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AbstratThermoluminesene (TL) and optially stimulated luminesene (OSL) fromquartz and feldspar are widely used in aident dosimetry and luminesenedating. In order to improve already existing methods or to develop new meth-ods towards extending the urrent limits of the tehnique, it is important tounderstand the harge movement within these materials. Earlier studies haveprimarily foussed on examination of the trap behaviour; however, this onlytells half of the story as OSL is a ombination of harge stimulation and re-ombination. By using time-resolved OSL (TR-OSL), one an diretly examinethe reombination route(s), and thus obtain insight into the other half of theproess involved in luminesene emission.This thesis studies the TR-OSL and optially stimulated phosphoresenesignals from quartz and feldspars spanning several orders of magnitude in time(few ns to the seonds time sale) in order to identify various harge transportmehanisms in the di�erent time regimes.The tehniques employed are time-resolved OSL, ontinuous-wave OSL,TL, optially stimulated exo-eletron (OSE) emission, and time-resolved OSE.These di�erent tehniques are used in ombination with variable thermal oroptial stimulation energy.The thesis �rst delves into three main methodologial developments, namely,(i) researh and development of the equipment for TR-OSL measurements, (ii)�nding the best method for multiple-exponential analysis of a TR-OSL urve,and (iii) optimisation of the pulsing on�guration for the best separation ofquartz OSL from a mixed quartz-feldspar sample. It then proeeds to studythe di�erent harge transport mehanisms subsequent to an optial stimulationpulse in quartz and feldspars.The results obtained for quartz onlude that the main lifetime omponentin quartz represents an exited state lifetime of the reombination entre, andthe more slowly deaying omponents on the milliseond to seonds time salearise from harge reyling through the shallow traps.The results from feldspars show the relative roles of an IR exited state(IR resonane), band tails and the ondution band in determining hargetransport. It is suggested that unlike quartz, the exited state lifetime doesnot play an important role in our measurements. Finally, it is shown thatone of these routes favors prodution of a least fading signal (due to quantummehanial tunnelling) in feldspars. Although, results are only presented forsome quartz and feldspar samples, they were found to be very similar withinthe eah group during the ourse of this work.





Dansk resumeTermisk luminesens (TL) og optisk stimuleret luminesens (OSL) fra kvartsog feldspat er ofte anvendt i ulykkesdosimetri og luminesensdatering. Det ervigtigt at forstå ladningers bevægelse i disse materialer for at kunne forbedreallerede eksisterende metoder samt at udvikle nye metoder til at overvinde denuværende begrænsninger i de allerede eksisterende teknikker.Tidligere studier har hovedsageligt fokuseret på at undersøge defektersopførsel, men dette udgør dog kun halvdelen af fænomenet idet OSL er enkombination af både ladningsstimulering og rekombinering. Ved brug af tidso-pløst OSL (TR-OSL) er det muligt at undersøge rekombineringsvejen(e) direkteog dermed opnå indsigt i den anden halvdel af proessen i luminesensemission.Denne afhandling studerer TR-OSL samt optisk stimuleret fosforesens frakvarts og feldspat over �ere størrelsesordener i tid (fra et par nanosekunder optil et par sekunder) for at identi�ere de forskellige mekanismer der spiller enrolle i ladningstransporten i disse forskellige tidsregimer. De anvendte måleme-toder er OSL, tidsopløst OSL, TL, optisk stimuleret exo-elektron (OSE) emis-sion samt tidsopløst OSE og disse bliver brugt i forbindelse med variabel ter-misk og optisk stimuleringsenergi.Først fordyber afhandlingen sig i tre metodeudviklinger, disse er: (i) forskn-ing i og udvikling af udstyr til TR-OSL målinger, (ii) undersøgelse af den bedstemetode til multi-eksponentiel analyse af TR-OSL kurver samt (iii) optimeringaf pulsbredde og frekvens med henblik på at opnå den bedst mulige separationaf kvarts-OSL signalet fra en blandet kvarts-feldspat prøve.Det kan konkluderes for kvarts at den dominerende livstidskomponent iTR-OSL repræsenterer livstiden for rekombinationsentrets exiterede tilstand.Den langsommere aftagende komponent i kvarts (som henfalder i løbet af etpar millisekunder og helt op til �ere sekunder) er forårsaget af elektroner sombliver fanget i fælder lige under ledningsbåndets kant hvorfra de efterfølgendekan undslippe ved hjælp af den omgivende termiske energi.Feldspat resultaterne afdækker de relative betydninger af IR-fældens ex-iterede tilstand (IR resonansen), ledningsbånds "band tails" samt selve led-ningsbåndet, for ladningstransporten i feldspat. Desuden antydes det at livsti-den for rekombinationsentrets exiterede tilstand i feldspat (meget ulig kvarts)ikke spiller nogen stor rolle i vores målinger. Til slut er det vist at en af deovenstående ruter i feldspat produerer et signal som udviser redueret fadingforårsaget af kvantemekanisk tunnelering.Selvom de ovenstående resultater kun bliver vist for enkelte kvarts og feldspat-prøver har det under dette projekt vist sig at opførslen af forskellige kvarts ogfeldspat mineraler er meget ensartet indenfor hver gruppe. Resultaterne kanderfor antages at gælde mere generelt end blot for de enkelte prøver præsenteret
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Chapter 1IntrodutionThermally stimulated luminesene (TL) and optially stimulated luminesene(OSL) from natural minerals suh as quartz and feldspar are widely used inretrospetive dosimetry for estimating absorbed dose from exposure to ionizingradiation. Retrospetive dosimetry an be divided into two main appliationareas; (i) arhaeologial, geologial, and planetary dating, and (ii) aidentdosimetry [see Bøtter-Jensen et al. (2003)℄. Beause of their ability to storeinformation on deposited energy (dose) these minerals are also alled dosime-ters.In dating appliations, the aim is to determine the dose deposited in themineral during burial (`the natural dose') as a result of exposure to naturallyourring ionizing radiation in the environment. The natural dose is found byestimating the dose using laboratory beta or gamma irradiation that wouldhave been needed to produe the same luminesene intensity as the naturalsignal; this is alled the equivalent dose, De. With a knowledge of the rate ofenergy absorption during the burial time, the dose rate, an estimate of the age(or burial time) of the mineral an then be determined (Aitken, 1998):Age [ka℄ = Equivalent dose, De[Gy℄/Dose rate [Gy/ka℄. (1.1)The unit of dose is Gray (Gy = J/kg), and ka denotes 1000 years. The dose rateis derived from the deay of radioative nulides mainly from the Thorium andUranium deay series and from Potassium-40 ontained within the mineraland in the surrounding sediment/soil matrix. There is also a usually smalladditional ontribution from osmi rays.In aident dosimetry, the aim is to estimate the amount of dose absorbed inthe mineral as a result of a radiation aident. The tehniques used to estimatethe absorbed dose is idential to those in dating, but the dose rates are usuallymuh higher and the exposure muh shorter.Exposure to ionising radiation results in the storage of harge in the rys-tal lattie. The amount of trapped harge is related to the dose, and so ameasurement of the trapped harge population will provide an estimate of theburial dose. One way to measure this population is using the lumineseneemitted from a rystal when harge reombines. Luminesene originates ina two step proess: (i) irradiation with ionising radiation and (ii) stimulationwith heat or light. When rystalline materials suh as quartz and feldsparare exposed to ionizing radiation, free eletrons and holes are reated within
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EvFigure 1.1: Band diagram showing 1) the ionisation proess, 2) storage and,3) trapped harge evition followed by reombination. T is a trap at depth Ebelow the ondution band and L is a luminesene reombination entre. Ecand Ev are the ondution band and valene band edges, respetively.the rystal ausing harge redistribution; a large proportion of these eletronsand holes reombine instantaneously, but a small fration is trapped at de-fets in the rystal struture. They then remain in these metastable energystates for a �nite period (e.g.∼ms to Ma) depending on the thermodynamistability of the trapped harge and the ambient (storage) temperature. Forstable eletrons (lifetime ≫ burial time) the amount of aumulated trappedharge is uniquely related to the duration of the irradiation. In the laboratorythese trapped eletrons/holes are exposed to either heat or light, a proess thatresults in evition, transport and eventual reombination.Only a fration of the stimulated eletrons reombine radiatively and emitluminesene. Moreover, luminesene detetion is usually wavelength spei�;one only examines a small proportion of all the reombinations going on ina rystal. As a result there is not always a simple relationship between theamount of trapped harge and the observed luminesene. Before this is dis-ussed in detail, we �rst need to examine the urrent view of harge transferproesses in insulators. The onept of luminesene generation an be under-stood more learly with the help of a band model desribed below.1.1 Band modelWhen atoms are plaed in lose proximity of eah other in a lattie struture,the individual energy levels of the atoms separate and form two wide bandsof allowed energy states, the ground state (the valene band) and the exitedstates (the ondution band). These bands are separated by an energy bandforbidden to the atomi eletrons; this is termed `the forbidden band gap'.The width Eg of the band gap is de�ned as the di�erene in energy betweenthe highest ground state, Ev and the lowest exited state, Ec (Elliott, 2000,



1.2 Di�erent OSL stimulation methods 3p. 314�317); Eg = Ec − Ev, see Fig. 1.1. Solids with wide band gaps (∼3�10 eV) are alled insulators beause ambient temperature annot easily exiteeletrons from the ground states into the exited states; if this proess were totake plae, the material would be a ondutor at ambient temperature. Quartzand feldspar minerals are insulators and their lattie strutures are in generalimperfet, beause of either empty lattie sites or oupied sites that should beempty or the random plaement of foreign atoms in the rystal. Suh defetsreate allowed energy states within the otherwise forbidden band gap and arede�ned as `trap entres' if they an trap eletrons and `reombination entres'if they an trap holes (i.e. emit eletrons into the valene band) (Elliott, 2000,p. 497).An energy diagram is shown in Fig. 1.1 for a simple one trap (T) and oneluminesene reombination entre (L) on�guration. During irradiation by ei-ther high energy partiles or photons, eletrons from the valene band reeiveenough energy to overome the band gap, Eg: ∼9 eV indiret band gap forquartz (Itoh et al., 1989) and ∼7.7 eV diret band gap for feldspars (Malinset al., 2004), and are ionized into the ondution band leaving behind emptyspaes or `holes' in the valene band. Most of the eletrons in the ondutionband will, after some time, relax bak into the valene band or to a hole trap(reombination entre) and thus reombine, thereby giving up the exess en-ergy either thermally or optially. However a small fration of the eletronswill be trapped in forbidden states in the band gap (T). Depending on the trapdepth E below the ondution band, an eletron has a ertain probability ofesape whih determines its mean life. For instane, the main trap in quartzused for OSL dating is geologially stable over ∼108 years (Murray and Win-tle, 1999). The holes orresponding to the trapped eletrons will be trappedat reombination entres (L) by an eletron leaving the reombination entreand �lling the hole in the valene band, thus putting the rystal in a lowerenergy on�guration. In dating appliations, the ionization usually takes plaeover periods from a few years to several hundred thousands of years, while inaident dosimetry it is muh shorter, usually on the timesale of hours to days.To release the stored eletrons, energy greater than the trap depth, E, mustbe applied to the rystal either in form of heat or light. The eletrons esapeinto the ondution band from where a fration is re-trapped bak into thetrap, while the remaining reombine with trapped holes at the reombinationentres (L); if the reombination entre is radiative, light may be emitted. If thestimulating energy is in the form of photons, the emitted light is alled optiallystimulated luminesene (OSL), and if instead heat is applied, the emitted lightis alled thermoluminesene (TL). The latter is not further disussed here, butmore information an be obtained from Chen and MKeever (1997).1.2 Di�erent OSL stimulation methodsDuring an OSL measurement, the sample is stimulated with light of a spe-i� wavelength, and the luminesene emission is deteted at a shorter wave-length. There are several di�erent modes of stimulation available during optialstimulation: (i) ontinuous-wave OSL (CW-OSL), (ii) linearly modulated OSL(LM-OSL) and (iii) pulsed OSL (POSL) (Bøtter-Jensen et al., 2003).



4 Introdution1.2.1 Continuous wave OSL (CW-OSL)During a ontinuous wave OSL measurement, the inident photon �ux Φ is heldonstant with time. For a simple one-trap one reombination entre model(Fig. 1.1) and assuming negligible re-trapping of eletrons into the trap Tduring stimulation, the CW-OSL intensity as a funtion of stimulation timean be desribed with a single deaying exponential:
ICW−OSL(t) = n0σΦexp(−σΦt), (1.2)where ICW−OSL is the CW-OSL intensity at time t [s℄, n0 is the number oftrapped eletrons at time t = 0, σ [m2℄ is the photoionisation ross-setionof the eletron trap, and Φ is the inident photon �ux [m−2s−1℄ (Bøtter-Jensen et al., 2003). For prolonged stimulation the OSL intensity tends tozero as the traps are progressively depleted. In the ase of multiple traps withdi�erent ross-setions the observed OSL deay will onsist of ontributionsfrom eah trap. In this ase, the luminesene emitted will onsist of a sumof exponential terms, eah with a harateristi deay onstant desribing therate of emptying of the orresponding trap during optial stimulation (Bøtter-Jensen et al., 2003).1.2.2 Linearly modulated OSL (LM-OSL)During a linearly modulated OSL measurement, the intensity of the stimulationlight is not kept onstant as in CW-OSL, but is inreased (or ramped) linearlyfrom zero to some maximum intensity with time aording to Φ(t) = γt, where

γ is the ramp rate. By using the model from Fig. 1.1, the LM-OSL intensitywith time is desribed by (Bøtter-Jensen et al., 2003):
ILM−OSL(t) = n0σγt exp

[

−(σγ/2)t2
]

. (1.3)By linearly ramping the stimulation intensity from zero, the rate of releasedtrapped harge is initially small; the signal inreases with inreased stimulationintensity until a maximum is reahed and then dereases as a result of trappedharge depletion, thereby reating a peak shaped signal. If stimulating a systemwith multiple traps with di�erent trap depths, various peaks will appear atdi�erent stimulation times, eah orresponding to a di�erent trap, and theurve an be desribed as a sum of �rst-, seond- or general-order LM-OSLurves (Bøtter-Jensen et al., 2003).1.2.3 Pulsed OSL (POSL)Pulsed stimulation is a fundamentally di�erent approah from ontinuous stim-ulation. Here the inident photon �ux is delivered in pulses with a ertain�xed pulse width, T , suh that ΦT for eah pulse is kept onstant throughouta measurement. The stimulation pulses are separated by an `o�-time' duringwhih it is possible to measure the deay of the luminesene signal generatedfrom the preeding pulse. POSL o�ers an alternative method to disriminatingstimulation light from luminesene; this separation is normally obtained bywavelength resolution using optial �lters, but in POSL this an be by timeresolution (Bøtter-Jensen et al., 2003).



1.3 Time-resolved OSL (TR-OSL): Theoretial onsiderations 5
h

L

T

OSL

Energy

Ec

Ev

L*

(b)

(c)

(a)

L

T

OSL

L*

(b)

(c)

(a)

(B)

(b*)

T*

h

(a) Quartz (b) Feldspar

(A)

Figure 1.2: Band diagrams showing the di�erent steps involved in produingluminesene during optial stimulation in (a) quartz and (b) feldspar. Thenotation is the same as that of Fig. 1.1. Furthermore, T∗ is the exited stateof the trap, T, and L∗ is the exited state of the luminesene reombinationentre, L. The dashed-dotted line indiates the band-tails as shown by Pooltonet al. (2002b).In Setion 1.1 it was stated that eah eletron reombining with a hole ata radiative (luminesene) entre will emit a photon. However, there will, ingeneral, be a delay between stimulation and light emission. POSL allows thestudy of the mehanisms ausing this delay; the luminesene photons arrivingafter a stimulation pulse are measured as a funtion of time and this signal isknown as time-resolved OSL (TR-OSL) (Bøtter-Jensen et al., 2003). TR-OSLmeasurements are usually resolved on the nanoseond to milliseond time saledepending on the material [e.g. Tsukamoto et al. (2006); Chithambo (2007b)and referenes therein℄.In the following setions some fundamental aspets of TR-OSL as appliedto quartz and feldspars are desribed.1.3 Time-resolved OSL (TR-OSL): TheoretialonsiderationsThis setion has been split into two parts, Setion 1.3.1 dealing with quartzand Setion 1.3.2 with feldspar, as the dynamis governing the proesses in thetwo minerals are very di�erent.1.3.1 QuartzDuring a TR-OSL measurement using quartz, usually with blue or green lightstimulation, a very small fration of the trapped harge is raised to the on-



6 Introdutiondution band during the stimulation pulse, and before ommenement of thenext pulse, some or all of the harge reombines and the resulting exited statethen relaxes to emit light. There are di�erent steps involved in this proessbetween photon absorption (from stimulation light) and emission, see Fig. 1.2a(Bøtter-Jensen et al., 2003):(a) Charge evition from the trap by photon absorption: The photoionisationross-setion, σT, of the eletron trap governs the harge de-trappingprobability during stimulation.(b) Transition from ondution band to a reombination entre L: The prob-ability of this is proportional to the number of trapped holes m at L, andthe proportionality onstant is AL. AL is the probability that an eletronwill reombine with a hole at L and is a harateristi of L.() Relaxation from the exited state to the ground state of the reombi-nation entre: This is a harateristi time of the reombination entreand is determined by whether the transition from the exited state to theground state is forbidden (long lifetime) or allowed (short lifetime).In pulsed stimulation where the luminesene signal is measured after the pulse,i.e. in the o�-time, proess (a) an be eliminated. Moreover, it an be assumedthat there is negligible hange in the onentration of reombination entres asthe energy delivered to the sample during a pulse is small. The ourrene ornon-ourrene of proess () depends upon the atomi nature of the reomi-nation entre. In the absene of proess (), proess (b) would determine thelifetime of the TR-OSL signal (denoted the `reombination lifetime', the inverseof the reombination probability de�ned above). However, for a system withmany di�erent reombination entres and re-trapping phenomena, the lifetimeof the TR-OSL signal will be determined by the lifetime of an eletron in theondution band, and not the reombination lifetime of any one entre. Whenproess () is ative, depending on the nature of the reombination entre, thereombination will result in an exited state of the entre. If the subsequentrelaxation to the ground state is radiative, then proess () will result in lumi-nesene emission with a harateristi lifetime denoted as the `exited statelifetime'.If the ondution band lifetime and the exited state lifetime are orders ofmagnitude di�erent from eah other, then the resulting TR-OSL deay an beapproximated by an exponential derease with a lifetime ditated by that ofthe slowest proess. However, if the two lifetimes are omparable, the TR-OSLform will be the sum of inreasing and dereasing exponential omponents.Similarly, if there is more than one radiative reombination entre involved inthe luminesene emission and the proess () governs the lifetimes, then theresulting TR-OSL deay an be approximated by the sum of exponential om-ponents, the number of whih orresponds to the number of radiative entres.For a single one-trap one luminesene reombination entre model [Fig. 1.2a℄with negligible or very slow re-trapping, if it assumed that one of the proesses,either proess (b) or (), is essentially instantaneous, the quartz TR-OSL urvewill build-up during the exitation pulse and deay after the pulse aordingto (Chithambo and Galloway, 2000b; Chithambo, 2007a):During pulse: ITR−OSL(t) = n0p [1− exp(−t/τTR−OSL)] (1.4)



1.3 Time-resolved OSL (TR-OSL): Theoretial onsiderations 7After pulse: ITR−OSL(t) = nTp · exp [−(t− T )/τTR−OSL] (1.5)where p = σΦ is the rate of stimulation [s−1℄, T is the stimulation pulse width, tis the time sine the start of the stimulation pulse, nT is the number of trappedeletrons at t = T , and τTR−OSL is the lifetime of the TR-OSL urve.If the pulse width is muh bigger than the TR-OSL lifetime (T ≫ τTR−OSL),most of the light is emitted during the stimulation pulse and it approximates theCW-OSL deay. However, if the pulse width is smaller than the relaxation time(T < τTR−OSL), some of the light is emitted during the stimulation pulses, butthe main part is emitted between the stimulation pulses (Bøtter-Jensen et al.,2003). From Eqns. (1.4) and (1.5), the light emitted after the end of the pulseas a fration of the total integrated luminesene both during and after thepulse is given as:
f =

τTR−OSL

T
· [1− exp(−T/τTR−OSL)] . (1.6)There have been extensive studies reported in the literature whih were in-tended to investigate mainly the role of traps in harge movement leading tothe emission of luminesene using CW-OSL or LM-OSL [e.g. Jain et al. (2003);Singarayer and Bailey (2003)℄. However, investigating trap behaviour tells onlyhalf of the story. Using TR-OSL, one an diretly examine the reombinationproess on its own, and thus obtain insight into the other half of the proessinvolved in luminesene emission.1.3.2 FeldsparThe properties of feldspar minerals di�er from those of quartz in two mainareas, (i) feldspars are sensitive to IR stimulation (Hütt et al., 1988) as well asvisible light, and (ii) the feldspar signal su�ers from a anomalous loss of hargeduring storage (Wintle, 1973). It is now widely aepted that this loss oursdue to quantum mehanial tunnelling from the ground state of the eletron ina trap.The IRSL trap in alkali-feldspar is believed to lie approximately 2�2.5 eVbelow the ondution band (Poolton et al., 2002a; Baril and Huntley, 2003)and therefore, eletrons in the IR trap do not reeive enough energy duringIR stimulation to be exited into the ondution band even with thermal as-sistane (Baili� and Barnett, 1994). It was therefore suggested by (Pooltonet al., 2002a,b) that the IRSL from feldspar is the produt of two proesses,(i) eletroni transfer from the exited state through band tail states belowthe ondution band to the reombination entre and (ii) tunnelling from theexited state to the reombination entre. The di�erent steps involved in eithervisible or IR stimulation of feldspar to produe luminesene in proess (i) anbe desribed as (see Fig. 1.2b):(a) Charge evition from the trap by photon absorption.(b) Transition from the ondution band and/or the band tail states to thereombination entre. Unlike quartz, where the residene time in theondution band entirely depends on the probability of reombining/re-trapping, harge in feldspar an migrate through the band tails whihmay take signi�ant time. This route is indiated by (b∗) in the �gure.



8 Introdution() Relaxation from the exited state to the ground state of the reombina-tion entre.The alternative tunnelling mehanism, proess (ii), is:(A) Exitation of harge into the exited state of the trap by photon absorp-tion.(B) Tunnelling from the exited state of the trap, either into the ground stateof the reombination entre (giving a photon emission diretly), or intoan exited state.() Relaxation from the exited state to the ground state of the reombina-tion entre, giving somewhat delayed photon emission.Transitions (a) and (A) are not relevant when studying the TR-OSL signalafter the pulse as this step only ours during light stimulation [although re-trapping annot be ignored in proess (ii)℄. (b) and (b∗) an be desribed by a`reombination lifetime' and is disussed in Setion 1.3.1. The residene timein the band tail states (b∗) is a strongly temperature dependent proess; asmore reombination sites beome available with inreased band tail hopping athigher temperatures, the probability of reombination will inrease (Pooltonet al., 2002a,b)). Transition () is exponential and is desribed by the `exitedstate lifetime' as disussed in Setion 1.3.1. In proess (ii) tunnelling (B) doesnot neessarily require any thermal assistane. The probability of tunnellingreombination depends on overlap of the eletron and hole wave funtions. Ingeneral, the shorter distane between the trap and the reombination entre,the higher the probability of reombination. This proess annot be desribedin terms of a single lifetime, but is instead expeted to follow a power law(Huntley, 2006). If this transition delivers harge diretly to the ground stateof the reombination entre and emits a photon, then the power law is likelyto govern the shape of the TR-OSL deay. If, however, the harge is deliveredto the exited state, the TR-OSL signal may have a signi�ant omponent ofexponential form.1.4 Time-resolved OSL (TR-OSL): previous workSome of the �rst time-resolved OSL measurements feldspars were arried outusing an array of 880 nm LEDs to identify possible food irradiation, and laterby using a nitrogen dye laser to stimulate feldspars at 470 nm (Sanderson andClark, 1994, and referenes therein). Baili� (2000) used a pulsed, tuneable laserto stimulate quartz with light between 600 and 450 nm, and Chithambo andGalloway (2000a,b,) stimulated samples of quartz with a pulsed LED arrayemitting at 525 nm. In this setion, relevant studies on quartz (Subsetion1.4.1) and feldspar (Subsetion 1.4.2) using time-resolved OSL will be disussedto highlight the progress within this �eld prior to and during this Ph.D. thesis.1.4.1 QuartzTR-OSL lifetimesBy using pulsed 525 nm LEDs, Chithambo and Galloway (2000b) measuredtime-resolved OSL at room temperature from quartz; prior to measurement



1.4 Time-resolved OSL (TR-OSL): previous work 9this had been annealed to 500◦C for 2 min, irradiated to 150 Gy and pre-heatedto 220◦C. By �tting the TR-OSL deay after the light pulse with Eqn. (1.5),they found lifetimes in the range of 30�40 µs. Baili� (2000) found similarlifetimes (33 ± 0.3 µs) from seven granular quartz samples extrated from e-ramis and sedimentary deposits using a pulsed 470 nm laser, and a lifetime of
40± 0.6 µs for syntheti quartz. Chithambo and Galloway (2001) state that inmost materials (inluding quartz), the luminesene lifetime is dominated bythe intra-luminesene entre relaxation time and not the trap evition timeor the ondution band transit time and reombination time (see Fig. 1.2a).Furthermore, Baili� (2000) found that lifetimes from syntheti quartz werewithin experimental error when the stimulation wavelength was varied in therange 450�650 nm, suggesting that a very similar reombination proess ourswhen the emission is deteted at ∼280�380 nm, this is supported by Chithambo(2002) using both 525 nm and 470 nm pulsed LED stimulation on annealedquartz. It is likely that [AlO4/h℄ ats as the reombination entre responsiblefor the OSL emission band entred at 380 nm in quartz, and a ommon reom-bination site might thus be expeted to yield omparable values of lifetimes(Chithambo, 2003).In general all work done on natural quartz measured at room tempera-ture suggests that there is one dominant lifetime with a value approximatelybetween 30 and 40 µs depending on pre-treatment, annealing history, and irra-diation (Chithambo et al., 2007). Furthermore, it has been shown (Chithamboand Ogundare, 2007; Chithambo et al., 2008a) that for ertain high annealingtemperatures a seond shorter lifetime is present, but in a study of eight lowsensitive quartz from rystalline roks, Chithambo et al. (2007) found lifetimesat room temperature to lie in a muh wider range from 4.0± 0.5 µs to 100± 23
µs.Strethed exponentialsTime-resolved OSL deay urves following the stimulation pulse are generally�tted with Eqn. (1.5) to evaluate the lifetime, but Chen and Leung (2003) showby numerial simulations of TR-OSL urves from a one-trap, one luminesenereombination entre model (Fig. 1.1), that these ould also be �tted well witha strethed exponential law:

ITR−0SL(t) = nTp · exp
{

[−(t− T )/τTR−0SL]
β
}

, with 0 < β < 1. (1.7)Although, more often than not, the deay urve was found to be nearly simpleexponential. This approah was tested in Chithambo (2005), where a measuredTR-OSL deay was �tted with both Eqns. (1.5) and (1.7), yielding almostidential results of 40.3± 0.5 µs and 40.3± 3.2 µs respetively.Studies on the e�et of stimulation temperatureThe main lifetime in quartz was shown by both Baili� (2000) and Chithamboand Galloway (2000) to derease with inreasing stimulation temperaturesin the range 20◦C to 200◦C, and Baili� (2000) noted that the TR-OSL sig-nal intensity also dereased with temperature. By omparing these �ndingswith Radioluminesene (RL) spetra measured from the same sample, Baili�
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1.4 Time-resolved OSL (TR-OSL): previous work 11the 31.5 µs lifetime, and LH with the 41.5 µs lifetime. The derease in lifetimefor di�erent annealing temperatures relates to the transfer of holes from R toLH and LL, and from LH to LL. For high anneal temperatures, holes will also betransferred to LS and the shorter lifetime omponent is observed. This modelis further supported by Ogundare and Chithambo (2007) investigating thelifetime dependene on annealing temperature, irradiation dose and stimulationtemperature using blue (470 nm) pulsed LED stimulation on a quartz samplefrom Nigeria. In order to explain their results, they assume that LS has thehighest hole apture probability during irradiation, followed by LL and LH,and that the reombination probability (via the ondution band) of holes andeletrons at LS far exeeds that of LL and LH.E�et of optial bleahing prior to irradiationUsing the same quartz from Nigeria, Ogundare and Chithambo (2008) foundthat the duration of optial bleahing prior to irradiation aused a dereasein lifetime for samples annealed to 600◦C, but did not have an e�et on thelifetime for samples annealed to 500◦C. A phase hange ours in quartz at573◦C, and below this temperature - and thereby at 500◦C, most of the holestransferred from the LH and R entres are moved to the LL entre; the latter willthen dominate the measured signal even for prolonged bleahing. In order toexplain the derease in lifetime with optial bleahing for the samples annealedat 600◦C (where the number of holes transferred to LS is muh greater than toLL), Ogundare and Chithambo (2008) make the assumption that during thebleahing the reombination probability of eletrons with holes through thevalene band is greater at LL than at LS; this results in an overall derease inlifetime as LS is assoiated with the fastest lifetime.The role of re-trapping in thermal quenhingIn Galloway (2002) and Ogundare and Chithambo (2007), the temperaturedependene of the lifetime ould be well explained by thermal quenhing, butin Chithambo (2006) for natural quartz annealed 600◦C for 30 min and inChithambo et al. (2008b,) for natural sediments with no prior annealing, thelifetimes only �t the thermal quenhing relationship for stimulation temper-atures > 120◦C. To explain these results in terms of the model in Fig. 1.3,Chithambo (2006) argues that the lifetimes of the entres LL and LH proba-bly have di�erent temperature harateristis suh that they an not simplybe desribed by the simple thermal quenhing relationship, and Chithamboet al. (2008) suggests that it may not be ompletely orret to neglet re-trapping at low stimulation temperatures, and that this ould ause the devia-tions below 120◦C. Furthermore, Chithambo et al. (2008) demonstrated thatthe dependene of lifetime on dose in samples without prior annealing an bothbe inreasing, dereasing or unhanged. These results are explained in termsof preferential apture of holes produed during the irradiation by a primaryradiative reombination entre.Syntheti quartzIn a reent study (Pagonis et al., 2009) using annealed (900◦C for 1 hour) highpurity syntheti quartz, an unusual TR-OSL signal showing non-monotoni



12 Introdutionbehaviour was presented. These authors modelled this behaviour using thethree-entre model of Galloway (2002), see Fig. 1.3. Three very di�erent TR-OSL urve shapes were simulated using the same model and the di�erenes inthe urve shapes were explained by the relative prevalene of holes in di�erentreombination entres (LS, LL, and LH) for eah urve.SummaryThe main objetive of the studies into time-resolved OSL of quartz so far havebeen to examine the luminesene lifetimes as a means to understand the OSLharateristis in this widely used dosimetri material.The main lifetime in quartz measured at room temperature has been foundto lie between 30 and 40 µs depending on the sample, and this lifetime dereasessteadily with inreasing stimulation temperature due to thermal quenhing. Astudy on the e�et of annealing temperature prior to dosing showed a steadyderease in the lifetime measured at room temperature for annealing tempera-tures between 500◦C and 1000◦C. It was further shown that prolonged optialbleahing prior to irradiation of quartz annealed to 600◦C showed a derease inlifetime, whereas quartz annealed to 500◦C did not show a derease. A kinetimodel onsisting of three luminesene entres and a non-radiative entre wasdeveloped to explain the observed behaviour in the quartz lifetime. This modelis reently used to suessfully model non-monotoni behaviour from synthetiquartz.1.4.2 FeldsparCompared to quartz, muh less work has been done in the �eld of pulsed OSLfrom feldspars. The �rst time-resolved OSL urves measured from feldspar(IAEA, type F1 feldspar) was arried out by Sanderson and Clark (1994) us-ing blue (470 nm) laser stimulation. They reported that feldspar deay urvefollowing the exitation pulse ontains at least two fast ontinua and a pro-nouned series of lines whih they all `�ne struture'. They observed this �nestruture in both natural and regenerated signals. They suggest that this shapeindiates a omplex reombination mehanism involving strutured oordina-tion between traps and entres. This series of lines desribed by Sanderson andClark (1994) was not observed by Clark et al. (1997) using pulsed IR (850 nm)and they suggest them to be an artifat of the measurement equipment. Nosuh �ne struture has been reported sine.TR-IRSL lifetimesClark et al. (1997) used pulsed IR (850 nm) stimulation on six museum feldsparsamples to obtain time-resolved measurements at temperatures ranging from50◦C to 100◦C in three di�erent emission windows (280�380 nm, 350�575 nm,and 460�625 nm). Although the authors argue that the feldspar time-resolvedIRSL deay is omplex, they �t the urves adequately with a sum of up to�ve exponentially deaying omponents with di�erent lifetimes, falling intowell-de�ned groups: 30�50 ns, 300�500 ns, 1�2 µs, ∼5 µs, and > 10 µs. Theabsolute values and relative ontributions of these omponents varied betweenthe samples, and there seemed to be little orrelation between the lifetimes



1.4 Time-resolved OSL (TR-OSL): previous work 13and the K, Na, and Ca omposition. The study was further extended byClark and Baili� (1998) using a set of bandpass interferene �lters to measuretime-resolved IRSL at 300, 350, 400, 450, 500, and 550 nm for the same sixsamples, and lifetimes of up to 11± 0.1 ms was observed for Amelia albite at550 nm. Several urves in both Clark et al. (1997) and Clark and Baili� (1998)show an initial rising omponent (indiated with a negative pre-exponentialfator) and it is suggested this is due to self-absorption of rapidly produedUV luminesene in the 420�460 nm emission region. The lifetimes found byClark et al. (1997) and Clark and Baili� (1998) were largely supported byChithambo and Galloway (2000b) using green (525 nm) LED stimulation oftwo feldspar samples in the detetion band 330�380 nm.Appliation to Anomalous fadingSanderson and Clark (1994) also measured TR-OSL from a volani lava sam-ple, to try and identify a non-fading omponent in the signal. The same volanilava had in TL measurements shown a 50 % loss of signal after 4 days of stor-age due to anomalous fading [see e.g. Wintle (1977) on anomalous fading usingthe same sample℄. By stimulation with blue light, the aim was to identify aluminesene omponent not a�eted by fading, as it would be assoiated withlong-range harge transport; they onluded that omponents ourring on the40 ns � 8 µs timesale show major signal loss due to fading, but that both thefaster and slower omponents did not appear to show signs of fading. The �nestruture showing less fading desribed by Sanderson and Clark (1994) ouldnot be supported by Clark et al. (1997) using pulsed IR (850 nm) stimula-tion on six museum feldspar samples; they suggest the possibility that the �nestruture is an artefat from the experimental setup.The work originally initiated by Sanderson and Clark (1994) of identifyinga non-fading omponent in feldspar was ontinued by Tsukamoto et al. (2006)using pulsed IR (875 ± 40 nm) LED stimulation on Na- and K-feldspars anddeteting in the bands 280�380 nm, 320�460 nm, and 665�735 nm. Tsukamotoet al. (2006) identi�ed three omponents in regions < 1 µs, 3�4 µs, and ∼20
µs, broadly onsistent with those from Clark et al. (1997) and Clark and Baili�(1998), but ould not resolve the short 30�50 ns omponent previously identi-�ed, as the LED swith-o� time was approximately 400 ns. Furthermore theyobserved that the relative ontribution from the ∼20 µs omponent is greaterin K-feldspars than in Na-feldspars, and that this omponent seems to be morestable than the short lived omponents for a storage time of 30 days.By omparing De values found using pulsed IR-OSL and CW IR-OSL fromfour di�erent samples in the three detetion windows, Tsukamoto et al. (2006)found that all De values alulated using POSL (data olletion only in theo�-time with a dead time of 10 µs following the end of the on-time) werelarger than those obtained using CW-OSL. Some of the POSL De values wereonsistent with the expeted De, but the data is sattered and several valueswere within error both larger and smaller than the expeted De. This workwas ontinued by Huot (2007) but he onluded that it was unlear whetherpulsed stimulation gave any additional bene�t with respet to the anomalousfading problem, as previously examined by Tsukamoto et al. (2006). This is animportant issue and requires further investigation.



14 IntrodutionAppliations of POSL to mixed quartz-feldspar samplesAn instrumental signal separation method, based on the di�erene in the TR-OSL deay shapes of quartz and feldspar was developed by Denby et al. (2006).With this approah, Denby et al. (2006) and Thomsen et al. (2006) demon-strated that by using pulsed blue stimulation (with a prior IR stimulation) onan arti�ial mixed sample onsisting of dosed quartz (23 Gy) and undosedfeldspar (0 Gy), the measured dose was indistinguishable from the knownquartz dose of 23 Gy. This result applied to mixed samples with feldsparontamination of up to 40% by mass. This work was ontinued in Thomsenet al. (2008), where post-IR pulsed blue light stimulation of eleven naturalsamples show that the dose in quartz an be measured aurately without anyprior hemial separation.SummaryThe time-resolved OSL o�-time deay from di�erent feldspars has generallybeen explained using a multi-exponential model with up to �ve omponents.Measurements using both IR stimulation (emission at 300, 350, 400, 450, 500,and 550 nm) and green stimulation (emission at 330�380 nm) broadly showthat the lifetimes fall within the groups: 30�50 ns, 300�500 ns, 1�2 µs, ∼5 µs,and > 10 µs.Previous work gives a suggestion that the longer omponent of ∼20 µs un-dergoes lesser anomalous fading than the faster deaying omponents. Thissuggestion has, however, not been thoroughly tested. Finally, using POSL,an instrumental method for separating the quartz signal from a mixed quartz-feldspar sample gives a better method for estimating quartz doses in the pres-ene of feldspar ontamination.1.5 Thesis objetivesDuring this Ph.D. projet, the purpose was to obtain further understandingof the optially stimulated harge movement within the quartz and feldsparminerals by use of time-resolved measurements. With the bakground of theprevious work on these minerals desribed above, this setion outlines the keyquestions that are examined in this thesis:1. Extration of physial information from time-resolved luminesene sig-nals from both quartz and feldspar has to a large extent been based ondata �tting with multiple exponential urves. The problem of exponen-tial �tting is highly `ill-posed' and it is therefore important to investigatewhih is the most robust method for parameter estimation, and further-more, to understand the impat of subjetivity (user input) in the urve�tting analysis.2. In quartz, although, the previous work has mainly foussed on the studyof the dominant omponent on the miroseonds time sale (∼40 µs life-time), it remains unlear whether this omponent arises from reombina-tion lifetime or the exited state lifetime. One of the main objetives inthis thesis is to understand the origin of this main omponent in quartz



1.6 Thesis outline 15and to estimate the time-sales on whih the ondution band empty-ing ours. Furthermore, the slowly deaying omponents have not beenstudied in the past; these ould potentially give insights into the shal-low traps and their interations following an optial pulse. Thus, it wasonsidered important to extend the time sale of the measurement bymany orders of magnitude in order to examine transport proesses anddynami interations on these time sales.3. In feldspar there are several areas of interest. The limited previous workhas mainly restrited to the �tting of feldspar time-resolved deay urveswith a sum of deaying exponentials. It is important to investigatewhether it is a valid assumption that these signals an be mathematiallydesribed as suh. Similarly, feldspars have been aepted to onsist ofomplex energy levels, in partiular an IR exited state, and also perhapsthe band tails based on spetrosopi measurements; however, the our-rene and role of these states have not been tested by diret observationof the eletroni transport rates during optial stimulation. TR-OSL inombination with di�erent thermal and optial stimulation energies o�ersa unique tool for suh investigations.4. From the appliation point of view the work initiated on identifying a partof the feldspar TR-OSL signal less prone to fading is of great importaneand, therefore, requires further detailed investigations and understandingof the underlying auses; this objetive strongly overlaps with objetive3. Similarly, the question of separation of signals from mixed samplesbased on pulsed stimulation is also very relevant both for laboratory andfor development of proedures for future in-situ dating and dosimetry.Earlier work has shown appliation to quartz-feldspar mixture based onarbitrarily hosen on-time and o�-time. It is important to �nd out opti-mum pulsing on�guration that gives the best signal separation of quartzsignal from a mixed sample.1.6 Thesis outlineThis thesis is a olletion of papers published or submitted during my Ph.D.projet, and this setion outlines the overall thesis struture and desribes themotivation for eah of the following hapters.Chapter 2 is the paper: Development of pulsed stimulation and PhotonTimer attahments to the Risø TL/OSL reader, published in Radiation Mea-surements. It desribes the new instrumental developments whih are used tomake time-resolved OSL measurements during the ourse of this thesis.Chapter 3 is the paper: Towards multi-exponential analysis in optiallystimulated luminesene, submitted to Journal of Physis D: Applied Physis(provisionally aepted). This paper examines the best method of �tting TR-OSL using a multi-exponential model. It investigates on two di�erent methods:a nonlinear least squares method and a �rst-kind Fredholm integral equation,to test if the subjetivity (user's de�nition of the number of parameters) playsand important role in �tting. It also investigates whether data in the `deayform' or the `peak form' is better suited mathematially for �tting.



16 IntrodutionChapter 4 is the paper: Modelling the thermal quenhing mehanism inquartz based on time-resolved optially stimulated luminesene, in press inJournal of Luminesene. This paper explores the possibility that the life-time of the main ∼40 µs omponent in quartz re�ets the exited state lifetimeusing experimental TR-OSL data together with a new kineti model based onMott-Seitz thermal quenhing mehanism. This work also examines the va-lidity of the relevant parameter values in the ommonly used, well establishedkineti model for quartz OSL with respet to its suess in prediting quartzTR-OSL deay form.Chapter 5 is the paper: Charge movement in minerals studied by optiallystimulated time-resolved exo-eletron emission, submitted to Journal of PhysisD: Applied physis. This paper presents an experimental determination of therate of emptying of the ondution band in quartz, K-feldspar and ommonsalt (NaCl) using time-resolved exo-eletron emission (TR-OSE). Together withhapter 4 and hapter 6, this hapter ontributes to the understanding of theTR-OSL omponents in quartz.Chapter 6 is the paper: Optially stimulated phosphoresene in quartz overthe milliseond to seond time sale: insights into the role of shallow traps indelaying luminesent reombination, submitted to Journal of Physis D: Ap-plied Physis. This paper investigates on the TR-OSL and optially stimulatedphosphoresene (OSP) deay in quartz ontinuing over eight deades on thetime sale (50 ns to ∼8 s). The objetive here is to understand the underlyingmehanisms behind the slowly deaying omponents (omponents that appearafter the main omponent disussed above) from the milliseond to seond timesales.Chapter 7 is the paper: Further investigations into pulsed optially stimu-lated luminesene from feldspars using blue and green light, published in Ra-diation Measurements. This paper is the �rst of a series of papers fousingon feldspars and it investigates the properties of the TR-OSL deay from 14feldspar mineral speimens on the nanoseond and miroseond time sales.This paper disusses whih proess governs the luminesene prodution infeldspars and furthermore questions the validity of using a multiple-exponentialmodel for desribing feldspar TR-OSL.Chapter 8 is the paper: Optially stimulated phosphoresene in ortholasefeldspar over the milliseond to seond time sale, submitted to Journal ofLuminesene. This paper haraterises time-resolved and phosphoresenedeay urves obtained from IR stimulation, elevated temperature post-IR IRstimulation of feldspar. This artile is omplementary to the similar work onquartz presented in Chapter 6. The aim of this investigation is to understandthe origins of the signals on the milliseond to seond time sales, and theirrole in optial stimulation.Chapter 9 is the paper: Further insight into harge reombination andtunnelling in feldspars from time-resolved optially stimulated luminesene,manusript near submission. This paper presents time-resolved IR, elevatedtemperature post-IR, IR and green stimulated luminesene measurementsfrom a set of feldspar samples. The measurements fous on TR-OSL deayfrom ∼500 ns to 500 µs. The artile disusses the origins of these signalsin terms of harge transport through various energy states in feldspar: theIR exited state, the band tails and the ondution band. The investigationsare arried out based on the dependene of TR-OSL deay shapes on thermal
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Chapter 2Development of pulsed stimulationand Photon Timer attahments tothe Risø TL/OSL readerT. Lapp, M. Jain, C. Ankjærgaard, L. PirtzelRadiation Researh Department, Risø National Laboratory for SustainableEnergy � Tehnial University of Denmark, NUK-201, P.O. Box 49, DK-4000Roskilde, DenmarkPublished in: Radiation Measurements.AbstratPulsed stimulation has earlier been proven useful for several appliations in dosime-try and luminesene researh. Pulsed stimulation has been integrated in the RisøTL/OSL reader along with a software ontrol built into the Sequene Editor. To fa-ilitate researh of the lifetime or delay involved in the OSL/IRSL proess, a PhotonTimer attahment to the Risø reader has been developed whih measures data at 100ps resolution. Furthermore a post-proessing program has been developed to presentthe data in a ompressed 3D form that gives a useful overview of the data beforefurther analysis of relevant data. An example of how the Photon Timer has beenused to haraterise the performane of the pulsed stimulation unit is presented.Keywords: Pulsed OSL, time-resolved OSL, Photon Timer, photon arrival timedistribution, quartz, feldspar.2.1 IntrodutionPulsed optial stimulation has been shown to be a powerful method in optiallystimulated luminesene (OSL) based dosimetry both for inreasing the signal-to-bakground ratio and for studying harateristis of harge reombinationin the dosimeter of interest (Sanderson and Clark, 1994). OSL involves several



22 Development of pulsed stimulation and photon timer. . .steps whih may all give rise to a delay between the stimulation and the emis-sion of luminesene light. When using ontinuous stimulation and onurrentdetetion of luminesene signal (CW-OSL or Continuous-Wave OSL) one an-not identify the rate governing steps involved from eletron detrapping to theeventual prodution of luminesene. Stimulating the sample with a series ofoptial pulses and measurement of the luminesene signal during and/or aftereah pulse provides one way to examine these intermediate proesses.Pulsed stimulation together with time-resolved data aquisition has beenwidely used to study luminesene lifetimes of quartz and feldspars (Clarket al., 1997; Sanderson and Clark, 1994; Baili�, 2000; Chithambo and Gal-loway, 2000). These studies desribe in details the many possibilities of pulsedstimulation. Pulsed LED stimulation has also been used to study the e�et ofthermal annealing on the luminesene lifetimes and thus in turn obtain infor-mation on the redistribution of harge in the rystal (Chithambo and Galloway,2000; Chithambo, 2007, and referenes therein).As far as routine dosimetry is onerned, there have been two main appli-ations of pulsed stimulation. Firstly, if the stimulation and detetion wave-lengths are losely loated, e.g. green�blue or blue�UV, a signi�ant redutionin bakground ould be ahieved by using pulsed stimulation and gating thedetetion between the stimulation pulses (e.g. MKeever et al., 1996; Sander-son and Clark, 1994). Seondly, pulsed stimulation ould be used for isolatingmineral spei� luminesene from a mixed sample if the lifetimes of the sig-nals from the two phases are widely separated. An example of the latter isa suessful separation of quartz signal from a feldspar ontaminated quartzsample by using blue LED pulse stimulation (Denby et al., 2006; Thomsenet al., 2008). These authors showed that the pulsed stimulation approah antolerate very high level of feldspar ontamination almost rendering any need forhemial pre-treatment unneessary (Thomsen et al., 2008). There is also someevidene that pulsed stimulation an isolate a more stable (less fading) signalin feldspars (Tsukamoto et al., 2006; Sanderson and Clark, 1994). Beauseof these important advantages of pulsed stimulation in OSL dosimetry usingnatural sediments, it is desirable to have a system that an be easily used forroutine measurements. The �rst prototype attahment apable of pulsing IRand blue LEDs in the Risø TL/OSL reader together with a gated detetion waspresented by Denby et al. (2006). These authors also presented time-resolveddata aquisition with a prototype of a so-alled fast ounter. Sine then the twoattahments have been further improved and integrated into the Risø TL/OSLreader system. In the urrent paper we further desribe these improvements inpulsing and data aquisition and the new software for visualisation and dataanalysis.2.2 Semantis and methodsThe following terminology has been used throughout the paper.
• On-time is the duration of eah stimulation pulse.
• O�-time is the duration of the pause before the next stimulation pulse.
• Pulse period is the inverse of pulse frequeny and refers to ombinedon-time + o�-time.
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Figure 2.1: Diagram showing the priniple of Photon Timer data reording.The list to the right illustrates the sequential listing of events.
• Stimulation time is the time elapsed sine the start of the OSL stimula-tion.
• Photon arrival time is the time elapsed sine the start of the preedingstimulation pulse to the emission of a luminesene photon.Time-resolved data aquisition may be done in several ways. The methodpreviously used by Sanderson and Clark (1994), Clark et al. (1997) and Chithambo(2002) has been based on the use of a multihannel saler. A multihannel salerreords the distribution of photon arrival times. One may reord several distri-butions during the total stimulation time and in this way have the possibilityof studying the development of the photon arrival time distribution.Alternatively, one may time stamp arrival of every photon with respetto the preeding pulse. The priniple of Photon Timer reording of data isillustrated in Fig. 2.1.A Photon Timer reords all events sequentially in a list �le. For eahstimulation pulse a marker is inserted in the list �le, and eah photon detetedduring the subsequent pulse period is reorded as the photon arrival time.Luminesene is however a rather ine�ient proess and therefore individualstimulation pulses with peak intensity of for example 40 mW/m2 generateonly a few detetable photons from the sample per pulse period. Adding upthe luminesene response of several thousands of pulses gives a Photon ArrivalTime Distribution whih ould then be used to determine the harateristilifetimes of the luminesene (phosphoresene) deay. This data olletionmethod generates a large amount of raw data, but gives a full �exibility in post-proessing of the data e.g. hanging the binning of time-resolved data, summingof pulses, and the hannel numbers orresponding to the total stimulation time.This method has been used widely in nulear siene for many years and Denbyet al. (2006) applied this method to OSL with their own dediated eletronidesign termed a fast ounter. Beause of its inreased apabilities we havenow used a ommerially available board for what we now refer to as a PhotonTimer.
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Figure 2.2: Blok diagram of Risø TL/OSL reader system with pulsed OSLand Photon Timer attahments.In the following setions we desribe the two new hardware features nowavailable for the Risø reader viz. pulse stimulation attahment and PhotonTimer, and the software designed for measurement, visualisation and data anal-ysis. Some measurement examples are shown to demonstrate the hardware andsoftware apabilities.2.3 Pulsed stimulation attahmentA blok diagram of the Risø TL/OSL reader DA-20 system with a PulsedStimulation attahment and a Photon Timer is shown in Fig. 2.2.In ontrast to the prototype, whih onsisted of a separate box attahmentwith manual parameter settings, the Pulsed OSL attahment is now installedin the Risø ontroller. It is performing the following tasks:
• Reeiving the set-up of pulse parameters from the ontroller via an SPIbus interfae.
• Regulating the power of the stimulation LEDs to the presribed level.
• Turning on the periodi pulsing when ordered by the ontroller.
• Implementing linearization of the power output.This integration of the pulsed attahment into the ontroller makes it pos-sible to use software settings for adjusting on-time, o�-time and peak power.Pulse power an be adjusted from 1% to 99%. 100% power orresponds toapprox. 145 mW/m2 for IR LED and 50 mW/m2 for blue LEDs at sam-ple position. The power regulation is based on feedbak from a photodiodein the OSL stimulation head. The proessor samples the LED power duringthe stimulation pulses, and a moving average of the LED power is used forregulating the power to the presribed level. The attahment may do an auto-linearization that assures that the output power is orret in the entire powerrange. The Sequene Editor, whih is the program exeuted on the System PC(f. Fig. 2.2) that ontrols the data aquisition, has been modi�ed to inludea POSL ommand that makes it possible to set up the pulse parameters. The



2.4 Photon Timer attahment 25Table 2.1: Relevant spei�ations for ORTEC 9353 Time Digitizer board.Time resolution 100 psDead time: 1 nsBu�er sizes:Fast FIFO 256 words (ount rate < 1 Gs−1)Slow FIFO 8 Mwords (ount rate < 33 Ms−1)Aquisition memory PC RAM and hard disk size (ount rate <approx. 10 Ms−1)on-time an be adjusted from 0.2 µs to 9.9 s, and the o�-time from 0.6 µs to9.9 s.The Pulsed Stimulation attahment has the ability to gate the photon pulsessuh that only photon pulses deteted in the o�-time will be passed on to thephoton ounter in the ontroller. Parameters ontrolling the detailed positionof the gating period within the o�-time may be spei�ed from the POSL om-mand in the Sequene Editor. The gating makes it possible to minimize theontribution of feldspar ontamination to the OSL signal as desribed by Thom-sen et al. (2008), and also gives an additional possibility to move the detetion�lter loser to the stimulation wavelength. The latter feature ould be usefulto optimise detetion of the 380 nm emission in quartz whih is not otherwisepossible with blue LED based stimulation in a ontinuous-wave mode.
2.4 Photon Timer attahmentThe Photon Timer is based on an ORTEC 9353 100 ps Time Digitizer board.This board is operated in list mode, whih gives Photon Timer data �les asdesribed for Fig. 2.1. The important spei�ations for this appliation arelisted in Table 2.1.The photon ount signal is shaped by the ontroller eletronis to be a 12ns long pulse. Therefore the dead time of 1 ns (minimum distane betweenphotons registered by the Photon Timer) means that no photon events aremissed due to the Photon Timer. The time resolution of the time digitizeris 0.1 ns. The preise auray of the rising edge of the 12 ns PMT pulsesrelative to the emission of the photons is not known, so the overall auray ofthe time stamping may be > 0.1 ns. The bu�er system of the board and PCensures that generally an average ount rate of 10 ms−1, and in burst up to 1Gs−1, may be ahieved, whih will be su�ient as the PMT starts saturatingat about 5 Ms−1. However, as the PCI bus of the system PC may be servingother units at the same time, bu�er over�ow may our in theory. However,bu�er over�ow will be signalled by the data aquisition software and written tothe data �le, suh that the post-proessing program may issue a warning aboutbu�er over�ow, when the data is used. The Photon Timer data aquisition isontrolled from Sequene Editor.



26 Development of pulsed stimulation and photon timer. . .2.5 Data visualisation and analysisThe gated pulsed OSL data is reorded as an OSL deay urve with integratedgated ounts as a funtion of the stimulation time. The data is reorded in abin �le whih an then be read and analysed using the Analyst software.For the Photon Timer data a post-proessing program PTanalyse has beendeveloped to give di�erent ways of presenting, analysing and exporting data.An overview of the data is presented as a 3D TR-POSL surfae plot whihplots time-resolved photon ount rate during a pulse period as a funtion ofstimulation time. The pulse period is divided into a number of bins. The lowestpossible bin size is the resolution of the Photon Timer i.e. 100 ps. The bin sizeis spei�ed as 2n × 100 ps as this gives a very fast alulation time. The totalstimulation time is divided into a number of hannels. The hannel width isspei�ed as a number of pulse periods.Examples of suh surfae plots for typial quartz and a feldspar samples areshown in Fig. 2.3a and b. The 3D surfae shows the number of ounts withineah bin and hannel. The bin and hannel widths may be hanged to givethe desired resolution on both photon arrival time axis and stimulation timeaxis. When making the bin and/or hannel width smaller you may have suh asmall number of ounts within a bin-hannel ell that the Poisson noise of theounts will blur the overview. The viewing angle of the 3D surfae plot mayeasily be ontrolled with a mouse in order to get the best view of the data.The two most important ways of further proessing the data are to integrateross-setions in either X-Z or Y-Z plane. Summing of time-resolved datain several X-Z planes in a given stimulation time interval produes a photonarrival time distribution for that interval. Likewise the integration of ountsfor a spei�ed range of photon arrival times produes a POSL urve for thatphoton arrival time interval. This presentation is similar to what ould also beobtained using a gated ounting system. However, the advantage of aquiringthe 3D data is that one an produe an apparent POSL urve or gated POSLdeay urve for any gating period from a single data set measured only one.In order to obtain the same results with gated OSL one would require re-measuring the data for all those intervals; this may not always be possible ifthe signal is destroyed after the �rst measurement, for example, as in ase ofthe natural OSL.2.6 Appliation example � haraterisation of LEDlight pulseThe Photon Timer attahment has been used to measure the shape of the stim-ulation LED output. For measuring the pulse shape, the standard detetion�lter has been removed and instead an attenuator (greysale �lter ombinedwith a pin-hole) has been inserted to avoid saturation of the PM tube.The shape of the blue LED stimulation pulses is shown in Fig. 2.4a and b.The distributions are shown with a resolution of 25.6 ns, as a further inreaseof resolution does not reveal any more details. It is noted that the rise time ofthe blue LED stimulation pulses is in the order of 200 ns and the fall time is inthe order of 100 ns. It is worth noting that suh a resolution was not possiblewith the earlier system desribed by Denby et al. (2006).
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Figure 2.3: (a) PTanalyse TR-POSL surfae plot of a quartz sample withon-/o�-time of 50/200 µs. Bin width: 0.1 ns ×216 = 6.55 µs, hannel width:1000 pulse periods = 250 ms, irradiation: 10 Gy, preheat at 260◦C, blue LEDstimulation at 125 ◦C. (b) PTanalyse TR-POSL surfae plot of an ortholasefeldspar sample with on-/o�-time of 20/200 µs. Bin width: 0.1 ns ×214 = 1.64
µs, hannel width: 40,000 pulse periods = 8.80 s, irradiation: 500 Gy, preheatat 250◦C, blue LED stimulation at 50◦C.
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Figure 2.4: (a) The shape of the turn on part of the blue LED stimulationpulses for di�erent pulse widths. Time resolution on plot: 25.6 ns. (b) Theshape of the turn o� part of the blue LED stimulation pulses for di�erent pulsewidths. Time resolution on plot: 25.6 ns.The shape of the IR LED stimulation pulses is shown in Fig. 2.5. It shouldbe noted that the rise time is signi�antly slower than for the blue LEDs andin the order of 1-2 µs. The fall time is like for the blue LEDs in the orderof 100 ns. This means that the power regulation does not work properly forshort pulses and this should be taken into onsideration if IR stimulation pulsesshorter than approx. 5 µs are used.In Ankjærgaard et al. (2009, Chapter 7 of this thesis) it is shown that thefall time of the blue LEDs of approx. 100 ns is too slow to enable study of the
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Figure 2.5: The shape of the turn on part of the IR LED stimulation pulsesfor di�erent pulse widths. Time resolution on plot: 25.6 ns.fastest lifetimes in the feldspar OSL proess.2.7 ConlusionGated pulsed OSL (POSL) and Time-resolved pulsed OSL (TR-POSL) annow be used within a routine measurement sequene in the Risø reader. Time-resolved data is aquired using a Photon Timer whih works on the prinipleof photon time stamping at 100 ps resolution. This data an be visualised andexported by a versatile post-proessing program in the most appropriate wayfor the purpose. The software uses a 3D TR-POSL surfae plot as a standardway of presenting the time-resolved data; di�erent setion of this plot an bederived depending on the appliation.A high-resolution (100 ps) measurement of blue and IR LED pulses inthe Risø reader has been possible for the �rst time. It is observed that IRpulses have a muh longer rise time than the blue pulses, however, both thesefall at approximately the same rate at the end of the pulse. These rise andfall times are not signi�ant for quartz sine the luminesene deay oursat 10s of miroseonds. However, the photon arrival time distribution of afeldspar sample generally follows the fall time of the stimulation light followedby some slower deay. This implies that the urrently used pulsed stimulationLED unit is inappropriate for studying the harateristis of the fast deayingphosphoresene signal in feldspars. The Photon Timer used with the Risøsystem is however apable of measuring nanoseond sale deay rates fromfeldspar luminesene if the data is produed using a stimulation light sourethat swithes o� faster than the urrent pulsed stimulation unit.AknowledgmentsWe thank A.S. Murray for many fruitful disussions.
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Chapter 3Towards multi-exponential analysisin optially stimulatedlumineseneC. Ankjærgaard1, M. Jain1, P. C. Hansen2, H. B. Nielsen2
1Radiation Researh Division, Risø National Laboratory for Sustainable En-ergy, Tehnial University of Denmark, DK-4000 Roskilde, Denmark.
2Department of Informatis and Mathematial Modelling, Tehnial Universityof Denmark, DK-2800 Kgs. Lyngby, Denmark.Published in: Journal of Physis D: Applied Physis.AbstratOptially Stimulated Luminesene (OSL) data from quartz an follow di�erent math-ematial forms depending on the stimulation mode. These data an be desribed interms of di�erent multi-exponential models and an be numerially �tted using sev-eral well-known methods. Here we make a omparative analysis of the performaneand stability of two models, the deay and peak form, and we onsider di�erent trans-formation methods for obtaining the peak form. For the numerial omputations weuse a nonlinear least squares (NLS) method and a method based on a �rst-kind Fred-holm integral equation (FIE). Our analysis uses arti�ial data with three omponents(seven parameters inluding the bakground), and ten di�erent levels of bakground,both the signal and the bakground ontain Poisson distributed noise. Parametersderived using both models are aeptable (statistially onsistent and on an averagewithin ∼1% of the expeted value) and no obvious preferene is observed for anypartiular model, although there may be a suggestion that peak form data showsa smaller mean bias. This onlusion seems to be independent of the type of peaktransformations investigated here. Furthermore, it is found that transformation ofOSL deay data to a peak form gives better results than diret measurement of peakform data by, for example, varying the stimulation light intensity. The omparison ofthe two numerial methods suggests that the NLS method performs somewhat betterthan the FIE method; however, the latter has the advantage that it does not requirethe user's judgement on the number of omponents in the data. Testing of the NLSproedure on a measured quartz time-resolved OSL signal (TR-OSL) transformed



32 Towards multi-exponential analysis in OSLinto peak form yielded reliable parameter estimates even when the signal intensitywas deliberately redued by a fator of sixteen.Keywords: Quartz, �tting, nonlinear least squares, Levenberg-Marquardt, Fred-holm integral equation, �rst-order kinetis, time-resolved OSL (TR-OSL), LinearlyModulated OSL (LM-OSL), pseudo LM-OSL, Continuous-Wave OSL (CW-OSL).3.1 IntrodutionLuminesene is extensively used to determine absorbed dose (J/kg) in wideband gap insulators due to exposure to ionizing radiation. The dosimetersused are usually natural rystals, e.g., quartz and feldspars, or impurity dopedarti�ially grown rystals suh as lithium �uoride, aluminium oxide, et. Theirradiation of these rystals results in reation of free eletrons and holes whihare subsequently trapped in loalised states (lattie defets) known as trapsand reombination entres within a rystal, respetively. These trapping statesthus store information about the absorbed dose, and the information an beread out in the form of luminesene by exposing the rystal to visible or nearIR photons having su�ient energy to ause photoionisation of the oupieddefets. Eletron-hole reombination following photoionisation is the ritiallight generating step, and the resulting signal arrying dosimetri informationis known as optially stimulated luminesene (OSL). Traditionally, OSL mea-surements use a onstant, ontinuous �ux of inident photons (CW-OSL); thisresults in a signal that usually shows monotoni deay with time. The OSLtehnique is widely used for estimation of absorbed dose from ionising radiationin wide ranging appliations related to nulear aidents, osmi radiation inspae, radiation failities in health and power setors, and in geohronology,i.e., dating sediments during the last 0.5 million years or so [see Bøtter-Jensenet al. (2003) for an overview℄.In addition to being of use for dosimetry, the OSL signal ontains informa-tion about the distribution of traps and reombination entres in the rystal,and together with other tehniques OSL signals an provide insights into theharge exitation, movement, and reombination in rystals. Suh insights arevital to our understanding of the luminesene mehanism.There are at least two instanes where the OSL signal has a multi-exponentialdeay form:1. CW-OSL of quartz: In ase of natural quartz (the most ommonly usedmaterial in aident dosimetry and sediment dating), for example, it isgenerally argued that the monotoni deaying CW-OSL emitted duringexposure to blue light of onstant intensity onsists of several transientshaving an exponential form (Smith and Rhodes, 1994). The lifetimes ofthese transients are related to the photo-ionisation ross-setions (pro-portional to the deay onstant) of the eletron traps that partiipate inthe luminesene proess (Bailey et al., 1997). In natural quartz fromaround the world, up to seven eletron trapping states have been identi-�ed to partiipate in the OSL proess (Jain et al., 2003; Singarayer andBailey, 2003).



3.1 Introdution 332. Pulsed OSL: An alternative method to stimulate a rystal is by pulsingthe light intensity to obtain pulsed OSL. The signal measured during andbetween the light pulses is known as time-resolved OSL (TR-OSL). Theproesses that govern these signals are generally exponential in nature;in ase of quartz the TR-OSL measured between the pulses is a deayingsignal and onsists of a dominant exponential transient having a lifetimebetween 30 and 45 µs and two relatively minor transients having relativelyshorter and longer lifetimes than the main transient when using standardquartz dating proedure (preheating to 260◦C for 10 s and stimulating at125◦C) (Chithambo et al., 2007; Pagonis et al., 2009; Ankjærgaard et al.,2010, Chapter 10 of this thesis). These lifetimes re�et the relaxationof the exited state following eletron hole-reombination (Chithambo,2007; Pagonis et al., 2010, Chapter 4 of this thesis).Thus, the experimental data aquired during either ontinuous stimulation(CW-OSL) or between the pulses in pulsed stimulation (TR-OSL) of quartz,and perhaps also other dosimeters, an be desribed by the model:
Idecay(t) =

n
∑

i=1

Niλi exp (−λit) + b+ ξ(t), 0 ≤ t ≤ T, (3.1)where t is the time, Ni is proportional to the initial population undergoingdeay, and λi is the deay onstant for eah of the n omponents in the sig-nal. The onstant b ≥ 0 aounts for any bakground light and dark ounts ofthe detetor, and ξ(t) represents the noise in the data. The purpose of suhmulti-omponent analysis is to determine the onstants n, Ni and λi from themeasured data, as these quantities give information on the relative number den-sity and a physial harateristi of the trap or entre suh as photoionisationross-setion or reombination/relaxation lifetime, respetively.In ase of CW-OSL, the model [Eqn. (3.1)℄ applies only in the ase ofnegligible retrapping (�rst order kinetis); this is appliable, e.g., to the fast,medium and some of the slow omponents in quartz [see Jain and Lindvold(2007a)℄, but may not be appliable to all dosimeters. In TR-OSL the twodominant proesses, i.e., the eletroni transition from the ondution bandto the reombination entre, and the relaxation of the exited state of thereombination entre, both follow �rst order kinetis. However, there are somematerials that have non-�rst order proesses, e.g., tunnelling, whih will followa di�erent mathematial form. As disussed later a more general ase an bede�ned using a spetral funtion for a ontinuous trap distribution; this an beredued to a sum of n delta funtions for disrete traps (Istratov and Vyvenko,1999).In addition to better the understanding of the OSL proesses, it is alsohighly desirable that we an estimate the individual transients in the OSL forhigher auray in retrospetive dosimetry [see, e.g., Jain et al. (2005)℄. Thisobjetive an be ahieved by �tting some form of Eqn. (3.1) to the CW-OSLor the TR-OSL data. Unfortunately, �tting multiple exponential funtions isan ill-posed problem (e.g., see an exellent review by Istratov and Vyvenko(1999)). Bulur (1996) suggested that �tting of multi-exponential OSL dataould be made more robust if the data had a peak form rather than a monotonideay form. An OSL peak form ould be obtained experimentally by linearly



34 Towards multi-exponential analysis in OSLinreasing the stimulation light intensity during the OSL measurement; thistehnique was named as linearly modulated OSL (LM-OSL) (Bulur, 1996).LM-OSL results in a signal that an be desribed by the following model:
Ipeak(t) =

n
∑
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+ b+ ξ(t), 0 ≤ t ≤ T, (3.2)where T is the total measurement time, and Ni, λi, b, and ξ(t) are as desribedabove. Bulur (2000) and Poolton et al. (2003) have further shown that the samepeak shaped signal ould be ahieved by transformation of the monotoniallydeaying multi-exponential data (assuming �rst order kinetis). However, notethat the transformation approah (to be disussed below) produes a linearlyinreasing bakground as a funtion of stimulation time t.Although the shape of the LM-OSL urve is fundamentally di�erent fromthe CW-OSL urve, the physial proess ausing them and the informationontained in the two types of data are idential; the apparent di�erenes arisebeause we view data in the time domain rather than in the event domain (Jainand Lindvold, 2007a). If one onsiders the probability of luminesene lightprodued per inident stimulation photon, and if there are two omponents Xand Y (n = 2) then
aX
aY

=
aX0

aY0

exp [(σY − σX)Φ] (3.3)where aX and aY are the number density of the trapped eletrons (m−3) forthe two di�erent traps X and Y, aX0
and aY0

are the initial onentrations, Φde�nes the time integrated number of exitation photons per unit area (�uenein m−2), and σX and σY (m2) are the photoionisation ross-setions. For agiven OSL measurement, aX0
/aY0

and σY − σX are onstant; therefore, for agiven photon �uene, the ratio of the light output from any two omponentswill be onstant, no matter how that �uene was ahieved in time. In the timedomain, however, di�erent shapes of luminesene intensity an be ahievedby varying the �uene-rate or �ux during the measurement, i.e., dΦ/dt = I(t),but the atual overlap of the signals will not di�er for a given �uene (Jain andLindvold, 2007a). This problem has also been investigated by Wallinga et al.(2008) and Bos and Wallinga (2009b) in whih several interesting examplesof the data forms obtained by hanging inident photon �ux were studied.Nonetheless, it was onluded that the separation of the omponents at anygiven time was the same for all the di�erent stimulation modes. One methodof inreasing the physial separation of the transients is di�erentiation of theOSL signal (Bos and Wallinga, 2009a); however, this approah is not suitedto low amplitude, slowly deaying omponents beause of low signal-to-noiseratio. Sine the nature of multi-exponential deay and multi exponential peakdata (in other than di�erentiation based methods) are fundamentally idential,it has been disussed in the literature whether peak-form data has in fat anyadvantage over the deay-form data for exponential analysis (Huntley, 2006,2007; Jain and Lindvold, 2007a,b; Wallinga et al., 2008; Bos and Wallinga,2009a,b). However, this question has not been thoroughly investigated to date.The aim of this work is to arry out a omparative analysis of the perfor-manes of the two above-mentioned data olletion systems, deay and peakform, in prediting the `true' trap parameters. This analysis is based on ar-ti�ially generated multi-exponential TR-OSL data with seven parameters.



3.2 Instrumentation and methods 35We use two fundamentally di�erent numerial approahes whih have previ-ously been used for �tting luminesene signals by di�erent workers viz. a)multi-exponential analysis using a nonlinear least squares (NLS) formulationsolved by a Levenberg-Marquardt approah [see, e.g., Jain et al. (2003)℄, and b)the spetrosopi analysis using a �rst-kind Fredholm integral equation (FIE)(Agersnap, 1997; Whitley and MKeever, 2001); also see the review by Istratovand Vyvenko (1999) with a view to derive a general protool for multiexponen-tial analysis of three disrete OSL omponents. The NLS method is a standardmethod for �tting data and is implemented in most mathematial and statis-tial software pakages. This method requires that the number of exponentialomponents is spei�ed beforehand by the user. The FIE method is a radiallydi�erent approah ompared to NLS as this method automatially determinesthe number (or spetrum) of omponents without prior user input. These ap-proahes are brie�y desribed in Setion 3.5. We emphasize that our goal is(primarily via simulation studies) to ompare the above-mentioned methodsfor analysing OSL and TR-OSL data, with a fous on the robustness of theestimation of the parameters Ni and λi in the underlying OSL models. Wenote that related work in Hansen et al. (2010) foused on the �tting (or pre-dition) abilities of the two methods based on the properties of the residuals;we note that this is an altogether di�erent mathematial problem and leadsto a di�erent onlusion than in the present study where the fous is on thepreision and auray of the derived parameters.3.2 Instrumentation and methodsMuh of this paper uses arti�ial data. However, laboratory measurementson a quartz sample are used to test the methods and to generate realistiarti�ial data for exponential analysis. These measurements were undertakenusing a olluvium quartz sample from Tanzania, sample: 963602 onsistingof 150�300 µm grains. The grains were extrated from the bulk sample bysieving, heavy liquid separation, and HF treatment as desribed in Wintle(1997). Sample measurements were arried out on a Risø TL/OSL-20 readerwith an integrated pulsing option to ontrol the stimulation LEDs, and witha photon timer attahment with detetion resolution of 100 ps to reord theTR-OSL data (Lapp et al., 2009, Chapter 2 of this thesis). The apparent bin-resolution an be redisplayed after data olletion, as it is spei�ed as 2n× 100ps. Blue light stimulation was performed with a 470 ± 30 nm LED arraydelivering 50 mW/m2 at the sample, and a 7.5 mm thik Hoya U340 �lterdeteting between 340�350 nm was inserted beneath the photomultiplier tube(PMT).The TR-OSL data are reorded by time-stamping photons emitted frombeta irradiated and preheated (260◦C for 10 s) samples between the stimula-tion light pulses at 125◦C. The net signal is then derived by summing severalhundred thousands of these light pulses emitted from the sample. The dutyyle onsisted of a 50 µs on-time and a 500 µs o�-time. The data are thensummed up to be presented at the resolution of 0.4 µs.In addition to the OSL ounts, the PMT will register ounts that onstitutea bakground to the OSL signal. Bakground ounts are generated by thermalexitation of eletrons in the photoathode, system eletronis, and intera-



36 Towards multi-exponential analysis in OSLtion of the detetor with osmi radiation, whih together onstitute the `darkounts' of the PMT, and any sattered or stray light from the stimulationsoure. As it is important to inlude these in the arti�ial data model, thebakground ounts were also measured in the same way as above but using anannealed quartz sample (700◦C for 5 min to remove nearly all trapped harge)instead of a beta irradiated sample. Note that in pulsed OSL measurements,the stimulation light is swithed o�, therefore for the annealed sample, thebakground would be equivalent to the `dark ounts' of the detetor.3.3 Data simulation for deay-form dataArti�ial TR-OSL data was reated in order to ompare the performane ofdi�erent methods, and the data omprises two ontributions - the light fromthe sample and the bakground ounts.In order to generate arti�ial data it is �rst important to understand thePMT ounting statistis for these two proesses; this involves measurement of aonstant ount rate by the detetor and determination of the mean and spreadin the distribution of the ounts. Sine the TR-OSL is a deaying signal itannot as suh be used for this type of analysis. Therefore, we used a onstantlight soure; blue LEDs operated with attenuated detetion (a neutral density�lter inserted underneath the PMT instead of the U340 �lter) is used to do thestatistial analysis appliable to signal ounts. We generated a similar ountrate as the sample, and this was used to mimi the distribution of lumineseneounts. Data was olleted during a 500 µs on-time. The bakground wasmeasured in the same way as TR-OSL but on an annealed sample. Figure 3.1ashows the distribution of the bakground noise for a data resolution set to ∼0.4
µs, and a Poisson distribution funtion with a mean of 5.7 ts/(0.4 µs) (derivedfrom integration of 40,000 pulse stimulations) has been �tted to the data (blakline). A Matlab Chi-square goodness-of-�t test ould not rejet the hypothesisthat the data is Poisson distributed with the probability of observing the givenresult: p = 0.9957. Therefore, in our arti�ial data model, we an assume thatour instrumental bakground noise is Poisson distributed.The distribution of ounts from the LEDs is shown in Fig. 3.1b, with thesame resolution as in Fig. 3.1a, where it has been �tted to a Poisson distributionwith a mean value of 14.8 ts/(0.4 µs) shown as the blak line. The Chi-squaregoodness-of-�t test rejeted the hypothesis that the diode noise data is Poissondistributed with a probability of p = 2.21 · 10−9. It is very likely that thisdistribution is not perfetly Poisson distributed as the dark ount noise is alsoontained in this data, and so the ondition to test whether the distribution isa single Poisson distribution is in fat false. For pratial purposes, as an beseen in the �gure, the data approximates a Poisson distribution, and so we willassume that the noise in the TR-OSL signal follows a Poisson distribution.The values of the deay onstants and amplitudes for generating the arti�-ial data analogous to the TR-OSL of quartz in the 380 nm emission is basedon experimental values found by Chithambo et al. (2007). The arti�ial datais hosen to ontain three exponential transients following Eqn. 3.1 with ampli-tudes Ai = Ni ·λi [ts/(0.408 µs)℄ and deay onstants λi (µs−1) of A1 = 7000,
λ1 = 0.500, A2 = 20000, λ2 = 0.0300, A3 = 3000, and λ3 = 0.0125 (the deayonstants orrespond to lifetimes, τ of 2, 33 and 80 µs). For the analysis, the
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Figure 3.1: (a) Distribution of dark ounts measured during the o�-time in0.4 µs bins. The data was measured for 22 s with an on-time of 50 µs and ano�-time of 500 µs. The noise distribution has been �tted to a Poisson distri-bution with a mean value of 5.7 ts/(0.4 µs) shown as the blak line. (b) Thedistribution of photon ounts from the blue LEDs. A Neutral Density �lter wasinserted underneath the diodes to redue the light level signi�antly and datawas olleted for 22 s during an on-time of 500 µs. The diode noise distributionhas been �tted to a Poisson distribution with a mean value of 14.8 ts/(0.4 µs)shown as the blak line. () Time-resolved OSL urve alulated from the ex-pression: 4500 exp(−t/2) + 22500 exp(−t/33) + 3000 exp(−t/80), with t from 0to 816 in steps of 0.4 µs (grey line) and the arti�ial data produed from thesame urve inluding Poisson noise (both for the signal and the bakground darkounts) for an initial-signal to bakground ratio (ISBR) of 600 (blak line). Notethat the average bakground level b̄ (the average of the last 10 points) has beensubtrated. Left inset: A lose view of the initial 20 µs, right inset: A lose viewof the last 600 µs. (d) The di�erene between the exat urve (grey line in (a))and the urve resulting after the addition of noise (blak line in (a)).



38 Towards multi-exponential analysis in OSLlifetimes are onverted into their reiproal values, i.e., the deay onstantsused in Eqn. (3.1). The arti�ial data sets are generated to ontain m = 2000points with a bin width of 0.408 µs giving a deay length between the lightpulses of 816 µs. From Eqn. (3.1) we an express the exat data through themodel:
I(t) =

3
∑

i=1

Ai exp(−λit) (3.4)The individual points Yj in the arti�ial data, with bakground, an thereforebe written as:
Yj = Ij + bj , j = 1, . . . ,m (3.5)where Ij ∼ P (I(tj)) and bj ∼ P (b) are numbers randomly seleted from Poissondistributions with mean values I(tj) and b, respetively (reall that b is thebakground).The relative level of bakground in an arti�ial TR-OSL urve is estimatedby the initial-signal to bakground ratio (ISBR) de�ned as the ratio betweenthe maximum signal amplitude at t = 0 and the onstant bakground b, i.e.,

I(0)/b. For this study, ten di�erent ISBR in the range 6�6000 were used toover for the variations in the OSL sensitivities of di�erent quartz samples.For eah ISBR ratio we generated �ve instanes of the same deaying TR-OSLsignal but with di�erent noise realisations. Thereby for eah ISBR level, morerealisti error estimates of the parameters were obtained than those estimatedby the �tting algorithm. In total, 50 di�erent instanes of arti�ial deay datawere produed. Before �tting the arti�ial data, an average bakground value
b̄ found from the average over the last 10 data points is subtrated in order toremove the onstant bakground omponent, suh that the �nal arti�ial datais:

yj = Yj − b̄ (3.6)This is standard proedure for analysis of measured TR-OSL data. As longas the bakground is truly onstant (for times t greater than six times thelifetime of the slowest omponent), the number of data points used in theaverage bakground estimation is not ritial. We used 10 points for reasonablestatistis.Figure 3.1 shows an arti�ial TR-OSL urve from Eqn. (3.6) with an ISBRof 600 (blak line) together with the `exat' urve from the model in Eqn. (3.4)(grey line). The urves were alulated using the parameters de�ned above.The insets to Fig. 3.1 zoom in on the early and later parts of these urves.In Fig. 3.1d the deviation between the `exat' urve I(t) and the noisy andbakground-orreted data yj (both from Fig. 3.1) are shown. As expetedfrom the Poisson statistis the random deviation inreases with the magnitudeof the data. More importantly, the errors do not show any struture and ourmodel �tting should at best be able to mimi this.3.4 Data simulation for peak-form dataSine TR-OSL is always a deaying signal, irrespetive of the manner in whihthe sample was exited during a pulse, it is not possible to diretly obtain apeak form signal suh as in the LM-OSL. However the deaying TR-OSL an beonverted into a peak form suh as LM-OSL either by varying the integration



3.5 Numerial methods 39intervals [e.g. Poolton et al. (2003)℄ or by variable resaling of the intensityand time axis [e.g. Bulur (2000)℄.In this work we transform the deay-form data yj , generated as desribedabove, into two di�erent types of peak forms: (i) a simple variable resalingof the intensity (simple transformation) and (ii) a variable resaling of theintensity and time spae [pseudo LM-OSL of Bulur (2000)℄. Note, however,that in the ontext of the TR-OSL o�-time signal, the term LM-OSL does nothave any physial onnotation; it merely serves as a di�erent mathematialtransformation. The two transformations orrespond to the two models:Simple transformation: I(t) = (2tT )1/2 ·

3
∑

i=1

Ai exp(−λit) + b (3.7)Pseudo LM-OSL: I(u) =

3
∑

i=1

Ai

T
u · exp

(

−
λiu

2

2T

)

+ b (3.8)Here we de�ne T = 2tTR−OSL,max, twie the length of the TR-OSL deaylength (1632 µs), and we introdue a new independent variable u = (2tT )1/2.Moreover, Ai = Ni · λi, where Ni is proportional to the initial populationundergoing deay, λi is the deay onstant for eah of the n omponents inthe signal, and b ≥ 0 is a term to aount for any bakground light and darkounts of the detetor. The two types of peak data thus orrespond to thetransformations:
yj → (2tjT )

1/2yj , tj unhanged, (3.9)and
yj → (2tj/T )

1/2yj , tj → uj (by uj = (2tj/T )
1/2), (3.10)respetively, of the arti�ial deay data after orretion for bakground. Thearti�ial deay data and the simple transformed peak data share the samelinear time domain t, in ontrast to the pseudo LM-OSL peak data whih is afuntion of a `nonlinear' time domain u.In Fig. 3.2, the arti�ial TR-OSL data from Eqn. (3.6) with an ISBR ratio of15 is shown together with the same urve after the simple peak transformationin Eqn. (3.9), and after the peak transformation in Eqn. (3.10) to obtain pseudoLM-OSL. The pseudo LM-OSL urve is `strethed' ompared to the simple peaktransformation due to the time domain transformation and is plotted on thetop axis as a funtion of u. The TR-OSL and the simple peak transformationis plotted on the bottom axis, t.3.5 Numerial methodsTwo di�erent numerial methods are used for parameter estimation. Bothmethods are least squares methods in the sense that they minimize the sum ofsquared residuals between the data and the model. One method is a standardnonlinear least squares (NLS) method, whih is perhaps the most used methodfor exponential �tting. As an alternative, we also onsider a method based ona Fredholm integral equation (FIE) approah, whih has the advantage that it
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Figure 3.2: Arti�ial deay data from Eqn. (3.6) with an ISBR of 15 (blakline), together with the same data transformed into peak form by using thesimple transformation in Eqn. (3.9) (grey line) and transformed into pseudoLM-OSL using Eqn. (3.10) (dotted blak line). Note that the deay data andthe peak data belong to di�erent absissa axes, and that the deay data and thesimple transformed data share the same linear time domain t, while the pseudoLM-OSL data has a nonlinear time domain u.does not require the user to selet the number of omponents in the model. Tomake a fair omparison between the two methods, we do not use any weightingin the least squares problems.For the deay form in Eqn. (3.1), the nonlinear least squares (NLS) method�ts the model I(t) =
∑n

i=1 Ai exp(−λit) to the m data points yj after thebakground has been subtrated:
min
Ai,λi

m
∑

j=1

(

yj −
n
∑

i=1

Ai exp(−λitj)

)2 (3.11)Here we have introdued the amplitudes Ai = Ni · λi , and t1, . . . , tm denotethe measurement times. A similar expression an be written for the simplepeak transformation in Eqn. (3.7). For the peak form in Eqn. (3.2), the model
I(u) =

∑n
i=1

Ai

T u · exp
(

−
λiu

2

2T

) is �tted to the data points:
min
Ai,λi

m
∑

j=1

[

yj −
n
∑

i=1

Ai

T
uj · exp

(

−
λiu

2
j

2T

)]2 (3.12)where uj is the transformed time from Eqn. (3.10). The underlying numerialmethod is known as the variable projetion method, whih is a Levenberg-Marquardt algorithm tailored to the spei� problem; see Golub and Pereyra(2003) and Pereyra and Sherer (2009) for details. This algorithm is built into



3.5 Numerial methods 41the software pakage SigmaPlot, whih was used in this study. Sine the datais �tted to a spei� model, the user must speify the number of omponents
n in this model prior to �tting the data. We impose the positivity onstraints
λi > 0 on the deay onstants, but did not enfore positive amplitudes asnegative values never were enountered.In the seond method, a spetrosopi analysis approah is used [see, e.g.,Agersnap (1997); Istratov and Vyvenko (1999); Whitley and MKeever (2001)℄,in whih λ is onsidered as a ontinuous variable and a(λ) ≥ 0 is an unknown`amplitude density funtion' whih identi�es the deay onstants (and therebythe omponents) present in the data y(t):

∫ λmax

λmin

exp(−λt)a(λ)dλ = y(t) (3.13)This is illustrated in Fig. 3.3 for a set of arti�ial data y(t), shown inset,ontaining three omponents. The areas under the peaks of a(λ) are related tothe amplitudes of the deay onstants. The similar equation for the peak formis:
∫ λmax

λmin

exp

(

−
λu2

2T

)

u

T
a(λ)dλ = y(u) (3.14)Equations (3.13) and (3.14) have the form of a Fredholm integral equation(FIE) of the �rst kind [see Hansen (1998)℄. Unlike in the NLS method, theuser does not have to speify the number of omponents; the amplitude densityfuntion a(λ) determines this number (see below).To solve the FIE in Eqn. (3.13) numerially, it is disretized by means ofa quadrature method (Hansen (1998)) whih leads to the linear least squaresproblem:

m
∑

j=1

(

yj −

p
∑

k=1

∆λk exp (−λktj) ak

)2 (3.15)where λk are the quadrature points, ∆λk denotes the width of the interval thatontains the k-th quadrature point, and ak are the approximations to a(λ) atthe quadrature points, i.e., a(λk) ≈ ak. We use p = 500 quadrature points,and due to the large range of λ-values needed in OSL problems, the quadraturepoints are distributed logarithmially between λmin = 0.001 and λmax = 100.The same tehnique is used to disretize Eqn. (3.14). No weighting of thedata is used and non-negativity onstraints are enfored on the solution whihhas the side e�et of ausing the spikes in the solution to be narrower thanwithout onstraints. The onstrained problem is solved by means of the NLSalgorithm (Lawson and Hanson, 1995, Chapter 23) implemented in Matlab. Itis beyond the sope of this paper to go into further details of the omputationalalgorithms, and we refer to the above-mentioned books for details.When the data adheres to the model in either Eqn. (3.13) or (3.14), it isexpeted that the nonnegative funtion a(λ) has narrow spikes for λ ≈ λi,see Fig. 3.3. Moreover, if this is the ase then it is also expeted that theamplitudes are approximately equal to the area under eah of the spikes, i.e.,
Ai ≈

∫

Ωi

a(λ)dλ where Ωi denotes a small interval around λi. For eah spikewe therefore ompute the orresponding amplitude by means of
Ai =

∑

k∈spike
i

∆λkak. (3.16)
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Figure 3.3: A plot of the amplitude density funtion a(λ) given in Eqn. (3.13)vs. the parameter variable, λ, for a set of arti�ial data y(t) with three ompo-nents. The arti�ial data yj and its three omponents Ai exp (−λitj) are showninset, see Eqn. (3.6).More than n spikes were oasionally enountered (although a situation withless than n spikes never ourred), and thus a `rejetion riterion' was neededto remove spurious spikes. It is noted that the ontribution to the total signalfrom the i-th omponent an be measured by the integral:
∫ T

0

ai exp(−λit)dt =
ai
λi

[1− exp (−λiT )] ≈
ai
λi

. (3.17)Spikes with ratios ai/λ smaller than a �xed threshold value determined by thearea under the data and the noise level in the data are therefore rejeted. Inthis paper, a threshold of 0.01 was used, i.e., omponents whose ontributionis less than 1% of the total signal are rejeted.3.6 Arti�ial data resultsIn this setion the two �tting methods are used for analysing the arti�ial datasets for both deay and peak forms.3.6.1 Nonlinear least squares method: deay vs. peak formAs desribed in Setion 3.5, the nonlinear least squares algorithm, as imple-mented in SigmaPlot, is not able to identify the number of omponents presentin the data, and therefore a model with a spei� set of omponents must behosen by the user prior to �tting the data under examination. To eliminatethe advantage that the number of omponents is known in the arti�ial data



3.6 Arti�ial data results 43
(a)

Time, µs
0 200 400 600 800

C
o

u
n
ts

, 
(0

.4
 µ

s
)-1

0

104

2x104

3x104

2 components (d)

Time, µs
0 200 400 600 800

R
e

s
id

u
a

ls

-500

-250

0

250

500 3 components (e)

Time, µs

0 200 400 600 800

4 components (f)

Time, µs 
0 200 400 600 800

1x

Time, µs
0 200 400 600 800

C
o

u
n
ts

, 
(0

.4
 µ

s
)-1

10-1

100

101

102

103

104
Data

Fit

(b)

Time, µs
0 200 400 600 800

Time, µs
0 200 400 600 800

C
o

u
n
ts

, 
(0

.4
 µ

s
)-1

10-1

100

101

102

103

104
Data

Fit

(c)

Time, µs
0 200 400 600 800

Time, µs
0 200 400 600 800

C
o
u

n
ts

, 
(0

.4
 µ

s
)-1

10-1

100

101

102

103

104
Data

Fit

Figure 3.4: Arti�ial deay data with an ISBR of 600 are shown together with(a) two, (b) three, and () four omponent �ts to the data. The insets show thesame on the log intensity sale. (d)-(f) show the orresponding residuals fromthe �ts.sets, a systemati approah was used for eah set of data to identify the num-ber of omponents as if it was unknown. Eah data set was �tted with �rsttwo, then three, and �nally with four (and so on) omponents to identify theorret number of omponents present in the data set. This is illustrated inFig. 3.4a� for an arti�ial data set with an ISBR of 600 and �tting using amodel with 2, 3, and 4 omponents, respetively, with orresponding parametervalues listed in Table 3.1. Fitting with too few omponents aused a systematibehaviour in the residuals (Fig. 3.4d) whih is undesirable, while the residu-als from the three-omponent �t (Fig 3.4e) are evenly spread around zero andthey do not visibly behave systematially, whih aording to Fig. 3.1d is thedesired result. When �tting with four omponents, and thereby foring thealgorithm to �nd more omponents than what is truly present in the data,either of two situations our: (i) two omponents have idential deay on-stants or (ii) the algorithm reates a fourth omponent with a deay onstantvery similar to an already existing deay onstant and hanges the remainingthree deay onstants slightly. Both of these possibilities resulted in no fur-ther visible improvement of the residuals, see Fig. 3.4f. The redundany in thefour-omponent �t beomes lear by looking at the seond (3 omponent �tparameters) and third olumn (4 omponent �t parameters) in Table 3.1. Thefourth �tted omponent merely splits the third omponent into two parts and,as a result, the residuals are idential in the 3 and 4 omponent �ts. This wastested for several urves and it is onluded that the ondition for the best �tis the minimum number of omponents for �ts with idential residuals.In Table 3.1, the Ai and λi parameters in the �rst three olumns are listedwith internal unertainties estimated by SigmaPlot. To test whether theseunertainties are large enough to ontain the variations in parameter valuesaused by the noise, �ve datasets with an ISBR of 600 were �tted to alulatethe mean and standard error on the parameters. These values are presentedin the last olumn of Table 3.1. The alulated standard errors based on �vedi�erent realisations of the noisy urve are systematially bigger than thoseestimated by SigmaPlot for any individual urve. We therefore �t �ve datasets



44 Towards multi-exponential analysis in OSLTable 3.1: Amplitude and deay onstant parameters obtained from �tting anarti�ial data set with an ISBR of 600 with 2, 3, and 4 omponents (olumns 1-3) using the nonlinear least squares algorithm in SigmaPlot. The unertaintiesin the parameter values quoted in these olumns are internal error estimatesalulated by SigmaPlot. In olumn 4, the average parameters are alulatedfrom �ttings of �ve di�erent realisations of TR-OSL urves for the identialparameters, noise distribution, and an ISBR of 600. The quoted unertaintiesare one σ (standard deviation).# omponents in LM �t 2 3 4 3 (average)
A1 = 7, 000 ts/(0.4 µs) 7439 6750 6750 7046

±61 ±29 ±29 ±150
A2 = 20, 000 ts/(0.4 µs) 21, 950 20, 100 20, 100 19, 997

±31 ±112 ±118 ±189
A3 = 3, 000 ts/(0.4 µs) - 2899 1449 2994

±122 ±502 ±255
A4 ts/(0.4 µs) - - 1450 -

±502
λ1 = 0.5000 µs−1 0.3554 0.4871 0.4871 0.5003

±0.0056 ±0.0041 ±0.0041 ±0.0266
λ2 = 0.0300 µs−1 0.0252 0.0298 0.0298 0.0300

±0.0001 ±0.0001 ±0.0001 ±0.0003
λ3 = 0.0125 µs−1 - 0.0124 0.0124 0.0125- ±0.0002 ±0.0059 ±0.0003
λ4 µs−1 - - 0.0124 -

±0.0061for eah of the di�erent ISBR values as presented in Setion 3.3 to get morerealisti estimates of unertainties on the parameters from the �ts.Using the built-in nonlinear least squares algorithm in SigmaPlot, we �ttedthe 50 deay formed urves, the 50 simple peak transformation data sets, andthe 50 pseudo LM-OSL peak data sets. The results are shown in Fig. 3.5. Theomputed amplitudes A1, A2, and A3 are ompared in a�, for the 10 di�erentISBR. Likewise, the deay onstants λ1, λ2, and λ3 are ompared in Fig. 3.5d�f. The dashed lines in eah plot represent the `true' values used in reating thearti�ial data. It is �rst observed that all amplitudes and deay onstants usingthe two peak forms are idential; the NLS method does not seem to be able todistinguish the two types of data from eah other. Seondly, the results fromdeay and peak form data are onsistent with eah other and within the 'true'value. The unertainties on the parameters derived for �tting peak data aregenerally smaller than those for the deay form data. For very high ISBR thereis a slight tendeny for underestimation of the parameters from the peak-formdata �ts, see Fig. 3.5, e, and f.3.6.2 Spetrosopi method: deay vs. peak formThe Fredholm integral equation model was used to �t the same data sets fromthe previous setion. It was observed that the number of omponents (n = 3)present in a data set is often overestimated by one, two, or three omponents;
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Figure 3.5: Results from �tting deay-form data (grey �lled irles), simpletransformed peak data (open blak irles), and pseudo LM-OSL data (blakdiamonds) using the NLS method. In eah plot the dashed line indiates theknown parameter value, and eah point is the average over �ve parameter valuesfor the same ISBR. The left olumn shows the results for the amplitudes (a)
A1 = 7000 ts/(0.4 µs), (b) A2 = 20000 ts/(0.4 µs), and () A3 = 3000 ts/(0.4
µs). The right olumn shows the results for the deay onstants (d) λ1 = 0.5
µs−1, (e) λ2 = 0.03 µs−1, and (f) λ3 = 0.0125 µs−1.but with the rejetion riterion from Setion 3.5 almost all of these extra om-ponents are rejeted by our method. This is shown in Table 3.2, whih liststhe number of extra omponents found in the 50 data sets before and afterthe rejetion riterion (RC) has been used. The two peak forms had identialnumbers of omponents present before and after use of the rejetion riteria,and are therefore only desribed in one olumn. Out of the 50 deay-form datasets, 38 had too many omponents and this number got redued to 5 after usingthe rejetion riterion. Similarly, from the 50 peak-form data sets, 42 had toomany omponents and this number was redued to 3.Figure 3.6 shows the results from �tting with the Fredholm integral equationmodel, and again the amplitudes are ompared in a� while the deay onstantsare ompared in d�f. Similar to Fig. 3.5, the points in Fig. 3.6 are averagesover the parameters from �ve data sets with the same ISBR. As desribedabove, the results from �ve deay-form data sets and three peak-form data sets



46 Towards multi-exponential analysis in OSLTable 3.2: Number of OSL urves with over-�tting by either one, two, orthree exponential omponents, when using the Fredholm integral equation model(Setion 3.5). The numbers are given before and after the use of the rejetionriterion (RC). Before RC After RCNo. extra omponents Deay Peak Deay Peak1 24 24 5 32 11 17 0 03 3 1 0 0were rejeted due to the overestimation of the number of omponents (see Table3.2). Again we note that the parameters from the two peak forms are idential.The parameter estimates generally have larger unertainties using this �ttingmethod ompared to those using NLS. Furthermore, there is a tendeny tounderestimate the parameters in Fig. 3.6, e, and f, and to overestimate theparameters in Fig. 3.6b for high ISBR levels for both deay and peak shapeddata. For all three data forms, several of the parameters are not onsistentwith the `true' parameter values at high ISBR levels.3.7 Comparison of the methodsTo make an overall assessment of the performane of the two �tting methodsand the two types of data, the parameters from the �tted deay- and peak-form data were analyzed by alulating the mean and the standard deviationof every parameter divided by its expeted value. The optimum mean valueshould therefore be 1. The values are given in Table 3.3; olumns 2 and 3 listthe parameters found using the FIE method for deay- and peak-form datarespetively, whereas olumns 4 and 5 list the parameters found using the NLSmethod for deay- and peak-form. Note that the values given in rows 3 and 5are valid for both the simple peak transformation and for the pseudo LM-OSLtransformation, as these parameter values were idential (see Figs. 3.5 and 3.6).The number of data sets inluded in the alulation of the mean and standarddeviations is given in row 2; for the FIE method this number is not 50 dueto a few instanes where the rejetion riteria did not remove all over �ttedomponents (see Table 3.2 and Setion 3.6.2).If the deay and peak parameter results from the FIE method (olumns 2and 3) are ompared, four peak parameters (A1, A3, λ2, and λ3) are slightlybetter estimated, i.e., have a smaller mean bias than the deay parameters, butthe overall spread in the individual parameter estimates (standard deviation)is larger for peak �tting ompared to the deay urve �tting. If the deayand peak parameters from the NLS method (olumns 4 and 5) are omparedinstead, then the three peak parameters (A2, A3, and λ3) have smaller meanbias ompared to the deay parameters, and the value of λ1 is idential for thetwo data types. Similarly the standard deviations are smallest for the four peakparameters (A2, A3, λ2, and λ3) ompared to the deay parameters. There is anoverall greater onordane in the mean values from the two models for the NLSmethod ompared to the FIE method. In general both the models perform verywell and the mean values are statistially indistinguishable from the expeted



3.7 Comparison of the methods 47Table 3.3: Summary of the mean (% mean bias) and standard deviations for theparameters presented in Figs. 3.5, 3.6, and 3.8 based on data for all the ISBR val-ues for the FIE method using deay (olumn 2) and peak (olumn 3) data, and forthe NLS method using deay (olumn 4) and peak (olumn 5) data. The % meanbias has been de�ned as [(expeted value−measured value) /expeted value]×
100. Columns 6 lists the values for the `true' LM-OSL parameters, and theseare to be ompared to the values pseudo-LM-OSL in olumn 5. For eah ofthe six parameters, the mean and standard deviation were alulated using thenumber of data sets given in row 1, for the FIE method, this number is less than50 due to imperfet removal of omponents by the rejetion riteria (see Table3.2). Note that the values in olumns 3 and 5 represent both the simple peaktransformation parameters as well as the pseudo LM-OSL parameters as theseare idential.
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3.8 `True' LM-OSL vs. pseudo LM-OSL 49signal to bakground ratios, and moreover, the transformation step in ase 1)also involves transformation of the noise. Thus, it is not apparent whether atrue peak measurement suh as LM-OSL is preferable ompared to a pseudo-LM-OSL or otherwise. Note that a true peak measurement is only possible inthe onventional OSL where varying the stimulation light intensity gives riseto a peak shaped signal (see Equation 3.2). This is not an option in TR-OSLmeasurements where the signal always deays with time between pulses. Inthis setion we will ompare the results from arti�ial 'true' LM-OSL with theprevious results obtained using pseudo LM-OSL.We reate arti�ial `true,' i.e., experimentally obtained LM-OSL ontainingthree omponents with the same parameter values as in Setion 3.4 and inlud-ing a bakground b ≥ 0 arising from any dark ounts of the detetor (possibleminor time dependent bakground from stray stimulation light is negleted inorder to simplify the analysis), and a noise omponent ξ(u) that re�ets thePoisson noise in the data:
I(u) =

3
∑

i=1

Ai

T
u · exp

(

−
λiu

2

2T

)

+ b+ ξ(u) (3.18)where T is twie the length of the OSL deay length of 1632 µs (Bulur, 1996).Prior to �tting, an average bakground b̄ estimated from the last 10 data pointsis removed. As in the previous setions 50 `true' LM-OSL urves are produed,5 urves for eah of the 10 ISBR levels. Figure 3.7a shows the true LM-OSL(grey urve) and the pseudo LM-OSL (blak urve) for the highest ISBR level,6000 and in Fig. 3.7b the same urves but for the lowest ISBR of 6. In both�gures, the `true' LM-OSL urves appear muh noisier than the pseudo LM-OSL and therefore one might presume that the pseudo LM-OSL would be abetter hoie for �tting.Using the NLS method the 50 new urves are �tted, and the parametersare shown in Fig. 3.8 (blak irles) together with the values found from �ttingthe pseudo LM-OSL in Setion 3.6.1 (grey irles). The omputed amplitudes
A1, A2, and A3 are ompared in a�, for the 10 di�erent ISBR. Likewise,the deay onstants λ1, λ2, and λ3 are ompared in Fig. 3.8d�f. For the lowbakground levels (ISBR< 100), the true LM-OSL generally have very largeerror bars re�eting bad �ts and large satter in the parameter values withineah level, and several parameter values are inonsistent with the known trueparameter values. It is lear that the noise in the data for ISBR< 100 results invery poor �ts and for noise levels of this magnitude, pseudo LM-OSL is learlypreferable. To make an overall assessment of the auray of the parametersompared to those of the pseudo LM-OSL data (olumn 5, Table 3.3), themean and standard deviation was alulated for eah of the six parametersand listed in olumn 6 in Table 3.3. Although the mean values of the `true'LM-OSL parameters are either very similar or better than the pseudo LM-OSLestimated parameters, the standard deviation is bigger for all the parameters,re�eting the muh larger satter found in the parameter estimates.It is therefore onluded, that using pseudo LM-OSL data results in better�ts irrespetively of the noise level in the data ompared to `true' LM-OSLdata. This onlusion assumes that the onditions of measuring the OSL de-ay urve or the LM-OSL data are the same i.e. the same instrument is usedand thereby the same light stimulation soure. That pseudo LM-OSL is better
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Figure 3.7: Pseudo LM-OSL (blak urve) and `true' LM-OSL (grey urve) asalulated from Eqns. (3.8) and (3.18) respetively, for (a) the lowest noise-levelwith an ISBR of 6000 and (b) and the highest noise-level with an ISBR of 6.The parameters are the same as given in the aption of Fig. 3.1.than `true' LM-OSL is probably beause the signal-to-noise ratio for the deayurve measurement (CW-OSL) is always muh higher than that for the orre-sponding true LM-OSL measurement. Therefore, the pseudo LM-OSL derivedby transforming CW-OSL data is less noisy than the 'true' peak measurement.Moreover, there may be a problem of time varying bakground arising form thestimulation light in the true LM-OSL measurement. This problem an furtherompliate the exponential analysis of the true LM-OSL data.3.9 Performane of the NLS method on measuredquartz TR-OSL dataTR-OSL data was measured from the Tanzanian quartz sample for a regener-ative irradiation dose of 30 Gy. Furthermore, this dose was repeated but nowmeasured with a neutral density �lter inserted beneath the PMT to attenuatethe light from the sample by approximately a fator of 16 and thereby obtain-ing a smaller ISBR. Both urves were transformed into peak-shape aordingto the model in Eqn. (3.8) and are shown in Fig. 3.9a. The urves are shownon a log intensity sale in the inset.The data was initially �tted in SigmaPlot with one omponent, and theorresponding residuals are shown as the grey urve (30 Gy) and blak urve(30 Gy, attenuated) in Fig. 3.9b, upper and lower graph respetively; the greyresiduals shows a strong trend indiating that the data is not �tted adequately,



3.9 Performane of the NLS method on measured quartz. . . 51
1 = 7,000 cts.(0.4 µs)-1

10 100 1000

5x103

6x103

7x103

8x103

Pseudo Peak

True Peak

2 = 20,000 cts.(0.4 µs)-1

10 100 1000

A
m

p
lit

u
d

e
, 

c
ts

.(
0

.4
 µ

s
)-1

1.9x104

2.0x104

2.1x104

3 = 3,000 cts.(0.4 µs)-1

ISBR
10 100 1000

2.0x103

3.0x103

4.0x103

1 = 0.5 µs-1

10 100 1000

0.40

0.45

0.50

0.55

0.60

0.65

 = 0.03 µs-1

10 100 1000

D
e
c
a
y
 c

o
n
s
ta

n
t,

 µ
s

-1

0.029

0.030

0.031

 = 0.0125 µs-1

ISBR
10 100 1000

0.011

0.012

0.013

0.014

(a)

(b)

(c)

(d)

(e)

(f)Figure 3.8: Results from �tting pseudo LM-OSL data (grey �lled irles) and`true' LM-OSL data (�lled blak irles) using the NLS method. In eah plot thedashed line indiates the known parameter value, and eah point is the averageover �ve parameter values for the same ISBR. The left olumn shows the resultsfor the amplitudes (a) A1 = 7000 ts/(0.4 µs), (b) A2 = 20000 ts/(0.4 µs), and() A3 = 3000 ts/(0.4 µs). The right olumn shows the results for the deayparameters (d) λ1 = 0.5 µs−1, (e) λ2 = 0.03 µs−1, and (f) λ3 = 0.0125 µs−1.whereas the blak urve show a muh less visible trend. As the two urvesare from the same sample, they must ontain the same number of omponents,and so one omponent is not su�ient to �t the data. The residuals from atwo-omponent �t is shown in Fig. 3.9, the upper grey urve being the 30 Gyresiduals and the lower urve the attenuated 30 Gy residuals. The trend inthe grey residuals has been redued signi�antly and the blak residuals havebeen improved slightly indiating that only two omponents are present in themeasured TR-OSL data. Finally the urves were �tted with three omponentsand the residuals from these two �ts are shown in Fig. 3.9d; the residuals havenot improved to the eye, and the third omponent is learly in exess as thedeay onstants are idential in both ases to an already identi�ed omponentand the amplitudes have been halved (not shown). It is therefore lear that onlytwo omponents are present in the data. The deay onstants and amplitudesfound from the two-omponent �ts are given in Table 3.4. The 30 Gy urve �tresulted in two omponents with lifetimes of 39 µs and 103 µs for amplitudesof 36,959 ts/(0.4 µs) and 685 ts/(0.4 µs). The attenuated 30 Gy urve �tgave the lifetimes 38 µs and 107 µs for amplitudes 2,219 ts/(0.4 µs) and 65
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Figure 3.9: TR-OSL data measured from a olluvium quartz sample fromTanzania. The sample was given a dose of 30 Gy and was heated to 260◦C for10 s prior to blue LED stimulation at 125◦C for 22 s. The on-time was 50 µsand the o�-time was 500 µs. Prior to �tting, the data was transformed into apeak shape using Eqn. (3.7) (grey urve). The experiment was then repeated,but with a neutral density �lter inserted beneath the PMT to attenuate theinoming light from the sample (blak urve) by a fator of 16. The inset showsthe urves on log-sale. (b) Residual urves for a one-omponent �t of the 30 Gydata (grey urve) and the attenuated 30 Gy data (blak urve) using the NLSmethod, () residual urves for a two-omponent �t of the two data sets, and(d) residual urves for a three-omponent �t of the urves for the same notationas in (b).



3.10 Conlusions 53Table 3.4: Amplitude and deay onstant parameters from �tting quartz TR-OSL from a 30 Gy dose (olumns 1-2) and TR-OSL from a 30 Gy dose andattenuating the signal by a fator of 16 (olumns 3-4).30 Gy 30 Gy, attenuatedAmplitude, Ai Deay onstant, Amplitude, Ai Deay onstant,ts/(0.4 µs) λi, µs−1 ts/(0.4 µs) λi, µs−136,959 0.0259 2,219 0.0267685 0.0097 65 0.0093ts/(0.4 µs).In Ankjærgaard et al. (2010, Chapter 10 of this thesis), it was shown thatfor a wide seletion of quartz samples, the main dominant ommonly observedomponent has a lifetime of 37± 5 µs found from the mean and standard devi-ation from the 30 samples investigated. Furthermore they found that in somesamples, a longer or a shorter lifetime omponent was present with lifetimesof 100 ± 40 µs and 6 ± 1 µs. The lifetimes found here are in good agreementwith eah other despite di�erent noise levels, and are in very good agreementwith published values in Ankjærgaard et al. (2010), Chithambo and Galloway(2000), Chithambo (2007). Given the above amplitudes, the ISBR ratios forthe individual omponent for the attenuated urve were alulated to be 44 and1.3. Thus it is possible to estimate the parameters A2, λ2 for a seond ompo-nent even though the initial intensity of this omponent has a omparable sizeto the bakground.3.10 ConlusionsA thorough study of two di�erent models for multi-exponential OSL data, thedeay form and the peak form, has been undertaken to investigate whih dataform is better suited for �tting noisy data. Eah of these data types wereanalysed using two fundamentally di�erent numerial methods, one based onsolving the nonlinear least squares (NLS) data �tting problem by a Levenberg-Marquardt algorithm, and the other based on solving a linear �rst-kind Fred-holm integral equation (FIE) by means of a non-negativity onstrained linearleast squares problem. We onlude the following:1. Parameters derived using both models are statistially onsistent with theexpeted value, given the spread in the data. The mean values themselvesare on an average within ∼ 1% of the expeted values for both the models.Of the two data types, the deay form and the peak form, neither is learlysuperior over the other in estimating parameters when �tting with theFIE or the NLS method, although there seems to be a slight tendenyfor the peak form to show smaller mean bias in our limited dataset.Furthermore, the two numerial methods are insensitive to whether thepeak shape is obtained by only variable saling of the intensity, or byvariable saling of both intensity and the time spae (e.g., pseudo LM-OSL).2. Although both numerial methods tested here perform well, there is asuggestion that the NLS method is marginally better and relatively less
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Chapter 4Modelling the thermal quenhingmehanism in quartz based ontime-resolved optially stimulatedlumineseneV. Pagonis1, C. Ankjærgaard2, A. S. Murray3, M. Jain2, R. Chen4,J. Lawless5, and S. Greilih2
1MDaniel College, Physis Department, Westminster, MD 21157, USA
2Radiation Researh Division, Risø National Laboratory for Sustainable En-ergy, Tehnial University of Denmark, DK-4000 Roskilde, Denmark
3Nordi Laboratory for Luminesene Dating, Department of Earth Siene,Aarhus University, Risø DTU, DK-4000 Roskilde, Denmark. 4Raymond andBeverly Sakler Shool of Physis and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel
5Redwood Sienti� In., Pai�a CA 94044, USASubmitted to: Journal of Luminesene.AbstratThis paper presents a new numerial model for thermal quenhing in quartz, basedon the previously suggested Mott-Seitz mehanism. In the model eletrons from adosimetri trap are raised by optial or thermal stimulation into the ondution band,followed by an eletroni transition from the ondution band into an exited state ofthe reombination entre. Subsequently eletrons in this exited state undergo eithera diret radiative transition into a reombination entre, or a ompeting thermallyassisted non-radiative proess into the ground state of the reombination entre. Asthe temperature of the sample is inreased, more eletrons are removed from theexited state via the non-radiative pathway. This redution in the number of availableeletrons leads to both a derease of the intensity of the luminesene signal and toa simultaneous derease of the luminesene lifetime. Several simulations are arriedout of time-resolved optially stimulated luminesene (TR-OSL) experiments, inwhih the temperature dependene of luminesene lifetimes in quartz is studied as



58 Modelling the thermal quenhing mehanism in quartz . . .a funtion of the stimulation temperature. Good quantitative agreement is foundbetween the simulation results and new experimental data obtained using a single-aliquot proedure on a sedimentary quartz sample.Keywords: Time resolved luminesene, optially stimulated luminesene, pulsedOSL, thermoluminesene, quartz, luminesene lifetimes, kineti rate equations, ki-neti model.4.1 IntrodutionThe phenomenon of thermal quenhing of the stimulated luminesene in quartzhas been well known for several deades [see for example, Bøtter-Jensen et al.(2003, p. 44, and referenes therein)℄. Thermal quenhing manifests itself asa redution of the measured luminesene intensity from quartz as the sampletemperature is raised, and has been observed in both thermoluminesene (TL)and optially stimulated luminesene (OSL) experiments on quartz (Wintle,1975; Smith et al., 1990; Spooner, 1994). A model has been suggested pre-viously for explaining thermal quenhing in quartz, known as the Mott-Seitzmehanism [see for example Bøtter-Jensen et al. (2003); Chen and MKeever(1997); Bailey (2001); and referenes therein℄. Although the Mott-Seitz meh-anism has been disussed extensively in the TL/OSL literature for quartz, tothe best of our knowledge there has been no numerial modeling of the kinetiproesses involved.In addition to the well-known e�ets on the TL and OSL intensities, ther-mal quenhing also a�ets the apparent luminesene lifetimes in quartz [andother dosimetri materials, see for example Kitis (2002)℄. Over the past deade,extensive time-resolved OSL (TR-OSL) measurements have been arried outusing samples of both quartz and feldspars, re�eting the importane of thesematerials in dating and retrospetive dosimetry (Sanderson and Clark, 1994;Baili�, 2000; Tsukamoto et al., 2006; Denby et al., 2006; Chithambo et al.,2008; Pagonis et al., 2009; Ankjærgaard et al., 2009, Chapter 7 of this the-sis). During TR-OSL measurements, the stimulation is arried out with a brieflight pulse and photons are reorded based on their arrival at the luminesenedetetor with respet to the light pulse. Summing signals from several pulsesgives rise to the typial TR-OSL urve that shows the build up of lumines-ene during the pulse and the subsequent derease after the pulse on ns toms time sales, depending on the proesses involved. The deaying signal im-mediately following any light pulse an be analyzed using the linear sum ofexponential deays, and an therefore be haraterized using deay onstant(s)or lifetime(s). The main advantage of TR-OSL over CW-OSL is that it allowsstudy of suh reombination and/or relaxation pathways.Several researhers have studied the temperature dependene of lumines-ene lifetimes and luminesene intensity from time-resolved luminesenespetra in quartz [see for example, Galloway (2002); Chithambo (2003, 2006,2007a,b) and referenes therein℄. The luminesene lifetimes for unannealedsedimentary quartz typially are found to remain onstant at ∼42 µs for stim-ulation temperatures between 20◦C and 100◦C, and then to derease ontinu-ously to ∼8 µs at 200◦C.



4.2 Experimental 59The purpose of this paper is to present a new kineti model for thermalquenhing in quartz based on the Mott-Seitz mehanism. In this model all re-ombination transitions are loalized within the reombination entre [in on-trast to a deloalized model, where all harge transitions take plae to or fromthe ondution and valene bands � e.g. Bailey (2001)℄.Several simulations of typial TR-OSL experiments are arried out usingthe model, and the results are ompared to new measurements of the lumines-ene lifetimes and luminesene intensity of a sedimentary quartz sample asa funtion of the stimulation temperature.4.2 ExperimentalIn the experimental work presented here, sedimentary quartz [sample WIDG8;Wintle and Murray (1997)℄ with grain size 90�125 µm has been used. Thequartz were extrated from the sample by sieving, heavy liquid separation andHF treatment; the absene of signi�ant feldspar ontamination was on�rmedby tests using IR stimulation. Sample measurements were arried out on a RisøTL/OSL-20 reader with an integrated pulsing option to ontrol the stimulationLEDs, and with a photon timer attahment with a hannel width of 100 ps toreord the TR-OSL data (Lapp et al., 2009, Chapter 2 of this thesis). Bluelight stimulation was performed with an LED array emitting at 470± 30 nm,and delivering 50 mW/m2 CW stimulation at the sample position; a 7.5 mmthik Hoya U340 �lter was used. The duration of both the on- and o�- pulsewidths an be set independently to between 0.2 µs and 9.9 s (on-time) andbetween 0.6 µs and 9.9 s (o�-time), although the pulse shape deteriorates forpulse widths <6 µs. During a pulsed measurement, the photon timer reordsthe time of arrival of photons deteted during and after the pulse (relative tothe beginning of the pulse).In the measurements, a single aliquot of the quartz sample WIDG8 wasoptially bleahed with blue light for 100 s at 260◦C in order to empty alloptially ative traps, and was subsequently given a beta dose of 5 Gy. It wasthen preheated for 10 s at 260◦C and the TR-OSL was measured by repeatedlyturning the optial stimulation ON for 50 µs and OFF for 500 µs. This wasfollowed by an optial bleah for 100 s at 260◦C. The whole proess was repeatedfor higher stimulation temperatures, from 20◦C to 320◦C in steps of 20◦C.Reyling measurements were done for the stimulation temperatures 40◦C,100◦C, 200◦C, and 300◦C.4.3 The Mott-Seitz mehanism of thermal quenhing inquartzThe priniples behind the Mott and Seitz mehanism of thermal quenhing inquartz have been summarized previously, for example in Bøtter-Jensen et al.(2003, p. 44). The Mott-Seitz mehanism is usually shown shematially usinga on�gurational diagram as in Fig. 4.1a, and onsists of an exited state ofthe reombination entre and the orresponding ground state. In this meha-nism, eletrons are aptured into an exited state of the reombination entre,from whih they an undergo either one of two ompeting transitions. The�rst transition is a diret radiative reombination route resulting in the emis-
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4.3 The Mott-Seitz mehanism of thermal quenhing in quartz 61sion of light and is shown as a vertial arrow in Fig. 4.1a. The seond routeis an indiret thermally assisted non-radiative transition into the ground stateof the reombination entre; the ativation energy W for this non-radiativeproess is also shown in Fig. 4.1a. The energy given up in the non-radiativereombination is absorbed by the rystal as heat, rather than being emittedas photons. One of the main assumptions of the Mott-Seitz mehanism is thatthe radiative and non-radiative proesses ompete within the on�nes of thereombination entre, hene they are referred to as loalized transitions. Dur-ing TR-OSL experiments a brief exposure to stimulating light (a light pulse)raises a small number of eletrons from the eletron trap into the ondutionband (CB); some of these eletrons are then trapped by the exited state of thereombination entre (RC). Eletrons trapped in this exited state may thenrelax to the ground state of the RC through a diret radiative transition (re-sulting in emission of a photon) or through a non radiative transition (in whihthe relaxation energy inreases the thermally indued vibrations of the lattie,Fig. 4.1a). In the approah �rst desribed by Mott (Mott and Gurney, 1948;Curie, 1963), the probability of the non-radiative proess, ANR, is assumed tohave a temperature dependent saling desribed by a Boltzmann fator of theform exp(−W/kBT ), where W is the ativation energy, T is temperature and
kB is Boltzmann's onstant, while the radiative probability AR is assumed tobe a onstant independent of temperature. The onstants AR and ANR havedimensions of s−1. Thus, the experimentally observed luminesene will beproportional to the luminesene e�ieny ratio η(T ) de�ned by the relativeprobabilities of radiative and nonradiative transitions:

η(T ) =
AR

AR +ANR exp(−W/kBT )
=

1

1 + AR

ANR

exp(−W/kBT )
. (4.1)Experimentally it has been found that the CW-OSL or the 325◦C TL peakintensity from quartz samples follow a very similar expression to Eqn. (4.1)with the empirial form:

I(T ) =
I0

1 + C exp(−W/kBT )
, (4.2)where I0 is the luminesene intensity at low temperatures and C is a dimen-sionless onstant [Chithambo (2007b), Eqn. (7); Wintle and Murray (1997);Wintle (1975)℄. As the temperature of the quartz sample is inreased dur-ing stimulation, the experimentally measured luminesene intensity I(T ) de-reases with temperature aording to Eqn. (4.2). This empirially observedform is similar to the expression derived on the basis of Mott-Seitz mehanismie. Eqn. (4.1). By omparison of the empirial expression (4.2) with the lu-minesene e�ieny expression (4.1), the dimensionless empirial onstant Cappearing in Eqn. (4.2) an be interpreted as the ratio of the non-radiative andradiative probabilities ANR/AR.However, in order to test whether the Mott-Seitz mehanism ould be re-sponsible for thermal quenhing in quartz, one should be able to make esti-mates of transition probabilities as a funtion of temperature; these estimatesare unfortunately not possible in CW-OSL or TL measurements. However,the analysis of time-resolved OSL signals o�ers suh a possibility. ReentlyChithambo (2007b, Eqn. (5)) has shown that the luminesene lifetime (τ)



62 Modelling the thermal quenhing mehanism in quartz . . .derived from the TR-OSL signals of quartz samples also shows a similar tem-perature dependene:
τ =

τ0
1 + C exp(−W/kBT )

, (4.3)where τ0 = 42 µs is the experimentally-observed lifetime for the radiative pro-ess in unannealed quartz at low temperatures. As the temperature T of thesample is inreased during the optial stimulation the lifetime τ(T ) of the ele-trons in the exited state dereases aording to Eqn. (4.3). A good agreementbetween Eqn. (4.2) [or (4.3)℄ and the TR-OSL data thus lends support to theMott-Seitz model as possible explanation for thermal quenhing in quartz. Toour knowledge a mathematial implementation of this model has not been un-dertaken before; the shemati approah in Fig. 4.1a is not based on a detailednumerial model involving eletroni transitions between energy states withinthe reombination entre. The purpose of this paper is to develop and testsuh a kineti model.4.4 A kineti model for thermal quenhing in quartzFigure 4.1b shows the energy level diagram in a simple new model based onthe Mott-Seitz mehanism, with the orresponding eletroni transitions takingplae during a typial TR-OSL experiment. The model onsists of a dosimetritrap shown as level 1, and three levels labeled 2-4 representing energy stateswithin the reombination entre. During the transition labeled 1 in Fig. 4.1b,eletrons from a dosimetri trap are raised by optial stimulation into the CB,with some of these eletrons being retrapped as shown in transition 2 with aprobability An. Transition 3 orresponds to an eletroni transition from theCB into the exited state loated below the ondution band with probability
ACB. Transition 5 indiates the diret radiative transition from the exitedlevel into the ground eletroni state with probability AR, and transition 4indiates the ompeting thermally assisted route. The probability for thisompeting thermally assisted proess is given by a Boltzmann fator of the form
ANR exp(−W/kBT ) where W represents the ativation energy for this proessand ANR is a onstant representing the non-radiative transition probability (i.e.the probability of non radiative transition at in�nite temperature). Transition6 denotes the non-radiative proess into the ground state, the dashed arrowin the Fig. 4.1b indiating that it is not a disrete energy loss but rathera ontinuous energy loss resulting in heat. The details of the non-radiativeproess of releasing energy in the model are not important; what is importantin determining the thermal quenhing e�ets is the ratio of the non-radiativeand radiative probabilities ANR/AR, or the onstant C de�ned from empirialobservations, and the value of the thermal ativation energy W .The ompeting transitions 4 and 5 in Fig. 4.1b form the basis of our de-sription of the thermal quenhing proess in quartz and are the auses of twosimultaneous e�ets. As the temperature of the sample is inreased, eletronsare removed from the exited state aording to the Boltzmann fator desribedabove. This redution leads to both a derease of the intensity of the lumi-nesene signal and to a simultaneous apparent derease of the luminesenelifetime.



4.4 A kineti model for thermal quenhing in quartz 63Several experiments (Wintle, 1975; Smith et al., 1990; Spooner, 1994;Chithambo, 2003) have reported a range of values of the onstants C, W ap-pearing in Eqns. (4.1) through (4.3). Typial ranges for the numerial valuesfor these onstants in quartz are W = 0.5�0.8 eV and C = 106�108 [see forexample, Chithambo (2003, Table 1) for a tabulation of several results℄. Theparameters used in the model are de�ned as follows; N1 is the onentration ofeletrons in the dosimetri traps (m−3), n1 is the orresponding onentrationof trapped eletrons (m−3), N2 and n2 are the onentrations of eletron trapsand �lled traps orrespondingly in the exited level 2 of the reombinationentre (m−3), W = 0.64 eV is the ativation energy for the thermally assistedproess (eV), An is the ondution band to eletron trap transition probabilityoe�ient (m3s−1), AR and ANR are the radiative and non-radiative transitionprobability oe�ients (s−1), and ACB is the transition probability oe�ient(m3s−1) for the ondution band to exited state transition. The parameter ncrepresents the instantaneous onentration of eletrons in the ondution band(m−3) and P denotes the probability of optial exitation of eletrons from thedosimetri trap (s−1).The equations used in the model are as follows:
dn1

dt
= nc(N1 − n1)An − n1P, (4.4)

dnc

dt
= −nc(N1 − n1)An + n1P −ACBnc(N2 − n2), (4.5)

dn2

dt
= ACBnc(N2 − n2)−ARn2 − n2ANR exp(−W/kBT ), (4.6)The instantaneous luminesene I(t) resulting from the radiative transition isde�ned as

I(t) = ARn2. (4.7)It is noted that transitions 4, 5 and 6 in Fig. 4.1a are of a loalized nature, whiletransition 3 involves eletrons in the CB and hene is deloalized. The di�er-ene in the nature of these transitions an also be seen in their mathematialforms in Eqns. (4.4�4.7). The term ACBnc(N2 − n2) in Eqns. (4.5) and (4.6)expresses the fat that there are N2 − n2 empty eletroni states available foreletrons in the CB; these states are exited states of the reombination en-tre, in agreement with the general assumptions of the Mott-Seitz mehanismof thermal quenhing.The values of the parameters used in the model are as follows: An = 5 ·

10−14 m3/s, AR = 1
42µs

= 2.38 · 104 s−1, ACB = 10−8 m3/s, P = 0.2s−1, N1 = 1014 m−3, N2 = 1014 m−3. In the absene of any experimentalevidene to the ontrary, we will make the assumption that the ondution bandempties muh faster than the luminesene proess in the reombination entrewhih is assumed to take plae with the experimentally observed luminesenelifetime of ∼42 µs. We therefore hoose the values of the deloalized transitionprobability ACB and of the onentration N2 suh that the ondution bandempties very quikly when the stimulating light is swithed o�, on a time saleof ∼1 µs. Note that the hosen values of ACB and N2 are about 1 and 3 ordersof magnitude higher than those used by Bailey (2001), respetively. Withoutsuh an inrease in either the transition probability and/or the value of N2,it is not possible to empty the ondution band su�iently quikly to explain
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Figure 4.2: Simulated time resolved spetrum for quartz using the model shownin Fig. 4.1. The LED stimulation is ON for 200 µs and OFF for the same amountof time. The rising and deaying parts of the signal are �tted with a risingexponential and a deaying exponential orrespondingly.the experimental TR-OSL results using a model in whih the reombinationentre is thermally quenhed. The value of the radiative transition probability
AR = 1

42µs
= 2.38·104 s−1 is taken from experimentally measured luminesenelifetime of τ = 42 µs at room temperature (Chithambo, 2007b; Ankjærgaardet al., 2009, Chapter 7 of this thesis). The value of the non-radiative probability

ANR was treated as an adjustable parameter within the model, and is adjustedto obtain the best possible �ts to the experimental data. The initial onditionsfor the di�erent onentrations are taken as: n1(0) = 9 · 1013 m−3, n2(0) = 0,
nc(0) = 0.The results of the simulation were tested by varying the parameters in themodel within a physially reasonable range of values. Not surprisingly giventhe hoie of a ondution band lifetime very muh less than the lifetime ofthe exited state of the reombination entre, it was found that the resultsremained unhanged when the parameters were varied within the followingranges of values: An = 5 · 10−12�5 · 10−16 m3/s, ACB = 10−5�10−8 m3/s,
N1 = 1010�1017 m−3, N2 = 1013�1016 m−3, n1(0) = 9 · 1010�9 · 1013 m−3.The results of the simulation only depended signi�antly on the values of theradiative and non-radiative probabilities AR and ANR used in the model. Thesedependenies of the results on the parameters make physial sense, sine theMott-Seitz mehanism is primarily an internal ompetition mehanism withinthe reombination entre, and should not depend ritially on the values of theexternal parameters in the model. Thus, TR-OSL gives us a very useful insightinto the lower limits of these parameter values.4.5 Simulation of a typial TR-OSL experiment usingthe new modelWe have simulated a typial TR-OSL experiment in whih the optial stim-ulation is initially ON for 200 µs and is subsequently turned OFF for the
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Figure 4.3: Simulated time resolved spetra for quartz at various stimulationtemperatures between 20 and 300◦C. As the stimulation temperature inreasesthe orresponding luminesene lifetime dereases for both parts of the signal.same amount of time. Figure 4.2 shows the results of this simulation usingthe model in Fig. 4.1b, and with the parameters listed in the previous se-tion. The deaying part of the signal in Fig. 4.2 has been �tted to a deayingexponential, while the rising part of the signal in the same �gure is �tted toa saturating exponential funtion. The �ts are shown as solid lines throughthe simulated data, and they yield almost idential luminesene lifetimes withvalues τrise = (41.8± 0.1) µs and τdecay = (41.6± 0.1) µs.We have repeated this simulation by varying the stimulation temperaturein the range 20-300◦C, with the results shown in Figs. 4.3 and 4.4. It is notedthat the preheat and irradiation parts of the experimental proedure are notpart of the simulation, but we assume instead a non-zero initial onentrationof eletrons in the dosimetri trap, as was explained in the previous setion.Figure 4.3 shows learly that as the stimulation temperature inreases, theluminesene lifetime for both the rising and falling part of the signal de-rease ontinuously beause of thermal quenhing. The luminesene lifetimes
τ , obtained by �tting single exponentials to the simulated TR-OSL urves inFig. 4.3, are shown in Fig. 4.4. The simulation results in Fig. 4.4a show thatas the stimulation temperature inreases, the luminesene lifetimes obtainedfrom the exponential �ts derease smoothly from ∼42 µs to ∼2 µs in the tem-perature range 20-300◦C. It is noted that the rising and deaying parts ofall simulated TR-OSL signals in Fig. 4.3 yield indistinguishable luminesenelifetimes, in agreement with the results of several previous experimental stud-ies (Chithambo, 2007b). Beause we have hosen parameter values suh thatthe ondution band empties muh faster than the exited state of the reom-bination entre, we see no evidene for the presene of multiple exponentialomponents in these simulations.Superimposed on the simulated data of Fig. 4.4a we show the experimentaldata on the luminesene lifetime for sampleWIDG8 (open triangles), inludingreyling points at 40, 100, 200 and 300◦C (�lled triangles). The solid linein Fig. 4.4a indiates the best �t to the simulation data using the thermalquenhing Eqn. (4.3) with an ativation energy W = 0.64 eV and a value of
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Figure 4.5: (a) The variation of the eletron onentration n2 in the exitedstate of the reombination entre (level 2 in Fig. 4.1b), as a funtion of timeduring the deaying OFF-time period of the TR-OSL signal at room tempera-ture. The luminesene lifetime of eletrons in the CB is very short as seen inthe inset, while the lifetime of the exited state (n2) is muh longer. (b) Theobserved TR-OSL signal deays at exatly the same rate as the onentration ofeletrons in the exited state, as shown in (a).
µs as shown in the inset of Fig. 4.5, while the exited state deays radiativelymuh slower in agreement with the experimentally observed lifetime of ∼40 µsat room temperature. The orresponding TR-OSL signal deays at the exatsame rate as the exited state (n2), in agreement with Eqn. (4.7).4.6 Further results of the modelDuring a typial TR-OSL experiment, the signals from several thousands ofpulses are added digitally to yield the measured total luminesene signal.An important onsideration during suh experiments is whether the shape ofthe individual TR-OSL spetra stays the same between pulses, and thereforewhether one an justi�ably add many individual pulses. We have simulatedsuh a sequene of 100,000 pulses using the model of Fig. 4.1, with the on-entrations at the end of eah pulse being used as the initial onentrationsof the next pulse. The resulting TR-OSL signals in this simulation are shownin Fig. 4.6, where it is seen that even after 100,000 pulses the TR-OSL signalmaintains its shape and yields the same luminesene lifetime. The results ofthe simulation show that after 100,000 pulses the onentration of holes in thereombination entre dereases by only 3.5% of its initial value.An important result from the model is that it produes reasonable results forvery long illumination times of the order of seonds. In suh a ase one expetsthat the results of the simulation would resemble what is seen experimentallyduring a ontinuous-wave (CW-OSL) experiment. In this simulation of longillumination times, the optial stimulation is left ON for a time period of severalseonds, while the OFF part of the simulation is not important in this typeof simulation. As seen in Fig. 4.7a, the resulting signal is very similar to



68 Modelling the thermal quenhing mehanism in quartz . . .

Time t, µs

0 100 200 300 400

T
R

-O
S

L
 s

ig
n

a
l 
(a

.u
.)

0

5.0x1010

1011

1.5x1011

2.0x1011

10
3
 pulses

10
5
 pulses

1.0x

Figure 4.6: Simulation of the TR-OSL signals after summation of 1,000 pulsesand after summation of 100,000 pulses.an OSL deay urve measured during a CW-OSL experiment. The simulationwas repeated for di�erent simulation temperatures and the results are shown inFig. 4.7a. Figure 4.7b shows the area under the stimulation urves in Fig. 4.7aas a funtion of the stimulation temperature, together with the results fromEqn. (4.3), showing good agreement between the results of the simulation andthe thermal quenhing fator.A third important result of the model is that it reprodues the well-knownderease in the thermoluminesene (TL) signal due to thermal quenhing.Spei�ally when TL glow urves are measured using a variable heating rate,the TL intensity is found to derease as the heating rate inreases. The resultof simulating the TL glow urves using di�erent heating rates is shown inFig. 4.8, using typial kineti parameters for the 325◦C TL peak of quartz(ativation energy E = 1.65 eV and frequeny fator s = 1012 s−1). As theheating rate inreases, the TL glow peaks beome wider and shift towardshigher temperatures, while their intensity dereases signi�antly. The inset toFig. 4.8 shows the derease of the total area under the TL glow urves withthe heating rate, a well-known experimental e�et due to thermal quenhing.4.7 DisussionSeveral experimental studies of quartz samples have eluidated the nature of thereombination entres in quartz. It is believed that the main quartz emissionband at 380 nm is due to reombination proesses taking plae at (H3O4)0hole entres (Yang and MKeever, 1990). Furthermore, it is thought that the110◦C TL signal and at least part of the main OSL signal from quartz are alsoassoiated with this hole entre. Additional quartz emission bands have beenidenti�ed at 420 nm (Baili�, 1994) and at 460 nm, with the latter emissionbelieved to be due to (AlO4)0 entres (Yang and MKeever, 1990). Laterexperimental studies have provided important links between spei� impuritiesin quartz and ioni movements in the rystal, as well as additional informationon the nature of the ioni omplexes involved in the luminesene proess in
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Figure 4.7: (a) Simulation of the TR-OSL signal when the optial stimulationis ON for very long times, while the OFF period is not important in this typeof simulation. The resulting urves are similar to �shine down� urves obtainedexperimentally during a ontinuous-wave CW-OSL experiment. (b) Variation ofthe area under the shine down urves in (a), with the stimulation temperature(solid irles). The solid line is alulated using Eqn. (4.3) for thermal quenhing.quartz (Itoh et al., 2001; Shilles et al., 2001; Poolton et al., 2000; Vartanianet al., 2000).In the rest of this setion we disuss the relationship between the quartzmodel presented in this paper and the more omprehensive quartz models foundin the literature (Bailey, 2001; Adamie, 2005; Pagonis et al., 2008). For om-parison purposes we hoose the model of Bailey (2001) as a representativeexample of ommonly used phenomenologial quartz models. The purpose ofthis disussion is to emphasize the di�erenes between loalized and deloalizedtransitions ontained in the models. The Bailey model ontains a total of 5eletroni levels and 4 hole entres, and has been used suessfully to simu-late a wide variety of TL and OSL experiments in quartz. In this model theluminesene intensity from quartz is written as [Bailey (2001), p. 22, Eqn. (6)℄:
I(t) = ACBmncη(T ), (4.8)where ACB represents the probability of eletroni transitions from the on-
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Figure 4.8: Simulation of the thermoluminesene (TL) signal measured withdi�erent heating rates, by using the model in Fig. 4.1. The inset shows thevariation of the area under the TL glow urves as funtion of the heating rate.The simulated derease of the TL area with the heating rate is due to thepresene of thermal quenhing.dution band into the reombination entre, m represents the instantaneousonentration of holes in the reombination entre, nc is the onentration ofeletrons in the CB, and η(T ) is the �luminesene e�ieny fator� given bya Mott-Seitz type of expression:
η(T ) =

1

1 + C exp(−W/kBT )
. (4.9)Within the Bailey model, Eqn. (4.8) above learly represents mathematially adeloalized transition involving eletrons in the ondution band. Furthermore,Eqn. (4.9) above in the Bailey model expresses mathematially the thermalquenhing proess by using a phenomenologial e�ieny fator η(T ).By ontrast, in the model presented in this paper the luminesene intensityis expressed by the expression:

I(t) = ARn2, (4.10)whih represents mathematially a loalized transition from the exited levelof the reombination entre into the ground state of the same entre. In themodel of Fig. 4.1b, all transitions are of a loalized nature, exept for tran-sition 3 whih involves eletrons in the CB and hene is deloalized. Mathe-matially this deloalized transition is expressed by the term ACBnc(N2 − n2)in Eqns. (4.5) and (4.6). The present model is therefore a mathematial de-sription of a ompletely internal mehanism within the reombination entre,and is based on eletroni transitions of a loalized nature. Furthermore, thepresent model is developed in terms of eletrons oupying multiple energystates within the reombination entre, while in the Bailey deloalized modelone onsiders a single radiative transition from the CB into the reombinationentre.We have attempted to simulate the TR-OSL experiment desribed in thispaper using the Bailey (2001) model, and found that the relaxation time within



4.8 Conlusions 71the model is τ ∼ 0.1 s, three orders of magnitude larger than the experimentallyfound value of τ = 42 µs. It is possible to selet parameter values withinthe Bailey model that will give a lifetime onsistent with experiment, andalso with the experimentally observed derease in luminesene intensity withstimulation temperature. However, in the Bailey and other similar modelsthere is no proess by whih this lifetime is temperature dependent, in ontrastto experimental observation and the preditions of our model.The ultimate goal of a omprehensive thermal quenhing model for quartzshould be a more inlusive model, namely a model whih would ombine thedeloalized proesses in the Bailey model with an appropriate modi�ation ofthe parameter values to explain observed emptying of the ondution bandfrom the TR-OSL experiments, and the loalized proesses desribed in thispaper. Suh a omprehensive model would be able to desribe a wider varietyof luminesene phenomena in quartz, from a time sale of miroseonds totens of seonds. Suh an enompassing e�ort is urrently in progress.4.8 ConlusionsThe Mott-Seitz mehanism for thermal quenhing in quartz was �rst suggestedseveral deades ago, and provides a physial explanation based on loalizedtransitions for several thermal quenhing phenomena in quartz. In this pa-per we presented a simple kineti model for the Mott-Seitz mehanism. Themodel provides a satisfatory mathematial desription of the internal ther-mal quenhing mehanism of luminesene in quartz. The results of the modelompare quantitatively with new experimental results obtained using a singlealiquot proedure on a sedimentary quartz sample.The model an be applied to several types of luminesene experimentsinvolving very di�erent time sales. In the ase of TR-OSL experiments themodel an desribe thermal quenhing phenomena within a time sale of mi-roseonds, while in the ase of CW-OSL and TL experiments the model pro-vides a satisfatory desription of the thermal quenhing kinetis within a timesale of tens of seonds.One important onlusion from the model presented here, is that the ex-isting model parameters for quartz do not allow quik enough emptying of theCB, and therefore an not explain the TR-OSL data. Spei�ally, all avail-able experimental evidene points that no matter what the quartz type, theTR-OSL lifetime at room temperature should be of the order of tens of µs.However, as pointed out above, the relaxation time within the Bailey model is
τ ∼ 0.1 s, three orders of magnitude larger than the experimental value. Thisis of ourse not a fundamental failure in the urrent models, but rather it allsfor a re-evaluation of the available model parameters for quartz.AknowledgementThe �nanial support provided by the Luminesene Laboratory for NordiStudies and by Risø-DTU is gratefully aknowledged by V. Pagonis. We thankProf. R. Roberts, for providing and preparing the sedimentary quartz [sampleWIDG8; Wintle and Murray (1997)℄.
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Chapter 5Charge reombination proesses inminerals studied using optiallystimulated luminesene andtime-resolved exo-eletronsS. Tsukamoto1,2, A. S. Murray2, C. Ankjærgaard3, M. Jain3 andT. Lapp3
1Leibniz Institute for Applied Geophysis, Geohronology and Isotope Hydrology,Stilleweg 2, D-30655 Hannover, Germany
2Nordi Laboratory for Luminesene Dating, Department of Earth Sienes,Aarhus University, Risø DTU, DK-4000 Roskilde, Denmark
3Radiation Researh Division, Risø National Laboratory for Sustainable Energy,Tehnial University of Denmark, DK-4000 Roskilde, DenmarkPublished in: Journal of Physis D: Applied Physis.AbstratA time-resolved optially stimulated exo-eletron (TR-OSE) measurement systemhas been developed using a Photon Timer attahed to a gas-�ow semi-proportionalpanake eletron detetor within a Risø TL/OSL reader. The deay rate of theexo-eletron emission after the stimulation pulse depends on the probability of (1)esape of eletrons into the detetor gas from the ondution band by overoming thework funtion of the material, and (2) thermalisation of eletrons in the ondutionband, and subsequent re-trapping/reombination. Thus we expet the exo-eletronsignal to re�et the instantaneous eletron onentration in the ondution band. Inthis study, TR-OSE and TR-OSL were measured for the �rst time using quartz, K-feldspar and NaCl by stimulating the samples using pulsed blue LEDs at di�erenttemperatures between 50 and 250◦C after beta irradiation and preheating to 280◦C.The majority of TR-OSE signals from all the samples deayed muh faster than TR-OSL signals irrespetive of the stimulation temperatures. This suggests that thelifetime of OSL in these dosimeters arises mainly from the relaxation of an exitedstate of the reombination entre, rather than from residene time of an eletron in



76 Charge reombination proesses studied by OSL and TR-OSEthe ondution band.Keywords: Optially stimulated, time-resolved, luminesene, lifetime, exo-eletron,quartz, feldspar, NaCl5.1 IntrodutionThe luminesene lifetime of minerals has been investigated using time-resolvedoptially stimulated luminesene (TR-OSL) to understand the reombinationproess of luminesene [e.g. Clark et al. (1997); Chithambo and Galloway(2001); Ankjærgaard et al. (2009a, Chapter 7 of this thesis)℄. TR-OSL has beenmeasured using pulsed laser e.g. Sanderson and Clark (1994); Ankjærgaardet al. (2009a, Chapter 7 of this thesis) or LEDs and summing signals frommany pulses (Chithambo and Galloway, 2000b; Denby et al., 2006). The timedelay between stimulation and luminesene emission an be onsidered toresult from 3 proesses, see Fig. 5.1: (i) evition of harge from the trap tothe ondution band, (ii) the reombination lifetime (a funtion of the eletrononentration in the ondution band and hole onentration) and (iii) the de-exitation time (lifetime) of the exited state of the reombination entre. Asthe signals here are examined after light stimulation has eased, the �rst proessan be negleted; the luminesene lifetime is then presumably dominated by aombination of the two latter proesses, but it is di�ult to determine whih,if either, dominates.One method whih an be used diretly to probe eletron onentrationsin the ondution band is the emission of optially stimulated exo-eletrons(OSE). Exo-eletron emission an our when eletrons in a trap absorb enoughenergy to overome the work funtion of the rystal surfae, χ, and esape fromthe surfae, or when eletrons already in the ondution band aquire su�ientthermal energy to overome the work funtion. By pulsing the stimulation lightsoure and deteting both the time-resolved OSL and OSE signals between thepulses, it is possible to ompare whether the lifetime of the emitted lumines-ene (the TR-OSL signal) is similar or not to the mean life of the eletrononentration in the ondution band (TR-OSE signal).Here we ompare the lifetimes of these signals from quartz, K-feldspar andNaCl to experimentally determine, for the �rst time, whether the TR-OSLlifetime is dominated by the rate at whih the ondution band empties, or bythe rate of relaxation of the exited state(s) of the reombination entre(s).5.2 A model for exo-eletron emissionHere we outline the model used in this paper to desribe exo-eletron emission,de�ned as the emission of low-energy eletrons from the surfae of a solid follow-ing exitation by ionizing radiation. The di�erent mehanisms of exo-eletronemission from a solid have been lassi�ed aording to the stimulation methodby Oster et al. (1999) and a mathematial model was later developed by Osterand Haddad (2003) to desribe photo-stimulated exo-eletron mehanisms. Anoverview of the di�erent exo-mehanisms relevant to our natural dosimetersis presented in Fig. 5.1 (solid arrows denote optial stimulation and dashed
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Figure 5.1: A band model desribing the generation of exo-eletrons and lumi-nesene in wide band gap materials. Photon (full arrows) or phonon (dashedarrows) absorption gives rise to eletron esape from the dosimetri trap of depth
E, to the ondution band, proess (i). From here the eletron either undergoesreombination at the luminesene entre (proess (ii)) or reeives further op-tial or thermal energy (W ) to overome the work funtion, of the surfae andesape the rystal. If the luminesene entre has an exited state, then lu-minesene light is emitted following de-exitation of this state to the groundstate (proess (iii)). Oster and Haddad (2003) suggest the following mehanismsfor exo-eletron esape from the trap: (1) photo-thermostimulated emission, (2)non-stationary photoemission, (3) photo-photostimulated emission, (4) thermo-photostimulated emission, and (5) thermo-thermostimulated emission. Thesemehanisms are disussed in the main text.arrows denote thermal stimulation). Assuming the main dosimetri trap of thematerial is stable at ambient temperatures and positioned at energy E belowthe ondution band, and that the work funtion of the rystal is given by χ,then �ve possible mehanisms for exo-eletron emission an be postulated: intransition (1) the eletron is released from the trap by photon absorption, butsubsequent emission from the surfae results from additional thermal exita-tion; this proess is alled photo-thermostimulated emission, and is disussedfurther in Pagonis et al. (2009a). In transition (2), alled non-stationary pho-toemission, both the trap release and emission ours in a single step induedby absorption of one photon. This mehanism is unlikely in quartz and feldsparbeause the blue stimulation light energy (∼2.6 eV) is only just su�ient toevit the eletron. In feldspar the dosimetry trap is believed to be between2 and 2.5 eV (Huntley et al., 1996; Poolton et al., 2009) and for quartz ∼3.0eV (Huntley et al., 1996). Pagonis et al. (2009a) derived the work funtion,

χ, for their natural quartz sample to be ∼1.2 eV, and the thermal assistanerequired to release stimulated eletrons from the ondution band, W , to be0.29 ± 0.02 eV, using the model of Oster and Haddad (2003). Other souresstate the eletron a�nity of pure SiO2 to be between 0.9 and 1.0 eV (Good-man and O'Neill, 1966; Shreiber and Fitting, 2002). Transition (3) representsphoto-photostimulated emission in whih eletron release and emission results



78 Charge reombination proesses studied by OSL and TR-OSEfrom absorption of photons, but in a two-step proess. This mehanism will befurther disussed in Setion 5.7. In transition (4) the eletrons are evited bythermal energy and the subsequent exo-eletron emission requires photon ab-sorption; this is termed thermo-photostimulated emission. As with transition(2), this mehanism is very unlikely in our work. If samples are �rst preheatedto empty shallow traps, then at moderate temperatures the onentrations ofthermally stimulated eletrons in the ondution band should be very small.In addition, after the light pulse is swithed o�, there are no photons avail-able to omplete the stimulation proess. The �nal transition (5) representsthe thermo-thermostimulated emission proess; this is observed during TSEmeasurements in whih there is su�ient thermal energy available at highertemperatures to �rst evit eletrons from traps, and then to overome the workfuntion. We onlude that only transitions (1) and (3) are likely to our dur-ing time-resolved optially stimulated exo-eletron emission at temperaturessigni�antly below any prior thermal pre-treatment (preheating).5.3 Previous exo-eletron studies using naturaldosiemetersAnkjærgaard et al. (2006) developed an exo-eletron measurement system at-tahed to a Risø TL/OSL reader and were the �rst to measure OSL and OSE,and TL and TSE simultaneously. They began by omparing the dosimet-ri properties of surfae and bulk quartz, feldspar and NaCl, using blue lightstimulation, and onluded they were indistinguishable; TL and OSL originatefrom whole volume of the dosimeter, whereas TSE and OSE derive from only
∼1 µm below the surfae. They also observed that sensitivity hange (emis-sion intensity after giving a same repeated dose and preheat) ourred onlyin OSL (not OSE) and as a result suggested that this sensitivity hange isprimarily related to hanges in reombination probability. They were unableto observe IR stimulated exo-eletrons from feldspar, and onluded that theeletrons giving rise to the infrared stimulated luminesene signal ommonlyobserved from feldspar do not go through the ondution band. Ankjærgaardet al. (2008) studied the dependene on stimulation temperature of OSL andOSE from quartz. The OSL signal monotonially dereased with inreasingstimulation temperature, due to thermal quenhing, but OSE inreased upto ∼280◦C and only then dereased. They also investigated the thermal sta-bility of OSL and OSE of quartz. The OSL signal �rst inreased with thepreheat temperatures up to 260◦C and rapidly dereased above 300◦C whereasOSE steadily dereased from 130◦C. They explained this gradual derease ofOSE with stimulation temperature by a hange in ompetition between lumi-nesene reombination and eletron ejetion from the surfae. Ankjærgaardet al. (2009b) measured natural doses using OSE from 10 quartz samples andompared these equivalent doses with those obtained using OSL.5.4 Instrumentation, samples and measurementsA time-resolved exo-eletron measurement system has been developed using awindowless �ow-through semi-proportional panake detetor (pulse width 5-10 µs after ampli�ation and shaping) inserted into the LED unit of a Risø



5.5 TL and TSE 79TL/OSL reader (Ankjærgaard et al., 2006, 2008). Pulses from the dettor aretime stamped with referene to the beginning of the stimulation light pulse,using a pulse timer [Lapp et al. (2009, Chapter 2 of this thesis)℄. The durationof the stimulation light pulse is referred to here as the `on-time' and the timebefore ommenement of the next light pulse as the `o�-time'. Eletrons areemitted into a ounting gas (99% argon, 1% isobutane), multiplied and olletedby the anode wire within the panake detetor. A more detailed desription ofthe exo-eletron system is given by (Ankjærgaard et al., 2006). The stimulationlight from lusters of blue (470 nm) or infrared (870 nm) LEDs penetratesthe transparent plasti walls of the gas detetor, and any resulting OSL isdeteted through a total of 7.5 mm Hoya U-340 glass �lters by a photomultipliertube (PMT) plaed diretly above the athode grid of the gas detetor. Thesystem allows the simultaneous measurement of OSE and OSL, and an alsobe used to simultaneously measure thermally stimulated exo-eletrons (TSE)and thermoluminesene (TL). We only have one pulse timer; this an be usedto analyse the signals from either the gas detetor or the PMT.The OSL and OSE signals from 180 to 250 µm grains of quartz [WIDG8;Wintle and Murray (2006)℄ and 75 to 125 µm grains of K-feldspar [981119KF;Tsukamoto et al. (2002)℄ samples were measured by pressing the grains lightlyinto the surfae of 8 mm diameter (1 mm thik) lead diss plaed in 9 mmstainless steel ups (Ankjærgaard et al. (2009b) found that a lead substrateinreases the intensity of the OSE signal). The OSL and OSE signals fromNaCl were measured with grains diretly plaed in stainless steel ups. Eightmm diameter silver diss were used instead of lead to measure TL and TSE,beause of the low melting point of lead. The samples were given a beta dose,preheated to 280◦C, ooled immediately and then the time-resolved OSL andOSE (TR-OSL and TR-OSE) signals were measured for either 200 s (with anon-time of 50 µs and an o�-time of 100 µs) or for 2000 s (with an on-time of 200
µs and an o�-time of 1.8 ms) at temperatures of 50, 100, 150, 200 and 250◦C.The preheat temperature of 280◦C was hosen to investigate the dependeneof OSE and OSL on a wide range of stimulation temperatures (from 50 to250◦C). Di�erent blue LED powers of 1.5, 10 and 25 mW/m2 were used forNaCl, quartz and K-feldspar, respetively. TL and TSE urves for NaCl andquartz were measured by heating to 400◦C at 2◦C/s and for K-feldspar to 350◦Cat 5◦C/s. An optial attenuator made of thin ard puntured with many smallpinholes was inserted within the glass �lter layers to redue the signal intensitywhen the OSL signal approahed PMT saturation (>106 ounts/s). A similarattenuator was used to monitor the rise- and fall-times of the LED pulses.5.5 TL and TSETL and TSE signals from NaCl, quartz and K-feldspar were measured followingbeta doses of 100, 1000 and 1000 Gy, respetively (Fig. 5.2). Similar TL andTSE urves up to 250◦C were reported by Ankjærgaard et al. (2006). Peaksin the TL and TSE urves from NaCl and quartz appear in similar positions,although the relative intensities of the peaks are very di�erent. This suggeststhat the main mehanism for TL prodution in these peaks is eletron evitionduring thermal stimulation. The TL signal of K-feldspar has a single broadpeak at ∼200◦C but the TSE was better resolved and has peaks at 100, 150,
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Figure 5.2: TL and TSE urves from (a) NaCl, (b) quartz and () K-feldspar,using doses of 100, 1000, and 1000 Gy respetively.250 and higher than 350◦C. Clearly the relationship between TL and TSE isnot simple, and it an be dedued that reombination phenomena probablyplay a very large role in the shape of the TL urves in feldspars. This wouldarise, for instane, if the luminesene e�ieny of eletrons derived from asingle trap varied with temperature, or if the available hole population hangedsigni�antly during the emptying of a trap.5.6 Pulsed OSL and OSE deay urvesPulsed OSL and OSE (POSL and POSE) stimulation urves were measured bypulsing the LEDs (using an on-time of 50 µs and an o�-time of 100 µs) for 180 s
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Figure 5.3: POSL and POSE deay urves from (a, b) NaCl, (, d) quartz and(e, f) K-feldspar for stimulation temperatures of 50, 100, 150, 200 and 250◦Cfollowing doses of 200, 200, and 500 Gy respetively, and a preheat to 280◦C.after giving the NaCl, quartz and K-feldspar samples doses of 200, 200 and 500Gy respetively, preheating to 280◦C and ooling immediately. The sampleswere then measured at temperatures of 50, 100, 150, 200 and 250◦C. In orderto determine the intensity of any thermally stimulated signal, the reording ofthe signals started 8 s before the LEDs were swithed on. Figure 5.3a and bshow, for NaCl, the POSL and POSE deay urves of all deteted photons andeletrons (i.e. for eah urve, all the signal deteted during both the on- ando�-time of the pulsed stimulation is summed). The insets show the POSL andPOSE intensities during the �rst 4 s as a funtion of stimulation temperature.The POSL from NaCl dereases towards higher temperature, whereas there wasno signi�ant temperature dependene in the POSE signal. The POSL fromquartz (Fig. 5.3) also dereases with temperature, espeially above 150◦C(beause of thermal quenhing; Wintle (1975); Murray and Wintle (1998)).However, the POSE from quartz inreases as the temperature is inreased(Fig. 5.3d). Thermal quenhing is a reombination phenomenon, and should
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Figure 5.4: Time-resolved OSL and OSE from NaCl (a, b), quartz (, d), andK-feldspar (e,f) for stimulation temperatures of 50, 100, 150, 200 and 250◦Cfollowing doses of 200, 200, and 500 Gy respetively and a preheat to 280◦Cusing pulsed LED stimulation (on-time: 50 µs, o�-time: 100 µs). Doses andpreheat similar to those of Fig. 5.3.therefore not a�et the POSE signal; the inrease with temperature implies thatthermal assistane plays a role at some point in the evition proess (either fromthe trap, or from eletrons already in the ondution band). Both the POSLand POSE from K-feldspar inrease with temperatures, although the POSLsignal at 250◦C then dereases (Fig. 5.3e, f). A strong thermally stimulatedsignal was observed at 250◦C for all the POSE and POSL signals (the signalreorded before the stimulation begins), suggesting that this thermal signalunderlies the POSE and POSL at 250◦C.5.7 Time-resolved OSL and OSE signalsFigure 5.4 shows the time-resolved OSL and OSE (TR-OSL and TR-OSE)urves from NaCl, quartz, and K-feldspars measured at di�erent temperatures



5.7 Time-resolved OSL and OSE signals 83(the urves shown in Fig. 5.3 were derived from these data by integrating thesignals for all the pulses during the stimulation time, for an on-time of 50 µsand an o�-time of 100 µs). The TR-OSL and TR-OSE o�-time signals havebeen �tted with an equation of the form:
I(t) =

∑

ai exp(−t/τi) + k for i = 1, ..., n (5.1)where I is the intensity at time t, ai is the intensity at t = 0 for the `i'thomponent, τi is the lifetime, n is the number of omponents, and k is aonstant. This �tting does not have any physial impliation and should onlybe seen as parameterisation of the TR-OSL and TR-OSE o�-time deay shapesfor interomparison of the time sales involved. It has already been argued thatthe behavior of TR-OSL signals from feldspar annot be adequately explainedby an exponential model (Ankjærgaard et al., 2009a; Ankjærgaard and Jain,2010a, Chapter 8 of this thesis) although both feldspar and quartz urves havebeen �tted to suh models in the literature (Clark et al., 1997; Clark andBaili�, 1998; Baili�, 2000; Chithambo and Galloway, 2000a,b, 2001; Pagoniset al., 2009b, 2010).The TR-OSL signal from NaCl has a onstant lifetime of ∼30 µs, regard-less of the temperature (Fig. 5.4a). The majority of the NaCl TR-OSE signaldeays muh faster than the TR-OSL but there is also a signal with a verylong time onstant whih annot be �tted on this measurement timesale of100 µs o�-time (Fig. 5.4b). An average lifetime of 0.7± 0.06 µs was obtainedfrom �tting the 5 TR-OSE measurements at di�erent stimulation temperatures(there is no detetable trend in the deay rate with stimulation temperature).The lifetime of the TR-OSL signal of quartz dereases from 37 to 5 µs withinreasing temperature (Fig. 5.4), as previously reported by Baili� (2000),Chithambo and Galloway (2000) and Pagonis et al. (2010, Chapter 4 of thisthesis); this is usually attributed to thermal quenhing of the luminesene en-tre, leading to a more rapid emptying of the exited state by a non-radiativede-exitation route. The majority of the TR-OSE signal deays muh fasterthan the TR-OSL signal (τ =∼0.6 µs; Fig. 5.4d, no trend observed with tem-perature). The TR-OSL signal from K-feldspar deays with apparent lifetimesof 2-3 and 20-30 µs and the intensities derease with inreasing temperature[Fig. 5.4e; the nanoseond time-sale lifetimes reported by Clark et al. (1997);Clark and Baili� (1998); Ankjærgaard et al. (2009a, Chapter 7 of this the-sis) annot be resolved with our pulsed LEDs℄. The TR-OSE signal from K-feldspar also deays muh faster than the TR-OSL signal (τ =∼0.4 µs; Fig. 5.4f,no trend observed with temperature). The normalised TR-OSE signals fromNaCl, quartz and K-feldspar during the �rst 11 µs of the o�-time are shown inFigs. 5.5a�. The lifetimes found from �tting are 0.76± 0.07, 0.61± 0.05 and
0.38± 0.03 µs, respetively. The deay of the light signal from the blue LEDsis shown in Fig. 5.5d (measured diretly through a pinhole attenuator by thephotomultiplier tube). More than 60% of the LED pulse swithes o� with alifetime of ∼70 ns, and almost all of the remaining light with a lifetime of ∼1.8
µs. It appears that the majority of the TR-OSE signals from all 3 mineralsdeay by about an order of magnitude more slowly than the dominant LEDswithing o� time.Time-resolved OSL and OSE signals were also reorded for 2000 s usinglonger on- (200 µs) and o�- (1.8 ms) times. The o�-time signals are shown in
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5.7 Time-resolved OSL and OSE signals 85
0 500 1000 1500

O
S

L
, 
a

rb

102

103

104
50

o
C

100
o
C

150
o
C

200
o
C

250
o
C

(a) NaCl TR-OSL

0 500 1000 1500

O
S

E
, 
a
rb

101

102

(b) NaCl TR-OSE

0 500 1000 1500

O
S

L
, 

a
rb

102

103

104
(c) Quartz TR-OSL

0 500 1000 1500

O
S

E
, 

a
rb

101

102

103

(d) Quartz TR-OSE

Time,  s

0 500 1000 1500

O
S

L
, 

a
rb

102

103

104

(e) K-feldspar TR-OSL

Time,  s

0 500 1000 1500

O
S

E
, 

a
rb

100

101

102

103
(f) K-feldspar TR-OSE

Figure 5.6: Time-resolved OSL and OSE measured for 2000 s: NaCl (a, b),quartz (, d), and K-feldspar (e,f) for stimulation temperatures of 50, 100, 150,200 and 250◦C using on- and o�-times of 200 µs and 1.8 ms. Doses and preheatsimilar to those of Fig. 5.3.temperature as desribed earlier, between ∼37 and 5 µs (Fig. 5.7b, OSL1). Theslow TR-OSE lifetime is similar to that of the slow TR-OSL lifetime (0.1�1 ms;Fig. 5.6b, OSL2 and OSE2). Ankjærgaard and Jain (2010a,b, Chapters 6 and8 of this thesis) have observed optially stimulated phosphoresene signalslasting up to ∼8 s in quartz and feldspar. They onlude that re-trapping andsubsequent thermal evition from shallow traps is most likely to give rise tosuh long term phosphoresene deay. In the ase of quartz a phosphoreseneomponent with a lifetime varying from 1.4 s at 100◦C to 4 ms at 200◦C wasattributed to trapping (during optial stimulation) and subsequent thermaldetrapping of the 110◦C TL peak. It is likely that our slowly deaying TR-OSE signals arise beause of a gradual emptying of harge into the ondutionband from suh shallow traps.We suggest that the fast deay in our TR-OSE signal is related to ondu-
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Figure 5.7: Summary of the TR-OSL and TR-OSE lifetimes for NaCl (a) andquartz (b) found by �tting the urves in Figs. 5.4 and 5.6.tion band emptying after optial stimulation, whereas the more slowly deayingTR-OSE omponents are probably related to the thermal emptying of shallowtraps. However, there are two possible alternative explanations for our data:it is possible that eletron stimulation is a two stage proess (Transition 3 inFig. 5.1) with a photon absorption stimulating an eletron into the ondutionband, and a subsequent absorption ausing esape of this ondution bandeletron from the rystal. In this ase the probability of eletron ejetion, andthereby the intensity should be proportional to the square of the stimulationpower (Oster and Haddad, 2003). We have tested whether this model appliesby repeated measurement of the OSE signal as a funtion of stimulation power,for a single aliquot of quartz (following a dose of ∼400 Gy and a preheat to280◦C for 10 s). The data are shown in Fig. 5.8; there is no suggestion of anon-linear relationship, and so we onlude there is no evidene for a two stepproess in the eletron evition from quartz. Similar observations were madeusing an aliquot of NaCl, but signals from feldspar were too weak to measureat lower stimulation powers.It is also possible that eletrons in the ondution band thermalise veryquikly (transition 1 in Fig. 5.1). This ould lead to a rapid drop in the TR-OSE signal immediately following the stimulation pulse, followed by a slowerreombination from the bottom of the ondution band without a orrespond-ing TR-OSE signal. However, for both quartz and feldspars blue light stim-ulation is only just su�ient to ause detrapping; the stimulation energy (2.6eV) is similar or less than the main OSL trap depth, i.e. 2�2.5 eV (Huntleyet al., 1996; Poolton et al., 2009) or ∼3 eV (Huntley et al., 1996). It thusseems likely that most optially evited eletrons are put into the ondutionband at or lose to the ondution band edge; eletrons must then esape therystal surfae beause of thermal e�ets, to give rise to an OSE signal. In thispiture, eletrons do not require to lose muh, if any, energy to thermalise after�rst entering the ondution band. It therefore seems more likely that the fastdrop in the TR-OSE signals of quartz and feldspar re�ets a signi�ant drop inthe ondution band population. A lak of any systemati hange in the rateof derease of fast TR-OSE signals with stimulation temperature (Fig. 5.7)further supports this interpretation.The fastest TR-OSL lifetimes are of the order of tens of miroseonds in
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Figure 5.8: The initial intensity of ontinuous wave OSE from quartz as afuntion of stimulation power (a bakground signal derived from the end of thestimulation period has been subtrated from all observations).both quartz and NaCl. This suggests that ondution band emptying mustour at either the same or faster timesales. Our TR-OSE data suggeststhat ondution band emptying gives rise to the initial fast drop in the TR-OSE signals. Thus, the initial (but muh slower) TR-OSL deay must re�etrelaxation of the reombination enter in quartz and NaCl. This onlusionhas important impliations for the hoie of parameters in the kineti model(Bailey, 2001) urrently used to desribe harge movement in quartz; publishedmodel parameters (Bailey, 2001) predit several orders of magnitude slowerondution band emptying than observed here.5.8 ConlusionFor the �rst time, we report on time-resolved exo-eletron measurements duringpulsed optial stimulation of luminesent phosphors. We observe very slowly-or non-deaying TR-OSE and TR-OSL signals from quartz, K-feldspar andNaCl; these signals probably arise from retrapping and subsequent deay fromshallow traps. However, the majority of the TR-OSE signal intensity deayson timesales <1 µs; for NaCl and quartz, this is muh faster than that ofthe orresponding TR-OSL signals (∼40 µs). Thus, our data strongly suggestthat the observed fast TR-OSL lifetimes in quartz and NaCl arise mainly fromthe deay of exited states of reombination entres, rather than from on-dution band emptying. These observations provide lear time onstraints onthe rates of harge movement in these natural dosimeters and have signi�antimpliations for kineti luminesene models.ReferenesAnkjærgaard, C., Denby, P. M., Murray, A. S., and Jain, M. (2008). Chargemovement in grains of quartz studied using exo-eletron emission. Radiation
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Chapter 6Optially stimulatedphosphoresene in quartz over themilliseond to seond time sale:insights into the role of shallowtraps in delaying luminesentreombinationC. Ankjærgaard and M. JainRadiation Researh Division, Risø National Laboratory for Sustainable Energy,Tehnial University of Denmark, DK-4000 Roskilde, DenmarkPublished in: Journal of Physis D: Applied Physis.AbstratTime-resolved OSL urves from quartz are usually measured over a few hundred
µs beause this time range best illustrates the main omponent in quartz whihlies in the range of 30�45 µs. In this study we present the deay form of quartztime-resolved optially stimulated luminesene (TR-OSL) and optially stimulatedphosphoresene (OSP) overing over 8 orders of magnitude from 50 ns to ∼8 s. Adetailed haraterisation of the previously unstudied slowly deaying signals (ms�stime sales) is undertaken to understand the origin of these omponents and therole of re-trapping following optial stimulation. We present preheat and stimulationtemperature dependene for both the TR-OSL and OSP urves in these time rangesand use the latter data to determine the E and s values for the partiipating shallowtraps. We observe an abnormal deay behaviour seen as a sudden inrease in thedeay rate (a `kink') onspiuous at about 2�3 s in the OSP urves measured at75 and 100◦C. We satisfatorily reprodue this behaviour with a numerially solvedkineti model onsisting of 4 energy levels. The physial interpretation of the kinetirate equations is disussed in terms of a three trap � one entre model, or a one trap� two entres model involving loalised harge transfer.



92 OSP in quartz over the milliseond to seond time sale. . .Keywords: Quartz, Optially Stimulated Luminesene (OSL), Time-Resolved OSL(TR-OSL), Optially Stimulated Phosphoresene (OSP), Delayed OSL (DOSL),Photo-Transferred Thermoluminesene (PTTL), 110◦C TL trap, kineti model6.1 IntrodutionNatural quartz is widely used in luminesene based retrospetive dosimetry(Bøtter-Jensen et al., 2003). The luminesene from previously beta or gammairradiated quartz an be obtained by thermal, or by ontinuous or pulsed optialstimulation. In pulsed optial stimulation mode the luminesene measuredduring and between the pulses is known as Time-Resolved OSL (TR-OSL) andan be used to understand the various reombination routes in a rystal. TR-OSL of quartz has been studied for almost a deade (Baili�, 2000; Chithamboand Galloway, 2000; Chithambo et al., 2007; Pagonis et al., 2009, and referenesin these papers).The main proesses that govern the time sales involved in optially stim-ulated luminesene generation are generally exponential in nature. The mostimportant of these proesses are: (a) detrapping: evition of a trapped ele-tron by stimulation to the ondution band, (b) transition from the ondutionband to the luminesene entre, and () the relaxation from the exited stateto the ground state of the luminesene entre.The rates of eah of these proesses are in turn determined by the lifetimesof the eletrons in transition from one energy level to the other. During optialdetrapping the mean life of a trapped eletron is determined by the photoioni-sation ross-setion of the trap. In pulsed stimulation where the luminesenesignal is analysed after the pulse, i.e. in the o�-time, proess (a) an be elim-inated and moreover it an be assumed that there is negligible hange in theonentration of reombination entres as the energy delivered to the sampleduring a pulse is rather small. Thus, the relevant parameter related to pro-ess (b) is the mean life of the eletrons in the ondution band. This lifetimewould normally determine the lifetime of the luminesene deay. However, inases, where, depending on the nature of the entre, the reombination leadsto an exited state there is another delay in the luminesene prodution; aphoton is only released after relaxation from the exited to the ground stateof the entre, proess (). The exited state lifetime is a harateristi of thereombination entre and is determined by the exited state to ground statetransition, e.g., whether it is forbidden (resulting in a long lifetime) or allowed(resulting in a short lifetime). Thus, in pulsed OSL measurements the deayform of luminesene measured in the o�-time will be a ombined e�et of twoexponential funtions, namely (b) and () (we note that we do not disuss lo-alised transitions or tunnelling e�ets here). The timesales involved an befrom ns to up to several tens of ms. However, on longer timesales, re-trappingand thermal emptying of the shallow traps an beome important and give riseto long lived phosphoresene.Examination of the luminesene deay after a pulse of stimulation lighthelps to understand the relative role of the above proesses in luminesenegeneration. Di�erent terminologies have been used to name suh a signal, e.g.Time-Resolved OSL (TR-OSL), Delayed OSL or optially stimulated phospho-



6.2 Experimental details 93resene [see Bøtter-Jensen et al. (2003, p. 59�60)℄. One ould argue that theterm TR-OSL is generally used when a train of pulses is used as an alternativeto CW-OSL, whereas the terms DOSL or optially stimulated phosphoresene(OSP) or afterglow refer to measurements in whih a single or a few short stim-ulations (ms to s) are followed by extended examination of the subsequent lu-minesene signal over ms to s time sales, suh that the afterglow is resolvableby the human eye.Quartz TR-OSL measured between the stimulation pulses (after preheat-ing to 260◦C for 10 s and stimulating at 125◦C) shows a monotoni deayand onsists of a dominant exponential transient having a lifetime between 30and 45 µs and two relatively minor transients having relatively shorter andlonger lifetimes (after preheating to 260◦C for 10 s and stimulating at 125◦C)(Chithambo et al., 2007; Ankjærgaard et al., 2010, Chapter 10 of this thesis).These lifetimes most likely re�et the relaxation of the exited state followingeletron hole-reombination (Chithambo, 2007; Pagonis et al., 2010, Chapter 4of this thesis). Almost all published TR-OSL o�-time deay urves from quartzhave been measured over a few hundred miroseonds [Chithambo et al. (2008,and referenes therein); Ankjærgaard et al. (2010, Chapter 10 of this thesis)℄.However, on longer time sales it is likely that the e�et of re-trapping will alsobe apparent. For example, Markey et al. (1995) using Al2O3:C, demonstratedthat the main lifetime of ∼35 ms orresponds to the deay of the exited F-entre in Al2O3:C, but that the muh slower deay of ∼545 ms (measured at25◦C) is due to phosphoresene from transfer of harge from deep traps toshallow traps. As these shallow traps are thermally unstable at room tem-perature, they start to leak harge into the ondution band from where itreombines and emits light [DOSL � Bøtter-Jensen et al. (2003)℄.Only few measurements have been done to study the TR-OSL deay fromquartz on the ms to s timesales. Pagonis et al. (2009) show an example fromhigh purity syntheti quartz obtained for an o�-time of 1 ms. The authorsidentify a slow omponent within this sample with a lifetime of 14± 8 ms andsurmise that it ould be aused by re-trapping in a shallow trap. This e�et haspreviously been used by Jaek et al. (1999) to investigate deep traps in quartz,although here it was alled Optially Stimulated Afterglow (OSA).In this study we �rst establish the deay form of optially stimulated phos-phoresene in irradiated quartz using di�erent tehniques to over time salesover >8 orders of magnitude (50 ns to ∼8 s). We then make a detailed hara-terisation of the hitherto unstudied slowly deaying signals (ms�s time sales)to understand the origin of these omponents and the role of re-trapping fol-lowing the optial stimulation.We use the terminology time-resolved OSL (TR-OSL) while referring tothe ns � µs time sales and optially stimulated phosphoresene (OSP) whilereferring to the ms � s time sales.6.2 Experimental detailsSample measurements were arried out on two di�erent Risø readers to overthree di�erent time sales. Optial stimulation was arried out using blue lightand detetion was through a 7.5 mm thik Hoya U340 �lter. The measurementdetails are desribed below.



94 OSP in quartz over the milliseond to seond time sale. . .Nanoseonds � miroseonds: A Risø TL/OSL-20 reader was used withan integrated pulsing option to ontrol the blue LED array, delivering 80mW/m2 CW stimulation at the sample position. Furthermore a Photon Timerwas attahed, based on an ORTEC 9353 100 ps Time Digitizer board with adetetion resolution (bin-width) of 100 ps to reord the TR-OSL (Lapp et al.,2009, Chapter 2 of this thesis). We de�ne the duration of eah stimulationLED pulse as the on-time, and the duration of the pause before the next stim-ulation pulse as the o� -time [see also Lapp et al. (2009) or Chapter 2 of thisthesis℄. Measurements on this timesale were undertaken using an on-time of50 µs and an o�-time of 500 µs produing ∼40,000 stimulation pulses during22 s of pulsed stimulation with an energy of 3.6 µJ/m2 per pulse.Miroseonds � milliseonds: The same Risø TL/OSL-20 reader as abovewas used but with an on-time of 1 ms and an o�-time of 5 ms. The ORTECboard has a pulse period (on-time + o�-time) limitation of 6 ms, whih ur-rently annot be exeeded. Approximately 9,000 pulses with an energy of 72
µJ/m2 per pulse were delivered during 54 s of pulsed stimulation in this timerange.Milliseonds � seonds: A standard Risø TL/OSL-15 reader with CWstimulation system performed by a LED array delivering ∼40 mW/m2 CWstimulation at the sample position (Bøtter-Jensen et al., 2003) was used toprodue a single light pulse of 0.2 s duration with an average energy of 6.7mJ/m2. The phosphoresene was deteted during the following 7.8 s.The on- and o�-times mentioned above were adhered to unless otherwisespei�ed in the text.The work reported here has been undertaken using 90-125 µm sedimentaryquartz grains (lab ode: WIDG8). The quartz grains were extrated from thesample by sieving, heavy liquid separation and HF treatment as desribed inWintle and Murray (1997) and the absene of signi�ant feldspar ontaminationwas on�rmed by tests using IR stimulation. All aliquots used onsisted ofgrains mounted in steel ups using silion oil.6.3 Extended deay form of optially stimulatedphosphoresene from quartzTime-resolved OSL o�-time urves from quartz are usually measured over afew hundred µs beause this time range best illustrates the main omponentin quartz whih has a lifetime in the range of 30�45 µs. In Fig. 6.1a, this isillustrated by the blak urve, whih has been measured at 125◦C after a 25Gy dose and a preheat to 260◦C for 10 s. The same urve is shown in Fig. 6.1bon a semi-log sale, where this main omponent an be seen as the linear partof the urve up to ∼150 µs, after whih a muh slower deaying omponentstarts to dominate.To observe in detail the slowly deaying part of the deay, the measurementwas repeated on the milliseond timesale, whih is shown as the red urve inFig. 6.1a and reprodued in Fig. 6.1 on a semi-log sale; the initial fast droporresponds to the main omponent from Fig. 6.1b marked by #1, followed by
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Figure 6.1: Time-resolved OSL o�-time and optially stimulated phosphores-ene urves from a single aliquot of quartz (WIDG8) measured on di�erenttimesales overing over eight deades. (a) The �rst (blak) urve is measuredusing an on-time of 50 µs, an o�-time of 500 µs (∼40,000 pulses) and has a reso-lution of 50 ns. The seond (red) urve is measured using an on-time of 1 ms, ano�-time of 5 ms (9,000 pulses) and has a resolution of 6.6 µs. The third (blue)urve is measured using an on-time of 0.2 s, an o�-time of 7.8 s (a single pulse)and has a resolution of 0.002 s. In all three measurements the aliquot was dosedwith 25 Gy followed by a preheat to 260◦C for 10 s and blue light stimulationat 125◦C. The urves have been normalized to the initial intensity, and the redurve has been redued by a fator 0.9 and the blue urve by a fator of 0.02 forease of illustration. Note that the sale is double-log. The urves in (b), (), and(d) are the semi-log plots of the individual urves from (a).The numbers on theurves 1�4 represent the four major omponents in the signal, whih has beenidenti�ed by visual inspetion.



96 OSP in quartz over the milliseond to seond time sale. . .the same slowly deaying omponent from Fig. 6.1b marked by #2, but nowit is lear that the deay ontinues beyond several ms, as the ounts have stillnot reahed the bakground level of ∼4 ts. per hannel (6.6 µs).To make further extended measurements of the slowly deaying omponent,a measurement was arried out in the standard Risø reader with the CW-OSLattahment using a single pulse of blue stimulation. The measurement andpreheat temperatures were the same as above. These data are shown as thelast (blue) urve in Fig. 6.1a and on a semi-log sale in Fig. 6.1d. The initialfast drop is termed as omponent #3, and ontinues up to about 2 seonds,after whih it is hidden under a new omponent marked as #4 whih ontinuesbeyond 7 s. The dark ounts in this urve will our at ∼0.2 ts. per hannel(0.002 s).We note that the omponents 1, 2, 3 and 4 mentioned above are de�nedentirely based on visual inspetion. Due to lak of data olleted from 6 msup to ∼60 ms, we annot know whether omponent 2 and 3 are the same ornot. The mosai of these urves in Fig. 6.1a illustrates that the TR-OSL orOSP overs >8 orders of magnitude (50 ns to ∼8 s). The lower limit of thisobservation is set by the inapability of our set up to ahieve pulsing with adiode fall time faster than ∼20 ns. The upper limit is set by the instrument'ssensitivity; we are already quite lose to the dark ounts of the system by about8 s of OSP measurement.In the following setions we make a detailed haraterisation of these om-ponents with a speial fous on 2, 3, and 4.6.4 The miroseond � milliseond time rangeThis setion investigates the shape of the urve in Fig. 6.1 as a funtion ofpreheat and stimulation temperature. Figure 6.2 shows the normalized time-resolved OSL o�-time urves measured at 125◦C from a single aliquot of quartzusing preheat temperatures in the range 200�300◦C. It is observed that thepreheat temperature does not a�et the shape of the urve. The amplitude ofthe initial omponent 1 (�lled irles) and the slower omponent 2 (estimatedfrom the intensity at 1 ms, open irles) are shown in the �gure inset as afuntion of preheat temperature. There is no major hange in the relativeimportane of the two omponents with preheat temperature.The normalized blue light stimulated time-resolved OSL from a single aliquotof quartz (WIDG8) measured for stimulation temperatures in the range 50�225◦C are shown in Fig. 6.3a. Only the o�-time deay is shown. As thestimulation temperature is inreased, the area under omponent 2 shows aninrease relative to that under omponent 1. For the urves with stimulationtemperatures below 125◦C, the initial deay has a very similar behaviour (seeinset to Fig. 6.3a on log-log plot) and the relative ratios between the two om-ponents are very similar. For the urves with stimulation temperatures above125◦C, the initial deay beomes faster with inreasing temperature, and theslower deay beomes relatively more dominant.We tried to desribe these data mathematially by a multi-exponential �t.However, the urves were not suessfully desribed by either two or three ormore transients, possibly beause of very large di�erene in deay onstants(miroseond and milliseond) ausing an abrupt hange in the deay urves
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Figure 6.2: Time-resolved blue light stimulated OSL o�-time urves from asingle aliquot of quartz (WIDG8) for di�erent preheats in the range: 200◦C-300◦C in steps of 20◦C. The aliquot was dosed with 25 Gy, preheated for 10s and stimulated at 125◦C using an on-time of 1 ms and an o�-time of 5 ms.The urves have been normalized to the �rst point in the o�-time. Inset: Theo�-time deay ounts integrated for the periods 0.0�6.6 µs (�lled irles) and1005.0-1011.6 µs (open irles) and plotted as a funtion of preheat temperature.For omparison, the two data sets are normalised to their value for the preheatof 200◦C.(Fig. 6.3a). Therefore in order to study the main harateristis of the urve,we used the very initial part of the urve to haraterise omponent 1. Figure6.3b shows the lifetime and amplitude for this omponent. For haraterisationof omponent 2 we disarded the initial 400 µs of data in the o�-time (toremove nearly all in�uene of the initial fast deay) and thereafter removed theontribution from the underlying slower omponents (omponent 3 and 4, seeFig. 6.1) by subtration of an average over the last 50 points. The remainingdata were satisfatorily approximated with a single exponential deay. Thelifetime and amplitude of this omponent as a funtion of temperature is shownin Fig. 6.3.Component 1, the dominant omponent at the miroseonds (and also themilliseonds) time sales in quartz (Ankjærgaard et al., 2010, Chapter 10 ofthis thesis), shows a derease in both the amplitude and lifetime as a fun-tion of temperature (Fig. 6.3b). The derease in amplitude and lifetime withstimulation temperature an be asribed to thermal quenhing (Fig. 6.3b, tri-angles) whih arises beause of an alternative non-radiative reombination andhas been studied i quartz by Baili� (2000), Chithambo and Galloway (2001)and Chithambo (2002). In Pagonis et al. (2010, Chapter 4 of this thesis) ther-mal quenhing was measured and modelled for the same quartz sample as usedhere (WIDG8). A derease in lifetime of ∼45 µs to ∼10 µs is observed here(Fig. 6.3b) for the temperature range 50◦C to 200◦C, is onsistent with thatthe thermal quenhing energy of 0.64 eV (Pagonis et al., 2010, see hapter 4 ofthis thesis for details).Component 2 shows a relatively smaller derease in intensity than ompo-nent 1 with an inrease in the stimulation temperature; the smaller derease inthe amplitude ompared to that of omponent 1 auses the observed hanges
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Figure 6.3: (a) Time-resolved blue light stimulated OSL o�-time urves from asingle aliquot of quartz (WIDG8) measured at the temperatures: 50◦C�225◦C.The aliquot was dosed with 25 Gy and heated to 260◦C for 10 s prior to eahmeasurement using an on-time of 1 ms and an o�-time of 5 ms. The urves havebeen normalized to the �rst point in the o�-time. Inset: The same urves shownon a log-log sale. (b) Intensity (triangles) and lifetime (irles) of the omponentshown as #1 in Fig. 6.1a plotted as a funtion of stimulation temperature. Theintensity is alulated from integrating ounts in the initial 0.0�6.6 µs of theo�-time urve after a bakground subtration (the average ounts per hannelderived from data between 5900 and 5990 µs). () Intensity (irles) and lifetime(triangles) of the omponent shown as #2 in Fig. 6.1a plotted as a funtion ofthe stimulation temperature. The lifetime in ms was determined from singleexponential �tting of the urves after subtration of an average over the last50 points and removing the initial 400 µs of the o�-time. The intensity wasalulated at 400 µs into the o�-time. Note that the open symbols denotereyling point measurements and that the errors on the lifetimes in (b) and() are not visible as they are smaller than the size of the symbols..
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Figure 6.4: Blue light stimulated OSL o�-time urves from a single aliquot ofquartz (WIDG8) measured using preheats in the range: 200-300◦C in steps of20◦C. The aliquot was dosed with 25 Gy and preheated for 10 s prior to eahmeasurement and stimulated at 125◦C using a pulse length of 0.2 s and detetingfor 7.8 s following the stimulation pulse. The urves have been normalized tothe �rst point in the o�-time. The inset shows the urves on a log-log sale.in the relative ontributions from the two omponents in Fig. 6.3a. However,unlike omponent 1, the lifetime does not derease onomitantly with the am-plitude. In fat the lifetimes show only a slight hange for the di�erent stimula-tion temperatures up to 200◦C; there is an overall 38% inrease in lifetime withtemperature up to 200◦C, with a single reproduible dip at 100◦C, followed bya sharp drop of about 50% between 200◦C and 225◦C. Thus the lifetime ofomponent 2 does not show an undisputed onstany, or a systemati dereaseexpeted from faster emptying of shallow traps or greater thermal quenhing ata entre suh as observed for omponent 1. One possible explanation ould bethat the so alled omponent 2 in fat has di�erent origins at di�erent temper-atures and therefore, it is not valid to interompare the lifetimes; the apparentsimilarity in the lifetimes is then a mere oinidene. We later desribe suh anapparent behaviour in a omponent in the time range desribed in Setion 6.5.On the other hand if one ignores the drop at 100◦C, one ould possibly assumea near onstany of the lifetimes between 50 to 200◦C as a gross simpli�ation.We disuss this again in the later setions.
6.5 The milliseond � seond time rangeBeause of the ORTEC board pulse period limitation of 6 ms, the omponentsin this range were investigated using a onventional reader by giving a singlestimulation pulse of 0.2 s and measuring the following phosphoresene deayfor 7.8 s.
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(b)Figure 6.5: (a) Blue light stimulated OSL o�-time urves from a single aliquotof quartz (WIDG8) measured in the temperature range: 50-200◦C. The aliquotwas dosed with 25 Gy and heated to 260◦C for 10 s prior to eah measurementusing a stimulation pulse length of 0.2 and deteting for 7.8 s following thestimulation pulse. The urves have been normalized to the �rst point in theo�-time. (b) The initial 3 s of the urves from (a) labelled with letters from a� f to indiate the behaviour of the OSP from the 110◦C TL peak (see text fordetails).6.5.1 Preheat and Stimulation temperature dependeneTo investigate the o�-time signal behaviour as a funtion of preheat, a seriesof urves were measured at 125◦C using an aliquot of quartz following a singlestimulation pulse, these are shown in Fig. 6.4, all normalized to the initial pointin the o�-time. All urves behave identially with a fast drop in the initial 0.01s (see also inset on log-log sale), a slower deay up to about 1 s where theslowest deay starts to dominate and ontinues beyond 7 s. Based both onthis and the µs to ms data presented in the previous setion, we onludethat the preheat temperature range (200 to 300◦C) does not a�et the relativeontributions of the di�erent omponents.Figure 6.5a shows the stimulation temperature dependent deay of the samealiquot of quartz used in Fig. 6.4. The aliquot was heated to 260◦C for 10 s priorto blue light stimulation at temperatures in the range 50 � 200◦C. The urvesshow very di�erent deay rates during the initial 3 s (see a magni�ation ofthis time range in Fig. 6.5b). However, in the data following the 3 s (Fig. 6.5a)
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Figure 6.6: (a) Summary of lifetimes (found from �tting the initial 3 s ofthe urves in Fig. 6.5 with a sum of three exponentials) on an Arrhenius plot.The natural logarithm of the lifetimes for fast (irle) medium (triangle) andslow (square) omponents derived from �tting are plotted against the inverseof stimulation temperature (times the Boltzmann's onstant). (b) Summary oflifetimes found from �tting the remaining part of the o�-time deays in Fig. 6.5after subtration of a onstant term. The urves ould be adequately �tted witha single deaying exponential. Note that the errors on the lifetimes in both (a)and (b) are not visible as they are smaller than the size of the symbols.the deay shapes are very similar for all the temperatures, with an exeptionof the 100◦C urve (green triangles) and to some extent the 75◦C urve (redsquares) where a lear `kink' is observed at ∼3 s.A learer piture an be obtained by separating the di�erent omponents.Beause of the `kink' in two of the urves (75 and 100◦C), we ould not applya simple multiexponential model to the entire urve. Therefore, to simplify theanalysis we �tted only the data in the �rst 3 s assuming �rst order kinetis(see Fig. 6.5b). The data were suessfully �tted with a sum of three expo-nentials. To determine the e�et of temperature, an Arrhenius plot is used,whih is shown in Fig. 6.6a. The three di�erent omponents from eah urveare indiated by di�erent symbols (Fast - irles, medium - triangles, slow -squares). If one looks at the behaviour of these di�erent omponents, it is ap-parent that the lifetime of the slow and medium omponent do not vary muhwith temperature, whereas the lifetime of the fastest omponent rises gradu-ally with temperature up to 150◦C (∼28 eV−1), and then dereases rapidlybetween 150 � 200◦C (28 � 24 eV−1). The behaviour of these omponents is infat very similar to that observed for omponent 2 on the ms time sales (seeprevious setion, Fig. 6.3) in that it does not show any obvious temperaturedependene.



102 OSP in quartz over the milliseond to seond time sale. . .We now explore the possibility that the fast omponent (and similarly themedium omponent and slow omponent) atually has di�erent origins in thesedi�erent urves. If one looks losely at Fig. 6.5b, i.e. the data in the �rstthree seonds of the urves in Fig. 6.5a, then it is apparent that a sloweromponent inreases relatively in magnitude ompared to a faster deayingomponent from about 50 to 100◦C, and the fast omponent is eliminatedabove 100◦C. From 100◦C to 175◦C one also observes a systemati hange inthe deay rate of the dominant omponent with stimulation, whih hints to apossible partiipation of a shallow trap(s). A ommon dominant omponent ofthese di�erent urves was piked by visual inspetion. This is shown by arrowsand lettering from a�f for the di�erent urves in Fig. 6.5b. It is lear that thisomponent shows an inrease in the deay rate with temperature: however,note that in some urves this is a slow omponent while in the others it is afast omponent. The Arrhenius plot helps to test whether the hange in thedeay rate omplies with that expeted from thermodynami onsiderations.Most of the data for this omponent does in fat fall on a straight line (�rstdashed red line from left in Fig. 6.6a) τ = E/kT − ln(s), where τ [s℄ is thelifetime, E [eV℄ is the thermal ativation energy of the trap giving rise to thisomponent, and s [s−1℄ is the frequeny fator. This gives E = 0.91 eV and
s = 1.7 ·1012 s−1. Very similar values of E = 0.89 eV and s = 3.8 ·1011 s−1 werefound by Spooner and Questiaux (2000) for the so alled 110◦C TL peak in theUV emission by varying the heating rate in a series of TL measurements. The
E and s values found from our data predit a TL peak at 93◦C for a heatingrate of 2◦C/s (on�rmed later by experimental measurements).Thus, identi�ation of this main omponent helps to put the other twoomponents derived from the multi-exponential �tting into perspetive. Ex-amination of Fig. 6.5b again for temperatures below 100◦C now shows thatthe omponent derived from the 110◦C peak (marked with arrows) inreasesrelative to the faster omponents and almost ompletely replaes these between100◦C and 125◦C. Thus, these faster omponents are ompletely eliminated athigher temperatures, sine the data resolution is not high enough to samplethem. Similarly, as the omponent from the 110◦C peak forms the new fastomponent, there is appearane of new slower omponents in the system. Thus,we onlude that the apparent onstany of the fast and medium omponentsis misleading sine the slower omponents hange into faster ones, the fasterones disappear (or are unresolvable at our data olletion rate), and the newslower omponents appear at higher and higher temperatures within our datarange. It is therefore misleading to interompare the deay rates for a singleomponent as the deay rates should in fat be ompared aross omponentsto obtain a meaningful result.To on�rm the role of the 110◦C peak in OSP, a TL experiment was ar-ried out to examine possible harge reuperation during short blue light stim-ulations; this is alled phototransferred TL (PTTL). A previously sensitisedaliquot was dosed, heated to 300◦C for 60 s and then stimulated with a shortpulse of blue light. Figure 6.7 shows the series of `di�erene' TL urves (sub-tration of TL before illumination from that after illumination) measured upto 300◦C following these short blue light stimulations of durations between 0.1s and 3.2 s. The ∼325◦C TL peak shows an inreasing depletion beause ofbleahing by blue light; this is observed as negative ounts in the �gure. Allpositive ounts are PTTL due to photo transfer. A dominant peak is observed
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Figure 6.7: TL urves showing the e�et of photo-transfer in quartz (WIDG8)due to short blue light stimulations of di�erent length. An aliquot of quartz wasdosed with 25 Gy, heated to 300◦C for 10 s, blue light stimulated at 20◦C, andthen a TL urve to 300◦C was measured using a heating rate of 2◦C/s. The sameyle was repeated with 0 s of light stimulation before the TL measurement. Theurves shown in the �gure have all been obtained by subtration of TL beforeillumination from that after illumination. Repeat measurements showed lessthan 2% variability.at 97◦C followed by relatively smaller peaks in the region between 125◦C and225◦C. Inreasing the stimulation pulse length auses an inrease of hargetransfer into the peak entred at 97◦C, whih is in reasonable agreement withour predited TL peak at 93◦C from the E and s values found from Fig. 6.6a.The harge builds up steadily, but for pulse durations longer than 1.6 s, the lightstimulation starts to deplete the harge transferred into this trap. Based onthese data we onlude that our multi-exponential analysis as well our approahof omparing deay onstants aross the fast, medium, and slow omponentsgives physially meaningful results.With this suess we then attempted a similar E-s analysis for the om-ponents deaying faster than that from the 110◦C peak for the stimulationtemperatures between 50 and 100◦C. These are indiated from left to rightwith the blue, green, and grey dashed lines in Fig. 6.6a. These yield values of
E = 0.74 eV and s = 1.5 · 1012 s−1 (blue line), E = 0.86 eV and s = 2.9 · 1013s−1 (green line), and E = 0.56 eV and s = 3.6 · 109 s−1 (grey line), whihorrespond to TL peaks at 87◦C, 63◦C, and 165◦C respetively. In the liter-ature, only values for the 160◦C peak are published with E = 1.09 eV and
s = 2.1 · 1012 s−1 measured in the UV (Spooner and Questiaux, 2000). Wereognise that our E and s values for this peak are muh too small omparedto their published value, and moreover the s value is smaller than the generallyaepted values in the range 1012 − 1014 s−1. Nonetheless, our PTTL resultsin Fig. 6.7 show the existene of the 160◦C TL peak, onsistent with our E-sanalysis.The slower omponents (slower than that for the ∼110◦C peak) on theother hand do not seem to be amenable to this simple E-s analysis (see thedata enlosed in the ellipse in Fig. 6.6a). Fitting of these data gave absurdvalues of E and s. Also a loser inspetion of Fig. 6.5b suggests that at thehigher temperatures the urve shape enompassing the medium and slowly
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Figure 6.8: O�-time urve deay rate hange ('kink') as a funtion of stim-ulation pulse duration. An aliquot of quartz (WIDG8) was dosed with 25 Gy,preheated to 260◦C for 10 s and stimulated at 100◦C with a single on-pulse ofvarying length between 0.1 s and 1.6 s. The urves have been normalized tothe initial o�-time point. Inset: Position of the `kink' in the o�-time urve as afuntion of stimulation pulse duration.deaying parts does not hange signi�antly. We, therefore, infer that at about150◦C there appears a new omponent in our data that deays slower than theomponent indued from the 110◦C peak, and that this new omponent doesnot show a signi�ant hange in the deay rate with stimulation temperature.The latter part of the o�-time deays from 3 to 7 s in Fig. 6.5a shows asimilar deay rate for the di�erent temperatures, exept the urve measured at100◦C. A summary of the lifetimes are given in Fig. 6.6b. The overall similarityin the deay rate for the di�erent temperatures might suggest that this signalhas a similar origin or is quite simply a ontinuation of the medium and slowomponents above (data shown in the ellipse, Fig. 6.6a).The presene of the `kink' at around 3 s (Fig. 6.5a) in the 100 and 75◦Cdata is surprising. To our knowledge suh a feature has not been reportedbefore and suggests a rather di�erent mehanism of luminesene generation,one that ould possibly involve ompetition in the refuge (trap reeiving hargefrom optial transfer) traps. This is examined in detail in the next setions.6.5.2 `Kink' position for di�erent stimulation pulse durationsTo investigate whether the kink position is related to the amount of hargede-trapped from the OSL trap, measurements were arried out for di�erent on-times at 100◦C stimulation temperature after irradiation (25 Gy) and preheat(260◦C for 10 s). Figure 6.8 shows �ve urves with stimulation pulse durations(on-times) between 0.1 s to 1.6 s, and it is observed that the 'kink' ourssooner for the longer on-times. A summary of the 'kink' position is shown inthe inset to the �gure ranging from approximately 4 s for an on-time of 0.1s to 1 s for an on-time of 1.6 s. We propose below a simple numerial modelontaining four energy levels to explain the possible origin of the kink struturein the OSP urve.
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Figure 6.9: Band diagrams showing (a) A three trap (T1, T2, and T3) -one reombination entre (L) model. The traps T1, T2, and T3 have initialonentrations and deay onstants n1, λ1, n2, λ2, and n3, λ3 respetively. f2represents the fration of harge from T2 trapped at T1 and f3 is the fration ofharge from T3 or T1 retrapped at T2. (b) A one trap (T3) - two reombinationentres (La and Lb) model. La has two exited states, La2 and La1. The samesubsript notation is used as in (a) for onentrations and deay onstants forthe trap and the exited states.6.5.3 A three-trap one entre phosphoresene modelFigure 6.9a shows a band model ontaining three traps T1, T2, T3 and aluminesene entre, L. The features of these traps are desribed below:T3: An eletron trap with negligible retrapping. Thus, the harge populationdeays exponentially at the ambient temperature. Non-retrapping is onlyan approximation to simplify the model and it is not ritial to the modelresults. Majority of the harge released from T3 undergoes reombinationat entre L, and a minor amount is trapped at T2.T2: This is a deeper eletron trap (smaller deay onstant at the ambienttemperature than T3). It an either lose harge to the ondution band(and thereby ause eletron-hole reombination at the entre L), or itan lose harge by loalised transition to the trap T1. The majority ofthe harge lost by T2 is taken by T1; this feature is the most ritialaspet of the model whih helps reprodue the observed kink in the data.For simpliity, sine only a small fration of the harge is released to theondution band, we assume that it all undergoes reombination at theentre L and none of it is retrapped.T1: This is the third trap in the system whih reeives the majority of hargereleased from T2 by loalised transition. The harge released from T1either undergoes a luminesent reombination with holes at L, or a fra-tion is re-trapped at T2 through the ondution band. Again it is notritial to the model whether T1 reeives any eletrons diretly from the



106 OSP in quartz over the milliseond to seond time sale. . .ondution band, not as far as it is only a minor amount ompared tothe harge reeived from T2; for onveniene we have avoided this step.The deay of eletrons from these traps ours due to the ambient temper-ature. The deay onstants (λ) are assumed to have the following relationship:
λ3 > λ2 > λ1, orresponding to T3, T2 and T1 respetively. At the end of thelight stimulation these traps will have a ertain initial onentration beauseof re-trapping from the ondution band, or as in the ase of T1 harge re-trapping from T2. Beause of harge deay from T2 with λ2 > λ1, harge willinitially build up at T1 prior to reombining at L. The rate equations desribingthis model for the o�-time are given as:

dn3

dt
= −n3λ3 (6.1)

dn2

dt
= −n2λ2 + f3(n3λ3 + n1λ1) (6.2)

dn1

dt
= f2n2λ2 − n1λ1 (6.3)

I ∝ (1− f3)(n1λ1 + n3λ3) + (1− f2)n2λ2 (6.4)Here I is the observed luminesene intensity at time t, f3 denotes the frationof harge from T3 or T1 re-trapped at T2, and f2 the fration of harge fromT2 trapped at T1. Figure 6.10 shows the phosphoresene ontribution fromT3, T2, and T1 together with the total phosphoresene, L, when solving theabove rate-equations with the parameters: n10 = 50 m−3, λ1 = 0.04 s−1,
n20 = 300 m−3, λ2 = 0.09 s−1, n30 = 25 m−3, λ3 = 0.3 s−1, f3 = 0.1, and
f2 = 0.92. The luminesene arising from the T3 and T2 traps (blue urve andgreen urve, respetively) shows an exponential deay with time, whereas thatfrom the T1 trap initially builds up to a maximum before it deays (see semi-logsale in Fig. 6.10b). The total emitted luminesene from L (blak urve) beingthe sum of the light from T3, T2, and T1 therefore derease initially, but asthe light originating from T1 starts to dominate over the light originating fromT3 and T2, the total luminesene urve �attens out to a near onstant levelbefore the deay rate is inreased again in aordane with the depletion of T1.This simulated behaviour with three traps appears very similar to the kinkobserved in the 100◦C measurement in Fig. 6.5a; it was furthermore observedin Fig. 6.5a that the kink disappears as the temperature is inreased. FromFig. 6.5b and 6.6a we know that the lifetime of the 110◦C TL trap dereasessigni�antly (thereby an inrease in the deay onstant) for temperatures above100◦C. An inrease in stimulation temperature would thus orrespond to aninrease in the deay onstants λi in this model depending on the exat E and
s values for eah level. For ertain ombinations of these values suh that theinrease in λ1 is greater than the inrease in λ2 or λ3, it is possible to removethe kink and instead have an apparant deay in the simulation results.In Fig. 6.8 the kink was observed to shift position as a funtion of thestimulation pulse duration. This an be ahieved in the model by hanging theinitial onentration of T1 (n10) at the end of the stimulation pulse. An inreasein this initial onentration, as would be expeted with an inrease in the lengthof the stimulation pulse duration, auses the kink to move towards shorter timesin the o�-time. This behaviour is onsistent with the data presented in Fig. 6.8.
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Figure 6.10: (a) Curves showing the loss from T3, T2, and T1 together with thephosphoresene emitted at L when solving the rate-equations (6.1)-(6.4) usingthe parameters: n10 = 50 m−3, λ1 = 0.04 s−1 , n20 = 300 m−3, λ2 = 0.09 s−1,
n30 = 25 m−3, λ3 = 0.3 s−1, f3 = 0.1, and f2 = 0.92. (b) The same urvesfrom (a) shown on a semi-log sale.A simpler two trap model was also investigated using only T2 and T1 with

λ2 > λ1. It is assumed that deay from both T2 and T1 produes light, andthat a fration of the harge from T2 is transferred into T1. Similar to themodel above, the two traps are �lled during the light stimulation to have aninitial harge onentration at the end of the stimulation of n20 > n10 afterwhih they both start to deay. If f desribes the fration of harge transferredto T1, then the rate equations desribing this situation are given as:
dn2

dt
= −n2λ2 (6.5)

dn1

dt
= fn2λ2 − n1λ1 (6.6)

I ∝ (1 − f)n2λ2 + n1λ1 (6.7)Using the same values for n10, λ1, n20, and λ2 as above, the series of urves inFig. 6.11 shows the total phosphoresene emitted at L for di�erent frations, fbetween 0.1 and 1. The inset shows the behaviour of T1, T2 and L for f = 0.3,whih is the green urve in the main �gure. It is seen from these urves, thatit is not possible to produe a kink with this simpler model; it is ruial thatthere are three distint traps and that there is a step of almost omplete hargetransfer from one to the other.



108 OSP in quartz over the milliseond to seond time sale. . .

Time, (a.u.)
0 20 40 60 80 100

S
im

u
la

te
d
 

p
h
o
s
p
h
o
re

s
c
e
n
c
e
, 
(a

.u
.)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5
f = 0.1

f = 0.2

f = 0.3

f = 0.5

f = 0.7

f = 0.9

f = 1.0

For f = 0.3

Time, s
0 20 40 60 80

0,0

0,2

0,4

0,6

0,8

1,0 T
1

T
2

L

Figure 6.11: Curves showing the phosphoresene emitted at L when runningthe rate-equations (6.5�6.7) using the parameters: n10 = 50 m−3, λ1 = 0.04s−1, n20 = 300 m−3, λ2 = 0.09 s−1 for di�erent values of f between 0.1 and 1.The loss from T2 and T1 together with the light emitted from L for f = 0.3 areshown inset to illustrate the dependene between the three.6.5.4 An alternative one-trap, two-entre phosphoresenemodelThe mathematial equations above [Eqns. (6.1�6.4)℄ an equally be interpretedin terms of two di�erent energy levels existing in a single entre. Here we pro-pose an alternative interpretation of these equations. The model onsists ofa single trap, T3 with lifetime λ3, and two luminesene entres La and Lb,where La has two exited states, La1 and La2, (Fig. 6.9b). It is assumed thatthe relaxation from La2 to La1, by λa2 is non-radiative, but that the relaxationof La1 to La (the ground state) by λa1 is radiative. During a short light stim-ulation, harge is transferred to T3 and La2. In the o�-time, a fration of theharge from T3 reombines at Lb and the remaining reombines at the exitedstate La2. The equations desribing this model are idential to Eqns. (6.1�6.4),with the slight modi�ation that the harge loss from the La1 state is entirelyto the ground state (unlike in the eletron trap model where there is partialloss from level T1 to level T2 as well), i.e. the value of f2 = 1, the equationsthus beome:
dn3

dt
= −n3λ3 (6.8)

dn2a

dt
= −n2aλ2a + f3n3λ3 (6.9)

dn1a

dt
= n2aλ2a − n1λ1 (6.10)

I ∝ n1λ1 + (1− f3)n3λ3 (6.11)The results of these are almost idential to those in Fig. 6.10 beause theretrapping terms in the trap model were very small (results not shown here).Again the key feature of this model is a non-luminesene relaxation from thelevel La2 to La1, whih produes the desired result.The main di�erene between the two models is therefore not in the mod-elling results, but rather that they o�er di�erent advantages in the explanation
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Figure 6.12: Normalized umulative phosphoresene (integrated over 10 s)following di�erent lengths of CW stimulations in the range of 10 s to 70 s. Thesample was dosed with 25 Gy, preheated to 260◦C for 10 s and stimulated at125◦C. The dashed line indiates the dark ount level also integrated over 10 s.Inset: The perentage ratio between the end point of the OSL urve and the �rstpoint in the phosphoresene signal given for di�erent CW stimulation times.of the data in Fig. 6.5a and Fig. 6.8. By hoosing the one trap � two entresmodel, it is relatively easier to explain the temperature independene of thelatter part (after 3 s) of the urves in Fig. 6.5a, and perhaps also the ompo-nent 2 in Fig. 6.3, as the relaxation from La1 will dominate the urve afterthe kink, and this proess an be temperature independent in the absene ofthermal quenhing. It would however require that the relaxation is stronglyforbidden to ause delay on the seonds time sale; this needs to be investi-gated. The trap T3 ould be similar to the 110◦C TL trap, whih dominatesthe early part of the phosphoresene urves, and this proess is highly tem-perature dependent. In this model the ommonly observed 40 µs omponentwould be derived from the entre Lb.6.6 Phosphoresene ontribution in the CW signalIt is obvious that phosphoresene is negligible ompared to the fast OSL om-ponent in quartz measured at 125◦C. To evaluate how large the ontributionof the phosphoresene deay is in a standard CW measurement of the slowomponent in quartz, a series of measurements were arried out where the phos-phoresene was deteted for 10 s following blue CW stimulations at 125◦C fordurations of 10 s to 70 s. From Fig. 6.7 it was evident that light stimulationaused photo-transfer of harge into the 110◦C TL trap, but that for longerstimulations >1.6 s, the light started to erode the photo-transferred harge in-stead. To see if this is also true for very long stimulations, or if the phosphores-ene signal builds up during long stimulations, the amount of phosphoreseneduring the 10 s o�-time was summed and is presented in Fig. 6.12, where ithas been normalized to the initial 10 s stimulation point. From this urve itis lear that the phosphoresene does not inrease with inreased stimulationtime, initially there is a faster drop in signal, but at about 40 s, the amountof phosphoresene emitted reahes a near onstant level independent of the



110 OSP in quartz over the milliseond to seond time sale. . .stimulation time. The dashed line indiates the level of `dark ounts' in thePMT aumulated during 10 s after light stimulation (also normalized to theinitial value as the other points) to show that the phosphoresene level is wellabove the dark ount level. These data suggest that a fration of the slowOSL omponent observed even at 125◦C temperature may derive from deayof the refuge traps that initially store harge during OSL. In order to deter-mine the perentage of the phosphoresene ontained in the slow OSL signal,we alulated the ratio between the end point of the OSL signal and the �rstpoint in the phosphoresene signal (assuming that these points represent theequilibrium states at any time). This ratio is plotted for di�erent stimulationtimes in the inset to Fig. 6.12. The �utuations in the data re�et the low lightlevels. We note from these data that there may be a ontribution from OSP ofabout 5% in the slow OSL signal.6.7 DisussionWe �nd that the shape of the TR-OSL or OSP urves is almost independentof the preheat temperature in the range of 200 to 300◦C at all time salesinvestigated here. This suggests that the refuge traps and entres partiipatingin these proesses must be the same irrespetive of the preheat temperature.Moreover, the refuge traps must be emptied to the same relative levels fordi�erent preheats.From our stimulation temperature data, a strong temperature dependeneis seen in the initial 3 s of the phosphoresene urves in Fig. 6.5b. An E-sanalysis of this hanging omponent using an Arrhenius plot �nds the trapdepth E = 0.91 eV to be onsistent with that found for the 110◦C TL trapof E = 0.89 eV by Spooner and Questiaux (2000), and using our E and svalues, a TL peak is predited at 93◦C for a heating rate of 2◦Cs−1. This isfurther on�rmed by TL measurements showing a PTTL peak at 97◦C. Thephosphoresene we observe during the initial 3 s of the urves is, therefore,dominated by harge reyled through the 110◦C TL trap. This onlusionis onsistent with the previous studies on PTTL in quartz [see Wintle andMurray (1997) and referenes therein℄. Wintle and Murray (1997) also show fortheir quartz (WIDG8) the photo-transferred TL (PTTL) at room temperatureillumination. In the absene of saturation e�ets, the ratio of 110◦C PTTL toOSL is between 4 and 5% (Wintle and Murray, 1997).In addition to the OSP omponent derived from the 110◦C peak, we also�nd that there are some omponents both at the milliseond and seond timesales that do not show an obvious dependene of their deay rates on thestimulation temperature. One possible reason for this ould simply be, thatwe have not reorded data for su�iently long time (e.g. in the milliseondstime sale) to trak the movement of the di�erent omponents. Another pos-sible explanation ould be the lak of a good mathematial model to extratindividual omponents from the data; it is likely, as shown in the numerialmodelling results, that the data do not follow a multiple-exponential form ofthe type used here for �tting. Thus, the apparent non-dependene on temper-ature ould possibly be an artifat of our assumption that the OSP onsists oflinear superimposition of �rst-order proesses. However, we note that the de-ay of the 110◦C peak is onspiuous and has been piked up aurately by the



6.8 Summary and onlusions 111�tting analysis [as on�rmed by E and s values from Spooner and Questiaux(2000)℄. Similarly, the ourrene of a 160◦C TL peak from the �tting analysisis supported by the PTTL data. We, therefore, onsider that our analysis ofthe �rst 3 seonds of the data may be relatively error free, espeially for thelow temperature data (<125◦C, Fig. 6.6a); the more problemati region maybe the medium and slow omponents observed above 125◦C (and the OSP data>3 s) as these ould fall in the region where a peak build-up is predited fromthe kineti model (disussed below).Two simple kineti models are proposed to explain an abnormal hangein the deay rate (the `kink') in the OSP signals for the 75◦C and 100◦Cstimulation temperatures (Figs. 6.5a and 6.8). The �rst model onsists of threetraps and a luminesene entre, while the seond model onsists of a single trapand two luminesene entres. The ommon trap T3 in both these models ouldbe similar to the 110◦C TL trap. Both models share the same equations (withminor modi�ations) and an, therefore, both predit the behaviour observed inFig 6.5a. The key feature of both the models that produes the desired e�et isa large non-luminesent transfer and subsequent build-up from one energy levelto the other. The resultant luminesene has a peak shape, and this produes a�attening followed by a steep deay in the luminesene urve. An interestingpredition of our alternative model (one trap - two reombination entres) isthat there ould be OSP omponents whih do not show a hange in the deayrate with the stimulation temperature, thus strengthening the possibility thatthe e�et disussed in the previous paragraph onerning data in Figs. 6.3and 6.5 may be real and not just an artifat of the measurement or analysis.However, this implies a relaxation time in the entre on the seonds time sale,whih may or may not be realisti. The model results are enouraging, but theyneed to be investigated in greater detail to understand di�erent OSP resultsfrom quartz.Finally, we note that a similar kink was also observed in the IR stimulatedphosphoresene signals from ortholase feldspar (Ankjærgaard and Jain, 2010,Chapter 8 of this thesis). There and in the following paper (Jain and Ankjær-gaard, 2011, Chapter 9 of this thesis) it is shown that the slowly deayingsignals (both on the ms and s time sales) arise from the slow emptying ofthe band tails. As in the ase of quartz, these signals show a hange in theamplitude but a weak dependene of lifetime on stimulation temperature. Al-though band tails have not been expliitly reported in quartz, it is possiblethat natural quartz ontains band tails beause of deformational strain in thesoure roks. These e�ets are well known in ommon quartz bearing roks,e.g. quartzite and granite. If band tail states are indeed present in our quartz,they ould potentially give an alternative explanation to the kink strutureand temperature independene of the deay rates on the ms and s (>3 s) timesales in quartz OSP.6.8 Summary and onlusions1. The deay form of Time-Resolved OSL (TR-OSL) and Optially Stimu-lated Phosphoresene (OSP) in quartz has been observed to over timesales of over 8 deades from 50 ns to ∼8 s.2. The deay form of TR-OSL and OSP urves are independent of preheat



112 OSP in quartz over the milliseond to seond time sale. . .temperature, for all the examined time sales, in the range 200�300◦Csuggesting that the same entres and refuge traps are used for all theseonditions.3. Together the TR-OSL and OSP urves have been shown to ontain atleast four major omponents (1�4) by visual inspetion. Component 1has an average lifetime of ∼40 µs at room temperature; it shows strongtemperature dependent derease as expeted from an exited state life-time of a entre a�eted by thermal quenhing. Component 2 has anaverage lifetime of ∼1 ms and shows no real systemati behaviour withtemperature in our data range. Component 3 is strongly stimulation tem-perature dependent and has been identi�ed mainly to originate from the110◦C TL trap, and partly from some other TL peaks determined to lieat 87◦C, 63◦C, and 165◦C. Component 4 with an average lifetime of ∼5 sshow an apparent overall temperature independene (with the exeptionat 100◦C).4. An abnormal deay behaviour (a `kink') is observed onspiuously in theOSP data at 75◦C and 100◦C. A simple kineti model onsisting of fourenergy levels is proposed to explain the kink observed in the OSP dataat around 3 s. This model an suessfully reprodue the kink, and anbe physially interpreted in terms of a 3 trap and 1 luminesene entremodel, or alternatively, a 1 trap and 2 luminesene entres model withone of the entres having two exited states. The key feature of thesemodels that produe the kink e�et is a large loalised, non-luminesenttransfer and subsequent build-up from one energy level to the other.Although the results are enouraging, there needs to be further theoretialinvestigations into harge transfer and re-trapping to fully understand theoptially stimulated phosphoresene results from quartz. One potentialexplanation for the temperature dependene of lifetimes (omponents 2and 4) as well as the kink struture ould be the possible presene ofband tail states in natural (deformed) quartz.5. The 110◦C TL peak plays a signi�ant role even for optial stimulation at125◦C, although, the lifetime is rather small (0.2 s). It is determined thatthe OSP ontribution to the OSL signal in the 10 s�70 s measurementregion (for blue light stimulation at ∼40 mW/m2) is <5%. Although,this is unimportant for dosimetry, it ould perhaps have a slight a�et onthe analysis of slow omponents in the slow OSL signals for derivationof physial parameters. A leaner signal would be obtained by stimula-tions above 150◦C, although at the ost of redued sensitivity beause ofthermal quenhing.ReferenesAnkjærgaard, C. and Jain, M. (2010). Optially stimulated phosphoresenein ortholase feldspar over the milliseond to seond time sale. Journal ofLuminesene, 130:2346�2355.
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Chapter 7Further investigations into pulsedoptially stimulated luminesenefrom feldspars using blue andgreen lightC. Ankjærgaard1, M. Jain1, R. Kalhgruber2, T. Lapp1, D. Klein2,S. W. S. MKeever2, A. S. Murray3, andP. Morthekai1
1Radiation Researh Department, Risø National Laboratory for Sustainable En-ergy, Danish Tehnial University, DK-4000 Roskilde, Denmark
2Department of Physis, Oklahoma State University, Stillwater, OK 74074,USA
3Nordi Laboratory for Luminesene Dating, Department of Earth Siene,Aarhus University, Risø DTU, DK-4000 Roskilde, Denmark.Published in: Radiation Measurements.AbstratThe purpose of this paper is to investigate harateristis of luminesene signalsresulting from pulsed optial stimulation of feldspars and thereby to understand theunderlying proesses giving rise to the signal. Fourteen di�erent feldspar speimenswere investigated using time-resolved optially stimulated luminesene (TR-OSL),and these signals an be mathematially desribed as a sum of 4 exponential om-ponents (a, b, , d). The slowest omponent, d, inreases with the duration of thelight pulse as expeted from the exponential model. The stimulation temperaturedependene experiment suggests that the TR-OSL signal deay is governed by thereombination proess and not by the exited state lifetime. Furthermore data fromthe TR-OSL signal dependene on stimulation time and preheat temperature sug-gests that the reombination proess may not be a sum of exponentials, although themodel annot be rejeted de�nitively.



116 Further investigations into POSL from feldspars. . .Keywords: Feldspar, mineral speimen, time-resolved luminesene, TR-OSL, life-time.7.1 IntrodutionOptially stimulated luminesene (OSL) is widely used to investigate the har-ateristis of traps and entres in natural dosimetri minerals. However, theresulting signals give limited information on the underlying luminesene meh-anisms, as the signal is the result of omplex harge detrapping and reombina-tion proesses, and so the interpretation of suh urves in terms of separatingand understanding the mehanisms is di�ult. One way of studying the reom-bination proess diretly is by time-resolved optially stimulated luminesene(TR-OSL) measurements, whih has the potential to distinguish the di�erentreombination proesses.A few studies have examined feldspars with time-resolved luminesene us-ing blue or green light as a stimulation soure (Sanderson and Clark, 1994;Chithambo and Galloway, 2000; Tsukamoto et al., 2006). Analytial treat-ment of the TR-OSL data has, however, been restrited to �tting data with amultiple exponential model e.g. Clark et al. (1997); Clark and Baili� (1998);Chithambo and Galloway (2000). This analysis is then used to derive the life-times of the signals, whih are onsidered harateristi of the speimen underonsideration. The assumptions or impliations of multiple-exponential �ttinghave not been disussed in detail. One ould argue that the shape of theTR-OSL signal may be in�uened by both exponential and non-exponentialproesses:(a) Relaxation from the exited state to the ground state of the reombina-tion entre resulting in the release of a photon.(b) Transition of an eletron from the ondution band or band tails (Pooltonet al., 2002a,b) to the reombination entre.() Tunnelling reombination from the band tails or from the exited state ofthe trap; the latter is only likely to be signi�ant for the TR-OSL signalduring the stimulation pulse.Proess (a) is likely to be an exponential proess with a harateristi`exited-state lifetime'. Proesses (b) an be exponential with a `reombina-tion lifetime'; this lifetime will be related to the density of available holes in therystal. There is enough evidene in the literature to suggest that tunnellingin feldspars [proess ()℄ follows a power law, see a summary in Huntley (2006)whih results from random spatial distribution of reombination entres; thusthe onept of lifetime does not apply for this latter proess.In this artile we want to test whether a model based on the linear sum ofexponentially deaying signals is valid for feldspar TR-OSL, and to distinguishbetween the above proesses. We present an analysis of the apparent lifetimesfrom 14 feldspar speimens using the TR-OSL signals stimulated by both a 532nm pulsed laser and 470 nm pulsed LEDs. The dependenies of these lifetimeson stimulation time, stimulation temperature and preheat temperature are then



7.2 Samples and instrumentation 117used to allow us to distinguish between the dominant proesses that determinethe shape of the signal.7.2 Samples and instrumentationFourteen di�erent feldspar speimens were used in this study: 8 mineral spe-imens were obtained from the Geologial Museum in Copenhagen, Denmark,three were kindly supplied by Regina DeWitt, Oklahoma State University, US,and the remaining three were kindly supplied by John Bridges, University of Le-iester, UK, (all samples - mineral names - are listed on the x-axis of Fig. 7.2).The minerals were hosen to represent a variety of K, Na and Ca ontents.The 8 museum samples were rushed and dry-sieved to obtain a grain size fra-tion 90�125 µm and the other six samples were reeived in grain sizes between90�250 µm. No further hemial treatment was employed.TR-OSL measurements in the nanoseond regime were undertaken at theRadiation Dosimetry Laboratory at Oklahoma State University using a 532nm pulsed Q-swithed diode laser (Meshtel no. GSQAOM32-25) with a pulsefrequeny of 1 kHz and a pulse width of ∼15 ns (>25 µJ per pulse). The pulsedstimulation light passed through a laser lean-up �lter and 2 mm diameter glass�breopti able into the sample hamber, as desribed by Yukihara et al. (2007).An Eletron Tubes 9235QB photomultiplier tube deteted the luminesenethrough 7.5 mm of U-340 Hoya �lter and a laser suppression �lter. TR-OSLsignals were reorded using a multi-hannel saler (Stanford Researh Systems,model SR430) with a bin-width of 5 ns and a total number of reorded bins of1024 (5.1 µs). Measured signals aumulated in eah ase for a preset numberof laser pulses. Sample annealing, irradiation and preheating was arried outin a Risø TL/OSL-DA-15 reader prior to the TR-OSL measurement.TR-OSL was also measured using a Risø TL/OSL-DA-20 reader with anintegrated pulsing option to ontrol the LEDs; Lapp et al. (2009, Chapter 2of this thesis) give details of the photon detetion and photon time-stamping.The detetion resolution of this system is 100 ps. Blue light stimulation wasperformed with a 470 nm LED array delivering 50 mW/m2 at the sampleposition in ontinuous wave, and 7.5 mm of U-340 Hoya �lter was used fordetetion.All samples were mounted in stainless steel ups using silione oil and,unless otherwise stated, a preheat of 250◦C for 60 s was employed throughout.This was followed by either green laser stimulation at room temperature for 10s or blue LED stimulation at 50◦C for 300 s.7.3 Time-resolved OSL from feldsparsIn Fig. 7.1, the TR-OSL from Albite is plotted together with the measuredlight output during 50 µs stimulation pulses from the blue diodes. The feldsparsignal onsists of two parts; (i) a fast rise during the swith on of the pulse,and a fast deay immediately after the pulse ends; the shape of this fast riseand deay is idential to the shape of the blue LED pulse (ii), a more slowlyrising omponent during the swith on of the pulse and a slow deay after thepulse ends. This slow omponent does not follow the stimulation pulse shape.
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Figure 7.1: The stimulation pulse shape from the 470 nm LEDs plotted to-gether with the OSL signal from Albite, both normalized to the 50 µs point. TheAlbite was given a dose of 5 Gy, preheated to 250◦C for 60 s and stimulated at50◦C. Inset: Albite, Sanidine 2 and Ortholase 1 TR-OSL signals obtained justafter the 15 ns stimulation pulse width from the pulsed 532 nm laser. Note thatthe initial 55 ns have been removed from the data. Doses were 5, 500, and 5 Gyrespetively, and the samples were preheated to 250◦C for 60 s and stimulatedat room temperature.The idential shapes of the fast deaying signal and the stimulation pulseimply that the signal deay must our at the same or shorter time salesthan the swithing o� of the blue LEDs. In order to resolve this fast deayingsignal, all samples were stimulated using a pulsed green laser (pulse width 15ns); the resulting TR-OSL signals from Albite, Sanidine 2 and Ortholase 1are shown inset in Fig. 7.1. The signal seems to deay in less than 1 µs in allthree ases. Beause of saturation e�ets in the PMT during the high-peak-power stimulation pulse and to avoid any in�uene of the weak (known) ringingimmediately after the main pulse, the initial parts of the urves were rejeted.On the basis of the bakground signals from the laser, the �rst 11 hannels (55ns) following the peak of the pulse were rejeted, this is only a small frationof the 1000 hannels (5000 ns) used for analysis; the data in the remaining 989hannels should be free from saturation e�ets and laser interferene. From aonsideration of both the green and blue pulsed stimulation data it appears thatthere is a omponent of the TR-OSL signal whih deays in tens of nanoseondsand a omponent whih deays in tens of miroseonds.In the following analysis of the TR-OSL deays after the stimulation lightis swithed o�, it is assumed that the signals from both the 532 nm stimulationand the 470 nm stimulation are of the form:
I(t) = k +

∑

ai · exp

(

−t

τi

)

, (7.1)where I(t) is the intensity of the signal at time t, ai is the maximum intensityof the `i'-th omponent during the pulse, τi is the lifetime of this omponent
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Figure 7.2: Lifetimes alulated for signals obtained with pulsed 532 nm laserstimulation (τa and τb1) and pulsed (on-time 10 µs, o�-time 200 µs) 470 nmLED stimulation (τb2 , τc, τd) for eah of the 14 samples. The horizontal linesrepresent the average omponent lifetimes. The given doses were between 5 Gyand 1000 Gy depending on individual sample sensitivity. Heating onditionswere idential to those in Fig. 7.1.and k is a onstant.For all 14 samples, both the green- and blue-stimulated TR-OSL urves were�tted using Eqn. (7.1). For the green stimulation, two omponents with averagelifetimes τa = 42 ± 0.1 ns and τb1 = 810± 9 ns were su�ient to desribe theurves adequately, while three omponents were needed for the blue-stimulatedurves, with average lifetimes: τb2 = 1.37 ± 0.02 µs, τc = 6.9 ± 0.1 µs and
τd = 43± 1 µs.These lifetimes are plotted for the 14 samples in Fig. 7.2; they all di�erfrom eah other by about a fator of 10, but the two lifetimes, τb1 and τb2 arerather similar in many samples and, given the di�erent experimental onditions,probably represent the same omponent with an average lifetime τb = 1.10 ±
0.02 µs. Thus, the shape of the TR-OSL deay are very similar and an beadequately desribed by 4 exponential omponents in all our feldspar samplesirrespetive of sample hemistry or dose, whih varied from 5 Gy to 1000 Gydepending on the sample sensitivity. The shortest lifetimes are similar to thosefound by using IR stimulation (Clark et al., 1997; Clark and Baili�, 1998).7.4 Testing of the �rst-order omponent analysisTo examine whether the 4 omponents identi�ed above represent `exited statelifetimes' or `reombination lifetimes' or quite simply a parameterisation ofa omplex urve shape, experiments were arried out to observe the TR-OSLdeay shapes as a result of hanges in the stimulation temperature, stimulationpulse width, stimulation time, and preheat temperature. These observationswere then ompared to those expeted from �rst-order phenomena impliatedin the urve �tting. The results and analysis are desribed below.
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Figure 7.3: Initial-intensity-normalized TR-OSL signals measured (after stimu-lation) at temperatures of 20◦C, and 50◦C to 250◦C in steps of 50◦C for Sanidine2 using on-time 20 µs and o�-time 200 µs. The signal bakgrounds were sub-trated prior to normalization. The inset shows the urves on log-log sale. Thesample was given a dose of 500 Gy prior to a preheat of 250◦C for 60 s.7.4.1 Variation of TR-OSL signal with stimulationtemperatureSigni�ant thermal quenhing has been observed below 250◦C in both the 440nm and 600 nm bands of feldspars (Poolton et al., 1995), however, no re-sults are available for the UV band measured here. An inrease in stimulationtemperature is expeted to result in an inreased importane of non-radiativereombination and thus a derease in the apparent exited state lifetime. Ther-mal quenhing is expeted to give rise to a faster TR-OSL signal deay, thuswe should see a trend with temperature. To our knowledge no measurementsinvestigating this issue have been arried out on feldspars. Figure 7.3 showssignals from Sanidine 2 normalized to the initial intensity for stimulation tem-peratures between 20◦C and 250◦C, after removal of an initial �xed signalportion ontaining the unresolvable omponent a. The signals are sattered;there is no systemati trend with temperature (see also log-log sale of urvesin the inset of Fig. 7.3), and we onlude that neither the deay times northe relative intensities of omponents b, , and d are temperature dependent;the same proess(es) must govern the deay of the signal, independent of tem-perature. The results suggest that either (i) there is no thermal quenhingin the emission band measured using a U340 �lter, or (ii) the reombinationproess that gives rise to the slowly deaying signal in feldspars is only weaklydependent on temperature. Possibility (i) is somewhat unlikely sine the 440nm emission band that shows strong thermal quenhing extends well withinthe transmission range of the U340 �lter (Poolton et al., 1995). This resultindiates that the TR-OSL deay shape is not governed by the exited statelifetime, but instead by the reombination proess. In the next setions weexplore the nature of the reombination proess.
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Figure 7.4: Amplitude ratios of (a) omponent  to omponent d and (b)omponent d to omponent b, as a funtion of the pulse width for Sanidine 2(500 Gy), Ortholase 3 (5 Gy), Albite (5 Gy) and Oligolase 2 (25 Gy). Thesolid lines represent the predited build-up behaviour for a single saturatingexponential with (a) the mean omponent  lifetime (τc) of 6.9 µs and (b) themean omponent lifetime d of (τd) 45 µs. The samples were heated to 250◦Cprior to pulsed blue LED stimulation at 50◦C, the on-times varied as given onthe �gure and o�-times kept onstant at 200 µs.7.4.2 Slow omponent build-up during stimulationIf the TR-OSL signal is indeed made up of 4 exponential omponents (a, b, ,d) then the reombination lifetimes should be independent of the stimulationpulse width. As a result, the slow omponents should inrease in intensity withinreased pulse-width, relative to the fast omponents, with a relative intensityratio that should be preditable from the lifetimes. If the intensity ratio doesnot follow the expeted trend, then it is unlikely that there are separate fastand slow proesses giving rise to the signal.To test whether our lifetimes meet these riteria, TR-OSL urves werereorded following 10 and 200 µs stimulation pulse widths using blue LEDsto allow a more detailed examination of the three slower omponents b, , andd. The lifetimes obtained with 10 µs pulses (τb = 1.37± 0.02 µs, τc = 6.9± 0.1
µs, and τd = 43± 1 µs) are indistinguishable within 2 from those after 200 µspulses (τb = 1.38± 0.4 µs, τc = 6.4± 0.2 µs and τd = 45± 1 µs) showing thatthe measured deay onstants are independent of the stimulation pulse width.All lifetimes given here are the average of the 14 samples.The same data were then used to test whether the slowest omponent, d,inreases in amplitude relative to the faster omponent b, as the pulse widthis inreased from 10 µs (<25% of the deay onstant for omponent d) to200 µs (nearly 5 times the deay onstant for d). Component b is expetedto be saturated at both pulse widths beause of its short lifetime of 1.4 µs,and omponent  will be lose to saturation during the 10 µs pulse and fullyin saturation during the 200 µs pulse. We have normalized the amplitude of



122 Further investigations into POSL from feldspars. . .omponent d, ad, to that of omponent b, ab, suh that for all 14 samples, theamplitude ratio is alulated as:
(ad/ab)200
(ad/ab)10

, (7.2)where the subsripts 200 and 10 denote the pulse width. If an average isalulated for all 14 samples, the slowest omponent inreases by a fator of6.0 ± 0.5 as the pulse width hanges from 10 to 200 µs, to be ompared with apredited inrease of 5.0 ± 0.5 based on the lifetimes given above; the observedinrease is onsistent with that expeted assuming independent behaviour.To examine the build-up in more detail for both omponents  and d, theexperiment was repeated for four samples (Sanidine 2, Ortholase 3, Albiteand Oligolase 2) using pulse widths of 5, 10, 20, 35 and 200 µs, and with theo�-time kept onstant at 200 µs. Sine, it is not possible with the urrent RisøTL/OSL pulsed system to use pulse widths of less than 5 µs, the omponentsa and b ould not be investigated for build-up in this range. In Fig. 7.4a,the ratios of the amplitudes of omponents /b are shown for inreasing pulsewidth and in Fig. 7.4b the ratios of the amplitudes of omponents d/b forinreasing pulse width. In both �gures the data have been plotted togetherwith a theoretial build-up urve based on the average omponent lifetimederived above. The data are all onsistent with the predited urves, but foromponent  the satter is too large to make useful onlusions. For omponentd, however, the theoretial (predited) urve mathes the data well, and weonlude that this omponent appears to build up relative to omponent bin aordane with �rst-order behaviour. Furthermore, in the green TR-OSLurves, no slow omponent is observed, presumably beause it did not get timeto build up during the ∼15 ns pulses.7.4.3 Variation of TR-OSL signal with stimulation timeTo investigate further the relative importane of the di�erent omponents,we examined whether the OSL signal, measured after the stimulation pulse,hanges shape with an inrease in the stimulation (measurement) time. Figure7.5a shows the signal aumulated during various time intervals of stimulationfor the green laser using Oligolase 2 and Fig. 7.5b for blue LED stimulationusing Sanidine 2. All signals were normalized to the initial ount rate intensity.These two samples are representatives of the average behaviour when omparedto data measured for all the samples. The green-stimulated data all lie on top ofeah other. In the blue-stimulated data TR-OSL urves hange shape slightlybut there is no systemati trend. However, if one only examines the data for the�rst 1000 s it appears that the deay for the 0-10 s data is slightly slower thanfor the 10-100 s and 100-1000 s data sets. This is unexpeted if one assumesan exponential proess governed by the transition from the ondution band;the lifetime should instead have inreased with progressing stimulation timebeause of redution in the hole population [τ = 1/Am ·m(t), where m is holeonentration and Am is a onstant ross-setion℄.However, no hange in the deay shape may be expeted if (i) the numberof reombining eletrons is small ompared to the number of hole-populatedreombination entres, so that there is no signi�ant depletion in the number ofholes during the TR-OSL measurement, or (ii) if the e�et of hanges in hole
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Figure 7.5: Initial-intensity-normalized TR-OSL signals (after stimulation)for di�erent stimulation time intervals for (a) pulsed green laser stimulation ofOligolase 2 and (b) pulsed blue LED stimulation of Sanidine 2 (on-time 20 µs,o�-time 200 µs). 0�20 s denotes the signal aumulated during the �rst 20 sof stimulation, i.e. the signal following eah of the �rst 20k pulses of the greenlaser, et. Note that the time intervals di�er. The samples were given 25 Gyand 500 Gy respetively prior to a preheat to 250◦C for 60 s. Oligolase 2 wasstimulated at room temperature and Sanidine 2 at 50◦C.population is not important beause of loalized reombination mehanisms(e.g. in a loalised transition model). Conversely, in a ondution band routedreombination proess in a system with a omparable number of eletrons andholes, the time resolved signal is expeted to deay inreasingly slowly withstimulation time; this is not apparent in our data.7.4.4 Dependene of the TR-OSL signal on preheattemperatureData were obtained following preheats ranging from 50◦C to 300◦C in stepsof 50◦C and multiple exponentials were �tted to post-pulse OSL signals, asdesribed in Setion 7.3, in order to derive the TR-OSL reombination lifetimesfor Sanidine 2. In Fig. 7.6a the six TR-OSL deay urves have been normalizedto the initial intensity and it an learly be seen that the rate of deay inreases



124 Further investigations into POSL from feldspars. . .with inreasing preheat temperature. This hange in the deay rate ouldarise due to hange in the relative proportions and/or the lifetimes of di�erentomponents. The �tting analysis shows that there is a hange in lifetimesfor omponents b,  and d with preheat temperature (inset to Fig. 7.6a); thelifetime of omponent b dereases slightly with temperature, while those ofomponents  and d derease markedly. Similar results have been observedfrom other samples.It is possible that the hange in reombination lifetimes is simply a result ofinadequate �tting, and does not have any diret physial meaning. In Fig. 7.6bdata following 50◦C and 300◦C preheats are shown together with the best �tsof Eqn. 7.1 (white lines); these urves give very di�erent lifetimes for the threeomponents (see Fig. 7.6a). In order to test the �tting analysis, the lifetimeobtained from the �tting of 300◦C data were fored to �t the 50◦C data; thisgave the gray line through the 50◦C preheat data set. It is evident that this�t does not represent the data well (see the residuals inset to Fig. 7.6b), andit is therefore onluded that the hange in apparent omponent lifetimes withpreheat temperature is real.Preheat is expeted to derease the hole onentration beause of largeeletron-hole reombination evident in the TL peaks ranging from room tem-perature up to 300◦C, see Murray et al. (2009). Thus one should in fat haveexpeted an inrease in the reombination lifetimes. Our data, on the ontrary,show a systemati derease in the three lifetimes with an inrease in preheattemperature. Thus the data does not support the expetation from proesses(a) and (b), see introdution, unless there is a signi�ant redistribution of holesto the OSL entres (to be investigated for these samples).7.5 Disussion and onlusionsThe work desribed here represents a step towards understanding the pro-esses governing the prodution of luminesene (eletron reombination andde-exitation to ground state of the luminesene entre) using TR-OSL mea-surements in feldspars.Assuming a multiple exponential model it is possible to express the TR-OSL deay shapes from all 14 feldspar samples in terms of four omponents (a,b, , d) with well separated lifetimes that are broadly similar for all the sam-ples, irrespetive of hemial omposition or dose (Fig. 7.2). This onordanesuggests that the TR-OSL shapes are governed by similar proesses in all thesamples, although one annot neessarily dedue from this the nature of theproesses.The stimulation temperature data help to distinguish whether the rate ofthe luminesene deay is governed by `reombination lifetimes' or `exitedstate lifetimes' for the slowly deaying omponents (b, , d). Sine the life-time of the exited state of a entre is likely to be temperature dependent, onewould expet to observe a hange in OSL deay lifetimes as a funtion of stim-ulation temperature. However, Fig. 7.5 shows that the lifetimes do not hangesigni�antly between 20 and 250◦C. This result suggests that the lifetimes donot represent exited-state lifetimes of the luminesene entres. The shape ofthe signal is then presumably related to the time required for reombinationand this must be independent of stimulation temperature. The interpretation
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126 Further investigations into POSL from feldspars. . .that the slower deay rates of the TR-OSL signal (omponents b, , d) do notrepresent exited-state lifetimes is further on�rmed by the stimulation timedata (Setion 7.4.3) and the preheat dependene data (Setion 7.4.4).The disussion above implies that the shape of the TR-OSL signal is gov-erned by reombination proesses. In order to hek if these reombinationproesses are exponential in nature, analyses of omponent build-up with pulsewidth was arried out; only omponents  and d ould be examined by thisanalysis due to instrument limitations. The analysis was inonlusive for om-ponent  beause of large satter in the data around the predited build-upurve, but omponent d (with the longest lifetime) shows a lear build-up withinreasing pulse-width as expeted from the exponential model (Fig. 7.3).A further investigation into the nature of the proesses was made by ob-serving the hange in the TR-OSL deay shape down the POSL stimulationurve. The data shows no systemati dependene of the deay shape on themeasurement time. If one expets the hole density to derease with stimulationtime, then an inrease in reombination lifetimes would be expeted as a result;this is not observed here.Finally we looked at the variation in reombination lifetimes with hangesin preheat temperatures. The reombination lifetimes of the three slow ompo-nents were found to derease with an inrease in preheat temperature (Fig. 7.6).If the redution in OSL signals with preheat is related to redution in the holedensity, then one ould argue that an inrease in preheat would have led to aninrease in the lifetimes; the data shows an opposite trend.We now disuss whether a 'reombination lifetime' is a useful desriptionof the TR-OSL signal; in other words, whether the slower TR-OSL signal isatually made up of three exponential omponents. Note that suh a reombi-nation lifetime should be a funtion of the onentration of available holes inthe rystal [see proess (b) in Setion 7.1℄. One needs to take into aount thefollowing observations for this disussion:(i) The lifetimes are very similar in the 14 samples although these weremeasured for very di�erent doses (5 Gy to 1000 Gy). This suggests thatthe shape of the signal is similar, irrespetive of sample hemistry ordose. It would be a peuliar oinidene if, despite this, the signal shapewas governed only by the reombination lifetime, i.e. if it was purelydetermined by the density of available holes.(ii) A slower TR-OSL deay should have been observed as a funtion of mea-surement time (assuming that the hole population would derease withprogressive stimulation). We either �nd no di�erene in the signal shapes(Setion 7.4.3) or the signals beome slightly faster with stimulation time.(iii) If the hole (i.e. the reombination entre) onentration were to dereasewith the preheat temperature, then one would expet a orrespondinginrease in the reombination lifetime. However, the opposite is observed:the deay urves beome faster as a funtion of preheat temperature.These three observations question the validity of the assumption that the TR-OSL signal an be de�ned/explained by a multiple exponential proess. Theydo, however, not disprove the model.
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Chapter 8Optially stimulatedphosphoresene in ortholasefeldspar over the milliseond toseond time saleC. Ankjærgaard and M. JainRadiation Researh Division, Risø National Laboratory for Sustainable Energy,Tehnial University of Denmark, DK-4000 Roskilde, DenmarkPublished in: Journal of Luminesene.AbstratIn the past, time-resolved IR stimulated luminesene (TR-IRSL) urves from feldsparhave mainly been measured over a few hundred µs with the purpose of estimatingthe lifetimes of the omponents. In this study, we present the deay form of time-resolved IRSL and IR stimulated phosphoresene (IRSP) from ortholase feldsparovering over 8 orders of magnitude (50 ns to ∼7 s). A detailed haraterisation ofthe slowly deaying signals (ms to s time sales) from feldspar is undertaken to obtainfurther insight into the role of re-trapping in both the IR stimulated luminesene(IRSL) and the relatively more stable post-IR IRSL signals. The deay form of thedi�erent signals examined here shows a weak dependene on preheat temperatureand a strong dependene on stimulation temperature. Interestingly, the IRSP urvesshow a onspiuous kink of whih the position is linearly dependent on the on-timeduration.The data on thermal dependene of these signals might suggest that the deaybehaviour of the time-resolved IRSL and phosphoresene signals mainly re�et theoupany of eletrons in the band tail states with a signi�ant ontribution from theshallow traps. This interpretation is supported by thermoluminesene (TL) urvesshowing the photo-transfer e�et during short IR and post-IR IR stimulations.Keywords: Infra-red stimulated luminesene, IRSL, time-resolved luminesene,infra-red stimulated phosphoresene, photo-transferred TL, PTTL, band tail states



130 Optially stimulated phosphoresene in ortholase feldspar . . .8.1 IntrodutionNatural feldspar is widely used in luminesene based retrospetive dosimetryBøtter-Jensen et al. (2003). Optially stimulated luminesene from previouslybeta or gamma irradiated feldspar is usually obtained by infrared stimulation(IRSL) or by green or blue light stimulation (OSL), either using ontinuouswave (CW) or pulsed optial stimulation modes. In pulsed optial stimulationmode the luminesene measured during and between the pulses an be termedas time-resolved OSL (TR-OSL or TR-IRSL), Delayed OSL (DOSL or DIRSL),or optially stimulated phosphoresene (OSP) [see Bøtter-Jensen et al. (2003,p. 59�60)℄. We use the terms OSP and DOSL in onnetion with milliseond toseond time sale measurements, and TR-OSL in onnetion with miroseondto milliseond time sale measurements.In luminesene dosimetry of natural materials most of the earlier workusing pulsed stimulation has been done with quartz where the TR-OSL de-ay is interpreted in terms of the residene time (lifetime) of eletrons in theondution band or the lifetime of the exited state of the luminesene reom-bination entre (Chithambo, 2007; Pagonis et al., 2010). The feldspar rystal,however, is muh more omplex than the ordered struture of the quartz rystaland moreover the range of bonding angles between atoms varies signi�antly(Poolton et al., 2009). It has been argued by Poolton et al. (2002) that aontinuum of di�erent bonding angles reates a ontinuum of 'band tail states'extending both below the ondution band edge and above the valene bandedge and into the band gap. What is partiularly important from the point ofview of our study is that a sub-ondution band eletron transport an ourin these band tail states by the hopping mehanism (Poolton et al., 2009).Thus, for a feldspar rystal the deay form of TR-OSL measured betweenstimulation pulses will be a ombined e�et of (i) residene time of eletrons inthe ondution band or in the band tail states below the ondution band edge,(ii) any exited to ground state relaxation at the luminesene entre, and (iii)any transport proesses involving tunnelling or loalised transitions. On theother hand, the deay form of OSP will generally be a funtion of re-trappingand thermal evition from the shallow traps whih ause a further delay inluminesent reombination (Ankjærgaard and Jain, 2010, Chapter 6 of thisthesis). Examination of the luminesene deay after a pulse of stimulationlight helps to understand the relative role of these proesses in luminesenegeneration.TR-OSL of feldspar has been studied for more than a deade (Sandersonand Clark, 1994; Clark et al., 1997; Clark and Baili�, 1998). Feldspar TR-IRSL measured between stimulation pulses shows a monotoni deay and haspreviously mainly been measured over a few hundred µs to resolve di�erentomponents. The lifetimes of these omponents were found to lie within �vegroups: 30�50 ns, 300�500 ns, 1�2 µs, ∼5 µs, and >10 µs (Clark et al., 1997;Clark and Baili�, 1998; Tsukamoto et al., 2006). Clark et al. (1997) suggest thata possible explanation for the omponents with lifetimes of >4 µs is temporarytrapping in shallow sites with thermal lifetimes at room temperature of a few
µs or less.There exists very little information on feldspar time-resolved OSL for themilliseond to seond time sales. Sanderson and Clark (1994) remark onsignals observed on the ms timesale attributed to phosphoresene after optial



8.2 Experimental details 131stimulation using LEDs. There are further referenes in Clark et al. (1997) tomeasurements on ms and longer timesales, but these refer to an unpublishedPh.D. thesis and a workshop synopsis that we have not sueeded in obtaining.Clark and Baili� (1998) show an infrared (850 nm) stimulated TR-IRSL urvedeteted at 550±40 nm from a leaved hip of Amelia albite measured at roomtemperature. They onlude that the two slowest lifetime omponents in thissample (2.14 ± 0.07 ms and 11.1 ± 0.1 ms) have a minor ontribution (<5%)and are likely to arise from intrinsi Mn2+ luminesene.This artile ontains haraterisation of time-resolved signals from feldsparson the ms to s time sales, and omplements our previous study on quartz,examining the role of shallow traps in the OSL proess (Ankjærgaard and Jain,2010, Chapter 6 of this thesis). In addition to the IR stimulated signal we alsostudy the post-IR IR stimulated signals measured at an elevated temperatureas this signal has been shown to be more stable than the IR signal (Thomsenet al., 2008; Buylaert et al., 2009).We �rst present the deay form of TR-IRSL and IRSP urves overing timesales over ∼8 orders of magnitude (50 ns to ∼7 s). Then we make a detailedharaterisation of the slowly deaying signals (ms�s time sales) to obtainfurther insight into the origin of these omponents and to understand the roleof re-trapping in IR stimulated luminesene.We use the terminology time-resolved IRSL (TR-IRSL) while referring tothe ns � µs time sales and IR stimulated phosphoresene (IRSP) while refer-ring to the ms � s time sales. If these measurements are made immediatelyfollowing an IRSL measurement we use the terminology post-IR TR-IRSL orpost-IR IRSP, respetively. The `post-IR' measurements are always made atelevated temperatures.8.2 Experimental detailsSample measurements were arried out on two di�erent Risø readers to overthe three di�erent time sales. IR (830 nm) stimulation was ahieved using IRLED's and the detetion of the blue emission (350-415 nm) was ahieved usinga ombination of the Shott BG-39 and Corning 5-79 �lters. The measurementdetails are desribed as follows:Nanoseonds � miroseonds: A Risø TL/OSL-20 reader was used withan integrated pulsing option to ontrol the IR LED array, delivering ∼130mW/m2 at the sample position for 90% power. Furthermore a Photon Timerwas attahed to reord the TR-IRSL (Lapp et al., 2009, Chapter 2 of thisthesis). Measurements on this timesale were undertaken using an on-time of50 µs and an o�-time of 500 µs produing ∼40,000 stimulation pulses during22 s of pulsed stimulation with an energy of 6.5 µJ/m2 per pulse.Miroseonds � milliseonds: The same Risø TL/OSL-20 reader as abovewas used but with an on-time of 1 ms and an o�-time of 5 ms. Approximately9,000 pulses with an average energy of 0.13 mJ/m2 per pulse were deliveredduring 54 s of pulsed stimulation in this time range.



132 Optially stimulated phosphoresene in ortholase feldspar . . .Milliseonds � seonds: A standard Risø TL/OSL-15 reader was used withIR stimulation from an LED array delivering ∼130 mW/m2 at the sampleposition (Bøtter-Jensen et al., 2003) for 90% power. A single light pulse of 1.2s duration with a total energy of 0.16 J/m2 was used to stimulate the sample.The phosphoresene was deteted during the following 6.8 s.The on- and o�-times mentioned above were adhered to unless otherwisespei�ed in the text.The work reported here has been undertaken using an ortholase feldsparsample, whih has prior been used in Ankjærgaard et al. (2009, Chapter 7 ofthis thesis) under the name ortholase 3. This sample was obtained from theGeologial Museum in Copenhagen, Denmark, and was rushed and dry-sievedto obtain a grain size fration of 90�125 µm with no further hemial treatment.All aliquots used onsisted of grains mounted in steel ups using silion oil.8.3 Extended deay form of optially stimulatedphosphoresene from feldsparThe optially stimulated phosphoresene from ortholase feldspar measuredover eight orders of magnitude is shown in Fig. 8.1, where the TR-IRSL andIRSP urves on the left (a-d) have been obtained using IR stimulation at 50◦C,while the urves on the right (e-h) are post-IR TR-IRSL and post-IR IRSPurves measured at 240◦C following an IR stimulation at 50◦C for 100 s. If theurves for the TR-IRSL and post-IR TR-IRSL are ompared on the mirose-ond time sale (Fig. 8.1b, f), they seem very similar in shape but the post-IRTR-IRSL urve has a slightly faster deay in the �rst 100 µs. Moreover, thepost-IR TR-IRSL signal has a relatively more intense slow omponent, almostby a fator of 10. On the milliseond time sale the faster deay of these urvespreviously observed in Figs. 8.1b and f is now seen as a very fast drop in the�rst 0.3 ms, while the previously observed slower deays are now seen to extendto beyond 5 ms (Figs. 8.1 and g).A loser look at the IR and post-IR data on the miroseond and milliseondtime sales in Figs. 8.1a and e shows that the red and the blak urves are notompletely overlapping. The slowly deaying omponent has a relatively higherintensity in the red urve than in the blak urve, and this deviation is evenmore prominent in the post-IR TR-IRSL signals (Fig. 8.1e). A similar deviationwas also observed in quartz OSP (Ankjærgaard and Jain, 2010, Chapter 6 ofthis thesis). This e�et probably arises due to build-up of the slowly deayingsignal. During a stimulating light pulse eletrons are exited into a higherenergy state (here band tail states or ondution band), and from there theydeay at a rate governed by the lifetime of that state. Thus, there is an initialbuild up in the eletron population until the rate of exitation balanes therate of deay (an equilibrium level or steady state is reahed). As expeted,a signal with a short lifetime (fast signal) builds up or reahes an equilibriumlevel muh more rapidly than a signal with a long lifetime (slow signal). In theblak urve the on-time is 50 µs whih is su�ient to ause a steady state levelfor the fast signal while the slow signal only begins to build up. As the pulsewidth inreases further from 50 µs to 1 ms there is a relative inrease in theintensity of the slow signal with respet to the fast signal beause the latter has
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Figure 8.1: TR-IRSL together with IRSP (a-d) and post-IR TR-IRSL togetherwith post-IR IRSP (e-h) deay urves from a single aliquot of ortholase feldsparmeasured on di�erent timesales. (a) TR-IRSL measured at 50◦C: the �rst(blak) urve is measured using an on-time of 50 µs, an o�-time of 500 µs andhas a resolution of 50 ns. The seond (red) urve is measured using an on-timeof 1 ms, an o�-time of 5 ms and has a resolution of 6.6 µs. The third (blue)urve is IRSP measured using an on-time of 1.2 s, an o�-time of 6.8 s and has aresolution of 0.002 s. In the �rst two measurements the aliquot was dosed with45 Gy and in the third with 500 Gy followed by a preheat to 300◦C for 60 s. Theurves have been normalized to the initial intensity, and for omparison the redurve has been redued by a fator 0.04 and the blue urve by a fator of 0.006.Note that the sale is double-log. The urves in (b), (), and (d) are the blak,red, and blue urves from (a) shown without normalization and on a log y axis.(e) Post-IR TR-IRSL and Post-IR IRSP urves measured at 230◦C using thesame on- and o�-times and doses as in (a). The aliquot was dosed, preheated to300◦C for 60 s and bleahed with IR at 50◦C for 100 s prior to IR measurementat 230◦C. All three urves have been normalized, and the red urve redued by afator of 0.3 and the blue urve by a fator of 0.03 for illustration of ontinuity.The urves in (f), (g), and (h) are the blak, red, and blue urves from (e) shownwithout normalization and on a log y axis.



134 Optially stimulated phosphoresene in ortholase feldspar . . .already reahed an equilibrium level. This relative inrease in the slow signalompared to the fast signal for longer pulse stimulation duration gives rise tothe o�set di�erene seen between the blak and red urves in Figs. 8.1a and8.1e.The urves showing deay on the seonds time sale in Fig. 8.1d and h forthe IRSP and post-IR IRSP signals both have an interesting shape around 1.5� 2 s into the deay; a hint of a `kink' is observed in the IRSP urve, and avery distint `kink' is observed in the post-IR IRSP urve. This phenomenon,whih is espeially visible in the post-IR IRSP signal, is investigated further insetion 8.5. A similar kink has also been observed and disussed in the quartzOSP data (Ankjærgaard and Jain, 2010, Chapter 6 of this thesis).8.4 The miroseond � milliseond time rangeThis setion investigates the preheat and stimulation temperature dependeneof the TR-IRSL and high temperature post-IR TR-IRSL signals shown as theseond (red) urves in Fig. 8.1 and g respetively.8.4.1 Preheat temperature dependeneThe normalized TR-IRSL urves measured at 50◦C using preheat tempera-tures between 270◦C and 410◦C are shown in Fig. 8.2a for a single aliquot ofortholase. Fig. 8.2b shows the post-IR TR-IRSL signal measured at 240◦Cfollowing the IR measurement at 50◦C. The insets to Fig. 8.2a and 8.2b om-pares the initial fast deaying (�lled irles), and the later slow deaying (openirles) signals. These urves are derived by integrating the signal between1002.6�1009.2 µs and 2005.2�1011.8 µs, after average bakground subtration(found from the average over the last 26.2 µs of the urves), with respet tothe beginning of the light pulse.Both the TR-IRSL and the post-IR TR-IRSL signals show an overall de-rease with preheat temperature. The deay urve shapes are idential for theTR-IRSL signal between 270-380◦C (Fig. 8.2a). For the post-IR TR-IRSL, al-though the shape of the slow signals is very similar, it shows a relatively fasterdrop ompared to the fast signal (Fig. 8.2b). This apparent derease ours asthere is a relatively thermally unstable bakground under these urves. This isdisussed later in setion 8.5.1. If a bakground subtration is arried out (sub-tration of data in the last 26.2 µs from the entire urve) then it an be learlyseen that the integral fast and slow signals show a very similar derease withthe preheat temperature (insets to Figs. 8.2a and 8.2b). This lak of hangein deay shape, aused by a similar derease of the fast and slow signals withpreheat temperature, suggests that the same reombination entre(s) is usedirrespetive of the preheat temperature; thus the reombination entre mustbe stable up to 410◦C. This is assuming that the lifetime is governed by thereombination transition.The omparison of the insets to Figs. 8.2a and b suggests that the post-IR TR-IRSL signal is thermally more stable than the TR-IRSL signal. Sine,as dedued above, the holes are stable up to 410◦C, one an further deduethat the di�erenes in signal stability must arise beause of di�erenes in thethermal stability of the trapped eletrons that give rise to these signals.
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Figure 8.2: (a) Time-resolved IRSL o�-time urves from a single aliquot ofortholase for di�erent preheats in the range: 270◦C - 410◦C. Note that thedata is plotted in desending order for ease of display. The aliquot was dosedwith 45 Gy, preheated for 60 s and stimulated at 50◦C using an on-time of 1 msand an o�-time of 5 ms. The urves have been normalized to the �rst point in theo�-time. Inset: The normalized initial o�-time deay ounts (integrated interval:1002.6�1009.2 µs) as a funtion of preheat temperature (�lled irles), and theo�-time ounts at 1 ms (open irles; integrated interval: 2005.2�1011.8 µs) intothe o�-time with respet to the beginning of the light pulse. These integratedintervals have been subtrated with a bakground value found as the average overthe last 26.2 µs of the urve. (b) Post-IR TR-IRSL o�-time urves for the samepreheats, dose, and on- and o�-time settings as in (a). The aliquot was dosed,preheated for 60 s, IR bleahed at 50◦C for 100 s and then measured at 230◦C.Inset: The normalized initial o�-time deay ounts as a funtion of preheattemperature (�lled irles), and the o�-time ount at 1 ms into the o�-time(open irles) using the same integrating intervals and bakground subtrationas in the inset to (a).
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Figure 8.3: (a) Time-resolved IRSL o�-time urves from a single aliquot of or-tholase measured for stimulation temperatures in the range 50◦C-200◦C. Thealiquot was dosed with 45 Gy and heated to 300◦C for 60 s prior to eah mea-surement using an on-time of 1 ms and an o�-time of 5 ms. The urves havebeen normalized to the �rst point in the o�-time. (b) A summary of intensitiesfor the three main omponents of these urves (as de�ned in the text) and thelifetime of the slow omponent. Right axis: Lifetime in ms found from �ttingthe urves after subtration of an average bakground over the last 20 pointsand ignoring the signal in the initial 1000 µs of the o�-time to isolate the slowomponent (�lled irles). Left axis: Integration over the on-time (downwardpointing triangles), the bakground (an average over the last 20 points, upwardpointing triangles), and over the entire o�-time but with the initial 200 µs re-moved and the onstant level (bakground) at 5 ms subtrated (diamonds). Thethree plots on this axis have been normalized to their respetive initial 50◦Cvalue. Note that the open symbols represent reyling points.8.4.2 Stimulation temperature dependeneFigure 8.3 shows the dependene of the TR-IRSL signal on stimulation tem-perature for the same aliquot as in Fig. 8.2 using a dose of 45 Gy and a preheatto 300◦C. The temperatures were varied between 50◦C and 200◦C, and theseresulted in remarkable hanges in the shapes of the TR-IRSL urves. As ob-served previously for the TR-OSL data on the milliseond timesale for quartz(Ankjærgaard and Jain, 2010, Chapter 6 of this thesis), it was found di�ultto satisfatorily �t these urves with a multi-exponential model. Therefore,we used more intuitive approah; based on visual inspetion of Fig. 8.3a, it



8.4 The miroseond � milliseond time range 137is lear that the slowly deaying part of the urves inrease in relative impor-tane with respet to the fast deaying part with stimulation temperature. Asdesribed earlier in setion 8.3, the fast part of the o�-time TR-IRSL signalquikly reahes a saturation (or equilibrium) level during the on-time, whereasthe slow part of the o�-time signal never reahes saturation during the on-time. Therefore, the integral over the entire on-time signal an be used as aproxy for the behaviour of the fast deaying signal. Moreover, we also knowfrom Fig. 8.1 that there is a large bakground (the omponent deaying on aseonds time sale an be approximated as bakground here) underlying thesedata. Thus, these urves an be split into three main parts: the fast om-ponent, the slow omponent, and the bakground. To estimate the relativehanges in these omponents with temperature, the following setions are de-�ned: the integration over the whole on-time are used as a proxy for the initialfast deay (Fig. 8.3b, down pointing triangles), the onstant bakground levelreahed after 5 ms o�-time was estimated using an average over the last 20points (Fig. 8.3b, upward pointing triangles), and the slow part is representedby the sum of the o�-time but with the initial 200 µs removed and the onstantbakground level subtrated (Fig. 8.3b, diamonds). We note that our approxi-mation of the bakground may be in error as the slow omponent ontinues wellbeyond the 5 ms data measured here (see Fig. 8.1); unfortunately our instru-ment does not allow longer measurements on the ms time sale. Nonetheless,using this rude haraterization of the time-resolved urves, it beomes ev-ident that the slow omponent shows the strongest temperature dependenefollowed by the bakground, and the fast omponent shows the least stimula-tion temperature dependene. The slow omponent data (from 1�5 ms) werefurthermore suessfully �tted with a single exponential deay to estimate thedeay rate; the alulated lifetimes are also shown in Fig. 8.3b on the rightaxis. These values ranging from ∼1 to 1.5 ms perhaps show a minor overallinrease with the stimulation temperature.Figure 8.4a shows the post-IR TR-IRSL signals measured for stimulationtemperatures between 100◦C and 240◦C using the same aliquot of ortholase.The �rst IR stimulation was arried out at 50◦C for 100 s before the post-IRTR-IRSL urves were reorded. The data was analysed in the same manner asfor the TR-IRSL signals above. The relative importane of the three di�erentomponents in these urves is presented in Fig. 8.4b, and as in the TR-IRSLurves the slow omponent shows the strongest dependene on temperature.The fast omponent and the bakground of the post-IR TR-IRSL urves showa lesser dependene on temperature, and unlike for the TR-IRSL signal inFig. 8.3, the hanges are idential for these two parts of the signal. Furthermore,the lifetime of the slow omponent of the urves shows no systemati hangewith temperature.These data suggest the presene of at least two dominant omponents (fastand slow) on the milliseond time sale and a large underlying bakground inboth the TR-IRSL and post-IR TR-IRSL urves. Of these the slow ompo-nent shows the strongest inrease in intensity with stimulation temperature.However, this inrease is not mathed by an inrease in the deay onstant, (orlifetime) whih shows a very weak or no temperature dependene. A similardependene, or the lak of it, of lifetime on stimulation temperature is also ob-served for quartz (Ankjærgaard and Jain, 2010, Chapter 6 of this thesis) and inthe blue light stimulated time-resolved exo-eletron emission (TR-OSE) signal
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Figure 8.4: (a) Post-IR TR-IRSL o�-time urves for stimulation temperaturesbetween 100◦C and 240◦C for an aliquot of ortholase. The aliquot was dosedwith 45 Gy, heated to 300◦C for 60 s, and bleahed with IR at 50◦C for 100 sprior to eah post-IR TR-IRSL measurement using an on-time of 1 ms and ano�-time of 5 ms. The urves have been normalized to the intensity of the �rstpoint in their o�-time signal. (b) Same notation as in Fig. 8.3b, note that the�lled irles belong to the right axis and the remaining data belong to the leftaxis.from feldspar (Tsukamoto et al., 2010, Chapter 5 of this thesis). Interestingly,the slow part of the TR-OSE signal showed a strong systemati inrease inintensity with stimulation temperature, but without an aompanying inreasein the deay rate. The TR-OSE data suggests that the ondution band doesnot empty ompletely. However, these results annot be diretly applied to IRstimulation as it is well established that IR stimulation does not give an OSEsignal and, therefore, it is not a ondution band phenomenon (Ankjærgaardet al., 2006). However, as we disuss later, the results may be appliable to theband tail states in feldspar (Poolton et al., 2002).8.5 The milliseond � seond time rangeTo measure the o�-time phosphoresene deay on the time sale of seonds,it is neessary to use the approah desribed in Setion 8.2, where the deay ismeasured after a single pulse of stimulation of 1.2 s using a standard TL/OSLreader. A long on-pulse is used to allow build-up of any slow omponents.



8.5 The milliseond � seond time range 139We now desribe the preheat and stimulation temperature dependene of thissignal.8.5.1 Preheat temperature dependeneFig. 8.5 shows how the preheat temperature a�ets the o�-time phosphores-ene signal from both the IRSP signal measured at 50◦C (Fig. 8.5a) and thepost-IR IRSP stimulated signal measured at 240◦C (Fig. 8.5b). The preheattemperatures were varied between 270◦C and 410◦C. The urves in Fig. 8.5aare very similar in shape, but the intensity is redued as the preheat tempera-ture is inreased; the 380◦C and the 410◦C urves have their initial intensitiesredued to 5% and 0.8% of that for the 270◦C urve and the latter are almostompletely erased. The sattered points from the urve at 410◦C urve fall onhorizontal lines as the ounts are down to dark ounts, whih when normal-ized, show this behaviour on a log-sale. The IRSP signal measured at 50◦Care, therefore, almost erased for these two highest preheat temperatures. Thepost-IR IRSP signals measured at 240◦C shown in Fig. 8.5b are brighter thanthe urves in Fig. 8.5a and very similar in shape with two exeptions: Theinitial fast drop is smaller in all the post-IR IRSP urves than in the IRSPurves, and, furthermore, for preheats between 270◦C and 350◦C, the post-IRIRSP urves have a sudden inrease in deay rate (or a `kink') at about 1.5 s.However, the last two urves for preheats of 380◦C and 410◦C (where the priorIRSP signal at 50◦C was redued to <5%) do not show this kink. If looking atthe ISRP urves again (Fig. 8.5a), a hint of a kink is also present in these dataat about 2 s although it not as pronouned as in the post-IR IRSP data.In Fig. 8.5 the normalized initial o�-time intensities together with the nor-malized intensities in the slowly deaying part of the urves (found by takingan average over the last 20 points) for both the IRSP and post-IR IRSP signalsare summarized. The dependene on preheat temperature is almost identialfor the initial and later signals, however, as observed for the milliseond timesale (see insets to Fig. 8.2), the post-IR IRSP signal is slightly more thermallystable ompared to the ISRP signal. The lak of signi�ant hange in deayshapes with preheat suggests that the proess involved in the luminesenegeneration for the IR and post-IR signals is independent of preheat tempera-ture in the range 270◦C � 410◦C. If harge trapping in refuge traps followingoptial stimulation is an important proess here, then the traps partiipatingmust have TL peaks below 270◦C so they are always emptied at these preheattemperatures. The main di�erene between the two signals is in the onspiu-ousness of the kink.8.5.2 Stimulation temperature dependene of the IRSP andpost-IR IRSP signalsThe IRSP signal dependene on stimulation temperature is shown in Fig. 8.6a,where the temperature during the IR stimulation was varied between 50◦C and230◦C following a preheat to 300◦C for 10 s. The kink observed in the preheaturves (Fig. 8.5) are present in all these urves and situated between 1 and 2s into the o�-time, although the kink itself is more or less pronouned at thedi�erent temperatures. The deay rates of the urves before the kink showsigni�ant hanges with stimulation temperature, however, there is neither
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Figure 8.5: IR stimulated phosphoresene (IRSP) and post-IR IRSP urvesfrom a single aliquot of ortholase for di�erent preheats between 270◦C and410◦C. The aliquot was dosed with 500 Gy, preheated for 60 s and IR stimulatedat 50◦C with a single pulse of 1.2 s followed by detetion for 6.8 s. This wasfollowed by an IR bleah at 50◦C for 100 s to empty the IR signal, and then afurther IR stimulation at 240◦C using the same pulse length. (a) Shows the datafrom �rst IR measurement, (b) shows the data from the �nal IR measurement.The urves have been normalized to the �rst point in the o�-time. Note thatthe temperatures are listed in desending order. Inset: A loser look at the'kink' in the post-IR IRSP urves at 240◦C; note that both axes are linear. ()Normalized initial o�-time ounts for the IRSP urves (�lled irles) and post-IRIRSP urves (�lled triangles) together with the normalized average over the last20 points in the urves (given as BG in the �gure) for IR (open irles) andpost-IR (open triangles) signals.
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142 Optially stimulated phosphoresene in ortholase feldspar . . .a systemati inrease nor a derease. A similar non-systemati behaviour isobserved for the post-IR IRSP urves measured at 240 ◦C (Fig. 8.6b).The urves after the kink show a very similar deay rate, exept for the110◦C IRSP urve. The tail of the urves from 3 s and onwards in bothFigs. 8.6a and b was �tted with a single exponential to haraterize the shape,and the lifetimes are summarized in Fig. 8.6. The lifetimes do not showany signi�ant variation with temperature above 100◦C. This behaviour wasalso observed in quartz, although the kink in quartz was not visible at allthe stimulation temperatures (Ankjærgaard and Jain, 2010, Chapter 6 of thisthesis).8.5.3 The e�et of hange in prior IR stimulationtemperature on the deay form of the post-IR IRSPsignalThe measurements here were made following those presented in Fig. 8.6a. Aftereah IRSP measurement at di�erent temperatures there was a post-IR IRSPmeasurement at a onstant temperature of 240◦C. Eah prior IR measurementwas arried out for 100 s after irradiation and a preheat of 300◦C for 10 s. Inorder to ompare the shapes of the di�erent signals, eah urve is normalisedto its initial intensity and shown in Fig. 8.7a. The temperatures indiated inthe legend refer to the prior IR stimulations before the Post-IR IRSP measure-ments.The data show a steep relative inrease in the signal intensity of the slowlydeaying signal with respet to the fast deaying signal with an inrease in thetemperature (exept for the last urve at 230◦C). The kink is onspiuous atall temperatures, although to di�erent degrees, and it ours approximatelyat the same time. The prominene in the kink does not show a systematidereasing or inreasing trend with temperature: it is learly visible in theurves for 50◦C and 80◦C, less prominent in the 110◦C urve and 170◦C urveand almost invisible in the 140◦C urve. Interestingly, in the 200◦C urve, it isnot only a kink, but a small peak superimposed on an overall deaying urve.In the 230◦C urve the kink is still very visible although the peak struture isless obvious.The initial intensity (�lled irles) and the average value over the last 10points (empty irles), normalised to the 50◦C data, for eah urve are shownin Fig. 8.7b. These data show that (i) an inrease in the prior IR temper-ature auses an overall derease in the intensity of the post-IR IRSP signal,and (ii) the initial signal (proxy for the urve before the kink) (�lled irles,Fig. 8.7b) dereases relatively muh more rapidly with temperature than theslowly deaying signal after the kink (open irles, Fig. 8.7b). It is likely thatthe redution in the initial intensity with high prior IR temperatures (200◦Cand 230◦C) auses the kink in the urve to be muh more visible and thereforeit appears as a peak. We note that suh a peak was also predited from on anumerial model based on four energy states for quartz by Ankjærgaard andJain (2010, Chapter 6 of this thesis).As in quartz it is highly likely that these IRSP signals originate due toharge storage and release from the shallow traps [see Ankjærgaard and Jain(2010, Chapter 6 of this thesis)℄. We disuss this again later with the photo-



8.5 The milliseond � seond time range 143
Post IR stimulation at 240

o
C, following IR at:

Time, s
0 1 2 3 4 5 6

N
o

rm
a

liz
e

d
 c

o
u

n
t

10-1

100
50

o
C

80
o
C

110
o
C

140
o
C

170
o
C

200
o
C

230
o
C

(a)

(b)

First IR stimulation temperature, 
o
C

50 100 150 200

N
o

rm
a

liz
e

d
 c

o
u

n
t

0.0
0.2
0.4
0.6
0.8
1.0
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Figure 8.8: (a) Post-IR IRSP urves for di�erent stimulation pulse durations.An aliquot of ortholase was dosed with 200 Gy, preheated to 300◦C for 60 s,IR bleahed at 50◦C for 100 s and then IR stimulated again at 240◦C with asingle pulse of length varying between 0.1 s and 2.2 s. The urves have beennormalized to the intensity of the initial o�-time data, and only the �rst 5 s ofthe o�-time data is shown. Inset: hanges in the position of the kink (suddenhange in the deay rate) as a funtion of stimulation pulse duration. The datahave been �tted to a straight line. (b) Lifetimes found from exponential �tting ofthe portion of the o�-time urve after the `kink' after subtration of the averageonstant bakground estimated using the last 20 points in the o�-time.shown in Fig. 8.8a for on-times between 0.1 and 2.0 s. There exists a linearrelationship between the on-time duration and the position of the kink in theo�-time whih is shown in the inset to Fig. 8.8a.Figure 8.8b shows the lifetime of the latter part of the urves from 3 to 5s, and these are broadly onstant for di�erent on-times. The e�et ausing themovement of the kink, therefore, does not a�et the deay rate of the slow partof the urves.8.5.5 Traps giving rise to IR stimulated phosphoreseneTo get an insight into whih traps play a role in ausing long lived phospho-resene signals, a series of TL urves were measured to examine the possibleharge reuperation due to short IR stimulations; this is alled phototrans-ferred TL (PTTL). An aliquot of ortholase feldspar was dosed with 200 Gy,
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∼320◦C); this is observed as negative ounts in the �gure. The harge in therefuge traps builds up ontinuously for IR stimulations between 0.5 and 2 s;these positive ounts are PTTL due to photo-transfer. These peaks might on-sist of multiple peaks as they are rather broad. The phosphoresene observedfollowing IR stimulations at 50◦C possibly arises by harge leaking from thesetraps.In a similar manner TL signals were obtained with the same dose andpreheat as in Fig. 8.9b, but the short IR stimulations were replaed by a longIR bleah at 50◦C for 100 s and this was followed by post-IR IR stimulationsat 240◦C for di�erent durations (0.5, 1 and 2 s) before TL measurements.Figure 8.9b shows the `di�erene' TL signals after subtration of the TL signalwithout the seond IR stimulation, but with preheating to 240◦C for 0.5, 1 and2 s respetively. The main peak at ∼410◦C was redued by about 50% dueto the IR bleah at 50◦C for 100 s seen as negative ounts. Figure 8.9b showsthat holding the sample at 240◦C during the seond IR stimulation removes alltrapped harge below 200◦C, and transfers harge into a main peak at ∼330◦Cand a smaller peak at ∼265◦C. These peaks build up with inreasing post-IRIR stimulation time. The peaks are very lose in temperature to peaks observeddue to transfer from the �rst IR seen in Fig. 8.9a, (note that there was also ahint of a peak at 330◦C in Fig. 8.9a). The phosphoresene observed followingthe post-IR IR stimulation at 240◦C are very likely to re�et harge leakagefrom the two traps at ∼265◦C and ∼330◦C. Interestingly, the soure trap inthe post-IR IR stimulation is still the same as in the IR stimulation.From the urves in Fig. 8.9a it may be suggested that several traps playa role in the IR stimulated phosphoresene signals from this feldspar sam-ple. In Ankjærgaard and Jain (2010, Chapter 6 of this thesis) a simple modelonsisting of three traps and a luminesene reombination entre was devel-oped to desribe the behaviour of quartz phosphoresene. A key feature ofthe model is that it an predit a kink observed in the quartz phosphoreseneurves (muh like that observed for feldspar in Figs. 8.5 through 8.8) by a largetransfer and subsequent build-up from one of the traps to another. By usingthis model it would be possible to simulate the ourrene of the kink in thefeldspar phosphoresene urves (see Figs. 8.5, 8.6, and 8.7) and possibly tosome extent the hange in the kink position (Fig. 8.8), but the temperature de-pendene in Figs. 8.6 and 8.7 are omplex and ould not be produed with thesimple model. Further studies on the temperature dependene of the phospho-resene signals and the PTTL peaks must be undertaken before developing amore omplete model to explain the phosphoresene from feldspar.8.6 Summary and disussionThe deay form of time-resolved luminesene and optially indued phospho-resene in ortholase feldspar have been observed to over time sales of over8 orders of magnitude from 50 ns to ∼8 s (Fig. 8.1). The TR-IRSL and post-IR TR-IRSL signals on these di�erent time sales are very similar in shape,although there is a tendeny for the post-IR TR-IRSL signal to show a largere�et from build-up during the on-time ompared to the TR-IRSL signal. It isinteresting that the overall deay form of the TR-IRSL and IRSP signals ob-served here for feldspar is broadly omparable to the deay form of the blue light



8.6 Summary and disussion 147stimulated time-resolved and phosphoresene signals in quartz, even thoughfeldspar and quartz are fundamentally di�erent systems. This implies that theproesses giving rise to these forms are of more universal nature.The deay shapes of the TR-IRSL (Fig. 8.2) and IRSP (Fig. 8.5) signals areonly weakly dependent on the preheat temperature in the range 270�410◦C.For all preheat urves, the post-IR IR indued signals are more stable thanthe �rst IR indued signals. The data suggests that in the miroseond tomilliseond regime where reombination lifetimes may be important, the holesare not signi�antly depleted by the preheat. On the seonds time sale, wherethe role of shallow traps beomes more important (as demonstrated from thephoto-transfer TL urves), the traps that give rise to the phosphoresenesignals must always �ll to the same relative extent during optial stimulation,irrespetive of the preheat temperature.Unlike for the preheat data, both the TR-IRSL, the post-IR TR-IRSL sig-nals, and their phosphoresene ounterparts show major hanges in the deayform with stimulation temperature. For both the TR-IRSL and post-IR TR-IRSL data it is observed that these hanges arise beause of a strong temper-ature dependent inrease in the slowly deaying signal, relative to the initialdeay and the underlying bakground. However, interestingly, this inrease isnot aompanied by a strong, mathing inrease in the deay rate of the slowomponent (Figs. 8.3b and 8.4b). A similar weak dependene of the slow ms tos sale omponents lifetimes with stimulation temperature was also observedin quartz (Ankjærgaard and Jain, 2010, Chapter 6 of this thesis). There thepresene of a seond entre that does not show thermal quenhing as a possibleexplanation was suggested. Although this explanation an also be extended tofeldspars, there exists an alternative explanation whih is disussed below.Independent results obtained using blue light stimulation from the time-resolved OSE data [Fig. 5f of Tsukamoto et al. (2010) or Fig. 5.5f in Chapter5℄ also show a signi�ant inrease in the signal intensity with stimulation tem-perature without a hange in the deay rate; it was inferred that this slowomponent represents the ondution band eletron population. The IR en-ergy used here does not allow a diret transition to the ondution band. IRexitation auses eletrons to be lifted from the ground state to the �rst exitedstate of the trap, and from there it is likely that a proportion of the exitedstate eletron population reahes the band tail states (Poolton et al., 2002).The band tail eletron population will inrease with temperature due to greaterand greater in�ux from the IR exited state of the trap to the band tail states.If the eletrons from the band tail states then reombine using an athermalmehanism [e.g. (Poolton et al., 2002)℄ then one would observe an inrease inthe intensity without a mathing inrease in the deay rates (lifetimes). Thus,one may onlude that one possible explanation for the slow omponent ob-served on the ms sale represents the emptying of the ondution band tailstates.The dependene of IRSP and post-IR IRSP deay urves on stimulationtemperatures is muh more omplex than for the TR-IRSL and post-IR TR-IRSL signals. A kink is observed in the urves between 1 and 2 s into theo�-time, and the deay rates of the urves before the kinks do not show asystemati hange with stimulation temperature. On the other hand, the deayrates of the urves after the kinks do not show any signi�ant hange withstimulation temperatures (Fig. 8.6). The data with variable prior stimulation



148 Optially stimulated phosphoresene in ortholase feldspar . . .temperature suggests that there ould be at least two sets of traps with widelydi�erent thermal stability that take part in the phosphoresene proess on theseonds sale.Our PTTL data on�rms the presene of at least three shallow traps withdi�erent thermal stabilities that reuperate during IR and post-IR stimulations.The role of these traps in produing the `kink' is not lear. We onsidered thesimple three-trap, one entre model of Ankjærgaard and Jain (2010, Chapter6 of this thesis); although it was possible to simulate the kink, it was notpossible to simulate the temperature dependene of the signal before the kink.Future studies into the lifetimes of these TL peaks and the dependene of theirintensities on stimulation temperature are required to get further insight intothe exat role of these traps in phosphoresene.In summary, based on these data it an be argued that during optialstimulation there is temperature dependent �lling of the band tail states andshallow traps in feldspar. The slow ms omponent re�ets the oupany andthe emptying of the band tail states as a result of eletrons originating fromthe exited state of the dosimetri trap during IR stimulation. During the IRstimulation there is some harge transfer to the shallow traps (reuperatione�et). These shallow traps then release harge due to thermal deay thusgiving rise to the phosphoresene deays on the seonds time sale (almostapproximated as a bakground on the milliseond timesale). It is possiblethat this harge release ours both to the ondution band and possibly tothe band tail states; the latter hold harge for longer duration, thus ausing adelay in reombination, and thereby gives rise to a kink struture.8.7 Conlusions1. It is shown here that the time-resolved IRSL and IR stimulated phospho-resene signals measured at 50◦C using the blue emission in our ortho-lase feldspar exist over at least 8 orders of magnitude in time (from 50ns to >8 s). The deay form of elevated temperature post-IR signals at230◦C is broadly similar to those obtained from the prior IR.2. The holes that partiipate in the reombination proess are thermallystable in the range 270◦C�400◦C. The dereasing trends seen in the in-tensity of these signals with preheat temperature (pulse anneal urves),therefore, re�et the thermal stability of the eletron population.3. It is suggested that the slowly deaying omponent on the ms time sales(the two TR-IRSL signals) represents the eletron population in the bandtail states.4. On the seonds time sale (phosphoresene signals) a onspiuous kinkis observed at about 1.5 s. This phosphoresene has ontribution from atleast two sets of refuge traps with very di�erent thermal stabilities. Thedeay form of the signal before the kink shows a omplex dependene onstimulation temperature, while that for the signal after the kink does notshow signi�ant hanges with temperature. The omplex temperaturedependene of the urve before the kink requires further investigation.The latter part of the urve might possibly represent input to the bandtail states from only the more stable set of traps.
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Chapter 9Towards a non-fading signal infeldspar: insight into hargetransport and tunnelling fromtime-resolved optially stimulatedlumineseneM. Jain and C. AnkjærgaardRadiation Researh Division, Risø National Laboratory for Sustainable Energy,Danish Tehnial University, DK-4000 Roskilde, DenmarkPublished in: Radiation Measurements.AbstratFeldspars are an attrative alternative to quartz for extending the dose range, and fordating volani terrains suh as on Mars and Ieland. Unfortunately, harge storedin the feldspar lattie undergoes anomalous fading leading to an underestimation inthe dose estimates. In this paper we use the time-resolved optially stimulated lumi-nesene (TR-OSL) tehnique to investigate the proesses that give rise to the signalfollowing infrared (IR), green and blue stimulation, with an objetive to understandtunnelling and harge transport during thermo-optial exitations. We show that theTR-OSL shape is governed by the energy of exitation and the subsequent hargereombination route through the exited state of the trap, the band tail states or theondution band. The role of band tail states in harge reombination is spei�allyexamined using the signal shown to deay over several ms; we identify two dominantreombination routes, viz., phonon (0.05-0.06 eV) assisted di�usion, and quantummehanial tunnelling, depending on the energy state of the detrapped eletron. Aswould be expeted, di�usion in the band tails is idential for both resonant and non-resonant exitations, where in the latter ase the band tail state oupany likelyarises from thermalisation of ondution band eletrons. The important outome ofthis study is a omprehensive physial model based on a single dosimetri trap thatsuessfully explains wide-ranging luminesene phenomena in feldspars, in partiu-



152 Towards a non-fading signal in feldspar . . .lar, the luminesene e�ieny and thermal partitioning of harge in di�erent energystates and the subsequent reombination routes. The model predits three di�erentsystemati approahes to preferentially sampling the most stable signal. We �nallypresent evidene for a non-fading signal using one of these methods based on pulsedIR stimulation.Keywords: Pulsed OSL, blue-, green-, IR-exitations, anomalous fading, band tailstates, phonon assisted di�usion, tunnelling, harge transport.9.1 IntrodutionFeldspars are an attrative alternative to quartz for extending the dose rangeas they show a higher luminesene saturation dose. The main obstale inthe routine appliation of feldspars, however, is athermal or `anomalous' fad-ing (Wintle, 1973; Visoekas, 1985). Di�erent models have been proposed todesribe the mehanism giving rise to fading in feldspars (Templer, 1986; Vi-soekas, 1985; Aitken, 1985), but it is now generally aepted that that thefading is aused by quantum mehanial tunnelling from the ground state ofthe trap (Poolton et al., 2002a,b; Li and Li, 2008; Kars et al., 2008) and that thisproess an be desribed by a power-law deay (Tahiya and Mozumder, 1974;Delbeq et al., 1974; Huntley, 2006). A orretion for the dose under-estimationarising from this fading e�et an be attempted using a simple analytial solu-tion to the t−1 dependene of the luminesene deay (Huntley and Lamothe,2001). The solution has several assumptions, the most ritial being the formof the fading urve during extended irradiation (Morthekai et al., 2008). Un-fortunately, the age range where orretion might be valid is rather limitedand does not allow full utilisation of the extended luminesene dose-responseharateristi of feldspar for extending the measurable dose range. The biggesthallenge in developing a more realisti orretion model is exat knowledgeof harge distribution and luminesene generation in feldspars (Larsen et al.,2009). Ideally, one would like to identify omponents in the luminesene signalthat undergo a less severe or no fading. But this objetive requires a betterunderstanding of the harge transport in the feldspar rystal.The knowledge of the struture of the trap and the band gap is the keyissue. It has been suggested that the IRSL signal used in dosimetry arisesfrom a single trap (Baril and Huntley, 2003), orresponding to the thermolu-minesene peak at ∼400◦C (at 5◦C/s) (Murray et al., 2009). Based on optialbleahing experiments it has been proposed that the majority of the trappedharge stimulated by blue-green light is also aessible by the infra-red (Dullerand Bøtter-Jensen, 1993; Jain and Singhvi, 2001). This interpretation is alsosupported by similarity of the dose response urves measured by blue and IRlight (Blair et al., 2005). Previous work led by Poolton has made signi�antontributions to understanding the band struture. Poolton et al. (2002a,b)suggest that the IRSL from feldspar is a produt of two very di�erent proesses;(i) loalised reombination by tunnelling from the exited state of the trap tothe reombination entre, and (ii) eletroni transfer through the ondutionband tail states to the reombination entre. The band tail model proposedby Poolton et al. (2002a,b) is partiularly suessful in prediting the risingontinuum observed in the exitation spetra (Poolton et al., 2002b). During



9.1 Introdution 153the writing of this manusript a new artile by Poolton et al. (2009) presentsseveral low temperature measurements (10 K to room temperature) that giveexperimental evidene of the existene of band tails in feldspars. They on-lude that the band tails oupy ∼0.4 eV below the ondution band. Althoughthese experimental data explain the harateristi resonant and non-resonantexitation spetrum in feldspars (Bøtter-Jensen et al., 2003), the reombinanttransport and harge partitioning between the ondution band and band tailstates during OSL dosimetry measurements, whih are typially made aboveroom temperature, is not well understood.One method of diretly studying the reombination proess is by time-resolved optially stimulated luminesene (TR-OSL), whih has the potentialto distinguish the di�erent reombination routes on the basis of the time salesinvolved. An understanding of the role of the exited state and band tail statesduring a room temperature (or higher) optial stimulation an be ahieved byexamination of the harge transport following a stimulation pulse. It is hopedthat this understanding will throw light on the role of eletron-hole separationin luminesene generation, and thus help develop methods based on preferen-tial seletion of the most distant eletron hole pairs in feldspars. The objetiveof this work, thus, is to ontribute to the understanding of the proesses thatgovern OSL generation in feldspars, and thereby isolate the proess that is theleast a�eted by ground state tunnelling. To ahieve this objetive we omparethe response of feldspar to resonant (IR) and non-resonant (green), exitation,while deteting the blue emission, using both sedimentary and rok feldsparsamples. Our IR exitation inludes elevated-temperature IRSL as this signalshows di�erent dosimetri harateristis ompared to the room temperatureIRSL signal (Jain and Singhvi, 2001; Thomsen et al., 2008).9.1.1 Previous studies on TR-OSL of feldsparsPrevious work on TR-OSL from feldspar has mainly foussed on multi-exponen-tial analysis to understand the relative roles of the reombination entres thatpartiipate in the proess (Sanderson and Clark, 1994; Clark et al., 1997;Clark and Baili�, 1998; Chithambo and Galloway, 2000; Denby et al., 2006;Tsukamoto et al., 2006). Up to �ve deaying exponentials have been identi�edwith lifetimes within: 30-50 ns, 300-500 ns, 1-2 µs, ∼5 µs, and >10 µs (Clarket al., 1997; Clark and Baili�, 1998; Chithambo and Galloway, 2000; Tsukamotoet al., 2006). Clark et al. (1997) studied the TR-IRSL signals in three di�erentemission windows (280-380 nm, 350-575 nm, and 460-625 nm) and Clark andBaili� (1998) extended this study by using a set of bandpass �lters to measurethe TR-IRSL at 300, 350, 400, 450, 500, and 550 nm. Both studies found thatlifetimes within these detetions windows lie within the above given lifetimegroups. Some of the lifetimes were attributed to the internal transitions withinthe reombination entres (Clark and Baili�, 1998). The 30-50 ns timesalesfor the very fast deay show that the relaxation lifetime at the reombinationentre, if any, must be of the order of few ns or less.In addition to the analysis of the form of the TR-OSL deay urves, therehave been two important appliations of this tehnique to understand anoma-lous fading. Sanderson and Clark (1994) using pulsed blue light stimulationtried to identify a non-fading TR-OSL omponent in a volani lava sample,whih showed a 50% loss of signal following 4 days of storage. They on-



154 Towards a non-fading signal in feldspar . . .luded that omponents ourring on the 40 ns - 8 µs timesale show majorsignal loss due to fading, but that both the faster and slower omponents didnot appear to show signs of fading. This suggestion was pursued a deadelater by Tsukamoto et al. (2006) using pulsed IR LED stimulation on Na- andK-feldspars. They onluded that the longest (∼20 µs) omponent found intheir samples seemed more stable over a storage period of 30 days omparedto the short lived omponents, and furthermore, that the relative ontribu-tion from this long omponent was greater in K-feldspars than in Na-feldspars.Tsukamoto et al. (2006) also ompared equivalent dose (De) estimates usingpulsed IR-OSL (data olleted in the o�-time) with those using CW IR-OSL.However, given the satter in their data it is not possible to derive a uniqueonlusion. This work was also ontinued by Huot (2007) but he onludedthat it was unlear whether pulsed stimulation helped to isolate a less fadingsignal.These authors made the impliit assumption that the TR-OSL deay anbe approximated by a sum of deaying exponentials. Ankjærgaard et al. (2009,Chapter 7 of this thesis) disuss that this assumption is most likely not true.In this study we further explore this assumption by trying to pin down the un-derlying transport mehanisms during resonant and non-resonant exitations.We also re-examine possible assoiations between a omponent in the TR-IRSLsignal and anomalous fading. More spei�ally, we study the hanges in theTR-OSL deay shape as a funtion of photon energy, thermal energy, stor-age after irradiation, and thermo-optial pre-treatments, towards developing aomprehensive model for reombination in feldspars. The results are desribedand disussed in the di�erent setions below.9.2 Experimental details9.2.1 InstrumentationMeasurements were arried out on a Risø TL/OSL-20 reader using blue, greenand IR LED stimulation. The reader was equipped with an integrated pulsingoption to ontrol the LEDs, and a Photon Timer attahment to reord theTR-OSL (Lapp et al., 2009, Chapter 2 of this thesis). Green light stimulationwas performed with a 525 nm (FWHM = 45 nm) LED array with a ShottGG455 �lter in front of eah LED luster delivering a total of ∼37 mW/m2CW stimulation at the sample position. Blue stimulation was arried outusing 470 nm LED arrays with a Shott GG420 �lter in front of eah LEDluster delivering a total of ∼50 mW/m2 at the sample position. The IRstimulation was performed with an 870 nm (FWHM = 40 nm) LED arraydelivering ∼100 mW/m2 CW stimulation at the maximum operating urrent.All time-resolved urves presented here were measured using an on-time (pulsewidth) of 50 µs and an o�-time (time elapsed between two onseutive pulse)of 500 µs, unless otherwise mentioned.9.2.2 SamplesFive samples have been used for this study, three feldspar end member mineralspeimens (ortholase, albite and anorthite) and two potassium-rih feldsparsediment extrats. Two of the rok samples, an ortholase and an albite were



9.2 Experimental details 155obtained from the Geologial Museum in Copenhagen and were gently rushedand dry-sieved to obtain a grain size fration of 90-125 µs with no furtherhemial treatment. The third rok sample, an anorthite, was supplied by Dr.John Bridges, University of Leiester in rushed (grain sizes 90-250 µs) form.These three minerals were hosen to represent the extreme varieties rih in K,Na, and Ca in the ternary omposition-diagram of feldspars. All three sampleshave previously been used in Ankjærgaard et al. (2009, Chapter 7 of this thesis),but there this ortholase was named ortholase 3. The two K-rih sedimentextrats (previously used in Thomsen et al. (2008), laboratory odes 963806 and951020) were obtained by �rst wet-sieving and treatment with HCl and H2O2of the bulk sample to remove arbonates and organi material. The K-feldsparenrihed fration was then separated using a heavy liquid solution ( <ρ < 2.58g/m3) and ethed for 40 min. with diluted HF (10%) to lean the grains andto remove the outer alpha-irradiated layer. After ething, any ontaminating�uorides were dissolved using HCl before �nal rinsing and drying.All the data presented here were measured on aliquots onsisting of about500 grains mounted on stainless steel ups using silion spray9.2.3 Luminesene detetionWe hose to restrit our measurements to the blue emission as this is themost widely used in dating. The onventional, most ommonly used �lterombination for detetion of blue emission in feldspars (4 mm Corning 7-59 and2 mm Shott BG-39: 350-415 nm) resulted in enormous breakthrough with thegreen LED stimulation. An alternative �lter ombination onsisting of a 6 mmthik Chroma D410 and 5 Comar 435 IK �lters (25 mm dia., 1 mm thikness:400-430 nm) was, therefore, used during green stimulation. This alternative�lter ombination has a lower as well as a narrower transmission than theonventional �lters (7-59 + BG-39), whih results in redued sensitivity. Byomparison using IR stimulation, the net luminesene transmission is foundto be 8.6 times larger for the onventional blue �lter pak ompared to thealternative �lter pak. Therefore, we deided to keep the onventional �lterpak for IR stimulation and the alternative �lter pak for green stimulation.To test the e�et of the two �lter ombinations TR-OSL urves were mea-sured at 50◦ for the same aliquot of the ortholase sample. The results nor-malised to peak ounts (last point in the on-time) are shown in Fig. 9.1a, andthe same data (�lled irles and lines) are also shown on a double-log plot inthe inset. It is lear that the two signals have exatly the same shape dur-ing both the on- and the o�-time; we an, therefore, diretly ompare the IRand green stimulated signals even though they have been deteted using twodi�erent �lter ombinations.In the following setions all IR stimulation data are measured using theBG-39 and 7-59 �lter ombination, while all green light stimulation data aremeasured using the D410 and 435 IK �lter ombination.9.2.4 Terminology and signal analysisThe terminology and abbreviations used throughout this artile are de�ned inthe Appendix.
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Figure 9.1: (a) TR-IRSL shape for ortholase deteted using the D410 and 435IK �lters (�lled irles) ompared to the TR-IRSL shape deteted using the BG-39 and 5-79 �lters (red line). The sample was given a dose of 20 Gy, preheatedto 250◦C for 60 s and stimulated at 50◦C. The inset shows the o�-time deaydata on a log-log sale. (b) TR-IRSL urve (BG-39 and 5-79 �lters) from theortholase feldspar measured at 50◦C following irradiation with 25 Gy and apreheat to 260◦C. () TR-GLSL (BG-39 and 5-79 �lters) from the same samplemeasured at 50◦C following irradiation with 90 Gy and a preheat to 260◦C (ahigher dose was given as the sensitivity of the green system was poorer thanfor the IR system). The fall time of the IR and green LED's are plotted in (b)and () respetively. The insets show the initial 20 µs data, with a muh higherresolution (50 ns)−1.



9.3 TR-OSL shape vs. stimulation photon energy 157Signal analysis of the TR-OSL urves is hallenging mainly due to two fa-tors: Firstly, the LED swith-o� time is typially <150 ns, therefore, the formof the fast deay ould be somewhat a�eted by the LED swith-o� time. Se-ondly, the lak of knowledge of the exat mathematial form of the feldspar TR-OSL urve ompliates the signal analysis. The TR-OSL data for IR (Fig. 9.1b)and green stimulations (Fig. 9.1) shows that the signals drop rapidly followingthe LED pulses. The insets show a loser view of the initial signal. The IRsignal is slower than the pulse fall time, whereas the green signal follows theLED's initially and then gets somewhat slower. After this rapid initial drop,the later part of the TR-IRSL urve is seen to deay on the µs to ms time sales(Fig. 9.1b, ). As is disussed in detail below, the TR-OSL deay form is notsimply a linear sum of exponential deays. To analyse our data we, therefore,resort to a somewhat semi-quantitative analysis based on visual examinationof the TR-OSL urves and isolation of the fast and slower parts of the signals.We de�ne two integral regions termed as the `Fast signal' and the `Slow signal'whih are used throughout the artile (see the Appendix for details).9.3 TR-OSL shape vs. stimulation photon energyBy using the two �lter ombinations desribed in Setion 9.2.3, the ortholasesample was dosed, preheated and measured using both IR and green stimula-tions to ompare the signal shapes. Fig. 9.2a shows a omparison of normalizedo�-time deay shapes for TR-IRSL at 50◦C, post-IR TR-IRSL at 230◦C andTR-GLSL at 50◦C. The fall-time of the stimulation light from the IR LED's isshown for referene; the green LED fall time is not plotted but it overlies the IRLED urve. Of the three signals observed here, the green signal has the fastestinitial deay ompared to the two IR signals. The post-IR IR signal measuredat 50◦C is initially slightly faster than the IR signal, but after a few tens of
µs the two signals ross over, and thereafter the IR signal deays faster thanthe post-IR IR signal. At about 300 µs into the o�-time the IR signal reahesa similar onstant level as the green signal; the post-IR IR signal reahes aonstant level about 10 times higher (relative to the initial deay) omparedto the two signals measured at 50◦C beause of the thermal e�et disussedlater. Interestingly, towards the later part of the urves (400-500 µs), all threesignals deay at the same rate.The TR-IRSL and TR-GLSL data show that the deay forms are related tothe stimulation photon energy; therefore, it would be interesting to explore thetrend further with blue light stimulation. However, the use of the blue detetion�lters preludes this possibility. As the losest alternative, we attempted aomparison of the IR, green, and blue stimulations in the UV detetion (notethat the earlier work summarized in the introdution has shown that the TR-OSL deay forms are broadly similar in the blue and UV detetion windows).The normalized TR-BLSL, TR-GLSL, and TR-IRSL o�-time urves detetedin the UV emission are ompared in Fig. 9.2b. All three signals were measuredat 50◦C following irradiation (90 Gy) and a preheat to 250◦C for 60 s usingthe ortholase sample. These data show the trend that the TR-OSL from bluestimulation deays faster than green, whih deays faster than IR. On loserinspetion, the deay rate of the TR-BLSL and TR-GLSL are in fat verysimilar; the main di�erene is the relative proportion of the Fast and the Slow
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Figure 9.2: (a) Normalized o�-time deay shapes for TR-GLSL and TR-IRSLat 50◦C, and post-IR (50◦C for 100 s) TR-IRSL at 230◦C using the ortholasesample. Prior to eah measurement, the sample was dosed with either 100 Gy(green) or 25 Gy (IR stimulations), and preheated to 300◦C for 60 s. The fall-time of the IR LED's measured using an attenuation �lter inserted beneath thePM-tube is shown for referene. All urves are normalized to the last point inthe on-time. The inset shows the initial 10 µs of the o�-time deay shapes usinga higher resolution of 50 ns. (b) Blue light stimulated TR-BLSL, TR-GLSL andTR-IRSL o�-time signals measured at 50◦C in the UV emission (U340 �lters)using the same ortholase sample. The measurements used a dose of 90 Gy anda preheat to 300◦C for 60 s, and the urves have been normalized to the lastpoint in the on-time. The inset shows the initial 10 µs of the o�-time deayshapes for a higher resolution of 50 ns.



9.3 TR-OSL shape vs. stimulation photon energy 159deaying signals (inset to Fig. 9.2b). A relative di�erene in the initial fastdrop of ∼60% and ∼50% in the TR-BLSL and TR-GLSL signals, respetively,aounts entirely for the di�erenes in the two TR-OSL deay shapes. The TR-IRSL deay urve on the other hand is muh slower than both the TR-BLSLand the TR-GLSL signals and is similar to that observed in the blue detetionwindow.The strong dependene of the TR-OSL deay form on the stimulation en-ergy likely arises from di�erent eletroni pathways, a funtion of the energylevel oupied by the evited eletron. Aording to Baril and Huntley (2003),the IRSL trap is believed to lie at >2.5 eV below the ondution band, whilePoolton et al. (2002a) based on theoretial onsiderations suggest that the trapdepth is ∼2 eV. Stimulating this trap with blue light (2.63 eV) would most likelyause a diret transition of the trapped eletron to the ondution band. Even,if green light (2.36 eV) auses sub-band exitation, it is likely that there will besome transitions to the ondution band beause of phonon assistane (See Fig-ure 1 of Poolton et al. (1995). However, for IR light (∼1.4 eV) the exitation issub ondution-band; the trapped eletrons are transferred to the exited stateof the trap (Poolton et al., 2002a, 2009) and from there they either reombinewith holes diretly by tunnelling and/or via band tail transport. Supportingevidene ome from exo-eletron studies where it has been shown that an op-tially stimulated exo-eletron signal arises from blue light stimulation but notfrom the IR stimulation (Ankjærgaard et al., 2005); this observation has beentaken to indiate that while blue stimulation plaes harge in the ondutionband, the IR stimulation does not. Our reent study on time-resolved optiallystimulated exo-eletron (TR-OSE) emission of feldspars shows that at the endof the blue light stimulation pulse the OSE signal drops about as fast as theOSL signal re�eting a quik emptying (or thermalisation) of the ondutionband Tsukamoto et al. (2010, Chapter 5 of this thesis).The similarity between the TR-OSE and TR-OSL observations suggest thatthe very fast initial deay (Fast signal) in our blue data must re�et the emp-tying of the ondution band; this implies that relaxation within the reom-bination entre from an exited state, if any, must be in ns or shorter timesales, whih supports results from the fast pulsing OSL studies (e.g. Clarket al. (1997)). Sine the initial drop in the green data is idential to that in theblue, we by analogy suggest that a signi�ant population evited by green lightalso reombines via the ondution band; the only di�erene between greenand blue stimulations is in the relative intensities of the Fast and the Slowdeaying signals. The IR stimulated signal shows a slower rate of deay thanboth blue and green (Fig. 9.2b); we propose that this is beause the initialTR-IRSL originates due to a relatively slower nearest-neighbor reombinationfrom the exited state of the trap and the proximal band tail states.Unlike the Fast signal, the Slow signal (from about 70 µs in the o�-time)has an almost idential shape irrespetive of the stimulation photon energy at50◦C (Fig. 9.2b). We propose that all these Slow signals (IR, blue and green)originate from a distant- reombination through a slower transport within theband tail states.The di�erent IR, green and blue transitions are depited in Fig. 9.3 (transi-tion b). The reombination from around the exited state of the trap is shownas e2 (the dashed line for tunnelling and the blue band for proximal reombi-nation from the band tail states), and the band tail transport are shown as d1
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9.4 TR-OSL shape vs. thermal energy 161and d2. This model is disussed and tested in detail in the following setions.9.4 TR-OSL shape vs. thermal energyFeldspars show a harateristi inrease in IRSL signal with an inrease inthe stimulation temperature (e.g. Duller and Bøtter-Jensen (1993); Rieseret al. (1997); Baili� and Barnett (1994). Unlike quartz, however, the inreasein the intensity of IRSL is not mathed by a simultaneous inrease in thedeay rate (e.g. see Poolton et al. (2002b)). This observation perhaps suggeststhat the IRSL deay rate does not re�et the detrapping rate but instead thereombination probability; the higher the stimulation temperature the greaterthe reombination probability. We hypothesised in the above setion that theSlow TR-OSL signals originate from transport in the band tails, while theFast signals originate either from around the exited state of the trap (IR), orfrom the ondution band (green and blue). If this hypothesis is orret thenwe should see di�erent thermal dependenies of these signals; for example theband tail transport or ondution band transitions may require very di�erentthermal assistane.To test the hypothesis, the stimulation temperature dependene of TR-IRSL, post-IR TR-IRSL and TR-GLSL urves were investigated on the samealiquot. The data are shown in Figs. 9.4a, 9.4, and 9.4e, respetively. TheTR-OSL deay rate and the signal intensity are disussed separately in thefollowing sub setions:9.4.1 Dependene of the deay rate on stimulationtemperatureThe insets to Fig. 9.4 show a loser view of the Fast signal deay. In theTR-IRSL data there is a large inrease in the deay rate from 50 to 100◦C,and thereafter the hange in the deay rate is very small and gradual. Atthe higher temperatures the initial fast drop almost aounts for 80% of thesignal intensity (see Fig. 9.4a, inset). The post-IR TR-IRSL signal also showsa similar trend for the Fast signal. In ontrast, the TR-GLSL signal does notshow a detetable hange in the initial deay rate with stimulation temperature(Fig. 9.4e inset). Note that the fast deay for all the green measurements is stillsigni�antly slower than the LED fall time (see Figs. 9.1 and 9.2a); therefore,the apparent onstany is not an instrumental artefat.The deay rate is an indiator of the lifetime in a partiular state. Aninrease in the deay rate of the Fast TR-IRSL signal with an inrease inthe temperature from 50-100◦C is important. We suggested in setion 9.3the possibility that the Fast IR signal arises by tunnelling from the exitedstate of the trap (Fig. 9.3, transition e2). With an inrease in temperature, aninreasing proportion of eletrons esape from the exited state of the trap intohigher energy band tail states (Fig. 9.3, transitions d1. . . d2). This additionalthermally indued loss dereases the life time of the exited state, observed asa faster deay of the Fast TR-IRSL signal, while the inreased transfer to theband tails states inreases the relative intensity of the Slow TR-IRSL signal(Fig 9.4a). For the post-IR TR-IRSL signal, the reombination mehanismis likely to be similar. Sine the �rst temperature of the post IRSL signal is
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Figure 9.4: Stimulation temperature dependene of the TR-IRSL, post-IR TR-IRSL, and TR-GLSL o�-time signals for an aliquot of ortholase feldspar usingtemperatures between 50◦C and 300◦C following a preheat to 300◦C for 60 s(the legends are shown in the right hand side diagrams). The IR measurementsused a dose of 25 Gy and the green measurements a dose of 100 Gy. All urveshave been normalized to the last point in the on-time, and insets show the initial50 µs of the o�-time urves. The summary urves (on the right hand side) showthe normalized behaviour of the Fast (irles) and Slow (triangles) signals of thetime-resolved urves. All open symbols denote reyling points. (a) TR-IRSLo�-time urves. (b) Summary of the TR-IRSL urves from (a). () Post-IRTR-IRSL o�-time urves following IR stimulation at 50◦C for 100 s. Note thatthe lowest stimulation temperature is 100◦C and not 50◦C as this is a post-IRsignal. (d) Summary of the post-IR TR-IRSL urves from (). (e) TR-GLSLo�-time urves. (d) Summary of the TR-GLSL urves in (e).



9.4 TR-OSL shape vs. thermal energy 163already quite high (100◦C), we do not see any large di�erenes in the deayrate; thus, these data are onsistent with the hanges observed for the TR-IRSLsignal.The TR-GLSL data are quite di�erent from the IRSL data. Firstly, thereis no apparent dependene of the Fast TR-GLSL deay rate on stimulationtemperature. Seondly, the Fast TR-GLSL deay rate is greater than the TR-IRSL deay rate at 50◦C (insets to Figs. 9.4a, e). Both these observationsare onsistent with our earlier interpretation that the Fast TR-GLSL signaloriginates from ondution band reombination (Fig. 9.3, transition ). Sinethe thermal assistane mehanism is not required in the ondution band route,the rate of reombination should not depend upon the stimulation temperature.Moreover, sine the wavefuntion is most deloalised for the ondution band,transition  is expeted to be faster than transitions e2 (Fig. 9.3; the degreeof loalisation in Fig. 9.3 is denoted as the distane r of the reombinationsite from the trap, i.e. the maximum probable donor-aeptor separation forreombination).In ontrast to the Fast TR-IRSL signal, the rate of depletion of the Slowsignal seems to derease with an inrease in the stimulation temperature (fore.g. data between 50-300 µs in Figs. 9.4a, , e); this derease was also on�rmedby subtrating the average bakground signal from the data (not shown). Theslow signal arises from sub ondution band (E) transport via the band tailstates. An inrease in the eletron energy with temperature leads to a moreextended wave-funtion, whih together with an exponential inrease in thedensity of states (Poolton et al., 2009) an lead to an inreased probability ofhopping, or in other words relatively high eletron mobility. But an inrease inmobility should allow a quiker reombination beause of greater availability ofaessible aepters, and, therefore, a faster emptying of the band tail states.However, retrapping an be an equally important e�et in the band tail empty-ing beause of the spatial assoiation of an evited eletron to parent trap. It ispossible that at low temperatures the parent trap exerts a high probability forretrapping sine the eletron is less mobile and therefore in the proximity, andthis e�et is not quite balaned by the advantage o�ered by higher mobility inthe band tail states at the higher temperatures.9.4.2 Dependene of signal intensity on stimulationtemperatureThe temperature dependenies of the Fast and Slow signals for IR and greenstimulations are shown in Fig. 9.4b, 9.4d, and 9.4f, respetively, and they allshow the same relative behaviour: The Fast signal inreases by a fator of3-4, whereas the Slow signal inreases by a fator of ∼ 8-10 with stimulationtemperature for all the TR-OSL urves. The most important feature of thesedata is the large di�erene between the Slow and Fast signal inrease.The same data are shown on an Arrhenius plot (log intensity vs. the in-verse of thermal energy; the slope of the plot gives the ativation energy) inFigs. 9.5a, b. The Fast signal for the green stimulation shows a lear exponen-tial dependene with an ativation energy of 0.06 eV (Fig. 9.5a). If the greenphoton energy is su�ient to ause diret ionisation (i.e. transition above theondution band edge) then thermal assistane is not expeted. But if theexitation is sub-ondution band then an additional amount of thermal en-
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)Figure 9.5: Arrhenius plots of (a) Fast and (b) Slow signals obtained using IR,post-IR IR and green light stimulation. The data were obtained from Figs. 9.4b,9.4d and 9.4f for this analysis.ergy is required for ionisation; however, this e�et requires the existene ofband tail states (or the Urbah tails). A �nite ativation energy for our FastTR-GLSL signal therefore suggests that the green photons likely ause a subE exitation; in other words the trap depth should be >2.4 eV (2.36 eV +0.06 eV). The lak of thermal dependene of the initial (Fast signal) TR-GLSLdeay rate (Fig. 9.4e) suggests that the reombination probability is the sameone an eletron enters the ondution band, irrespetive of the oupied en-ergy level in the band. An inrease in temperature will simply plae a greaterfration of eletrons in the ondution band and this onsequently inreasesthe Fast signal intensity (Fig. 9.4f) but all these eletrons will have the samelifetime (Fig. 9.4e, inset) beause they are equally deloalised.An alternative explanation for a �nite ativation energy for the Fast TR-GLSL signal ould be that the green photons ause diret transition to theondution band (i.e. trap depth < 2.36 eV) but an additional energy is re-quired to avoid a quik thermalisation of the eletron to the band tail states.However, this explanation implies that thermalisation plays a dominant role inondution band emptying. In this senario, the residene time of eletrons inthe ondution band should vary signi�antly with stimulation temperature;the higher the temperature the longer the lifetime. As disussed in the previoussetion the Fast TR-GLSL does not show any hange in the deay rate withtemperature, whih suggests that this alternative explanation is unsupportedby our data. The lak of detetable hange is ondution band emptying rateis also supported by the TR-OSE data at di�erent temperatures for blue light(Fig. 4f of Tsukamoto et al. (2010)).Although both the IR and the post-IR IR Fast signals, show signi�anttemperature dependene, they do not follow an exponential trend as observedfor the green data (Fig. 9.5a). The temperature dependent inrease likely o-urs beause of possibility of diret detrapping to proximal available states inthe band tails above the exited state, from where follows the transition e2.However, some exited-state eletrons will further thermally exite to higherenergy band tail states by phonon assistane (upward arrows around transitiona in Fig. 9.3) from where they undergo transitions d1. . . d2. This e�et ausesan inreased leakage from the Fast route (e2) to the Slow route (d1. . . d2) with



9.4 TR-OSL shape vs. thermal energy 165temperature, resulting in a deviation from an exponential trend. Note thatthe high temperatures data are lower than that expeted from the exponen-tial trend based on the low temperature data (Fig. 9.5a) whih supports thisinterpretation.The temperature dependene of the Slow signals give some important in-sights into the role of the band tail states in the reombination proess. Mostimportantly, the Slow signals show exatly the same dependene for the IR andthe green stimulations giving an ativation energy of ∼0.14 eV (Fig. 9.5b). Thisresult strongly supports our hypothesis at the end of setion 9.3 that the Slowsignal in both resonant (IR) and non-resonant (green and blue) exitations hasthe same origin shown as d2 in Fig. 9.3. A onsideration of thermal di�u-sion within the lattie and the potential reombination volume shows that theativation energy orresponds to three times the ative phonon energy mode(Poolton et al., 2002b). Thus our ativation energy orresponds to the phononmode of ∼0.05 eV whih is in exellent agreement with measured phonon en-ergies for strong lattie vibrations in feldspars (See Poolton et al. (2002b) fordisussion). The Slow signal from the post-IR IR is also well desribed by anexponential inrease orresponding to an ativation energy of ∼0.19 eV, i.e.lattie phonons of ∼0.06 eV. As we disuss later, the post-IR IR exitationrequires a larger rystal volume for luminesene generation as all the near-est neighbour aeptors are already depleted during the prior IR stimulation.Thus, a larger phonon mode may be neessary for transport; these transitionsare shown as the dashed urved, upwards pointing arrows from the IR trap,and `d1' in Fig. 9.3. The temperature dependene data suggests that thereexists a ontinuum of transitions between d1 and d2 (d1. . . d2). We have shownonly two of these to demonstrate the reombination volume dependene on theoupied energy level in the band tail states.In summary, sine the IR energy mathes the exited state energy of thetrap, and the green approximates its ionisation energy, the Fast signal arisingfrom these proesses shows a rather small thermal dependene. A relativelygreater thermal dependene should be seen in signals arising from transportthrough the band tail states due to the Phonon Assisted Di�usion (PAD) meh-anism desribed in Poolton et al. (2002b); this behaviour is observed for theSlow signals whih show muh larger ativation energy of 0.14 eV ompared tothe Fast signal for both the IR and the green stimulations (Fig. 9.3, transitiond2). PAD will apply both to green and IR stimulation, as it is not really impor-tant how the eletrons were plaed in the band tails in the �rst plae; thereforean idential behaviour of the Slow signals for both green and IR stimulationsstrongly supports a band tail reombination mehanism. For the green stimu-lation, the eletrons enter the band tails diretly beause the exitation is subE, or a minor amount an additionally enter the band tails beause of ther-malisation from the ondution band; these transitions are shown as urveddownward pointing arrows from the ondution band in Fig. 9.3. For IR stim-ulation, a proportion of eletrons make a thermal esape from the exited stateof the trap into the band tail states - the urved upward pointing arrows in theFig. 9.3. From here they either take the same routes d1. . . d2 depending on thestimulation temperature.An interesting feature of these data is that for both IR and post-IR IRexitations the Fast signals show a non-exponential trend, whereas the Slowsignals show an exponential trend. This is probably beause after a �nite du-



166 Towards a non-fading signal in feldspar . . .ration (approx. few tens of miroseonds) all detrapped eletrons follow anequilibrium energy distribution in the band tail states depending on the am-bient temperature. Reombination from eah equilibrium level orresponds toa �nite reombination probability that gives rise to our Slow signal. FollowingBoltzmann's distribution, the mean energy inreases linearly with temperature.At the same time the density of available states inreases exponentially withenergy (Fig 9.3, left). Thus an inrease in temperature orresponds to an ex-ponential inrease in oupany of the equilibrium energy states, re�eted asan exponential inrease in luminesene in Fig. 9.5b.Its worth noting that previously published data (e.g. Poolton et al. (2009);Rieser et al. (1997) derived from ontinuous wave stimulation will be dom-inated by Fast signals and, therefore, will not diretly re�et the ativationenergies involved in band tail transport. The density of states as well as thedistribution of entres is likely to vary from sample to sample, and, therefore,CW stimulation is likely to give a distribution of ativation energies resultingfrom an averaging of the two proesses. Our data based on pulsing is able toseletively observe the band tail states and on�rm the proposal of Pooltonet al. (2002a,b) that the 0.05-0.06 eV phonon mode is responsible for hopping(i.e. PAD) in these states.These data support our earlier �ndings on long lived TR-IRSL signals infeldspars (Ankjærgaard and Jain, 2010, Chapter 8 of this thesis). In this earlierwork we observed a phosphoresene omponent deaying on ms time salesshowing a onspiuous, strong temperature dependent inrease ompared tothe adjaent omponents, but no aompanying hange in the deay rate. Wesuggested there independently of the present data that the slowly deayingsignal on the ms time sales probably re�ets an instantaneous population inthe band tails following the IR stimulation. Comparison with this earlier worksuggests that we are observing the same ms omponent in the present artile,although at a muh shorter time sale.9.5 The e�et of ground state tunnellingThe photon energy and the thermal dependene data suggest that the Fast IRsignal originates from around the exited state of the trap, while the Slow signalmainly originates from a longer transport within the band tails. In this setionwe study the e�et of storage after irradiation (ground state tunnelling) on theshape of the TR-IRSL and the post-IR TR-IRSL signals. If our hypothesis onthe origins of the Fast and Slow signals is valid then we should see a hangein the relative amounts of the Fast and Slow signals following delay after ir-radiation. Spei�ally, if the Fast signal has a more loalised origin than theSlow signal (Fig. 9.3; transition e2 ompared to transitions d1 and d2), then itshould be preferentially a�eted beause of depletion in the proximal hole pop-ulation after the ground state tunnelling (transition e1) (note that the extentof loalisation of these di�erent transitions is denoted by the length of the ve-tor `r' in Fig. 9.3. This length denotes the maximum probable donor-aeptorseparation for reombination via a ertain route).To study the e�et of storage, �ve samples with di�erent fading rates werehosen. The anomalous fading is usually quanti�ed by the g-value, given as thesignal loss per deade of normalised storage time (Aitken, 1985). The samples
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168 Towards a non-fading signal in feldspar . . .on-time of 50 µs and an o�-time of 500 µs; the urves result from the sum ofall the pulses produed during the 1500 s of stimulation. Fig. 9.6a shows thatthe intensity of the on-time signal in the delayed IR measurement has beenredued by about 50% ompared to the three prompt measurements while theintensity of on-time signal in the delayed post-IR signal has only been reduedby about 10%. The insets to these �gures show the same data on a log-log salefor the initial 200 µs. The IR data strongly on�rm the earlier suggestions ofSanderson and Clark (1994) and Tsukamoto et al. (2006) that the o�-timesignal has a lower fading than the on-time signal.For loser examination, the ratio urve of the delayed signal and the averageof the three prompt signals is plotted for TR-IRSL (Fig. 9.6b) and post-IRTR-IRSL (Fig. 9.6d). Here the urves have been produed by adding up pulsesobtained during three di�erent time intervals during the entire measurementperiod: the initial 0-50 s, the last 1200-1500 s, and the total 0-1500 s. Fig. 9.6bshows that in all three ases the TR-IRSL on-time signal fades muh more thanthe o�-time signal. Most importantly, the o�-time IR signal at 50◦C obtainedfrom integration of the last part of the measurement (1200-1500 s) does notfade at all; it has an average ratio of 1.02 ± 0.02 for the o�-time data between350 and 550 µs. This an be ompared to the average ratio of 0.77 ± 0.01 forthe data in the on-time.For the post-IR TR-IRSL measurement, the o�-time signal fades morerapidly than the on-time signal (Fig. 9.6d). As in the ase of TR-IRSL, itis observed that the post-IR TR-IRSL derived from the later part of the mea-surement (1200-1500 s) fades less ompared to that derived from the initialpart of the measurement (0-50 s). Moreover, the di�erene in fading betweenthe on-time and the o�-time signals is less pronouned in the 1200-1500 s ratiourve (on-time: 0.93 ± 0.01, o�-time: 0.88 ± 0.01) ompared to the initial0-50 s ratio urve (on-time: 0.80 ± 0.01, o�-time: 0.71 ± 0.01). A remarkablehange in fading is observed at the transition between on-time and o�-time; atthe end of the on-time the ratio is inreased signi�antly during a few µs, afterwhih it dereases to a lower value over approximately 50 µs. It is most visiblein the ratio urves for the initial signal and the total signal and almost notvisible in the last PIRSL signal. Similar behaviour is observed for the otherfour samples in the post-IR IR urves.For the �ve samples, the on- and o�-time ratios as desribed above havebeen alulated for the IR and post-IR IR signals during the initial and latterpart of the PIRSL urves, and these are all given in Table 9.1. Similar behaviouris observed in all �ve samples, although it is more pronouned in the sampleswith large fading rates. The general behaviour an be summarized in threepoints:(i) During a pulsed IR measurement at 50◦C, the o�-time signal is muhmore stable ompared to the on-time.(ii) During a pulsed post-IR IR measurement at 225◦C, the on-time signal ismore stable ompared to the o�-time. The on-time signal in the post-IRTR-IRSL data has a similar or lower stability as the o�-time signal inthe TR-IRSL data.(iii) The o�-time signals obtained by integrating pulses during the later partof the pulsed IR and post-IR IR measurements are more stable than those



9.5 The e�et of ground state tunnelling 169Table 9.1: Average faded/prompt ratios and orresponding standard errors (±)alulated for the on-time (0-50 µs) and the latter part of the o�-time (350-550
µs) for the TR-IRSL and post-IR TR-IRSL urves from �ve di�erent feldsparsamples. These are listed for both the initial (0-50 s) part of the PIRSL signal(olumns 2-5) and the latter (1200-1500 s) part of the PIRSL signal (olumns6-9). These two time intervals (if adding up the light sum during the stimulationpulses) orrespond to 4.5 s and 27 s of CW stimulation time respetively. Themeasurement details are as given in Fig. 9.6 and the doses used were: Ortholase(45 Gy), albite (45 Gy), anorthite (1200 Gy), K-feldspar, sample ode: 963806(180 Gy), and K-feldspar, sample ode: 951020 (18 Gy).
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170 Towards a non-fading signal in feldspar . . .obtained from integrating the initial part.Our fading data suggest that in the onventional ontinuous wave measure-ments used for dosimetry, the IRSL signal will be less stable than the post-IRIRSL signal sine both these measurements will be dominated by their respe-tive on-time signals (ompare the on-time signals in Figs. 9.4b and 9.6d); thisinferene is onsistent with results reported in earlier work reported from ourlaboratory (Thomsen et al., 2008; Buylaert et al., 2009). The most importantobservation is that 4 out of 5 samples do not show detetable fading in the o�-time TR-IRSL signal for the latter part of the measurement (Table 9.1, olumn7). The 5th sample shows a 5 ± 1% inrease beause of storage; this requiresfurther investigations. These values are in sharp ontrast to the ∼ 5-50% de-rease in the on-time signal observed in these samples. Thus, we onlude thatthis signal does not fade under our experimental onditions.The fading data strongly supports our interpretation of the origins of theFast and the Slow signals as shown in Fig. 9.3. The ground-state tunnellingonsumes the nearest eletron-hole pairs (Fig. 9.3, transition e1). During IRstimulation the eletrons are lifted to the exited state from where they anundergo retrapping (transition f), tunnelling or proximal band tail reombi-nation (transition e2), or distant reombinations following thermal transitionsinto the band tails (transitions d1 and d2). Sine the wavefuntion from theexited state is more extended than in the ground state, reombinations whihwere not probable from the ground state beome possible within the laboratorytime sales. Thus, the on-time signal (Fast signal) is dominated by the quik-est reombinations arising from the relatively loser remaining donor-aeptorpairs after the fading delay (transition e2, dashed line). In the o�-time, the sig-nal dominated by the nearest neighbour reombination from the exited statedrops rapidly beause of the ombination of exited to ground state transi-tion in the trap (transition f) and quik nearest neighbour reombination fromaround the exited state of the trap (i.e. the oupied band tails states losest tothe exited state; transition e2 - blue shaded area). The slower o�-time signal(Slow signal) is then dominated by distant pairs whih had very low proba-bility of reombining from the ground state within the laboratory time sales.As the eletrons in these distant pairs annot reombine easily by tunnellingfrom the exited state, they have a relatively higher probability for retrappingor for lateral migration into the band tails (PAD; the tunnelling probabilitydereases exponentially with distane, therefore, there will be an exponentialinrease in the probability of retrapping/band tail transport for eletrons withfarther holes). Sine the eletrons giving rise to the Slow signal did not havelose nearest neighbours (i.e. low probability for ground state tunnelling) tobegin with, it is not surprising that the Slow signal shows a high stability.These e�ets will be more pronouned in the initial part of the pulsed IRSLmeasurement than in the latter part, sine the prior IR illumination auses aredution in the nearest neighbours thereby inreasing the probability that anyvisible reombination arises from `distant pair' ontribution through the bandtail transport (on�rmed by data in Figs. 9.6b, d). Thus, the slow signal afterprior IR illumination has the maximum likelihood of seleting the most stableon�guration of eletron and hole trapping enters. This ombined seletiongives rise to a stable signal in our otherwise rapidly fading samples.



9.6 E�et of thermal and optial history . . . 171The post-IR IR signal during the subsequent on-time must also be a ombi-nation of tunnelling from the exited state and band tail routed reombinationassisted by the elevated temperature (Fig. 9.3, transition d1), if it arises fromthe same trap. The latter route is, however, expeted to be more importantompared to TR-IRSL beause of inreased partitioning into the band tailstates due to the temperature e�et. Moreover the tunnelling from the exitedstate will be less important as a large proportion of the nearest neighboursare used up by the prior IR measurement (50◦C for 100 s). A ombinationof these two e�ets auses a muh larger Slow-to-Fast signal intensity ratio inpost-IR TR-IRSL ompared to the TR-IRSL (Fig 9.2a). Sine the dominantmehanism is relatively distant reombination in the post-IR IRSL signal, thedi�erene in the stabilities of on- and o�-signals is muh smaller in omparisonto the TR-IRSL signal. It is, however, intriguing that there appears to be atrend in the post-IR IRSL signal (Fig. 9.6d, Table 9.1) whih suggests thatthe o�-time signal is less stable then the on-time signal in the three out of �vesamples (Table 9.1); this ould suggest that the high temperature IR might ex-ite trapped eletrons in some deeper, unstable (tunnelling wise) traps to lowenergy band tails and from where they undergo a slow reombination. Thesetraps are otherwise not aessible by room temperature IR exitation. Thisspeulation requires further investigations.9.6 E�et of thermal and optial history on thereombination proessThe results disussed above suggest that the key feature in feldspar OSL gen-eration is the proximity between the eletron and the hole trap. This im-plies that any prior thermal (e.g. preheat) or optial treatment (bleahing) willstrongly a�et the reombination proess, depending on how it hanges thedonor-aeptor distribution (i.e. the mean separation). In the following sub-setions we investigate the e�et of prior thermal and optial annealing on thesignal shapes. These investigations also serve as a test of the feldspar model de-sribed in Fig. 9.3 and have pratial impliations for understanding the e�etof prior onditioning in dosimetry.9.6.1 Prior thermal anneal (preheat)The e�et of preheat in the range 260◦C and 460◦C is shown in Fig. 9.7 for theTR-IRSL (9.7a), post-IR TR-IRSL (9.7) and TR-GLSL (9.7e) o�-time urves.The TR-GLSL deay beomes gradually faster with the preheat temperature,while the TR-IRSL deay rate beomes signi�antly slower for the highest twotemperatures. The respetive Fast and Slow signals are shown in Figs. 9.7b,9.7d, and 9.7f, and these show that in ase of TR-IRSL, the Fast signal depletesmore rapidly than the Slow signal above 340◦C, whereas for the TR-GLSLthe Slow signal depletes more rapidly than the Fast signal. We note that theonstant instrumental bakground is far smaller than the signal even at highesttemperatures; therefore, the e�ets observed are not an instrumental artefat.The post-IR TR-IRSL shows behaviour in between these two ases, i.e. theFast and Slow signals deplete approximately at the same rate.



172 Towards a non-fading signal in feldspar . . .
(b)

250 300 350 400 450

N
o
rm

a
liz

e
d
 c

o
u
n
t

10-3

10-2

10-1

100Fast signal

Slow signal

(a)

0 100 200 400

N
o
rm

a
liz

e
d
 o

ff
-t

im
e
 c

o
u
n
ts

10-2

10-1

100

260
o
C

300
o
C

340
o
C

380
o
C

420
o
C

460
o
C

Preheat 
temperature:

(d)

250 300 350 400 450

N
o
rm

a
liz

e
d
 c

o
u
n
t

10-2

10-1

100
Fast signal

Slow signal

(c)

0 100 200 400

N
o
rm

a
liz

e
d
 o

ff
-t

im
e
 c

o
u
n
ts

10-2

10-1

100

260
o
C

300
o
C

340
o
C

380
o
C

420
o
C

460
o
C

Preheat temperature:

(f)

Temperature, 
o
C

250 300 350 400 450

N
o
rm

a
liz

e
d
 c

o
u
n
t

10-1

100

Fast signal

Slow signal

(e)

Time, µs
0 100 200 400

N
o
rm

a
liz

e
d
 o

ff
-t

im
e
 c

o
u

n
ts

10-3

10-2

10-1

100

260
o
C

300
o
C

340
o
C

380
o
C

420
o
C

460
o
C

Preheat 
temperature:

Figure 9.7: Preheat temperature dependene of the TR-IRSL, post-IR TR-IRSL, and TR-GLSL o�-time signals for an aliquot of ortholase feldspar. Thealiquot was given a dose of 25 Gy (IR stimulations) or 100 Gy (green stimula-tion) followed by a preheat between 260◦C - 460◦C for 60 s in di�erent yles.All urves have been normalized to the last point in the on-time. The summaryurves (on the right hand side) show the normalized behaviour of the fast (ir-les) and slow (triangles) signals of the time-resolved urves. All open symbolsdenote reyling points. (a) The TR-IRSL o�-time urves measured at 50◦C.(b) Summary of the TR-IRSL urves. () The post-IR TR-IRSL o�-time urvesmeasured at 230◦C following IR stimulation at 50◦C for 100 s. (d) Summaryof the post-IR TR-IRSL urves. (e) The TR-GLSL o�-time urves measured at50◦C. (d) Summary of the TR-OSL urves. Note that the legends for (a) and(e) are shown in (b) and (f) respetively.



9.6 E�et of thermal and optial history . . . 173These data suggest that for the same preheat temperature the relative par-titioning between the Fast and Slow reombinations is dependent on the stimu-lation energy, IR or green. To understand these data it is important to inludepurely thermal exitations in the feldspar model; these are depited as transi-tions `a' (dashed arrows) in Fig. 9.3. Aording to the band struture shown inFig. 9.3, there should exist a ontinuum of thermal exitations from the bottomedge of the band tail states to the exited state of the trap and eventually tothe ondution band. One the eletrons oupy these di�erent energy states,they will behave exatly in the same manner as they do during thermo-optialexitations disussed in setion 9.4. In partiular, thermally evited eletronsin the band tail states undergo loalised reombination, the extent of whihdepends upon eletron mobility (PAD) whih in turn depends on the oupiedenergy level. The higher the temperature, the higher the oupied energy level,the more deloalised the reombination.With this perspetive, we look at the preheat dependene of the TR-OSLdata again. Beause there exists a ontinuum of transitions in the band tails,there is a orresponding ontinuum of reombination volumes aessible duringthe preheat. The preheat auses a reombination front whih gradually sweepsinreasing volumes with temperature, thereby, resulting in an inrease in themean nearest neighbour (donor-aeptor) distane. Sine the Fast IRSL signalarises from a more loalised reombination ompared to Slow signal, i.e. tran-sitions e2 ompared to d1. . . d2, respetively (Fig. 9.3), it gets preferentiallymore a�eted (depleted) by preheat than the Slow signal (Fig. 9.7b). Basedon this reasoning the depletion trend is expeted to be reversed for green stim-ulation sine the Fast signal TR-GLSL represents the deloalised ondutionband route (Fig. 9.3, transition ), while the Slow signal represents, a rela-tively more loalised band-tail route (transitions d2); this is exatly what isobserved in our data (Fig. 9.7f). These hanges in the relative importane ofthe loalised and deloalised reombination routes govern the TR-IRSL andTR-GLSL deay shapes observed in Figs. 9.7 and 9.7e, respetively. For exam-ple, in the TR-GLSL data, the ondution band route (Fast signal) beomesinreasingly learer due to rapid dampening of the band tail signal (i.e. theSlow signal) by loalised reombinations during the preheat (Fig. 9.7e).In summary, the observation of the reversal in the depletion of the Fast andSlow signals for IR and green exitations lends further supports to our proposedmodel on the origins of TR-OSL for resonant and non-resonant exitation. Fordosimetry, these results imply that a preheat of at least 350◦C, where one beginsto observe di�erenes in the relative depletion of the Fast and Slow signals,should be used to preferentially isolate a stable signal. In general, the higherthe preheat temperature the more stable the signal beause of an inrease inthe mean donor-aeptor distane; these distant pairs are more likely to surviveground state tunnelling. Note that this dependene on preheat should not toonfused with the widely understood thermal stability of the eletron trapbased on the trap depth.9.6.2 Prior optial annealing (bleahing)In order to investigate the relative hanges in the Fast and Slow signals as afuntion of optial exposure a long pulsed measurements of 1500 s duration (IRsignals) and 500 s duration (green signal) were undertaken using an on-time of
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Figure 9.8: Stimulation time dependene of the TR-IRSL, post-IR TR-IRSL,and TR-GLSL o�-time deay urves from ortholase feldspar normalized to thelast point in the on-time. The sample was preheated to 250◦C for 60 s followinga dose of 45 Gy (IR signals) or 100 Gy (green signal). The TR-IRSL signal wasmeasured at 50◦C for 1500 s, the post IR (at 50◦C for 100 s) TR-IRSL signal wasmeasured at 225◦C for 1500 s, and the TR-GLSL was measured at 50◦C for 500s. The stimulation pulses produed during the stimulation time intervals givenin the �gures were added up to produe the normalized o�-time urves shown onthe left had side; the legends show the stimulation time intervals during whihthe TR-OSL signals were added to produed these urves. The summary urveson the right hand side show the normalized behaviour of the fast (irles) andslow (triangles) signals of the time-resolved urves. Eah point in the summarywas normalized to the duration of the stimulation time interval, as these are ofunequal length, so as to be able to ompare the data. The data were then furthernormalised to the �rst point on the plots. All open symbols denote reylingpoints. (a) TR-IRSL o�-time urves, (b) summary of the TR-IRSL urves, ()post-IR TR-IRSL o�-time urves, (d) summary of the post-IR TR-IRSL urves,(e) TR-GLSL o�-time urves, and (f) summary of the TR-GLSL urves. Notethat the integration intervals for the green stimulation are not idential to thoseof the IR stimulations.



9.7 Mehanisms for band tail emptying 17550 µs and an o�-time of 500 µs. The post-IR TR-IRSL signal was measuredat 225◦C. By summing up the signals from stimulation pulses emitted duringdi�erent intervals of the pulsed measurements, the progressive hange in the o�-time deay shape with pulsed stimulation time (this time an be onsidered asthe duration of prior bleahing with the same wavelength as the measurement)an be observed. The data are shown in Fig. 9.8a for the TR-IRSL and inFig. 9.8 for the post-IR TR-IRSL for the pulse integration intervals 0-50 s,50-200 s, 200-350 s, 350-650 s, 650-950 s, 950-1200 s, and 1200-1500 s. TheTR-GLSL signals are shown in Fig. 9.8e using integration intervals of 0-50 s,50-200 s, 200-350 s, and 350-500 s.The summaries of the Fast and Slow signals derived from these data areshown in Figs. 9.8b, d, f. Both the IR and the post-IR IR signals show that theFast signal dereases muh more rapidly in ontrast to the Slow signal with theprior IR or post-IR IR bleah duration. In the limited data we have for greenlight, there is a tendeny for this trend to be reversed. Here the Fast signaldepletes less rapidly than the Slow signal with the prior bleah duration. Wenote that the observed behaviour of the Fast and Slow signals in the two TR-IRSL signals is representative as it was also observed in the other two feldsparspeimens of ompletely di�erent omposition (the albite and the anorthite).The interpretation of the bleahing data is similar to the preheat data. ForIR stimulation the nearest holes are preferentially used up by exited statetunnelling as the stimulation proeeds (Fig. 9.3, transition e2). Essentially,the reombination front progresses as IR stimulation sweeps out inreasinglydistant pairs. Sine the Fast signal arises from a more loalised reombination(the tunnelling from around the exited state), than the Slow signal (distantreombinations through the band tails), the former is a�eted muh more byprior bleahing than the latter. The green data on the other hand, shouldshow a reverse trend sine its Fast signal arises from a deloalised reombina-tion (Fig. 9.3, transition ), i.e. from the ondution band and is, therefore, notlimited by hole onentration, whereas, its Slow signal arises through a moreloalised reombination through the band tails (Fig. 9.3, transition d1), and,therefore, su�ers beause of prior redution in hole onentration by reombi-nation of thermalised eletrons during bleahing.These data again on�rm our model for reombinations in feldspar. Thepratial impliations of these data for dosimetry are that the longer the IRbleah before an IRSL measurement, the more stable the IRSL signal. Thiswas exatly observed in the g-value omparison of early and late CW-IRSLsignals by Thomsen et al. (2008). Note that this approah does not apply tothe green stimulation beause of deloalised reombination.9.7 Mehanisms for band tail emptyingThe disussion in the previous setions suggests that eletrons in the band tailstates reombine via phonon (0.05-0.06 eV) assisted di�usion, irrespetive ofwhether they arrive from the exited state of the trap (1.42 eV exitation)or from the ondution band (2.63 eV exitation). The hange in the initialTR-IRSL deay rate with IR stimulation temperature (Figs. 9.4a and 9.4),further suggests an inreased partitioning from the exited state to the higherenergy band tail states. It is expeted from the Boltzmann's distribution that
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Figure 9.9: O�-time TR-IRSL signals from an aliquot of ortholase feldsparafter a dose of 45 Gy and a preheat to 250◦C for 60 prior to the TR-IRSLmeasurement at 20◦C for 6000 s. The TR-OSL measurement were made usingan on-time of 10 µs and an o�-time of 5.5 ms. (a) Data obtained from integratingpulses from 0-4000 s, (b) data obtained from integrating pulses from 2000-6000s. The insets to the two �gures show the entire o�-time data, whereas the main�gures show data only >400 µs �tted to the power law: I = t−k after Huntley(2006) shown as red lines. The dashed green line indiates a slope of k = 1.a proportion of these eletrons will eventually ompletely thermalise and ometo oupy the deep, disonneted, band tail states. The eventual fate of thesethermalised eletrons is investigated below.An aliquot of ortholase feldspar was given a dose of 45 Gy and was pre-heated to 250◦C for 60 s prior to the TR-IRSL measurement lasting 6000 s. Wehose an IR on-time of 10 µs, and a longer o�-time of 5.5 ms and the minimumtemperature of 20◦C possible in our measurements.The data are shown in Figs. 9.9a and 9.9b where the pulses between 0-4000s and between 2000-6000 s have been integrated, respetively. These data areplotted on the log-log sale and show two straight line omponents: 50-300 µsand >300 µs (See the �gure insets). A straight line �tted to the latter part ofthe data (after removing the initial 400 µs of the o�-time), shows that the TR-IRSL deay follows the t−1.27 (Fig. 9.9a) and t−1.07 (Fig. 9.9b) relationship.



9.8 Disussion: The feldspar model 177Note that data olleted 100 µs after the light pulse (an order of magnitudehigher than the on-time) ould be onsidered to arise from instantaneous illu-mination, see Visoekas (1985). Huntley (2006) shows that tunnelling induedfading for a random distribution of holes around a trapped eletron follows apower law where the exponent of `t' is expeted to vary between 1-1.5. Ourslowly deaying data on the time sale of the >400 µs agrees very well withthis predition. We an, therefore, onlude that a signi�ant proportion ofthe Slow signal arises from emptying of the deep, disonneted band tail statesby tunnelling. This mehanism is shown as transition d3 in the Fig. 9.3.The exponent for the deaying signal between the fast initial deay (repre-sented by our Fast signal) and the Slow signal (i.e. the signal between 50 and300 µs) is ∼2.5 (see the two insets; the �tting is not shown). This slope is toohigh to be attributed to tunnelling. As disussed earlier, this relatively rapidlydeaying signal arises from a sub E phonon (0.05 eV) assisted transport; notethat all the earlier haraterizations of the Slow signal in this artile pertainto this omponent as the measurements only extended to 500 µs. The overalldeay form of this signal likely onsists of several exponentials (or possibly astrethed exponential), beause of di�erent eletron energy states in the bandtails.Based on a rude estimate from our data measured at 20◦C, ∼80% of theharge arried to the band tails (Slow signal) reombines by phonon assisteddi�usion, and ∼the remaining 20% by tunnelling. These numbers will hangewith the stimulation temperature and the density of states in the sample.9.8 Disussion: The feldspar model9.8.1 ProessesBased on the di�erent investigations above we onlude that the fast deay inthe TR-OSL (Fast signal) represents tunnelling from the exited state for IRstimulation, and a ondution band routed reombination for green and bluestimulations. On the other hand, the slower deay (Slow signal), whih extendsup to milliseonds arises from a relatively sluggish reombination from the bandtails aused by a ombination of phonon assisted di�usion and tunnelling. Thismodel predits that for IR stimulation the Slow signal preferentially seletseletrons that lak proximal donor-aeptors, and, therefore, is more stable.This predition is on�rmed from the fading experiments in all the samplesexamined. The model is disussed in detail below.The Slow TR-GLSL and TR-IRSL signals show an exponential dependeneon stimulation temperature. Using these signals, the ativation energy forthermally assisted di�usion in the band tails is alulated to be 0.14 eV, or-responding to a lattie phonon mode of 0.05 eV, see Poolton et al. (2002b)for details. This energy is indistinguishable for IR and green stimulation and,therefore, truly haraterises the lattie phonons involved in band tail trans-port, irrespetive of whether the exitation was resonant or non-resonant. Thissimilarity in the Slow signal behaviour for IR and green stimulations is an im-portant diret evidene for band tail transport in feldspars.Unlike the Slow signal, the Fast signal shows an exponential dependeneon temperature only for the green stimulation (ativation energy 0.06 eV).This behaviour suggests that the trap depth for the dosimetri trap should be



178 Towards a non-fading signal in feldspar . . .slightly greater than 2.4 eV sine Fast TR-GLSL signal is a ondution bandrouted phenomenon. The Fast TR-IRSL and post IR TR-IRSL signals do notshow lear exponential dependene on thermal energy as harge loss ours viaboth the exited state and the band tail states.The rate of deay of the fast signal is independent of stimulation temper-ature for the green stimulation, whih suggests that the reombination ratedoes not depend upon the energy level in the ondution band (transition ,Fig. 9.3). On the other hand, for the IR stimulation we see a strong inrease inthe deay rate of the Fast signal with stimulation temperature (up to 100◦C)possibly beause of thermally enhaned transitions from the exited state tothe band tail states whih result in an overall derease in the residene timeof the exited state. Note that the energy transitions in the reombinationenters are faster than ns time sales, therefore the hange in the deay rateannot be attributed to thermal quenhing (Ankjærgaard et al., 2009, Chapter7 of this thesis).Di�erent mehanisms that lead to the oupany of the band tail statesare shown as upward and downward faing urved arrows around the pho-toionisation transitions b in Fig. 9.3. The IR light plaes the eletrons in theexited state; some of these eletrons enter the band tail states by phononassistane. The green stimulation auses sub-ondution-band exitation; afration of these enter the ondution band by phonon assistane, while theremaining eletrons di�use into the band tail states. The e�ieny of trans-port (eletron mobility) is variable within the band tail states beause of widerwavefuntion and greater density of states with energy. Therefore, the fatthat the Slow signal for both IR and green exitation is haraterised by thesame ativation energy (0.14 eV) suggests that a signi�ant proportion of theexited eletrons thermally deay/exite to oupy an equilibrium energy distri-bution, irrespetive of the exitation energy (downward faing urved arrowsin Fig. 9.3). Following Boltzmann's distribution, the mean energy inreaseslinearly with temperature. At the same time the density of available statesinreases exponentially with energy (Fig. 9.3, left). Thus an inrease in tem-perature orresponds to an exponential inrease in oupany of the equilibriumenergy states, re�eted as an exponential inrease in luminesene in Fig. 9.5b.Although we have not measured thermal dependene of the blue stimulatedsignal beause of instrumental limitations (blue detetion), the similarity ofTR-OSL shapes for the blue and green exitations suggests that the blue exi-tation behaves like the green; however, beause of its higher energy it transportsa signi�antly greater proportion of eletrons (> 20% at the room temperature)to the ondution band (See disussion in setion 9.3).A majority of the eletrons then leave the band tails via thermal hoppingmehanisms, d1. . . d2 (Fig. 9.3) in the band tails, depending on the equilibriumthermal energy level. However, importantly, at room temperature we show thatreombination an also our via tunnelling from the deeper band tail stateswithin the band gap (Fig. 9.9; Fig. 9.3 - transition e2). Thus, the residenetime within the band tails is determined by the energy level oupied; the for-mer proess dominates the �rst 300 µs of the TR-IRSL o�-time data, whilethe latter reombination is obvious from ∼300 µs to up to several millise-onds. At higher energies there is both an exponential inrease in the densityof states (See Fig. 9.3, left diagram) as well as a more widespread eletronwavefuntion; a ombination of the two auses an e�ient sub E transport



9.8 Disussion: The feldspar model 179(i.e. a faster signal whih deays in the �rst 300 µs). While in the deep bandtails, the thermalised eletrons are permanently, for our time sales so to speak,embedded in deep, disonneted potential wells, and from here they undergoa slow (tens of ms) tunnelling transition to holes, or to shallow eletron traps(Ankjærgaard and Jain, 2010, Chapter 8 of this thesis) elsewhere in the lattie.For these latter eletrons a power-law deay is expeted, a behaviour arising fora random distribution of aeptors around a trapped eletron (e.g. see Tahiyaand Mozumder (1974); Huntley (2006)). This model of di�erent reombinationroutes depending on the eletron energy assumes that band tail states are har-aterised by a variety of well depths, widths and separations (Poolton et al.,2002a,b). The model implies that there will always be a preditable tempera-ture dependent partitioning between the two band tail emptying mehanisms(d1. . . d2 vs. d3). At 20◦C we �nd that ∼80% of the eletrons in the band tailsfollow the PAD route, while ∼20% follow the tunnelling reombination route.We further propose, based on our preheat data, that thermal exitationshave the same e�et as the optial exitations, exept that there exists a on-tinuum of exited levels, from the bottom of the band tail states. This is shownas the dashed arrow region in transition a (Fig. 9.3). One in these di�erentenergy levels in the band tail states, the eletrons behave in the same manneras those after optial exitations.Most of our post-IR IR data an be explained in terms of the above model;it an originate in the same manner as the IR signal, although the thermallyassisted proess is more important here. However, there is one intriguing ob-servation that does not �t the model, i.e. the on-time signal of elevated temper-ature post-IR TR-IRSL is somewhat more stable than the o�-time signal (seeFig. 9.6b and d). This observation perhaps suggests that there may be anotherdeeper trap that ontributes to the slow signal in the post IR-IRSL signal; thisrequires further investigation. Nonetheless, the on-time signal, whih domi-nates CW post IR-IRSL signal is well explained by single trap model shown inFig. 9.3.9.8.2 Luminesene e�ienyWe de�ne luminesene e�ieny as the luminesene photons produed perexited eletron. Aording to the model (Fig. 9.3), luminesene an be pro-dued following di�erent routes: ondution band (), thermally assisted hop-ping through the band tail states (d1. . . d2), tunnelling from the basal, dis-onneted band tail states (d3), and tunnelling from the exited state of thetrap (e2). As disussed in the model above, there is a strong ompetition andthermal partitioning between these di�erent routes, espeially in the band tailstates. At the same time these reombination proesses ompete with retrap-ping (f), an e�et that an be espeially important for eletrons with distantreombination entres.We disussed in the previous setion that the eletron mobility stronglyvaries within these di�erent energy states. In general, the higher the energythe greater the eletron mobility. Thus, the probable volume in whih an ele-tron an �nd an aeptor will vary with the extent of eletron mobility in theorder e1 � e2 <d3 <d2 < d1 < ; ground state tunnelling is the most loalised re-ombination, while ondution band reombination aesses, in priniple, theentire rystal. This e�et is shematially shown as vetor r in the Fig. 9.3



180 Towards a non-fading signal in feldspar . . .whih illustrates the maximum separation between the eletron and the holethat an be overome to produe luminesene from a partiular energy level(note that this is only a shemati representation to aid visualization - theband representation in Fig. 9.3 as suh does not ontain any distane informa-tion). The aessible volume sales with r3. Sine the number of reombinationsites is proportional to volume, the larger the aessible volume the higher theprobability of reombination.Aording to this model the luminesene prodution in feldspars is stronglylimited by the availability of luminesene entres in the volume aessible bythe exited eletron. Partiularly, there will be a strong ompetition betweenreombination and retrapping both during thermal and optial measurements.Thus, a derease in the luminesene intensity of the IRSL or TL signals, isin most ases a re�etion of derease in the loal hole population, and notthe eletron population; this interpretation is onsistent with the observationsbased on radio�uoresene (Trautmann et al., 1999). The eletrons that do notreombine are re-trapped either in the same dosimetri trap, or in some shallowrefuge traps (Ankjærgaard and Jain, 2010, Chapter 8 of this thesis). The om-petition between reombination and retrapping an be varied by hanging thestimulation energy, either thermally or optially, and thereby having a di�erentpartitioning between the more loalised vs. less loalised route. An importantevidene for this interpretation is the existene of strong post-IR BSL or IRSLsignals in feldspars (Jain and Singhvi, 2001; Thomsen et al., 2008). Thermal as-sistane inreases the hanes of �nding an aeptor in di�erent ways disussedin the previous setion, therefore, an inrease in the IRSL signal ours with aninrease in the stimulation temperature; sine this is only a partitioning e�etit does not really a�et the shape of the signal. One important impliation ofthe above interpretation is that the post-IR IRSL signal may just be a moree�ient way of sampling the same dosimetri IRSL trap, while preferentiallyseleting an eletron population with distant hole pairs. This interpretation isopposed to that made by Jain and Singhvi (2001) who proposed two di�erenttrap types to explain high temperature IR behaviour of K-feldspar.9.8.3 Thermal dependene of IRSL signal (pulse annealurves)The e�ieny e�et explained above an also explain the e�et of preheaton IRSL intensity, i.e. the shape of the pulse anneal urves. It is ommonknowledge that, unlike quartz, the IRSL signal following laboratory irradiationdereases ontinuously with preheat temperature (e.g. Duller (1994); Li andTso (1994)). One ommonly aepted explanation for suh data is that theIRSL signal arises from a distribution of traps with di�erent energies. As weonlude in setion 9.6.1, the main e�et of preheat is to remove holes by reom-bination through the band tail states (Fig. 9.3 - transition a). The higher thepreheat, the greater the volume swept by eletrons and, therefore, the lower thereombination probability for the subsequent optially exited eletrons. Thise�et is expeted to be muh more severe for the laboratory irradiated samplesthen for the natural samples, as in the natural samples a majority of the veryloalised transitions would already have ourred by ground state tunnelling(transition e1 in Fig. 9.3; note that e1 is the most loalised transition). More-over, this e�et will be more severe for IR stimulation than for green or blue



9.8 Disussion: The feldspar model 181stimulation. Based on the model we onlude that the pulse-anneal measure-ments (variation in IRSL intensity as a funtion of preheat temperature) donot measure the trap's thermal stability (thermal trap depth) but rather IRSLsensitivity arising from tunnelling stability. A pulse anneal urve should, there-fore, be interpreted to re�et the stability of the existing eletron-hole pairs, afuntion of the mean eletron-hole separation, rather than the potential energyof the trapped eletron.Sine higher temperature stimulations aess a greater volume of the rystal(higher luminesene sensitivity), the model predits that the shape of the pulseanneal urve will depend on the stimulation temperature. The urves measuredat higher temperature will apparently appear to be more stable sine the distantholes are more stable than the proximal holes. Thus it is possible to produedi�erent pulse anneal urve shapes from a single eletron trap. Sine thesedata do not re�et depletion of the eletron trap, using them for estimation oftrap depth will be erroneous.The above interpretation of the luminesene e�ieny may raise questionson the utility of test dose orretion in feldspar dosimetry. It is oneivable thatthe orretion signal largely arises from a new eletron-hole distribution arisingfrom the test dose that does not re�et the state of the sample after thermalerosion. Whether or not this e�et is important depends upon the spatialdistribution of e-h pairs arising from the test dose. Nonetheless, it is oneivablethat, if a test dose has to be used for better dose response reproduibility, thenexatly the same preheat treatment should be used for the regeneration andtest dose to ensure that there are similar mean eletron separations in the twoases. This interpretation explains earlier results that an idential treatmenthelps in getting a better dose reovery in feldspars (Blair et al., 2005).9.8.4 Origin of the post-IR IRSL signalThe �rst IR bleahing onsumes the proximal pairs by reombination fromaround the exited state of the trap (Fig. 9.3, e2). The luminesene e�ienydereases beause of redution in the aessible hole population from the ex-ited state of the trap; this is seen as a rapid derease in the signal. Thelater high bakground level in the room temperature IRSL urves indiates aquasi-equilibrium between the rate of exitation and the rate of retrapping. Asubsequent IR measurement at elevated temperature is able to aess a greatervolume of the rystal through the high energy band tail states (d1 in Fig. 9.3)and thus able to aess distant holes; therefore there is a rejuvenation of theIRSL signal. Sine this post-IR IRSL signal is borne out of preferentiallyisolated distant eletron-hole reombinations (the most proximal pairs are re-moved by the �rst IRSL), it is muh less a�eted by ground state tunnelling,and hene is more stable. This is shown in the data of Thomsen et al. (2008);Buylaert et al. (2009).The model predits that the higher the post- IR IR stimulation temperature,the greater is the volume swept by exited eletrons. Sine an inrease in thepotential reombination volume inreases the probability of distant eletron-hole reombinations, it is predited that the stability of the post IR-IRSL signalwill inrease with the stimulation temperature. This eletron-hole pair stabil-ity will also be re�eted in the pulse-anneal urves disussed in the previoussetion.



182 Towards a non-fading signal in feldspar . . .9.8.5 Thermoluminesene in feldsparsOne important inferene from the preheat data is that during thermal stimu-lation, signi�ant loalised reombinations our through the exited state ofthe trap and through the band tail states (transition a, Fig. 9.3). This inter-pretation an explain broad TL peaks even though the dosimetri trap lies at>2.4 eV, and suggests that we may need to revisit our earlier estimates of Eand s analysis in feldspars (e.g. Trautmann et al. (1997); Li and Tso (1994);Murray et al. (2009)) in the light of alternative reombination pathways duringthermal exitation.Based on a onsideration of the density of states (Fig. 9.3, left diagram),we predit two oexistent TL peaks in feldspars: (a) a relatively narrow, lowertemperature peak with a sharp rise and a sharp fall, arising from the exitedsate (1.5 eV optial depth) of the trap and (b) a broad higher temperaturepeak with a gradual rise and sharp fall, arising from the high-energy band tailsstates and the ondution band (>2.4 eV optial depth). The net lumineseneurve will be a onvolution of the availability of net eletron oupany in eahstate and the probable reombination volume assoiated with that state (seedisussion in the previous setion). This predition is onsistent with a broadTL peak observed in feldspars, sometimes with two humps at around 100 and300◦C. If one assumes an optial to thermal depth ratio of 1.7 for siliatesthen the predited E values for the two peaks based on TL analysis will be0.9 and >1.5 eV. However, feldspar TL data is in general di�ult to analysebeause of the very broad shape of the feldspar TL peak. Numerial simulationsof our model to inlude both the energy states as well as the loalised-volumedependent reombination sensitivity an test these preditions. Also, thermallystimulated exo-eletron measurements an throw further light on this subjet.9.9 A look forwardBased on the model (Fig. 9.3), the best method to isolate a stable signal infeldspars is to seletively look at the distant pairs. Our model shows severalpossible ways of seleting the non-fading or least fading signal from feldsparsfor routine dating appliations:(a) Thermal preonditioning of the sample: Based on the model as well asour preheat dependene data (setion 9.6.1), a higher preheat sweeps outa greater volumes of nearest neighbours (donor-aeptors); the preheatreombination front expands radially with both temperature and time.The larger the volume, the lower the probability that the remaining dis-tant pairs would fade in nature. Thus one an seletively look at themost stable traps. The best results will be obtained by restriting ther-mal energies suh that the equilibrium population is below the ondutionband; this an only be determined from an exat measurement of the trapdepth. From our measurements we think that a preheat of 350◦C wouldgreatly help in isolating a less fading signal.(b) Low energy optial or thermo-optial pre-onditioning of the sample:Based on our prior bleah data (setion 9.6.2), an elevated temperatureIR bleah an be used to obtain the same result as that with thermal
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Figure 9.10: PIRSL urves for the Prompt 1 and delayed (faded) measure-ments. These urves are alulated by integrating di�erent setions of the TR-IRSL urves from Fig. 9.6b down the pulsed measurement time. The di�erentintegration intervals are: the on-time: 0-50 µs, and the latter o�-time: 300-500
µs. pre-onditioning. However, an optial bleah is likely to be muh moree�ient at eliminating nearest neighbours sine it auses a diret transi-tion to the exited state whih orresponds to a peak in the density ofstates (Fig. 9.3); from here a large number of eletrons an e�iently tun-nel out to the nearest entres (the Fast TR-IRSL signal). Thermal e�etson the other hand will be more di�use beause of signi�ant transport(thermal hopping) in the band tail states. In priniple a broad band IRillumination overing the energy of the band tail states above the groundstate would be an ideal pre-treatment of the sample to isolate the leastfading signal; in pratie this an be easily ahieved by stepwise illumina-tion with di�erent energies. Similarly a stepwise inrease in temperatureould be used for a �xed photon energy; in suh an approah both an in-rease in the prior IR temperature and the post IR temperature will givemore stable signals. Promising results have been obtained in this lassof measurements using a prior-IR (50◦C)-bleahed, elevated-temperatureIRSL signal (230◦C) at our laboratory (Thomsen et al., 2008; Buylaertet al., 2009). The limiting ase for this lass of measurements will be ahigh temperature IR bleah (to annihilate all the pairs that an tunnelout in the geologial time sales), followed by a resonant exitation thatuses the ondution band route to aess the most distant aeptors.() Diret examination of the distant pair reombination: we have onludedearlier that the Fast TR-IRSL signal arises by tunnelling from the exitedstate, whereas the Slow signal arises from the band tail states. Thus, a-ording to our model, the Slow signal seletively arises from distant pairreombinations. A ombination of methods (b) and () would allow us toisolate a non-fading signal in our otherwise highly fading samples. Thisamounts to examination of the Slow signal after a prior IR illumination,whih an be equivalent to analyzing the data olleted during the laterpart of the TR-IRSL measurement. The pulsed IRSL (PIRSL) urves de-



184 Towards a non-fading signal in feldspar . . .rived from di�erent setions of our TR-IRSL data are shown in Fig. 9.10for albite feldspar. It is lear that the delayed signal from the 350-550
µs integration in the o�-time is faded in omparison to the prompt sig-nal in the �rst 200 s of the measurement. Thereafter, the prompt andthe delayed signals are almost idential throughout the remaining of the1500 s measurement. On the other hand the two signals obtained fromintegrating the on-time di�er signi�antly throughout the 1500 s (notethat this on-time signal would govern the fading harateristis of theCW-IRSL signal). The data suggests that a non-fading signal an bemeasured with pulsed IRSL by gating the ounting interval to the o�-time and only using the data obtained in the later part of the PIRSLmeasurement (i.e. by ignoring the initial data equivalent to the �rst 9 sof the CW-IRSL measurement with our stimulation intensity). Based onour fading measurements we think that this pulsed signal should be morestable than the CW post-IR IR measurements ((Thomsen et al., 2008;Buylaert et al., 2009) (See Table 9.1); nonetheless, the post-IR IR mea-surement has a high sensitivity and, therefore, is attrative for routineappliations.All these di�erent methods of isolating a stable signal rely on the fat thatthere exist isolated traps with distant enters (aeptor sites), suh that it isnot possible to trap any holes in the viinity during burial irradiation. Suh asenario is not possible for a random distribution model (Huntley, 2006) whereevery eletron trap has a similar surrounding distribution of hole trapping en-ters. At a given time during burial there exist a ontinuum of distant (stable)and proximal (unstable) pairs. However, this assoiation is dynami in time -for example, at a given instane a stable eletron an potentially beome un-stable beause of trapping of a hole in a nearby empty enter. Beause of thisdynami nature of eletron hole trapping, one annot onlude whether thereexist geologially stable eletrons in feldspars or not unless the exat distribu-tion of traps and holes is known. A useful understanding in this diretion anbe obtained by spei� examination of the sales of luminesent heterogeneities(Larsen et al., 2009), and quantitative estimation of donor - aeptor distanesin feldspars, and by generation of large body of empirial data that an testthe geologial stabilities of the proposed stable signals. If the proposed signalsdo not fade over geologial time sales then it is likely that feldspar onsists ofassoiated donor-aeptor pairs rather than random distribution of aeptors.9.10 ConlusionsA omprehensive model of feldspar luminesene is proposed for the �rst time.The model is based on a single dosimetri trap and it highlights the importantrole of band tail states in explaining a range of observed thermal (TL) andthermo-optial (OSL) phenomena in feldspars.It is demonstrated through TR-OSL measurements that eletron transportroute following an optial exitation pulse strongly depends on the energy ofthe inident photon. Following exitation there ours (a) a fast reombinationeither from the exited state of the trap (for resonant IR exitation at ∼1.4eV; <100 µs) or from the ondution band (for non-resonant exitations at



9.10 Conlusions 1852.63 and 2.36 eV; <1 µs), and (b) a slow reombination (up to several millise-onds) from the band tail states irrespetive of the exitation photon energy.For non-resonant exitations, the band-tail states are populated by diret subondution band transition (green photons, ∼2.36 eV) and/or by thermalisa-tion of ondution band eletrons. The band-tail transport inludes two mainthermally ompeting pathways: a relatively e�ient sub E transport assistedby strong lattie vibrations orresponding to 0.05-0.06 eV phonons (d1. . . d2),and a slow tunnelling reombination from loalised, deep lying, disonnetedband tails (d3). The tunnelling reombination an be observed for several msand follows a power law.Pure thermal exitation uses a ontinuum of band tail states; the evitedharge undergoes the same loalised reombination routes as after optial ex-itation. In partiular, the prior thermal anneal (preheat) results in an ex-panding reombination (fading) front that inreases the mean donor-aeptordistane; this helps in isolating a more stable signal. Aording to this modelan estimation of trap depth based on thermal anneal data is erroneous.The model predits three di�erent possible ways of isolating the most stablesignal in feldspars (a) intense thermal pre-treatment (>350◦C), (b) sub Eoptial pre-shine (e.g. IR bleah at di�erent energies and/or temperatures)followed by observation of distant e-h reombinations (high temperature post-IR IRSL), and () seletive observation of the band tail transport using pulsedstimulation. These methods an be used in ombination. Of speial importaneto the sediment dating appliation is the disovery of a non-fading signal (on ourlaboratory time sale) in samples that otherwise show a very high fading ratein the CW-IRSL measurements (g2d ∼20%/deade). This non-fading signalis generated using pulsed stimulation and is observed to be more stable thanthe post-IR TR-IRSL signal. Future e�ort should fous on a thorough testingand inter-omparison of these methods to solve the long standing problem ofanomalous fading.AknowledgementsWe thank our olleagues at Risø, Kristina Jørkov Thomsen, Jan-Pieter Buy-laert and P. Morthekai, for providing the samples and the data on their fad-ing rates. We thank three anonymous referees for a ritial review of themanusript, and Prof. A. S. Murray and Dr. N. R. J. Poolton for feedbak onthe revised version of the artile.AppendixWe de�ne the duration of eah stimulation LED pulse as the on-time, andthe duration between two pulses as the o�-time [see also Lapp et al. (2009,Chapter 2 of this thesis)℄. During a pulsed measurement, the Photon Timerreords the time of arrival of photons deteted relative to the beginning of thepreeding LED pulse. The total number of these stimulation pulses dependson the measurement time. We use the following abbreviations to desribe theTR-OSL signals on the basis of stimulation wavelength:TR-OSL: Time-resolved optially stimulated luminesene (for all photon en-ergies).



186 Towards a non-fading signal in feldspar . . .TR-IRSL: Time-resolved optially stimulated luminesene measured usingIR stimulation. This signal is measured at 50◦C unless stated otherwise.Post-IR TR-IRSL: Time-resolved optially stimulated luminesene mea-sured using an elevated temperature (230◦C unless otherwise stated) IRstimulation after a prior IR bleah (at 50◦C for 100 s unless otherwisestated).TR-GLSL: Time-resolved optially stimulated luminesene measured usinggreen light stimulation. This signal is measured at 50◦C unless statedotherwise.TR-BLSL: Time-resolved optially stimulated luminesene measured usingblue light stimulation.E: Condution band edgeDuring the o�-time deay, the very initial part will be dominated by thefast deay followed by a more slowly deaying signal (Figs. 9.1b, ). To beable to make quantitative distintions between behaviour of the di�erent partsof the TR-IRSL, post-IR TR-IRSL, and TR-GLSL signals, it is imperative tode�ne some signal integration intervals. This is a hallenge sine the exatdeay form of omponents in the TR-OSL urves is not known. In the abseneof a mathematial model to resolve our omponents, we followed a simplerapproah of de�ning integration intervals by visual examination so as to identifythe major hanges in the urve shapes. Based on several examinations of ourdata we �nally found that the very initial and the late parts of the TR-OSLdeay urves behave very di�erently under di�erent measurement onditions.The hallenge then was to optimise the integration intervals to obtain a goodseparation of the physial proesses giving rise to these di�erent parts of theurves. The riteria hosen to estimate these initial and late signals, hereafterthe `Fast signal' and the `Slow signal', are desribed below.The Fast signal: The simplest extration of the Fast signal is the integrationof the �rst few hannels of the time resolved deay urve. However, sinethe signal drops very rapidly (Figs. 9.1b, ), there is a risk of signi�antontamination from the slowly deaying part of the signal. To minimisethis problem we hose to integrate over the total signal obtained duringthe on-time (0-50 µs) as a proxy for the fastest deaying signal in the o�-time deay urve. In the on-time the Fast signal undergoes a quik build-up to an equilibrium level where the rate of stimulation equals the rateof luminesene prodution (note that the latter inludes reombinationand a quik ns relaxation), whereas the slower signal, whih is ordersof magnitude slower, is only beginning to build up (Ankjærgaard andJain, 2010, Chapter 8 of this thesis). By integrating the urve only inthe o�-time one obtains the worst ratio of the Fast to slow signals, sinethe slow omponent has built up to its maxima at the end of the on-time. On the other hand, integration of the entire on-time area reduesthis ontamination by inluding additional hannels where the Fast toslow ratio is relatively higher, and at the same time gives good ountingstatistis. We estimate that ontamination of slow signal in the on-timeintegral is less than 5%. This estimation method is a useful ompromise



9.10 Referenes 187as we are only interested in the relative hanges in the intensity of theFast signal under di�erent onditions and not the absolute Fast signalintensity.The Slow signal: Ankjærgaard and Jain (2010, Chapter 8 of this thesis) showthat in the IR and post-IR signals from a K-feldspar sample there exists adistint, strongly stimulation-temperature dependent omponent, whihis evident from a few tens of miroseonds to over several milliseonds.In the present study the slowly deaying omponent learly evident fromabout 100-550 µs (Fig. 9.2b) shows the same behaviour as the abovementioned slow omponent of Ankjærgaard and Jain (2010, Chapter 8of this thesis). To quantify this signal, termed the `Slow signal' we usean integration over 100-550 µs of the IR o�-time signal (50 µs is theend of on-time) to allow for the deay of the Fast signal. For the TR-GLSL signals, the initial deay is muh faster than in the IR signals; seeFig. 9.2, so here the `Slow signal' is instead de�ned to be the integrationover the 60-550 µs in the o�-time signal.ReferenesAitken, M. J. (1985). Thermoluminesene Dating. Aademi Press, INC.,London, UK. ISBN: 0�12�046380�6.Ankjærgaard, C. and Jain, M. (2010). Optially stimulated phosphoresenein ortholase feldspar over the milliseond to seond time sale. Journal ofLuminesene, 130:2346�2355.Ankjærgaard, C., Jain, M., Kalhgruber, R., Lapp, T., Klein, D., MKeever,S. W. S., Murray, A. S., and Morthekai, P. (2009). Further investigationsinto pulsed optially stimulated luminesene from feldspars using blue andgreen light. Radiation Measurements, 44:576�581.Ankjærgaard, C., Murray, A. S., and Denby, P. M. (2005). Thermal pre-treatment in the OSL dating of quartz: Is it neessary? Radiation ProtetionDosimetry, 119:470�473.Baili�, I. K. and Barnett, S. M. (1994). Charateristis of infrared-stimulatedluminesene from a feldspar at low temperature. Radiation Measurements,23:541�545.Baril, M. R. and Huntley, D. J. (2003). Optial exitation spetra of trappedeletrons in irradiated feldspars. Journal of Physis: Condensed Matter,15:8011�8027.Blair, M. W., Yukihara, E. G., and MKeever, S. W. S. (2005). Experieneswith single-aliquot osl proedures using oarse-grain feldspars. RadiationMeasurements, 39:361�374.Bøtter-Jensen, L., MKeever, S. W. S., and Wintle, A. G. (2003). OptiallyStimulated Luminesene Dosimetry. Elsevier, Amsterdam, The Nether-lands. ISBN: 0�444�50684�5.
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Chapter 10Optimising the separation ofquartz and feldspar optiallystimulated luminesene usingpulsed exitationC. Ankjærgaard1, M. Jain1, K. J. Thomsen1, and A. S. Murray2
1Radiation Researh Department, Risø National Laboratory for SustainableEnergy, Danish Tehnial University, DK-4000 Roskilde, Denmark
2Nordi Laboratory for Luminesene Dating, Department of Earth Siene,Aarhus University, Risø DTU, DK-4000 Roskilde, Denmark.Published in: Radiation Measurements.AbstratIn luminesene dating, the two most ommonly used natural minerals, quartz andfeldspar, are exposed to di�erent dose rates in the natural environment, and so reorddi�erent doses. The luminesene signals also have di�erent stabilities. For auratedosimetry, the signals from these two minerals must be separated, either by physialseparation of the mineral grains, or by instrumental separation of the luminesenesignals. The luminesene signals from quartz and feldspar have di�erent lumines-ene lifetimes under pulsed optial stimulation. This di�erene in lifetime an beused to disriminate between the two signals from a mixed quartz-feldspar sample.The purpose of this study is to identify optimum measurement onditions for the bestseparation of quartz OSL from that of feldspar in a mixed sample using pulsed stim-ulation and time-resolved OSL. We integrate the signal from 5 µs after the LEDs areswithed o� until just before the LEDs are swithed on again, with the pulse on-timeequal to the pulse o� -time of 50 µs. By using only the initial interval of the pulsedOSL deay urve (equivalent to 0.2 s of CW-OSL using blue light at 50 mW/m2)we �nd that the quartz to feldspar pulsed OSL intensity ratio is at a maximum. Byusing these parameters with an additional infrared (IR) stimulation at 175◦C beforemeasurement (to further redue the feldspar signal intensity), we obtain a fator of25 enhanement in signal separation ompared to that from a onventional prior-IR



192 Optimising the separation of quartz and feldspar OSL. . .CW measurement. This ratio an be further improved if the ounting window inthe pulse o� -time is restrited to detet between 20 and 50 µs instead of the entireo� -period.Keywords: Quartz, feldspar, Optially Stimulated Luminesene (OSL), PulsedOSL (POSL), Time-resolved OSL (TR-OSL), signal separation.10.1 IntrodutionIn the luminesene dating of geologial and arhaeologial material, it is im-portant to separate the signals from the two ubiquitous natural luminesentdosimeters, quartz and feldspar, beause they reord di�erent doses. This dif-ferene in dose an arise from di�erenes in (i) the internal dose rate and/or (ii)the residual dose due to inomplete zeroing of the luminesene signal prior todeposition. Moreover, the dose measured using luminesene is usually under-estimated in feldspars beause of the well known anomalous (athermal) fadingproblem (Wintle, 1973; Aitken, 1998; Huntley and Lamothe, 2001). Quartzis usually onsidered to be a more reliable dosimeter than feldspar beausequartz does not show anomalous fading and beause the dosimetri signal inquartz is more rapidly emptied during daylight exposure (Godfrey-Smith et al.,1988; Thomsen et al., 2008). The two minerals quartz and feldspar are usuallyseparated by physial and hemial treatment prior to measurement (Wintle,1997).However, physial separation of the minerals is not always possible, forexample, beause of feldspar miro-inlusions in quartz or beause the mea-surements are to be made in the �eld (where only bulk samples are availableand hemial separation impratial). One approah to redue feldspar on-tamination is by using elevated temperature infrared (IR) stimulation prior toontinuous wave (CW) OSL measurement (Jain and Singhvi, 2001; Wallingaet al., 2003). This is referred to as an IR bleah. This approah may presentdi�ulties beause at high temperatures both the fast and the medium om-ponents in quartz OSL are depleted signi�antly by IR exposure (Jain et al.,2003). Another possible instrumental method for isolating a quartz signal froma mixed quartz-feldspar sample is pulsed optial stimulation (POSL). This ap-proah relies on the fat that the shapes of the time-resolved OSL (TR-OSL)of quartz and feldspar are very di�erent [e.g. Chithambo and Galloway (2000);Denby et al. (2006)℄. This approah was tested in a previous laboratory ex-periment in whih dosed quartz (23 Gy) and un-dosed feldspar (0 Gy) weremixed together (Denby et al., 2006; Thomsen et al., 2006). It was shown thatby using pulsed blue stimulation (with a prior IR stimulation) the measureddose was indistinguishable from the known quartz dose of 23 Gy even in thepresene of a feldspar ontamination of 40% (by mass). These authors used apulse on-time equal to the pulse o� -time of 50 µs and a delay of 5 µs prior tomeasuring the light emitted during the pulse o� -time. (The pulse on-time isthe length of time the light soure is turned on during a single pulse period; theo� -time is the orresponding period without illumination). This work (usingthe same on- and o� -time settings of 50 µs and 50 µs) was ontinued in Thom-sen et al. (2008) where post-IR pulsed blue light stimulation of eleven natural



10.2 Experimental details 193samples show that the quartz dose an be measured aurately without anyprior hemial separation.In this paper, we investigate the LED pulse on- and o� -time settings re-quired to maximise the proportion of quartz signal from a mixed quartz andfeldspar sample. To be able to quantify the individual ontributions from thetwo omponents, we work with a syntheti signal obtained by summing upquartz and feldspar signals measured separately. The analysis and results pre-sented here are based on time-resolved OSL (TR-OSL) measurements for on-times varying from 8 to 1000 µs, with measurements based on data reordedusing a photon timer attahment (Lapp et al., 2009, Chapter 2 of this the-sis). Pulsed optially stimulated luminesene (POSL) measurements obtainedwithout the use of the photon timer, suh as those desribed by Thomsen et al.(2008), are disussed in Setions 10.5.3 and 10.6.10.2 Experimental details10.2.1 InstrumentationSample measurements were arried out on a Risø TL/OSL-20 reader with anintegrated pulsing option to ontrol the stimulation LEDs, and with a photontimer attahment with a detetion resolution (bin-width) of 100 ps to reordthe TR-OSL (Lapp et al., 2009, Chapter 2 of this thesis). Beause eah photondeteted is individually time-stamped and the event stored in memory, the bin-width (spei�ed as 2n · 100 ps) an be hanged after data olletion. Blue lightstimulation was performed with a 470 ± 30 nm (FWHM) LED array deliver-ing 50 mW/m2 CW stimulation at the sample position. IR stimulation wasperformed with an 870 ± 20 nm (FWHM) LED array delivering 100 mW/m2CW stimulation, and a 7.5 mm thik Hoya U340 �lter was inserted betweenthe sample and the PM-tube.We de�ne the duration of eah stimulation LED pulse as the on-time, andthe duration of the pause before the next stimulation pulse as the o� -time,see also Lapp et al. (2009) or Chapter 2 of this thesis. The lengths of boththe on- and o� -times an be set independently to lie between 0.2 µs and9.9 s (on-time) and between 0.6 µs and 9.9 s (o� -time), although the pulseshape deteriorates for pulse widths <6 µs. Furthermore, the pulsed stimulationattahment has an option to gate the signal suh that only photons detetedin the o� -time are ounted. The starting point of this gating period an beshifted up to a maximum of 5 µs after the end of the on-pulse; this feature anbe useful for rejetion of the very fast deaying signals in gated pulsed OSL.During a pulsed measurement, the photon timer reords the time of arrival ofphotons deteted relative to the beginning of the LED pulse. The total numberof these stimulation pulses depends on the pulsed stimulation time: ∼pulsedstimulation time [s℄/(on+o� -time [µs℄).10.2.2 SamplesAll the work reported here has been undertaken using 90�125 µm sedimentaryquartz grains (sample: WIDG8) and 180�250µm potassium-rih feldspar grains(sample: 951020FK). The quartz grains were extrated by sieving, heavy liquidseparation and HF treatment, as desribed in Wintle (1997) and the absene of
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Figure 10.1: Weighted histogram of lifetimes present in the 30 quartz sampleslisted in Table 10.1. Eah lifetime is given a weight orresponding to the fra-tional amplitude for that omponent. Therefore, in a sample with lifetimes λ1and λ2 and orresponding amplitudes A1 and A2, then λ1 will have a weight of
A1/(A1 + A2) and λ2 will have a weight of A2/(A1 + A2). The weights withineah lifetime interval on the x-axis of the distribution are then added up to givethe height of the olumn. In a weighted histogram both the distribution of life-times are shown as well as the relative importane of these lifetimes. The log ofthe histogram is shown inset.signi�ant feldspar ontamination was on�rmed by tests using IR stimulation.The feldspar frations were obtained by sieving, density separation using heavyliquid, �rst with ρ = 2.62 g/m3 and then with ρ = 2.58 g/m3, and �nally anHF treatment (10%, 40 min). In all measurements presented here the feldsparsample was given a dose 10 times that of quartz (80 Gy and 8 Gy, respetively)in order to make the signal intensities of omparable size. This was donedeliberately to gain as muh signal as possible. All measurements were arriedout using only one aliquot of quartz and one of feldspar suh that the resultsare diretly omparable; both aliquots onsisted of grains mounted in steel upsusing silion oil. Both aliquots were preheated to 260◦C for 10 s prior to OSLmeasurements at 125◦C.10.3 Luminesene lifetimes in quartz - how universalare they?The separation of quartz OSL from a mixed quartz-feldspar sample relies onthe fat that the TR-OSL shapes (and thereby the luminesene lifetimes) ofquartz and feldspar are di�erent. To examine whether the lifetime(s) in quartzare sample spei� or whether they are universal, the TR-OSL urves from 30quartz samples of various geologial origin, of whih some were heated material,were used to extrat lifetimes. Three of the quartz samples (BR1, 4, and 7) wereextrated from briks that was heated to more than 500◦C during manufature.



10.3Luminesenelifetimesinquartz-howuniversalarethey?195
Table10.1:Resultsfrom�ttingtheo�-timeTR-OSLdeayfrom30sedimen-
taryquartzsamplesafteradoseof50Gy(*exeptWIDG8,whihreeived8
Gy).Notethatthequartzgrainsextratedfromthebrikshavebeenheated
tomorethan500

◦C,andthatthe�intsamplehasbeenheatedtoanunknown
temperature.Apreheatto260

◦Cfor10swasappliedpriortostimulationat
125

◦C.TheinitialTR-OSLdeayintensityisgiveninolumn3,andamplitudes
andlifetimesfromtheexponentialomponentsinolumns4-5,6-7and8-9.

Sample ode Loation Initial ts A1 λ1 A2 λ2 A3 λ3[0.8 µs−1℄ [0.8 µs−1℄ [µs℄ [0.8 µs−1℄ [µs℄ [0.8 µs−1℄ [µs℄990222 Denmark 1,073 - - 1,062 36.3 77 63.5981001 Denmark 2,149 - - 1,746 32.5 396 67.9000902 Taiwan 1,032 - - 968 34.2 86 81.5000905 Taiwan 318 - - 288 38.1 - -010804 Sotland 258 - - 155 30.7 94 126.2963601 Tanzania 36,111 - - 34,682 37.7 1,319 85.3963602 Tanzania 79,791 - - 78,279 39.2 1,370 105.6963603 Tanzania 48,001 - - 46,508 38.3 1,224 104.5973604 Tanzania 85,822 - - 85,600 40.4 715 194973605 Tanzania 73,870 - - 71,501 38.4 2,027 92.3973606 Tanzania 33,570 - - 32,986 38.0 557 120.490SL33 Zambia 42,484 34,319 35.2 7,979 54.790SL63 Zambia 117,572 - - 118,051 40.7 - -SLP0 Zambia 105,482 - - 104,281 39.6 723 147.8SLP7 Zambia 111,742 - - 110,792 40.2 - -FP1 North India 2,558 2,379 36.7 139 84.8 - -FP2 North India 91 - - 83 37.2 13 132.3KPY2 North India 219 - - 185 39.5 10 122.2KPY3 North India 12,695 - - 12,552 37.6 - -TR-55 West India 6,317 - - 6,189 36.9 - -IG-Plains-2 North India 29,327 - - 28,894 37.5 - -000301 Russia 9,134 2,014 10.2 7,023 39.4 - -GSF-1-34 Germany 198 - - 171 43.7 - -GSF-2-34 Germany 2,760 - - 2,511 36.1 189 86.5WIDG8* North Australia 49,803 - - 49,978 38.6 - -010301 Norway (Burnt �int) 4,552 482 6.7 4,015 38.0 - -994901 Norway (Brik) 5,764 566 5.0 5,093 37.9 - -BR1 Denmark (Brik) 2,144 - - 2,146 36.4 - -BR4 Denmark (Brik) 9,499 - - 8,583 36.2 846 82.2BR7 Denmark (Brik) 6,693 - - 6,653 39.0 170 142.7



196 Optimising the separation of quartz and feldspar OSL. . .All samples were initially bleahed using blue light, and given a dose of 50 Gy(WIDG8 was given 8 Gy), preheated to 260◦C for 10 s and stimulated at 125◦C(this preheat and stimulation temperature are ommonly used in quartz dosemeasurements). All o� -time urves were �tted with deaying exponentials andthey onsisted of either one or two omponents. For eah sample the frationalamplitude for eah lifetime was alulated. The results are summarises in Table10.1.In Fig. 10.1, a weighted histogram of the measured lifetimes is shown forthe 30 quartz samples. The weightage is given by the frational amplitude todetermine the dominant lifetime omponent in quartz TR-OSL. The inset toFig. 10.1 shows the histogram on log-sale for a better visualization of thoselifetimes whih have relatively low ontribution to the measured signal (seeTable 10.1 for individual values). From this �gure it is lear that using themeasurement onditions given above on these samples, the dominant ompo-nent in quartz TR-OSL has a lifetime within the range 35�40 µs and in someases, muh less important seondary omponents with lifetimes <15 µs and/orfrom 50�200 µs.The quartz sample, WIDG8, used in the syntheti mixed quartz-feldsparsample under investigation in this paper has a lifetime of 38.6 µs and is there-fore a good representative of the bulk behaviour of quartz samples as presentedin Fig. 10.1. Feldspar, on the ontrary, is a muh more omplex dosimeter andit has been suggested that the TR-OSL signal may not be a linear sum of in-dependent exponential proesses (Ankjærgaard et al., 2009, Chapter 7 of thisthesis) although it an be adequately desribed by four exponential ompo-nents in the o� -time range disussed here (Clark et al., 1997; Ankjærgaardet al., 2009, Chapter 7 of this thesis). Both the latter papers present ompo-nents analysed as exponentials from several feldspar speimens and it is evidentthat these di�erent types, irrespetively of mineral omposition, have similaromponents falling within narrow bands.The two minerals omprising the syntheti quartz-feldspar mixed samplehave therefore been hosen as representatives of a general behaviour of theirmineral lass and as a result our results are expeted to be appliable to othermixed quartz-feldspar sediments.10.4 The e�et of feldspar ontaminationIn a mixed quartz and feldspar sample, the measured luminesene signal an,to �rst order, be approximated as the sum of two omponents. Beause theproportions and the OSL sensitivities of the two omponents are usually un-known, it is di�ult to quantify their individual ontributions to the net OSLsignal. In this paper we have therefore hosen to measure quartz and feldsparsignals separately and subsequently add the two signals to generate a synthetimixed sample signal. In Fig. 10.2a, normalised CW-OSL deay urves for bluelight stimulation of quartz (Q) and feldspar (F) are shown. The post-IR bluestimulation urves (QIR and FIR) are also shown, where an IR bleah at 175◦Cis arried out prior to the blue light stimulation. All signals have been normal-ized to the initial blue light stimulated quartz intensity. Wallinga et al. (2003)showed that IR stimulation at elevated temperatures preferentially redues thefeldspar luminesene in a mixed quartz-feldspar sample. This observation is
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(a) (b)Figure 10.2: (a) CW-OSL deay urves for blue light stimulation of quartz(Q, full line), feldspar (F, dashed line), post-IR stimulated quartz (QIR, dashdot dot line) and post-IR stimulated feldspar (FIR, dash dot line). Note thatthe two quartz urves are overlying. The quartz sample was given a dose of 8Gy and feldspar, 80 Gy. Both samples were pre-heated to 260◦C and stimulatedwith blue light at 125◦C for 50 s (∼6·1018 photons/m2) giving a bin resolutionof 0.1 s/bin using 500 bins. The IR stimulation was at 175◦C for 100 s. Allthe signals are normalised with the initial 0.1 s quartz CW-OSL. (b) The samestruture as in (a), but using pulsed-OSL stimulation for an on-time of 50 µs andan o� -time of 50 µs and pulsing for 100 s to obtain the amount of stimulatingphotons as in (a). The signals were ounted only during the o� -time and gatedso that the initial 5 µs in the o� -time was not ounted, the number of bins isthe same as that of (a), suh that the resolution is now 0.2 s/bin. All the signalsare normalised with the initial 0.2 s quartz POSL.supported by the data presented in Fig. 10.2a, where the initial feldspar inten-sity has dereased by 75% ompared to that without prior IR stimulation whilethe quartz intensity has only dereased by 14%. Thus by applying an IR bleahat 175◦C prior to blue light stimulation an inrease in signal separation is ob-tained. This inrease an be quanti�ed by de�ning a quartz to feldspar ratio(Q/F) using the intensities of the initial (0.2 s) blue light stimulated signals. Ifonly blue light stimulation is employed this ratio is de�ned as unity; if a priorIR bleah is used the ratio inreases to 3.3. Thus, using an elevated temper-ature post-IR blue light stimulation protool inreases the quartz to feldsparluminesene separation by a fator of 3.3 in ase of CW-OSL. In the followingsetions we investigate on di�erent on�gurations of pulsed optial stimulationto further inrease the Q/F ratio.In Fig. 10.3, the time-resolved luminesene signals from quartz and feldsparare shown for an on-time of 50 µs and an o� -time of 500 µs using the blueLEDs. Note that the urves are shown on di�erent log y axes. The data werederived by summing all the photons resulting from 40,000 pulses in the 22 sof total stimulation time. The feldspar luminesene signal has a very fastinitial rise whih is followed by a muh slower rise after a few hundreds of ns ofstimulation during the on-pulse (Chithambo and Galloway, 2000; Ankjærgaard
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Figure 10.3: Quartz and feldspar time-resolved OSL urves produed by addingup signals from all pulses produed in 22 s, for an on-time of 50 µs and an o� -time of 500 µs. Note that the urves are eah referred to their own log y axisand that the full o� -time has not been shown. The quartz was given a dose of8 Gy and feldspar a dose of 80 Gy; both were then preheated to 260◦C for 10 sand stimulated at 125◦C.et al., 2009, Chapter 7 of this thesis) while the quartz signal inreases moreslowly and does not reah a onstant equilibrium level within the 50 µs on-period. A similar trend is present in the signal deay observed in the o� -timei.e., the TR-OSL deay of quartz is muh slower than that of feldspar. Thefast deay in feldspar TR-OSL (the major part of the signal) disappears inonly a few tens of µs, although there are relatively weak slow deays whihtake several hundreds of µs to deay. The quartz signal deays more slowlyand reahes a near onstant level towards the end of the 500 µs o� -time. Notethat this apparent onstant level is made up of PM-tube `dark ounts' and veryslowly deaying luminesene signal(s) (Chithambo, 2007a). In the followingsetions we make use of this di�erene in the TR-OSL deay rates of the twominerals to maximise the ratio of quartz to feldspar OSL signals.10.5 Seletion of on- and o� periods for best signaldisriminationFigure 10.4 shows the quartz and feldspar o� -time deay shapes for the sumof the initial 20,000 onseutive pulses (orresponding to a total of ∼2·1016photons delivered per m2, or about 0.2 s of ontinuous wave OSL) for a 10 µson-time and a 500 µs o� -time. The area under the normalised feldspar urveduring the 50 µs on-pulse is lose to twie that of the quartz urve (e.g. seeFig. 10.3) and this dominant feldspar ontribution is rejeted by quite simplyignoring the signal observed during the on-time. Furthermore, the initial 5 µso� -time where the feldspar signal derease by a fator of ∼20 has also beenomitted (i.e. the fast deay in the feldspar has redued to a negligible level). InFig. 10.4, these parts of the signal have been removed. In ontrast, the quartz
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Figure 10.4: Quartz and feldspar o� -time deay shapes for an on-time of 10 µsand an o� -time of 500 µs, using the sum of the pulses produed in 10.2 s, equalto a total equivalent CW-OSL measurement time of 0.2 s. The pre-treatmentand doses are idential to that of Fig. 10.3. Note that the urves are eah referredto their own y axis and that the full o� -time has not been shown. The initial 5
µs of both the quartz and feldspar o� -time has been removed. Inset: Ratio ofthe quartz to feldspar o� -time deay urves. The di�erene in the deay ratesof the two urves gives rise to an asymmetri peak with a maximum at about40 µs.signal has a longer lifetime and as a result the ratio of the quartz to feldsparsignals inreases with time during the o� -period until about ∼40 µs (Fig. 10.4inset), where an enhanement in the quartz and feldspar separation of ∼115is obtained. For o� -times >40 µs the ratio starts to derease, beause of therelatively slower deay of a weak feldspar omponent ompared to that fromquartz in this time regime. Clearly, the best separation of quartz and feldsparOSL signals for an on-time of 10 µs is obtained if the pulsed OSL signal isdeteted only in a small window entred on 40 µs. In the following setionwe will investigate how the optimum separation depends on the length of theon-time.10.5.1 Quartz to feldspar TR-OSL (o� -time) ratioTo �nd the optimum on-and o� -times, we �rst investigated whih part of thePOSL signal gave the best ratio of the quartz to feldspar signals during theo� -time. TR-OSL urves were measured for both quartz and feldspar for fouron-times: 10, 50, 100 and 500 µs, while the o� -time was kept onstant at 500

µs. This o� -time of 500 µs was hosen to ensure that the time-resolved data forboth minerals approahed a onstant level before ommenement of the nextpulse (see Fig. 10.3).This means there is e�etively no memory of the previouspulse in the data of the subsequent pulse. We on�rmed that the bakgroundwas negligible by measuring blank samples onsisting of heated (one hour at700◦C) quartz and feldspar samples. In order to ompare TR-OSL urves with



200 Optimising the separation of quartz and feldspar OSL. . .Table 10.2: Pulsed stimulation time, number of produed pulses and summedpulse equivalent CW-OSL time as a funtion of the on-time (o� -time kept on-stant at 500 µs). The LED stimulation power intensity is 50 mW/m2, orre-sponding to ∼1·1017 stimulation photons per unit time per m2 or 8.5·10−17mJ. No. of pulses produed during stimulation = pulsed stimulation time[s℄/(on+o� -time [µs℄). Total equivalent CW-OSL measurement time = on-time[µs℄·Number of pulses produed during stimulation.On-time, [µs℄,(pulse o�-time kept onstant at 500 µs) 10 50 100 500Pulsed stimulation time,
tpulsed, [s℄ 102 22 12 4No. of pulses produed during stimulation,(divided by 103) 200 40 20 4Total equivalent CW-OSL measurement time,
tCW, [s℄ 2 2 2 2No. of pulses added in eah urve in Fig. 10.5(a-d),(divided by 103) 20 4 2 0.4Equivalent CW-OSL measurement time inFig. 10.5a-d, tCW, [s℄ 0.2 0.2 0.2 0.2di�erent on-times, it is important to ensure that the number of stimulationphotons reahing the sample is onstant despite the hange in on-time. Thisan be ahieved by adjusting the number of stimulation pulses and hene thetotal stimulation time employed in eah experiment, tpulsed:

tCW = tpulsed ·

( on-timeon+o� -time) , (10.1)In this experiment, TR-OSL urves for both quartz and feldspar were measuredusing the four on-times stated above. The pulsed stimulation time, tpulsedis hosen in eah measurement suh that the number of stimulation photonsreahing the sample is equivalent to 2 s of CW stimulation (∼2·1017 stimulationphotons/m2). Table 10.2 lists the on-times used and the orresponding pulsedstimulation time, tpulsed when tCW is kept onstant at 2 s. We have hosen onlyto look at this initial signal sine this is most ommonly used in dose estimationof natural quartz samples. The measurement onditions are as given in Setion10.2.2; note that the two aliquots were bleahed using CW blue light at 260◦Cfor 100 s (for quartz) or 2000 s (for feldspar) between eah experiment. Theresults are shown in Fig. 10.5. For eah of the four di�erent on-times, �vedi�erent urves are displayed. The �ve urves eah represent a summationinterval equivalent to 0.2 s of CW stimulation, but they all have a di�erentstarting point for summation. In Fig. 10.5a, the initial blak dotted urverepresent the data measured during the initial 20,000 pulses (or tCW = 0.2s), whereas the red urves represent the data measured during the onseutive20,000 pulses (next 0.2 s) and likewise for the remaining three urves. Thusthe �ve urves show the e�et of plaing the summation interval at di�erentstarting points on the POSL deay urve. Note also, that the blak urve isidential to the urve shown inset in Fig. 10.4. The number of pulses summedin eah urve for the other three on-times are given in Table 10.2, row 5.
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Figure 10.5: Upper: Ratio of quartz to feldspar o� -time deay signals fordi�erent on-times (a-d). The number of pulses added in eah o� -time deaysignal depends on the on-time (given in Table 10.2, last two rows). The numberof pulses is added suh that eah of the �ve urves has reeived 0.2 s of equivalentCW-OSL time (or ∼2·1016 photons/m2). Lower: Summary of the urves in theupper �gures, showing the maximum ratio of quartz to feldspar o� -time deaysignal for eah of the �ve urves for varying on-time (e-h). The grey trianglesshown in (e) are are repeat points of (a) to show the exellent reproduibility.It is seen that the initial pulse summation for eah on-time gives the best signalseparation. The pre-treatment and doses are idential to that of Fig. 10.3.A summary of the peak maxima (optimum quartz/feldspar separation) ofthe 20 data sets displayed in Figs. 10.5a-d is given in Figs. 10.5e-h. The datawere measured in the same order as presented in the �gures. In Fig. 10.5e,the grey triangles represent the maxima from the reyling measurement ofthe data for 10 µs on-time, olleted after the 500 µs on-time measurement.The exellent reproduibility in Fig. 10.5e on�rms that the observed trendsare not artifats of any sensitivity hanges. There are three key observationsto be made from Fig. 10.5:(i) The maximum quartz/feldspar ratio dereases as a funtion of inreasingsummation (i.e. the best separation is obtained using the very initialPOSL signal. This derease is aused by the fat that the rate of depletionof trapped harge during optial stimulation is muh greater for quartzthan for feldspar, i.e. the quartz CW deay is muh faster than that offeldspar (see Fig. 10.2a).(ii) The maximum quartz/feldspar ratio is obtained 30�40 µs into the o� -time regardless of the length of the on-time. Thus the optimum signalseparation is obtained if the ounting window is restrited to enompassthis time interval. However, it is worth nothing that suh a restritedounting window would result in a signi�ant derease in the intensity ofthe measured signal and thus may not be pratial.



202 Optimising the separation of quartz and feldspar OSL. . .

On-time, µs
10 100 1000

T
ot

al
 n

o.
 p

ho
to

ns

0

5x106

6x106

Quartz
Feldspar

Figure 10.6: The total number of photons from quartz (triangles) and feldspar(irles) deteted during stimulation by a �xed ∼2·1017 photons/m2 (equal to2 s of CW stimulation) as a funtion of on-time. The average total ount overall on-times and orresponding standard deviations are for quartz: 5,313,588 ±315,171 and feldspar: 5,318,937 ± 524,830.(iii) The maximum quartz/feldspar ratio dereases as a funtion of on-timefor the same summation interval. If it is assumed that the total emittedluminesene (e.g. the photons measured in both the on- and o� -time)for a given number of stimulation photons is onstant irrespetive of theduration of the on-time, a derease in the o� -time signal will our toompensate for an inrease in the on-time signal (Bøtter-Jensen et al.,2003; Chithambo, 2007b). Both quartz and feldspar o� -time signals willtherefore undergo a derease with an inrease in the on-time. However,sine the rate of depletion of trapped harge is faster in quartz than infeldspar, the quartz/feldspar ratio is expeted to derease as a funtionof on-time.In the following setion the assumption of onstant luminesene e�ieny istested, and in Setion 10.5.3 the optimum length of this on-time is investigated.10.5.2 Luminesene e�ieny as a funtion of on-timeTo determine if the observed derease in the optimum quartz/feldspar ratioas a funtion of on-time is aused by relative di�erenes in rate of depletionof trapped harge for quartz and feldspar, it is neessary to establish if theluminesene e�ieny is onstant regardless of the duration of the on-time.To test this, a series of 22 experiments in whih the on-time varied between8 and 1000 µs were undertaken for both quartz and feldspar. In eah mea-surement the o� -time was kept onstant at 500 µs and the pulsed stimulationtime, tpulsed, adjusted suh that the number of stimulation photons reahingthe sample was equivalent to those in tCW = 2 s, see Eqn. (10.1). All photons



10.5 Seletion of on- and o� periods for best signal . . . 203deteted in both the on- and o� -time were summed to produe the net lumi-nesene signal. The results for both quartz and feldspar are shown in Fig. 10.6(�lled symbols). The luminesene deteted from feldspar is as expeted loseto onstant for all on-times (8 to 1,000 µs). The exellent reyling (open sym-bols) on�rms that any sensitivity hange is negligible. The luminesene fromquartz has dereased by <10 % for an on-time of 1,000 µs ompared to thatof 8 µs. However, the reyling values indiate that at least part of this 10%derease is aused by sensitivity hange. This is an unexpeted observationand requires further investigations (we have on�rmed by diret omparisonwith onventional ounting that there is no loss of ounts in TR-OSL data ol-letion proess). Nevertheless, the observed derease in luminesene e�ienyfor quartz of about 10% is not su�ient to aount for the muh larger (∼50%)derease in the quartz/feldspar ratio observed between an on-time of 10 µsompared to that of 500 µs (see Fig. 10.5a and Fig. 10.5d). This additionalderease an only be due to the inreased depletion of the signal as the on-timeis inreased.10.5.3 Optimizing the length of the on-timeIt was onluded from Fig. 10.5 (Setion 10.5.1) that the best Q/F signalpeak ratio is obtained by using only the signal obtained during the very initialperiod equivalent to 0.2 s of ontinuous stimulation for the shortest on-timeof 10 µs. We now disuss more detailed measurements of how the Q/F signalratio depends on the on-time to separate feldspar and quartz signals, if onewere to integrate the area under the o� -time signal. The purpose of theseinvestigations is to optimise the duration of the on-time for the best signalseparation in POSL measurements.TR-OSL urves were measured for on-times varying between 8 and 1000
µs while the o� -time was kept onstant at 500 µs, to ensure that both signals(quartz and feldspar) had time to reah a onstant level before the next stim-ulation light pulse arrived at the sample. The pulsed stimulation times werealulated using Eqn. (10.1). Photons emitted from the sample were ountedonly during the o� -time, with the ounting system gated to ignore any photonsobserved during the �rst 5 µs of o� -time, thereby ignoring the initial intensebut rapidly deaying signal from feldspar. In Fig. 10.7a, these o� -time lumi-nesene light sums from quartz and feldspar are shown as a funtion of theon-time, with integrals normalised to the response of the shortest on-time of8 µs; the two signals deay approximately at the same rate up to an on-timeof 80 µs, hereafter the quartz signal deays more rapidly. The ratio of thesetwo urves is shown as an inset to Fig. 10.7a. It is di�ult to evaluate themagnitude of the signal separation from this ratio plot without omparing itto the Q/F intensity ratio observed for onventional CW-OSL measurements.Beause of hardware limitations a true CW-OSL measurement was not possi-ble with our prototype experimental on�guration, and so an average of thetotal light deteted in the stimulation period (i.e. both on- and o� -times,see Fig. 10.6) was used as an approximation for light output during CW-OSL.This average is used to normalize the urve in the inset to Fig. 10.7a; this ratiorepresents how muh better the separation is relative to the CW-OSL mea-surement mode. From these data, the best quartz feldspar signal separationseems to be obtained from an on-time between 10 and 50 µs; we obtain a >40
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Figure 10.7: The total number of photons ounted in the o� -time from quartz(irles) and feldspar (triangles) and gated to rejet the initial 5 µs as a funtionof on-time. The o� -time was kept onstant at 500 µs, and the stimulatingphotons were kept onstant to a �xed ∼2·1016 photons/m2 (equal to 0.2 s ofCW stimulation) independent of the on-time. Inset: Quartz to feldspar o� -timeratio alulated from the urves in (a), the open symbols are reyling points.(b) Quartz to feldspar o� -time ratio urves alulated for di�erent measurementonditions as a funtion of on-time, and with a �xed o� -time of 500 µs. Theurves are listed in inreasing order: 1 (grey triangles): Total stimulation timeequal to 2 s of CW time, everything ounted during the o� -time. 2 (blakirles): Total stimulation time equal to 2 s of CW time, everything ountedin the o� -time but gated to rejet the initial 5 µs. 3 (blak triangles): Totalstimulation time equal to 2 s of CW time, the o� -time signal gated to be ountedbetween 20 and 60 µs (entred around the peak from Fig. 10.5a�d). 4 (greyirles): Total stimulation time equal to 0.2 CW time, everything ounted in theo� -time but gated to rejet the initial 5 µs. 5 (blak squares): Total stimulationtime equal to 0.2 s CW time, the o� -time signal gated to be ounted between20 and 60 µs. Pre-treatment and doses as in Fig. 10.3.



10.5 Seletion of on- and o� periods for best signal . . . 205times inrease in signal separation when using an on-time between 10 and 50
µs ompared to using CW stimulation. For on-times longer than 50 µs, thesignal separation steadily worsens sine the rate of depletion of trapped hargeis faster in quartz than in feldspar, as previously desribed in Setion 10.5.1.In Fig. 10.7b, the urve shown in the inset to Fig. 10.7a has been reproduedas urve 4. A signi�ant improvement in the separation of quartz and feldsparsignals (Q/F ∼40) an be obtained if (i) the equivalent of only the �rst 0.2 s ofCW light is used to stimulate the POSL urve, (ii) an on-time in the range of10�50 µs is employed, (iii) ounting is only during the o� -time, and is gatedto ignore photons from the initial 5 µs of the o� -time.Examination of the TR-OSL urves for these di�erent on-times shows thatthe separation an be further improved by restriting the ounting window tolie between 20 and 60 µs in the o� -time (see Fig. 10.4, inset and Fig. 10.5a�e)rather than ounting during the entire o� -time. Curve 5 in Fig. 10.7b givesthe quartz to feldspar ratio for pulse o� -time signals measured between 20and 60 µs during the o� -time period, again using the equivalent of only theinitial 0.2 s of CW light. The maximum in the quartz/feldspar ratio nowinreases from ∼40 (urve 4) to ∼100 (urve 5), ompared to a onventionalCW-OSL measurement of unity. Less light is now deteted, so narrowing thegating interval to obtain a better separation is done at the ost of loss in signalintensity.Unfortunately, some samples are so dim that suh signal losses are una-eptable. In suh ases one ould inrease the stimulation interval hosen fordose determination; e.g. one ould inlude light deteted from 2 s of equivalentCW stimulation instead of the optimal 0.2 s of equivalent CW stimulation.The e�et on the Q/F ratio of this is shown in Fig. 10.7b (urve 1, 2, and 3).In urve 1 all photons are deteted in the o� -period. This gives a relatively�at urve with a maximum separation of ∼10 ourring for on-times between30 and 60 µs. In urve 2, gating is employed to remove the initial 5 µs of theo� -periods (e.g. the same as in urve 4, but with a longer integration time of2 s instead of 0.2 s). This improves the separation slightly ompared to urve1 and a maximum separation of ∼12 is obtained for on-times between 20 and40 µs. In urve 3 the ounting window is set from 20-60 µs (e.g. the same asurve 5, but again with a longer integration time of 2 s). This improves theseparation further and a maximum of ∼32 is obtained in the region 20�40 µs.10.5.4 Optimizing the length of the o� -timeIn the previous setion, we showed that the best on-time settings were in therange 10 to 50 µs (Fig. 10.7), but those measurements were all done with ano� -time of 500 µs to make sure that both the feldspar and quartz signals hadtime to deay to a onstant level before stimulation with a new pulse. Fora pratial appliation, one would like to know the shortest possible o� -timethat gives a satisfatory quartz to feldspar signal ratio; this would minimizethe total measurement time.Fig. 10.8 shows the quartz to feldspar signal ratio for a onstant on-time of20 µs and an o� -time varying from 6 to 1000 µs. The pulsed stimulation time,
tpulsed, was adjusted suh that ∼2·1016 photons/m2 (equal to 0.2 s of CWstimulation) reahed the sample. Gating is employed to remove the initial 5 µsof the o� -periods. The individual quartz and feldspar urves used to onstrut
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Figure 10.8: Quartz to feldspar o� -time ratios for a onstant on-time of 20 µs(�lled irles). The measurement was gated to omit the initial 5 µs of the o� -time signal and to ount in the remaining o� -time. The amount of stimulatingphotons were kept onstant to a �xed ∼2·1016 photons/m2 (equal to 0.2 s ofCW stimulation) independent of the hange in o� -time. Reyling points areshown as open irles. Pre-treatment and doses idential to that of Fig. 10.3.this graph have been normalized to the orresponding CW urves in the samemanner as explained in Setion 10.5.3 for Fig. 10.7. The Q/F ratio steadilyinreases up to an o� -time of ∼40 µs where it beomes almost onstant at amaximum Q/F ratio of ∼38; it then slowly starts to derease from ∼80 µs. Theinitial inrease is presumably aused by the residual signal from the previouspulse, with a lifetime of ∼38 µs (i.e. the quartz signal has not had time to deaysigni�antly before the onset of the subsequent pulse). Therefore most of thesignal ontribution ours in the on-time interval for shorter o� -times, andvie versa. Similarly, the slow deay in the feldspar signal has not had time tobuild up signi�antly during the on-pulse and therefore does not a�et the ratiomarkedly. From Fig. 10.8, the shortest o� -time giving the best quartz/feldsparsignal ratio is ∼50 µs, and from Fig. 10.7b the best on-time would also be ∼50
µs. This is the same on- and o� -times used in Denby et al. (2006), Thomsenet al. (2006), and Thomsen et al. (2008). Suh a hoie of pulse times doublesthe total stimulation time required to deliver the same power as that from CWstimulation.10.6 Performane of separation tehniques:CW-OSL vs. POSLWe now test the pratial appliation of the optimum on- and o� -periodsderived above using gated pulsed OSL to stimulate the syntheti mixed sample.Unlike in the photon timer TR-OSL data, it is presently not possible to hoosea spei� ounting interval (e.g. 20 to 50 µs) in the o� -time. Therefore, thebest separation obtainable with gated pulsed OSL orresponds to urve 4 in



10.7 Conlusions 207Fig. 10.6. The optimum pulsed stimulation onditions (on-time 50 µs, o� -time50 µs) were tested using the same quartz and feldspar samples as in Fig. 10.2aand the results are shown in Fig. 10.2b; for referene, normalised standard CWmeasurements (Fig. 10.2a) gave a quartz to feldspar initial (0.2 s) OSL ratio of1, this inreased to 3.3 when an IR bleahing step was inluded prior to OSLmeasurement. The o� -time signal integral was ounted by gating the photonounter to detet the entire o� -time, exept for the initial 5 µs. The sampleswere measured for 100 s in total, and data olleted in 500 hannels, eah with awidth of 0.2 s; the CW-OSL measurements used in Fig. 10.2a were measured for50 s and the data were also olleted in 500 hannels. The resulting quartz andfeldspar POSL urves are shown in Fig. 10.2b. The feldspar signal (relative toquartz) has dereased by a fator of ∼20 (Q/F = 1.0 in CW mode (Fig. 10.2a);Q/F = 20 in pulsed mode); after an IR bleah (100 s at 175◦C) prior to themeasurement, the feldspar signal dereases by a fator of ∼25 ompared toCW mode (QIR/FIR = 3.3 in CW mode (Fig. 10.2a); QIR/FIR = 83 in pulsedmode,). Thus we an obtain an improvement in rejetion of the feldspar signalof ∼25 by using a 50 µs pulse stimulation rather than CW, at the ost of (i)doubling the pulsed stimulation time and (ii) sensitivity (rejetion of the signalemitted during the on-time and the �rst 5 µs of the o� -time).Although the suggested protool inreases the signal separation by a fator25 ompared to CW (by prior IR bleahing in both ases), a dim sample mightnot have the required sensitivity to be measured using these settings. Byhanging the on and o� settings from 50/50 µs to 20/80 µs, the shorter on-pulse will give double the intensity at the beginning of the o� -period omparedto the other on-time setting, but now the measurement time will not have beendoubled, but inreased by a fator of 5. This will give a pulsed Q/F ratio of18.6 and a pulsed prior IR stimulated QIR/FIR ratio of 76.9 - thereby givingan improvement in rejeting the feldspar signal of ∼23. Therefore, one way tooverome the problem of dim samples is lowering the on-time slightly to obtainrelatively more signal intensity in the o� -time, but this will be at the ost oflonger pulsing stimulation times.10.7 ConlusionsBased on TR-OSL data from a quartz and a feldspar sample we demonstratethat it is possible to optimise the ratio for the signal intensities from the twominerals. This is possible beause of the distint, harateristi deay shapes ofthe TR-OSL signals in quartz and feldspar, and beause of the faster depletionof trapped harge in quartz ompared to feldspar during an optial stimulation.For a syntheti aliquot made up of a notional mixture of our quartz andfeldspar samples (derived by summing the two signals), we onlude that thebest separation of quartz and feldspar luminesene using gated pulsed OSL anbe ahieved using on- and o� -time settings eah of 50 µs (i.e. a pulse periodof 100 µs). Under suh stimulation the photons are deteted only following the�rst 5 µs in the o� -time period and the signal is integrated during the �rst 0.4s (equivalent to 0.2 s of CW-OSL) of the measurement. If a prior IR bleahingis used, then this on�guration results in a Q/F seperation ratio ∼25 timeslarger than what is possible using CW-OSL (also with a prior IR bleahing).For higher sensitivity, however at the expense of longer measurement time,
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Chapter 11SummaryMethodologyAn important part of this Ph.D. projet was thorough testing of the softwareand instrumentation developed for measurement of TR-OSL to ensure the re-liability of TR-OSL measurements. The seond methodologial aspet was toinvestigate on the best method for mathematial analysis (multi-exponential)of the TR-OSL data to obtain robust physial parameters. Fitting data witha sum of exponentials is an ill posed problem, and, therefore, two fundamen-tally di�erent analytial methods, the Fredholm integral equation (FIE) andthe non-linear least squares (NLS) method were used to �t simulated data.By omparing two �tting methods, and by using both deay data and trans-formed peak data it was found that marginally better parameter estimateswas obtained using the NLS method to �t deay shaped data; these resultsare equally appliable to the CW-OSL measurements for a three omponentproblem.QuartzFrom previous studies it is unlear whether the main omponent with a lifetimebetween 30�40 µs at room temperature (depending on the sample) representsthe reombination lifetime or the exited state lifetime as both the mehanismshave been argued for in the di�erent artiles.In this work the �tting method developed above was used on quartz TR-OSL to derive the lifetime of the main omponent as a funtion of stimulationtemperature. The study of the thermal dependene of the lifetime and in-tensity of the main TR-OSL omponent (30�40 µs lifetime) together with thedevelopment and appliation of a kineti model using Mott-Seitz mehanismsuggested that the main omponent must arise as a result of deay from theexited state of the reombination entre. Thus, the ondution band mustempty on a relatively muh shorter time sale. It was noted that suh fastemptying of the ondution band annot be obtained by using the parametersin the urrently well established kineti model for quartz OSL, and therefore,this model an not reprodue a realisti TR-OSL deay shape for quartz.To make a diret measurement of the harge population of the ondutionband to on�rm our model, the instrumentation developed to measure TR-OSLwas extended to the measurement of time-resolved pulsed optially stimulated



212 Summaryexo-eletron (TR-OSE) emission. Measurements on both quartz and feldsparusing blue light stimulation show that the major part of the harge populationin the ondution band empties in less than 1 µs. These results imply that thatthe relevant parameters in the urrently established model for quartz need tobe updated by at least three orders of magnitude so as to allow a fast enoughreombination.The work in this thesis then foussed on the hitherto unstudied slowlydeaying TR-OSL omponents in quartz. To investigate the origin of theseomponents, measurements ombining di�erent tehniques were undertakento observe the o�-time deay from 50 ns to ∼8 s, overing over 8 orders ofthe time sale. The main onlusion from the omponents observed on theseond times sale is that these omponents arise from the deay of hargere-trapped into the shallow traps (e.g. the 110◦C TL trap) during and afteroptial stimulation. Interestingly, a omponent is observed that does not showan obvious dependene of lifetime on stimulation temperature. It is disussedthrough a model that this e�et ould be explained by an internal transitionwithin a seond reombination entre. However, from analogy with feldspars(disussed below), this omponent ould also possibly allude to the presene ofsome band tails in quartz (strain e�ets are well known in quartz and these maypossibly give rise to band tails); this requires further investigations. The mainmessage of this work is that there are omplex interations amongst trap/andor reombination entres that give rise to feedbak e�ets; of speial interestis the kink observed in the phosphoresene urve. Finally a kineti modelonsisting of four energy levels has been proposed to explain the observedomplexity in the phosphoresene deay. The key feature of this model isloalised transition from one energy state to another, either between two trapentres or internally within a luminesene reombination entre. This featuresuessfully reprodues the kink observed in the phosphoresene data.For dosimetri measurements these results suggest that even during a CW-OSL measurement at 125◦C, a small fration of the measured light will originatefrom harge reyling through the 110◦C trap (at 125◦C, the lifetime of thisomponent is ∼0.2 s and the ontribution < 5%). This ontribution ould bemade even smaller by raising the stimulation temperature, but this would beat the ost of inreased thermal quenhing.FeldsparPrevious appliations of TR-OSL in feldspars have been largely restrited toidenti�ation of exponential omponents in the signal(s). The previous workhas shown that TR-IRSL o�-time deay from various feldspars an be ade-quately �tted with a sum of up to �ve exponentially deaying omponentswith lifetimes falling into well-de�ned groups: 30�50 ns, 300�500 ns, 1�2 µs,
∼5 µs, and > 10 µs, irrespetive of the detetion in either the 280�380 nm, the350�575 nm, or the 460�625 nm band.In this thesis di�erent feldspar measurements have been arried out in theUV (290�360 nm) and blue (350�415 nm) emission windows so as to identifythe underlying harge transport mehanisms.In the UV emission window, green and blue light stimulation of 14 feldsparmineral speimens gave average lifetimes of 42±0.1 ns, 1.10±0.02 µs, 6.9±0.1
µs and 43±1 µs, whih are broadly onsistent with those found earlier by other



213groups. In the slower omponents, no sign of thermal quenhing was observedwith elevated stimulation temperatures suggesting that these omponents pos-sibly re�et the reombination lifetime and not the exited state lifetime. Itwas furthermore suggested that in fat the TR-OSL o�-time deay annot sim-ply be desribed by a sum of deaying exponentials; the deay form is moreomplex and therefore, underlying mehanisms involved in luminesene pro-dution require a better understanding.In the blue emission window whih is more ommonly used in IRSL dat-ing, the question of proesses that ontrol the shape of the TR-OSL signal infeldspars was investigated further. The IR, elevated temperature post-IR IR,and green stimulated signals were studied. As in the ase of quartz, the IRand post-IR IR signals were observed to deay from 50 ns to > 7 s. On theshorter time sales (∼50 ns � 500 µs) a omparison of the TR-OSL shapesand their dependene on stimulation energy, thermal energy and anomalousfading helps to understand the harge transport mehanisms during optialstimulation. It is shown that during IR stimulation the main transport pro-esses are tunnelling through the exited state of the trap, and reombinationthrough the band tails. The latter is further shown to have two omponents, athermally assisted omponent and a tunnelling omponent, eah arising fromdi�erent energy states in the band tails. The data for the �rst time showsand explains the existene of a non-fading signal in feldspar samples (mineraland speimens) that otherwise show fading rates between 3�20 %/deade withCW-IRSL measurements.We also investigated on the origin of the slower deaying omponents in TR-IRSL observed on the ms to s time sales. These data also suggest a presene ofa omponent arising from the slow emptying of the band tails. This omponentis superimposed on a long-term phosphoresene deay (over several seonds)originating from omplex feedbaks in shallow trap, and possibly band tailinterations.Dating appliationsThe two main outomes of this thesis whih have relevane to the dating ap-pliation are:a) The observations of fading in the TR-IRSL and post-IR TR-IRSL signals.This work onlusively demonstrates from both mineral speimens of dif-ferent K, Na and Ca ompositions and from K-feldspar grains derivedfrom sediments that the IR signal during the on-time has a signi�antlyhigher fading rate ompared to that during the o�-time. Moreover, theo�-time signal obtained towards the end of pulsed IRSL measurement(between 200 and 1500 s of illumination) shows no fading; this is iden-ti�ed to be the most stable signal in feldspars. Contrary to the urrentongoing and published researh on feldspars, we suggest that the �rst IRmeasurement ontains a signal that is even more stable (tunneling wise)than the post-IR IR signal. However, one needs to develop a method tosample this signal usefully for dating.b) Another important appliation is regarding the separation of the quartzOSL signal from that of feldspar's in a mixed sediment sample. Thishas partiular use for in-situ dosimetry where a physial separation of



214 Summaryminerals may not be possible. It is shown that by hoosing an on-timeequal to the o�-time of 50 µs with a prior IR bleahing, the pulsed bluelight stimulation will enhane the quartz signal by a fator of 25 omparedto that of a onventional measurement of a mixed sample. Moreover, itis shown that an enhanement in the separated signal by fator of ∼100an be obtained by restriting the ounting window to between 20 and 60
µs in the o�-time. However, this requires an instrumental modi�ationfor routine appliations.OutlookAlthough the works presented in this thesis have given signi�ant insights intoharge movement in quartz and feldspar, there is muh more to be done in this�eld using time-resolved luminesene. Here are a few suggestions:Until now, quartz TR-OSL has been measured using the broad UV emissionand it would be interesting to use narrow detetion �lters to �nd out if severalentres are involved in this emission. Another area of interest ould be use oftime-resolved photoluminesene in both quartz and feldspar to help deouplethe proesses in the reombination entre from those in the band tails and theondution band.In feldspars, a further investigation of the transport in the band tails usingTR-OSL at low stimulation temperatures would be interesting as the thermale�et would be minimal. Moreover, using a light soure with a faster fall-timewould give better insight into the �rst miroseond of the o�-time.Another area to follow up is development of a method for measuring themost stable IR signal observed in feldspar during the o�-time.Finally, a uni�ed kineti model of the proesses partiipating in the lumi-nesene emission from feldspar would be a step forward towards a routineanalysis of feldspar time-resolved signal and its potential use in dosimetry.
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