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Summary

The research carried out in this study concerns the physics involved in the process of

thermoluminescence in quartz. Most of the experiments conducted during the study involve<l

measuring thermoluminescence spectra emitted from quartz samples.

The first chapter gives a brief introduction into the physics of thermoluminescence,

and how it can be used in obtaining dates in archaeological and geological contexts.

Chapters two and three detail the ideas of Fourier Transform Spectroscopy and the

spectrometer, which was used to measure the spectra. Since spectra show the wavelength of the

photon, the temperature of the emission, and its intensity, this lends itself to a 3-D presentation,

either as a contour, or a'n isometric plot.

Chapter four gives a review of work done by other workers, in order to see what

conclusions can be dra,wn from their work'

Chapter five details the work done by this author in obtaining spectral data from

over thirty differenb samples. Particular interest was given to the quartz glow curve peaks

that are used in clating procedures, namely the 110, 325 and 375"C peaks. These peaks were

fou1d. to have emissic¡n wavelengths of 380, 440, and 480 nm respectively' The easy bleaching

property of the 325"C peaks was used to investigate it, although it was found that this peak

was of varying strength in different samples, and sometimes did not appear at all. Following

reports from oversea,s of emissions at 630 nm in qtartz, and the use of that wavelength for

dating of cleposits, a survey of Australian quartz samples for emissions at this wavelength was

undertaken. The results are discussed, along with conclusions about what is actually happening

in the quartz crystal during the process of thermoluminescence.

The final chapter gives a few ideas for future work, in order to further improve the

understanding of thermoluminescence in quartz.
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Chapter 1

Introduction

Thermoluminescence (TL) is the term given to the release of light by previously irradiated

phosphors upon subsequent heating'

The physics involved in the process of TL incorporates different aspects of physics.

Radiation physics and solid state physics, particularly where concerned with crystal structure

and energy-band behaviour, are two of the different aspects in TL.

TL has many applications, in various different disciplines. In health physics, ther-

moluminescence is used in personal dosimeters to measure the radiation dose experienced by

workers. In earth sciences, TL is used for mineral prospection and geological correlations. The

dating of artifacts and sediments is the main application of TL in archaeological sciences. TL

can also be used to test the authenticity of artifacts or the firing temperature of pottery. These

applications have been applied to space sciences to discover the thermal and irradiation history

of meteorites and other space samples'

At the University of Adelaide, the main thrust of TL research is into its applications

to geological and archaeological dating, as thermoluminescence dating is rapidly becoming

established as a method for determining the ages of archaeoiogical artifacts and, more recently,

geological sediments. It is of particular use in cases where carbon-14 dating cannot be used for

reasons such as the limitations imposed by the 5730 year half-life of carbon-14.

However, whilst TL dating is establishing credibility, there are stiil many problems

and gaps in the understanding of the mechanism that callses TL, and it was with this in mind

that this study was undertaken, so that a clearer understanding of thermoluminescence in

quartz could be gained.
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1-.L Thermolurninescence

The lighi which is emitted by a matcrial during a thermoluminescence process is stored as

potential energy within the crystal, until being released by the heating of the crystal' The

energy is imparted to the crystal by radiation from natural substances in the environment,

such as uranium and thorium and also radiation from cosmic rays'

It is the band theory of solids that provides an understanding of the mechanism of

the energy storage. This theory states that a periodic potential exists between each of the ions,

normally approximated to a 'delta' function at the ion. This leads to energy levels or bands

in which an electron may exist, separated by band gaps where it is forbidden that electron

wavefunctions may exist.

Conduction Band

(7)

(8)

Hole transitions

Electron transitions

(3)

(1)

Valence Band

Figure 1.1: Diagram of the Energy Levels in an insulator: 1) and 6) hole and electron trapping
respectively; 2) and 7) hole and electron release; 3) and 8) indirect recombination; 4) ionization;
5) direct recombination.
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This leads to the classifrcation of solids into three categories; conductors, semi-

cond.uctors and insulators. A conductor is a material where the electrons partially frll the

highest occupied energy band and are thus able to acquire energy and move about freely i.e.

conduct electricity. On the other hand shoutd the highest occupied band be filled, the material

is an insulator as now it is impossible for the electrons to move about. A semi-conductor is

similar to an insulator, in that the highest occupied band is filled, but now the energy gap

between the occupied or valence band and the next available band, the conduction band, is

small (- leV) and the electrons can easily be excited from the valence band to the conduction

band, where they are fiee to move about.

However should the solid be in some way imperfect, then this imperfection, or defect,

will create a localised level within the forbidden region where an electron can exist (see fig 1.1).

Such a level is known as a trap, as once an electron moves to one of these in-between levels, it

remains there.

The length of time the electron stays in the trap, known as the metastability of the

trap, depends on the crystal temperature ?, the energy Bap, E, between the trap and the band,

and a factor s which depends on the number of times per second a trapped electron interacts

with the crystal phonons multiplied by a transition probability.

Thus the rate at which a trap will release its trapped charge at a given temperature

is given by

0nl0t - -snexp(-ElkT) (1.1)

where n is the concentration of trapped charges, ú is the time and k is Boltzmann's constant

(McKeever 1985). If a linear heating rate, B : 0T lðt, as is the case in thermoluminescence ex-

periments, is applied to the material then the luminescence intensity, I(t), which is proportional

to -0nlðt is given by

1(¿) : snsexp(-.ø lkr)expl-", U l' .*p( n lkÐat] (1.2)

where ?o is the initial temperature.

The equations 1.1 and 1.2 are called first-order equations in that they don't allow

for any retrapping of the released charge. If the retrapping of the released charge is to be taken

into account, and there are ly' retrapping sites, then to second-order, the luminescence intensity

3



is given by

I(t): snf,exp(-Elkr)lNlt -ffi l'""*p(nftr¡ur)' . (1'3)

Thus radiation excites electrons within the crystal from the valence band into the

conduction band, where normally after a short time, they wiil return to the valence band'

However, due to the existence of defects wiihin the crystal, some of the electrons will get

trapped at metastable levels between the valence and conduction bands, which can trap the

electron for varying lengths of time'

The eviction of an electron from the valence band leaves an excess of positive charge,

which is known as a hole. The hole also moves about until it is trapped at a hole trap, and

it is the recombination of the hole-electron pair that causes light to be emitted. The site of

recombination is thus called a luminescence centre.

However it is possible that recombination will occur without any light being radiated.

Instead of a photon being emitted, a phonon (or transferral of crystal momentum) is emitted

and no TL will be observed. The transition through which the recombination occurs can take

place in three different \4/ays; either band to band, band to centre or trap to centre. If the

transition is band to band, then the process is called direct, whilst otherwise it is known as an

indirect process. A direct process is aimost certain to involve the emission of a photon as no

momentum transfer is required, and also as the normal energy of a phonon is about 0.03ev,

and as the band gap is much larger than this, several phonons would need to be created for the

process to be non-radiative.

For indirect transitions however, the energy released is lower than in direct recom-

binations and thus the transition may involve either photon or phonon emission. Obviously for

the production of thermoluminescence it is critical whether the recombination emits a photon or

a phonon. The probability of a photon emitting process to a phonon emitting process depends

on a factor exp(-Wlk?), whereW is the energy needed to release a trapped electron or hole,

and k is Boltzmann's constant and 7 is the temperature as before.

The defects that create these metastable ievels are numerous, but can be divided

into two groups; intrinsic and extrinsic defects. Intrinsic defects are those caused by the normal

atoms which make up the crystal, being in some way different, whilst extrinsic defects are

caused by outside atoms upsetting the regular crystal structure'
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Important intrinsic defects are Frenkel defects which are the placement of the atom

or ion at an interstitial site, a position between the normal lattice points, and Schottky defects

which are lattice vacancies caused by the diffusion of the ion to the surface of the crystal. In a

molecular crystal, such as quartz, Schottky defects are more iikety to occur due to the difficulty

of forming interstitials within large molecules.

L.2 Opticatly Stimulated Luminescence

Heat is not the only stimulus that can evict electrons from their traps. Electromagnetic ra-

diation, providing it is of sufficient energy, can also remove electrons from their traps, thus

leading to their recombination with positive holes. This is known as bleaching, as the exposure

to light re-zeroes the record of irradiation. In the dating of sediments, this process is extremely

important as the age that is determined is the time from when the sample was last exposed to

light. When the sample has been buried, the trapped electrons cannot be disturbed by light

and hence the record of irradiation begins. As the dating procedure assumes that a peak has

been totally bleached before burial, an understanding of what conditions lead to the removal

of electrons from traps by light is paramount to the successful dating of sediments.

As the recombination of an electron/hole pair wili produce a photon, regardless of

the type of stimulus, light may be used may be substitued for heat in a TL experiment. Such

an experiment is called Opticatly Stimulated Luminescence (OSL). In general, a light of well

known wavelength, is used as the stimulating light source. By measuring the resulting photons

emitted from the crystal, a measure of the number of previously trapped electrons is made.

1-.3 The Age Equation

It is by measuring the amount of light (TL/OSL) emitted during a luminescence experiment,

the dose required to achieve that amount of light, and the environmental dose rate, that the

age of a sample may be determined by using the age equation,

r -o : Nal ural TL/OSL
TL/OSL per unit dose x environmental rate

(1.4)
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The plot of the intensity of tight against the temperature at which it is emitted rs

called the glow-curve, and through the use of certain peaks within the glow-curve, the natural

dose may be measured.

The thermoluminescence is cleaned out by heating the sample, or in the case of

sediment dating, by exposure to sunlight; thus a TL experiment measures the time elapsed

since the sample was last heated, for example in fired pottery or by a volcanic eruption, or

buried as is the case of sand dunes.

The glow-curve is however two-dimensional and gives no direct information on the

energy of the emitted photon. The energy of the photon reveals information on the luminescence

centres and. thus defect structure of the material. In order to measure the photon energy of

the emission, a spectrometer is required rather than a simple photon counting device. Such a

spectrometer is described in chapter 3.

6



Chapter 2

Fourier Transform Spectroscopy

As all the spectra measured in this study have been measured using Fourier Transform Spec-

troscopy (FTS), a brief overview of Fourier theory and the particulars of our spectrometer need

to be discussed in order to understand how the spectra came to measured'

2.! Fourier Transform Spectroscopy

A Fourier Transform Spectrometer id,ealiy views a point source (Chamberlain 1979) which gives

off a beam of light which is divided by a beamsplitter into two orthogonal beams. One beam

is reflected off a fixed mirror, while the other is reflected off a mirror which moves aiong a

path parallel to the beam, thus allowing different optical path lengths between the two beams.

The two beams having been reflected are then recombined at the beamsplitter and passed to

a detector, which measures the power of the beam. The interferogram so created by plotting

the measured power against the path difference of the beams is the Fourier Transform of the

input po\ /er spectrum, and through the use of the inverse Fourier transform, the spectrum of

the source is calculated from it.

Of course, this assumes a perfect spectrometer, i.e. one in which the mirror moves

perfectly parallel to the beam, measurements are made continuously, and a point source is

usecl,, among other things. These differences from the real situation and the modifi.cations they

introduce will be discussed shortly.
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where k : 2r I À is the wavevector, and B(k) is the input porrr/er spectrum. Ia(") is the measured

photon flux at a particular optical path difference r. åf"(O) is the photon flux at the limit as

r --+ @¡ i.e. it is 1¿(oo). Equation 2.1 is the basis of FTS and relies only on the assumptions

of the principle of superposition and that the electric freid is a real quantity at any point.

This is the case for asymmetric interferograms, where no assumptions are made

about the relative reflectivities of the mirrors. If the mirror reflectivities are the same and the

interferogram is symmetrical, then only the cosine Fourier transform needs to be calculated,

such that
1

(2.2)B(k) : 
lo* lto{*) 1¿(0)lcos(- kn) dr

To get from the interferogram to the spectrum requires the equation

1 (2.1)B(k): t: [1n(r) 1¿(0)lexp(-ikr) dr,
2

2

z.L.t Jacquinot Advantage

One of the major advantages that a scanning type interferometer, such as ours, has over other

types of interferometers is the Jacquinot advantage which refers to the amount of energy an

interferometer is able transmit through the spectrometer. This is called the throughput or

étendue, and for a Michelson interferometer is given by

E:AQ:2rAlR (2 3)

where A is the area of the lens, L¡, Q is the solid angle of the lens subtended by the source'

and ,R : klLk: À/AÀ is the resolving power of the instrument, (see fig. 2.1).

For a grating instrument, the entrance slit limits the amount of power through the

instrument, such that for a given resolving power up to two hundred times the power can be put

through an interferometer than through a grating spectrometer. However as an interferometer is

not restricted by narrow entrance slits, extended sources may be viewed, and thus the Jacquinot

advantage allows the detection of light from low intensity sources, which is often the case with

natural qttartz samples.

The other advantage commonly discussed with interferometers is the Fellgett or

Multiplex advantage, which derives from the fact that the entire spectrum is observed simul-

8



taneously, whereas in a grating spectrometer each spectral band must be observed one after

the other. However as this advantage is negated by photon noise when observing visible and

ultra-violet wavelengths, as in our case, it is not discussed here (see BeII 1972 or Chamberlain

1979 for greater detail).

a\ Interferometer

cà

A"

Figure 2.1: The Throughput of the Spectrometer

4

f"

f,

I



2.t.2 Apodization

The intcgral in cquation 2.1 introduces the first impracticality in real measurements. The

inflnite limits of the integral would correspond. to measuring the spectrum over infinitely long

path differences. Obviously this is impossible, and the spectrum must be measured over some

finite range. This may have the effect of introducing sidelo.bes into the spectra. The corrective

proced,ure for adapting equation 2.1 and reducing the sidelobes is the mathematical procedure

known as'apodization'.

Apodization involves multiplying the interferogram by some function, an apodizing

function, which removes the sidelobes. The apodizing function has a maximum at zero path

difference and then d.ecreases to a small value at the scan limits. There are many different

functions that can be used as an apodizing function such as triangular, trapezoidal, or Gaussian.

In our case, the Gaussian function,

G(r):*,[_;(ï3),] , Q4)

where rs is the position of zero path difference and o is the standard deviation of the function,

is used. o has been given the value of twenty steps of the mirror from the position of zero path

difference (approximately 600 nanometres), as this gives a broad region around rs where the

interferogram is almost unchanged, and reduces to zero in the low signal-to-noise ratio regions

at the limit of the scan.

Apodization does however result in a loss of resolution, (see sec 2.1.4) but as quartz

spectra are generally fairly broad band, the loss of resolution is not a serious problem.

2.t.3 Aliasing

The moving mirror moves along its path in discrete steps, rather than moving in a smooth

path. The amount of time it spends at rest at a given position is large compared to the time

spent travelling between consecutive positions. This results in a digitised interferogram being

recorded rather than a continuous function. In normal usage, the mirror takes 256 steps each

of approximately 30 nm, along its path from maximum forward displacement to maximum

backward displacement.

Thus the digitised interferogram must be transformed, and the resulting sampled

10



spectrum Bs(k), is related to the complete spectra B6(k) by

Bs(k): t Bclk-rz(Ak)1,
oo

fL=-6

(2.5)

where

L,lc : IlL6, (2.6)

and Aó is the interval between successive steps of the interferogram (8e11 1972)' Therefore

every time that k : n(Lk), the complete spectrum for all integers n is obtained. However if Aó

is large, then the spectra may overlap, a phenomenom known as taliasing'. In order for there

to be no aliasing it is required that

(2.7)

where À-¿,, is the smallest wavelength to be measured. The actual minimum translational step

of the movable mirror Ar will be half this value as the optical path difference is twice the step

size as the ray travels the extra stepping length in approaching the mirror and in leaving the

mirror.

As the shortest wavelength that can be measured on the spectrometer is 250 nm, the

shortest step size that can be used is 62.5 nm. However we choose to use a step size of about

30 nm which leaves us well within the aliasing limit, without greatly affecting the resolution of

the instrument (see sec2.L.4). The other advantage of taking shorter steps is that this results

in having more measurements close to the zero path difference point. It is in this region where

the amplitud.e of the interferograms is greatest, whereas at the full extension in the mirror, the

amplitude is very small. Akber (1986) quite clearly shows that by using ionger steps the quality

of the spectra deteriorates and attributes this to the effect of poor statistics in the oscillatory

part of the interferogram.

2.t.4 Resolution

The resolution of the spectrometer can be defined as the amount of broadening a narro\ry

spectral line suffers when viewed through the spectrometer. An unapodized interferogram

from a monochromatic source produces a spectral profiie given by sinc(r): sin(r)lr, where

r:(lc-*o)L.
ks is the wavenumber of the source and -L is the greatest optical path difference. The function,

aa < |.r n'LlfL
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sinc(x),, is known as the Instrument Line Shape function (ILS) as it is the result of putting a

monochromatic source through the spectrometer.

The Rayleigh criterion for successfully resolving two spectral lines is that the peak

of one line should lie outside to the first minimum in the other.

Thus for triangular apodization, the resolution between two spectral lines of wavevec-

tor k1 and le2 will be

(k, - kz) : rlL, (2.8)

as the spectrum is proportional to sinc2(rl2). For unapodized spectra, the resolution is

(kt - kr) :0.71L, (2.s)

as the spectra a e proportional to sinc(r) (Chamberlain 1979). Thus it is seen that the res-

olution d.ecreases if apodizing is used, and the spectroscopist must balance the need for high

resolution with the desire to reduce the sidelobes which could be misinterpreted as weaker

emissions at slightly different wavelengths. Although other apodizing functions (such as our

Gaussian function) affect the spectra in different ways, the end result that the resolution is

inversely proportional to the greatest optical path differerrce remains the same.

Equation 2.8 suggests that the further the mirror moves along its path, the better the

resolution. This is only true however, up to a certain point. As the mirror moves further away

from zero path difference, beyond the extinction optical path difference where all wavelengths

destructively interfere, further sampling of the interferogram only increases the noise in the

spectrum without increasing the resolution. The ultimate limit in the resolution is determined

by the solid angle subtended by the source.

The above discussion applies to on-axis rays, whereas in reality off-axis rays will

also contribute to the interferogram. If a ray makes an angle of d with the optical axis, then

if the path difference between the two mirrors, is 2d, the off-axis ray will have had its path

difference shortened slightly to 2dcosî. This results in the wavenumber spectrum being shifted

to lower wavenumbers by an amount such that the measured wavenumber is related to source

wavenumber by

k^: k"(r - fi1, (2.10)

where 0 is the solid angle subtended by the source and k* and k" are the measured and source
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wavenumbers respectively. Akber (1936) calculated this effect to be about two percent, and as

it is low compared to the resolution the spectrometer, it can safely be ignored'

A point source is of course an ideal situation, a real source must be finitely extended.

An extended source leads to a spread in wavenumber given by

k"flòK: ---:-..)^
Lll

(2.11)

which can be rearranged to give the ultimate resolving power of the spectrometer

l^ ¡*
R: h:'; (2.r2)

For our spectrometer, at maximum aperture, this has been calculated to be 26-

The resolution can improved through the use of fi.eld stops' A freld stop is just an

aperture which changes the area of the visible image of the source. By limiting the area of the

image, any decrease in the brightness is limited and also reduces the effects of aberrations, as

they increase with distance from the centre. Akber (1986) shows the effect of various size field

stops in trying to resolve tight of 632nm from a He-Ne laser and 608nm from a Xenon lamp'

Clearly there is an improvement as a smaller radius field stop is used. However, as this increase

in resoiution comes at the expense of the intensity of the sample, field stops can only be used

on very bright samples, and thus were not used on most experiments.

However, in an experiment to test the effect of fleld stops, this author found that

the improvement in resolution was only abouf 25% for a fleld stop of 35mm diameter. The

experiment consisted of looking at the 100"C peak from TCZS 12.5b, using a range of field stops

from 45mm diameter to þmm. That there is no further improvement with the 25mm or 20mm

stops could be due to two possibiiities. It could be that the 100"C peak is a naturally broad

band peak and thus the best possible result has already been achieved. The other possibility is

that as the field stop diameter decreases, the intensity of lighi recorded also decreases resulting

in poor statistical results, meaning that any improvement in resolution is countered by a loss

in resoiution from having poor statistics in counting the light photons. The two smallest stops,

5mm and. 10mm, result in spectra that are clearly just noise. This is probably due to the fact

that the aperture is now so smali that too low an intensity is reaching the interferometer to

register a meaningful result.
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Chapter 3

The Spectrometer

The original reason that the spectrometer was built, was to seek ways to date otherwise difficult

samples by understanding the emitted spectrum. It had its first major challenge in understand-

ing why some South pacifi.c pottery sampies were diffi.cult to date using thermoluminescence

techniques. In the process it was anticipated that spectral measurements could lead to a better

understanding of the solid state physics invoived, and thus provide answers as to why some

sampies seemed undateable.

3.1- The Spectrometer

To obtain spectral characteristics of samples, a spectrometer was required, and as seen in

section 2.1, aFourier Transform Spectrometer has advantages over other types of spectrometers.

So with this in mind, Jensen (1932) designed the original spectrometer, although it was not

until Akber (1936) made modifications concerning the mechanical stability of the system, that

reproducible spectra could be produced. Later Fox (1990) replaced the glass optics with quartz

optics to extend the spectral range from 350-600nm to 250-740nm. Other minor changes have

also been made to the spectrometer over the years, but are not as significant to its overall

function.

As no further significant modifications have been made to the spectrometer over

the course of this study, oniy an overview of the spectrometer is given here, a more detailed

description can be found in the theses of Jensen (1982) and Akber (i9S6), or as described by

Prescott eú ø/ (1988).
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The spectrometer is based on a conventional 2-D thermoluminescence oven similar

to that made by the Littlemore Scientific Engineering Company, Oxford, but with an interfer-

ometer placed between the oven and the light detector.

The oven chamber provides a facility for the sample to be heated to several hundred

degrees celsius at a constant rate in an oxygen free and moisture free environment. The chamber

is evacuated to 4x10-2 Torr, before being refilled with ultra high purity nitrogen prior to the

sample being heated. The purpose of the nitrogen is ensure an even heating of the sample,

rather than rely on direct contact between the heating plate and the sample disc.

The heating plate is an electrically heated, water cooled, nichrome strip with an

chromei-alumel thermocouple welded onto its centre to ensure the correct temperature is main-

tained.

From the oven, the light from the sample passes into the opticai components of

the spectrometer. These can be simply divided into into three sections; the input optics, the

interferometer itself, and the output optics.

The input optics (see fig 3.1) consists of three lenses, and a mirror for the purpose

of collecting the light from the sample and feeding it into the interferometer. L1 is a pair of

45 mm diameter lenses with a combined focal length (fl) of 33mm. Lz is a 50mm diameter field

lens, of fl 200mm, and is located in the focal plane of L3, an 80mm diameter lens of 100mm fl.

The mirror, M, between L2 and L3 rotates the optical axis from vertical to horizontal.

The interferometer consists of two mirrors, Mr and M2, and a beamsplitter, B. The

qrartz beamsplitter is coated in a thin film of aluminium in order to give it the correct reflective

and transmissive properties, and it transmits approximately 55% of the light to M1 and reflects

about 35% onto Mz. A compensator plate is also placed on the rear side of the beamsplitter to

compensate for any changes in the path and phase of the rays.

M1 is the mirror which translates back and forth, in order to create the optical path

differences. It is mounted on a double leaf spring and is pushed by a piezoelectric transducer.

The double leaf spring ensures that M1 is translated without any tilting. Although the piezo-

electric transducer has a natural hysteresis, resulting in differing step sizes along the scans, and

different step sizes on the forward and reverse cycles, this is not a major problem as the cycle

is highly reproducible, once the piezoelectric transducer gets into a cyclical state. Thus it is

allowed to run through about 100 cycles before any experiments are begun. As the piezoelec-

tric transducer is sensitive to changes in temperature, the actual step size is measured each
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day with the use of a He-Ne laser which emits at 632.8nm. The room temperature is kept at

an air-conditioned temperature of 20oC, and is always allowed to stabilize before running the

spectrometer.

Mz is mounted on a star-gimbal mount which allows coarse adjustment in verticai

and horizontal tilting, with two micrometers, and similar fine adjustments with two piezoeiectric

transducers. Thus any adjustment to the alignment of the mirrors can quite simply be achieved.

Correct alignment results in symmetrical, circular fringes which can be seen by viewing the

return path beam when white light is fed into the interferometer. If the mirrors should be

unaligned, then parallel fringes are observed. The coarse alignment is extremely stabie and

rarely needs adjusting, although the fine alignment needs readjusting prior to each sample

being run.

The output optics consists of a lens, La, and the photomultiplier tube (PMT) for

detecting the light. La is a 50mm diameter symmetric bi-convex lens of fl 50mm which focusses

the light onto the PMT.

Two types of photomultiplier tube were used during the study; an EMI 9635Q4 and

an EMI 9558QB. The 9635 tube measures in the range 200-600nm, while the 9558 tube can

measure upto 830nm. The extended range of the 9558 tube means it is unsuitable for ther-

moluminescence experiments at temperatures above 350"C, in most casesr as the interferogram

becomes saturated with black-body radiation from the heating plate and disc' Also the 9558

tube has a lower gain (106) than the 9635 tube (108) and is thus not quite as sensitive. Most

samples $/ere run with each PMT in turn, in order to detect blue TL with the 9635 tube and

red TL with 9558 tube.
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3.2 Computation

The intertèrograms are transformed into spectra using the Discrete Fourier Tralsfunl (DFT)'

There are several reasons that the DFT is used rather than the Fast Fourier Transform (FFT)'

A crucial requirement of the FFT is that the interferograms be recorded at equal intervals of

the optical path difference. However, as explained in section 3.1, the mirror controlling the

optical path difference d.oes not make equal size steps. This can be corrected for by calculating

a new set of points from the recorded interferogram at equal steps. Fox (1990) did this and

found that it remained quicker to use the DFT on the recorded data, rather than to correct the

data and then use the FFT.

As Fourier Theory is only valid for constant spectral emission, and thermolumi-

nescence experiments have a non-constant nature (i.e. the signal changes as the temperature

increases), the recorded interferograms must be modified, before they can be transformed. Fail-

ure to take into account this changing nature of the signal, results in misleading information,

known as false detail, being introduced into the spectra. To avoid this false detail, the raw

interferograms are first fitted to a second order polynomial and then the amplitude of the os-

cillatory part of the interferogram is found with respect to this curve. Secondiy, the average

intensity 1n(-) (or |1n(0)) is subtracted from the straightened interferogram. The actual step

size must also be measured, and this is done by taking interferograms with a He-Ne laser which

has a known wavelength of 632.8nm. Thus these interferograms can be used to find the exact

step size.

As seen in section 2.lrorre can either calculate one-sided transforms using equation

2.2, or two-sided transforms using equation 2.1. Single sided transformations have an advantage

in that the noise components will be equally positive and negative, and thus average out to

zero. However, as two sided transformations take the modulus of cosine and sine functions,

the noise will always be positive. Also the computation time is twice as long for two-sided

transformations as for one-sided. The advantage in calculating the spectra using two-sided

transforrnations is that the phase error resulting from a difference between zero path difference

and the maximum of the recorded interferogram is automatically corrected for (Bell 1972).

Having considered these factors, Fox (1990) chose to use single sided interferograms.

Equation 2.2 needs to be digitised, as it is calculated using a discrete number of
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points and becomes 
(Nlz)_L

B(k): t ^9(j)cos(kA6) (3.i)
j=(_N/2)

with

^sU) 
: [1R(iA6) - /n(*)] (3'2)

where j is an integer and Aó is the change in optical path difference between each of the l/
points in the interferogram.

The phase error can be calculated by fitting a parabola through the maximum point

of the interferogram,s(0), and. one point either side of the maximum, .9(-1) and S(1). Then

using a least squares fit, (Bell 1972) the phase erlor, e, is calculated by

s(1) - s(-1) (3.3)

Taking the phase error into consideration, equation 3.1 becomes

(Nl2)-r
B(k) : t .9(j, Aó - e)cos[k(jAá * e)] ,

j=(-N/2)

which is the equation used to transform the interfelograms into spectra

3.2.t Smoothing

Smoothing is the term given to the mathematical procedure which eliminates any freak data

points. By averaging each data point with its neighbouring points, a smoother curve is achieved.

As Press et aI (1986) points out there are many disadvantages as well as advantages to smoothing

data. In balance though it is beiieved that the advantages outweigh the disadvantages and thus

the spectra presented have all been smoothed, although in some cases it is benefi.cial to look at

the unsmoothed data.

There are two main advantages to smoothing. Firstly, the nature of quartz is such

that the spectra are rather broadband, and in many cases of low naturai intensity. Thus there

often exists noise fluctuations with a frequency smaller than that allowed by the resolution

of the spectrometer which introduce misleading artifacts or just make the spectra look messy.

Secondly, at the limit of the range of the calculated spectra, the spectral response of the

(3.4)
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spectrometer is relatively low and thus any noise fluctuations at these ends will be artificially

amplified when the spectra are corrected, again giving misleading results. By smoothing the

data, these artificial artifacts will be surpressed, leaving the real features much clearer' The

major disadvantage to smoothing is that it will broaden any features, but as quartz spectra are

already broadband, this is not a major problem.

The spectra are smoothed along both the wavelength and temperature axes, using

the method described by Press et at (1986). Firstty any linear trend is removed from the data,

then the pïogram uses a fast Fourier transform to low-pass fi1ter the data, before reinserting

the linear trend.

3.2.2 Computer Hardware

Originally the spectrometer, as designed by Jensen (1982), was controlled by a Commodore

PET computer which also did the analyzing of the data. A major drawback to this was that it

required a few d.ays for one sample to be transformed. Akber (1936) introduced an OlivettiM-z4

computer to which the raw interferograms were transferred, after being recorded on the PET

computer. The Olivetti, being a better computer, was now able to analyze a single sample

in about 30 minutes, and Fox (1990) made further modifications to the analysis programs,

written in Turbo-Pascal and Microsoft-Pascal, such that it now takes just over fifteen minutes

to analyze a single sample.

Thus currently, the PET computer is used for the control of the spectrometer and

recording of the interferograms, whilst the Olivetti computer is used for the transforming of the

interferograms into spectra.

Figure 3.2 shows a block diagram of how the various components of the spectrometer

are linked to each other.
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Chapter 4

Quartz in review

Quartz is regularly used in TL experiments, and in addition to being zeroed by heat, qrarlz

can also be zeroed by exposure to sunlight.

The peaks that are most commonly used for archaeological dating are those that

occur at 110'C, 325'C, and 375"C. The 110"C peak has long since decayed away in natural

samples and must be generated by giving the sample a dose in the laboratory. This peak is

used in the pre-dose dating method, and is found in almost all quartz samples. The 325 and

375"C peaks are used in regeneration dating methods, whereby the dose required to generate

the same amount of TL as the natural sample is calculated. The 375"C peak is used where it

can be confidently assumed that all the TL was erased by either heating or insolation, whereas

the 325"C peak is of particular interest when it is uncertain as to how much bleaching of the

TL has occurred. In such cases, a portion of the glow curve that bleaches extremely easily, and

hence can be assumed to be completely removed, is used, and Spooner et al (1988) have shown

that in qtaríz, this is the 325"C peak.

Quartz is a crystal formed by silicon and oxygen and has the empiric formula SiO2,

with each silicon joining to two neighbouring oxygen atoms, and each oxygen joining to four

neighbouring siiicon atoms in forming a tetrahedral lattice. The bonds joining the silicon and

oxygen atoms are roughly a0% ionic and 60% covalent.

Quartz is stable up to 870"C, when it will convert into a polymorph, tridymite.

Another polymorph, cristobalite exists at temperatures greater than 1470"C.

There are two phases of quartz which exist below 870"C, o-quartz and B-qtartz,

which exist below 573"C and between 573 and 870"C respectively. The difference between the
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two phases is simply a small adjustment of the atomic positions, without any rearrangement of

the bonds, which means the interchange from one phase to the other occurs extremely quickly

and is aiso completely reversible.

The o-phase has a rhombohedral structure, (B-qtartz has a hexagonal structure)

with the oxygen atoms shared tetrahedrally among the silicon atoms. Two of the Si-O bonds

make an angle of 66" with the optical axis and are 1.598Ä, long, whilst the other two Si-O bonds

make an angle o144o with the optical axis and are 1.616.Â, long. (McKeever (1934) which gives

a comprehensive review of the defect structure and thermoluminescence properties of qtartz,

up to that time.)

4.L Quartz Spectra

It is only lately that the importance of doing spectral work in conjunction with normal TL

experiments has been realised, and hence there is comparatively little published work concerning

qtartz spectra. Another reason that people choose not to do spectral work is that the cost of

constructing a three dimensionai TL apparatus is, roughly speaking, an order of magnitude

more expensive than normal, two dimensional equipment. Another problem in comparing the

work from previous studies, is that every investigator uses slightly different conditions, such as

a different heating rate, and thus one must be careful when comparing the results from one

worker to the next.

As the energy of the emitted photon depends on difference in the energy levels for the

transition in the crystal, the energy is the more basic quantity. Thus although many previous

works are discussed in terms of the wavelength, the convention adopted in this work is to use the

energy of the photon to describe it. The relationship between the wavelength, À, and energy'

E o1 a photon is

E : hclÀ, (4.1)

where ñ, is Planck's constant : 6.63 x 10-3a Js, and c is the speed of light : 3 x 108 m/s. This

gives the energy of the photon in joules, normally photon energies are described in electron

volts (eV) where 1 eV : 1.6 x 10-1sJ. A simple conversion between the photon wavelength, in
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nanometres, and the energy, in electron volts, can be made through the formula

EleV) : .'?no,\ / À(nm)
(4.2)

Being a mineral composed of a relatively simple structure, quartz may be expected

to show the same spectra, that do not vary from one sample to the next. Whilst there are some

common features in different samples, there is great variability among spectra of both natural

samples and the spectra after the sample has received some treatment (bleaching, heating)'

The o - B transformation that occurs at 573"C in quartz can affect the spectra,

as shown by Huntley et al (19SS). In natural quartz, they found bands emitting at 2.6 eV

and 2.0 eV. After annealing the quartz at 700oC, a band at 3.0 eV was produced. Thus, the

rearranging of the atoms from the a-phase to the B-phase has caused the energy transitions

within the crystal to be altered.

David et al (1977) started a systematic investigation into the thermoluminescence of

quartz, which resulted in a series of papers being published. Glow curve peaks were observed at

temperatures of 250, 315 and 350'C in natural quartz. On re-irradiating, peaks were measured

aI 71, 110, 169, 235. 310, 350"C, (a 425 and 500"C peaks were also seen in some samples)

with the obvious conclusion that the lower temperature peaks had faded away over time in

the natural samples. The major emissions were at 3.5 eV and 2.6 eV although some samples

emitted at 2.9 eV rather than 2.6 eV. The 2.6 eV band was attributed to an aluminium ion

substituting for a silicon ion in the quartz lattice. Serebrennikov eú al (1982) also state that

the 2.6 eV band was caused by by Al3+ ions substituting for Si4+ within the lattice structure.

Bahadur and Parshad (1985) recorded spectra and noted that the low temperature

peak (60"C) was at 3.3 eV, whilst when the crystal was heated to 260"C, the peak wavelength

was 2.6 eV. As a slow heating rate was used, 0.42oCs-1 these peaks can matched to higher

peaks as found by other workers.

Spectra taken by Levy (1979) show peaks occurring at temperatures of 180, 240,

and 330"C and all emitting at 2.6 eV. No other wavelength emissions were noted, although

the samples rwere exposed to much greater doses than the natural dose. McMorris (1971) also

found glow peaks at 180'C and 300'C and attributed them to a germanium ion substituting

for silicon.
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4.2 Defects in Quartz CrYstals

Medlin (Igö3) proposed that it was likely that the glow curve oI qualtz was dependent upon

its impurity content. Thus by adding soluble salts to an amorphous silica suspension and

then forming quartz crystals, samples with different impurities were produced. In a somewhat

surprising result, it was found that only Ti2+ affected the glow curve. In the light of later

work, there must be some doubt about how effective the method used to introduce cations into

synthetic quartz crystals was, because, as is pointed out by Medlin, it is unknown whether

the salts remained soluble at the elevated temperature and pressure of crystaliization. The

spectrum measured for peaks below OoC, and for one at 60oC, a1l had the peak energy at 3.3

eV.

Defects in the quartz lattice, such as dislocations, can arise from the stress the

crystal is subjected to by nature. With this in mind, David et al (1,979) subjected a set of quartz

specimens to varying stresses and then measured the thermoluminescent intensity from them.

Whilst the general shape of the glow curve remained the same, the total intensity increased

initially, before falling away again for stresses greater than 1500 kg cm-2. This suggests that the

increased stress is simply increasing the same type of defects that already exist in the crystal.

Any new defects created should result in a different shape glow curve. As the pressure increases,

the lattice would be undergoing extensive damage, possibly resulting in the annihilation of the

defect centres, and hence the observed drop in thermoluminescent intensity. The only observed

change was that the 250 and 350'C peaks appeared to move closer to each other, but it is

unclear as to whether this is a real effect or simply due to the superposition of two large peaks.

Hashimoto et aI (7986), found that the spectra of the quartz was dependent on its

origin. Their suggestion was that red TL comes from quarlz oT volcanic ash layers whilst blue

TL is a characteristic of quartz originating from plutonic rocks (pegmatite, qtartz vein and

granite). Quartz from a dune sand will reflect the origin of that sand in relation to what it was

formed from.

Later, Hashimoto et at (1987) attributed the red TL to impurity rare earth elements

(REE), particularly Eu and Sm, which are among the lighter of the RtrEs. Hashimoto eú ¿/

(1993a) show that the concentration of Eu (in parts per million) is anomalously higher in the

volcanic samples which show red TL, whilst in those that show no red TL, the Eu concentration

is anomalously low for quartz originating from hydrothermai quartz and plutonic rock bodies.
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They suggest that Eu3+ is preferentially absorbed into quartz when it is in the

B-phase above 573'C. This temperature occurs for volcanic qtartz, but not in hydrothermal

quartz or plutonic rock bodies and hence the quartz will be in the a-phase and thus will not

absorb as much Eu3* and cannot exhibit red TL.

Two papers, Rendell et al (1994) and Rink et aI (1993) published by the research

group at Sussex University, which are a quite comprehensive description of quartz spectra,

also found that the quartz spectra are dependent on the origin of the quartz' Apart from

d.istinguishing bands that were dependent on the origin of the qtartz, they also stated what

defect they believed was responsible for the particular bands. They found that volcanic quartz

emitted mainly in the red (1.97 eV), whilst granitic, pegmatitic and hydrothermal quartz had

much weaker red emissions. The granitic quartz had bands at 3.3-3.4 eY,2.85-2.95 eV, 2.6 eY

and 1.97-2.00 eV. The pegmatitic quartz had a very sharp 2.64 eY band, whilst the hydrothermal

quartz was noted to be of much lower sensitivity. The greater sensitivity in the granitic quartz

is due to the slow cooling from the molten phase, resulting in a less pure crystal. The 3.3-3.4

eV and. 2.6 eV peaks at 100"C were attributed to defects as described above. The peak at

230'C12.64 eV was shown to have a d.ose-response similar to (GeOr/M+)o centre where M+ is

either a Na* or a Li+ ion, which due to their small size can move about the lattice.

4.2.I The role of Alkali ions in TL

In substitutional defects, the most common replacement for a silicon ion is an aluminium ion.

However, if such an ion replaces the silicon ion in the lattice, then an additional monovalent ion

must occupy a nearby interstitial position, in order to maintain charge balance, as silicon ions

are tetravalent, whereas aluminium ions are trivalent. Thus the role of the alkali ions, Li+, Nut

and K+, as well H+, in the production of thermoluminescence is quite important. Germanium

ions are less frequent substitutions for silicon ions, but are tetravalent so apart from causing

the lattice to expand slightty due to their extra size, and thus needing to spread their charge

over a greater distance, the need for a balancing monovalent ion is relieved.

Batrak (1958a) shows that different glow curves arise depending on the alkali ion

that is used to maintain charge neutrality within the crystal. It was found that a broader

peak was produced using Li+ ions than when Naf ions were introduced into the quartz, which

also result in a higher peak. Although the peak temperature recorded was 310"C, this is stiil
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probably the 375"C peak as a ramp rate of 0.06'Cs-1 was used. The peak caused by the Li

ions in fact had two components, the other component probably being what is now called the

J25"C peak. It is described by Batrak (1958b) that the peak wavelength from both the Li and

Na traps is at 445nm. The model they propose is that an aluminium ion replaces a silicon ion.

As aluminium is trivalent as against silicon being tetravalent, a monovalent ion is required to

maintain charge balance. Thus an alkali ion such as Li+ or Na* will occupy a nearby interstitial

position giving rise to the electron trap. That the spectrum was found to be independent of

the compensating ion is not surprising, as the wavelength emitted depends on the nature of

the luminescence centre, with the temperature at which the emission occurs depending on the

electron trap. The similar nature of the glow curves suggests that the Li and Na ions flt in a

similar fashion into the quartz crystal.

The sensitivity of qtarlz to irradiation is dependent upon the temperature at which

the irradiation occurs. Durrani et al (1977) state that this is due to the immobility of ions

within the crystal at low temperatures. The centre consists of an Al ion, which is trivalent,

substituting for a Si ion in the lattice. As previously mentioned, to maintain charge balance

against the unpaired electron on the adjacent oxygen atom, a monovalent alkali ion will be in

an interstitial location. Upon the production of electron-hole pairs due to irradiation, the hole

will attach itself to the oxygen site, thus releasing the alkali ion to move through the interstitial

channels in the crystal. The ability of the alkali ion to move through the crystal is determined

by the temperature. It is found that the centres consist mainly of the ions Li+ or Na+, as the

larger K+ ion finds it difficult to move in the crystal. H+ ion can also act in the same way' as

it too, is small enough to move through the lattice.

Jani et a/(1983) found glow peaks at 65, 100, 125, 780,240, and275"C at aheating

rate of 0.25"Cs-1. The 180, 240, and 275"C peaks all emitted at 2.66 eV. Having subjected their

samples to various different treatments, an idea of the structure of the defect centre responsible

for the thermoluminescence was established. The 200-300'C TL peak was absent whenever

the irradiation occured below a temperature of 200K or when the crystal had been swept in

a hydrogen atmosphere. The alkali ion remains immobile at its interstitial position near an

aluminium substitutional ion below 200K, suggesting that the alkali ion must move away to

form an (AlO4)0, which acts as a hole trap. Given that the different peaks emitted the same

wavelength, it followed that the recombination is occuring at the same site but two electron

traps were in operation. As the same results were found to be independent of whether Na* or
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Li+ ions were in the crystal, it must that be there that there are two distinct trapping centres,

rather than one type with a different decay temperature depending on the alkali ion.

4.2.2 The L1-0'C Peak

The 110'C peak is one of the few common features in virtually all quartz samples, and has

been the subject of several previous studies due its use in dating.

It can be used as a dating tool due to the phenomenon known as sensitization or

pre-dosing. Sensitization is the increased sensitivity of the 110'C peak to irradiation after it has

been heated. The basic mechanism for sensitization was described by Zimmerman (1971). In

this model, there are the electron traps and luminescence centres (hole traps) which are respon-

sible for the TL at 110"C. In addition to these traps, there also exists a second luminescence

centre which does not give TL upon recombination at that site (to maintain charge balance

there must also exist another electron trap). In heating the sample, the holes are moved to

the luminescence centres from the the non-iuminescence centres, and thus after a subsequent

irradiation, the electrons released upon heating will have a far greater chance of recombining

at a luminescence centre, so the qrartz has a greater TL sensitivity to irradiation. Zimmerman

shows that sensitization is due to there being an increase in active luminescence centres, rather

than an increase in the number of trapped electrons. Sensitization is also observed in some

other peaks, although not normally to the same extent.

Yang and McKeever (1990) found that the 110'C peak is caused by the recombi-

nation of electrons, trapped at (GeOa)- centres, with holes. The holes were trapped at either

(AtO4)o or (H3Oa)0 centres. When the recombination occured at the former site, an emission

of.2.6 eV was produced, whilst a 3.3 eV emission occured upon recombination at the latter site.

Using infra-red absorption spectroscopy, it was concluded that the pre-dose effect is related to

the movement of H+ ions within the crystat. This is in accordance with Zimmerman's model

whereby it is the number of available luminescent centres that increases in the pre-dose effect.

As suggested, it is only the (H3Oa)0 centres that pre-dose, a result confirmed by ihe spectral

measurements of Akber et al (1988) which show that the 3.3 eV emission is enhanced, whilst

the 2.6 eV emission remains at the same level.

Rendell et al (1994) agreed with the idea that the defect causing 2.6 eY and 3.3 eV

emissions were the (AlO4)0 and (H3Oa)0 centres respectively.
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4.9 The Mechanism for the 325'c and 375"c peaks

'l'he actuai process of thermoluminescence involves the transfer of charge wiLhil LLe lattice and

it is the difierences in these processes that lead to the different characteristics of the glow peaks

in quartz. Smith and Rhodes (199a) used thermoluminescence, phosphorescence, and optically

stimulated luminescence to track down the movement of charge within quartz when exposed to

tight of 514nm from an argon laser. As expected, the source traps for OSL are the same as those

for the 325"C peak, the charge being taken from the trap into the conduction band' However

some of the charge removed is retrapped in low temperature peaks, a phenomenon known as

phototransfer. The main peak in which charge is retrapped is the 110"C peak, although there

is also slight retrapping in the 160 and 210"C peaks. As the temperature at which the OSL

experiments were conducted was increased, it was found that retrapping in the lower peaks

d.ecreased, a not unexpected result as these peaks would now be incapable of retaining any

charge. The other result of increasing the temperature of the OSL experiment was that the

rate at which the OSL decreased was faster. The implication of this is that the process is not

a direct transfer to the conduction band, but that some thermally assisted mechanism releases

the charge to the conduction band. If this mechanism is due to some iniiial localized transition,

this would explain the residue that is left in the 325"C traps which is immune to bleaching, as

only the traps which have access to the thermally assisted mechanism will bleach. That two

different processes are at work can be seen from the matching of the decay rate of the OSL

signal by two different exponentials, each process rate being governed by its respective decay

constant

This is supported by Kaylor et al (1994) who showed that in some quartz samples

that the 325'C peak and the 100"C peak share the same charge-transport pathways and the

same luminescence centre, and that optically stimulated luminescence is sampling the same

electron traps as thermally stimulating the 325"C peak, and that the pathway of charge move-

ment is the same. This was concluded on the grounds of the glow growth curves (how the glow

curve changes with additional dose) and also showed that the 375"C peak is a different TL

system.

Franklin (1993) aiso gives evidence of two different processes causing the thermo-

luminescence in quartz. Here it is shown that the glow growth curve of the 325'C peak is

independent of the amount of bleaching of the 375"C peak, and that the two traps do not
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interact, thus suggesting that two different mechanisms are at work'

The 375"C peak, often called the 'benign' peak due to its relatively simple and

predictable behaviour, has turned out to be more complex than initially thought, as shown

by Hornyak et al (1992) in their investigation of it. After bleaching out any 325"C, they

found emissions at 380nm and 480nm, with the longer wavelength occurring 20"C higher. The

green TL was found to be just over twice as strong as the ultra-violet TL. The conciusion was

that there was one type of electron trap feeding two different types of luminescence centres.

The reason that different temperatures appeared was that the electron traps had a range of

activation energies distributed around a mean energy Eo. After fitting a Gaussian distribution

to these traps, a theoretical model was produced that predicted the observed behaviour. As

the temperature increased., the traps with energies below the mean, Es, would release their

electrons first, and these electrons would combine preferentially in the luminescence centres to

emit a 380nm photon. As the temperature increases further, the electrons that are released

are forced to recombine in the traps emitting at 480nm. In both cases, it is believed that

the electrons are thermally elevated to the conduction band, through which they travei, until

coming upon a luminescence centre.

4.4 The Mechanism for Bleaching of Quartz

The essence of dating quartz sediments is the rapid removal of a portion of the glow curve.

Spooner et at(1988) showed it is the 325'C peak which is most susceptible to bleaching. The

325'C peak was found to be preferentially bleached out of quartz by light of wavelengths

between 400 and 550nm and completely removed by light of 500nm at an intensity of 150 mJ

_c"-1'cm-' mrnute ' rn less than one minute. The preferential bleaching is evidence of some sort

of assistance mechanism in raising the electrons from the traps into the conduction band, as

this wavelength photon has less energy than the trap depth. The 375"C peak is unaffected by

light of this wavelength and only begins to bleach as wavelength of the illuminating light gets

shorter than 400nm. This reinforces the idea of two different processes occuring, as the 325'C

and 375"C have similar kinetically determined trap depths, but the threshold photon energies

for optical bleaching are quite different; being 1.8eV (700nm) and 3.leV (400nm) respectively.

Huntley et al (1985), having realised that eiectrons were being removed from their

traps, proposed to measure the photons that were thus released, giving the idea of Optically
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Stimulated Luminescence (OSL), whereby the stimulus to remove the electrons is now light

rather than heat. Using light from an argon laser (À : 514nm), they found that the decay rate

of the OSL signal is faster when the OSL is done at temperatures above room temperature.

This suggests that the mechanism for bleaching the 325" peak must be in some way thermally

assisted. Further evid.ence that it is not a direct transition is that the energy of the bleaching

photon is less than that of the emitted photon.
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Chapter 5

Sample Preparation

5.1- Origins of the Quartz

Throughout this study, many different samples from numerous sites, mainly from around Aus

tralia, were used, although some samples were obtained from overseas sites. The Australiar

samples are mainly from the state of South Austraiia or the Northern Territory, and shouli

cover a wide range of different geological regimes.

MG2cl1.2 is from the BIue Lake extinct volcano crater network in Mount Gambie

in South Australia's south-east, approximately 300 kilometres south east of Adelaide and ir

about 5ka old (Robertson et al1994).

Also from the south east of South Australia are the samples WKIS, NW1S anc

AVI|?, which form part of a series of sand dunes from Robe, on the coast 200 kilometre¡

south east of Adelaide, to Naracoorte, 100 kilometres inland. The dunes have been used tc

test thermoluminescence dating against the dates of the high sea levels that formed the dunes

Thermoluminescent ages of 130 ka and 340 ka were found for WK1S and AV1/2 respectively

whilst NW1S proved undateable due to saturation (Huntley et a|1993).

The EB samples are from one of Australia's most important archaeological sites, a1

Roonka about 100 kilometres north-east of Adelaide on the flood plain of the River Murray

An age of 14 ka was determined using thermoluminescence methods by Prescott (1983).

The samples BS1b, BB2S/1 and BSIaS/1 come from the Mound Springs, a series o

small but important sources of fresh water in the Lake Eyre region in the north-east of South

Australia. (Boyd 199U)
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From the Northern Territory come the sampies initialled L\ /, TC and PJ. LW it

from a seasonal iake approximately 450 kilometres south of Darwin and has been dated as 2(

ka old (Hutton et al (1984). PJ is from a rock shelter in the Cleland Hills about 75 kilometre'

west of the main MacDonnell Ranges and about 200 kilometres north of the border betweet

the Northern Territory and South Australia. The age of 22 ka helped to determine the firsr

aboriginal occupation the area (Smith 1987). The TC samples are from sediments from a sit,

used to date an ancient earthquake near Tennant Creek (Hutton et al1994). Tennant Creek i'

about 300 kilometres north of Alice Springs, and thus about 700 kilometres south of Darwin.

SK11S/W is from North Stradbroke Island, Queensland, a large sand island about

45 kilometres east of Brisbane, and has been dated at 120 ka. (Tejan-Kella et al Lgg})

Figure 5.1 shows a map of Australia with the relevant sites, whilst for further infor

mation on any of these sites, the reader should see the suggested references.

5.2 Chemical TYeatment

The sediments that are removed from the environment must first be cleaned in order to removl

other minerals which can give thermoluminescence, such as feldspars. Thus our samples wert

treated by a procedure which is fairly standard with TL workers throughout the world. Firstl¡

the sample was digested in hydrochloric acid to remove carbonates and sulphides. Then tht

sample was sieved to obtain 90-I25p,rn grain size, although in terms of spectra the actua

grain size is unimportant, and where sample stock was low, larger grains were used. Tht

correctly sized grains were then etched in hydrofluoric acid for forty minutes to remove feldspat

contaminants and also the a-irradiated outer layer of the quartz. The samples were ther

run through a Franz magnetic separator to remove any diamagnetic and paramagnetic grains

Finally, the quartz was floated in sodium polytungstate solution (p:2.07 gl"")t in order tc

ensure the quartz \4/as separated from heavy contaminants.

It was assumed that the samples sent from other workers had been cleaned in som<

appropriate manner, although where it appeared obvious that this was not the case, the samplr

was subjected to part of the above procedure. One sample, which was received labelled ar

quartz, was found to be unmistakably orthoclase feldspar when its spectrum ïrr'as looked at.

lNote that this differs from the density of 2.70 gf cc as used by Scholefield et al (1994)
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5.3 Disc Preparation

The cleaned quartz is placed on lcm diameter discs. The discs are either sLairtless steel or

aluminium and are 0.4b mm thick. Silkospray was used to ensure the quartz adhered to the disc.

Fox (1990) states a preference for aluminium discs on the grounds that at a given temperature

aluminium discs have 25To \ess incandescent glow, and hence are less likely to saturate the

photomultiplier tube. During this study, howevet, both kinds of discs were used.

5.4 Sample Irradiation

In order to measure the second glow spectra, the samples must be re-irradiated' These ir-

radiations were performed using either a Risø automated TL machine, with its incorporated

strontium B-source which delivers a dose of 1.2 Gy/min, or on a Location Instruments Auto-

matic Irradiator using a B-source capable of delivering 1.1 Gy/min. Occasionally, when very

high doses were required, a smaller source placed closer to the sample was used to deliver doses

o12.9 Gy/min.

5.5 Bleachittg

It was found by Spooner (1987), that bleaching quartz with light of wavelength greater than

475nm, essentially reduced the 325'C peak to zero, while leaving the 375'C peak untoucheci.

It is this property that forms the basis of 'subtraction' techniques of dating, in that by first

measuring the natural TL and then the bleached TL, and then subtracting one from the other,

the bleachable TL signal is recovered.

Almost all the bleaching was carried out using an Oriel Soiar Simulator. Occasion-

ally, real sunlight was used. The advantage in using the solar simulator is that the conditions

can be more reliably reproduced. If the sun is being used, factors such as the variation of

sunlight intensity with the season, or consideration of atmospheric conditions (whether it is a

cloudy day or not) must be taken into account.

The yeliow bleach was performed by placing a Chris James Theatrical Filter 101

over the sample during bleaching. This fi1ter has essentially flat transmission for wavelengths

greater than 500nm, before cutting sharply to lTo transmission at 475nm.
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Chapter 6

Measurements of Quartz Tt Spectra

6.1- Introduction

As seen in the previous chapter, there are many different claims about the characteristics

of quartz spectra. However, no one worker appears to have catalogued a large collection of

samples by their spectra. This study, by looking at the spectra from about forty different

samples, was intended to try to identify any common features in quartz samples. Using these

spectra, it was hoped that some conclusions as to the defect structure and the mechanism of

thermoluminescence in quartz could be made. This work would benefrt archaeologists using TL

methods as a greater understanding of the process could oniy help the applications, whilst more

directly by identifying the wavelength of the emitted photons, a better judgement in choosing

filters in TL equipment can be made.

6.2 Results

6.2.L The 110'C Peak

The 110"C peak is an important tool in archaeological dating, and it interacts with the peaks

at higher temperatures (see sec 6.3).

As the 110"C peak has thermally decayed in natural samples, it is necessary to

activate it by giving the sample a small dose, generally of the order of 1 Gy, immediately before

glowing.

Table 6.1 shows the results for such experiments on several sampies and there is a
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smali range within the emissions of the individual samples, which is within the range of normal

variability for a single sample. The conclusion that can be drawn is that the 110"C emits at

3.30 eV (the actual temperature of the emission is 100'C when using a ramp rate of 5"Cs-1).

The 110'C peak was found in all samples'

Table 6.1: Table showing the 110"C Peaks in Australian Quartz

3.25107EBlS/1.7
3.26105MG2Clr.2
3.13103sK11S/W
3.33103WKlS
3.3297NWlS
3.23L02rcls/20
3.3393PJISi 75

3.2990TC2S/2.5b
"v)Actual Temp oSample

These results agree with the spectra given by Akber et al (1988), Ztmrnerman (1971)

and Rendell et aI (1994). Figure 6.1 shows the 110'C peak for WKIS. The sample was given a

1.2 Gy irradiation about 5 minutes before being heated.

An emission at 2.64 eV/110"C is also reported by some workers, (Jani et ø/ 1983)

but it is not a feature in the samples used in this study'

The 110"C peak is attributed to the recombination of electrons, released from

(GeOa)- traps, with holes trapped at (H3Oa)0 centres. When the recombination occurs

at (AlOa)O centres, the emission is at 2.64 eY (McKeevet et al1985)'
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6.3 The Higher TemPerature Peaks

The two peaks which occur at higher temperatures, and which are used in thernrolunrinescelce

dating, are the 825"C and. B7b"C peaks. The actual temperature of the emission depends on

factors such as the heating rate, and 325"C and 375"C are temperatures for a heating rate of

20 Ks-l. As the heating rate used in this study was 5 Kt-t, the peaks occur at slightly lower

temperatures. However, for the sake of clarity the conventional nomenclature will be used.

A large number of samples were studied, both in the natural state and again after

being given an artifi.cial dose of similar size to the natural dose. In addition, the second glows

allow peaks in the intermediate range (150-300"C) to be observed and their relation with the

other peaks to be investigated.

The 375"C peak is sometimes referred to as the 'benign' peak as it is insensitive to

predose sensitization on heating It is thus used in the 'total bleach' methocl where the resetting

is thermal, such as in flred ceramics or volcanic eruptions'

Table 6.2: The 375"C Peak in Australian Quartz

2.57338EBlS/1.0
2.52344EBlS/1.7
2.59360ES1

2.63360BBlS/1
2.62360BS2S/1

2.61348BSlb
2.63350KH1
2.59350L\M5S

2.6r339MG2clt.2
2.61337sKl1s/W
2.58344WKlS
2.63331NWlS
2.50348TClS/20
2.60335PJlES/75

335 2.5tTC2S 12.5b

eVEmissionOCActual TempSample

In order to separate the 375"C peak from the 325"C peak, as they have some overlap,

the samples r,vere first subjected to a thirty minute yellow bleach to remove the 325"C peak.
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This yellow bleach has no effect on the 375'C peak.

The 375'C peak is found in all quartz samples and emits at 2'6 eV, at a temperature

of about B4b"C under the conditions of this study, as shown in table 6.2. This concurs with the

work of Hornyak et at (1992). Figure 6.2 shows the 375"C peak from BSlb, which is typical of

the Australian samples.

In contrast to the 375"C peak, the 325'C is known as the'malign'peak, as it bleaches

easily and is predose-sensitive to heat treatments. The fact that it does bieach very easily, in

comparison to the 3Zb"C peak (Spooner et ø/ 1988) means it can be used for dating sediments

where the resetting is by insolation'

The 325"C peak emits at 2.8 eV and is fairly broad-band, and is thus often difficult

to separate from the 375"C peak, which emits at 2.6 eV, when observing natural samples.

However, through the use of subtraction techniques (Prescott and Fox, 1990; Franklin and

Hornyak, 1990), whereby the easy bleaching characteristic of ihe 325'C peak is used, it can be

more clearly observed. The 325'C peak is essentialiy reduced to zero by a short (thirty minutes)

exposure to light of wavelength greater than 475 nrn, whilst leaving the 375'C peak untouched.

Thus by subtracting the bleached spectrum from the untreated spectrum, the 325'C peak is

exposed, as shown in table 6.3.

Table 6.3: Table showing the 325"C Peaks in Australian Quartz

2.9300BB l2S lr
2.9300KH1
2.9305EBlS/1.7
2.9300sK11s/W
2.9300WKlS

2.88305PJlES/75
2.82305TCZS 12.5b

Emission (eV)Actual Temp ("C)Sample

This technique produced the 325"C peaks seen in this study but many samples either

have no detectable 325'C peak or it is so weak that it still remains a rather unclear peak. Figures

6.3, 6.4 and 6.5 gives an example of the use of the subtraction technique to reveal the 325"C

peak from TC}Sl2.5b. Figure 6.3 shows the spectrum of the natural sample from TC2Sl2.5b,

with the 110"C peak having been added in by giving the sample a 5 Gy dose immediately prior

to glowing. The high temperature region is dominated by the 375"C peak, however the 325"C
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peak is also evident as the extension in the lower temperature, higher energy part of the peak.

Figure 6.4 shows the spectrum for TC}Sl2.5b where the sample has been exposed to a thirty

minute yellow bleach. The only peak now evident is the 375"C peak, emitting at 2.5L eV at a

temperature of 335"C. Figure 6.5 is the difference between the previous two spectra. Here the

325'C peak is now shown as emitting at a temperature of 305'C at a wavelength o12.82 eY.

Also evident is the 110"C peak. Unfortunately some samples have only a quite weak 325'C

peak which still remains unclear after subtraction. The samples from the Mound Springs: KH,

BS, BB and ES, as well as SK1l from Stradbroke Island fall into this category, in that they

have strong 375'C12.6 eV emission but only weak emission at 325"Cf 2.9 eV.
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6.4 Family Model of Thermoluminescence Emissions

'l'he spectrum from PJ|ES/75 is shown in figure 6.6. Several pea,ks can be seen in its spcctrum,

starting with a peak at 100"C emitting at 3.30 eV, followed by a peak at 150'C/3.16 eV, a peak

at 220.Cf 2.02 eV, and the 375"C peak is seen to be emitting at at temperature of 350'C, with

a photon energy of 2.52 eV. The 325"C peak is also recognisable as the section of the graph

which appears to ridge out from the 375"C peak at a temperature of 305'C and photon energy

of 2.88 eV.

The similarity in the energies of the emitted photons (see table 6'4) suggests that

there is a group of emissions that belong to one 'family', in that they all share the same

recombination centre.

Although this effect is mostly clearly seen in sample PJ1ES/75, other samples such

as TClS/2.5b and WK1S also show evidence of this family model of emissions in quartz'1

Table 6.4: The Decrease in Photon Energy with Temperature in PJ1ES/75

2.89305-320

3.02200-220

3.16150-180

3.3095-110

3.3922

eV'perature OC SSlON

Also included in table 6.4 and figure 6.6 is the room temperature emission, for the optically

stimuiated peak, as measured by Huntley et aI (1991). As the optically stimulated peak and the

325"C peak are sampling the same electron traps (Kaylor et al1994), and the transportation

of charge is along identical pathways, it follows that the optically stimulated emission is part

of the emission family, and is the room temperature emission. Stoneham and Stokes (1991)

also found a link between the 110"C peak and the OSL signal in quartz. They found that dose

related sensitivity changes in the 110'C peak were matched by dose reiated sensitivity changes

in the OSL signal, suggesting that the two processes share a common mechanism.

lSome of the material concerning the family model of emissions has previously been published in a journal

article co-authored by the author. See Franklin et al (1995).
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6.4.1 The Predose Effect in PJ1ES|75

As L¡e 110.C peak exhibits the predosc cffcct, othcr members of the family shoulci also have

this property. Smith and Rhodes (199a) observed predosing in the 325"C peak and also in the

OSL signal, whilst Spooner (19S7) observed predosing in the 220"C peak as well as the 325"C

peak. It is only the 3.3 eV component of the emission at 110"C that predoses as shown by

Akber et at (1988). Contrary to its occasional name, the "benign" peak, as it does not predose,

Huntiey et at (1988a) found that the 375"C peak was predosing with an emission at 2.6 eV,

and not in the emission range of 2.8-3.3 eV covered in table 6.4.

However in experiments with PJiES/75 to test for predosing in the upper tempera-

ture peaks, little evidence for it was found. A number of discs were given various doses ranging

up to 100 Gy, before being glowed out. The discs were then given a small test dose and glowed

out again. If a peak is showing the predose effect, then the amount of TL on the second glow

should be dependent on the size of the frrst irradiation. However, the little or no dependence

on the original dose was detected, with only a I0% increase with the 100 Gy irradiation'

Whilst this lack of predosing in the upper temperature peaks, could be construed as

evidence that the peaks are independent, it stiil can be consistent with a family model of peaks'

Chen (19?9) states that for a dose-dependent predose effect to be observable in a TL peak, there

must exist a set of competitor traps capable of faster retrapping than either recombination or

retrapping at the predosing peak. Whilst the 110"C peak has the higher temperature peaks to

act as the competitor traps, the higher peaks have fewer or no competitor traps, and hence do

not show the predose effect to the same extent as the the 110"c peak.

6.4.2 The effect of yellow light on PJLES/75

McKeever (1994) states that if any residual charge is left after bleaching, then the mechanism

of bleaching cannot be the direct lifting of the electrons from their traps into the conduction

band. Thus it was necessary to determine whether any residual remained after bleaching, as it

is believed that the electrons are ejected directly into the conduction band. A peak in the glow

curve after bleaching was evident at 260'C. Whilst this peak is at a lower temperature (note -

the 325'C peak is occurring at 305'C), and emits at a ionger wavelength, it could still be the

residual from the 325"C peak. The longer wavelength photon could be produced as a result of

the bleaching of the primary luminescence centres, resulting in the activation of a less favoured
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Iuminescence centre. However if the 260'C peak is the residual of the 325'C peak, it should

not be removed by a preheat prior to yellow bleaching.

When light is incident upon a quartz crystal, the trapped charge can be evicted. If

the charge is subsequently, retrapped at another trap corresponding to a different TL peak, then

the process is known as phototransfer (PTTL), as the light has had the effect of transferring

charge between traps.

Phototransfer occurred in PJlESl75, when exposed to light of wavelength of greater

than 475 nm, only if the 325"C peak was present in the sample. Natural samples, or samples

which had been irradiated and then preheated at 240'C for one minute were used to show this.

If the 325"C peak is first removed by a yellow bleach, and then preheated to remove any PTTL,

then a subsequent yellow bleach produces no PTTL'

The reverse action was also evident. That is, the preheat after a yellow bleach

returned some of the charge to the traps of the 325"C peak. Although this effect was not very

strong, it is consistent with the idea that the electrons are excited directly into the conduction

band, by both light or heat, and may then be recaptured by traps of any of the peaks in the

family.

6.4.3 Thermal Quenching in PJ1ES/76

Thermal quenching is the term given to the increased likelihood of non-radiative recombination

as the the temperature increases. Specifrcally, this results in less intense peaks that are shifted

to higher temperatures as faster ramp rates are used'

As the 325"C peak is known to show thermal quenching (Wintle i975), it would

be expected that the other members of the family would also show thermal quenching. Ther-

moluminescent experiments, using ramp rates of 2.5'Cs-l and 25'Cs-l, were run to detect

thermal quenching in the 325oC, as well as in the lower temperature peaks. The result was

that the peaks at 180'C, 220'C and 325"C all were of lower intensity and were shifted to higher

temperatures when the faster ramp rate was used which indicates that thermal quenching is

occurring in the peaks (Franklin et al L995). This is further evidence that the peaks share the

same luminescence centre.
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6.4.4 The different energy emissions in PJ1ES/75

As seen in table 6.4 altl figure 6.6, despite sharing the samc lumincsccnce centre it is apparent

that the peaks within the family of emissions emit at different energies. The centre is fed by

different traps, which release their electrons at different temperatures. The temperature depen-

dent decrease in energy of the emission can be explained by a distortion of the luminescence

centre which occurs as the temperature increases. This distortion is possibly caused by the

soft-mode in quartz (Scott, 1963) for which the mode frequency goes to zelo as the tempera-

ture increases to the o - B transition temperature of 573"C. Grimm and Dorner (1975) show

that the quartz lattice distorts as the temperature increases, in terms of a tilting of the lattice

tetrahedra. This results in an increase of the Si-O-Si angle and a decrease in the mean distance

between the silicon and oxygen atoms. Given that the lattice is changing, it is logical to expect

the electronic states of the luminescence centre to be changed also, the excited states more

affected than the ground state, and thus the transition energy would be changed leading to a

different emission energy at different temperatures. Whilst it is recognised that the current ex-

periments do not explicitly identify the "soft-mode" distortion as responsible for the the energy

shift, it is a possibility which would explain the observed behaviour.

6.5 Bleachittg of Quartz

In section 4.4, it was mentioned that OSL dating and yellow bleaching are accessing the same

traps, and that the rate of depletion of charge from the traps was dependent upon the temper-

ature.

So with this in mind, an experiment was set up so as test the susceptibility to

bleaching of quartz below room temperature. Using discs from the sample TClS/2.5b which

had been given a 70Gy dose (approximately the natural dose), three discs were bleached at room

temperature (- 25'C), whilst three discs were bleached at 5'C. In both cases the bleaching time

was 7 minutes. The cold temperature was achieved by placing solid carbon dioxide (dry ice) in

the bleaching chamber with the discs as they were bleached. The temperature was measured

by a type K thermocouple in a stainless steel sheath. Unfortunately, due to a faulty connection,

there was a large uncertainty in measuring the temperature.

The discs were then run on a Risø automatic TL machine. Whilst this apparatus
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can only measure the glow curve, it is still adequate for this experiment as the spect

for these samples are already known.

The cold bleached discs had 12 percent more light from them than the room tem-

perature, thus suggesting that the bleaching is dependent upon the temperature.

Following the indications from the initial experiment, the experiment was repeated,

with a slight modification introduced to further decrease the temperature of the sample. This

time, the aluminium plate in which the discs are placed while being bleached, was placed

directly on top of the dry ice. After thirty minutes, the plate had a temperature of -30oC,

so assuming good thermal contact between the discs and the plate, the sample had a similar

temperature.

The samples used this time were PJ1ES/75 and TClS/2.5b. The PJ1ES/75 discs

were natural discs, whilst the TClS/2.5b discs had been given a 60 Gy irradiation. Four discs

of each sample were bleached at room temperature and four discs at -30oC, in this case the

bleaching time was only two minutes, due to the difficulty in maintaining the low temperature

for longer times. Spooner (1937) shows that a two minute yellow bleach is sufficient to remove

the 325"C peak. The difference between the different temperature sets was no\M quite evident.

The room temperature bleached TClS/2.5b discs were about 40% of the intensity of the cold

bleached. discs, whilst in the PJ1ES/75 discs the room temperature bleached discs had 60% the

intensity of the cold bleached as seen in flgure 6.7.

Such a marked reduction indicates that the levei of bleaching is related to the tem-

perature and that the release of the eiectrons from their traps, when stimulated by light, involves

some thermally assisted mechanism. Godfrey-Smith et al (1988) also come to the conclusion

that the eviction of an electron from a light-sensitive trap into the conduction band is a complex,

multi-step, multi-photon process or is thermally assisted. This thermal mechanism may not

be evident in all quartz samples as Morris and McKeever (1994) noted only a slight difference

in the level of bleaching in an Arkansas quartz sample when bleached at -190'C and at room

temperature.

The difference in the 110'C peak, evident in figure 6.7, is due to the fact that the

room temperature bleached discs had an extra delay of 12 hours between bleaching and glowing

as compared to the cold bleached discs. Such an extra delay would allow any phototransferred

charge into the lower temperature peaks to decay a\4/ay.
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6.6 Red Emissions

In the mid-gg's, it was realised that quartz emitted light at longer wavelengths, in addi[ic'[

to those already discussed. Hashimoto et at (1986) noted that quartz emitted at 2'0 eV and

produced further results in later years. Huntley et al (1988b) found an emission band centred

at 2.0 eV in quartz samples from both Canada and South Australia, in addition to a band at

2.6 ey. They noted that the ratio of the red TL to blue TL varied from sample to sample'

Miallier et at (lggI) also recorded emissions at 2.0 eV and suggested that this energy should

be used for dating experiments. Hashimolo et ø/ (1993b), on the basis of kinetic studies, states

that red TL should be sufficiently stable for dating in quartz of up to 1 Ma'

So with this in mind, it was proposed to survey our quartz samples for red emissions,

and to test the susceptibility to bleaching of the samples. Samples were also obtained from

Hashimoto, in Japan, and Miallier in France.

Hashimoto has suggested that the colour of the TL depends on the origins of the

quartz. Red TL comes from quartz of voicanic ash layers whilst blue TL is a characteristic

of quartz originating from plutonic rocks (pegmatite, quartz vein and granite). This view is

agreed with by Rink eú a/ (1993) in their study of spectral types of quartz. Quartz from a dune

sand will reflect the origin of that sand in relation to what it was formed from.

Table 6.5: Table showing the Red Peaks in Australian Quartz

2.05310EBlS/1.7
2.00360

MG2clt.2 1.912t0
r.942t5

sK11S/W 1.85140

t.94320

WKlS 1.94225

2.00365NWlS
1.97315PJISi 75

2.03360
TC2S 12.5b t.97310

Emission (eVActual Temp ("C)Sampie

Red emissions can be observed in about half our samples. In natural samples, a

strong peak occurs at about 315"C/1.97 eV, whilst in re-irradiated samples peaks were also
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produced at 130"C/1.91 eV, 240"C1I.94 eV and 280'ClI.97 eV. There is some variation in

both energy and temperature from sample to sample but the general trend, of a string of peaks

starting at about 1.91 eV in the low temperature peaks and having a gradual increase in the

energy as the temperature increases, is consistently seen'

Table 6.5 shows the peaks found in the red part of the spectrum in the Australian

samples.

None of these peaks completely bleaches when exposed to a 'yellow bleach', but in

some cases, such as TClS/2.5b, there was a reduction of about 40 percent in the intensity of

the peak at 300"C.

Figure 6.8 gives an example taken from MG2clI.2.
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6.7 Foreign Samples

The previous discussion relates mainly to Australian samples, and thus may not necessarily be

applicable to samples with which other people were working. Thus in order to see how general

our results were, samples were obtained from overseas workers with the hope being that similar

results to those recorded for the Australian samples would be observed.

6.7.L Canadian Samples

A set of six samples was received from David Huntley, who works at Simon Fraser University

in British Columbia, Canada.

One obvious difference in these samples is that there is apparently no rapidly bleach-

ing peak at 325'C12.95 eV.

The samples BPBS and CBBS showed otherwise similar spectra to the Australian samples, with

a peak at about 340'Cl2.g5 eV and lower temperature peaks at slightly shorter wavelengths.

Samples BPBS and BIDS also emitted at long wavelengths with emissions in a series of peaks

at around 1.97 eV.

However, the samples KFOS (actually from New Zealand) and HaRk-1-c showed a

quite different result. Here the lower temperature peaks \4/ere now emitting at around 2'9 eV.

These samples come from various locations in Canada. BPBS is beach sand from

Brooks Peninsula, and is a modern sand. CBBS is also a modern sand from China Beach, a

Provincial Park on southern Vancouver Island. HaRk-l-c is from an archaeological site near

Fort St. John and is 2.5 ka old (pers cornm D.J.Huntley).

6.7.2 Russian Samples

Three samples which came from the Soviet Union, courtesy of Dr. Shlyukov, but which Adelaide

University had had possession of for several years, were tested. The general result was a peak

350'C12.64 eV (see frg 6.9).

These samples are quite curious, in that they had been sitting on a shelf exposed to

light prior to their being tested. Yet, they stili showed strong peaks whereas normally extreme

care is taken to ensure that the sample is not exposed to light before glowing as this will

remove the TL. Not surprisingly, yellow bleaching had no noticable effect on these samples.
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These samples show the expected 37icC peak at 2.6 eV, but are however substantially weaker

in the lower temperature peaks when compared to the Australian samples.

A fourth sample, DY31-c, from Siberia, courtesy of David Huntley, was also exam-

ined. This sample was interesting in that it showed a dominant peak at 22ib C f 2.6 eY . It also

had a weaker emission at l20"Cf 380nm and a peak at 325'C12.6 eV was also observed when

the sample had been preheated in order to removethe overpowering 225'C12.6 eV peak.

6.7.3 Japanese Samples

Having read of the reports of red TL by Hashimoto, in a series of papers published from 1986

onward.s, two samples \ryere obtained from him and added to our coilection' These samples

were a quartz sample made up from sand from Tazawa Lake and Medeshima volcanic ash layer,

whilst the other sample was from a rock crystal from Madagascar.

The Tazawa sample showed a strong natural peak at 350'C/1.97 eY, and when it

was annealed. and reirradiated, this peak was still present, but now two additional peaks at

175'C and 305'C, both emitting at 3.30 eV, wete also present, as shown in figure 6.10. It

is worth noting that the annealing and reirradiating took place in Japan, meaning that these

peaks are both metastable over at least one week.

The Madagascar sample showed a weak natural peak at 300'C12.58 eV, with the annealed

sample giving peaks at 175"C and 280"C emitting at 3.35 eV and a peak at 325"Cf2.58 eV.

6.7.4 FYench Samples

Miallier et at (1994a and 1994b) attempted to use red TL rather than blue TL for dating

purposes and compared the results to electron spin resonance dates for the same sampies' Two

samples were obtained from Dr. Miallier for spectral measurements'

Sample Cg4 showed two peaks emitting 1.97 eV, one at 220"C and the other at 300"C. Both

of these peaks lrr'ere removed by yellow bleaching the sample. The 220"C peak only became

apparent in second glows when the sample had been irradiated in the laboratory, which indicates

that this peak is thermally unstable.

Sample C231 showed similar bands but in this case the peaks were only reduced by about 15%

by yellow bleaching. Figure 6.11 shows the subtraction spectrum of the sample Cg4.

These samples come from under lava flows from the Gravenoire volcano in Clermont-
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Ferrand, France.

6.8 Crushed Quarrtz CrYstals

On various field trips, a number of quartz samples were collected in about marble sized single

crystals (not collected by this author), rather than being separated from sand. These crystals

were crushed down to the correct grain size, and then irradiated as they had been exposed to

light, before being tested.

These samples showed different spectra from the samples which were processed in

the normal fashion.

A sample from Davenport Springs (DSIQ) showed a series of peaks emitting at

2.6 eV, with temperatures of 150, 210,270,350"C. Whilst the 350'C peak is in accordance with

the normal samples, in general the other samples show the lower temperature peaks to be at

shorter wavelengths. The crystal from Lake Greenley Beach (LGB), in fact shows the complete

reversal of this trend with the iower temperature peaks emitting at lower energies than the

higher peaks, the peaks being at 160"C f 2.72 eY ,275'C 12.92 eV and 365"C/3.02 eV as seen in

figure 6.12.

Two other samples, one from White Rock Quarry (WRQ) in the hills just above

the eastern Adelaide suburb of Magill, and a natural crystal of electronic grade from Belvidere

quarry near Kapunda in South Australia, both show just one emission at 2.55 eV, although at

stightly different temperatures, 305oC and 280"C respectively. Figure 6.13 shows the spectrum

for the crushed. crystal from White Rock Quarry. Both these samples seemed to the naked eye

to be quite clear crystals and as such it is not surprising that they showed less features, and

the TL that was present was less sensitive to the absorbed dose. This is to be expected in

pure crystals, as there will be less defect structure among the lattice. WRQ, whilst showing

only the 280'C peak, still has quite strong 110'C peak emitting 3.25 eV. This was measured by

giving WRQ a one gray irradiation immediately before glowing. This peak is in agreement with

the 110'C peak as measured in the other 'normal' samples. This suggests that the (H3Oa)0

recombination centre and the electron traps which feed it are present, but any electron traps

which feed that centre at higher temperatures, as discussed under the idea of the family model

of emissions (sec 6.4), are absent.
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6.9 Conclusrons

The spectral work that has been conducted through this study has been directed mainly at

the peaks that are used in thermoluminescence dating techniques; namely the 110'C peak, the

325"C peak and the 375"C peak.

The results show that the 110"C peak emits at a photon energy of 3.30 eV at a

temperature of 100"C, when a heating rate of SoCs-l is used. This peak is found to exist in all

quartz samples, whereas the sometimes reported emission at 2.6 eV was absent in the quartz

samples tested.

The 325"C peak was found to emit at an energy of 2.8 eV at a temperature of 305"C

under the conditions of this study. This peak can be isolated by subtracting bleached spectra

from unbleached spectra, in order to avoid overlapping with the 375"C peak. However, many

samples have only a weak 325"C peak, and thus remain unclear even after the use of subtraction

techniques. The 325"C peak was found to form part of a family of emissions, that share the

same luminescence centre but have different electron traps feeding it.

The 375"C peak is again found in all samples, and was found to emit at an energy

of 2.6 eV and a temperature of 345"C under the conditions of this study.

Red emissions were also found in most samples, with a peak emitting at 2.0 eV at a

temperature of about 310"C occurring in most natural samples. However, this peak was found

to be not greatly susceptibie to yellow bleaching.

Whilst the samples show many common features in their spectra, it can only be

further emphasized, in agreement with Townsend and Kirsh (1989), that spectral measurements

are a necessity in all thermoluminescence work.
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Chapter 7

Fbture Directions

Whilst hopefully this thesis covers some of the previously unknown knowledge regarding ther-

moluminescence spectra in quartz, there is obviously still further work that can be carried

out.

Firstly, there are the mechanical improvements to the spectrometer. These are

discussed by Fox (1990) but as they have not yet been acted on, they are still relevant. The most

obvious of these is the removal of the PET computer, so that the recording and analysing were

done by the same computer. This wouid save time in transferring the measured interferograms

from the PET to the Olivetti, about six minutes per sample. Also the greater memory of the

Oiivetti computer would allow interferograms with more data points to be measured.

As the 9558 photomultiplier tube was saturated by the incandescent glow above

about 300oC, it could not be used for all experiments. However if a filter could be found which

attenuated the glow below 550nm but not in the ultra-violet, then it could be possible to use

the red response PMT on all experiments.

Other mechanical improvements that could be implemented are the removal of two

manual parts of the spectrometer. These are the iris shutter which shields the photomultiplier

tube from the white light during the alignment process, and the gas valve which allows nitrogen

to be introduced into the oven chamber prior to heating. An automatic shutter would give a

more reproducible aperture, rather than any slight variation that exists in the manual shutter,

and could be written into the control program to open at the onset of heating. Replacement

of the manual nitrogen valve would prevent the problem of the valve being opened too quickly,

and blowing the sample disc and shield about the oven chamber. All that would be needed,
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\ryould be a valve that does not allow the nitrogen to flow too quickly into the oven chamber'

Other than the mechanical type improvements, there a e several areas of study

touched upon in this thesis, in which a more detailed work could only be beneficial.

In chapter 6, it was seen that several quartz samples possessed red emissions that

could be bleached. However it is still unknown how long it takes to bleach or whether there is

a threshold bleaching wavelength above which light cannot bleach this signal. A study similar

to that carried out by Spooner (19S7) would possibly reveal the bleaching properties of the red

TL traps.

In section 6.5, experiments describing the bleaching of the 325"C peak were de-

scribed. Experiments were only conducted at dry ice temperature of -30oC. By building appa-

ratus to refrigerate the bleaching compartment of the Oriel solar simulator, possibly through

the use of liquid nitrogen or liquid air, even colder temperatures could be achieved. In addi-

tion, the bleaching could be conducted on a heating plate, in order to investigate the bleaching

at temperatures above room temperature. Thus a complete range of temperatures, from say

-200"C to around 100"C, could be used to gain a better insight into the dependence of the

bleaching of the 325'C peak on the bleaching temperature.

An idea which is both mechanical as well as research based, is to build an assem-

bly which would allow spectra for optically stimulated luminescence (OSL) experiments to be

measured.. Fox (1990) conducted some OSL experiments, but these were only two dimensional

in that the wavelength of the emission was not measured. Such an assembly requires that the

sample be placed near the focal point of the first lens in the system, as the spectrometer is an

imaging system. This distance is 16mm, and must allow room for the entrance of the stimulat-

ing light as well as a shutter to protect the sample from the light source during the alignment

process. Most interest is in the OSL which results when infra-red diodes (À-u* = 880nm) are

used to stimulate feldspars, however green diodes (l-u* = 520nm) are also used on quartz

samples. Thus the assembly design should incorporate the easy changing from one stimulating

wavelength to the other. A way of overcoming the small space in which to put the diodes would

be to use optical fibres, which are fairly well lossless these days, and would allow the diodes

to be placed at some distance from the sample and also in a conveniently accessible place for

exchanging of diode type.

OSL spectra would complement the TL spectra in understanding the processes in-

volved in both optically stimulated luminescence and thermoluminescence, and could be mea-
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sured on different samples that have already had TL spectra measured, such as the quartz

samples discussed in this thesis, or the feldspars studied by Fox.

Electron Spin Resonance (ESR) studies would also complement the spectra. ESR has

the ability to identify the electron traps. This is done as the electron has a unique gyromagnetic

ratio at a particular trap, and. this ratio can be measured for a given magnetic fleld. In fact, as

ESR counts trapped electrons, it is also used as a dating method for irradiated quartz.

A suite of samples have been sent to Dr. van Moort in Hobart to be tested for

various ESR centres and for impurity atoms, however the results were not available at the time

of writing and do not form part of this study. A knowledge of the impurity atom could then

be correlated to a part of the spectrum, by knowing which spectral features are apparent and

the impurity atoms in those samples.
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Appendix A; reprint of published paper

I. INTRODUCTION

Tnens ¿re three TL peaks in much natural quartz that

have proven particulariy valuable lor dating pur-

poses: the I l0"C peak used lor pre-dose dating; the

325"C peak rvhich bleaches rapidly and completelv
(Spooner er a/.. 1988) ¡nd is therelbre particularly
valuable tbr sedimen¡ dating (where resetting is by

insolation) using TL or OSL; and the l7-s'C peak

whose lpparent lack oi sensitivity changes on heating
("benign") has made it usetut where resetting is

thermal. ¿nd whose bleeching behaviour is used in the

total bleach method. In so designating these peaks.

we use a lormal notation since ¡he actual tempera-

tures of the peaks depend upon the ramp rate used

and also vary somewhat among different samples.

The l2,s"C ¡nci 175"C peaks occur. both in the

glow curve anci in spectral measurements. in close

proximity to each other (Prescott and Fox, 1990) and

are therelore difficu.lt lo separate. However, recenrly, a

subtract¡on technique utilizing the ready bleachability
ol the 125'C peak even with light of wavelength

longer than -175 nm (Spooner et al., 1988) has been

suggested (Franklin and Hornyak. 1990: P¡escott and

Fox. 1990). In rhis paper. we make use oi this tech'

nique in producing three-dimensional soectra oi chese

ihree peaks. without their mu¡ual overlap. ibr several

samples of na¡ural quartz tiom Australian sedimenrs.

The character of the resulting ipeclra is briedy

discussed.

2. EXPERI}fENTAL

Our quartz'¡as obtained Èom two .\ustr¡lian sites.

Tcnnant Creek tCrone ¿¡ ¿/.. l99ll .rnci Purttlarra

Ratlitttiott 14cusur¿nvnts' Vol ll' Nos l/l' pp -109-Jl2' 1994

Copyright Q 1994 Elsevrcr Science Ltd
Prinred tn Crert Brrtain..{ll rights reserved

1350-448i-i94 57 00 + 00

(Prescott. 1990). The work was carried out uslng

coarse grains (90-l15 ¿m) which had been prepared

in the lollowing manner: digested in warm HCl.

washed in NaOH. Cry-sieved to obtain the desired

grain size. magnetically separated. etched in'100,/o HF
lor 40 min and nnsed in HCl. Finally, ihe grains were

density-tiactionated in sodium polyrungstate solu-

tion, rejecting the tiac¡ion denser than 2.70 gcm-r'
The cleaned quartz was placed on stainless steel disks'

with each disk carrying 5 mg ol quartz.

Bleaching was carned out using an Onel

Corporation 1000 W solar simulator' rhe exposure

being 30 min through an optical filter transmitting

only wavelenglhs greater than 175 nm. This bleach

was sufficient to remove completely the 325"C

peak with no ¿pparent effect on ¡he 375"C peak' The

ItO"C peak was then added with a small beta dose

(- I Gv).
The specrrometer used is a modified Twyman-

Green intertèrometer with photomultiplier detection

in a photon-counting mode, ¿s described by Prescott

¿¡ a/. (1988). Since then, various improvements in

the optics have given a greater bandwidth oi 150-

S00 nm. although rhe use of the EMI 9635QA photo-

multiplier restricts the long wavelength response

to below about 600 nm in the present expenments'

We use r heating rate ol j'Cs-r. Our spectra are

cor¡ected Ibr the spectral response oi our apparatus

and apociized.

E¿ch data set consists ot- the average over lour runs

with identical samçtlcs. thus taking itlto accounI a

small melsure of tcmperature unreproducibilitv'

Having oi:tained lhe ¡verùges ior ihe n:¡turel

Pergamon

1350{487(93)80038-N
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EMISSION CENTRES IN GEOLOGICAL QUARTZ

R. B. ScHoLEFIET-o.'J' R. PREscorr.' .\. D' Fn¡Nrt-trf end P' J' Fox"

'Deparrmenr oi Physics and ìVf athemarical Physics. university ol Adel¿ide, .{nelaide.i005' '\ustralia: end
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Abstrrct-We report measurements of three-dimensional thermoluminescence emission specrra of samples

otjgeoiogical quarrz. úerived trom.\us¡ralian sediments. The emphasis is on peaks of particular practical

inrãresr ior ¡hermoluminescence sediment tjating, viz. rhe tl0'C peak' which rs used lor pre-dose dating

"nJ 
,¡," p.ot a r 125. C. which is of signiñcance lór part ial a¡¡J selectire bleach techniq ues and lor optically

srimuiatàd luminescence tOSL) darin-g. Because rhe i25'C peak can be blerched ro.essentially zero' it c¡rn

be isol¿red in a given spectrum by suitracring the bleached spectrum lrom the.unbleached spectrum' By

inclurjing both leaks in rhe same rPectrum-. ir is demonsrrated that rhey do nol cmtt :rt ¡he same

wauetenlrn. rlthãugh rhis cloes nor neìessanly mean [har the emtssion is liom different cmisston centres'

The -i75lC peak. wiich rs importanr in rcnl bleach methods. emits lt a disringuishable rvavelengrh' The

use oi'oleaching and subtraction in practical datrng is discussed'
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(unbleached) and ble:rched samplc. we !hcn subtract

the blerched average tiom lhe unbleachetl ¿verilge [o

obtain the subtracted data.

3. RESULTS

The spectra are presented in Figs l(a)-(c) and 2

in che lorm ol intensity contour plocs in the

temperature-photon energy plane. Figure l(¿) shows

the spectrum of the unbletched Tennant C¡eek

qu¿rtz. The ll0"C peak is almost symmetrical in the

photon energy dimension. Projected onto the lem-

perature axis it clearly has a lìrs1-order shape. in

agreement with VfcKeever et al. (1985), with a sym-

metry lactor close to 0.42 (see Chen and Kirsh. l98l'
p. 162). The i25"C and 175'C peaks are seen to

overlap strongly.
Figure t(b) shows the spectrum ol the same quartz

atìer bleaching and without activation ol the lt0'C
peak. Onl¡r the 375'C peak remains. ,\ higher tem-

perature peak sometimes observed in the same spec-

tral region is not apparent in these data. The 175'C
peak is relativellr broad both in energy and lempera-

ture. The symmetry täctor obtained trom these data

is uncertain. bur is deiìnitely greater than 0"11. in

agreement with Hornyak et al. (1992). This peek is

asymmetric with an ex¡ension toward higher energies

¿nd lower lemperatures. again in xgreement wirh the

fìndings ol Hornyak et ul. (1992).

In Fig. l(c), we show the result ol subtracting the

bleached data (Fig. l(b)) lrom the unbleached data
(Fig. l(a)). Figure l(c) thus represents the part of the

TL which is bleachable with the yellow light useci.

logether with the ll0"C peak. A second example. lor
the Puritjarra quartz. is :hown in Fig. l' [n chese

data. the 325'C peak is cle:rrly revealed as a broad
peak 1in photon energy). The symmetry thctor is

R. B. SCHOLEFIELD ¿¡ ¿/
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Frc. t(b) Thcrmoluminescence spectrum oi natural
Tennant Creek quartz bleuched in yellow lighr tbr i0 min

anci preheated at 140 C lor Ó0s. Ramp rate 5"Cs-'.

again tbund to be close to 0 -12. indicaring iìrst-order
kinetics ls ooted by Wintle (ì975). This peak is seen

at a longer wavelength than is the ll0'C peak.

Several hitherto unsuspected minor peuks also appear

in these bleachable spectra. For example. the pef,ks at

490 nml370'C in Fig. l(c) and ¿t 550 nmr320"C in
Fig. 2 are not due to incomplete subtraction but are

believed to be real.
Table I shows the emission energyiwavelength

values tbr the tl0'-C pesk tbr a variety oi ¡dditional
quartz samples lor which subtraction spectra lrre not

yet available: TCISi?0 (Crone a¡ ¿/.. 1992); NWIS
¿nd WKIS (Hunrley et ¿1.. 1993): SKtlSiw (Tejan-

Kella e¡ al.. 1990): anci EBISi l0 (Prescott. 1983).
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Frc. 2. Difference spectrum lor Puritjarr¿ quartz, tbrmed as

tbr Fig. l(c).

4. DISCI.JSSION

The 325"C peak in the subtracted data (Figs l(c)
and 2) appears as a well-defined peak extending well

into the LIV below 400 nm. Because ol the asymmerry

of the 375"C peak and its extension into this region

as well, it is not possible to separate these two

completely by choice of optical filters. To utilize the

325'C peak with its rapid and complete sunlight
bleacbing for dating, lree of intertèrence lrom the

375"C peak, one can either sample it by OSL (Smith

et al., 1986) or use the selective bleach techniques

involving subtraction of bleached lrom unbleached

-1il

data (Prescott and Fox, t990; Franklin and Hornyak,

1990).

Both the llO'C and the 325"C peaks emit in the

UV, but not at quitc thc same energy (rvavelength).

The llO'C emission peaks at about 3.3 eV (380 nm)

with a FWHM value ol about 0.6 eV. The 325"C

emission peaks ct about 2.9 eV (440 nm) and is at

least half again as broad. This may indicate that the

two involve different luminescence centres or the

same centre with a strongly temperature dependent

emission. The latter view is supported by the da¡a of
Huntley et al. (1991) who report OSL in quartz
peaking at about 3ó5 nm. The OSL is known to arise

lrom bleaching of the 325oC traps (Smith et ¿/., 1986)

but with the emission occurring at room temperature.

There is. in this view, a consistent although surpris-

ingly large incresse in the peak wavelength of this

luminescence centre with an increase in temperature

lrom room temperalure through I l0"C to about

325'c.
The tl0'C peak in these quartz samples appears to

involve only one luminescence centre, emitting at

about i80 nm (Figs I and 2 and Table l). This centre

is identified with ihe (H¡Or) hole centre by Yang and

McKeever (1990). McKeever et al. (1985) and Yang

and McKeever (1990) show rhat as the temperature

rises through the llO'C glow peak. both the (H,On)

and (AlO¡) ESR signals decav. very much in concert.

If decay of appreciable numbers ol (AlO.) centres

occurs by way of slectron-hole recombination. one

should expect emission at about 't70 nm (Jani et al',

t983); this is not seen in the spectra presented here.

The literature (Medlin, 1963: Zimmerman' l97l;
David er at., 1917: Bailiff. 1979: Akber ¿¡ a/'. 1988;

Huntley et al., 1988: see McKeever. 1984, lor a review

THERMOLUMINESCENCE EMISSION IN QUARTZ

Wavclcngth (nm)

500 400

3.0 3.5 4.0

Photon energy (eV)

100
400

300

o

200 :
o

0

r00

2.5 4.5

Table l. Quartz spectral data

Sample Nominal temp. ("C) Actual temp. i'C) Emission (nm) Disc type

TC2S/2.5b u0
325
375

90
i05
135

3'77

lJt

494

Starnless steel

PJ lS/75 il0
r80
280
1',' <

315

93

t53
274
308

335

J72
¡o,'
117

423
176

Stainiess steel

TClSi20 lt0
175

102

348

384
496

Stainless steel

NWtS il0
375

97

13l
3'73
4'72

Aluminium

V/KIS 103

344

sKns/w 3't5 )J I 474 Stainless steel

EBIS/IO J15 138 483 Stainless steel

Average Nominal remp. ("C) Actual temp. ('C) Average emission (nm)
of I l0 95 376 ¿ 2.3

samples 3'15 335 {82 ' l.ó

rt0
315

3i2
180

Aluminium

Note: rhe peek in PJlSiT5 rhar is marked as occurring at2':-4"C is quire laint and may not actually
exlst.
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to that date) presents lew clear-cut clses of -170 nm

emission in the ll0"C peak. Peak emission is olìen

reported irt ¿bout i80 nm. with ¿ tail reaching out lo
longer wave.lengths. Much ol thls tall cln be ac-

counted tbr. given an essentially symmetric peak in

energy space. by the transtbrmation to the wave-

length representation.
To account lor some of the loss of the (AlO.)

cenlres during glow-out ol the I lo"C peak.

McKeever et al. (1985) noted rhat atomic hydrogen

is apparently released in this temperâture region in
some quartz and reacts with the (AlO.) centres to
fbrm AI-OH combinations. Perhaps in the present

samples when electron-hole recombination occurs at

rhe (H,Or) centres. hydrogen is released lnd moves

on !o react with the (AlO.) centres. removing rhem

without luminescent emission and thus accounting

lor the absence of 470 nm light in the spectra of the

I l0"C peaks in our data.
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