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Abstract 

A light emitting diode based pulsing system capable of producing lumines-

cence time-resolved spectra was developed for study of optically stimulated 

luminescence from quartz and feldspar. The aim of the pulsed optical stim-

ulation method is to separate in time stimulation and detection of lumines-

cence so that luminescence can be measured in the absence of scatter from 

stimulating light unlike in conventional continuous stimulation where lumi-

nescence monitored includes such scatter. Pulsed optical stimulation not 

only offers the possibility of improvements in signal to background ratio but 

also the ability to investigate the time dependence of luminescence emission 

relative to the time of stimulation. Although study of pulsed luminescence 

has been dominated by laser-based systems, a pulsing system based on light 

emitting diodes offers, in comparison, advantages of simplicity and economy. 

The present system has been used over a wide range of pulse widths (25 

ns (FWHM) - 30 its) and dynamic ranges (40 ns - 64 /1s). The system can 

he adapted for use with a wide range of wavelengths with pulse widths from 

25 ns (FWHM) to as long as desired. 

Luminescence time-resolved spectra have been recorded from feldspar 

and quartz. Half lives measured from feldspar range from 25 ns and from 

quartz, 20 - 28 ps. Properties of luminescence half lives from quartz were 

studied in detail as a. function of experimental parameters such as stimulation 

time, temperature, radiation dose, and preheating method. The influence of 

temperature on luminescence intensity was studied for time-resolved spectra 

recorded at long stimulation times. Explanations are proposed to account 

for experimental results. 
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Chapter 1 

Introduction 

1.1 Luminescence 

Luminescence occurs as a result of stimulation of a iiiiiieral which has pre-

viously been exposed to ionizing radiation. When stimulation is by heating, 

the luminescence is called thermoluminescence. Optically stimulated lumi-

nescence is when the stimulation is by light. The underlying physics of lu-

minescence stimulation is that defects in a crystal lattice act as charge traps 

and recombination centres. Ionizing radiation energy can move charges to 

these traps which are metastable. Subsequent stimulation then de-traps the 

charges and luminescence is emitted when the charges make a transition to 

a lower energy state. 

Applications of luminescence phenomena are based on the premise that 

the intensity of luminescence depends on the amount of radiation that the 

sample has been exposed to. Radiation dosimetry measurements are made on 

this assumption . Archaeological and geological dating are possible because 

of the presence in minerals of traps which are able to retain their charge 

for thousands of years. The age calculated relates to some event which last 

1 
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emptied the traps such as firing in case of pottery or exposure to sunlight in 

the case of wind blown sediments as further exposure to sunlight is impossible 

because of subsequent deposits. Applications of luminescence to dating do 

not usually include cases where irradiation is followed by nearly instantaneous 

emission of light such as fluorescence or phosphorescence. 

The application of optically stimulated luminescence was first introduced 

by Huntley ci al [1] who used the 514 nin line from an argon ion laser to 

stimulate luminescence from sedimentary quartz. The aim of that work was 

to test the method for dating and ever since a major application of optically 

stimulated luminescence has been to dating. Iii dating, the age is calculated 

from the relationship between absorbed radiation close (Equivalent dose) and 

the radiation close rate from surrounding soil: 

Age = 
Equivalent dose (Cy) 

Radiation dose rate (Gy/year) 

The sample radiation dose rate can be measured in the laboratory. op-
tically stimulated luminescence measurements are made to determine the 

equivalent dose. In principle, this is done by estimating the standard labo-

ratory irradiation that produces the same signal as the natural radiation. 

There are two methods of measuring optically stimulated luminescence, 

the traditional one of continuous optical stimulation, the other, pulsed optical 

stimulation is a relatively new and potentially better method and is the main 

subject of this thesis. 

1.2 Continuous optical stimulation 

Optically stimulated luminescence measurements have normally been per-

formed using continuous optical stimulation. In this method, the stimulating 
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light is on continuously and the luminescence is monitored in the presence 

of the stimulating light at a different wavelength. To reduce the background 

signal due to scattered stimulating light may require the use of two sets of 

filters; band pass filters to transmit the luminescence and reject scattered 

light and often also long pass filters to restrict the wavelength range of the 

luminescence stimulating light. 

Since the work of Huntley et at [1] where green light was used, there has 

been research on alternative stimulating light sources at different wavelengths 

some of which have been adopted for stimulation of luminescence from quartz 

and feldspar. Examples include the use of infrared light filtered from a Xe-

lamp by Mitt et at [2], infrared light emitting diodes by Poolton and Bailiff 

[3], green light emitting diodes by Galloway [4], and more recently blue light 

emitting diodes by Hong and Galloway [5] and by Bötter-Jensen ci at [6]. 

The two main wavelengths for optical stimulation of luminescence are green 

light which is effective with quartz and feldspar and infrared light which is 

most appropriate for feldspar [7]. 

1.3 Pulsed optical stimulation 

The aim of the pulsed optical stimulation method is to separate in time 

the stimulation and detection of luminescence so that luminescence can be 

measured in the absence of scatter from stimulating light. 

There are two possible reasons for using pulsed stimulation of lumines-

cence, one to improve the signal to background ratio and the other to in-

vestigate the time dependence of luminescence emission relative to the time 

of stimulation. An improved signal to background ratio is achievable [8, 9] 

as the luminescence signal is recorded in the absence of scatter from the 
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luminescence stimulating light. It only becomes necessary to select the stim-

ulating pulse width that experimentally offers the best signal to background 

ratio. Apart from an improved signal to background ratio, luminescence 

time-resolved spectra can be recorded which can be resolved into various 

components with associated lifetimes [10, 11] which may aid an understand-

ing of the physical processes responsible for luminescence. In addition, by 

separating in time the stimulation of the source and the detection of lumines-

cence, the method provides a potential for detecting luminescence in emission 

hands which are close to the wavelength used to induce the luminescence. 

The option of pulsing as a luminescence stimulating method was discussed 

by Sanderson and Clark [12]  who used pulses (10 ns width) from an N2  

dye laser to stimulate luminescence from alkali feldspars. The stimulation 

wavelength selected was 470 nm. Luminescence emission was recorded as a 

function of time after the pulse and filters were used to block the excitation 

light from entering the photomultiplier. Markey et at [13] used the 514 nm 

line from an argon ion laser to study pulsed luminescence from aluminum 

oxide (a-A/203  : C), a luminescence dosimeter. Pulse widths of 10-100 

ms were used and luminescence was recorded for 0.5 s after the end of the 

pulse. This work was further extended to other wavelengths of stimulating 

light by McKeever et a/ [8]. Clark et al [10] discussed the development of 

a laser based pulsing system (5 ns width) with stimulation wavelength of 

850 nm and gave some examples of luminescence time-resolved spectra from 

feldspars. Bulur and Cöksu [9] reported luminescence from a-A1203  : C using 

pulsed 565 nm green light emitting diodes. Pulse widths of 1 s were used and 

luminescence was recorded for 4 s after the end of the pulse. Clark and Bailiff 

[11] using the previous system [10] reported further investigations concerning 

the dependence of feldspar time-resolved spectra on the wavelength of the 
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luminescence detected. 

For this thesis, a pulsed light emitting diode system capable of producing 

time—resolved spectra was developed. The system was used to pulse light 

emitting diodes with pulse widths ranging from 25 ns (FWHM) up to 30 

its. Preliminary tests concerned the study of luminescence time—resolved 

spectra from feldspar. This was followed by detailed measurements from 

quartz which is the main focus of this thesis. 

1.4 Aims of the thesis 

The aims of this thesis are to demonstrate that studies of pulsed optical 

stimulation of luminescence from feldspar and quartz for half life analysis 

are possible using a light emitting diode based pulsing system. Properties 

of half lives then provide new knowledge that may aid in understanding 

the physical processes responsible for the emission of optically stimulated 

luminescence from quartz. This knowledge is derived from the nature of 

half lives abstracted from luminescence time—resolved spectra recorded under 

various experimental conditions. 

1.4.1 Synopsis of the thesis 

Chapter 1 discusses the theoretical aspects of luminescence in general and 

continuous and pulsed optical stimulation in particular. Chapter 2 will review 

some models that explain the emission of optically stimulated luminescence. 

Chapter 3 will describe experimental apparatus used for measurements re-

ported in this thesis followed in chapter 4 by a discussion of the experimental 

techniques used. In chapter 5 will he presented results of preliminary mea-

surements that were done prior to the more detailed work reported in later 
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chapters. The development, testing and implementation of the light emitting 

diode based pulsing system is also discussed in chapters 3, 4 and 5. Chapter 

6 will present results of half life measurements from quartz that were made 

using green and blue light emitting diodes for stimulation of luminescence. 

This will be followed by a discussion of experimental results in chapter 7 and 

overall conclusions of the research in chapter 8. 



Chapter 2 

Luminescence Models 

The theory of luminescence emission and its applications has been discussed 

in many texts e.g [14, 15, 16, 17] and reviewed in many articles e.g [18]. A 

model that leads to emission of luminescence is illustrated in Fig. 2.1 using a 

simple energy band diagram of one electron trap and one luminescence centre 

[16]. Ionizing radiation from natural or laboratory sources enables electrons 

to be transferred from the valence band to an electron trap T, at an energy E 

below the conduction band. The charges can then be excited from the trap 

to the recombination centre via the conduction band. If the transition from 

the conduction band to the recombination centre is radiative, luminescence 

is emitted. If excitation from the trap to the conduction band is achieved 

by heating, the process is called thermoluminescence. If light is used, the 

process is called optically stimulated luminescence (or photoluminescence). 

7 
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conduction band 

radia 

luminescence 

valence band 

Figure 2.1 An energy hand diagram to describe the process of lumines-

cence emission. Ionizing radiation can transfer electrons to an electron trap 

T, at an energy E below the conduction band. The electrons can then be 

thermally or optically excited to the conduction band. Luminescence is emit-

ted in the transition from the conduction hand to the recombination centre, 

R. 
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2.1 Continuous optical stimulation of lumi-

nescence 

The method of optical stimulation of luminescence for dating applications 

introduced by Huntley et al [1], is variously referred to as Continuous or 

Continuous wave optical stimulation of luminescence [7]. In this technique, 

light of a particular wavelength is continuously shone on a sample to stimulate 

luminescence. If the emitted luminescence is monitored as a function of time, 

the luminescence is observed to decrease as a function of time. An example 

of the fall of luminescence with time is shown in Fig. 2.2 from a sample of 

quartz, the mineral studied in this thesis. The decrease of luminescence with 

time indicates the emptying of traps [16, 18]. By comparison, in thermolumi-

nescence the emptying of traps appears as a series of temperature—resolved 

emission peaks. 

Studies concerning the nature and identity of traps involved in the emis-

sion of luminescence from quartz suggest that some traps responsible for 

thermoluminescence are also involved in optically stimulated luminescence 

[19, 21, 20, 22]. Smith et al [19] proposed that charges responsible for the 

emission of optically stimulated luminescence originate from the same trap 

that is responsible for the thermoluminescence that appears at 325'C. Later, 

Smith and Rhodes [20] and Spooner [21] reported that optical stimulation 

moves charges from the 325°C thermoluminescence trap to the conduction 

band from where part of the charge recombines with luminescence centres to 

produce optically stimulated luminescence, and that some of the charge gets 

re-trapped at other defects in the lattice. Bailey et al [23] also recently stud-

ied the characteristics of the decrease of luminescence with time of optical 

stimulation and suggested the possibility of 
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Figure 2.2 An example of the time dependence of luniinescencc cniiss ion 

from quartz. 

an intermediate trap between the 325°C thermoluminescence trap and 

luminescent recombination centre. The previous studies [19, 20, 21, 23] were 

all done using optical stimulation by the 514.5 nm wavelength from an Ar ion 

laser. Murray and Wintle [24] who used green light filtered from a halogen 

lamp concluded that shallow traps below about 150°C do not contribute a 

large fraction of the OSL signal by direct stimulation. 

An alternative suggestion for the emission of optically stimulated lumi-

nescence was proposed by Huntley et al [25] from their study of natural 

quartz, that optically stimulated luminescence in quartz is due to a range 

of traps and not only the 325'C thermoluminescence trap. McKeever and 
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Chen [18] have discussed possible models to explain the emission of optically 

stimulated luminescence. In the simplest of these, one electron trap with 

a trapped electron concentration n interacts with one luminescence centre 

where recombination follows. Then if m and n  denote, respectively, the con-

centration of holes, and electrons in the conduction band, and if f is the rate 

at which light stimulates electrons into the conduction band, one writes 

dn 
- 

dn din 

since for charge neutrality, 

fl + n = Tn. 

Further, assuming negligible re-trapping and that 

dn dn din 

and also that n << n, rn then the intensity of emitted luminescence 'lum 

is given by 

dn 
h um = --- = nf 

dt 

the solution of which is 

hum 

where I. is the initial luminescence intensity at time = 0. 

This simple equation can be extended to include possibilities of charge 

getting re-trapped, competition for charge by other optically (and thermally) 

inactive traps and also by recombination centres some of which are non-

radiative. 

One empirical source of evidence for charge re-trapping is the so called 

photo-transferred thermoluminescence e.g [20, 22, 26]. The phenomenon is 
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that once low temperature thermoluminescence peaks are removed by heating 

the sample to a temperature above the position of the peak, the peak re-

appears following optical stimulation of the sample. An example is shown 

in Fig. 2.3 of photo-transferred thermoluminescence following stimulation 

by green light (525 nrn) of a. quartz sample, one of the samples studied in 

this thesis. It is believed that charge is transferred from deep traps by light 

to shallow traps. In quartz, the photo-transferred peak near 110°C is one 

example of this [16, 20, 22, 26]. 
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Figure 2.3 An example of photo-transferred thermoluminescence at 

110°C and 200°C in a sample of quartz due to optical exposure of 1 and 70 

s respectively. The intensity values from the two graphs are not normalised 

so that all photo-transferred peaks should clearly be distinguished. 

Ca 

a) 
U 

a) 
0 
Co 
a) 
C 
E 
0 
E 
a) 

I- 



CHAPTER 2. LUMINESCENCE MODELS 13 

Since the influence of other factors such as charge getting re-trapped can-

not be safely ignored , the need is recognized for a model that matches more 

realistically experimental results. One example is an energy band diagram 

that takes into account the participation of charge re-trapping as proposed 

by Murray and Wintle [24] and shown in Fig. 2.4. For this model, it was 

deduced from experimental data that while most of the measured optically 

stimulated luminescence can be associated with the OSL trap, some of the 

charge released from the OSL trap which gets re-trapped can be stimulated 

optically. Further, it was concluded that a proportion of the charge in shallow 

traps eventually return to the OSL trap. 

OSL tra 

recombination 

Figure 2.4 An energy band diagram to explain the process of lumines-

cence emission. Luminescence can occur as a result of direct recombination 

of charge from the OSL trap via the conduction band. Some of the charge 

released from the OSL trap that gets re-trapped in the 110°C trap also 

contributes to the measured luminescence signal. 
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2.2 Pulsed optical stimulation of luminescence 

The measurement aim in pulsed optical stimulation of luminescence is to 

separate in time luminescence stimulating light and the luminescence. It is 

then possible to record luminescence time-resolved spectra from which lu-

minescence half lives can be abstracted e.g [10, 11]. This may provide more 

information on the charge transitions involved in the emission of lumines-

cence. 

Pulsed optical stimulation of luminescence from minerals of interest for 

dating applications has concentrated on mechanisms of luminescence in feldspars 

[10, 11, 12]. The work reported in this thesis, however, is concerned with fea-

tures of luminescence resulting from pulsed optical stimulation of quartz. 

A measurement system was developed for these applications and was used 

for the experiments [27]. Since previous studies of pulsed stimulation of 

luminescence have been devoted to feldspars, the number of references on 

pulsed optically stimulated luminescence from quartz is, as yet, meager e.g 

[27, 28, 291. 

It has been suggested that features of pulsed stimulation may be under-

stood in terms of a trapped electron population [27]: 

Consider a very simple model for optically stimulated luminescence. An 

electron trap with an initial electron population A is stimulated with a prob-

ability of stimulation per unit time of s and there is a probability ) per unit 

time that a stimulated electron will produce luminescence. If the number of 

stimulated electrons at time t is N(t), then during stimulation, 

dN(t) = .sAd(t) - )N(t)dt 

so that 

N(t) = (1 
- 
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The time dependence of luminescence emission during stimulation will be 

given by 

AN(t) = sA(1 - e t) 

an exponential rise from the start of stimulation at I = 0. At the end 

of the stimulating pulse ( I = ti ) the number of stimulated electrons will 

be N(11 ) which will thereafter ( I > Ii) decay exponentially as will the 

luminescence 

AN(11 ) ( e__tl)).  

Since the half life r associated with luminescence decay is related to the 

decay constant \ by 1n2 = .\r112, half life values may be worked out from 

time-resolved spectra. 

In practice, this model may be modified by the presence of multiple traps 

and other mechanisms such as charge re-trapping. 

2.3 Physical processes of luminescence 

2.3.1 Role of defects 

The basic assumption for the occurrence of luminescence as illustrated in 

Fig. 2.1 is the existence of two types of defect sites in the crystal. One type 

of defect acts as the charge trap, and the other as a radiative recombination 

site. The range of defects that are relevant to the discussion of luminescence 

is wide and includes point defects, vacancies and substitutional impurities 

[14, 17]. 

The presence of imperfections and impurities interrupts the periodicity 

of the crystalline structure. Electrons (or holes) can move into the defect 
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centres and thus attain energies which are forbidden in the perfect crystal 

[14, 30]. The energies associated with defects are localised energy levels. 

It is usual e.g [14, 17] to consider the electron trapping state (or trap) to 

be close to the conduction band and hole trapping state (or recombination 

centre) to be close to the valence band. In this model, the electron may be 

released from the trap in many ways, for example thermally or optically, and 

hence recombine with the luminescence centre producing emitted photons 

(or luminescence). 

2.3.2 Configurational coordinate diagrams 

An alternative method of describing the recombination process is by use of 

configurational coordinate diagrams. The configurational coordinate is the 

displacement of the atoms in the neighbourhood of the defect [14]. This is 

illustrated in Fig. 2.5 and is now summarised. 

An electron in a ground state can absorb energy e.g from radiation, and 

make the transition AB to the excited state. In order to reach the minimum 

of the excited state, the electron loses an amount of energy E1  (as heat). 

The electron can then make a radiative transition CD hack to the ground 

state. Again in order to reach the original minimum of the ground state, the 

electron loses an amount of energy E2. Thus the emitted energy E is less 

than the absorbed energy by an amount E1  + E2 . In the the transition CE, 

an electron can absorb a thermal energy AE and make a transition to the 

ground state without the emission of luminescence. Non—radiative transitions 

are relevant for discussion of thermal quenching as done later in section 7.5. 
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Configurational coordinate 

Figure 2.5 An example of the variation of the electron energy with con-

figurational coordinate for excited and ground states in an insulator or semi-

conductor. 

2.3.3 Kinetics of recombination processes 

The basic kinetics of optically stimulated luminescence were described in 

section 2.1 for continuous optical stimulation and in section 2.2 for pulsed 

optical stimulation. 

Using simplifying assumptions concerning concentration of electrons in 

traps, and in the conduction band as done in section 2. 1, and if the probability 

of thermal release of electrons from traps is Sexp(—E/kT), it follows [17] that 

the simplest (first--order) kinetics for thermoluminescence is 
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I = 

[31] where I is the intensity of thermoluminescence, n is the number of 

trapped electrons, and S is the frequency factor related to the number of 

times an electron attempts to escape from a trap. Normally S > D where 
1012  < D < 1014 where D,, is the Debye lattice vibration frequency [14]. In 

practise, the intensity changes with either time or temperature producing a 

glow peak. Thus T may be replaced by a heating rate function. By intro-

ducing modifications in the assumptions e.g high re-trapping, it is possible 

to generate formulas for other orders of kinetics and such models have been 

discussed by many authors e.g [14, 17, 31]. 

Kinetic analysis of the emitted luminescence is useful for extracting pa-

rameters that describe the luminescence process such as trap depth (activa-

tion energy), lifetime of charge in trap, lifetime of the luminescence etc. 

2.3.4 Computation of kinetic parameters 

Trapped charge lifetime 

Measurement of optically stimulated luminescence or thermoluminescence is 

possible because the trapped charge resides in the trap for a finite time r 

given by 

Ti = S' e_EmT 

[14] which can readily be computed as values of S and E at temperature 

T can be measured experimentally. 
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Activation energy 

In cases where the probability of thermal release of electrons from traps is 

Sexp(—E/kT) such as in first or general order models of thermolumines-

cence, the intensity (up to about 10 15% of the maximum intensity) is 

approximately proportional to exp(—E/kT). Thus a plot of In (I) against 

1/T is linear with a slope -E/k from which the the activation energy E can 

he evaluated. 

Other methods for computing E depend on the complexity of the ther-

moluminescence peak and include formulas of E as a function of measurable 

parameters such as heating rate, or analysis of the whole peak by computer 

programs. Many of these methods are discussed in standard luminescence 

texts e.g [17]. 

For optically stimulated luminescence, the vital parameter is the wave-

length of excitation as in general it is expected that electron de—trapping 

can he achieved if the excitation energy is greater than the trap depth. One 

exception is feldspar where use of infrared light (E 1.4 eV) results in lumi-

nescence although the trap depth is larger, 2.5 eV [2]. For this material, a two 

step process was proposed in which the optical excitation moves electrons to 

a higher energy state from where the final transition to the conduction band 

is achieved by thermal activation. 

The optimum wavelength (and so energy) for excitation in samples is 

determined empirically because in many samples such as quartz and feldspar, 

the luminescence can be excited by a range of wavelengths. The relevant 

excitation energies for quartz and feldspar are discussed in sections 4.6.1 and 

4.6.2 respectively. 



Chapter 3 

Instrumentation 

Experiments reported in this thesis were carried out using different measure-

ment systems. The main measurement apparatus used was the pulsed light 

emitting diode system since the main aim of this research, studying the na-

ture of luminescence half lives in quartz and feldspar, required recording of 

luminescence time—resolved spectra. The development, testing and applica-

tion of the pulsed light emitting diode system is reported. Other systems 

used were the automatic 40-sample system, two single sample systems for 

optically stimulated luminescence and the thermoluminescence apparatus. 

The thermoluminescence apparatus was used to measure photo-transferred 

thermoluminescence from quartz following optically stimulated luminescence 

measurements using green or blue light. The development and use of the 

latter systems has been reported before elsewhere (for example [4] [32], [33], 

[34]). 

20 
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3.1 Thermoluminescence apparatus 

The thermoluminescence apparatus was constructed for measurement of glow 

curves for dating applications. The basic design of the apparatus was de-

scribed by Galloway [32] but the apparatus has been modified and improved 

since that report. The apparatus was used to record photo-transferred ther-

moluminescence (PTTL) as an additional aid to help understand the ob-

served characteristics of optically stimulated luminescence from quartz. Re-

cently, Mckeever and Chen [18] discussed models for the PTTL process which 

occurs when light transfers charge from deep to shallow traps. The relation-

ship between optically stimulated luminescence and photo-transferred ther-

moluminescence in quartz has also been discussed by Wintle and Murray 

[22]. 

The design of the apparatus follows standard layout of thermolumines-

cence apparatus for measurement of glow curves as discussed for example, 

by McNeever [14]. The apparatus consists of a sample chamber with all 

seals made by 0-rings, a sample heater housed within the chamber, heater-

temperature control circuitry, a light detection system made up of a 9635QA 

photornultiplier and associated electronics for detection of luminescence. In 

this study, thermoluminescence glow-curves were measured in a nitrogen at-

mosphere, the chamber having initially been evacuated down to 10_1  torr or 

better. 

3.1.1 The heater—temperature control system 

A block diagram of the temperature control and luminescence detection and 

recording assembly is shown in Fig. 3.1. 
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photomultiplier Fast amplifier and 
9635QA Discriminator 

NE4676 

heater 
thermocouple 

transformer 

Fast Op-Amp 

LM6365M 

thermocouple Power 
amplifier Amplifier 

741 Op-Amp M0S248 

Ramp circuit Mixer and 
Oscillator 

scaler scaler 

1 74393 

1 16 bits 
reset 

6522 VIA 

Computer 

start 

hold Decoder 

74154 

Figure 3.1 A block diagram of the heater control circuitry and 

luminescence detection assembly for the thermoluminescence apparatus. 



CHAPTER. 3. INSTRUMENTATION 23 

The temperature controlling electronics is labelled 'Ramp circuit' and 

'Mixer and Oscillator'. This control system is used to raise the temperature 

of the heater from room temperature, typically 20 °C up to about 500 °C at 

a linear heating rate of 5 °C s 1. The heater is a piece of nichrome 10 mm 

square, 0.125 mm thick. The temperature of the heater strip is monitored 

by a K-type thin wire thermocouple welded underneath the heater strip. 

A linear rise of temperature with respect to time is achieved by feedback 

control. This is done by comparing the EMF from the thermocouple with 

a linearly increasing ramp voltage using a modified version of the circuit 

described by Mills et a! [35]. The difference signal modulates the amplitude 

of a 40 kHz oscillation which is then amplified by a 120 W audio-amplifier 

before being fed into a transformer to power the heater. The heater, bent 

into an inverted U shape, is mounted on the knife edges of a pair of copper 

blocks connected to the secondary winding of the transformer. 

3.1.2 Luminescence detection 

A vertically mounted photomultiplier, 9635QA, is used for detection of ther-

moluminescence from a sample in position on the heater. The filter com-

bination BG39, UG11 and HA3 is put in front of the photomultiplier. The 

BG39 and UG11 are used to pass thermoluminescence to the photomultiplier 

and the heat absorbing 11A3 is used to protect filters and the photomultiplier 

from excessive heat from the sample heater. The combination of BG39 and 

UG1 1 filters has a transmission window between roughly 300-450 nrn, a re-

gion that coincides with typical quartz thermoluminescence [36]. The BG39 

filter has high attenuation in the infrared region of the spectrum and acts to 

suppress measurement of unwanted blackbody radiation through the UGh 

which has an additional transmission window in the infrared range. Once 
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detected, luminescence pulses are fed into an NE4676 fast amplifier and dis-

criminator unit, then recorded by the computer after passage through a fast 

operational amplifier (LM6365M) and two binary scaler chips (2N74393). 

If necessary, the photomultiplier can be removed and replaced by a shielded 

Sr" beta source for irradiating a sample. The design of the shielded beta 

source assembly was described by Liritzis and Galloway [37]. The beta source 

carrier is moved by a motor clown onto the top of the sample chamber. The 

beta source is stored at the centre of a cylindrical shield, comprising an outer 

layer of lead 16 mm thick, an aluminium layer 23 mm thick and a core of 

perspex. The source is mounted on a wheel to provide easy rotation from the 

storage position to the exposure position. The dose rate of the beta source 

is about 110 rnGy s 1 . The design of the shielding for the beta source is 

common to all measurement systems used in this study. 

3.2 The Automatic 40-sample system 

A detailed description of the automatic 40-sample system was given by Gal-

loway [33]. The main features of the system whose operation is fully auto-

mated, are a 40-sample carrier on a turn table of 200 mm radius, a retractile 

sample heater, a beta source, and a luminescence detection assembly. 

3.2.1 The 40-sample carrier 

The turn table, with cut-out slots for 40 samples is used to move samples to 

various ports of the disc shaped sample chamber. The table is rotated by a 

synchronous motor (250 rpm at 50 Hz) with a gear-box to reduce the rate of 

rotation to 1 rpm. The table position is detected by reflective optical sensors 

comprising infrared emitting diodes and photo-transistor mounted on the top 
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plate of the sample chamber. The angular position of each sample is indicated 

by a short radial line machined onto the turn table surface which is blackened 

and so can he detected by an optical sensor as the table rotates. The positions 

are found with reference to 'position 1' which is indicated also by a second 

sensor. Any other required position is found by counting the number of lines 

which pass under the optical sensor as the table rotates, the motor being 

switched off when the desired position is reached. The table was designed to 

suffer no more than +0.1 mm vertical movement [33]. This ensures that for 

all samples, the vertical distance from the beta source when under dosing, or 

from the photomultiplier during measurement of luminescence, is identical. 

3.2.2 The sample heater 

The design of the heater assembly described earlier in section 3.1.1 was de-

veloped for use in the automatic 40-sample system to allow the heater to 

move up vertically through one of the cut-outs on the turn table and lift the 

sample off the sample hay when heating is required [33]. Samples need to be 

lifted off the table to prevent conduction of heat away from the sample disc. 

The heater assembly is mounted on the bottom plate of the sample cham-

ber. A precisely machined slide mechanism and cam wheel drive achieves 

the required vertical motion of the heater (Fig. 3.2). Optical sensors on the 

lift mechanism indicate whether the heater is up, having lifted the sample, 

or down at the park position. A feedback control circuitry is used to check 

that the temperature of the heater is at or lower than 30 °C before heating of 

sample starts or at 30 °C for measurement of luminescence. The same control 

circuitry is also used to hold the heater at a desired temperature for a fixed 

duration e.g when preheating a sample prior to stimulation of luminescence. 
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Figure 3.2 A diagram of the slide mechanism and cam wheel drive used 

for vertical movements of the heater. 
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3.2.3 Beta source 

A controlled beta radiation dose can be provided to a sample in position 

on the turn table cut-out by a shielded beta source mounted on the top 

plate. The design of the beta-source carrier is similar to the one on the 

thermoluminescence apparatus. To aid control by computer, an external 

disc on the drive shaft is used to indicate to optical sensors the position of 

the source. The dose rate onto a mono-layer of quartz grains on a 0.2 mm 

thick stainless steel disc used with this system is 270 mGy s 1  when in the 

closing position. An extra layer of lead is interposed between the beta source 

and the l)hotomultiplier port. This is to reduce scintillations in the filters 

which tend to increase the background counting rate. The scintillations are 

probably a result of brenisstrahiung radiation related to scattering of beta 

particles from the radiation source in the shielding [37]. 

3.2.4 Luminescence detection 

Luminescence can he stimulated optically from a sample once it is moved in 

position directly below a set of light emitting diodes. The port fits a light 

emitting diode holder described by Galloway [33], a design which has since 

been adopted for use on all apparatus for measurement of optically stimu-

lated luminescence in the laboratory. 16 light emitting diodes are mounted 

in a Dural block equidistant from each other and inclined at the same an-

gle from the horizontal axis [3]. Stimulated luminescence is 'seen' by the 

photornultiplier through the middle of the ring of light emitting diodes. To 

change wavelength of stimulation it is only necessary to fit the holder with 

the desired light emitting diodes. For the results reported here, continu-

ously operated green light emitting diodes (NSPG-500, peak wavelength 525 
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nm) and blue light emitting diodes (NSPB-500, peak wavelength 475 nm) as 

well as pulsed blue LEDs (NSPB-500) were used on this system. Additional 

specifications for these LEDs according to the manufacturer are: maximum 

DC forward current of 30 mA, maximum pulse current of 100 mA, luminous 

intensity of 6 cd for the green LEDs and 2 cd for the blue LEDs, and an 

angular spread of 150. Under continuous operation, the light emitting diodes 

are switched on by the computer and are operated in parallel from a constant 

current supply shown in Fig. 3.3. 

-6V 

Figure 3.3 A schematic diagram of the constant current source that 

operates the light emitting diodes under continuous operation. 
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Luminescence is detected by an EMI 9635QA photomultiplier. The lu-

minescence recording system is similar to that shown in Fig. 3.1 with pulses 

from the photomultiplier passing through an amplifier (ORTEC 474) and 

discriminator (ORTEC 463). In order to optimise the luminescence signal to 

background ratio, the filters DUG 11 and FIA3 are placed in front of the pho-

tomultiplier and a GG475 filter in front of each green light emitting diode 

and a GG420 filter in front of each blue light emitting diode. Both the 

GG475 and GG420 filters prevent emission from the diode appearing in the 

band used to detect the luminescence. The DUG11 filter was found most 

efficient for the dual purpose of passing quartz luminescence to the photo-

multiplier and suppressing scattered green light from the diode. Quartz has 

an optically-stimulated-luminescence emission hand in the region 360-420 

nm [38]. The HA3 heat absorbing filter was included to protect the filters and 

photomultiplier from excessive heat because the photomultiplier and heater 

share the same port where samples are sometimes heated prior to stimulation 

of luminescence. This choice of filters is based on tests done on the system 

by Galloway ci al [34]. 

Green light is efficient at stimulating luminescence from quartz. Stud-

ies by for example, Spooner et al [39], Bøtter-Jensen ci at [40] showed that 

shorter wavelengths were more efficient at stimulating luminescence from 

quartz than longer wavelengths. Thus typical wavelengths used for stimulat-

ing luminescence from quartz include the 514 nm from an argon ion laser, or 

light filtered from incandescent halogen or xenon lamps (for example [41]). 

Use of green light at 565 nm from diodes was demonstrated by Galloway [4] 

with subsequent improvements reported by use of 525 nm wavelength [34]. 

Use of blue light emitting diodes is relatively new and offers an alternative 

high intensity light source for stimulation of luminescence from quartz [5, 6]. 



CHAPTER 3. INSTRUMENTATION 30 

3.3 System control 

A block diagram of the control arrangement for the automatic 40-sample sys- 

tem is shown in Fig. 3.4. The interfacing and other circuitry were developed 

from those used on the thermoluminescence system. The basic luminescence 

detection circuitry is similar with pulses detected by the photornultiplier be- 

ing fed through an ORTEC 474 fast amplifier, discriminator (ORTEC 463), 

and an integrated circuit fast operational amplifier (LM6365M) to binary 

scalers (2N74393). 

The luminescence detection circuitry is interfaced to the controlling com-

puter by a 1 MHz bus. The computer is used to input or output an 8-bit or 

4-bit code. The 4-bit code is input to a decoder (74154). The output signals 

from the decoder are used to reset the 16-bit scaler, to identify the 6522 VIA 

used to transfer the scaler contents to the 1 MHz bus, and to identify the VIA 

used to control the mechanical movements in the system. The 16 bits from 

the scaler are transferred by the VIA to the computer as two sequential 8-bit 

words. The second VIA accepts signals from optical sensors which indicate 

the positions of the heater, beta source, and turn-table. This VIA also sends 

signals to operate the constant current power supply to switch on the light 

emitting diodes, and control signals that move the beta source, turn-table 

and heater. 

Computer programs in BASIC are used to control the operation of the 

system. A typical sequence of measurements on a sample might he to dose 

the sample, preheat it for a given time, stimulate and then measure the lu-

minescence. To achieve this, separate procedures will recognise 8-bit signals 

from optical sensors and move the table to the dosing position, rotate open 

the beta source and keel) it in the dosing position for the duration entered 

in the program then rotate it back to the closed position, then move the ta- 
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ble to the measuring position where the heater lifts the sample off the table, 

heating it for a preset time and moving back onto position when it has cooled 

clown to a preset temperature, usually 30°C. After this the light emitting 

diodes would he switched on for stimulation of luminescence. 

A simple measurement of the number of luminescence photons counted 

in a given time is printed out as soon as the measurement is made. Mea-

surements such as the time dependence of luminescence, running into tens 

up to thousands of seconds, are stored in 250 time channels for subsequent 

analysis. 
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Figure 3.4 A block diagram of the control system for the automatic 

system showing heater circuitry, luminescence detection system and 

interface arrangements. 
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3.4 Single aliquot semi-automatic systems 

Two systems, each designed for use with a single sample were used. One 

measurement system was configured for use with green light emitting diodes 

and the other with infrared light emitting diodes. The green LED system was 

used for measurements on quartz and feldspar and the infrared LED system 

was used for stimulation of luminescence from feldspar. The systems were 

also used for beta dosing and preheating of samples that were used on the 

Pulsing systems described later in section 3.5. Because most aspects of the 

two systems are similar (heater, system control, etc.), the discussion in this 

section applies to both of them unless specific differences are pointed out. 

The box-shaped sample chamber has three ports; a sample loading port 

in the centre, a shielded beta-source (dose rate 150 rnGy s1 ) similar in con-

struction to the one on the automatic 40-sample system, and at the other 

end a port for a light emitting diode holder on top of which is a vertically 

mounted photornultiplier. To prevent bremsstvahiung causing scintillations in 

the filters in front of the photornultiplier, a likely cause of high background, 

a cylindrical lead shield at the luminescence measuring port surrounds the 

filters and photon ultiplier cathode. A computer program controls the heat-

ing and movement of sample holder, sample dosing, and the operation of the 

constant current power supply to the light emitting diodes. 

3.4.1 Sample heater 

The sample heater was designed for use with one sample, usually in powder 

form, on a stainless steel or aluminium disc. In this study stainless steel discs 

about 12 mm diameter and 0.2 mm thick were used. 

The sample heater is a 25 mm square piece of nichrome heated indirectly 
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by an element consisting of a mica former on which are wound 4 turns of 

flat nichrome wire. The conduction of heat from the element to heater is 

made through a 25 mm square piece of mica which also serves to electrically 

insulate the nichrome heater plate from the element. The heater assembly 

is mounted on a carriage which can be moved by a drive belt along two 

parallel guide rods to either the dosing position or under the photomultiplier 

for measurement of luminescence. Optical sensors denote the arrival of the 

carriage at any of dosing, heating or measurement positions. 

The temperature controlling circuitry is shown in Fig. 3.5. A 1.5 A, 9 

V a.c signal is used for resistive heating of the element. The temperature 

of the heater plate is sensed by a K-type thermocouple fixed underneath 

the heater plate. The thermocouple is connected to an integrated circuit 

thermocouple amplifier, an AD595 which is used to provide feedback control 

over the required temperature range by switching on and off the 9 V a.c 

supply to the heating element. With this circuitry, the heater temperature 

can be held constant about any desired temperature for a fixed duration. 

The heater is connected to the 9 V a.c supply via a pair of rails running the 

length of the sample chamber underneath the rods. The rails are insulated 

under the dosing position to exclude the possibility of a sample being heated 

while in the dosing position. 
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Figure 3.5 The circuitry that controls the heating on the single sample 

systems. Heating is accomplished by use of a 1.5 A, 9 V ax signal. 
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3.4.2 Luminescence stimulation and detection 

The green LED system uses 525 nm green light emitting diodes (Nichia type 

NSPG-500) for stimulation of luminescence. Each of the diodes has a 3 

mm thick GG475 long pass filter in front to reduce the effect of scattered 

stimulating light on the photomultiplier, a 9635QA. The filters DUG11 and 

HA3 are put in front of the photomultiplier. 

The infrared LED system has two sets of light emitting diodes for use in 

stimulating luminescence from feldspars, the TEMPT 484 with peak emission 

at 880 nm and the TSUS5402 with peak emission at 950 nm. The TEMPT 

484 set was found to be about 10 times better than the TSUS5402 at stim- 

ulating luminescence from feldspars. An EMI 9635QA photomultiplier was 

used to detect luminescence through filters BG39 and 5-58. The combination 

of the BG39 and 5-58 provides a transmission window in the range between 

roughly 300-450 nm. This range is suitable for measurement of optically 

stimulated luminescence from feldspar which appears in the band 380-420 

nm [7]. 

The selection of the 880 nm wavelength for stimulation of luminescence 

follows the work of Hfltt et a! [2] who showed the existence of a stimulation 

peak in the infrared range. Subsequent work by Bailiff [42] and Bailiff and 

Barnett [43] showed the stimulation peak at room temperature to be at 854 

nm. Thus for feldspar stimulation, light sources close to 854 nm are preferred 

[38]. 

Computer programs are used to control the operation of the systems 

such as dosing, heating, and measurement of luminescence. Control circuitry 

for detection and recording of luminescence including the constant current 

supply for the light emitting diodes are similar to those used in the 40-sample 

automatic system. 
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3.5 The Pulsed light emitting diode system 

A pulsed light emitting diode system for stimulation of luminescence was de-

veloped. The system was used to record luminescence time-resolved spectra 

from quartz and feldspar. The time-resolved spectra were used to study the 

characteristics of luminescence half life values in quartz and feldspar. This 

section reports the development of the light emitting diode pulsing system. 

3.5.1 Design considerations 

Three approaches to measure pulsed luminescence have been used before, two 

using lasers and the other using light emitting diodes, and their features can 

be compared with the new system to he described below. Markey et al [13] 

and Mckeever et al [8] described a method in which the laser itself was not 

pulsed but electronically controlled shutters used to periodically intercept 

the laser beam to an aluminum oxide sample and in this way stimulate lumi-

nescence from the sample by light pulses. A set of narrow band filters were 

used to pass luminescence to the photomultiplier. With this arrangement 

pulse widths of 10 - 100 ms and longer were achieved and luminescence with 

lifetimes in the range 35 - 5000 ms could be detected. The use of laser pulses 

is exemplified by Clark et al (1997) and Clark and Bailiff (1998) who used 

880 nm pulsed laser stimulation and filters in front of the photomultiplier 

to define the luminescence detection hand and to reduce the effect of scat-

tered stimulating laser light. The pulsed laser systems, with faster switching 

speeds of the order of 5 ns, were able to detect luminescence lifetimes down 

to 5 ns. Bulur and Göksu (1997) used a circuit in which a 555 IC timer 

was used to trigger a current source and produce I s width pulses from light 

emitting diodes. A filter was placed in front of the photomultiplier to select 
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the wavelength of luminescence which was recorded for 4 s after the end of 

the pulse. 

For this work, the luminescence stimulating light sources selected were 

the Nichia 525 nm green LEDs (type NSPG 500) and 470 nm blue LEDs 

(type NSPB 500). 

The circuitry developed for pulsing the light emitting diodes is shown in 

Fig. 3.6. For clarity, the circuit has been subdivided into three sections, 

the 'normal' pulsing circuit in (a), the 'short pulse' circuit in (b) and the 

light emitting diode drive circuitry in (c). The light emitting diodes in Fig. 

3.6 (c) are pulsed by signals from either of the circuits in Fig 3.6 (a) or (b) 

which use an integrated circuit multivibrator, a 2N74221, as source of input 

pulses. The multivibrator output pulse width and duty cycle are defined by 

the external RC timing components on the 2N74221. The pulse width T 

can be estimated as 

= kRXCX  

where k In 2 [44]. 

The circuit of Fig. 3.6 (a) was used to produce pulse widths in the range 

3 - 30 ps. Most measurements were made with this arrangement hence 

the label 'normal'. The measurements reported here were all made with a 

repetition rate of 11 kHz. 

For the short pulse width option (Fig. 3.6 h), the output signal from 

the multivibrator was fed into a dual input 2N7408 AND gate whose output 

was then used to drive the 16 light emitting diodes. The width of the pulse 

fed to drive the LEDs is determined by the propagation delay through the 

2N7404 gates. The minimum usable pulse obtained with Fig. 3.6 (b) was 25 

ns (FWHM). 
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In the drive circuit, Fig. 3.6 (c), each of the 16 light emitting diodes is 

operated independently. This makes it possible to pulse a specific number 

of diodes, for example, fewer than 16, in order to reduce the overall light 

intensity. The light emitting diodes are forward biased for the duration of 

the pulse and reverse biased otherwise. The logic LOW level transition used 

then turns the diodes on. Since with pulsing, currents higher than levels 

normal in continuous operation are possible, integrated circuit open collec-

tor/inverter/buffers, 2N7406, were selected to interface to the light emitting 

diodes. Using all 16 LEDs, each pulsed at 70 mA for 11 /is duration at a rep-

etition rate of 11 kHz, the mean light intensity at the sample was measured 

as 1 MW  CM-2 using a calibrated PIN diode (Ealing Electro-Optics). 

During routine measurement, the light emitting diodes were not pulsed 

continuously but only under program control. The program initiated a signal 

from an interface which enabled the niultivibrator pulse to he fed to the light 

emitting diodes for the duration of the measurement. This ensured that there 

was no sample bleaching, no matter how insignificant, during times when 

luminescence was not being measured. 
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3.5.2 Luminescence detection 

A block diagram of the luminescence stimulation and detection assembly used 

is shown in Fig. 3.7. The luminescence is detected by the photomultiplier, 

an EMI 9635QA with filters BG39 and UGII in front. An ORTEC model 

467 Time to Pulse Height Convertor (TPHC) determines the time interval 

between stimulation and detection of a luminescence photon. Measurement 

of the time interval is initiated by the arrival of a START pulse from the 

pulsing circuitry shown in Fig. 3.6 (c). Detection of a luminescence photon 

by the photomultiplier results in a signal being sent to the STOP input of the 

TPHC which then produces an analog output with amplitude proportional 

to the measured time. The amplitude of these analog pulses from TPHC 

are measured by the 256 channel Analog to Digital Convertor (Laben 8213) 

and fed, in digital form, to the computer to generate a graph of pulsed 

luminescence against time, the luminescence time—resolved spectrum. In 

order to emphasize chosen areas of the time—resolved spectrum, the dynamic 

range on the TPHC can be altered or alternatively, the arrival of either the 

STOP or START signal deliberately delayed. 
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Figure 3.7. A schematic diagram of the pulsing systeni showing the 

pulsing circuitry, and the arrangement for detection and recording of 

luminescence time-resolved spectra. 
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3.5.3 The Time to Pulse Height Convertor 

The ORTEC 467 Time to Pulse Height Convertor (TPHC) was configured 

for use in the Pulsing system in order to make measurements of luminescence 

time-resolved spectra possible. 

The TPHC generates a rectangular output pulse whose peak amplitude 

is linearly proportional to the time interval between a START and STOP 

input pail'. The analog output pulse is available at the TPHC output. This 

enables time-to-amplitude conversion to be used for analysing the time rela-

tionships between stimulation and emission of luminescence. Luminescence 

time-resolved spectra are displayed with a time range equal to the selected 

dynamic range on the TPHC. 

The principle of operation of the TPHC (ORTEC 467 in particular) is 

that a START-to--STOP time to pulse height conversion is done only after a 

valid START input (threshold voltage -250 mV) has been accepted within 

the selected time range. The START input is then disabled during this 

'busy' interval. When a valid STOP pulse (threshold voltage -250 mV) 

is accepted, this indicates that a time interval has been measured and its 

analog equivalent can be read at the TPHC output. 

For the ORTEC 467 Time to Pulse Height Convertor, the START signal 

was fed in from the Pulsing circuitry and the STOP signal from an ORTEC 

model 473A discriminator. The acceptance of a START signal is necessary 

to initiate a response in the Time to Pulse Height Convertor. 

In order to calibrate the time axis and hence determine the resolution of 

the dynamic range selected, a light emitting diode pulse was initiated with 

only neutral density filters in front of the photomultiplier and the system 

was operated to obtain a time-resolved spectrum. A delay, At, was then 

introduced to either the START or STOP pulse. This was done by simply 
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using a calibrated delay cable to connect between TPHC and the Pulsing 

circuitry or between TPHC and the discriminator. When the system was 

operated again, the time-resolved spectrum shifted by a time At from its 

original position. An example of this is shown in Fig. 3.8. Since the dynamic 

range of the time-resolved spectrum was known beforehand, the resolution 

of the time axis could be calculated. 

• - -. original pulse 
pulse advanced by 100 no 

6000.0 

Figure 3.8. A light emitting diode pulse shifted from its position by the 

introduction of a 100 ns delay to the STOP signal. 



Chapter 4 

Experimental techniques 

This chapter discusses experimental techniques that were used to obtain data 

for this thesis. A discussion of measurement conditions for recording lumi-

nescence time—resolved spectra (section 4) is followed by a description of 

methods not exclusive to pulsed optical stimulation. These are methods con-

cerning sample preparation, preheating and multiple as well as single aliquot 

techniques. An account of wavelengths used for stimulation and detection of 

luminescence from quartz and feldspar is then given with the aim of putting 

into context the choice of stimulation wavelengths and luminescence detec-

tion filters used in the work reported in this thesis. 

4.1 Measurement of luminescence time—resolved 

spectra 

4.1.1 Measurement conditions 

The electronic system described in section 3.5 requires that no more than one 

photon be detected per light pulse. The TPHC will react to the first STOP 

45 
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pulse to arrive after a START pulse. If more than one STOP pulse arrives 

after a START pulse, the time information associated with the second (and 

later) pulses will he lost and the time-resolved spectrum will be distorted, 

with later times being falsely low in recorded counts. Thus for undistorted 

time-spectra, the STOP pulse rate should he less than the START pulse rate 

i.e luminescence-photon counting rate should he less than the light pulse 

rate. The dependence of the distortion on the STOP pulse rate was inves-

tigated experimentally. Continuously lit light emitting diodes were used to 

stimulate luminescence from a previously dosed and preheated quartz sam-

ple. Luminescence pulses detected thus provided a source of random STOP 

pulses. The rate of START pulses from the pulsing circuitry of Fig. 3.6 was 

kept constant at 11 kHz. Fig. 4.1 shows examples of time—resolved spectra 

recorded with STOP pulses arriving in a random manner. 

3000.0 

2000.0 
C 

0 
C, 

0 
C 

0 
C 

1000.0 

0.0 
0 10 20 30 40 50 60 

Time (lAs) 

Figure 4.1 Time-resolved spectra recorded with different counting rates 

(a) 103s 1  (h) 2 x 104.s' . Luminescence was stimulated using continuously 

lit LEDs to generate random STOP pulses. The START pulse frequency 

was 11 kHz. 
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Since there is no time correlation between START and STOP pulses, the 

resulting time-resolved spectrum should show equal numbers at all times 

(apart from statistical scatter) as in Fig. 4.1 a (the overshoot in the first few 

channels is a feature of the measurement electronics; these channels are not 

included in subsequent analysis for half life). At high counting rates there 

is distortion of the time-resolved spectrum due to multiple STOP pulses 

following each START pulse as is shown in Fig. 4 (b). Time-resolved spectra 

with an inherent distortion can lead to apparent but spurious half life values. 

4.2 Assessment of counting rates 

In order to establish 'safe' levels of counting rates for ineasurenient of time-

resolved spectra, the set-up shown in Fig. 3.7 was used with the rate of STOP 

pulses measured simultaneously by the scalar counter and by the TPHC. The 

number of STOP pulses measured by the TPHC in a given time was deter-

mined by integrating the measured time-resolved spectrum over the entire 

256 channels. The rate of STOP pulses over time was changed by simply 

measuring time-resolved spectra repeatedly from a sample. As the sample 

got bleached, the rate of STOP pulses got less but the rate of START pulses 

was kept constant at about 11 kHz throughout the measurement. Counting 

rates recorded by the scalar and rates determined from time-resolved spectra 

are compared in Fig. 4.2 for stimulation using green LEDs. In the absence 

of any dead-time in the TPHC, these counts would be equal. However, be-

cause there is a finite dead-time in the TPHC, the counts integrated from 

time—resolved spectra are lower than counts recorded by the scalar. The 

non-linearity from about 8000 counts .s (y-axis) occurs because the second 

and later STOP pulses are being missed by the TPHC. Time-resolved spec- 
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tra in this region would he extremely distorted as counts would be registered 

only in the first 2 or 3 channels of the ADC. Half lives calculated from such 

time-resolved spectra are considered spurious. 

100 L._

4

F 
100 1000 10000 100000 1000000 

Counting rate from scalar (counts/s) 

Figure 4.2 A comparison of counting rates recorded by a scalar counter 

and counting rates determined from time—resolved spectra. 

A 'safe' working region will therefore be where the count rates integrated 

from time-resolved spectra are linearly proportional to count rates from the 

scalar. The region selected for use in this work was that at less than 5000 

counts s 1  (y-axis). 

A similar experiment was done using continuously operated blue LEDs 

with the expectation that since both green and blue LEDs initiate STOP 
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pulses that are detected by the same system, the counting rates measured 

should be similar. The results are shown in Fig. 4.3 and as expected the 2 

graphs overlap. 
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Figure 4.3 A comparison of counting rates when stimulation of 

luminescence was done using either green or blue light emitting diodes. 

Both sets of light emitting diodes were operated at a current of 30 mA/LED. 

Another experiment was done to check that the form of the graph did not 

change with LED current. Fig. 4.4 compares data obtained with a current 

of 10 mA/LED and with 30 mA/LED. As the graph shows, the form of the 

graph and so the working region did not change with a change of current. 
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The significance of this was that values measured at different LED intensity 

could be compared directly. 

Time-resolved spectra generated with random STOP pulses were further 

analysed for spurious half life (i.e half life values associated with unaccept-

ably high counting rates according to the criteria discussed in section 4.2) 

and these are plotted against the corresponding counting rates in Fig. 4.5. 

When measuring a half life, the counting rates were to be chosen so that the 

possible spurious half life of Fig. 4.5 was much longer than the half life being 

measured. In all cases where counting rates were not a problem, half lives 

were evaluated by fitting data with single exponential functions. Multiple 

component fits had been tried but did not present any improvement over 

single exponential fitting and so were not used any further. 

1000 
1000 10000 100000 1000000 

Scalar count rate (countsls) 

Figure 4.4 A comparison of counting rates when light emitting diodes 

when operated with either 10 or 30 niA/LED. 
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Figure 4.5 Spurious half life values from time-resolved spectra generated 

with random STOP pulses plotted against the corresponding counting rates. 

The START pulse frequency was about 11 kHz. 

4.3 General techniques 

4.3.1 Sample preparation 

Samples of quartz and feldspar were used in this study. Quartz samples were 

prepared from 'acid washed' sand (90 - 500 pm grain size) from Bl)H Ltd 

and used either as coarse sand, 90 - 500 pm grain size, or sieved to 90 - 

125 pm grains. Any rernanent luminescence in the coarse sand was removed 

& 
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by heating at 500°C for 2 minutes and from the (90 - 500 pm) grains by 

exposure to daylight for 4 weeks. 

The 90 - 125 pm quartz grains were deposited by sedimentation in a Wa-

ter column onto 1 cm' circular stainless steel discs. Samples were prepared 

together to achieve identical mass, typically about 10 mg per disc. Sam-

pies of feldspar, microcline and orthoclase, were also prepared onto discs by 

sedimentation and bleached by daylight for 4 weeks or more. 

All samples were used without any further chemical treatment. The pu-

rity of the quartz from feldspar contamination was checked using an infrared 

stimulation test in which a time-independent count consisting of scattered 

stimulating light and photomultiplier noise was compared to a count mea-

sured after the sample had been given a beta dose and preheated. The latter 

was found to he only slightly larger than the first count indicating a negligible 

amount of feldspar in the quartz sample. This lest is based on the fact that 

infrared stimulation is effective with feldspar but not with quartz [45, 46]. 

4.4 Preheating 

The general aim of preheating a sample after laboratory irradiation prior to 

measurement of optically stimulated luminescence is to simulate the condi-

tions applicable to a natural OSL signal. There are several ways in which 

this is achieved. Following laboratory irradiation of a sample, some charges 

are retained in shallow traps unlike in the case of natural irradiation where 

charges in shallow traps are removed at ambient temperatures during geolog-

ical time-scales [47]. Preheating a sample after dosing clears shallow traps 

of such charges. Preheating is also used to complete the indirect transfer 

of charge from shallow traps to traps responsible for OSL. During natural 
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irradiation, some charges in shallow traps will thermally decay to traps re- 

sponsible for OSL. An appropriate preheat protocol will enable an equivalent 

charge transfer to occur following laboratory irradiation [48, 491. 

One technique for selecting an appropriate preheating procedure is to 

iiiake a series of measurements on naturally (N) and laboratory irradiated 

(3) samples using increasing preheat temperature or duration of preheat until 

a plateau of N/(N+,3) is obtained. Rhodes [48] used this procedure on quartz 

for preheating at temperatures between 160°C and 280°C for 5 minutes. The 

ratio of N/(N-i-/3) was reported to have been steady at temperatures of 220°C 

and above. The same technique was used by Li [50] to suggest that feldspar 

could appropriately be preheated at 220°C for 10 minutes or at 160°C for 5 

hours. Other preheat procedures for quartz include preheating at 160°C for 

16 hours [53] , at 220°C for 1 minute [51], at 150°C for 48 hours [52] and 

at 280°C for 10 s [54]. However only the procedures 220°C for 5 minutes 

and 160°C for 16 hours have been used extensively in OSL studies. Stokes 

[55] made an intercomparison of the two methods and reported no significant 

differences between them. 

In this study feldspars were preheated at 220°C for either 10 minutes or 

1 minute between dosing and stimulation of luminescence. Quartz samples 

were preheated at 220°C for 5 minutes except in experiments aimed at inves-

tigating the effect of preheat procedure on half life in which case additional 

preheat routines were used. 

4.5 Measurement of growth curves 

One of the preliminary experiments was concerned with examining the re-

lationship of luminescence intensity to added beta. dose. Data for graphs of 
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luminescence intensity against dose, growth curves, were determined using 

two methods, the multiple aliquot method and the single aliquot method. 

The methods as used are described in sections 4.5.1 and 4.5.2. 

4.5.1 Multiple aliquot additive dose method 

This method was used only with feldspar samples. For each value of dose, 

up to 10 samples were used. Typically, 8 dose values were used requiring a 

total of up to 80 samples for one growth curve. Values of dose (in Gy) used 

were: 0, 7.51  15, 30, 60, 90, 120, and 150 Gy. Every datum point on a growth 

curve was an average of several points with the experimental uncertainty 

represented by the standard deviation in the average. 

Measurements were made in four cycles. In cycle 1, the background 

count (background 1) from a sample was recorded and later subtracted from 

subsequent counts. The background count was the sum of photomultiplier 

noise and scattered stimulating light. In cycle 2, each sample was given a 

beta dose and preheated at 220°C for 10 minutes before luminescence (count 

2) was recorded at 30°C under infrared or green LEI) stimulation. Because of 

inevitable differences in the amount of sample on each disc, it was necessary 

to normalise every set of counts. Thus the sample was given a second beta 

dose and preheated again (cycle 3). The amount of the second dose was the 

difference between the maximum dose (150 Gy) and the dose given in cycle 1. 

For example, if the first close given was 30 Gy, then the second dose would be 

120 Gy. The sample was then bleached for 15 minutes using an 11 W double 

tube Philips fluorescent lamp (type PL-S). The aim of this was to reduce 

to negligible levels any OSL signals remaining from the preceding cycle in 

which the sample had been given a beta dose and preheated. A background 

signal (background 2) was then measured before each sample was given a 150 
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Gy beta dose and preheated before stimulation of luminescence (count 4) 

This ensured that each sample had received the same total beta dose and 

had been preheated for the same number of times. The normalised count 

corresponding to a given beta dose was calculated as: 

Count = (Count2 - background l)xNorinaljzatjonnumber 

where count 2 was measured in cycle 2, and count 4 corresponds to the 

reading after bleaching by the fluorescent lamp. The normalization number 

was calculated as (count 4 - background 2) divided by an arbitrarily chosen 

reference number. The same reference number was used to calculate all 

normalization numbers. 

4.5.2 Single aliquot additive dose method 

In the single aliquot method as described by Duller [56], two samples are 

used. One sample is used for generating an additive dose growth curve. The 

sample is given a series of beta doses and preheated after each dose before 

stimulation of luminescence. The preheating after each dose removes more 

trapped electrons than does the optical stimulation. It is therefore necessary 

to correct counts for loss of signal due to preheating. 

The correction was done by dosing a sample and repeatedly preheating it 

without adding any further dose. The signal monitored at every stimulation 

indicated the signal remaining after that preheat. Each correction curve data 

point was then used to correct a corresponding data point on the growth 

curve. There are several advantages that this method has over the multiple 

aliqout method, for instance, the fact that the equivalent dose using this 

method can be determined with a high precision. The single aliquot method 

also does not require normalization of counts for differences in sample mass. 
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4.6 Stimulation wavelength 

This section is concerned with the wavelengths used to stimulate lumines-

cence from quartz and feldspar. The aim is to put into context the choice of 

stimulation wavelengths used in this study. 

4.6.1 Quartz 

The first OSL experiments on quartz were made using the 514.5 nm line from 

an argon ion laser [1]. Subsequent studies made with a view to understanding 

further properties of quartz OSL, for instance, studies of Godfrey-Smith et al 

[5 7] where 615-684 nm light from a tunable dye laser was used suggested that 

shorter wavelengths might be more efficient at stimulating luminescence from 

quartz. This was confirmed by other separate measurements [40, 58]). It has 

been argued that the main effect of decreasing the stimulation wavelength is 

to increase the electron de-trapping probability and thus increase the OSL 

production rate [38]. 

Bøtter-Jensen and Duller [41] designed a filtered lamp system for stim-

ulation of luminescence. The output region of the lamp was reported as 

420-560 nm although recently Wintle and Murray [22] concluded that the 

lamp behaves as a stimulation source with an effective wavelength of 468 nm. 

Use of green LEDs for stimulation of luminescence was reported by Gal-

loway [4] who used a set of 565 nm green LEDs to stimulate luminescence 

from quartz and feldspars. Subsequently, Galloway et al [34] reported an 

improvement over this system in terms of a better signal to background ra-

tio and the yield of luminescence detected by using green LEDs with peak 

emission at 525 nm. 

Use of blue LEDs for stimulation of luminescence from quartz has been 
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reported by Hong and Galloway [5] and by Bøtter-Jenseii et at [6]. Hong and 

Galloway [5] observed that the precision with which equivalent dose values 

could be determined was much improved when stimulation of luminescence 

was done using blue rather than with green LEDs. 

In summary, wavelengths in the visible part of the spectrum have been 

used successfully to stimulate luminescence from quartz. In this study, stim-

ulation of luminescence from quartz was done using 525 nm and 470 nm 

LEDs both from Nichia Chemical Industries and 565 nrn green LEDs type 

TLMP 7513 manufactured by Ill-TV. 

4.6.2 Feldspar 

Stimulation of luminescence from feldspars was also demonstrated by Huntley 

ci at [1]. Subsequently, Huntley et al [59] used 514.5 and 633 fliTi laser lines 

to stimulate luminescence from feldspar with detection set at wavelengths 

less than 500 and 550 nm respectively. In a more detailed study, Jungner 

and Huntley [60] used a set of narrow pass detection filters and concluded 

that the dominant wavelength of emission for plagioclase feldspars is at 400 

nm. 

Stimulation techniques not involving the use of lasers required filtration 

of required wavelengths from a lamp as done by Bøtter-Jensen and Duller 

[41] or by use of a monochrornator [2]. The significance of the work of Hfltt ci 

al [2] was that it demonstrated that feldspars could be stimulated by infrared 

light. The main stimulation hand was identified to be typically around 850 

nm [42] although the presence of secondary stimulation peaks near 775 nm 

has also been reported [61]. 

In this study stimulation of luminescence from feldspar was done using 

TEMT 484 LEDs whose peak emission is at 880 mn and TSUS5402 LEDs 
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which have maximum emission at 950 nm. 

4.7 Luminescence emission wavelength 

This section presents some details regarding wavelengths at which lumines-

cence is emitted from quartz and feldspars. Emission wavelengths provide 

information on defects in the lattice which act as recombination centres and 

hence physical processes that lead to luminescence emission. Knowledge of 

emission wavelengths is also valuable in aiding proper choice of luminescence 

detection filters. 

4.7.1 Quartz OSL 

The first OSL signals from quartz were detected through a, filter stack which 

had peak transmission at 400 nm [1]. Information concerning the wavelength 

of emission of quartz OSL was later augmented by Huntley et a! [59] who 

used colour glass filters which revealed an emission peak at. .320 nm. An 

alternative stimulation wavelength of 647 nm revealed a single wide band 

300 - 550 nm centred at 365 mini [62]. It is generally accepted, at least as far 

as choice of detection filters illustrates, that with stimulation using visible 

wavelengths, quartz luminescence emission is over the 300 
- 500 nm region. 

As an example, Bøtter-Jensen and Duller [41] used a U-340 detection filter 

while Galloway el al [34] used a DUG-li filter to measure luminescence from 

quartz. Both filters have a transmission window in the region 300 
- 400 nm. 

Detection filters used in this study for quartz have been discussed in 

section 3.2.4 . In general, filter combinations were selected to allow detection 

of luminescence in the region 300 - 450 nm. Filters GG475 and GG420 were 

put in front of each green and blue LED respectively in order to attenuate 



CHAPTER 4. EXPERIMENTAL TECHNIQUES 59 

the low wavelength end of the LED emission spectrum which extends into 

the region used to detect the luminescence. The complete filter stack was 

chosen to optimise the level of OSL signal detected while suppressing the 

scattered stimulating light. 

4.7.2 Quartz thermoluminescence spectra 

The thermoluminescence measured from many types of quartz between about 

20 and 500°C usually exhibits peaks at about 375, 325 and 110°C [38]. These 

TL peaks have been linked to emission at various wavelengths. 

Spectral studies by Scholefield ct al [63] showed that the 375°C peak has 

maximum emission at 480 nm, while the 325'C peak has an emission peak 

at 380 urn. The peak at about 110°C also has maximum emission at 380 urn. 

The 110°C peak can be induced by laboratory irradiation as well as by the 

photo-transfer effect [38]. 

In this study, photoransferred thermoluminescence resulting from green 

or blue LED stimulation was measured from quartz. 

4.7.3 Feldspar 

Some information regarding the OSL emission spectra in feldspar has been 

discussed in section 4.6.2. The first emission spectra from feldspar were 

also obtained using stimulation at 514.5 urn [1] and 633 nm [59] with the 

luminescence being recorded at wavelengths shorter than 500 nm and 550 

urn respectively. Jungner and Huntley [60] demonstrated that feldspar OSL 

is most prominent at 400 urn although the full range of emission covers 300 

- 550 nrn. Further measurements [62] using infrared LEDs (775 
- 980 nm) 

indicated main emission peaks at 410 nm for K feldspars and at 570 nm for 

plagioclase feldspars. Krbetschek et al [64] reported emission bands at 330, 
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410 and 560 nm for K-rich feldspar extracted from a sediment for stimulation 

using infrared light. 

In general, the evidence is that the emission from feldspar is dominated 

by emission bands in the wavelength region 300 
- 560 nm. This makes 

it convenient to use infrared stimulation (typically 850 
- 880 nm) because 

stimulation and emission wavelengths are well separated. In this study, green 

light stimulated luminescence from feldspar was measured through a DUG 11 

filter and infrared light stimulated luminescence through a combination of 

5-58 and BG-39 filters whose transmission window covers the region 300 
- 

700 nm. 



Chapter 5 

Preliminary Measurements 

This chapter presents results of preliminary experiments conducted in setting 

up the system for pulsed optical stimulation of luminescence. These exper- 

iments formed the basis for more detailed investigations of time—resolved 

spectra and luminescence half lives from quartz. This chapter also includes 

reports of peripheral experiments made on aspects relevant to luminescence 

dating. These experiments were made on samples of feldspar and quartz 

with the aim of getting acquainted with the OSL equipment used in the 

laboratory. 

5.1 Continuous optical stimulation 

As part of familiarisation with OSL equipment, three experiments were con-

ducted. The purposes of these experiments were to compare the increase 

of luminescence as a function of close (the luminescence growth curve) de-

termined using single and multi aliquot methods, to assess the influence of 

radiation dose on the single aliquot correction curve, and to check the in-

fluence of the duration of preheating on the single aliquot correction curve. 

61 
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The single and multiple aliquot methods for generating luminescence growth 

curves have been discussed in section 4.5. 

The measurements were made on a Norwegian microcline used in previous 

studies by Galloway [4, 46, 65, 66, 67] and a Norwegian orthoclase [66, 67], 

as well as on samples of heated quartz. The quartz, whose preparation was 

discussed in section 4.3, had also been used in other previous investigations 

[4, 34, 66]. 

Luminescence was stimulated from samples of quartz and feldspar us-

ing 525 nm green LEDs (Nichia NSPG-500), 565 nm green LEDs (Ill-V 

TLMP7513), 470 nm blue LEDs (Nichia NSPB-500) and except for quartz, 

infrared LEDs (TSUS5402 with peak emission at 950 nm, and TEMPT 484 

with peak emission at 880 nm). 

5.1.1 Comparison of single and multi aliquot methods 

using infrared stimulation 

This experiment was made to compare the forin of luminescence growth 

curves in microcline and orthoclase as determined using the single and mul- 

tiple aliquot methods. The luminescence was measured as a function of dose 

for the doses 7.5, 15, 30, 60, 90, 120 and 150 Gy. The value of luminescence 

at any dose in the multi aliquot method was calculated as an average of 10 

measurements. In the single aliquot method, correction for loss of signal due 

to repeated heating and optical stimulation was done using the method pro-

posed by Duller [56]. Following each beta dose, each sample was preheated 

at 200°C for 10 minutes before stimulation of luminescence at 30°C for 1 s 

using the 950 urn infrared LEDs (type TSUS5402). 

The luminescence measured as a function of dose using the multi aliquot 

method is shown in Fig. 5.1 for microcline feldspar. The luminescence is 
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observed to increase linearly as a function of dose. There is a small count 

against zero dose i.e a positive intercept on the counts axis. This observation 

of a small count against zero dose had previously been attributed to the 

combined effects of photomultiplier noise, scatter from stimulating light and 

a small recuperated signal [68]. 

Four single aliquot measurements were made and corrected [56] in order 

to compare with the the multi aliquot response of luminescence to dose in 

microcline feldspar. A comparison of the growth curves is shown in Fig. 5.2 

(for one of the single aliquots) where the form of the increase in luminescence 

appears similar in both cases. A quantitative comparison of the growth curves 

was made by examining the ratios of the single aliquot counts/s to multiple 

aliquot counts/s for each beta dose. rFIe basis for this method is that if the 

luminescence readings at corresponding doses are similar for the single and 

multiple aliquot methods, the ratio of the single aliquot counts/s to multiple 

aliquot counts/s should be a constant independent of dose [69]. Fig. 5.3 

shows, for one of the single samples, a plot of the ratio of single to multiple 

aliquot counts against beta dose. A least squares fit to the data suggests 

a slight increase in the ratio against beta dose. However, given the size of 

the error bars, such an increase is not statistically significant. Thus the 

luminescence growth curves determined using the two methods are similar. 
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Figure 5.1 The luminescence growth curve from microcline measured 

using the multiple aliquot method. 
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Figure 5.2 A comparison of luminescence growth curves in microcline 

determined by the single and multi aliquot methods. The error bars for 

points corresponding to the same dose would overlap and are omitted for 

clarity. 
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Figure 5.3 The ratio of single to multiple aliquots counts/s at equal beta 

doses for microcline feldspar stimulated by infrared (950 nm) LEDs. 

5.1.2 Comparison of single and multi aliquot methods 

using green light stimulation 

The growth curve of luminescence stimulated by 525 urn green LEDs (Nichia 

NSPG-500) in microcline using the multi aliquot method is shown in Fig. 

5.4. The luminescence response as a function of close appears to be linear. In 

this case a least squares fit to the data gives a negative intercept. However, 

the size of the uncertainties to the fit show a consistency with an expected 

1.1 

1.2 
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small value of luminescence at zero dose. One important difference between 

growth curves in Fig. 5.4 and Fig. 5.1 is the better precision in values of 

luminescence at each dose in Fig. 5.4 as denoted by the size of the error bars. 

For comparison, five single aliquot measurements of growth curves were 

made an example of which is shown in Fig. 5.5. In this example, it appears 

that the luminescence increase with dose determined by the single aliquot 

method is also linear. In this example, the intercept is negative as the size 

of the uncertainty in the fit shows. There is the possibility therefore that 

the increase of green light stimulated luminescence with dose at small doses 

might be supralinear (also [68] ). 

The form of the luminescence growth curves in microcline as determined 

using the single and multiple aliquot methods are compared in Fig. 5.6 where 

the ratios of the single to multiple aliquot luminescence counts/s are plotted 

against added beta dose. It can be observed that the ratio of counts/s against 

beta dose is essentially constant as also illustrated by the least squares fit to 

the data. In comparison with the ratios determined using infrared stimulation 

shown in Fig. 5.3, it is apparent that there is better agreement between 

single and multiple aliquot method in Fig. 5.6. It is notable that this better 

agreement between the methods occurs in this case where the precision in 

multi aliquot counts/s was better than for the infrared (950 nm) stimulation. 

This experiment showed a good agreement in luminescence as a function 

of dose using the multiple and single aliquot methods. The advantage of using 

the single aliquot method as pointed out previously [56] became apparent. 

For example, the improved precision in values of luminescence corresponding 

to each dose since only one sample is used and no normalisation is required 

for sample mass variations. 
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Figure 5.4 A luminescence growth curve from microclirie measured using 

the multiple aliquot method. 
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Figure 5.5 A luminescence growth curve from microcline measured using 

the single aliquot method. 
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Figure 5.6 The ratio of single to multiple aliquots counts/s at equal beta 

(loses for microclirie feldspar. Luminescence was stimulated using green 

LEDs. 

5.2 Dose dependence of the single aliquot cor- 

rection method 

The aim in this set of short experiments was to investigate whether the decay 

of luminescence induced by a beta (lose decayed during successive preheating 

in a way which depended on the size of the beta dose used. The resulting 

plot of luminescence against number of preheats (the correction curve) is 

necessary for correcting single aliquot data for loss of signal due to repeated 

preheating and optical stimulation. 
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5.2.1 Infrared light stimulation of feldspar 

The decay of luminescence due to repeated preheating and optical stimulation 

was investigated using for stimulation, 950 nm LEDs (type TSUS 5402) and 

880 nm LEDs (TEMPT 484). 

In one experiment, separate samples of orthoclase were dosed up to 30, 

150 and 600 Gy and preheated at 200°C for 10 minutes before every 1 s 

stimulation of luminescence at 30°C by the 950 nm infrared LEDs (type 

TSUS 5402). Fig. 5.7 compares the correction curves for the three samples. 
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Figure 5.7 A comparison of the single aliquot correction curves from 

orthoclase dosed to 30, 150, and 600 Gy. 
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In this set of results, the shape of the luminescence correction curve does 

not appear to be influenced by the size of the initial (lose. However, a com-

parison of the curves corresponding to 30 and 600 Gy, doses differing by a 

factor of 20, shows the luminescence from the sample with the higher dose 

to be decreasing at a slightly slower rate. 

In the second experiment, luminescence correction curves were generated 

from samples of microcline. Samples were dosed to 1.5, 15 and 75 Gy and 

preheated at 220°C for either 10 minutes or 1 minute before every 0.1 s 

stimulation at 30°C. Luminescence was stimulated using TEMPT 484 LEDs 

which have an emission maximum at 880 nrn. The rate of decay was com-

pared directly using the slope of a least squares fit of the form suggested by 

Galloway for feldspars [65]: 

f(n) = 1 - a Inn 

where f(n) is the fraction of luminescence remaining, n is the number 

of measurements on the sample and the parameter a depends on duration 

of preheating, preheating temperature, duration of optical stimulation and 

mineralogy of the feldspar. Fig. 5.8 compares for beta doses 1.5, 15 and 

75 Gy, the influence of dose on the correction curves. It can be seen that 

the rate of decay as represented by the slope to the linear fit, is essentially 

independent of the size of beta irradiation used at both preheats. 
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Figure 5.8 A comparison of the effect of dose on the correction curve for 

microcline with preheating at 220°C for either 10 minutes or 1 minute. 

5.2.2 Green light stimulation of feldspar 

The influence of dose on the correction curve for microcline was also investi-

gated using green light stimulation. In this case, samples of microcline were 

dosed up to 15, 75, 300 and 600 Gy and preheated at 200°C for 10 minutes 

before every 1 s measurement of luminescence at 30°C. Fig. 5.9 compares the 

correction factors from each of the four samples. It can he observed that the 

value of beta dose given to the sample appears not to influence significantly 

the way the luminescence decays with successive preheating. 

The general conclusion from this set of experiments was that the single 

aliquot correction curve is essentially independent of the size of dose that 

the sample is given prior to measurement of the correction data. Further, 
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experimental data showed the correction curve to be independent of dose 

regardless of type of feldspar used (microcline or orthoclase), the preheating 

method ( either 200°C or 220°C for 10 minutes or 220°C for 1 minute 

and the wavelength used to stimulate the luminescence ( 520 nm, 880 nm or 

950 nm). These results are in agreement with previous tests on potassium 

feldspar under infrared stimulation [56] where it was concluded that there 

was no significant difference in the way the beta induced luminescence signals 

decayed due to repeated preheating. 
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Figure 5.9 A comparison of single aliquot correction curves in microcline 

under green light stimulation. 
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5.2.3 Blue light stimulation of quartz 

The influence of beta dose on the rate of decay of luminescence was also 

investigated for quartz heated prior to dosing. In this case, samples were 

dosed up to 2, 3.5, 14 and 28 Gy. Preheating was done at 220°C for either 5 

minutes or 1 minute before every 0.1 s measurement of luminescence at 30°C. 

Luminescence was stimulated using blue LEDs, Nichia type NSPB-500 with 

a peak emission at 470 nm. 

The decay data was well fitted by a modified version of the feldspar 

correction [5, 651, namely 

In. I = An + C 

where I is the luminescence remaining, n the number of times the sample 

is heated and A and C are fitting parameters. Using the values of the slope 

from curves corresponding to various beta doses, the effect of dose on the 

correction curve could be examined. Fig. 5.10 compares the effect of dose on 

the decay of luminescence from quartz under successive heating and optical 

stimulation. Apart from statistical scatter, the similarity in values of the 

slope show that the rate of decay of luminescence is independent of the value 

of initial dose. It is also evident that the duration of preheating influences 

the rate of decay. This is illustrated in a more conventional manner in Fig. 

5.11 where decay curves are compared of samples given the same dose but 

preheated for either 1 minute or 5 minutes at each preheating stage. It is 

evident in Fig. 5.11 that the longer preheating depletes signal faster than 

the shorter preheating. 

The general conclusion from the experiment is that the single aliquot 

correction curve in heated quartz (the type used) under stimulation by blue 

light is not influenced by how much the sample has been dosed to. 
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Figure 5.10 A comparison of the effect of close on the correction curve for 
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Figure 5.11 A comparison of the decay of luminescence in quartz given 

the same dose but preheated repeatedly at 220°C for either 1 minute or 5 

minutes. 
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5.3 Pulsed optical stimulation of luminescence 

This section reports initial measurements made to test the performance of 

the pulsing system. The section also includes experimental data concerning 

time dependence of luminescence. 

5.3.1 Preparatory measurements 

Initial measurements of pulsed optical stimulation were concerned with opti-

mising the performance of the pulsing system. Experiments were conducted 

to optimise the light emitting diode intensity, rise and fall times and to 

achieve well defined time-resolved spectra of the light emitting diodes. Sub-

sequent measurements were concerned with determining luminescence half 

lives from quartz. The first measurements, however, were made on feldspar 

in order to obtain half life data to compare against other published data as 

a way of assessing the performance of the system. These experiments also 

proved useful in choice of dynamic ranges for use when measuring half lives 

from feldspar and quartz. 

Measurements of time-resolved spectra were made using samples of Nor-

wegian microcline and orthoclase described earlier in section 4.3. Fig. 5.12 

compares a green light emitting diode emission time-resolved spectrum and 

the stimulated luminescence time-resolved spectrum from microcline feldspar. 

The light emitting diode time-resolved spectrum was recorded with only 

neutral density filters in front of the l)hOtornultiplier (EMI type 9635QA, 

rise time 10 ns). In Fig. 5.12 the counting rate scales have been arbitrarily 

adjusted for ease of comparison of shapes. Subsequent luminescence mea-

surements were made with the Schott B039 and UGh I filters in front of the 

photomultiplier. 
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It can be seen in Fig. 5.12 that there is a slight delay between the diode 

rise time and the resultant luminescence signal. Consequently, maximum 

luminescence emission was observed to occur about 14 us later than the 

peak of the stimulating pulse. This test showed that the luminescence from 

microcline consists of fast half life components of the order of 20 ns as well as 

slower components of the order of tens of jis and that to study properties of 

these half life components would require use of appropriate dynamic ranges. 

As a follow up, the same pulse width and duty cycle settings were used 

to search for evidence of luminescence emission from quartz. However with 

the set-up that was suitable for feldspar, no luminescence decay from quartz 

could be detected. As an example, Fig. 5.13 compares a signal before and 

after a beta dose measured from a. sample of quartz using a, pulse width of 1 is 

and displayed over a dynamic range of 4 fts. In this set-up, no luminescence 

decay is apparent. However, the fact that a signal larger than the background 

could be obtained signified that an appropriate pulse width and dynamic 

range were necessary to observe the decay of pulsed luminescence emission 

from quartz. 

Fig. 5.14 compares time-resolved spectra from samples of quartz and 

feldspar. In this case an 8 ts  luminescence stimulating pulse and a 32 ts 

dynamic range were used. The comparison shows that there are no half life 

components in the ns scale from quartz and emphasizes tha,t this fast half 

life component is dominant in pulsed luminescence from feldspar. Also, both 

samples show luminescence half life components of the order of tens of ps. 
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Figure 5.12 A comparison of a green light emitting diode emission 

time-resolved spectrum and a stimulated luminescence time-resolved 

spectrum from microcline. 

Figure 5.13 A comparison of signals measured from quartz before and 

after a beta dose using a 1 its pulse and a 4 ts dynamic range. 
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Figure 5.14 A comparison of time-resolved spectra measured from quartz 

and feldspar using an 8 is pulse and 32 Its dynamic range. 

5.3.2 Time dependence of luminescence from feldspar 

The time-dependent decrease of luminescence from a sample under continual 

stimulation was also used as a test of performance of the pulsing system. 

The effectiveness of the pulsing system in bleaching luminescence from 

microcline and orthoclase feldspar samples was compared against DC oper-

ated LEDs. The test compared the time taken to bleach luminescence from 

a dosed sample to half the initial maximum. The DC operated LEDs, which 

were run at a current of 30 mA per LED, were blue LEDs (Nichia NSPB-

500. 470 nm), green LEDs (Nichia NSPG-500, 520 nm; 111-V TLMP7513, 

565 nm), and Infrared LEDs (TSUS5402, 950 nm; TEMPT 484, 880 nm). 

Fig. 5.15 compares the time to reduce luminescence to 50% of its initial 

value as measured by the different sets of 16 LEDs. Of particular interest 

is the comparison between the pulsed and DC operated green LEDs which 

• qUartz 
$ feldspar 
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shows a factor of 2.5 difference in bleaching the luminescence. The DC oper-

ated green LEDs took about 100 s to reduce luminescence to half maximum 

in comparison with the pulsed LEDs which took about 250 s. Given that the 

approximate 10% duty cycle present in pulsing arrangement means the LEDs 

are on for only 10% of the time, it would be expected that the time for the 

pulsed LEDs would be 10 times as long as that for DC operated LEDs i.e 1000 

s. Since the DC operated LEDs were run at 30 mA/LED in comparison with 

about 70 mA/LED for the pulsed LEDs, the estimated time for the pulsed 

LEDs should then come (Town to 500 s. The experimentally obtained time 

of 250 s is consistent with this calculation given the possibility of differences 

in LEDs, one possible source of non-uniformity in LED brightness. 
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Figure 5.15 A comparison of bleaching times measured from dosed 

samples of microcline using green LEDs (520 nm, 560 nm), blue LEDs (470 

nm), and infrared LEDs (880 nm, 950 nm). 

5.3.3 Time dependence of luminescence from quartz 

The properties of the decrease of lurnhiiesceiice with time, the decay curve, 

was studied in samples of quartz. The information from this study was 

relevant in relation to the study of the time dependence of luminescence 

half lives from quartz. In principle, time-resolved spectra can he measured 

from a sample immediately after dosing and preheating or after bleaching 

to reduce the amount of luminescence. Thus in each case the properties of 

luminescence half lives can be related to a decay curve measured in similar 

conditions. 
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The fall of luminescence with time that results from continuous stimula-

tion of luminescence from quartz as shown earlier in Fig. 2.2 can usually be 

described by a sum of three exponent ials e.g [20, 23]with the third compo- 

nent (the slow component) being characterised by a very slow decay rate. It 

has been suggested that mechanisms of luminescence emission at long stim- 

ulation times could be indicative of effects such as electron re-trapping or 

the release of charge from multiple traps each with a distinct probability of 

stimulation [18, 23]. 

Although each of the three exponential components may not necessarily 

be associated with a separable physical mechanism, the method provides a 

convenient representation of the shape of the decay curve. Samples of quartz 

used in this study exhibited the slow component. An example is shown in 

Fig. 5.16. Although the luminescence has decayed to less than 1 % of the 

initial maximum, the rate of decay is evidently slow and the decay curve has 

not converged to the background level. 

The relative intensities of the exponential components extracted from a 

decay curve are shown in Fig. 5.17 where the ratio of each component to 

the sum of the three components is plotted against the time of exposure to 

stimulating light. As Fig. 5.17 shows, in the initial transient, nearly 75% 

of the measured luminescence is due to the fast component with the slow 

component contributing 10%. As stimulation progresses, the fast component 

declines to an insignificant percentage of the total sum while the medium 

component increases in importance from about 20 to 40% of the sum in 

the first 30 s and progressively declines thereafter. It is notable that the 

fast component is important only in the initial 30 s or so. In contrast, the 

contribution of the slow component evolves from a minimum of about 10 to 

50% of the total in the first 50 s and by 150 s the measured luminescence 
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predominantly consists of the slow component. Although in Fig. 5.17 the 

abscissa is presented in hundreds of seconds, the slow component can still he 

measured after hundreds of thousands of seconds as similar measurements 

showed. 

5.4 Measurements of luminescence half life 

This section presents preliminary measurements of half life values from sam-

ples of feldspar. This sample was studied first before detailed measurements 

were made using quartz. 

During the luminescence—stimulating light pulse the time—dependence of 

the luminescence is influenced by both the shape of the light pulse and the 

luminescence half life, whereas after the end of the light pulse only the lu-

minescence half life is relevant. Consequently, half lives were determined 

only from the part of the time- resolved spectrum following the end of the 

stimulating light pulse. 

Although in luminescence studies the use of mean lifetime is usual to 

denote decay times, e.g [10, 11, 24, 25] in this thesis use of half life was 

adopted as is customary in nuclear physics. One advantage in this was the 

convenience of inspecting half lives directly from time—resolved spectra. 

Fig. 5.18 shows a luminescence time—resolved spectrum obtained with a 

stimulation pulse width of 4.4 ps and displayed over a dynamic range of 32 

Its. In the plot, time—resolved spectra are shifted from zero so that the origin 

in the graph does not correspond to the switching on of the LEDs. The region 

up to 4 ps which appears essentially flat consists primarily of luminescence 

from feldspar during the light pulse. Because the build-up of luminescence 

reaches a maximum after a time of the order of 100 us, the shape in this 
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region is dominated by the longer (4its) and flatter light emitting diode pulse. 

Following the pulse is the decay of stimulated luminescence. In this example, 

values of half life calculated were 180 + 1 ns and 12 + 2 ,is. 

Table 1 compares luminescence half lives from feldspars found in this 

study with those from other works for luminescence detection in the wave-

length region 300 - 400 nm. Values of luminescence half lives found in this 

study were in the range 23 ns - 15 is for orthoclase and 24 ns - 12 [is for 

microcline, values covering a similar range. Luminescence half life values of 

the order of 20 ns and 200 ns found in this study (e.g 23 + 1 ns, 220 + 

1 us) are in good agreement with values reported by Clark ci at [10] and 

Clark and Bailiff [11] (e.g 22.5 + 0.1 ns, 195 + 3 us). In these preparatory 

measurements, however, the longest value of half life found was about 15 xis, 

and no half life values around 3 /is were measured. In comparison, although 

Clark ci al [10] and Clark and Bailiff [11] reported luminescence half life val-

ues of the order of 15 /ls, they noted that this long component made a small 

contribution (typically less than 2 %) to the total measured signal. In gen-

eral, differences in values of half lives in this work and in the works shown in 

table 1 could be attributed to differences in sample mineralogy, stimulation 

wavelength, and possibly the wavelength of luminescence detected. 

The information gained in making measurements of half life from feldspar 

and evidence of possible pulsed luminescence emission from quartz as de-

scribed in section 5.3.1 were the basis for more detailed investigations con-

cerning luminescence half lives in quartz. 
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Figure 5.16 The luminescence decay curve from quartz after 1000 s of 

stimulation compared to the background level. 
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Figure 5.17 Components of a decay curve. 
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Figure 5.18 A luminescence time-resolved spectrum from microcline 

stimulated at. 525 nm. The pulse width used was 4.4 is and luminescence 

was recorded over a dynamic range of 32 xis. The sample was given a beta 

dose and preheated at 220°C for 10 minutes prior to recording of the 

time-resolved spectrum. The lifetime of the fast component (180 + 1 ns) 

had been determined separately using a measurement similar to that 

described in Fig. 5.12. 
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Chapter 6 

Measurements of luminescence 

half life 

This chapter presents results of measurements of half life and intensity of the 

luminescence stimulated from quartz by pulsed green- and blue-light emitting 

diodes. Results concerning stimulation by pulsed green LEDs are reported 

in section 6.1 and results for pulsed blue LED stimulation in section 6.2. 

6.1 Green light stimulation 

Section 6.1.1 presents results of investigations conducted on time dependent 

measurements of luminescence half life at room temperature. Section 6.1.2 

is on the effect of radiation dose on luminescence half life. Section 6.1.3 is 

concerned with the influence of preheating on luminescence half life. Sections 

6.1.4 and 6.1.5 report temperature related characteristics of luminescence half 

life. Section 6.1.4 concentrates on measurements at specific temperatures 

while sections 6.1.5 reports results from dynamic temperature experiments. 

Features of luminescence half life and luminescence intensity in the slow 

87 
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component are reported in section 6.1.6. 

6.1.1 Time dependent measurements of half life at room 

temperature 

It was observed during initial measurements of time-resolved spectra from 

quartz that values of half life calculated from time-resolved spectra differed 

depending on whether or not the sample had been heated prior to dosing. 

Heating was one of the methods used to remove remanent luminescence from 

samples, the other was to expose samples to daylight for 4 weeks or more. 

The experiment on time-dependent characteristics of half life was therefore 

conducted to investigate how the values of half life from the two types of 

quartz (heated or daylight bleached) would be affected by continuous optical 

stimulation. The method used was to repeatedly record time-resolved spec-

tra from a sample and in effect observe the change of half life with stimulation 

time. 

The results reported in this section are for measurements made at room 

temperature, typically 20 + 2°C. All samples in this experiment were given 

a beta dose of 150 Gy and preheated at 2200 C for 5 minutes before measure-

ment of time-resolved spectra. The close was chosen to enable measurements 

of time resolved spectra with high enough counts to enhance the accuracy 

in the calculated half life values, and to have measurements cover a long 

stimulation time. 

The green LEDs used for stimulation of luminescence were operated with 

a pulse width of 11 its, a period of 90 is, a duty cycle of about 12.4% and 

a repetition rate of 11 kHz. Time-resolved spectra were recorded over a 

dynamic range of 64 is using different counting times. Each counting time 

was corrected for the duty cycle to give the LED-on-time or the total time 
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of exposure to luminescence-stimulating light. The first few measurements 

following dosing and preheating could be made with counting times as short 

as 1 s without loss of accuracy (i.e with little scatter of experimental data 

points) in the recorded time-resolved spectra. However, at long stimulation 

times, with the luminescence intensity gradually decreasing, longer counting 

times became necessary in order that half lives calculated from time-resolved 

spectra could be reliable. 

In order to evaluate half lives, the time-resolved luminescence after the 

pulse, L, were fitted by single exponential functions of the form 

L=Ae t +R 

where A is a constant related to the maximum intensity of luminescence, 

R is a constant related to the background signal, ) is the decay constant of 

the luminescence and t is time. 

The commercial software package Fig. P was used for curve fitting. In 

the program, initial estimates for the parameters A and \ had to be supplied. 

A known and constant value for R was also supplied as the background signal 

was measured first in every case. The program then iteratively improved on 

then estimates (using the Marquardt minimization routine) until the esti-

mates converged to a final set of values of A and A. The final values were 

displayed in a statistical report which included the associated standard er-

rors, t ratios, and confidence intervals. Thus a 'best fit' could be recognized 

and assessed quantitatively. Since the half life r associated with lumines-

cence decay is related to the decay constant \ by 1n2 = A7112  half life values 

could be evaluated. 

Fig. 6.1 shows examples of luminescence time-resolved spectra recorded 

from samples of heated quartz (Fig. 6.1 a) and from quartz bleached by 

exposure to daylight (Fig. 6.1 h). A background signal is shown in each 
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case for comparison. Both samples were dosed up to 150 Cy and preheated 

at 220°C prior to measurement of luminescence time resolved spectra. The 

luminescence builds up during the light pulse and the signal at any time 

during this time consists of a monotonically increasing luminescence signal 

and a small constant scatter from the light emitting diodes. it can be seen 

for the example in Fig. 6.1 (a) that the background signal after the stimu-

lating pulse (the region used for half life calculations) is usually a negligible 

component of the total luminescence signal. In this example, a mean of 5 for 

the background compares with a maximum count of 4555 and a minimum 

count of 731 for the luminescence. For daylight bleached quartz, the rela-

tively lower level of luminescence signal leads to a larger scatter in the data 

points. The time-resolved spectrum for the less sensitive daylight bleached 

quartz [16] has an intensity at the beginning of decay that is well below the 

maximum of the luminescence build-up signal plus scattered light. 

Fig. 6.2 shows the relationship of half life with cumulative time of lumi-

nescence stimulation in heated and daylight bleached quartz. In this example, 

the samples were also given a beta dose of 150 Gy to record measurements 

over relatively long times. It can be seen that in heated quartz, half life 

values display a 'growth curve' characteristic, increasing from about 20 Ps 

to a constant value of about 26 ps. In daylight bleached quartz, continual 

stimulation of luminescence did not affect half life values which remained 

constant at around 24 /is throughout the measurement period. In general, 

both types of quartz show that a constant value of half life is reached after 

extended stimulation. For samples studied in this experiment, the limiting 

values were 26.8 + 0.4 is and 24.2 + 0.4 is for heated and daylight bleached 

quartz respectively. Thus both limiting values and stimulation-time related 

characteristics of half life with time in the samples are different suggesting 
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that theses factors are affected by the method used to bleach the samples 

prior to dosing. 
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Figure 6.1 (a) Luminescence time-resolved spectrum from heated quartz 

and in (b) daylight bleached quartz. The pulse width used was ii Ps and 

luminescence was recorded over a dynamic range of 64 xis. Background mea-

surements are shown for comparison. 
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Figure 6.2 A plot of half life as a function of time for measurements made 

on heated and daylight bleached quartz. All samples were given a beta dose 

of 150 Gy and preheated at 220°C for 5 minutes. 
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6.1.2 The effect of radiation dose on luminescence half 

life 

The relationship of half life and stimulation time was investigated over a 

wider dose range for daylight bleached quartz owing to its limited sensitivity 

to luminescence stimulation and for values less than 150 Gy for heated quartz. 

Stimulation of luminescence from heated quartz following doses larger than 

150 Gy was not done to avoid high counting rates which lead to false half 

lives as discussed in section 4.1. 

Separate heated quartz samples were each given a beta dose of 1.5, 15 

and 150 Gy and preheated at 220°C? for 5 minutes before recording of time 

resolved spectra for half life analysis. Daylight bleached samples were given 

doses of 150 Gy and 1500 Gy. 

Fig. 6.3 compares the change of half life values with stimulation time for 

samples of heated quartz given beta doses of 1.5, 15 and 150 Gy. In all three 

samples, the half life increase with time to a constant value. Inspite of the 

large difference in dose, the difference between final values in all cases is no 

more than 10%. Even the difference in minimuni (initial) values is only 10% 

i.e 22 ps for the 1.5 Gy sample and about 20 is for samples dosed with 15 and 

150 Gy beta dose. The good agreement between half life values associated 

with the 15 and 150 Gy samples suggests that over this dose range, the change 

of half life with time is independent of dose. The general observation from 

this set of samples is that larger values of dose are associated with smaller 

initial values of half life while the final values seem to he independent of dose 

in the dose range of 1.5 to 150 Gy. 
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Figure 6.3 Change of half life with time for a heated quartz sample given 

beta closes of 1.5, 15 and 150 Gy. 

Fig. 6.4 compares half life values for samples of daylight bleached quartz 

given beta doses of 150 and 1500 Gy with values of half life from a sample 

of heated quartz given a dose of 150 Gy. It can be seen that the one order of 

magnitude increase in dose, (lid not lead to a significant change in the half life 

values as function of time in daylight bleached quartz. Unlike in the heated 

quartz, the values of half life are evidently independent of dose at about 24 

js. Fig. 6.5 summarises the dose-dependent characteristics of the initial and 

average final values of half life from samples of heated and bleached quartz 

studied. 
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Figure 6.4 A comparison of half life values in daylight bleached quartz and 

heated quartz over the beta dose range 150 - 1500 Gy. 
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Figure 6.5 A comparison of initial and maximum half life values in 

daylight bleached and heated quartz over the beta dose range 150 
- 1500 

Gy. 

6.1.3 Influence of preheating procedure on half life 

The aim of this experiment was to investigate the effect of preheating on 

luminescence half life in quartz. Samples were heated at 220'C for 5 minutes, 

20 minutes, and 1 hour and also at 280°C for lOs after beta irradiation 

for 150 Gy, but before measurement of luminescence time resolved spectra. 

The duration of preheating used in this experiment were chosen purely for 

convenience and heating for more than 1 hour was not attempted. 

Fig. 6.6 shows graphs of half life against time for samples of heated quartz 

preheated for 5 minutes, 20 minutes and 1 hour at 220'C and at 280°C for 
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10 s. It is evident that all samples preheated for less than 1 hour show half 

lives increasing with time. Samples preheated for 5 and 20 minutes have an 

initial half life value of about 20 ps and the half life values increase with 

stimulation time to reach 26.7 + 0.4 its and 24.6 + 0.7 ts respectively. In 

the sample preheated for 1 hour, the half life value is constant at about 24 

.zs. The similarity in the general shape of graphs for samples preheated for 

5 and 20 minutes suggest that the two methods may be equivalent. In the 

sample preheated at 280°C for 10 s, half life values increase from about 22 its 

to about 26 ps, a value not very different from those for samples preheated 

for 5 or 20 minutes. A consequence of preheating for one hour is the removal 

of features present in samples treated with alternative preheat protocols, 

namely, half life values shorter than 24 /ts including the initial increase of 

half life with time, and final values of half life of the order of 26 Its. 

0 100 200 300 400 
Time (s) 

Figure 6.6 Influence of preheating method on half life in heated quartz. 
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6.1.4 Time—dependent measurements of half life at higher 

temperatures 

The time-dependent characteristics of half life for quartz under pulsed green 

light stimulation were also investigated at 80 and 150'C in addition to mea-

surements made at 20°C. Before each measurement of a time-resolved spec-

trum, an allowance of 2 minutes was made for samples to come up to tem-

perature. 

Heated quartz 

Fig. 6.7 compares the change of half life with time of optical bleaching at 

20, 80 and 150°C in heated quartz. The trend in all three cases is that half 

life values increase with time of optical stimulation. The change in half life 

may conveniently be described in terms of the initial and final values. Values 

of half life, both initial and final are observed to he temperature-dependent. 

For instance, while the maximum half life values measured at 20°C and 80°C 

are of similar order i.e 26.1 + 0.9 is and 24.0 + 0.3 /is, at 150°C the value has 

dropped to 17.2 + 0.2 fts. The initial values also decrease with temperature 

i.e 19.9 + 0.6 its, 17.5 + 0.2 [Is, 11.8 + 0.1 p5 at 20, 80 and 150°C in that 

order. 

Daylight bleached quartz 

The time dependence of half life at 20, 80 and 150°C for daylight bleached 

quartz is shown in Fig. 6.8. In this case, half life values remain constant 

with time at the three temperatures. At 20 and 80°C, values of half life are 

similar and constant at about 24 ps. 
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Figure 6.7 Change of half life with time at 20, 80 and 150°C? for a sample 

of heated quartz. 
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Figure 6.8 Change of half life with time at 20, 80 and 150°C for a sample 

of daylight bleached quartz. 
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At the higher temperature of 150°C the half life value decreases to about 

13 ps. In general, the shortest half life is associated with the highest tem-

perature. A complete indication of the influence of each temperature of 

measurement on half life can be obtained by making a measurement at the 

temperature. However, when values of the initial and final half life values are 

plotted as shown in Fig. 6.9, the evidence is that values of half life in heated 

quartz decrease monotonically with temperature unlike in daylight bleached 

quartz where all values are constant with time at 20, 80 and 150°C. 
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Figure 6.9 A comparison of initial and maximum half life values from 

heated and daylight bleached quartz at 20, 80 and 150°C. 
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6.1.5 Temperature—dependent measurements of half life 

at long stimulation times 

In order to identify and separate features due to optical stimulation from 

those due solely to temperature, time resolved spectra were recorded at tem- 

peratures from 20 to 200°C using a short, 1 s exposure at each temperature. 

For heated quartz, the temperature was increased from 20 to 100°C in 10°C 

intervals and then in 20°C intervals from 100 to 200°C. For daylight bleached 

quartz the temperature was increased from 20 to 200°C in 20°C steps. For 

each sample there was an allowance of 240 s between measurements for the 

sample to come up to temperature. Samples were given a dose of 150 Gy so 

that luminescence would last the entire temperature range and that time—

resolved spectra recorded would have large enough counts to enhance the 

accuracy of the half lives calculated. Before any measurement, the sample 

was given a long bleach to remove the initial high intensity signals. 

Heated quartz 

Fig. 6.10 shows the variation of half life with temperature for a sample of 

heated quartz. It is apparent from this plot that half lives decrease with 

temperature. The decrease is monotonic and proceeds at an even faster rate 

above 125°C. This indicates a strong temperature influence beyond 125°C. 

This data is consistent with observations reported in Fig. 6.9 in which half 

life values decreased with temperature. The value of half life at 20°C was 

measured as 20.1 + 0.3 /is and at 125°C as 16.7 + 0.2 its. This is a decrease 

of about 17% over 105°C. In comparison, the value of 5.1 + 0.1 is at 200°C 

represents a decrease of nearly 70% over a temperature range of 75°C i.e 125 

to 200°C. 
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To investigate whether values of half life associated with particular tem-

peratures could be reproduced, the measurement temperature on the same 

sample was varied. To do this, one sample was used with the temperature 

only being varied. A sequence of measurements were made as shown in Fig. 

6.11. Here recording of time resolved spectra from 20 to 200°C was followed 

by two measurements at 20°C and two measurements at 200°C. It can be 

seen that in each case the half life value of the right order was reproduced. 

From a value of 5.1 ± 0.1 is at 200°C, the half life value with the tem-

perature reduced to 20°C is 23.3 + 0.1 is which can be compared with the 

value, 20.1 + 0.3[is, the first value in the sequence. When the tempera-

ture is again increased to 200°C, the half life value measured was 5.5 + 0.2 

is in good agreement with 5.1 ± 0.1 s, the last value in the 20 200°C 

cycle. The slight increase in half life between the first and repeat half life 

values can he ascribed to the small inherent change of half life with time in 

the slow component region as discussed in section 6.1.1. The experimental 

results demonstrated that half life values at specific temperatures could be 

reproduced and hence are uniquely related to temperature. 
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Figure 6.10 Change of half life with temperature in heated quartz. 

Measurements were made from 20 to 100°C in 10°C intervals and from 100 

to 200°C in 10°C intervals. 
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Figure 6.11 Sequence of measurements to illustrate that half lives are 

uniquely related to temperature. 
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Daylight bleached quartz 

A dynamic temperature investigation of half life in daylight bleached quartz 

produced the variation of half life values with stimulation time as shown in 

Fig. 6.12. The values appear to stay constant at about 24 is from 20°C 

up to about 80°C and decrease from then on. In this sample, the shortest 

half life value is about 15 /is at about 175°C and the longest value is about 

24 ts. These values are in good agreement with the data shown in Fig. 6.8 

for measurements at fixed temperature where values were about 13 jis and 

24 jis at 80 and 150°C respectively. No value is plotted for 200°C owing to 

low intensity of luminescence, but qualitatively, the shape of time-resolved 

spectra did not indicate any marked change in half life. There are noticeable 

differences in profiles of half life as a function of temperature for daylight 

bleached and heated quartz. For instance, although in both materials, half 

lives decrease with temperature, this does not occur monotonically in daylight 

bleached quartz. The rate of decrease of half life in the region of rapid 

decrease also differs. For example, in the daylight bleached sample the rate 

of decay is about 0.5% per °C (i.e 125 to 175°C) compared to 0.9% per °C 

(i.e 125 to 175°C) in heated quartz. 
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Figure 6.12 Dependence of half life on temperature in daylight bleached 

quartz. Measurements were made from 20 to 200°C. 
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6.1.6 The effect of temperature on luminescence inten-

sity at long stimulation times 

In this set of experirnents,the temperature- dependent properties of lumines-

cence intensity were investigated at long stimulation times in heated quartz. 

Samples were given beta doses of 1.5, 15 and 150 Gy prior to heating at 

220°C for 5 minutes. The fast decaying parts of the decay curve were then 

removed by optically bleaching the samples. Sample 1 (150 Gy) was bleached 

down to 0.8% of the initial intensity while sample 2 (15 Gy) and sample 3 

(1.5 Cy) were each bleached down to 4 and 8% of the maximum intensity 

respectively. One other sample given a beta dose of 150 Gy and preheated 

at 220°C for 5 minutes was left unbleached. 

Fig. 6.13 illustrates for sample 1(150 Gy, 0.8%), the level of bleaching in 

comparison with the background signal. Experimental measurements on the 

effect of temperature on luminescence intensity were commenced after the 

sample had been bleached for 1000 s. Two sequences of measurements, each 

going from 20 to 200°C, were made. At each temperature, a time resolved 

spectrum was recorded at a counting time of 50 s. An allowance of 240 s 

was made between measurements for the sample to come up to temperature. 

The value of luminescence intensity at each temperature was obtained by 

integrating the time resolved spectrum. 

The luminescence intensity measured as a function of temperature is 

shown in Fig. 6.14. This shows the intensity increasing with temperature to 

a maximum and then falling off as the temperature is further increased. The 

increase is slow at first, specifically between 20 and 40°C, and is more rapid 

thereafter. In this measurement, the intensity peak occurs at 148°C, with 

the intensity increasing by as much as 70% between 20 and 148°C. 
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Figure 6.13 The decay curve at the beginning of the heating cycles in 

comparison to the background signal for sample 1. 
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Figure 6.14 The change of luminescence intensity with temperature. 
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This is a significant increase and shows a notable influence of tempera-

ture in a region of low luminescence intensity. After this run, the sample 

was cooled down to 20°C after which the experiment was repeated. Fig. 

6.15 compares the intensity-temperature graphs for the first and repeat ex-

periments. The luminescence values have been normalised to the overall 

maximum value. It can be seen that the broad features of the two graphs 

are similar. For instance, the slow initial increase of intensity with tempera-

ture between 20 and 40°C and the occurrence of the peak intensity at about 

148°C. 
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Figure 6.15 A comparison of intensity changes in cycles 1 and 2. 
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An assessment was made on how the rate of decay of luminescence was 

affected by introduction of the two 20 - 200°C heating cycles. Comparison 

of the data points at 200°C in cycle 1 (10528) with that at the same tem-

perature in cycle 2 (9433) separated in time by 900 s shows a luminescence 

depletion rate of 0.01% s-1 , despite the intensity changes in between. The 

depletion rate expected in the presence of light only without heating was 

estimated from the decay curve measured on the same sample prior to the 

heating experiments. The rate was calculated from the values of lumines-

cence intensity after 800 s (1928) and after 1000 s (1881) to be about 0.01% 

S_ '. Evidently, the intervening temperatures changes did not alter the rate 

of change of luminescence in the slow component region. 

The change of luminescence intensity due to light exposure only and that 

due to simultaneous optical exposure and heating are compared for sample 

1 (0.8%) in Fig. 6.16, for sample 2 (4%) in Fig. 6.17 and for sample 3 (8%) 

in Fig. 6.18. The significance of these bleaching levels are that the effect of 

temperature alone can then be assessed for sample 1 which is well into the 

slow component and for samples 2 and 3 which are bleaching down to the 

slow component. For purposes of definition in this study, the slow component 

is regarded as luminescence levels below 1 % of the initial maximum intensity 

of the luminescence. 

Since for sample 1, there is hardly any change brought about by optical 

bleaching, the change in luminescence intensity is due to increase in temper-

attire. It is also evident that the luminescence intensity at all temperatures 

above 20°C is always greater than that at 20°C. 
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Figure 6.16 Change of intensity with temperature for sample bleached to 

less than 1% of the maximum intensity. 

Samples 2 and 3 had, in comparison with sample 1, an appreciable amount 

of luminescence at the beginning of concurrent heating and optical stimula-

tion of luminescence. Unlike sample 1, however, the decay of luminescence 

caused by optical stimulation alone is not negligible as can he appreciated 

from Fig. 6.17 and Fig. 6.18. Therefore, the measured change of lumines-

cence intensity due to simultaneous heating and optical stimulation underes-

timates the increase in luminescence intensity clue to increase in temperature. 

The measured luminescence is thus corrected for luminescence lost due to op-

tical stimulation alone. 
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It can he observed in all three graphs (Fig. 6.16, Fig. 6.1  71, and Fig.6.18) 

that the increase in luminescence intensity at temperatures above room tem-

perature is quite significant. Thus the amount of luminescence that can be 

ascribed to increase in temperature is greater than that lost due to light only. 

Broadly, the three graphs all show the luminescence to go through a peak as 

a function of temperature in the temperature range 20 - 200°C. 

The increase of luminescence intensity with temperature in quartz at ele-

vated temperatures over that measurable at room temperature has been the 

subject of many investigations and is well recognized e.g [21, 24, 46, 70]. Of 

particular interest however is that the form of graphs of luminescence inten-

sity as a function of temperature reported by Spooner [21] using green light 

(514 nm from a laser) are broadly similar to curves reported here. A possi-

ble interpretation of the shape of these graphs based on notions of thermal 

assistance and thermal quenching [21, 24] is discussed later in Chapter 7. 
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Figure 6.17 Change of luminescence intensity with temperature in sample 
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6.2 Blue light stimulation 

The use of blue LEDs for stimulation of luminescence for dosimetry and 

dating applications is fairly recent [5, 61 . Advantages reported following use 

of blue LEDs include an increased OSL efficiency per unit power at sample 

over that obtained using green light stimulation [7], and higher signal to 

background ratio values and hence more precise equivalent dose values [5]. 

For this work a blue LED pulsing system was developed from the green LED 

assembly used for experiments reported in section 6.1. This section reports 

results of measurements of half life and intensity of luminescence stimulated 

from quartz by pulsed blue light emitting diodes. The section is organised 

as follows. Section 6.2.1 reports time-dependent measurements of half life 

at room temperature. Section 6.2.2 is concerned with measurements of the 

effect of radiation dose on luminescence half life. Section 6.2.3 presents results 

of experiments on the influence of preheating procedure on half life values. 

Section 6.2.4 reports on time-dependent measurements of half life at higher 

temperatures. Dynamic temperature experiments of half life are reported 

in section 6.2.5. Section 6.2.6 reports results on temperature-dependent 

measurements of half life from samples with different initial beta dose. The 

effect of temperature on luminescence intensity at long stimulation times is 

reported in section 6.2.7. 

6.2.1 Time dependent measurements of half life at room 

temperature 

Time-dependent measurements of half life reported in this section were made 

at room temperature, typically 20 + 2°C. For all measurements, the puls-

ing system was operated at a pulse width of 11fts, a duty cycle of 12.4 % 
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and a repetition rate of 11 kHz. Time-resolved spectra were recorded over 

a dynamic range of 64 us. The increased efficiency of blue LEDs in stimu-

lating luminescence [7], had in this experiment, the effect of producing high 

counting rates from samples of heated quartz. Therefore in order to avoid 

distortion to time-resolved spectra and hence spurious half lives, most stud-

ies on heated quartz were limited to beta doses between 0 - 4.5 Gy although 

higher doses, 15 and 150 Gy, were used for studies of luminescence half lives 

in the slow component region of the OSL. For the comparatively less sensitive 

daylight bleached quartz e.g [4, 16], the blue LEDs enabled measurements to 

be made over a wider dose range of 1.5 - 150 Gy. 

Fig. 6.19 shows time-dependent change of half life in a sample of heated 

quartz given a beta dose of 4.5 Gy and preheated at 220°C for 5 minutes. 

It can be observed that the general form of change of half life with time 

is similar to that in heated quartz under green light stimulation shown in 

Fig. 6.2. The half life values gradually evolve from an initial value to a final 

maximum constant value within the time limit studied. in this case, Fig. 

6.19, the initial value is 21.0 + 0.2 its and the final value is within 26.3 + 

0.2 /is, values similar to those calculated for the green LED stimulation (Fig. 

6.2) although in that case the sample had been given a larger beta dose of 

150 Gy. Although it is difficult to compare directly results for samples under 

blue and green LED stimulation because of differences in dose used to induce 

luminescence, the heated quartz appears to retain its characteristic feature 

in the way the half life values change with stimulation time. 
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Figure 6.19 Change of half life with time in heated quartz sample dosed 

to 4.5 Gy and preheated at 220°C before measurement of luminescence. 

The improved efficiency of the blue LEDs at stimulation of luminescence 

enabled measurements on daylight bleached quartz for half life analysis at 

lower doses than was possible with green LED stimulation. Fig. 6.20 shows 

the change of half life with time for a sample of daylight bleached quartz given 

a beta dose of 15 Gy and preheated at 220°C for 5 minutes before recording 

of time-resolved spectra at 20°C. In this case half life values increase from 

18.6 + 0.3 is to an average final value of about 25 xis. 
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Figure 6.20 Change of half life with time in a sample of daylight bleached 

quartz dosed to 15 Gy and preheated at 220°C before measurement of lumi-

nescence. 

The rise of half life values from the initial to the maximum value appears 

to take place in the first 20 s or so or optical exposure while the region of 

constant half life is comparatively long, 20 - 1000 s. The evolution of half 

life values may he associated with the changes in the corresponding decay 

curve, the fast growth of half life values in the first 20 s relate to the fast and 

medium component regions while the region of constant half life values should 

be associated with the slow component region, where the optical depletion 

rate is very slow. 
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The time-dependent changes of half life for daylight bleached quartz in 

Fig. 6.20 are in contrast to results obtained with the use of pulsed green 

LEDs (Fig. 6.4). The main difference is the absence of the 'fast growth' 

region in the half life vs time graph for green LED stimulation even at a beta 

(lose as high as 1500 Cy. It therefore seems unlikely that the absent initial 

changes in half life in the green LED case (Fig. 6.4) are subsumed within the 

first few data points, instead the changes are likely to relate to the ability of 

the more energetic blue light at inducing variations in half life in comparison 

with green light. 

6.2.2 The effect of radiation dose on luminescence half 

life 

This section reports results of experiments conducted to investigate the effect 

of radiation close on luminescence half life. It is an extension of the time-

dependent experiments of section 6.2.1 over a wider dose range. Separate 

samples of daylight bleached quartz were given doses of 1.5, 15 and 150 Gy 

while samples of heated quartz were given doses of 0.45 and 4.5 Cy before 

preheating at 220°C for 5 minutes. 

Fig. 6.21 shows the time-dependent changes of half life for the samples 

of heated quartz. Both samples show a progressive increase of half life with 

time to a maximum final value. The initial value for the sample dosed up 

to 0.45 Gy was measured as 22 + 1 ps and as 21.0 + 0.2 js for the sample 

dosed up to 4.5 Gy. This is not deemed to be a significant difference given 

that these half life values are associated with close values one of which is only 

a tenth of the other. The difference between these half life values is similar 

in comparison to that between samples of heated quartz under green LED 

stimulation shown in Fig. 6.3 where the doses used were larger i.e 1.5 and 15 
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Gy. As for final half life values, a separation in values is evident in Fig. 6.21 

i.e 24 + 1 is for the 0.45 Gy sample and 26.3 + 0.2 is for the 4.5 Gy sample. 

However, given the size of the uncertainties, the difference is not significant 

enough to conclude that the final values are influenced by the size of beta 

dose in the range used (0.45 - 4.5 Gy). 
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Figure 6.21 Change of half life with time in samples of heated quartz 

dosed to 0.45 and 4.5 Gy and preheated at 220°C before measurement of 

luminescence. 
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Fig. 6.22 compares time-dependent changes in half life in samples of 

daylight bleached quartz dosed to 1.5, 15 and 150 Gy, and preheated at 220°C 

for 5 minutes prior to recording of time-resolved spectra. It is apparent that 

the value of dose modifies the way the half lives vary with time. The samples 

given 1.5 Gy beta (lose displays half lives that are constant with time of 

optical exposure. The average half life value for this sample is 22.2 ± 0.1 his. 

The sample dosed to 150 Gy, on the other hand, represents the opposite 

extreme; that of high intensity signal at the beginning of the measurement. 

The values plotted are those calculated from time-resolved spectra deter-

mined to be free of distortion due to high counting rates (as discussed in 

section 4). From an initial half life value of 15.0 + 0.2 ps, the half lives 

increase to a constant maximum value within 27.2 ± 0.1 xis. Thus a dose 

dependence behaviour of initial and final half life values emerges. The largest 

dose used (150 Gy) is associated with the least initial half life value, 15.0 + 

0.2 ,us and the largest final half life value, 27.2 + 0.1[is while a lesser dose 

results in a correspondingly larger initial value and a lower final value e.g 

18.6 + 0.3 ps and 25.0 ± 0.1 is for the sample irradiated to 15 Gy. This is 

in contrast to the data for daylight bleached quartz under pulsed green LED 

stimulation as shown in Fig. 6.4 where half lives were independent of the 

(lose given to samples prior to measurement of time-resolved spectra. 

Since the initial half life values may he associated with intense lumines-

cence signals at the beginning of measurement, this raises the concern of 

whether the clear distinction in half lives as shown in Fig. 6.22 is correlated 

with particular counting rates. In order to address this question, the half 

life values of the samples are plotted in Fig. 6.23 against the corresponding 

counting rates. Comparison of sample to sample half lives show that the 

same counting rates correspond to different half life values. 
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Figure 6.22 Change of half life with time in samples of daylight bleached 

quartz dosed to 1.5, 15 Cy and 150 Cy and preheated at 220°C for 5 minutes 

before measurement of luminescence. 
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Figure 6.23 Comparison of half life at different counting rates. 
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The changes in counting rates for any chosen sample reflects the pro-

gressive removal of the components of the corresponding decay curve i.e the 

intense fast component through to the medium and slow components where 

the sample is well bleached. 

It can be concluded that the luminescence half life values are influenced 

by the amount of beta dose in samples of daylight bleached quartz while in 

heated quartz, for the dose range used (0.45 - 4.5 Gy), the half life values 

are not significantly influenced by the size of the beta dose used. 

6.2.3 Influence of preheating procedure on half life 

For the results presented in sections 6.2.1 and 6.2.2, each sample was pre-

heated at 220°C for 5 minutes before recording of time-resolved spectra. The 

results reported in this section are for a set of experiments conducted to take 

into account any possible influence the preheating procedure may have on 

the resulting half life. 

For these experiments, samples of heated quartz were given a beta dose of 

0.45 Gy and preheated at 220°C for 5 minutes, 20 minutes and 1 hour before 

measurement of luminescence. Samples of daylight bleached quartz were 

preheated at the same temperature for 1 minute and 5 minutes following beta 

doses of 1.5, 15 and 150 Gy. There are many possible preheating procedures 

as discussed previously in section 4.3.1. The procedures selected for use in 

this work are typical in OSL experiments e.g 5 minutes at 220°C is used 

extensively [48], 1 minute at 220°C has also been used [51]. The 20 minute 

and 1 hour preheating were done to provide comparative data for longer 

preheating. The longer preheats were chosen instead of possible alternatives 

which include preheating for 16 hours at 220°C [53] and 48 hours at 150°C 

[52]. 
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Fig. 6.24 (a), (b), (c) compares the effect on luminescence half life values 

in daylight bleached quartz of preheating for 1 and 5 minutes. For this test, 

the samples were given beta doses of 1.5 Gy (Fig. 6.24 a), 15 Gy (Fig. 6.24 

b) and 150 Gy (Fig. 6.24 c). 

In Fig. 6.24 (a), the half life values following both 1 minute and 5 minutes 

preheating are in each case independent of the time of stimulation. Because 

of low luminescence intensity owing to the small dose used, both sets of 

data have large uncertainties. However, the half life values for the sample 

preheated for 1 minute appear to be consistently smaller than those for the 

sample preheated for 5 minutes. The half life values are within 19.6 + 1 

,as for the sample given a 1 minute preheat and 22 + 1 zs for the sample 

heated for 5 minutes. There is thus a slight though not significant difference 

between the two half life values. 
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Figure 6.24 (a) A comparison of half lives from samples of daylight 

bleached quartz preheated for either 1 or 5 minutes after a beta dose of 1.5 

Gy. 
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Half life values from samples given a higher beta dose of 15 Gy and 

preheated for 1 minute and 5 minutes are compared in Fig. 6.24 (b). In 

this case, the half life values change with time with most of the change 

occurring in the first 20s or so of optical stimulation. The half life values 

in the increasing part of Fig. 6.24 between 0 - 20 s appear to be similar. 

Thereafter, the half life values for the 1 minute sample at an average of 25.8 

+ 0.1 .is appear to be consistently, although only slightly, larger than values 

from the sample preheated for 5 minutes whose values are within 25.1 + 0.1 

is. Thus in this case, the longer preheating is associated with a shorter half 

life of luminescence. 
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Figure 6.24 (b) A comparison of half lives from samples of daylight 

bleached quartz preheated for either 1 or 5 minutes after a beta dose of 15 

Gy. 
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The third investigation on the influence of preheating on half life was for 

samples dosed to 150 Gy and this is shown in Fig. 6.24 (c). The form of 

the time-dependent changes is similar to that in Fig. 6.24 (h). The one 

significant change is that the final values have shifted to a higher maximum 

value of about 28 ts for both samples. Again, it is evident that half lives 

associated with longer preheating are consistently, although only slightly so, 

lower than those for the sample preheated for 1 minute. 

In general, although there are slight differences in values of half life mea-

sured from samples of daylight bleached quartz following preheating for 1 

minute or 5 minutes, such differences are not significant. 
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Figure 6.24 (c) A comparison of half lives from samples of daylight 

bleached quartz preheated for either 1 or 5 minutes after a beta dose of 150 

Gy. 
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Fig. 6.25 compares the time-dependent characteristics of half life in sam-

ples of daylight bleached quartz preheated for 1 minute following beta irra-

diation to 1.5, 15, and 150 Gy. The lowest dose of 1.5 Cy does not appear 

to have induced any change in half life with time. However, as the dose is 

increased to 15 Gy and then 150 Gy, there is an observable change in half life 

with a direct correlation between the size of dose and the half life observed i.e 

the higher the initial dose, the longer the final half life value. Fig. 6.25 can 

be compared to Fig. 6.22 where similar dose values were used but samples 

were preheated for 5 minutes to reveal the fact that the degree of change 

in half life is influenced significantly only by the size of initial dose (initial 

charge concentration). 
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Figure 6.25 A comparison of half lives from samples of daylight bleached 

quartz preheated for 1 minute after beta irradiation to 1.5, 15 and 150 Gy. 



CHAPTER 6. MEASUREMENTS OF LUMINESCENCE HALF LIFE127 

In Fig. 6.26, the time-dependent changes in half life from samples of 

heated quartz are compared. The preheating times used were 5 minutes, 20 

minutes and 1 hour at 220°C. All samples were given a beta irradiation of 4.5 

Gy before preheating and measurement of luminescence time-resolved spec-

tra. The principal distinction in this data, Fig. 6.26, is that half life values 

for preheating for 5 minutes are consistently less than for values following 

preheating for 20 minutes and 1 hour. The consequence of preheating for 

longer than 5 minutes then appears to he a shift in the maximum values to 

longer half life values. The final values for 20 minutes and 1 hour preheating 

after about 1000 s and 700 s of optical stimulation are 23.6 + 0.1 Ps and 23.8 

+ 0.1 is, respectively, values that are evidently similar. The final value in 

the measurement rather than the final value is quoted in this case because on 

close examination, the data points for the 1 hour and 5 minute preheating do 

not yet seem to be stable within the accuracies shown. The sample preheated 

for 5 minutes has a lower final value of 22.5 ± 0.1 its. Thus in samples of 

heated quartz, the maximum half life values appear to be influenced by the 

duration of preheating. 
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Figure 6.26 A comparison of half lives from samples of heated quartz 

preheated for 5 minutes, 20 minutes and 1 hour after a beta dose of 4.5 Gy. 
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6.2.4 Time—dependent measurements of half life at higher 

temperatures 

Time-dependent properties of half life were investigated at 80 and 150°C 

in addition to experiments conducted at 20°C (Fig. 6.19, Fig. 6.20). An 

allowance of 2 minutes was made for the samples to come up to temperature. 

These experiments were made using both heated and bleached quartz. The 

aim for the choice of the temperatures was to study luminescence half life 

behaviour above and below 110°C, the temperature position of one of the TL 

defect centres that influence the emission of optically stimulated luminescence 

from quartz [16, 20, 22]. 

Samples of heated quartz were given a beta dose of 4.5 Gy before pre-

heating at 220°C after which time-resolved measurements followed. Fig. 6.27 

compares the variation in half life with time at 20, 80, and 150°C for samples 

of heated quartz. The feature of half life values increasing with time from an 

initial to a maximum value is evidently retained even at higher temperatures. 

It can be observed in Fig. 6.27 that the effect of increase in temperature 

is to reduce the luminescence half life values. This applies to both the initial 

and final half life values. At 150°C, the half lives are lower than at either 20 

or 80°C. At 150, 80 and 20°C, the initial values were calculated as 11.4 + 

0.1 ps, 17.3 + 0.2 ts and 17.0 + 0.2 /is in that order. The half lives reach a 

stable value of about 19 4us at 150°C in comparison with a value of about 25 

js at both 20 and 80°C. There thus appears to he a fundamental difference 

in half life values above 80°C and at and below 80'C. 
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Figure 6.27 A comparison of half lives from samples of heated quartz 

measured at 20, 80 and 150°C after each sample had been beta dosed up 

to 4.5 Gy. All samples were preheated at 220°C for 5 minutes prior to 

measurement of time-resolved spectra. 

Fig. 6.28 shows histogram plots of corresponding measurements made 

on daylight bleached quartz. The samples were given a beta dose of 15 Cy 

and preheated at 220'C before recording of time-resolved spectra for half life 

analysis. Because of low intensity there are no data points for half life at low 

stimulation times for samples measured at 80 and 150°C. The values of half 

life after 10 s are all independent of stimulation time i.e at 80°C, the values 

are within 24.6 ± 0.5 ts and at 150°C the values are at 19.9 ± 0.2 us. 
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Figure 6.28 (a) Half lives from a. sample of bleached quartz measured at 

20°C after a close of 15 Gy and preheating at 220°C for 5 minutes. Additional 

measurements at stimulation times of 650, 900 and 1100 s all gave a constant 

half life of about 25 Its. 
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Figure 6.28 (b) Half lives from samples of bleached quartz measured at 

80°C after a beta close of 15 Gy and 5 minute preheating at 220°C. 
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Figure 6.28 (c) Half lives from samples of bleached quartz measured at 

150'C after each sample had been beta dosed up to 15 Gy. 

In general, the changes in this case are similar to those for heated quartz in 

Fig. 6.27 in that increase in temperature causes a reduction in half life values. 

It is notable that the case of lower half life values at 150'C in comparison with 

those at 20 and 80°C is replicated in daylight bleached quartz. A different 

experiment was devised to investigate further the association between half 

life and temperature and this is reported next. 
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6.2.5 Temperature—dependent measurements of half life 

at long stimulation times 

In this experiment, the effect of temperature on luminescence half lives was 

studied at temperatures from 20 to 200°C. The method used was to record 

time-resolved spectra at each temperature from 20 to 200°C in 20°C in-

tervals using the same sample. Each time-resolved spectrum was recorded 

for a counting time of 12 s. Measurements were made from 20 to 200°C in 

20°C steps in cycle 1 and repeated in cycle 2 from 200 to 20°C immediately 

after cycle 1. Cycle 2 was done as a test of repeatability of results. All 

measurements on heated quartz were made in the slow component region as 

otherwise the sample luminescence would Produce high counting rates at the 

beta doses selected for use to sustain repeated measurements. 

Fig. 6.29 shows the relationship between half lives and temperature for a 

sample of heated quartz preheated at 220°C following a beta dose of 4.5 Cy. 

As can be seen in Fig. 6.29, the half lives hardly changed between 20 and 

100°C. In this region, the half life is constant at about 25 [is. This value is 

consistent with luminescence half life values after long stimulation as shown 

previously in Fig. 6.19. Then, as the temperature is increased from 100 to 

200°C, half life values decrease, reaching a minimum value of 6.5 + 0.3 ,is at 

200°C. In the repeat run from 200 to 20°C, the initial half life as measured 

at 200°C is 7.2 ± 0.3 fis which increases as the temperature is decreased to 

100°C. Here a half life of 24.4 + 0.4 ps was calculated. Below 100°C, the 

average value of half life is about 26 is. 
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Figure 6.29 Temperature-dependent variations in half life in sample of 

heated quartz heated at 220°C after a beta dose of 4.5 Cy. The measurements 

were made from 20 to 200°C in cycle 1 and repeated in cycle 2 from 200 to 

20°C. 

These changes in half life are in agreement with the conclusions drawn 

from Fig. 6.27 where separate samples were used to determine half lives at 

20, 80 and 150°C. The half life values from 100 to 20°C in Fig. 6.29 at 

about 26 jis again agree with values of half life at long stimulation times 

for measurements at 20°C (Fig. 6.19). The dynamic temperature half life 

variations of Fig. 6.29 also compare well with values of half life at 80 and 

150°C as shown in Fig. 6.27. Values at 80 and 150°C in Fig. 6.27 reached 
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after long stimulation were 25.8 ± 0.6 is and 18.0 ± 0.4 is respectively which 

agree with the values, 24.9 + 0.4 is at 80°C, and 19.5 + 0.2 is at 150°C as 

found in the data shown in Fig. 6.29. 

Temperature-related changes in luminescence half life can he compared 

with time-dependent changes at constant temperature in order to draw a 

distinction between the influence of stimulation only and simultaneous optical 

stimulation and heating. This is shown in Fig. 6.30. 

It can be seen that at constant temperature there is a gradual increase 

of half life from about 22 ps to a maximum of about 26 ps. In contrast, 

the dynamic temperature measurements plotted on the same relative time 

scale reveals a sharp decline in half lives originating from the introduction of 

heating in addition to optical stimulation of luminescence. 

In summary, it has been observed that there is good agreement between 

dynamic temperature measurements with measurements at constant temper-

atures, 20, 80 and 150°C in heated quartz. Luminescence half life values are 

constant in the range 20 - 100°C but decrease at a rapid rate from about 

125°C. These results repeat when measurements are made from 200 to 20°C. 

In this case , half life values increase as the temperature is decreased from 

200 to 125°C. Below this temperature, half lives are constant, within ex-

perimental scatter at about 26 is. While at 200°C, the value of half life is 

about 6 jis, the half life value of about 26 its obtained between 20 and 1000 C 

corresponds to the constant maximum value measured at room temperature. 
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Figure 6.30 A comparison of half life values from a sample under pulsed 

blue light stimulation to that under optical stimulation while being heated. 

6.2.6 Temperature—dependent measurements of half life 

for samples with different initial doses 

This experiment was conducted to investigate whether the size of the initial 

dose influenced the half lives in the slow component region of quartz. In 

effect, this checked whether the initial charge concentration affected the value 

of half lives at long stimulation times. For this experiment three separate 

samples of heated quartz were given beta doses of 4.5, 15 and 150 Gy, and 
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then preheated at 220°C for 5 minutes before time-resolved spectra were 

recorded for half life analysis. The samples were then bleached down to 

the slow component region, measured in the experiment to a known small 

fraction (1 - 1.5 %) of the initial intensity. 

The variation in half life with temperature are compared in Fig. 6.31 (a) 

for measurements from 20 to 200°C and in Fig. 6.31 (h) for measurements 

from 200 to 20°C. It can be seen that for all three samples, the half life 

values are effectively constant between 20 and 100°C despite the variation 

in radiation dose. However, once the measurement temperature is increased 

above 100°C, the half life values decrease rapidly. For example, the half life 

values for the sample irradiated to 4.5 Cy change by as much as 75% between 

125 and 200°C i.e from about 25 its at 125°C to about 6 its at 200°C. In 

general, there is similarity in half life values for different doses over the whole 

temperature range (20 - 200'C). This is even so for half life values measured 

at 20°C, the initial measurements, and for values measured at 200°C after 

a full heating cycle. These values are about 25[is at 20°C and about 6 Ps 

at 200°C. The general conclusion from this set of results (Fig. 6.31 (a)) is 

that the luminescence half life values decrease with temperature and that the 

form of the decrease is independent of the amount of the beta irradiation in 

the range used, 4.5 - 150 Gy. 
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Figure 6.31 (a) Temperature-dependence of half lives measured from 

20 to 200°C at 20°C intervals. 
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Figure 6.31 (b) Temperature-dependence of half lives measured from 

200 to 20°C at 20°C intervals for the sample of Fig. 6.31 (a) above. 

The temperature-related changes of half life in the repeat measurements 
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i.e 200 to 20°C is shown in Fig. 6.31 (h). Evidently there is good agreement 

between these results with those in Fig. 6.31 (a) for cycle 1 in terms of the 

change of half life with temperature, and in the values of half life at specific 

temperatures. Values of half life at any given temperature are also similar 

regardless of the immediate thermal history of the sample, at least for the 

two heating cycles used. 

The results of Fig. 6.31 (b) confirm the conclusion that half life values 

in heated quartz under blue light stimulation decrease with temperature for 

stimulation of luminescence in the slow component region. 

6.2.7 The effect of temperature on luminescence inten-

sity at long stimulation times 

The relationship between luminescence intensity and temperature has previ-

ously been the subject of many studies e.g [22, 46, 70]. However, the studies 

in this section were devoted to the effect of temperature on the intensity of 

blue light stimulated luminescence at long stimulation times. 

Each sample was given a beta dose and preheated at 220°C for 5 minutes 

before measurement of luminescence time-spectra. Beta doses used were 4.5, 

15 and 150 Gy. Only four of the 470 nm blue light emitting diodes were used 

for stimulation of luminescence. The LEDs were pulsed at a pulse width and 

duty cycle of about 11 1us and 12% respectively, and operated with a pulsed 

current of about 70 mA per LED. The measurements were made from 20 to 

200°C in cycle 1 and from 200 to 20°C in cycle 2. 

The time-resolved spectra were recorded in 20°C intervals between 20 and 

200'C with a delay of 240 s at each temperature for samples to come up to 

temperature. A stimulation time of about 10 s was used at each measurement 

temperature. The value of luminescence intensity at each temperature was 
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obtained by integrating time-spectra over the entire dynamic range. 

Figs. 6.32 shows the relationship between luminescence intensity and 

temperature in the slow component region for a sample of heated quartz 

dosed to 150 Gy before preheating and measurement of luminescence. It can 

be observed in this graph that the increase in temperature is accompanied by 

an increase in luminescence intensity, the maximum of which occurs at about 

125°C. In fact, from 20 to 125°C, the luminescence intensity has approxi- 

mately doubled. From 125 to 200°C, the intensity decreases continuously. 

When the sequence of measurements is reversed i.e 200 to 20°C, the form 

of the intensity - temperature graph is reproduced with the intensity again 

rising to a peak around 125°C. The difference in intensity between each of 

the data points in cycles 1 and 2 represents the loss of luminescence mainly 

clue to temperature. The change in luminescence intensity is easy to observe 

as any increase in luminescence is over a region of slow optical decay which 

is essentially flat over the measurement period. Thus in the slow component 

region, increase in measurement temperature from 20 to 200°C leads to a 

peak in the intensity-temperature graph with the maximum occurring at 

about 125°C. 

For comparison, measurements were made using dosed but unbleached 

samples to observe corresponding changes in the fast component region. In 

this test, the luminescence intensity from a sample under heating was com-

pared to that from a sample tinder optical stimulation only at room tem-

perature. The changes in luminescence intensity are compared in Fig. 6.33. 

It can be observed that under continual stimulation the luminescence is de-

creasing in the sample at constant temperature (as expected) as well as in 

the sample under heating. Up to about 100°C (the first 5 data points), the 

decrease in luminescence for the samples is similar. Then above 100°C, the 
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luminescence for the sample under heating decreases more rapidly. This be-

haviour can be further clarified if the ratio of intensities from the heated to 

the unheated sample is plotted against the number of exposures as shown 

in Fig. 6.45. In this case, the ratio of intensities remains constant for the 

first 5 data points i.e 20 to 100°C for the heated sample showing that the 

rate of decay of luminescence from the two samples is equivalent. Beyond 

100°C, the faster fall in intensity from the heated sample causes the ratio of 

intensities to decrease rapidly as well. 

Taken together, Figs. 6.33 and 6.34 show that in the fast component 

region, the decay of luminescence from samples measured with or without 

heating is virtually indistinguishable for the first 100°C or so. Above 100°C, 

the decrease of luminescence intensity is more rapid as the temperature at 

which optical stimulation is made is increased. 
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Figure 6.32 Change of luminescence intensity with temperature in the 

slow component region of quartz under pulsed blue LED stimulation. 
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Figure 6.33 A comparison of the fall of luminescence with time in a 

sample under simultaneous heating and optical stimulation with that under 

optical stimulation only in the fast component region of heated quartz. 
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exposures. The temperature of the heated sample was increased by 20°C 
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Chapter 7 

Discussion 

This chapter sutnrnarises and discusses the experimental observations con-

cerning the instrumentation developed for pulsed optical stimulation of lu-

minescence from quartz and feldspar. The chapter also summarises charac-

teristics of half lives from quartz reported and proposes some explanations 

to account for results obtained. 

7.1 Pulsed optical stimulation of luminescence 

The development and implementation of a pulsing system based on light 

emitting diodes for stimulation of luminescence has advantages of simplicity 

and economy compared with systems based on lasers [6, 10, 11, 12, 13]. 

Initially, the performance of the system was assessed by comparing, as 

shown in table 1 (section 5.5), values of half lives measured with this system 

with values of half life in published data for microcline and orthoclase [10, 11]. 

The values compared favourably and indicated that the system could provide 

reliable data. Half life values measured with the present system range from 

about 23 ns in feldspar (table 1, section 5.5) to 28 /is in quartz. The system 

144 
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has been used over a wide range of pulse widths (25 ns (FWHM) 30 125) and 

dynamic ranges (40 ns to 64 ts). A critical factor in the use of pulse widths 

shorter than 25 ns was the speed with which the light emitting diodes could 

be switched on and off, the speed being affected by capacitance of the light 

emitting diodes, stray capacitance in cables and connecting wires, and the 

pulse rise and fall time of the open collector gates (2N7406) driving the light 

emitting diodes. For the gates, manufacturers data sheets specify pulse rise 

and fall times as 2 ns and 6 ns respectively. The overall pulse rise and fall 

times for a gate-interfaced light emitting diode were estimated to be about 

10 and 25 ns respectively. 

The luminescence stimulation and detection assembly described in sec-

tion 3.5.2 and shown in Fig. 3.7 requires that no more than one photon 

be detected per light pulse. If multiple STOP pulses arrive after a START 

signal, the resulting time-resolved spectrum will he distorted leading to ap-

parent but spurious half life values. This set-up then imposes a counting 

rate limitation on time-resolved spectra that can be used for half life anal-

ysis. This problem can, however, be overcome by use of a multi channel 

scaler capable of recording pulses even when more than one STOP pulse 

arrives after a START pulse. It should he appreciated that the problem of 

counting rates becomes relevant only at high doses e.g 150 Cy, otherwise the 

luminescence detection assembly (Fig. 3.7) can be used at doses typical for 

OSL applications. For example, Fig. 7.1 (a) shows time-resolved spectra 

recorded after different durations of optical bleaching (12,124, 250 and 750 

s) and illustrates that a time-resolved spectrum can be recorded successfully 

even when the luminescence is only 0.2% of the initial luminescence signal 

and only a quarter of the scattered light level. 
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Fig. 7.1 (b) compares the signal to background ratio during the stim-

ulating light pulse with the ratio after the end of the pulse. The signal-

to-background ratio during the pulse is analogous to continuous stimulation 

since the build-up signal includes a component of the light-emitting-diode 

emission. The signal-to--background ratio after the pulse relates only to the 

luminescence and photomultiplier noise. From Fig. 7.1 (h) the signal-to-

background ratio after the stimulating light pulse is always at least 12 times 

better than during the pulse. 

The present system can be adapted for use over a wide range of wave-

lengths by simply fitting appropriate LEDs. Further, since the LEDs are 

pulsed independently, any number of LEDs can be selected for use. 

7.2 Measurements of half life 

This section summarises the pattern of results obtained using pulsed green 

and pulsed blue LED systems. Explanations are proposed to account for the 

results. 

7.2.1 Time—dependent measurements of half life 

This sections refers to results reported in sections 6.1.1 for stimulation by 

green LEDs and in section 6.2.1 for stimulation using blue LEDs. All mea-

surements were made at room temperature. Luminescence half life values 

measured from samples of heated quartz increase with stimulation time from 

an initial value to a constant maximum value. This feature is observed un-

der both pulsed green and blue LED stimulation. For the samples used in 

this test, the initial and final values of half life for both green and blue LED 

stimulation were about 20 its and 26 /ts respectively. The beta doses used 
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were 150 Gy for the sample under green LED stimulation and 4.5 Gy for the 

sample stimulated by blue LEDs. 

In samples of daylight bleached quartz, the values of half life were con-

stant with time at about 24 its for luminescence stimulated by green light 

following a beta dose of 150 Gy. On the other hand, when using pulsed blue 

LEDs for stimulation, the luminescence half lives for samples dosed up to 

15 Gy increased with time from about 18 to 25 its. Thus under blue LED 

stimulation, the change of half life with time in daylight bleached quartz was 

similar to that observed in heated quartz. 

7.2.2 The effect of radiation dose on luminescence half 

life 

In these experiments, reported in sections 6.1.2 and 6.2.2 for green and blue 

LED stimulation respectively, the relationship of half life and stimulation 

time was investigated over a wider beta dose range. 

The half lives measured from heated quartz increased with time from an 

initial to a final value. In heated quartz, the beta dose did not significantly 

influence the behaviour of half lives. 

The half lives in samples of daylight bleached quartz under pulsed green 

LED stimulation were independent of the size of beta dose used. The half 

lives were constant at about 24 s over 150 - 1500 Gy. With blue LED 

stimulation, on the other hand, the value of half life in daylight bleached 

quartz was constant only for samples dosed to 1.5 Gy. On moving from 

1.5 Gy to 15 - 150 Gy, the half life values assumed the form of progressive 

increase with time from an initial to a final value. The general feature was 

that the half lives corresponding to the largest beta dose in a set extended 

from the lowest initial value to the largest final value of half life. 
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7.2.3 Influence of preheating procedure on half life 

This section relates to experimental results reported in sections 6.1.3 (pulsed 

green LEDs) and in section 6.2.3 (pulsed blue LEDs). The common features 

of the previous section were, in general, replicated. For example, in all sam-

ples of heated quartz under green LED stimulation, half lives increased with 

time from an initial value to a final constant value. For preheating at 220°C 

for 1 hour, the half lives were constant at about 24 ps. 

For stimulation of luminescence using pulsed blue light, half lives were 

observed to increase from an initial to a final value for all doses used and for 

preheating at 220°C for 5 minutes, 20 minutes and 1 hour. 

These results indicated that the form of preheating used, except for pre-

heating at 220°C for 1 hour in the green LED case, does not have a major 

impact on the time dependent characteristics of the half lives measured sub-

sequently. 

7.2.4 Time—dependent measurements of half life at higher 

temperatures 

The time-dependent measurements of half life made at 80 and 150°C in 

addition measurements made at 20°C revealed how much the temperature 

of measurement affects the values of luminescence half life. 

The characteristic form of half life as a function of stimulation time re-

mained the same at 80 and 150°C as at 20°C. For example, for heated quartz, 

half life values increased with time from an initial to a constant final value at 

all three temperatures. Neither did the temperature alter the time-related 

behaviour of half lives in daylight bleached quartz. 

The changes that occurred due to the introduction of a higher measure- 
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ment temperature were in the values of half lives. Values of half lives calcu-

lated at and below 80°C differed from those calculated from time-resolved 

spectra recorded at 150°C. 

In heated quartz, maximum values at 20 and 80°C were all within 26 + 

2 jis for stimulation by either blue or green light. At 150°C, the maximum 

half life value was lower, within 17 + 2 jis for both green and blue LED 

stimulation. 

The half life values measured from samples of daylight bleached quartz at 

both 20 and 80°C under both pulsed green and pulsed blue stimulation were 

dominantly of the order of 25 + 2 ps. At the higher temperature of 150'C, 

the values corresponding to green and blue LED stimulation were about 20 

us and 13 is respectively. 

7.2.5 Temperature dependent measurements of half life 

at long stimulation times 

In order to investigate further the influence of temperature of measurement 

on half life, time-resolved spectra for half life analysis were recorded from 

samples held at temperatures in the range 20 - 200'C as described in sections 

6.1.5, 6.2.5 and 6.2.6. The luminescence from all the samples was bleached 

clown to the slow component region before measurements of time-resolved 

spectra. 

In general, half life values were observed to decrease with temperature 

from about 20 ps at 20°C to about 5 fis at 200°C. in samples of quartz under 

green LED stimulation, the decrease was monotonic from 20 to 200°C. The 

rate of decrease of half life as a function of temperature of measurement was 

considerably faster for measurements made above 125°C for heated quartz 

and above 80°C for daylight bleached quartz. 
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For samples of heated quartz in which luminescence was stimulated by 

pulsed blue LEDs, values of half life were constant at about 26 Its, within ex- 

perimental scatter, between 20 and 100°C. Above 100°C, half lives decreased 

at a comparatively faster rate down to about 6 as at 200°C. However, sam- 

ples in green LED stimulation had been given a higher dose of 150 Gy in 

comparison with a dose of only 4.5 Gy for samples measured on the blue 

LED pulsing assembly. A further investigation using blue LEDs in which 

samples were dosed to different doses (4.5, 15 and 150 Gy) indicated that 

the form of half life against temperature was independent of initial dose. 

Thus except for differences in the rate at which half lives decreased, the 

data indicated that increasing the temperature of measurement leads to a 

decrease in values of half lives. In general, the rate of decrease is greater for 

temperatures above 100°C. 

7.3 Measurements of luminescence intensity 

7.3.1 The effect of temperature on luminescence inten-

sity at long stimulation times 

The relationship between luminescence intensity and measurement tempera-

ture was studied in the slow component region of quartz stimulated by pulsed 

green LEDs (section 6.1.6) and by pulsed blue LEDs (section 6.2.7). 

In the slow component region, the optical depletion rate is so slow that 

changes in intensity introduced by temperature could easily be monitored. It 

was observed that the intensity of luminescence increased with temperature 

initially and as the temperature was increased further, the intensity of the 

luminescence decreased. It was also observed, using blue LEDs for stimu- 
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lation, that the intensity of luminescence produced a peak as a function of 

temperature whether the sequence of measurements were made from 20 to 

200°C or vice-versa. The same form of an intensity peak was obtained when 

measurements were repeated on the same sample from 20 to 200°C using 

green LEDs for stimulation. The peak temperatures could well be approxi-

mated as 148 + 10°C under pulsed green LED stimulation and 125 + 10°C 

under pulsed blue light stimulation. 

A comparison was made in the fast component region of the luminescence 

for two samples; one with stimulation while under heating and the other with 

optical stimulation only. It was found that in the first 100°C, the decrease in 

intensity for the two samples was virtually indistinguishable. Above 100°C, 

luminescence for the sample under concurrent heating and optical stimulation 

decreased at a comparatively faster rate. 

7.4 Models 

The changes in half life with either temperature or time present a complex 

problem with multiplicity of factors influencing changes. The emission of 

luminescence following optical stimulation has been interpreted in various 

ways. For example the emission has been explained in terms of radiative 

recombination centres only one of which participates in emission of lumines-

cence [71], or in terms of loss of electrons from an electron trap [20, 21] or 

loss of electrons from several traps [25]. Thus there is no consensus as to 

which model describes the process of optical stimulation of luminescence as 

sometimes the models appear contradictory. 

In this thesis, explanations are proposed so as to he consistent with ex-

perimental results obtained, namely 
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that half lives increase with time from an initial to a final value 

that half life values obtained at and below 80°C are higher than values 

obtained at 150°C 

that luminescence half lives generally decrease as the temperature of 

measurement is increased 

the fact that the intensity of the slow component of luminescence goes 

through a peak as the temperature is increased in the range 20 - 200°C. 

7.4.1 Changes in half life 

The time resolved spectra in this study measure the delay between stimu-

lation and emission of luminescence. It is assumed in this thesis that lumi-

nescence follows the recombination of electrons which have been de-trapped 

optically. In view of this, a possible schematic diagram for movement of elec-

trons is shown in Fig. 7.2 to explain the changes in half life and intensity of 

luminescence which were observed experimentally. The energy band diagram 

has been adapted from that proposed by Murray and Wintle [24] to account 

for the shapes of decay curves from quartz. 

In Fig. 7.2 luminescence is stimulated from the main OSL trap assumed in 

this case to he the trap usually associated with the emission of TL at 325°C 

[21]. Since continual stimulation of luminescence, leading to a decrease of 

luminescence, is accompanied by the appearance of photo-transferred ther-

moluminescence (PTTL) (section 2.1 and also [24] ), the model requires traps 

responsible for the PTTL e.g the 110°C trap as well others responsible for 

re-trapping. PTTL occurs at the 110°C TL position as well as at 160°C 

in quartz e.g [24]. For clarity only two traps at which electrons can get re-

trapped are shown, one responsible for PTTL at 110°C and a second one to 
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account for other re-trapping processes. Also it was shown that the 110°C 

and the 325°C TL peaks are more sensitive to luminescence stimulation by 

light than the 160°C PTTL peak [24]. 

OSL trap 

deep OSL trap 

recombinalion 

Figure 7.2 A schematic diagram to explain changes in half life and 

luminescence intensity in quartz. 

Thus the process of luminescence emission can then he described simul-

taneously by process I (direct recombination) or process 2 (recombination 

with a re-trapping stage in between). 

Initially, following beta dose and preheating, the main OSL trap has a 

large concentration of electrons. The lower temperature traps including the 

110°C TL trap should he empty as the sample would have been held at 
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220'C before measurement of the first time-resolved spectrum. Thus at the 

beginning of stimulation, process I is dominant. This appears quantitatively 

as the short half life values. The time (total stimulation time) during which 

this process is dominant is relatively short in comparison with the total time 

over which the experiments were made. For example, about 100 s in Fig. 

6.7 for heated quartz under green light stimulation and about 30 s for stim-

ulation by blue light (Fig. 6.19). As the total time of optical stimulation 

increases, the concentration of electrons in the 110°C trap builds up due to 

the phototransfer effect and that in the main OSL trap decreases rapidly. A 

stage is then reached where electrons are being excited from the 110°C trap 

in addition to a diminishing contribution from the main OSL trap. Presum-

ably because the optical stimulation from the shallow trap is less efficient, 

the half life is correspondingly longer. As pathway 2 increases in importance 

the ensuing delay then accounts for the increase in half life values with time. 

Although both processes occur simultaneously, the measured time-resolved 

spectra after each count is assumed to represent the average of measured 

half lives associated with charge transfer from the 110°C TL trap or the 

main OSL trap. The time-resolved spectrum then reflects the dominant one 

of these effects. 

At temperatures above 110°C, the 110°C TL trap and other shallow traps 

will be kept empty and thus the delay will be avoided. One then expects the 

half life values at temperatures above 110°C to be always shorter than values 

measured below 110°C. Thus that half lives at 20 and 80°C are longer than 

values above 110°C (e.g Fig. 6.7, Fig. 6.27) is consistent with this argument. 

It was also observed in Fig. 6.7 and Fig. 6.27 that half life values at 150°C 

also went through an increasing stage before reaching a constant maximum 

value. This would require presence of re-trapping at other sites to account 
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for this or presence of some intermediate delaying stage. It is not certain 

what this would be. It is assumed in Fig. 7.2 that such a delay stage is 

subsumed in what is labelled 'other traps'. 

7.4.2 Decrease of half life with temperature at long 

stimulation times 

The dynamic temperature measurements present a temperature resolved set 

of half life values. Measurements were made in the slow component region 

where recombination pathway 2 (recombination via a delay stage) should 

have applied at the beginning of the measurements. This is because the 

preceding optical exposure aimed at reducing the luminescence intensity to 

the slow component will also have led to transfer of charge to shallow traps 

including the 110°C TL trap. If one assumes that the 110°C trap is the major 

trap involved in re-trapping, it would be expected that half lives measured 

above and below this temperature would differ. Thus below 110°C, half life 

values should be of the order of values obtained at room temperature in the 

slow component region. A possible association therefore emerges between 

this assumption and values in heated quartz under blue LED stimulation in 

the slow component region at 20 and 80°C i.e 25 ± 1 ts and the value of 26 

+ 1 is obtained in dynamic temperature recording of time-resolved spectra 

in a similar temperature range. In general, this comparison should apply for 

samples bleached to a similar level into the slow component. 

Above 110°C, the continual decrease of half life with temperature should 

be the result of several effects such as empty shallow traps e.g the 110°C 

which might otherwise trap electrons and delay the subsequent emission of 

luminescence. The other could be due to thermally assisted optical stimula-

tion which would make the stimulation-emission process more effective. 
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An alternative model to augment the present one still being explored [72] 

is concerned with spatial distribution of electron traps each with a cluster of 

associated recombination centres. Initially, as the rate of charge de-trapping 

increases due to optical stimulation, the frequency of recombinations at cen-

tres in the neighbourhood of the trap are high. This is shown quantitatively 

as short half lives at the beginning of measurement. With time more and 

more recombinations occur further out and it is possible that the limiting 

values of half life observed simply indicate limits of charge movement in the 

lattice. The decrease of half life with temperature on the other hand could 

still be associated with such effects as presence of empty shallow traps and 

thermally assisted optical stimulation which would make the stimulation-

emission process more efficient. 

7.4.3 Temperature—related changes in luminescence in-

tensity at long stimulation times 

The temperature-related changes in luminescence intensity have been dis-

cussed by several workers e.g by Spooner [21] who presented luminescence 

curves as a function of temperature from about —100°C to 200°C and by 

Murray and Wintle [24] who studied decay curves at elevated temperatures. 

The curves in the earlier work [21] increased with temperature to a maximum 

and fell again as the temperature was further increased. 

In this thesis, temperature-related changes in luminescence intensity were 

studied in the slow component (Fig. 6.32) and in the fast component (Fig. 

6.33). It was found that in the fast component region, increase in temperature 

above 110°C leads to a much more rapid reduction in intensity of lumines-

cence than that observed at room temperature while in the slow component, 

increase in temperature produces a peak in the intensity measured as a func- 
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tion of temperature. Further, the nature of half lives in the fast component 

are different from those in the slow component. These differences suggest 

that processes of luminescence emission in the fast and the slow component 

regions may be different. 

In a related study, Bailey et al [23] measured the luminescence as a func- 

tion of beta dose from a sample of quartz and extracted growth curves for 

each of the three components (fast, medium and slow) in addition to studying 

how bleaching affected each of the three components. Based on this and other 

past experiments e.g [20] they suggested that the mechanism of luminescence 

emission applicable to the fast and medium components may be different to 

that responsible for emission of luminescence in the slow component region. 

In particular, they suggested that the fast and medium components may be 

associated with the 325°C TL trap and the slow component may not be. 

Bailey et a/ [23] then proposed an energy band diagram in which lumines-

cence corresponding to each of the three components originates from three 

different traps. 

Alternatively, it is possible to assume the presence of a deep trap from 

which charge can escape only slowly to the main OSL trap. Thus this trap is 

assumed to be partly responsible for the emission of luminescence in the slow 

component region with the total sum measured also including contribution 

from shallow traps such the 110°C TL trap. The relationship of luminescence 

intensity and temperature i.e the intensity peak, can then be explained on 

this basis. 

The emission of luminescence due to optical stimulation in the slow com-

ponent proceeds at a slow rate. This rate was estimated for green LED 

stimulation in section 6.1.6 to be only 0.01% s.  It is proposed that the 

electron population responsible for the emission of luminescence in the slow 
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component originate mostly from a deep trap. This charge has access to 

the main OSL trap from which it can be stimulated directly to cause lu-

minescence. If it is assumed further that the transfer of charge from the 

deep trap to the main OSL trap proceeds only inefficiently, then once initial 

luminescence has been depleted down to the slow component, the electron 

population in the main OSL trap will remain more or less constant. 

As the temperature of the sample is increased, thermal assistance of lu-

minescence stimulation at both the main and the shallow traps becomes im-

portant. Most charge would originate from the trap with the larger electron 

population (in this case the 110°C TL trap) in addition to a small but steady 

contribution from the main OSL trap. As temperature is increased further 

the contribution from the shallow trap must fall and so that overall the mea-

sured luminescence should reach a maximum. Beyond, the maximum, the 

only contribution should he the small constant emission from the deep trap 

via the main OSL trap. However, it was observed experimentally that, be-

yond the maximum, the intensity actually continually decreased. There are 

several possible explanations for the decrease in luminescence intensity. If 

the contribution from the main OSL trap is negligible, as it seems, then once 

the contribution from shallow traps ceases, the luminescence intensity must 

decrease. 

The decrease of luminescence with temperature has also been discussed by 

other workers e.g Spooner [21] as being due to thermal quenching i.e increased 

non-radiative die-excitation of a luminescence centre as the temperature is 

increased. The decrease of luminescence intensity beyond 100°C could be 

evidence for the effect of thermal quenching. 
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7.5 Thermal quenching 

The temperature dependence of luminescence lifetimes can also he explained 

from thermal quenching of the luminescence at the luminescence centre [73]. 

The measured lifetimes are closely linked with the emitted luminescence 

which in turn is affected by probabilities of radiative and non-radiative tran-

sitions [73]. If the probability of radiative recombination is assumed to he 

independent of temperature, and that of non-radiative recombination is re-

lated to temperature by the factor exp(—E/kT) [14, 73], the change of 

luminescence lifetime as a function of temperature may he expressed as: 

To  
= -E (7.1) 

1+Ce  kT 

where 70  is the radiative lifetime which by definition extrapolates to ab-

solute zero of temperature, AE is the thermal activation energy of quenching 

(on transition CE of Fig. 2.5), k is Boltzmann's constant, T is absolute 

temperature and C is a constant related to the effective density of states 

[74]. 

Fig. 7.3 shows the data of cycle 1 in Fig. 6.29 fitted by the thermal 

quenching function. The values of AE and C evaluated from the best fit to 

the experimental data are 0.64 + 0.03 eV and 2.72 x 10 respectively. These 

values can be compared with similar values evaluated from temperature re-

lated changes in luminescence intensity published elsewhere e.g AE = 0.636 

+ 0.03 eV, C = :3.4 x i07  [24], E = 0.60 eV, C = 7.9 x 106  [75]. 
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Temperature (K) 

Figure 7.3 Change of luminescence lifetime against temperature (also 

plotted earlier as cycle 1 of Fig. 6.29). The solid line is the best fit of the 

thermal quenching equation. 
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Luminescence half lives measured from quartz have been studied using 

pulsed green and pulsed blue LED systems. Samples of quartz bleached by 

heating to 500°C and also by exposure to daylight were used in this study. 

Experimental results show that half lives in quartz are in the range 20 to 30 

its. The values of half lives are considerably shortened at high temperature, 

reaching for instance about 5 its at 200°C. 

In general, half lives were observed to increase with stimulation time, 

for example at room temperature from an initial value within 20 ± 2 its to 

a final constant value within 26 + 2 its. The exception was in samples of 

daylight bleached quartz under green light stimulation where half lives were 

independent of stimulation time (e.g 24 + 1 is at room temperature). It 

was also observed that half lives decreased with temperature. For example, 

for stimulation using blue LEDs, the values decreased from 24 + 1 is to a 

minimum of 6.5 ± 0.3 ,is, and from 20.0 + 0.3 its to 5.0 + 0.2 its using green 

light stimulation. The decrease of half lives was independent of the dose that 

the sample had been given prior to measurement of luminescence. 

It is suggested that both time- and temperature-related changes in half 

life as well as changes in luminescence intensity with time or temperature may 

be explained in terms of a model in which electron re-trapping, especially 

by the 110°C trap is significant. It is also presumed that luminescence in 

the slow component of quartz is due to the presence of a deep trap which 

empties only slowly with the charge having access to the main OSL trap. 

These explanations are proposed to he consistent with results presented in 

this thesis. 

In conclusion, this thesis has demonstrated that studies of pulsed optical 

stimulation of luminescence from feldspar and quartz for half life analysis are 

possible using a light emitting diode based pulsing system. 
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