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1.1ntroduction

　　　various　kinds　of　light　emission　have　been　rePorted　associated　with　earthquakes

knolvn　asEarthqua,ke　light　(EQL).lnsnlaller　scale,　the　luminousPhenonlenahave　been

also　rePorted　a.t　the　rock　burst　in　mine.　These　Phenonlena　a,reof　interest　in　viewPoint　of

the　Prediction　of　earthquakes　or　rock　bursts　and　Preventionof　ha,za,rd.Derrl)reviewed

the　observationsof　EQL　and　possible　mechanims.　Some　mechanisms　of　EQL　have　been

ProPosedj.e･　,　discharge　due　to　eledrica1　Potential　grh.dient　Produced　by　Piezoelectricity

or　stream　potential　of　ground　water　now2)‾6),excitation　of　ambient　atmosPhere　by

exoelectron7)and　sonoluminescence　in　water8).There　are　few　studies,　however,　which

connrmed　theoccurrenceof　the　phenonlenaby　laboratory　experiments.　At　the　present

stage,　it　needs　to　examine　the　Possibilities　of　all　the　ProPosed　models　in　laboratory

exPeriments.

　　　Bra.dy　and　Rowe117)ca.rried　out　the　experimental　studieson　the　luminescence　at　the

fracture　of　rocks.　They　observed　the　sPectrum　of　the　light　emitted　from　the　rocks　and

they　found　that　the　sl)edrum　consists　of　the　lines　of　the　ambient　atmosPheric　atoms.
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They　conduded　tha,t　the　light　wa,s　due　to　the　excitation　of　the　atmosPheric　atoms　by

exoelectron　emitte(lfr()m　the　rock　specimen　a,t　fradure.　The　fracture　exPeriments　were

doneina　condition　of(luite　high　strain　rate　and　the　fracture　was　explosive.　Therefore,

they　c()uld　not　observe　the　light　emissionas　a･　Precursory　Phenolnenonof　the　fracture.

lt　is　of　interest　to　test　theoccurrenceof　the　light　emission　at　loading　in　loxverstra,in　rate

and　before　failure.

　　　ln　the　nelds　of　solid　state　Physics,　ma･ny　authors　have　tried　to　observe　light　emis-

sion　at　loading　and　fra.cturing　solid　sPecimen　in　laboratory　exPeriments　(see　a　review

by　Walton9)).Photon　emission　associated　with　therecolnbination　of　electrons　a,nd　holes

previously　traPPed　at　Point　defects　isoneof　the　we11-docunlented　Phenonlenain　defor-

mation　luminescence　of　alkali　ha.1ideslo)‾13).When　a　solid　specimen　is　irradiated,　the

Point　defects　trap　the　excited　electrons　and　holes.　The　traPPed　electrons　and　holes　would
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

be　liberated　whenconsunling　a　Part　of　the　strin　energy　under　stress.　This　process　is

analogous　to　thermally　stinylulated　luminescence　(TSL)or　oPtically　stimulated　lumines-

cence(OSL).Thermal　or　oPtical　energy　suPPlies　the　energy　to　liberate　the　electrons　and

holes.　ln　this　paPer,　the　term　"　strain-stimula.ted　luminescence　(SSL)"isused　as　the

luminuousPhenonlenoninduced　by　the　recombination　of　Previously　traPPed　electrons

and　holes　under　stress.　Although　there　a,revarious　mechanisms　of　luminescence　under

stress　and　at　fracture,　SSL　is　distinguishable　among　them　by　evaluating　the　efrect　of

irradiationonluminescencej.e･,SSLoccurs　only　when　the　sample　is　Previously　irradi-

ated.　ln　crusta1　rocks,　electrons　and　holes　have　a.ccumulated　at　traPs　beca,useof　natura1

irradiation　by　ra.dioa.ctive　elements　in　rocks.　Therefore,　one　can　exPect　SSL　associated

with　ea.rthquakes　or　rock　bursts.

　　　The　nrst　purPose　of　this　PaPer　is　to　examine　whether　SSLoccurs　or　not　when　loading

ordinary　crusta.1　rocks.　Theoccurrenceof　the　Phenonlenonha,s　been　well　established　for
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the　sa,mples　of　Alka,1i　halides　single　crysta1.　They　deform　in　dudilelnanner　under　even

roonl　ten1Pera.tur(j　an(l　the　movement　()f　disloca.ti()n　str()ngly　relates　with　the　Phot(m

emissionlo)‾13).ln　contrast,　crusta1　rocks　are　generally　Pollycrysta.11ine　solids　ajyld　sho゛

brittle　behavior　under　uniaxial　stress.　There　are　norePorts　that　specify　the　mecha.nism

of　lunlinous　phenomenon　a.t　1()ading　ancl　fraduring　crusta1　rocks　as　to　be　electron　and

hole　recombination.

　　　Thermally　stinlulated　luminescence　(TSL)jvesus　sorne　insights　about　the　structure

of　tra･PPing　sites　a.nd　thea,nlount　of　tra･PPed　electrons　and　holes.　lf　aPφ1ica.tion　of　stress

strongly　afFects　the　tra･PPing　sites,　TSLcan　detect　any　cha.nge　of　trapPing　sites.　lt　is

thesecond　Purposeof　this　paPer　to　illustrate　a　feasibility　of　TSL　method　to　investigate

microscopic　behavior　of　solid　at　deformationand　fradure.　l　tried　to　detect　any　change

in　TSL　sPectrum　before　ald　after　the　loading　and　discuss　its　relation　with　SSL.

　　　Wecanal)Ply　the　luminousphenomena,　when　their　mechanisms　beconledear,to　the

Predictionsof　earthquake　or　rock　burst.　The　third　PurPoseof　this　paPer　is　to　ProPose
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

a　new　method　for　the　Predidion　of　rock　bursts　in　mine　based　on　the　results　of　this

exPerimenta.1　study･
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2.　Experimental　Procedure

　　　The　sPecimen　used　here　is　dle　Akiy()shidjrna.rble,　which　consiμs　of　nne　ca,1cite

゛ith　little　access()ry　minera.1s.　Marble　is　the　simPlest　rock　in　the　viewPoint　of　minera.1

comPositiona,lnong　crusta1　rocks.　Therefore,　it　is　fa,vorable　for　our　nrst　atteml)t　to

detect　light　emission　under　stress　a.nd　to　sPecify　its　medlanism.　I　PrePared　two　tyPes　of

samplesj.e.jor　loading　exPeriment　a.nd　for　TSLnleasurelnent.　For　loading　experiment,

the　sPecilnen　xvascut　into　cylindrical　shaPe　with　25　mm　in　length　and　25　mm　in　diametel゛,

and　then　washed　and　dried.　Another　Part　of　thesa,nJlesPecimen　block　wa,s　crushed　into

powder　with　hammer　mil　for　preParing　TSL　saml)1e.　Fine　grain　(smaller　than　O.1　mm)

was　sieved　out.

　　　l　tried　to　obser゛e　the　Photon　emission　at　loading　the　samPle　that　had　been　Pre゛iously

irradia.ted　and　the　cha.nge　in　TSL　sl)edrum　before　and　after　the　loading　and　fracturing･

Both　loading　samPle　a.nd　TSL　samPlexvereexPosed　by　6o　Co　gamma　ray　in　dose　rate　of

162　Gy/hour　for　three　hours.　The　powdersa,nlPle　is　set　into　a　pair　of　acrylic　resin　plate

with　thicknessof　4mm　in　order　to　equalize　secondary　eledron　nux　to　inta･ct　solid　of　the

loading　samPle.　We　consider　the　irra･diated　Powdersa,rnPle　as　"　before　loading"　samPle

in　viewpoint　of　TSL　sPedrum　change.　The　samPles　were　annealed　at　room　temPerature

for　t゛o　or　three　゛eeks　until　gamma　aRerglow　becanle　sumciently　weak　to　observe　Phot9n

emission　at　loading･

　　　Figure　l　shows　the　schematic　constitution　of　the　loading　exPeriment.　A　servo-

controlled　loading　aPParatus　aPPlied　the　uniaxial　stress　to　the　samPle　in　constant-strain-

rate　mode.Theruns　xvere　carried　out　in　three　difFerent　strain　rates　as　5.0×10‾5

√1.0×10‾4　and　2.0　×10‾4sec‾1.　A　loadcell　settled　in　the　ra,rn　rneasures　the　aPPlied

load　and　a.xial　comPression　stress　is　calculated　from　the　load　divided　by　the　areaof

the　endPla.ne　of　the　samPle.　Acoustic　emission　(AE)adivityxva,salso　observed　with　a,
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personal

computer

e

Figure　1.　Schematic　ngureofloading　experiment.　A　personal　computer

records　the　output　ofloadce11.　Both　the　outPut　pulses　ofPhotomultiPlier

tube　and　acoustic　emission　(AE)sensor　are　counted　and　recorded　by　the

personal　comPuter.



Figure　2.　Schematic　figure　of　TSL　experiment.　1　:　preamplifier　of

photomultiplier　tube,　2:　discriminator,　3:　counter,　4:personal　computer,　5

thelTnocouple　ampliner　and6:poxver　controller　R)r　the　heater.



Piezoeledric　sens()r　aUadlcd　()11　the　sidc　wa.11()f　an　endl)icce　l)yc()unting　ultrasonicxvav(?

pulses　whose　amPlitud(･xva,sla,rger　tha,n　a,φven　threshold.

　　　The　Photon　emission　dul`ing　the　loa.dingxva,sobserved　with　a　PhotomultiPlier　tube

facihg　to　the　side　wall　of　the　samPle,　The　ph()tomultiPlier　was　Hamamatsu　Phtonics'

tyPe　R268　that　has　a　sensitivity　for　near　Uv　to　orange　with　l)eak　a.t　400　nm.　A　counter

counts　the　Ph()to-electrica1　Pulses　for　every　one　second　a.nd　the　numerical　data.　is　recorded

by　a　personal　comPuter.

　　　The　fragments　of　fractured　samPlexveresieved　to　get　particles　as　nne　as　the　TSL

samPle.　l　then　nleasured　the　TSL　sPectrum　as　"　after　loading"　samPles.　Note　that　this

sPecimen　of　"　after　loa･dinf　is　a　grouP　of　the　nnest　fragments　of　fractured　samPle　so

that　it　must　be　most　severely　sufrered　the　ehct　of　loading　and　fracturing　on　the　traps

of　electrons　and　holes.　Just　aRer　the　SSL　exPeriment,　lnleasured　the　TSL　sPectrum

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

of　both　"　before　loa･ding"　“nd　"　after　loading"　samPle.　Figure　2　is　a　schema.tic　ngureof

TSLnleasurenlent.　SamPle　was　weighedaround　10　nylg　for　each　mea.surement　and　the

photon　emission　intensity　was　normalizedas　exPeded　for　just　10.0mg　of　thesanlPle.　The

heating　rate　wa.s　O.3　K/sec　and　a　PhotomultiPlier　tubecounted　the　photon　emission.　The

PhotomultiPlier　tube　xva,s　Halna,ITnatsu　Photonics'　tyPe　R1282,　which　was　designed　for

the　usage　in　high　temPerature　environment　and　has　a.　sensitivity　fornea,rUv　to　orange

with　Peak　sensitivity　at　370nlTn.　l　used　blue　mter　(Kenko　B-410,　50%cutoff　at　500　nm)

to　cut　therma.1　radiation.　Argon　gas　xva,smled　heating　chamber　to　“゛oid　any　che°ic“.1

reaction　of　thesalT1Ple　with　air　under　high　temPerature.
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3.Results

1)TSL　sPectra,

　　　Figure　3　sho゛s　the　TSL　sPedrum　of　the　sPecimen　and　its　growth　with　ga.mma　dose.

Horizontal　a.xis　is　temPera,hlre　and　the　vertical　is　Photon　counting　rate　in　unit　of　103

counts　Per　second.　The　samPle　with　no　irra.diation　shows　also　a　TSL　Peak　a.t　440K　and

a　small　shoulder　at　500K.　This　shows　tha,t　electrons　a,nd　holes　ha,d　accumulated　a,t　some

traPping　sites　by　irradia,tion　of　na,tura,1　ra,dioa,ctivity.

　　　A　Peak　at　390K　aPPea.rs　by　artincial　irra.diationand　the　Pea.ks　at　440K　and　500K

also　grow　with　gamma　dose.　Thusμhe　specimen　indudes　at　least　three　traPPing　sites.

Medlin14)investigatedTSL　of　natural　calcite　andrePorted　the　peaks　a.t　350K,500K,

600K　a,nd　700K.　Heconduded　that　the　specimen　indudes　at　least　four　electron　trapping

sites　a.nd　one　hole　tra･PPing　site.　The　luminescence　occurs　by　exciting　Mn2+ion.　The

peak　at　390K　observed　here　may　be　thesa､nle　onea.t　350K　by　Medlin(1964)μhe　siR　of

peak　temPerature　ca.n　be　attributed　to　roonTl　temPerature　annealing　in　this　study.　The

peak　at　500K　must　be　thesanle　onerePorted　by　Medlin,　whereas　the　Peak　at　440K　is

left　unsPecmed.　The　samPle　used　here　does　not　show　the　TSL　peak　at　600K,　and　the

current　mea.surement　cannot　observe　the　Peak　at　700K　becauseof　the　suPerinlposition

of　thermal　ra,diation.

2)Photon　emission　at　loading

　　　Figure　4　exhibits　a　result　of　loading　exPeriment.　The　toP　of　the　ngureshows　the

temporal　change　in　stress　a.nd　AE　adivity　and　the　bottom　that　in　Photon　emission.　The

samPle　had　been　irradiated　k)r　480　Gy　and　left　inroolntenlperature　for　24　days.　Strain

rate　was　2.0×10‾‰ec‾1･　Since　the　strain　rate　was　kePt　constant,　one　can　see　the　stress

va.riation　with　time　a.s　a　stress-strain　rela.tion.　The　stimless　of　the　loading　appara･tus　is

high　enough　to　obta.in　a･　comPlete　stress-strain　diagram.　The　failure　of　the　samPle　is　not

　　　　　　　　　　　　　　　　　　　　　　　　6
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Figure　3.　The　TSL　sPedrum　of　the　Akiyoshidai　marble.　Horizontal　axis　is　temPer-

ature　and　the　゛ertical　is　the　Poton　counting　rate　in　unit　of　103　count･s　Per　second.

Irra.diated　gamma　dose　is　sho゛n　for　eachcurve.　Heating　ra.te　was　O･3　K/sec.　The

TSL　mesurements　were　carried　out　15　days　after　the　irradiation.



exPlosiv(?.　ln　evcry('xl)(゛rim(mt41　rull　the　s4mPle　fr4d　ured　by　several　vertical　fra.dure

planes.　The　fradur(j1)hmes　a･pl)(Mr()n　the　sidc　surh･ce　()f　the　san1Ple　just　l)efore　the

stress　readles　the　maximum　va.1ue､　when　AE　becomes　a,dive.Thesa,lnPle　fractured　into

severa1　rela.tively　larg(H)i(jces.

　　　As　shown　in　the　loxverPortion　of　the　Figure　4,Photon　emission　xva,s　detected£r

irradiated　samPle.　Back　grounds　of　Photon　count　were　6.1　counts　Per　second　a･s　average

over　one　thousandseconds　before　loading　and　its　standard　de゛iationxvas4.8　cPs,The

bold　broken　line　shows　the　average　back　gr()und　and　the　thin　the　level　of　onesta,ndard

deviation　above　the　average.　Almost　of　the　background　Photon　counts　are　due　to　gamma

afterglow.　The　maximum　intensity　of　Photon　emission　xvas　rnore　than　7　times　of　the

background.　lt　should　be　noted　tha.t　the　emission　attained　the　maximum　intensity

before　the　AE　becanleactive;　Photon　emissionseenlsto　relate　with　not　AE　adivity　but
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

with　stress.

　　　Figure　5.　shows　temPoral　c.hange　in　stress,　AE　activity　and　photon　emission　for

non　irradia,tedsa,lnl)1e.　The　strain　rate　is　the　salne　as　therun　of　irradiated　samPle

shown　in　Figure　4.　1ncontra,st　to　irra,diated　samPle,　there　are　noPhoton　emissionsat

loading.　This　indicates　that　the　photon　emission　deteded　for　irradiated　sa.mPle　diredly

99ncems　with　gamma　irra.diation,　so　that,one　cansay　tha.t　the　Photon　emission　shown

in　Figure　4　is　stra.in-stimula･ted　luminescence.　This　is　the　nrst　condusive　'rePort　of　the

luminousPhenomenon　at　loading　of　crusta1　rock　through　the　mechanism　of　recombination

of　traPPed　eledrons　and　holes.

　　　TSL　intensity　increases　as　heating　rate　dose　because　the　total　number　of　Photolls

emitted　dePends　on　the　sum　of　the　number　of　electron-hole　Pairs　Previously　trapPed　and

it　is　thesalnefor　a.ny　heating　ra.te,　whereasμhe　intensity　is　measured　by　the　number　of

photon　emitted　in　unit　time.　0ne　ca,nexPedfor　stra,in　ra.te　to　have　similar　ehct　on　SSL
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Figure　5.　A　result　()f　loading　exPerimellt　R)r　non　irra.dia,ted　sample.　Strain　ra.te　wa.s

2.0×10‾4scc‾1　.　The　uPper　portion　of　the　ngure　shows　the　temPoral　change　in　st1'ess

and　A　E　adivi　t･y.　T1゛1e　1()`゛er　shows　the　temP()ra･1　ch;mge　in　Phot()n　cmissi()n　intcnsity･

The　back　ground　Photon　c()unt　is　O.47　c1)s　avcraged　over　one　thousand　seconds　b(jfore

the　loading　and　it　is　sho゛n　by　bold　broken　line･The　levelonestan(htrd　devia,tion

(0.33　cPs)above　the　average　is　also　shown　by　thin　broken　line.
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Figure　6.　The　relationship　of　Photon　emission　intensiy　`゛ith　stress　uP　to　thelna,x-

imunl　stress.　ltradiated　p.mnla,dose　and　strain　rate　are　as　follows;　1:　480　Gy,

2.0×10‾4sec‾1､2:　490　Gy/1,0×10‾4sec‾1,3:　490　Gy,5.0×10‾%ec‾l　and　4:　0

Gy,2.0×10‾4sec‾1.　The　dot　denotes　the　value　a.veraged　over　every　4　seconds　for

the　run　with　strain　rate　of　2.0×10-4scc-l　and　10　seconds　for　the　others.



.intensity,Figure　6　plots　th(j　SSL　intensity　apillst　stress　ur)to　the　ma.ximum　stress　for

　three　diferent　stra.in　rates.　The　Photon　emission　int(msity　increa.scs　as　stress　increa.ses,

　and,　as　exPed(M,　the　higher　stra.in　rat(j　jves　the　stronger　Photon　emission.　Figure6

　a,1so　shows　the　contra,st　bdweell　th(HITa,diated　saml)1e(curve　1)a,nd　the　non　irradia,ted

　(curve　4)under　thesanle　condiGon　of　strain　rate.　Clearly　the　irradiation　adivated　the

　Photon　emission　a.t　loading･

　3)Change　in　TSL　sl)edrunl　before　a.nd　after　the　loading･

　　　　Figure　7φows　the　TSL　sPectra.　of　the　nonirradiated　sPecimen.　ComParing　the

　sPectrum　after　the　loading　with　before　loadingμhe　Peak　at　440Kxva,sunchanged,　whereas

　the　Peak　at　540K　aPpea･red　after　the　loading.　Since　the　sPecimens　here　ha.d　not　been

　irradia.ted,difrerenceof　two　samPles　is　only　a.t　thelnode　of　fracture/'Before"　1oa･ding

　sample　was　crushed　with　a　hammer　mil　and　"　after"　1oading　sample　was　fragment　by

　static　loading.　The　change　in　the　TSL　sPectra　nyleans　that　TSL　Peak　at　540K　is　due

　to　the　loading　itse1£lt　is　ldt　for　future　study　to　sPecify　the　structure　of　this　traPping

　site　and　the　mecha.nism　to　crea.te　it　through　loading.　Neverthless,　the　aPPearance　of

　new　TSL　Peak　shoxvs　aPotential　feasibility　of　TSL　method　as　a　tool　for　sPecmcation　of

　microscoPic　Processes　of　deformationa,nd　fradure.　This　also　imPlies　a　Possibility　to　read

　out　the　history　of　the　loading　or　stress　state　from　the　crusta1　rocks　with　TSL　method.

　　　　Figure　8　shows　the　change　in　TSL　spedrum　"before"　and　"after"　1oa.ding　for　irradi-

　ated　sample.　The　san1Ple　suffered　490　Gy　gamma.　irradiation　and　was　loaded　゛ith　strain

　rate　of　5.0　×10‾‰cc‾1.　As　clearly　shown,　the　Pea.k　at　390K　decrea.sed,　the　Peak　at

　440K　left　unchanged　a.nd　a　Pea.k　at　540K　aPPeared.　The　samPle　loaded　with　strain　2te

　of　2.0×10-4scc-1　shows　the　sa,nlefea.ture　in　TSL　sPedrum　change　(Figure　9).　This

　tendency　wa,s　seen　in　a1μhe　saml)1es.

　　　　Ta.ble　l　lists　the　integrated　TSL　illtensity　for　ead1　Peak　tha.t　must　be　ProPortion“.1

　　　　　　　　　　　　　　　　　　　　　　　　　S
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to　the　amount　of　eledrons　()rh()1es　thM　had　be(m　tral)Ped　at　eadl　site.　The　TSL　signa1

wa.s　discoml)osed　int()threc　1)ea.ks　n.nd　each　1)eak　wa.s　integrated　%a.inst　temPerature　a.s

follows:　We　assum(Hhat　the　TSL　signa1　7(T)consists　of　three　l)eaks,　71(T),jT2(T)and

73(T);

　　　　　　　　　　　　　　　7(T)=71(T)+72(T)+73(T),　　　　　　　　　　　　(1)

whereTis　temPerature,　71　ha･s　a　Peak　at　390K,　4　at　440K　and　73　at　540K.　We　take　the

TSL　signal　of　non　irradiated　and　"　before"　1oadingsa,17nPle(the　signa.1　of　OGy　samPle　of

Figure　3)a,s　referencesignal　becauseit　aPPea,rsto　consist　of　only　72(T)j.e･　,

　　　　　　　　　　　　　　　　　F∫(T)={∫(T).　　　　　　　　　　　　　　　　(2)

4(T)of　conceming　TSL　signa.1　is　nt　as　{e∫(T)multiPlied　by　a　constant　with　lea.st　squa.re

method　and　the　residua.1　of　the　ntting　rePresents　j'1(T)and　73(T).　Each　signal　has　a

range　in　temPera.ture　that　l(T)is　non　zero;

　　　　　　　　　　　1(T)≠o　W<T<?

　　　　　　　　　　　　　　゜O　　T<7y　,　77　<T　(j　°　1,2,3)

lntegrated　signal　intensity　SjssulnoHμoΓΥ=μto　?;

£=

Total　integra.ted　signa.1　intensity　S　is

U
　
'
―Å

l

1(T')JT≒

7(r)JT'=S1+S2+S3

We　consider　integral　fundion　of　7(T)as

7(T)
‐

―

‐

―

7(T')dT'

71(T')JT'+

T
　
　
　
″
･
･
3

　
Å

(3)

㈲

(5)
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ln　the　temPerature　ra.ng('n.b()V(Hhe　ul)1)er　teml)era.ture　of　the　Peak　l　and　l)(4()w　the　lo゛e｢

of　the　pea,k　3,　7(T)is　r(jl)r(-'sented　as

This　is　a,ssumed　a,s

7(T) =sl+λ(T')　(w<T<n)

μΥ)=Co+C1Fe`/`(T),

㈲

(7)

where　Co　and　Cl　are　constants　that　are　obtained　with　least　square　lnethod.l　take　the

rallge　from　410K　to　450K　k)r　the　least　square　ntting.　Then,　£will　be　obtained　as

S1

S2

S3

‐

―

―

-

-

ー

Co,

C1 {e∫(r)JT'=Clye5,

S-(S1+S2) (8)

　　　l　carried　out　three　TSL　measurements　forone　salnPle.　Thenunlerica,1　values　listed

in　Table　l　are　the　a.verages　a.nd　sta.nda.rderrorsfor　the　threenleasurenlents.　For　every

"�ter　loadinf　samPle,the　decrease　of　the　Peak　at　390K　anlounts　30%of　that　for

"before　loa.ding"　sa.mPle　a.nd　that　“･t　540K　gets　two　to　four　times　of　the　"　before　loading."

The　Peak　at　440K　unchanged　in　the　range　of　error,　though　it　aPPears　to　have　slightly

increased.　lt　can　be　interPreted　that　a　part　of　electrons　or　holes　trapl)ed　a.t　relatively

unstable　site,　which　shoxvsTSL　Pea.k　a.t　390K　,　was　liberated　at　loading.　The　liberation

of　electrons　or　holes　trapPed　a.t　the　site　of　390K　TSL　Peak　would　result　inrecornbination

of　eledrons　and　holes　and　the　Photon　emission　at　loading.　This　is　the　SSL　model　for

the　Photon　emission　observed　ltt　loading　exPeriments.　This　model　is　consistent　゛ith　the

observation　that　non　irradiated　samPle　shows　no　Photon　emission;　Thereare　noPeaks　at

390K　in　TSL　sPectrunl　of　the　sa.mPle　without　gamma.　irradiation.　The　Peaks　at　higher

temPerature　are　stable　at　loading.　This　is　dearly　shown　in　Figure　5　and　7,where　no

　　　　　　　　　　　　　　　　　　　　　　　　　　10



Table　1.　1ntegrated　TSL　signal　intensity　for　each　peak

Strain　rate

　/sec-1

5.0×1　0-5

Gamma　dose

　/Gy

　490

Before　loading

After　loading

1.0×1　0-4 490

Before　loading

Aner　loading

2.0×10-4　　　480

　Before　loading

　After　loading

2.0×10-4

　Before　loading

　After　loading

0

　　lntegrated　peak　intensity　/!07counts

390K　　　　　440K　　　　　　540K

0.94±0.10

0.65±0.10

0.94±0.10

0.66±0.07

0.75±0.04

0.52±0.02

0
　
0

4

4

4

4

4.23

4.31

62±0

97±0

62±0

88±0

37

30

,37

26

±0.08

±0.31

L54±0.08

1.40±0.03

0.58±0.05

1.29±0.20

0.58±0.05

0.96±0.02

0.26±0.18

1.11±0.17

I
　
(
.
z

81±0.23

41±0.17



Photon　emission　occurs　at　1()ading　n()n　irra.diate(1　sa.mPle　a.nd　the　TSL　Pea.k　at　440K　was

left　unchanged.

　　The　TSL　peak　at　540K　grew　aμhe　loading　f()r　both　irradiated　and　non　irradiated

samPles.　As　mentioned　Previ()uslyjhe　static　1()adillg　is　resPonsible　for　the　growth　of　this

Pea.k.

4.Condusions　and　Discussions

　　　Thecondusions　of　this　PaPer　are　summRrized　as　follows;

1)l　detected　luminescence　at　loading　irradiated　marble.　Non　irradiated　samPle　sho゛s

no　luminescence　so　that　we　can　say　that　the　Phenonlenon　is　SSL.

2).The　l)hoton　emissi(y)n　intensity　increases　a.s　stra.in　rate　increa,ses.　Thisconnrms　that

the　Photon　emission　is　diredly　due　to　the　loading･

3)TSL　sPectrum　change　shows　that　e!ectrons　or　holes　traPPed　by　unstable　trap　are

liberated　at　loading.　The　traP　with　TSL　Pea.k　temPerature　of　390K　is　unstable　for　loading

a,ndonesof　higher　temPerature　a.re　stable.　SSLca,nbe　caused　by　thereconlbination　of

electrons　and　holes　liberated　from　the　unst　a,ble　site.

4)Hound　tha.t　the　loading　alld　fra.cturing　results　in　the　growth　of　TSL　Peak　at　540K.　This

Phenonlenonimplies　that　the　deformation　Progresses　with　some　nlicroscoPic　Processes　in

which　new　traPPing　sitesare　created　and　electrons　or　holes　are　transferred.

　　　There　aPpearedsolneProblems　in　this　study.　0neconcernswith　microscoPic　mech-

anism　to　suPPly　the　energy　to　traPPed　eledrons　and　holes　at　loading.　ln　TSLjt　is

thermal　energyj.e.jattice　vibration　tra.nsfers　the　energy,　and　eledromagnetic　interac-

tion　of　eledrons　and　holes　with　Photon　for　OSL.　lf　SSL　occursin　the　rejon　of　elastic

deformation,　dist()rted　crystal　hld　may　suPply　the　energy　to　the　traPPed　eledrons　alld

holes.　The　traPPing　site　iHd()ca.1　minimum　of　Potentia.1　neld　dePending　on　local　distul゛-

bance　of　ion　distributi()11.　Wh(m　the　lattice　is　strained,　crysta,1　hld　distortion　can　nlake

　　　　　　　　　　　　　　　　　　　　　　　　　11



the　nlillimulil　of　the　Potelltial　sha11()w　and　tl`aPPed(･1(･drons　or　holcs　wi11　!)({iberated　by

therma･1　ex(jtati()11.　There　is　a･　1)()ssibility()f1()ca.1　Pla.stic　ddorlna･tion　nea.r　the　cra･ck　tiP･

lf　this　is　the　case,　moving　didocajons　interad　with　Point　ddects　and　libera.te　tra･PI)ed

eledrons　a.nd　h()1es,whidl　is　w(?11-known　mechnnism　for　deformation　luminesc(mce　in

alkali　ha,1ideslo)-B).

　　　The　sample　with　n()gamma　irradiaGon　does　not　show　luminescence　at　loading.　This

suggests　that,　as　for　ma･rblejuminescence゛may　not　occur　in　na.tura.1　state.　Thereare　no

TSL　Peaks　at　390K　n)r　the　samPle　without　artmcial　irradiation　a,nd　this　is　thereason

Photon　emission　does　not　occur　a.t　loading･

　　　The　luminous　Phenomenon　observed　in　this　study　is,　however,aPPlica.ble　to　the

predidion　of　rock　bursts　in　mine.　Jrradiation　with　artmda.1　gamma,source　is　possible

in　mine　a,ndone　ca,n　nlonitor　the　risk　of　fracture　in　host　r(xk　by　observing　Photon

emission　from　the　irradiated　rock,　The　sensitivity　of　the　host　rock　to　the　stress　can　be

exPerimenta.11y　charaderized　by　the　method　established　in　this　study.　Note　that　the

Photon　emission　Precedes　the　AE　a.divity　(see　Figure　2).ThisseelnsPromising　for　the
　　　l

prediction　of　rock　L)ursts　and　sa.ving　lives　of　labors　in　mine.

yldno‘ω&φ7mc�y
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