartz．ThetrapparameterSfbr  

TLpeaksinanumberofTLglowcurveShavebeendetemineduslngthe  

initialrisemethodorthefねctionalglowteclmique．Theobtainedvaluehas  

beencorrectedwiththetemperatured印endenceof則Lintensity（Petrov  

andBaili筏1996；Hashimotoetal．，1999b）．  
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3．3．2．IntensityvariationofOSLandVRLwithirradiationdoserates   

VおiationsofOSLintensitieswerepractica11yexamhedforthreekinds  

Of naturalquartz gralnS SamPled at di飴rent places．Sample A was  

extracted丘omsurfacesoilinTbkai，Ibaraki，Japan．SampleBwasmade  

fromJapanesetwincrystal．SampleCwasextractedfromsurfacesoilin  

Hitachinaka，Ibaraki，Japan・Eachaliquotwaspre－irradiatedto20Gyatl．O  

Gymin－1・TheOSL／SARprocedurewasappliedtocon血mthe且Ⅹeddose  

irradiation．Sincetheevaluateddoses shouldagreetothe丘xeddose（20  

Gy），theywerecomparedamongthesamplesatvariousdoserates．Figure  

3．7shows dependences ofOSLintensities on severaldose rates．Itis  

COn丘rmedthatthe estimated OSしdosesaremean1ngfullyinfluencedon  

theirradiation dose rate beyondthe experimentalerrors．Additionally；  

SOmedi蝕renttendenciesexistamongthesamples；SamplesAandCshow  

overestimation，WhilesamPleBunderestimationovα2Gymin－1doserates・  

Theformer tWO SamPles showthe reduction of OSL centers during  

artificialirradiationatthedo亭erateSOfmorethan2Gymin－1・Thereason  

WhythephenomenaoccurreditwasconsideredowlngtOe飴ctsofVRL  

emission．ThismeansthatRLinthevioletreg10nbringsonelimination  

（SO－Calledselfこbleachinge脆ct）ofOSLrelatedelectroncentersinquartz・   

ThebroadVRLemissionpeak，aS SeeninFigure3．3，is ofphotons  

Whosewavelengthis slightly shorterthanthat ofthe stimulatinglight  

（470nh）．Spooner（1994）reportedthatthe shorter wavelengthfor  

Stimulationilluminationcausethegreaterbleachinge飴cts（Figure3．8）・  

Thereisnegligible（＜5％）bleachingforwavelengthsgreaterthan690nm・  
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According to Figure3・8，aPParentdecreases ofOSL signalsinquartz  

SamPlesmightbeattributedtosel仁bleachinge飴ctsfromtheVIR⊥during  

ionlZlnglrradiation．   

ThisreductionofOSLintensityduetoV欄⊥e蝕ctswasstudiedfurther  

fromVRLintensitychangeSbyvaryingthedoserate・hFigure3・4，the  

doseratedependenceofV欄エsignalsisshownasafunctionofirradiatmg  

duration・TheVIRLintensitiesareintegratedduringlrradiationperiodsto  

accurrmlatethe丘xeddose（20Gy），indicatedasshadowareasinthis負gure．  

TheresultantVIRLintensitiesareplottedasafunctionofthedoserateas  

ShowninFigure3．9．This負gureexhibitsthatthetotalV欄⊥intensitiesare  

di飴rently af托cted to variations of theirradiation dose rate．  

intensitiesofothertwoquartzsamplesareillustratedinFigures3・10and  

3・11・ThesetwoVIRLintensitieswerealsoinfluencedbythechangeSOf  

thedoserates．  

Figure3・12shows the OSLintensity againsttheintegrated VRL  

intensityisat丘vedi飴rentdoserates・The丘gurerevealsthattheOSL  

intensitypossesses anegativerelationtotheVRLintensitylThesame  

tendencylS also con負rmedin0ther naturalquartz grainsamples as  

illustratedinFigures3・13and3・14・Thesenegativecorrelations should  

SuPPOrtthe certainpresence ofself・bleaching e鮎cts duringartificial  

irradiation．This meanS that VRL emission releasethe electronsfrom   

trappedsiteinquartZeVenduringarti丘cialirradiationwithreg10nSatl．0－  

10Gymin－10fthedoserate．  
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3．3．3．Anotherevidenceofself－bleachinge触ctsonOSI．   

Theconceptofself－bleachinge蝕ctsonOSLsignals，aSdescribedin  

3．3．2．，WereSupPOrted倉omthefo1lowlngeXPerimentalevidence．Asseen  

in Figure3．15，three kinds of arrangementS Were COnductedinthis  

experiment．Amangement（a）was usedforthe standardOSLintensity；  

WhichwascomparedwiththeOSL－reSultsunderotherarrangementS（b）  

and（c）．Two kinds ofX－rayirradiation arrangementS（b）and（C）were  

utilizedbylnSerting eachquartzslice，Whichwereabletobringonthe  

di飴rentVIRLintensitiesderived杜omtheslicesirradiated．Allofquartz  

Sliceswereprepared駐omMadagascarquartZandwereannealedatseveral  

temperatures・Severalquartzsliceswereemployedtoobtaindi蝕rentVR⊥  

intensities．In aJTangement（c），a gelatin optical丘Iter（F両iSC42）was  

insertedbetweenaquartzsliceandagrainsample．Threealiquotsfromthe  

sample C（Hitachinaka，Ibaraki）were fbllowed to the three kinds of  

irradiationarrangementSandOSしmeasurementswitha負Ⅹeddoseof20  

GyTheresultantOSLintensitiesareplottedagainsttheirdegratedVIRL  

intensitiesofeachslice．TheVRLintensitiesweremeasuredd印endenton  

eachquartzsliceinadvanCe・TheresultsaresummarizedinFigure3・16・  

The remnant OSLs of an ordinateare the OSLintensityratiosfrom  

arrangements（b）and（C）againstin（a），Whicharenormalizedtothelowest  

VIRLintensityobtainedfrom aquartz slice．Figure3・16indicatesthat  

absenceofbleachinge飴ctsisconfirmedwhentheV－RLintensityofthe  

sliceislowerthan2・2xlO7countSineverycase・However，PreSenCeOf  

bleachinge飴ctsiscon蝕medwhentheV欄⊥intensityofthequartzslices  
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ismorethan2・2Ⅹ107countsinarrangement（b）・Inthecaseofthehighest  

VIRLintensity，theOSLintensityreducesbyabout20％（aITangementb）  

Withoutfilterinsertion・However，theOSLintensitywithasharpcutnlter  

insertion（arrangementC）showsalmostnodiffbrenceeveninthecaseof  

highRLintensityregionincomparisonwiththearrangement（b）．TheR⊥  

fromtheslicewiththefilterinsertioncontainsvioletreglOn，Whereasthe  

Otherdoes not．These results revealthatVIRLcouldreduceOSLofthe   

quartzgralnaliquot．  
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3．4．Cond厄．sion  

These experiments allow us to conclude that there exists apparent 

Selflbleaching e脆ct due to RL on OSL－Phenomena ofnaturalquartz  

gralnS・TheRLemissionbandsofnaturalRTL－quartZgralnShadtwobroad  

Peaks，VIRL（400nm）andR－RL（630nm）．VRLemissionwasfoundtobe  

more e飴ctive fbrself・bleachingofquartz gralnSirradiatedatdi飴rent  

doserates，tOgetherwithcoverlngthegralnaliquotbyquartzsliceswith  

di飴rent VRLintensities coupled withanOPtlCal丘Iter・Therefbre，it  

Should be noticedthat such self－bleaching e脆cts caninfluence tothe  

OSしaccumulationwithdif托rentdegreesdependentontheVIRL丘omthe  

neighboringquartzgrains．ThereductionofOSLintensitywouldbecaused  

bytheRLnotonly丘omthesliceandneighbonngquartzgralnSbutalsoin  

theirradiated gralnS Withhigher efnciencyiTherefore，muCh attention  

Shouldbepaidonthe self・bleaching efEbcts duringartificialirradiation，  

Particular1yinaccurateretrospectivedosimetryandtheOSLrdating．That  

is，WhenthedoseresponsecurveWi11beproducedbyartificialirradia土ion，  

the dose rate should be applied aslow as possible．Otherwise，the  

equivalentdoseobtainedbyOSLdosimetrycouldbecorrectedusingthe  

OSL－aCCumulationwithdoserates．  
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4・AusabilityofonVTLftomnaturalquartZgrainsfbrretrospective  

dosimetry   

4．1．Introduction  

Small－SCale nuclearPOWer facilities orlaboratories handlingfor  

radioactivitypossessever十rePreSerrtrisksofnuclearorradiationaccidents  

aswellasnuclearpowerplantS．Intheeventofsuchaccident，radiation  

dosimetryorretrospectivedosimetryisnecessaryinordertoevaluateany  

POSSible radiation e蝕cts on residents．However，the dose assessment  

methodofgeneralpeopleisnotnecessari1yestablishedexceptfbraplace  

Wherethe dosimetrylS beforehandinstalled．In addition to this，When  

SufBcient speedand accuracylS aCCOmPlished，the utilization of TL  

teclmiques applied to naturalmaterials caneXtend to a variety of  

dosimetric丘elds．  

IntheTL－meaSurementS，theBTL－emissionhasbeenutilizedforboth  

quartzandfeldspargralnStil11980s，althoughanOmalousfadinge飴cts  

havebeennoticedespeciallyfbrfeldspars．In1986，theRTLphenomena  

丘omquartzgrains，Whichhavebeeninitiallydiscovered丘omvoIcanicash  

layersands豆bseqvently丘omburntarCheologicalporcelainpleCeS，have  

beenver漬edtobee侃cientforthereliabledatingoftq）hralayeraswellas  

retrospective dosimetry（Hashimoto etalリ1986，1997b；ThkanO et al．，  

2003）．hadditiontominerals，luminescentmeasurementteclmique also  

broughtfromceramicmaterials，SuChasearthenware，POttery，POrCelain  

PleCeS，burntstones，kilnmaterialsandblocks，havebeenemployedtoa  

reliable retrospective dosimetry on the basis ofaccuⅡmlated radiation  
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deftcts（Mckeever，1985）．   

In addition toarCheologlCaldating，1uminescence measurements－of  

natural minerals are also useful for the retrospective dosimetry. 

RTしmeasurements of ceramics and quartz extracts were successfully  

applied to two samplesin theJCO（uranium fuelconversion  

COmpany）－Criticalaccidentsitein1999（Hashimotoetal・，2002a） 

atomicbomb－Su飴redsamplesinHiroshima（Hashimoto etal．，2003b）．  

Evaluateddoseswereinconcordantwiththecalculatedvalues．  

RTLmeasurementsarecamiedoutunderhigherbackgroundcountsby  

black－body radiation丘om heater source・The naturally accumulated  

COmPOnentOfdosemaycontribut＄tOthelargestsourceoferrorinthe  

evaluation process for retrospective RTL measurements．Natural  

dosimetricmaterialsmustpossesscertainfundamentalcharaCteristics：（1）  

itmustbesensitivetoionizingradiationatthedoselevelsofinterest，（2）it  

musthavetheal）ilityto retainarecordoftheaccidentexposurewith  

known or negligible fadingindose over the timeintervalbetween  

exposureandmeasurement，（3）itⅡmStbecapableofbeingpreparedfor  

measurementwithouttheintroductionofconfoundingsignalsand（4）the  

‘natural’componentin measured dose must be accurately measurable，  

Certainly estimative or、negligible．In this chapter，for the sake of  

retrospectivedosimetricuse，thebasicstudyofVTLdosimetryiscamied  

OutincoqunCtionwithbothbackgroundmeasurements ofaccumulated  

doseandblack－bodyradiation，thekineticparameterSrelatedtotrapped  

electronsand sun－1ight bleaching e正己cts．Fina11y；the detectionlimitin  
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VTLmeasurementsisevaluated．  
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4．2．Experimental  

4．2．1．Samplepreparation   

Thesampleswereextractedfromsurfacesoilswbichwerecollected  

fromacertaindepthtoavoiddirectsun－1ighte蝕cts，arOundJAEA（Japan  

Atomic EnergyAgency）．Allprocedurewas camiedoutunderfaintred  

lighttopreventfadingofluminescenceslgnals・Iron－relatedcomponents  

WereremOVedbymagnetic separation afterdryingat700C・Then，the  

SamPlesweretreatedwith6MHCl，6MNaOHandthen46％HFinthe  

Ordinarywayusing anultrasonic agitator．Densityseparationwasdone  

using sodiumpolytungstatesolutiontoisolateandidentifyquartZ．Final  

fractionsettledinspecincgravityrangeOf2・63－2・67gcm－3wasused．  

Furtherpuri丘cationofthequartzgrainswasperfbrmedbyhandpickingfor  

thesakeofeliminationof免Idspargramsaslowaspossible．Thequartz  

WaSSievedtoselectthegralnSizefrom150pmto250pmindiameter．  

Onepart ofeach sample was amealed at4500Cinairuslng electric  

furnaCetOelimhatenaturalirradiationdoses，andtheotherswerenot．  

Thequartzsampleswerethenexposedto†－rayOf137cssource（111TBq，  

365mmdistance）．A負Ⅹeddoseof20Gywasirradiatedbyadoserateof  

approximatelylGymin－1atroomtemperatureintheRadioisotopesCenter  

ofNiigata University. 
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4．2．2．TLmeasurements  

ATLspectrometryhasbeenappliedforthequartzgralnSamPlesusmg  

highly sensitive on－1ine spectrometric system equlPPed with an  

image－intensiBerphoto－diode array（IPDA）detector（Hashimoto et al．，  

1997b）．ThesystemwascodrolledatalinearheatingrateoflOc／sec．   

VTLglowcurveSWere meaSuredbyanautOmatedTL／OSL－reader  

SySteminstalledwithasmallX－rayirradiator（Wan，VF－50Jtdbe），Which  

has been developedfor a single aliquot regeneration（SAR）method  

（Hashimotoetal・，2002b，C；Nakagawaetal．，2003）．Forthedetectionof  

VTL，aViolet（Schott，UG－11）andaninfraredcut（IRC－65L）丘Iterswere  

insta11edbetweenthephotomultipliertube（PMTこHamamatSu，R585S）and  

thesampleheatingsite．  

The same aPParatuS WaS also usedto deteminekineticparameters  

fromVTLpeaksintheglowcurveS．1ねdousheatingrates（Ⅵ‡R）method  

WaSaPPliedfordeterminationsofkineticparameterS（Prokeinetal．，1993）．  

ThedetailsofVHRmethodwereshowninsection2．2．5．2．  
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4．3．Resultsanddiscussion   

4．3．1．Luminescencemeasurements  

Figure4・1showsatypicalTLspectrumincontourexpression・丘om  

naturalquartz gralnSirradiated tolkGy ofX－rayIn addition tothe  

existence of the RTL，the VTL peak ranglng丘om350－450nmin  

WaVelengthandaroundllOOCcouldberecognizedinthecontourmap・  

Thus，VTLfromthequartzwasmeasuredbya（帥stingtheoptlCalBlters  

andPMTco血binationstopassthroughvioletemissionof～400nm．   

ChangeSOfVTしglowcurveSbyapplyingtheSAR－methodareShown  

inFigure4・2，forquartzextractsfromsurfacesoils・Thereexist丘vepeaks  

at80，110，130，200and2700C．Fourpeaksbelow2500Cwereinduced  

byarti負cialX－raylrradiation，becausenaturalVTL－glowcurvedoesnot  

PreSentanyPeaksinthistemperaturereglOnaSi11ustratedinFigure4．3．  

Alternatively；thenaturalVTL－glowcurveO飽redtwobroadpeaksinthe  

temperatureregionabove250OC．Itwasnotewohhythattheutilityofthe  

VTLpeaksastheretrospectivedosimetrybelow2500Ccouldexcludethe  

interfbrencefrom naturally accumulated dose．FurthermOre，Sincethe  

background countsinthe whole temperature reglOnS Were Verylowin  

SOmeCOuntS，thehighlyprecisedoseassessmentuslngVTLmeasurements  

might be expected to glVe thelower detectionlimit thanthe other  

luminescencemethods．  

TheVTLintensitieswereintegratedbetween200Cintervals across  

eachpeak．TheintegratedVTLintensityasafunctionoftheregenerative  

dosebroughtonthecorrespondingresponsecurveaSShowninFigure4．4．  
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VTLdoseresponsecurveat80OCpeakwasnotindicatedinFigure4・4  

becausetheintensitywasnotproportionaltoirradiationdose．VTLdose  

responsecurveSbeyondllOOCpeakshowedproportionalpropertytothe  

applieddosebetweenOand30Gy；WhileVTLcurveatllOOCpeakwas  

Saturatedbelow20Gyoftheapplieddose・ThedoseresponsecurveSShow  

nosupra－1ineartendencybetweenOand30Gyofregenerativedoses．   

Thble4・1showsthedosedetectionlimitcalculatedateachrange（110，  

130，200and2700Cpeakarea）．Thedetectionlimitwasestimatedwith  

threetimesofthe standarddeviationofbackgroundcountsintheVTL  

measurements・Allofthedetectionlimitsareunder2・0Ⅹ102mGyandthe  

lowerdetectionlimitisacquiredatrangeOfllOOCpeak．Thesedetection  

limitsarelowerthantheseoftheothermethodssuchasESRdosimetry；  

Chemi1uminescencedosimetryandchromosomeaberrationteclmiques．   

Fromtheseresults，thepeaksbetweenllO OCand2500Ccouldbe  

SenSitivetoionlZlng radiation atthe accidentaldoselevels withoutthe  

COnSiderationduetonaturalcomponent．  
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4・3・2・Sensitivitychangestorepeatedcycles  

Inthereliableluminescencedosimetry；SenSitivitychangeWithr印eat  

Ofmeasurementcycles（i・e・，irradiation，Preheatandthenheatingprocess）  

is averylmPOrtant factor whenthe SAR－methodis employed・VTL  

SenSitivity variations were checked by adding repeatedly a test dose  

irradiation of20Gyfollowed by VTL measurement．The resultsare  

demonstratedinFigure4・5，inwhichrespectiveintegratedVTLvaluesat  

eachpeakregionwereutilized・TherearesensitivitychangeSfbrthree  

Peaksof80（notindicated），110，1300C，althoughotherpeaks・叩PearnO  

SenSitivitychanges・Therefore，bothpeaks a｛200and2700Cmaybe  

favorablefordeterminingaccidentaldosesfromviewpointofsensitivity  

ChangeStOr印eatedcycles．  
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4．3．3．Bleac血inge蝕ctsonVTL   

E飴ctsofsun－1ightbleaching（max．28000lux）onVTLwerestudied  

Ona Shiny dayln Septe血ber，2005・Firstly；these quartZgramS Were  

SimltaneOuSlyirradiatedwith20GyofX－rayaRerannealingat4500C  

for5mintoeliminatee飴ctsofnaturalirradiation・Thereafterportionsof  

eachsamplewereilluminatedwithsunrlight．0therswerestoredinadark  

room・ARer8hr，VTLglowcurveSWeremeaSured・BothglowcurveSare  

illustratedinFigure4．6．VTLpeaksbelow3000Cwerealmostbleached  

bysun－1ightandtheotherpeakat3800Cremained，althoughfourpeaks  

StillexistedintheglowcurveSfromsamplesstoredindark．Itfoundthatall  

OfVTLpeaksareVerySenSitivetosun－1ighte叩OSure．   

Ontheotherhand，blue－LEDsexposedthequartzsamplesforlO－30  

SeC・OnlytheVTLpeakat1300Cwasreducedbynomorethan10％  

Whichoccurredinthe30secofblue－LEDexposure，howevertheother  

VTLpeakonbothconditionsremained．   

Theaboveexperimentsshowedthatthepreparationofquartzsamples  

Shouldbeconductedinadimroomandthesample（c£surfacesoil）could  

becollectedfromacertainsoildepthwithoutsun－1ighte飴cts．  
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4．3．4・KineticparameterSOfVTLpeak   

Thevariousheatingrates（VHR）methodhasanadvantagethatthe  

activationenergyisrelativelyuna脆ctedbythermalquenchinge飽cts（in  

thiswork，Peakintensitywassu侃cientforthermalquenchingnottoa飴ct  

theprecisionwithwhichTmcouldbeidentified）．Therefore，thismethod  

WaSaPPliedtoVTLpeaksinthewholetemperaturereg10nS・   

Plotsofln（Tm2／β）againstl／TmforthellO，130，20pand2700C  

VTL peaks are showninFigure4．7．The whole measurements were  

PerformedadayaRertheexposureof20Gy－†doses．Thederivedkinetic  

ParameterSareShowninTbble4・2・Thekineticparametersofeachpeakat  

130，200and270OCwereestimatedbytheVHRmethodexceptforthose  

OfllOOCpeak．   

Themeanlifbofpeakat130OCwasextremelyshortandthenthedose  

assessment has di臨cultyusingthis peakfor dosimetry because of  

appreciablefadinge飴ctduringpretreatmentincludingbothproceduresof  

SamPle collectionand extraction ofquartz．Inthe case ofthepeak at  

2000C，the mean1ifb was hopefu1fbr the dose evaluation without  

backgrounddoseaccumulatedinanaccidental負eld．Thelongestmeanlife  

WaSObservedinthereglOnarOund2700C．Thisresultsuggeststhatthe  

utilityofthepeakwasinfluencedbynaturallyresidualdosesasshownin  

Figure4．3．  
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4．4．Comclusion  

ThedoseestimationmethodwithVTしmeasurementwasinvestlgated  

usingquartzextractsfromsurfacesoilaroundJAEA・VTLdosimetryhas  

（1）theabsenceofnaturaldoseaccumulatedovergeologicalperiod，（2）the  

abilitytoretainarecordofaccidentexposurewithnegligiblefadingover  

thetimeintervalwithinonedayuntilmeasurementand（3）thedetection  

limittodetermineaccidentaldosesoftensonmGy．Thismethodshouldbe  

COnductedunderconditionofnosun－1ightbleachinge蝕ctsdmingsample  

COllectionandpretreatments．  
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5・Comparisonofresidtlaldosesinquartzand鎚IdspareXtraCtS打om  

atomicbomb－SuffbredrooftilestlSlng＄eVeral1Ⅶminescence－methods ●  

5．1．Introduction  

Nowadays，aVariety ofradiation－inducedluminescencephenomena  

havebeenemployedtothedosimetrytooIssuchastherm01uminescence  

（TL）andopticallystimulatedlum血escence（OSL）usingeitherquartZOr  

fbldspar samples（Aitken，1985，1998；Boetter－Jensen et al．，2003）．  

Althoughbothquartzandfeldspar are commonlycoexistedinaburnt  

arChaeologlCaland geologicalmaterials，there are afew reports on  

inter－COmParisons  of  dose－eValuations   from  di飴rent  

luminescence－methodsuslngmineralex打acts丘omthesamematerial．In  

theburntarChaeologlCalmaterials，theauthorshavecomparedthenaturally  

accumulateddosesa鮎rpotterymanufacturebetweenRTL（redTL）－，BTL  

（blue TL）－，OSL－doses 丘om quartz，andIRSL（infra－red stimlated  

luminescence）－OneSfromfe1dspar（Hashimotoetal．，2003b，2005a）．The  

highest naturally accuⅡmlated doses，Which were obtained from  

RTしmeasurements ofquartz extracts，ledto the determinationoffinal  

ages concordantWiththe archeologlCallyand stratigraphica11ypredicted  

ages．Causesofdi鮎rentstabilityamongluminescentsourceshavebeen  

COnSideredtobeattributedtorelativelyeasy－tO－bleachinge脆ctsofOSL  

andBTLinquartzandwe11－kn0wnanOmalousfadinge飴ctsinfbldspaJlIt  

WaS COnCludedthatthe RTL－datinglS afavorabledating－methodwhen  

quartzgralnSWereaVaihbleinburntarchaeologlCalmaterialsfrom3，500  

to6，000yearsago，WhichmightbecorrespondingtoabouttherangeSOf  
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7－24Gy（Hashimotoetal．，2005a）．   

In addition to archeologicaldating，luminescence measurements of  

naturalminerals are also usefu1for retrospective dosimetry．The  

RTしmeasurements of ceramics and qpartz gralnS Were SuCCeSSfu11y  

applied to two samples in theJCO（uranium fueltreatment  

COmPany）－Criticalaccidentsitein1999（Hashimotoetal．，2000c）andsome  

atomicbo血b－Su脆redsamplesinHiroshima（Hashimoto etal．，2003b）．  

Evaluateddoseswereinconcordantwiththecalculatedvalues．  

Inthe present paper；nine・kinds ofluminescence dosimetries were  

employedfortwo atomic bomb－Su飴redrooftile－PleCeS COllectedfrom  

ClosetoepICenterSinHiroshimaandNagasaki．Forquartzextracts，RTL－，  

BTL－，andOSしmeasurementswereappliedwhileVTL（violetTL）－，BTL－，  

GreenTL（GTL）－，RTL－，far－RTし，andIRSL－OneSWereaPPliedtofbldspar  

grains extractedfrom the roof tiles using a SAR（single aliquot  

regenerative dose）protocol・Since variousluminescent centers were  

assumedtoformSimltaneouslyontheatomicbomb－Su飴redrooftiles，  

theresidualdosesfromavarietyofluminescencemeasurements should  

renectthestabilitytendencyoftherelatedluminescentcenters・Inthis  

VleWPOlnt，theluminescence dose－eValuationswerecarriedoutfortwo  

kinds ofrooftile－PleCeS丘om HiroshimaandNagasakiduring storage  

Periodof59yearsafterthenuclearexplosions，Whichisrelativelyshort  

StOragedurationincoInParisonwitharChaeologlCalmaterials・                                                                                                                                                     ＝  
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5．2．Experimental  

5・2・1・PreparationofmeasurlngSamPles ●  

TwopleCeSOftherooftilessu飴redbyatomicbombsareshownin  

Figure5・1（a）and（b）andsamplinglocationsarei11ustratedinFigure5．2．  

Thesamplesrecentlyhavebeenexcavated丘omtheundergroundinthe  

HiroshimaPeaceMemorialParkandtheNagasakiPeacePark，Wherethe  

atomicbombswereexplodedonAngust6，1945andthe9th，reSPeCtively・  

However；the accurate distanCeS Ofbothsamplinglocations丘om the  

epICenterareunknown・The surface ofsamples showedthe distinctive  

bubblingpatternduetotheheatrayofexplosion・   

Quartzandfe1dspargrainswereisolatedbyalmostsimilarprocedur  

describedintheprecedingpapers（Hashimotoetal．，2003b，2005b）．All  

PrOCeduresweredoneindimroomwithredlighttoavoidlight－bleaching  

e飴cts・Afterremovingtheouterlayer（about2mmthickness）damagedby  

heat－rayS，Sa叩Ies were cruShed uslnganagate mOrtarand a pestle・  

Subsequently，fbrromagnetic components wereremovedbymeans ofa  

magnet－method，fb1lowlngby soakedin6M HClforldayandin6M  

NaOHtogetridofmetallicoxidecontaminationandoforganicmaterials，  

respectively・Heavyliquid separation uslng three solutions ofsodium  

POlytungstate（2・55，2・63and2．67in specific gravity）was applied to  

isolatethequartzandthepotassium－richftldsparfractions・The以ftldsparn  

fraction（i・e・，2・55－2・63 0f speci丘c gravi吋）contains predominantly  

POtaSSiumftldspar（e・g・，microcline，albite etc．）and quartzfraction  

（specific gravityof2・65），WaS COllectedfromfraction rangingfrom  
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2・63－2・67speci丘cgravityTheresultantquartz丘actionswerefurthermOre  

etchedwith46％HF to remove surfacelayerwhichmayhavebeen  

a飴ctedbyα－rayfromsurroundingmaterials・Thisprocedureishelpfu1for  

removalofconcomitantftldspargrainsbydissolution・Finally；allquartz  

andftldspargralnSWerea（帥stedtobe75－150pmindiameterbysleVlng．  
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5．2．2．Luminescencemeasurements  

AnautomatedTLandOSL－readersysteminstalledwithasma11X－ray  

irradiator（urian，VF－50Jthbe），Which has been developedfor a  

SAR－method（Hashimotoetal・，2002b，Nakagawaetal．，2003），WaSuSed  

throughthewholeluminescencemeasurements・TheSAR－SequenCeWaS  

Slightlyimprovedfromtheordinalmethod（WintleandMurray；2000）as  

Shownin職ble5・l・Ordinalexposuredose－rateOfX－rayWaS5・5Gy／min  

WhenapplyinglOOトLmAl－absofber；50kVtubepotential，andO・1mAtube  

Current・Luminescencesensitivitychangesduringtherepeatedprocedures  

WereCOrreCtedbythetestdoseirradiation，点Ⅹedto5Gy（cfFigure5．5  

（b））．Threealiquotsconsistingof5mgweremeasuredinbothcasesofTL  

andOSL（andIRSL）measurements．   

TLpropertiesofquartzandfeldsparSinemissionwavelength－regions  

WereCheckedusingcolorphotographicimages，invoIvingTLCIs（TLcolor  

images），and an on－1ine spectrometric system combined with  

image－intensiRer photo－diode array（IPDA）（Hashimoto et al．，1989，  

1997b）．Onthebasisoftheseresults，thefhr－RTL，RTL，GTL，BTLand  

VTLweremeasuredwiththedetectionwindowsof700－750nm，600－700  

nm，500－600 nm，400－500 nm and300－400 nm，reSPeCtively．The  

tranSmission characteristics ofthe usedfilter combinations are shownin   

Figure5．3．   

Concemlng OSL－andIRSL－meaSurementS，Sixteenblue orinfrared  

lightemittingdiodes（blue－LED，NichiaorIR－LED，HamamatuPhotonics）  

WereinstalledtothemeasurlngSyStem．Theblue－LEDhasanemission  
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Peakat470nmwith20nmofFmandthestirrmlatingpowerwas  

estimatedtobe12血W／cm2・OSL＆omquartzaliquotwascountedinevery  

O・1secforlOOsecondsunderke甲1ngSamPletemperatureof1250C．   

TheIRSLmeasurementsoffeldsparwerecamiedoutin350－600nm  

detectiveregions（Hashimotoetal・，2002c）．TheIR－LEDpossessesan  

emissionpeak at890nm with50nm FwnM．Other conditions were  

Simi1artOthecaseofOSしdetection．  
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5．3．Resultsanddiscussion   

5．3．1TL，OSL，amdIRSI．   

Figure5・4（a）show TL－COntOur maPS Of quartz extractsfrom the  

Nagasaki－rOOftile・The quartz grainshows themiⅩture Ofbluishand  

reddishTLproperties，COnSistlngaPeakof450－500nmand620－630nmin  

WaVelength，reSPeCtivelyAlmostsameTしcontourwasalsoobtained丘om  

thequartzaliqvot丘omHiroshima－rOOftile．ItrevealsagainherethatRTL  

intensitiesare StrOngerthanBTしonesintheqpartzextract丘ombumt  

arChaeologicalmaterialsoroldrooftiles（Hashimotoelal．，2005a，b）．   

Besidesthee飴ctsofimpurities，thedi飽rentTLpropertiesofquartz  

extracts might be greatly a飴cted bytheirthermalhistory；lnVOIving  

COOlingrateandatmosphericconditionduringburntprocessofrooftiles  

（Hashimotoetal．，1996b）．Itiswe11knownthattherooftileshavebeen  

dealtforrelativelyshortperiodunderthereductiveconditionattheendof  

manufacturing process，Whereas almost allof血ng process startand  

maintainunderoxidativeconditioninhigh－temPeraturekilm．Tbntatively，  

theauthorassumes that suchoxidative nring conditionmightbring on  

RTL－PrOPenyOfquartzratherthanBTLoneinduced駐omreductive丘ring  

COnditions．Thus，the quartz extracts 丘om both Nagasaki－ and  

Hiroshima－rOOftiles werefoundtobeapplicabletobothRTLandBTL   

measurements．  

Concemlngthefe1dsparextract，thestrongestemissioninvioletreg10nS  

appearSarOund2000C，andsecondaryintenseemissionfo1lowsinfhr－red  

reglOnS arOund700nmatlowertemperatureof1200Cbyinterposlng  
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broademissionin visiblelightregions as seeninFigure5．4（b）．The  

feldspar aliquot of Hiroshima－rOOf tile showed the almost same  

TL－PrOPerties・Theseresultsimplythattheftldsparextractsconsistofthe  

miⅩturefromvariouskindsoffe1dsparminerals（Hashimotoetal．，2001）．  

Onthebasisoftheseresults，丘vekindsofTLmeasurements，invoIving  

far－RTL，RTL，GTL，BTLandVTLreglOnS，WereaPPliedfortheresidual  

dosimetriesinquartzorfbldspargralnS．   

RrLglowcurveSOfquartzfractionsarepresentedinFigure5．5（a）fbr  

Nagasakisample・IntheseglowcurveS，thereisnoapparentsignalbelow  

1700C丘omonglnalandas－reCeivedquartzgralnSbecauseofapplying  

preheatingtreatmentfor180secat2100CanddecaylngOutShorトIived  

COmPOnentSduring59－yearSStOragePeriods，reSPeCtively．   

In allTL－meaSurementS，the repeated cycles caused，mOre Orless，  

enhancement of sensitivity；Which was corrected by variations of  

TL－intensity録omtheinsertingtestdose．AnRTLdose－reSPOnSeCurveis  

demonstrated in Figure 5．5（b）．Integrated temperature regions of  

respectiveTL－glowcurveSarePreSentedinThble5．2．   

Concemlng the fも1dspar samples，the TL－intensities should be  

dependentnotonlyonwidthsofdetectivewavelengths，butalsoonoptical  

tranSmittanCeOfAlterasseHiblies．However；themostintenseTLwasGTL，  

Whiletheweakestemissionappearedonfhr－RTLglowcurveS．Ingeneral，  

thelongerwavelength givetheweakerTLbyinterpolatingremafkably  

WeakRTL，COnCOrdantroughlywiththecontourmapplngreSultsasseenin  

Figure 5．4（b）．Almost similar tendency was foundin the  
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Hiroshima－ftldspareXtraCt．  

IRSL－decay curve andits dose－reSPOnSe Of fe1dspar 丘om  

Nagasaki－rOOftileareindicatedinFigure5・6（a）and（b），reSPeCtivelyThe  

IRSL－doseresponsecurveSWere alsocorrectedforsensitivitychangeS，  

amountedupto30％・Finally；IRSL－intensities丘omas－reCeived丘action  

wereusedfortheresidualdose－eValuations．  
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5．3．2．Comparison ofresidualdoses among variou．sltlminescence   

measurements  

A11doseresultsfromthequartzgrains（a）andfeldsparones（b）are  

SummarizedinThble5．2．Theexperimentalerrorsofresidualdoses are  

derivedfrom three aliquotanalyses．Generally speaking，the present  

Hiroshima－rOOftileshowsmoreintenseexposureofionlZlngradiationin  

COmParison withthepresent Nagasaki－rOOftilefromthe atomic－bo血b  

explosion・However，the dose－di飽rences betweentwo places willnot  

furthermOrebedealtwithherebecausetheaccuratepositionsanddistanCeS  

fromthehypocentersofeachroof－tilecouldnotbenowadaysacquainted  

tousasmentionedabove．  

Althoughtheresidualdoses evaluated consistofretrospective dose  

from atomic－bomb explosions plus natura11y accumulating doses，the  

contributionofthelatterconstituents werefbundtobenegligiblysmall  

fromcontentsofradioactivenuclideswithineachrooftile．   

Inthequartzsamples，thebothhighestdoses，amOuntedto47andll  

GyforHiroshimaandNagasaki－SamPles，reSPeCtively；areeValuatedwben  

theRTL－meaSurementSWere aPPlied・Ontheotherhand，theBTしand  

OSL－dosesfromthe same quartZ eXtraCtS Were Obtainedlessthanthe  

RTしones，glVlng 70－80 ％ of RTしresidualdoses exc甲t fbr  

Hiroshima－BTLone・InprlnCIPal，ifthereisnoescaplngOfluminescence  

sourcesduringstorageperiodaftertheexposure，theresidualdosesfrom  

quartzshouldagreewitheachother・   

Inthecaseofthefeldsparfractions，thehighestdosewasestablishedin  
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far－RTL measurements such as 35 and 8．4Gy fbr Hiroshima－ and  

Nagasaki－SamPles，reSPeCtively．However，alloftheresidualTL－dosesare  

usuallysmallerthantheRTL－reSults．Sincethealmostal11uminescence  

CenterSWereformedsimultaneOuSlylnquartZandfbldsparminerals，the  

Stabilityoftheluminescencecentersshouldreflectontheresidualdoses  

丘om respectiveluminescence－meaSurementS．However，it should be  

mentionedherethattheRTLofquartzwasintegratedinhighertemperature  

regions（Or330－3600C）thanallTL－eValuationsofftldsparS（220－2800C）  

becauseofnodetectableTしemission．Inaddition，theevaluatedresidual  

doses are apparently depend9nt Onthe detection wavelengthregions，  

bringingonthelargerreSidualdosesaccordingtothehigherwavelengths，  

althoughthelowerintegratedluminescenceintensitiesareCOrrelatedwith  

thelongerwavelengths・Itiswelトknownthatintheftldsparmineralsthe  

violet－Visible TL－andIRSしsourcesare Slgmi負cantly a蝕cted on the  

anomalous fadinge飴cts，Whereasthe far－RTLreg10nSmightberarely  

su鮎redwithsuchfadingefEbctsasdescribedbyZinketal・（1995）・   

Particularly；theOSL－andIRSしaccumulateddosesalwaysshowlower  

valuesthantheRTL－OneSfromquartzandfbldspargralnS，reSPeCtively・  

These results meanthat the OSL sourcesareliable to suf托r someloss  

during storageperiod of59yearS，introducing・theunderestimation of  

residualdoses．  

Theresidualdosesfromdi飴rentluminescencemeasurementseitherin  

quartzorfbldsparextracts shouldbeinagreementwitheachotherif  

luminescencesourcesweresufBcientlystableduringstorageperiods・The  
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PreSentreSults are notthe case，SO that theRTしsources showedmost  

Stal）leamongvariouskindsofluminescencesourceevenfbrthestorage  

Periodof59years，inconcordantWiththeprefbrableRTしdosimetryand  

dating uslng bumt archaeologlCalmaterials manufacturedand utilized ●   

3500－6000yearsago（Hashimotoetal．，2003b，2005a）．  
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5．4．Conclu．sion  

IntheHiroshima－andNagasakiqrooftilessu飴redwithatomic－bonib  

explosion59yearsago，thehighestresidualdoseswereestimated魚・Om  

RTLmeasurements ofquartz grains．Onthe otherhand，theresults of  

ftldspargralnS，includingtheIRSLmeasurements，gaVelowerdosesthan  

tha竃OfquartzgralnS・   

On the basis of the most stable 

RTL－meaSurementSfor qpartz extractsare reCOmmendablefor either  

naturallyaccumulatedradiationorretrospectivedosimetryl  
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Table2．1  

SomevaluesfortrapplngParameterSOfRTLpeak丘omMedeshimaquartz  

Activation Frequency  Kinetic  Amealing  
Mean life 

て／years  
temperatures energy  fhctor  Method＊ order  

E／eV  s／s・l  b  ／Oc  

1．1  3．3Ⅹ1010   

1．0   1．4Ⅹ107   

1．2   3．1Ⅹ107   

1．0   2．8Ⅹ109   

1．3   8．9Ⅹ106   

1．5   2．0Ⅹ102   

1．0   1．9Ⅹ107   

1．7  5．9Ⅹ10   

1．0   5．4Ⅹ108   

1．7  4．3Ⅹ10  

5．6Ⅹ1018   汀D   

3．8Ⅹ1011 vHR．   

4．7Ⅹ1014   汀D   

4．3Ⅹ1013  vH且   

1．1Ⅹ1013  ITD   

l．6Ⅹ107  ITD   

2．8Ⅹ1011 vHR   

2．3Ⅹ106   汀D   

4．5Ⅹ1014  vHR   

2．8Ⅹ106   汀D  

2．1  

1．6  

1．7  

1．8  

1．6  

（as－reCeived）  

Unannealed  

（as－reCeived）  

600  

600  

700  

800  1．0   

800  1．5   

900  0．92   

900  1．8   

1000  0．92  

VHR，Vario11Sheatingra鹿Smethod．  ＊rrD，isothermaldecaymethod；   
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職ble4．1  

DetectionlimitofVTLdoseevaluationmethodateachpeak  

RangeNo．  Detectionlimit（mGy）  

Rangel（1100Cpe嶽）  

Range2（1300Cpeak）  

Range3（2000Cpeak）  

Range4（2700Cpeak）   

9  

2x1000 

7x1000 

2x10222 
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Table4．2  

SomevaluesfortrapplngParameterSOfVTLpeak丘om  
quartZeXtraCted丘omsur払cesoilar0undJAEA．  

Activationenergy Mean1ift  
RangeNo．  

E／eV  て／  

5．9Ⅹ10ヰ  

3．8   

2．5xlO4  

Range2（1300Cpeak）   

Range3（2000Cpeak）   

R弧ge4（2700Cpe止）  
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1もble5．1  

TL／SARmeasurmgPrOtOCOl．  

St甲  Tfeatment  signal  
′1  

GiveX－ー町do＄e，Di  

Prebeat  

Hea土叩40℃to390℃  

Heat叩40℃to390℃  

Givetestdose，Dt  

Preheat  

He如叩40℃to390℃  

Heat叩40℃to390℃  

Re山mtostepl  

Foras－reCievedsample，i＝0，andDo＝OG＊  

He如ingrateisl．0℃／sec．  

■ AllX－raylrradiations，includingtestdoseof5Gy；Weredonewith  

aconstantdose－rateOf5．5Gy／min．  

nvalueswerederivedfromLiminusabackgroundB．  

PreheatingconditionsinbqthTLaLdOSL（mSL）were210℃and150℃  
for3minforquartzand飴1dsparaliquot，reSPeCtively．  

甲L（andRSL）／SARprotoc？1sareal畠0？imilartothis．sequenceexcept  

fbrstimulationfbrlOOsec叫125℃弧d如1icationofcdtheatat160．℃  

aftertestdbsingstagel  
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Tbble5．2   

Comparisonofresidualdoses録omTLandOSL（RSL）measurementsof   
quartzandfヒIdspareXtraCtSfromatomicbomb－Su飴redroof・tiles・  

（わqu血gm血  

RTL／Gy  BTL／Gy  OSL／Gy  
（330－360℃）  （310－330℃）  （1secofinitialdecay）  

S皿Iple  

Himshima  47士4  42土3  28 f 3 

N喝鮎止i  ll土2  6．7土l．5  8．2士1．1  

仲）Fel血p訂鮮血s  

s画 ，）（（1弼呵，   

Him＄血   35士 3  29± 2  23土 3  24士 3  22土 5  17士Z  

N喝鮎濾i 臥4±l．3  8．0±0．9  6．7土0．9  63土1．5  5．7土1．7  6月±0．7  

ParendleSisshowsintegratedtemperaturereglOnSOrPeriod．  

Finaldoseanditserrorarem占anValueandstandarddeviadonofeverythreedeterminations，．reSPeCtively．  
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Figure2．9  
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htensitiesofESRsignalfroma皿ealedMedeshimaquartzirradiatedat－1960c・  
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SaturationcurveOfatomichydrogenintensitiesmeasuredat－1960c．  

110   



人
u
ノ
 
 

●  n
・
d
＼
h
O
召
0
0
0
t
O
ヰ
ー
d
J
b
S
遥
…
S
已
。
1
月
p
3
n
p
ひ
出
 
 

0
0
 
 
 
7
 
 
 
‘
U
 
 

5
 
 
 
4
 
 

3
 
 
 
2
 
 

0  2  4  6  8   10   12   14   16  

Ⅰ血enshiesofatomichydrogen／a．tL  

Figure2．12  

CorrelationofthereducedintensitiesofAl－holecentersandatomichydrogens丘om  

MedeshimaquartzgralnSWithseveralarmealingtreatments・  

Thedi飴rencebetweeninitialandsecondAl－holecenterintensitiesafterwa皿ngup  

toroomtemperatureiscorrespondingtothereducedintensitiesofAl－holecenters・  
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Figure2．13  

ESRsignalofunidenti点ed．centersrelatedtoRTL．  

（a）ESRspectrainunidenti鮎dcentersregionmeasuredatroomtemperature．   

Amealingtemperature‥9000c，irradiation：5kGyat－1960c  

（b）IntensitiesofESRsignals，midenti鮎dcentersofquartz，Withvariousarmealing  

treatments．  
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ESRsignalsforMedeshimaquartzat－1960c・  

h－1960c－irradiatedquartz，threekindsofTi－CenterSWereObservedafter  

warmingonceuptotheroomtemperatureasseeninFigure2・9（b）and（C）・  

Sampleswereirradiatedat－1960candatroomtemperature・  

ESRintensitiesaretheheightof（1）for［TiO4／H’］0，thatof（2）for［Ti04／  

Li＋］0andthatof（3）for［Ti04／N｛］OinthespeCtra・  
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htensitychangeS OfTi－CenterSin quartz samPles withoutandwithannealing  

．treatmentsatdi脆renttemperatures．  

A11quartzsampleswereirradiatedandmeasuredaト1960caRerwamlnguPtO  
the room temperature. 

［Ti0．／H＋］0，［Ti04／Li＋］0and［Ti04／Na＋］Ocenterintensitiesweremeasured丘om  
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IntensitychangeSOfatomichydrogen駐omquartzsampleswithoutarmealingand  

Withannealingtreatmentsatdi飴renttemperatures．  

Theintensitiesofatomichydrogenweremeasuredat－1960c・  

EachquartzsamPlewasannealedfor24hratdi飴renttemperatures・  
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correlationbetweentheintensitiesofatomichydrogenand［Ti04／H＋］Ocenter  

from Medeshima quartz. 
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R⊥emissionspectrumB：Omanaliquotofnaturalqpartzatroomtemperature・  

AquartzgralnaliquotwascollectedaroundJAEAandirradiatedwithⅩ－ray  

atabout30Gy．  
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Fi卯re3．4  

ChangeSOfVRLintensitiesasafunctionoftheX－rayeXPOSurePeriod  

atthreekindsofdoserates．  

Aquartzgramaliquotwascollected丘omsurfhcesoilaroundJAEA・  

EachshadowareaisequivalenttothetotalⅤ欄⊥duringlrradiationof  

20Gy．  
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ChangesofR－RLintensitiesasafunctionofX－rayeXPOSurePeriod．  

Aquartzgralnaliqpotwascollected丘omsurfacesoilaroundJAEA  

Doserateis5・2Gymin・1．  
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RelationshipbetweenR－RLandsampleheatingtemperature・   

SamPle‥Quartzgrains＆omsurfacesoilar0undJAEA・  
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Dose－ratedependencesofestimatedOSしdoses．  
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Figure3．8  

Bleachingofthe514・5nm－StimulatedOSLbyvariousnarrowwavebands（～10nm  

FWHM）ofvisiblelight．  

Individualaliquotswereusedforeachbleachingwavebandandal1arenOrmalizedby  

Shortexposures（514・5nm）givenbeforecommencementofbleaching．Datahavehad  

theirbackgroundcountratesdbtractedandarecoiTeCtedfordepletionduetothe  

Cumulativemomitoringexposures（514・5nm）・ThebleachingcurveSarePlotted  

agalnSteVerydepositedinthatwaveband．ThetranSeCtSa1lowdeterminationofthe  

totalenergiesrequiredfor5，50and95％reductionoftheOSLforanyglVen  

WaVeband（referredtoSpooner；1994）．  
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Figure3．9  

VbriationofintegratedVIRLintensitiesbythedoseratesofXrraygenerator  

Ⅵ血entheexposuredosewas丘xedto20Gyl  

ThenaturalquartzgminswerecollectedaroundJAEA（Tbkai，Ibaraki）・  
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Figure3．11  

uationofintegratedVIRLintensitiesbythedoseratesofX－raygeneratOr  

Whentheexposwedosewas丘xedto20Gy」  

ThenaturalquartzgralnSWereJapanesetwincrystal．  
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RelationshipbetweenintegratedVIRLidensityandOSLonewhendi飴rent  

ldoserateswereapplied．  

AquartzgrainaliquotwascollectedarOundJAEA（Tbkai，Ibaraki）・Thetotal  
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Figure3．13  

RelationshipbetweenintegratedVRLintensityandOSLonewhendi飴rent  
doserateswereapplied．  

AquartzgrainaliquotwascollectedaroundJAEA（Hitachinaka，Ibaraki）・The  

totaldosewasfixedtobe20Gy．  
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Figure3．14  

RelationshipbetweenintegratedVIR⊥intensityandOSLonewhendi銑rent  

doserateswereapplied．  

Aquartzgrainaliquotwascollectedar0undJAEA（JapaneSetWincrystal）．The  

totaldosewasfixedtobe20Gy．  
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Figure3．15  

Schematic X－rayirradiation arrangementS for determlnlng the ●●   

influenceofRLonOSL．  

（a）astandardarrangement  

（b）insertionofquartZSlice  

（C）insertionofquartZSliceandSC42filter  
In（b）and（c）arrangementS，quartZ grains were coveredwith  

di飴rentslicesofVRLintensitiesduringX－raylrradiation・                                                                                                                                                                                        ●  
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RelationshipsbetweenthenormalizedreⅡmantOSLratiosand  
V且Lintensitiesofquartzslices．  

Eachsamplewasirradiatedto20Gyl  

RerrmantOSLswerenormalizedtoumity丘omthelowestVRL  
intensityquartzslice  

ASC42filtermadefromgelatincuts enoughthelightshorter  
than420nm，butpassescompletelythelightlongerthan420nm  
lightasseenintheirradiationarrangement（C）・Thenon－Blter  

experimentwascamiedbythearrangement（b）inFigure3・16・  
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Figure4．1  

TLemissionspectrumforquartzextracted放omsurfacesoilar0und  

JAEA．  

ThesamPletemperaturewascon仕O11edtobeheatedatalinearheating  

rateoflOCsec－1．  
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Figure4．2  

ChangeSOfVTLglowctmesass∝iatedwithartificialirradiationdosesby  
X－my．  

Quartzextractsareobtained舟omsur払cesoilaroundJAEA．  
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Figure4．3  

VTLglowcurveOfquartzgralnSfromsurfhcesoilco11ectedaroundJAEA・  

TheglowcurveWaSaCCurrmlatedinenvirormentalirradiation・  
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VTLresponsecurveSaSa血皿Ctionofregenerativedoses．  

Each response curveS Werethe VTLintensityintegrated between200c  

intervalsacrosseachpeak．  

Rangel‥PeakatllOOc，Range2：Peakat1300c  

Range3：Peakat2000c，Range4：Peakat2700c  
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SensitivitychangeSOfthequartzgralnSWhenapplyingVTL－meaSurementS  

CyCles．  

ThequartzgralnSWereirradiatedwithⅩ－rayOf20Gyl  
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Figure4・6  

Comparison of VTL glowcurveS between withand without sun－1ight  

bleaching（max．28000lux）for8hr・  
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Figure4．7  

ArdlenlusplotofartificiallyaccumulatedVTLfromquartzgralnSeXtraCted  
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Figure5・1  

甑opleCeSOfrooftilessu飴redbyatomic－bombexplosion・  

Thesewereco11ected＆om（a）HiroshimaPeaseMemorialParkand（b）Nagasaki  

Peace  
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Figure514  

contowexpressionsofTLemissionB：Om（a）quartzand仲）  

extracts丘omNagasakirooftile・  

EachlOmg－gralnSamPleswasirradiatedwithX－raySOfl・2kGy  
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