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Abstract

Thermometric analyses provide extremely useful information about heated archaeological

materials and fire-damaged modern structures. A number of non-luminescence thermometry

methods have been developed for analysing pottery firing temperatures. However, many of
these methods are limited in analysis range and accuracy, or are time consuming, expensive

and complex. In addition to these techniques there are a number of thermoluminescence
(TL) thermometry methods but they are also limited in analysis range and the majority have
been developed for specific thermometry problems. The aim of this study was to investigate
the use of thermoluminescence (TL) and photostimulated luminescence (PSL) methods to
develop rapid, precise, mexpensive thermometry techniques that were applicable to a wide

range of thermal events and materials from archaeological and modern contexts.

A basic theoretical treatment of luminescence kinetics in silicate systems was undertaken to
develop an understanding of TL glow curve alterations arising from thermal exposure.
Kinetic studies showed that a combination of temperature and duration parameters is
expected for single trap systems. Kinetic theory was developed to produce a new first order
multi-trap system which provides a theoretical means of separating temperature and time
components, which may be applicable to synthetic phosphors. Additionally heat transfer

solutions were investigated to examine the temperature distribution in heated solids and TL

instrumentation.

Isothermal annealing experiments on IAEA F-1 potassium feldspar showed a highly precise
progressive thermal exposure monitor, whereby the position of the first rise of an annealed
TL glow curve 1s characterised by a linear increase in temperature and a logarithmiq
increase in time. First order kinetic simulations and initial rise measurements demonstrated a
continuous linearl distribution of traps in IAEA F-1 feldspar. Using a high temperature TL
system (maximum temperature 700°C) the progressive thermometry method was
successfully applied to separated feldspar minerals and polymineral samples from

archaeological (ceramics, burnt stones and hearthstones) and modern (fire damaged

concrete) materials.



PSL excitation spectroscopy showed potential thermometric behaviour but for some
samples the sensitivity of the system was too low. Pulsed infra-red PSL showed there may
be a limited trap distribution over which a small range of thermal exposures will operate.
Combined TL/PSL measurements showed it may be possible to deconvolute temperature

and time parameters.
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Chapter 1: Introduction
1.1 Importance of thermal history

Tracing the path of exploitation of fire in antiquity, its use, control and the ability to achieve
increasingly higher temperatures provides extremely useful archaeological information. This
becomes clear when one examines the number of different materials that have been exposed
to heat in the archaeological record. The material foremost in this list are fired ceramics or
pottery, which occur on the majority of archaeological sites in domestic, industrial and
funerary contexts. Ceramic firing temperatures give further insight to studies of ceramic
technology and may also raise interesting questions on broader archaeological issues. These
may include such topics as the technological development between contemporary or
successive societies; although noticeable distinctions in data sets may have alternative
explanations such as variations in fuel availability, due for example to extensification of land

use, changes in climate or external aggression.

Other common archaeological materials that have a thermal history linked to human activity
include the following; hearthstones; pot boilers; the ceramic and lithic structures associated
with pottery kilns, early metal working, and domestic ovens; fire-cracked stone surfaces m
early mines; and burnt flints. As with ceramics, analysis of the thermal history of these
materials may contribute to a greater understanding of domestic processes and
technological developments, and in some instances may imply changes in socio-political
structures or environmental factors. Hearthstone studies may suggest, for example, different

domestic or industrial processes between houses in a settlement, or as mentioned above may
indicate pressure on fuel resources, or merely the type of fuel used. Whereas studies of pot
boilers (heated stones perhaps used for heating water, roasting foodstuffs, wool-dying,
saunas, etc.) may shed more light on the function of sites known as burnt stone mounds
(Buckley, 1990). Finally, direct technological information may be gleaned from an analysis

of pottery kiln structures, and items such as crucibles and tuyeres from early metal working.

Indicators of thermal history have a role to play in many other disciplines, and perhaps

particularly for geological studies. As discussed by McKeever (1985) geological



applications may include studies of meteorites, and the formation of minerals. Using its

broadest sense, the scope of thermal history studies may be extended to present day where

its uses include the assessment of fire damage to building structures (eg. Placido, 1980).

1.2 Introduction to luminescence
1.2.1 Thermoluminescence (TL) and Photostimulated luminescence (PSL)

TL is light released when insulating crystalline minerals (eg. quartzes and feldspars) are
subject to heat. The heating process enables charge carriers, previously held in metastable
energy states, to gain enough energy to escape from their trapped state whereupon they
may de-excite to recombine at lower energy defects or impurity ions releasing light photons.
While the stimulating energy that depopulates the traps in TL is heat, for PSL the

stimulating energy is in the form of light.

The initial charge trapping process is a result of the ionisation of parent atoms in the crystal
lattice by exposure to natural radiation or artificial radiation sources (in the laboratory). For
archaeological materials the radiation mainly comes from a combination of naturally
occurring radioactive 1sotopes of K, Th, and U, with an additional smaller contribution from

cosmic radiation and Rb.

1.2.2 Historical perspectives

Details of the historical background to the use of TL are discussed by authors such as
Aitken (1985) and McKeever (1985). Some of the key historical markers are as follows;
observations by Robert Boyle on the light emission from a diamond (Boyle, 1663) -
although Becker (1973) suggests that medieval alchemists were aware that certain minerals
glowed faintly when heated in the dark; Wiedemann and Schmidt (1895) induced TL into
samples by laboratory irradiation with an electron beam; Trowbridge and Burbank (1898)
demonstrate that TL from natural fluorite can be regenerated by exposure to X-rays;
recognition by Urbach (1930) of the use of TL to study trap depth distributions; the famous
papers of Randall and Wilkins (1945a,b) formalising the theory of TL by considering the



first order mechanism of electron detrapping, followed by Garlick and Gibson (1948) who
considered second order TL mechanisms - these papers still form the basis of TL theory
today (eg. Chen and Kirsh, 1981; McKeever, 1985; Aitken, 1985), although refinements are
still being suggested (eg. Adirovitch, 1956; Halperin and Braner, 1960; Visocekas, 1978);
Daniels et al. (1953) developed the use of the photomultiplier tube for measuring TL and
suggested the use of TL for geological and archaeological age determination; TL of ancient
pottery was first detected by Grogler et al. (1960) and Kennedy and Knopff (1960);
subsequently during the 1960’s TL was developed for archaeological dating at Oxford
(Aitken, Tite and Reid, 1964; Aitken, Zimmerman and Fleming, 1968b), Kyoto (Ichikawa,
1965), Wisconsin (Mazess and Zimmerman, 1966), Philadelphia (Ralph and Han, 1966),
and Denmark (Mejdahl, 1969); extension from pottery dating to burnt flint (Goksu et al.,
1974), burnt stones (Mejdahl, 1983) vitrified stones (Sanderson et al, 1988), and volcanic
lava (Wintle, 1973; Guérin and Valladas, 1980); extension to various types of sediment
began with work in the then U.S.S.R. (eg. Morozov, 1968); resetting of the TL clock by
sunlight bleaching was recognised, windblown and waterlain sediments dated, and a residual

luminescence component which could not be readily bleached was identified which lead to

the partial bleach method (Wintle and Huntley, 1979, 1980, 1982).

In 1985 the demonstration by Huntley et al, (1985) of a much lower residual luminescence
signal from sediment samples analysed by PSL, opened up an exciting new field of study
with the prospect of much more reliable dating for samples that had been optically bleached.

The various advances in photostimulated dating have been recently reviewed by Aitken

(1992, 1994) and Wintle (1993).
1.3 Thermoluminescence thermometry

Although TL is most familiar in the context of dating and radiation dosimetry studies (eg.
Aitken, 1985; McKeever, 1985; Horowitz, 1984; Fleming, 1979; McKeever, 1984; Mahesh,
Weng and Furetta, 1989; McKeever, Moscovitch and Townsend, 1995; Horowitz and
Yossain, 1995), the underlying phenomena are also sensitive to thermal history.
Thermometry methods exploiting TL may be broadly grouped into 4 mam areas; those

methods exploiting an equilibrium condition between trap filling and eviction at a constant



temperature; those based on the absolute reduction of TL intensity due to heat treatment;
methods measuring the shift of the TL glow curve due to heat treatment; and those

exploiting the property of thermal sensitisation of TL before accumulating dose (commonly

referred to as pre-dose sensitisation).

The methods summarised in Table 1.1 are thus based on TL equilibrium (EQUIL), intensity
(INT), glow curve shift (SHIFT) and pre-dose sensitisation (PDS). The subscripts denote
whether the methods are based on measurements from a single peak, a number of peaks,
(for convenience a specific region of the glow curve is also termed a “peak”), or the entire
TL glow curve. An exception to these general subscripts is the suggestion of a
palacothermometry method put forward by Levy (1979) based on the SHIFT of the TL
emission spectrum peak energy observed in albite (NaAlSi;Og) samples annealed at 1050°C

for various times prior to irradiation.

The temperatures sensed by those methods which have developed to a stage of either
laboratory testing and/or sample application varies from environmental (terrestrial) to high
temperature pottery firing. However, the limits of temperature ranges are often not reported
although this may be because the investigations are mainly for a specific thermal event(s). In
the majority of cases no details of precision are reported, and as listed the “analysis type”
has been divided into Comparative, Temperature, Temperature/time and Exposure
categories. Comparative are those methods where the results of Juminescence
measurements are compared to simply ascertain whether samples have been heated or not

heated, or whether there are temperature variations between a group of samples (eg. Dort et
al., 1965). Temperature are those methods where a value for duration of the thermal event
has to be assumed. Temperature/time are those methods where a temperature value has
been estimated (although this value may be a maximum temperature of a dynamic thermal
exposure, an average temperature, Or an average-maximum temperature from a cyclical
event), and in some studies an estimate of duration is also made. Exposure are those

methods where a quantity which involves both temperature and time variables 1s measured.

As shown a wide range of minerals have been previously studied (CaMg(COs3),, CaCO;,
CaSO.:Mn, NaAlSi;Os, “SiO,”, chert (flint), LiF, polymineral samples) from a number of

geological, archaeological, archaic-lunar, extra-terrestrial and modern thermal events.
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1.4 Non-luminescence archaeothermometry

A number of analytical methods have been developed to estimate the temperature of pottery

firing. The methods include observations of physical and chemical properties, but most
procedures address the mineralogical characteristics of pottery. A comparison of
archaeothermometric techniques is shown in Table 1.2. Rice (1987) has reviewed the
various methods and the following points summarise her findings:

a) Many methods depend upon prior knowledge of the clay mineral constituents,
although many sherds are comprised of several clays (with a variety of mineral
inclusions). The results from XRF and thermal methods may therefore be difficult
to interpret, and, in addition, many of these mineral-based methods are not useful
for firing temperatures above 500-700°C.

b) It is difficult to find methods that are reliable in the 600-900°C range.

c) Accuracy usually has an uncertainty between 30-100°C (Tite et al., 1982).

d) In addition to firing temperature, several methods (eg. SEM and porosity) show
the extent of vitrification. These methods measure not only a technical property
but also cultural and functional characteristics. However, vitrification may occur
over a temperature range of 200°C (Tite and Maniatis, 1975).

e) Characteristics of fired wares, especially vitrification, are a function of the firing
temperature, duration of firing and atmosphere (Tite and Maniatis, 1975).

f) Due to possible rapid cooling, sintering may have taken place at a lower
temperature than the firing maximum. Additionally temperatures are apt to
fluctuate widely in both bonfire and kiln firings.

g) Post-depositional processes - leaching, mineral recrystallisation, rehydration -
may affect the properties measured to estimate the firing temperature of the clay

vessels. Thus the current properties may not be equivalent to the ancient

properties.
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1.5 Thesis aims and content

The aim of this thesis was to investigate the use of luminescence methods to study the

control and use of fire in past and modern day contexts, and in so doing develop a
thermometry technique that was rapid, precise, in-expensive, and applicable to a wide range
of materials. The thesis is structured in the usual manner with theory, instrumentation,

experimentation, application and discussion chapters.

Chapter 2 (Theory) deals with two theoretical areas of relevance to luminescence studies of
thermal exposure. The first of these is a basic treatment of luminescence kinetics enabling
the development of understanding of TL glow curve alterations in insulating materials
arising from thermal exposure. The second area examined is that of heat transfer which 1s
important because of the variation in temperature distribution both in solids exposed to heat
due to thermal gradients, and also between the heater plate and sample in TL experiments.
Chapter 3 (Instrumentation and measurement methods) deals firstly with TL. measurement
and discusses the TL equipment, instrumental developments and temperature calibration of
glow curves. The equipment used to perform PSL experiments is then described with details
of a scanning excitation spectrometer and pulsed infrared diode array. Chapter 4
(Thermoluminescence experiments) initially discusses annealing experiments on a standard
potassium feldspar, and then these results are compared with kinetic simulations. Finally an
extension of the empirical observations is made to the TL characteristics of material from an
experimental hearth. Chapter 5 (Thermoluminescence applications) discusses the results of
TL measurements on archaeological ceramics, bumnt stone mounds and hearthstones, and a
modern day fire damaged concrete tunnel. Chapter 6 (Photostimulated luminescence)
describes measurements made using an excitation spectrometer and pulsed diode array on
the same material used in Chapter 4 to investigate whether PSL has potential as an indicator
of thermal exposure, and includes discussion of the complimentary information revealed by
TL and PSL analyses. Finally Chapter 7 (Discussion) has 3 sections; summary and

discussion, suggestions for future work and the conclusions of the project.



Chapter 2: Theory

2.1 Introduction

This chapter deals with two theoretical areas of relevance to luminescence studies of thermal
exposure. The first of these is a basic treatment of thermoluminescence (TL) kinetics enabling
the development of understanding of TL glow curve alterations arising from thermal exposure.
Sections introduce the concept of the energy band model of solids, then set out the equations
governing first order kinetic behaviour, discuss kinetic studies made of the effect of thermal
exposure on hypothetical systems containing well defined components, and finally summarise a

treatment of the kmetics associated with the optical eviction of charge carriers via

photostimulated luminescence (PSL).

The second area examined is that of heat transfer which is important because of the variation in
temperature distribution both in solids exposed to heat due to thermal gradients, and also in TL.
experiments between the heater plate and sample. Accordingly sections firstly deal with
macroscopic solutions of heat transfer in solid shapes, and secondly discuss heat transfer models

that have been formulated to estimate the temperature distribution and thermal lags associated

with TL measurements.
2.2 Analytical models of the TL process

The following sections discussing kinetic models of the luminescence process (2.2.2, 2.2.3, 2.2.4
and 2.2.8) are based on the pioneering work of Randall and Wilkins (1945a,b) and Garlick and
Gibson (1948). Although refinements have subsequently been suggested (eg. Adirovitch, 1956;
Halperin and Braner, 1960; Visocekas, 1978), these papers from the 1940’s still form the basis
of TL theory discussed in kinetic (eg. Chen and Kirsh, 1981; Braiinlich, 1979) and more general
application (eg. Aitken, 19835; McKeever, 1985) textbooks.



2.2.1 Energy band model

According to quantum theory orbiting electrons of a single atom can only occupy discrete
energies. The atom has a number of associated energy levels and the electrons occupy the lower
levels and obey the Pauli exclusion principle. In a solid, as the atoms become closer together the
narrow energy levels become wider bands of allowed energies, each band consisting of a large
number of closely spaced energy levels individually capable of containing two electrons. The
bands of permissible energy are called the allowed bands. These may either be filled or empty
depending on whether they correspond to filled or empty levels in the system. The energy
regions between these are called the forbidden bands. The band of energies of the valence

electrons in a solid is called the valence band.

The theory of these energy bands in solids depends on quantum mechanics. In general, the
Schrédinger equation is solved for an electron moving in a varying electric potential the
periodicity of which 1s created by the spacing of the ions in the crystal lattice. The allowed
solutions give the allowed bands of energy and the energies for which there are no solutions are
the forbidden bands. Within any allowed energy bands the number of constituent discrete energy

levels varies with the energy. A curve showing this variation is called a density of states curve.

Figure 2.1 is a representation of the energy bands in metals, semiconductors and insulators at
absolute zero. In metals the valence band is partially filled, whereas in semiconductors and
insulators the valence band is completely filled with a forbidden band or band gap between it and
the next highest empty band, termed the conduction band. The Fermi level, E;, is a level below
which the energy levels are completely full and above which completely empty. Thus at absolute
zero the Fermi level in semiconductors and insulators lies above the upper most valence energy
and it is not possible to obtain a net transport of charge in the valence band in the direction of an
applied electric field. The forbidden band in semiconductors is small and at temperatures above
absolute zero some electrons gain enough thermal energy to escape into the conduction band,

making conduction possible with conductivity rising with temperature.

10



(a) (&) (c)

Figure 2.1 (a) The partially filled valence band for a metal at absolute zero. The shaded
area represents the fully occupied states. This is compared with the
completely filled valence bands for (b) a semiconductor and (¢) an insulator.
Here the filled bands are separated from the next highest empty band by a so-
called ‘forbidden’ gap E;. E is the position of the Fermi level and E, is the
top of the valence band (from McKeever, 1985).

The presence of either structural defects or impurity ions within the lattice causes a breakdown
in the periodicity of the crystalline structure and it becomes possible for electrons to possess
energies which are forbidden in the perfect crystal. Lattice imperfections are many and varied
and are strongly determined by the natural crystal formation processes. They are classed into
two types; point defects and line defects. Important point defects are Frenkel defects (interstitial
molecules, atoms or 1ons and corresponding vacancies) and Schottky defects (lattice vacancies

caused by diffusion of host ions to the crystal surface). Line and planar defects such as
dislocations and grain boundaries may also give rise to allowed energy levels within the
forbidden band. The valence and conduction bands extend throughout the crystal whereas the

defect states are centred upon the defects themselves and are thus termed localised energy

levels.

The localised energy levels may be discrete, or they may be distributed, depending upon the
exact nature of the defect and of the host lattice. McKeever (1985) uses the example of an alkali

halide crystal of the type M'X to explain, in general terms, how impurities and structural defects

give rise to localised energy levels. An electron freed from the valence band and moving through

the crystal may become attracted by the coulombic field of a vacant anion site (ie. a mussing X

11



ion) and become trapped (no longer able to take part in conduction). The energy required to
release the electron from the trap 1s less than that required to free a valence electron from an X'
ion and thus the anion vacancy has associated with it an energy level which lies somewhere
between the valence and the conduction bands. A similar situation arises with cation vacancies
where the missing M ion results in a deficiency of positive charge which in turn results in a
decrease in the energy required to free an electron from a neighbouring X ion. Once again a
localised energy level within the forbidden gap is associated with this vacancy. The position of
the localised level within the gap 1s determined by the decrease in the energy required to free the
electron. Thus for cation vacancies the energy level turns out to be below the equilibrium Fermi

level and the centres are full of electrons and are thus potential hole traps. The anion vacancies,
however, have an energy level above the Fermi energy meaning that the level is empty of
electrons and that the defects are potential electron traps. Similar arguments apply to the
incorporation of impurity ions (cation or anion) within the crystal lattice, either in substitutional

or interstitial positions.

Figure2.2  Common electronic transitions in (crystalline) semiconductors
and insulators: (a) ionisation; (b) and (e) electron and hole
trapping respectively; (c) and (f) electron and hole release; (d)
and (g) indirect recombination; (h) direct recombination.
Electrons, solid circles; electron transitions, solid arrows;
holes, open circles; hole transitions, open arrows (from
McKeever, 1985).
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Lummescence processes are governed by changes in the occupancy of the various localised
energy states, by electronic transitions from one state to another. There are several permissible
transitions for both holes and electrons, some of which are shown in Figure 2.2. Localised
energy levels can act either as traps or recombination centres and they are distinguished by therr

relative probabilities of recombination and thermal eviction.

From thermodynamic considerations the probability of escape per second is governed by the

following exponential expression

E

p=se (2.1)

where E is the trap depth or activation energy measured in electron volts (eV), k is Boltzmann's
constant which relates the average energy provided by the lattice vibrations to the absolute
temperature 7, and s 1s a frequency factor. The frequency factor may be crudely thought of as
the number of attempts to escape per second. The trap depth is the energy difference between

the trap and the edge of the corresponding delocalised band.

Transitions may also occur that do not involve the delocalised bands for both electrons and
holes. The transitions may occur as a result of either energy levels (representing traps and
centres) within the same atom or if the defects responsible for the levels are situated close to
each other in the host lattice; in this case the transition occurs by a process known as tunnelling
(Garlick and Robinson, 1972; Visocekas, 1979; Visocekas et al., 1976). An alternative
possibility is that the charge carmner has to be elevated to a hiéher energy level before
recombination can take place. Additionally for indirect transitions (ie. either band-to-centre or
centre-to-centre transitions) the energy dissipated is much less than in direct transitions (ie.
band-to-band transitions) and may thus be dissipated either radiatively (via photons) or non-
radiatively (via phonons). Whether or not a material will exhibit luminescence following
irradiation and the absorption of energy, depends upon the relative probabilities of the radiative
and non-radiative transitions and is called the luminescence efficiency of a phosphor. The
luminescence efficiency has been shown to be strongly temperature dependent in a variety of
materials. The occurrence of the reduction of the luminescence efficiency as a function of

temperature (for eg. 325°C peak in quartz samples; Wintle, 1975) is commonly referred to as
thermal quenching.
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2.2.2 Assumptions of first order kinetics

The simplest theoretical treatment of luminescence based on the energy band model is first order
kinetics which was developed by Randall and Wikkins (1945a,b) to describe phosphorescence
and TL observed m experiments on alkaline earth and zinc sulphides. This model considers the
thermal eviction of a charge carrier from a single trap and subsequent recombination at a single
centre (thereby assuming there are no adjacent traps where interaction may occur). Radiative
recombination is assumed to be the dominant process having a higher probability than either

retrapping or a non-radiative transition.

2.2.3 Solution for peak shape: TL

The kinetics governing eviction are those of thermal emission from the trap. Thus the intensity

of TL at a particular temperature and time is equal to the product of a recombination probability

constant C and the rate of change of the trap population dn/dt, thus

dn
Tt =-C— 2.2

The rate of release of charge carriers is the product of the trap population » and the probability

function expressed in Equation 2.1. Therefore, combining Equations 2.1 and 2.2 gives the first

order kinetic equation

E

I(T,t)= Csne ¥ (2.3)

For a linear TL ramp a uniform heating rate of B Ks™ is employed, where

arl
p = dt
and
dt = %T_ (2.4)
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Combining Equations 2.2 and 2.3 and substituting an expression to include heating rate from

Equation 2.4 gives
E
A (2.5)
dT 3
which by separation of variables gives the integral expression
jldn=--f- je'ffdr (2.6)
n B

which may be solved for boundary conditions of temperature T and charge population n for time

t = t, and initial conditions of 7T, n, and ¢ = 0 to give a solution for n(7), thus

-E

dr
e AT

Sy

n(T) = n, emE (2.7)

This expression can be substituted back into Equation 2.3 to give the peak shape expression for

first order kinetics

T E
-—dT
_..E.-l-i‘[g AT
kT B

I(T) = Csn_e “ (2.8)
A simulated first order TL peak shape is shown in Figure 2.3. The peak is asymmetrical with the
majority of the signal being emitted on the low temperature side of the peak maximum. The

peak position depends on the variation of activation energy E and frequency factor s of the trap,

and the heating rate of analysis 3. The height of the peak depends on the charge population 7.
The kinetic simulation code is introduced in Chapter 3 (Section 3.1.2) and further details are
described in Chapter 4 (Section 4.1.4). In real samples TL measurement produces a glow curve
which comprises of a number of peaks which may be clearly defined, or be clustered together

forming composite broad features or continua.
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Figure 2.3  Simulation of a first order TL peak. E = 1.6
eV,s=12x10"",b=1.

2.2.4 Isothermal decay: Phosphorescence

The lifetime or meanlife of trapped charge carriers T may be defined as

E

T =g e (2.9)

and combining Equations 2.2 and 2.3 the rate of change of the trap population may be expressed

ds

ar 7 (2.10)
-2;-=—5ne .

Therefore, from Equations 2.9 and 2.10 we have

dn_ _n 2.11)
dt T ~

Separating variables and integrating with boundary conditions of n, n,, ¢, %o gives
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n T

a

ln(-’ij . (2.12)

Since [ is proportional to n from Equation 2.3 it therefore follows that

I=le* (2.13)

This result is the first order expression for isothermal decay or phosphorescence. Figure 2.4
shows the increased rate of exponential decay of a single first order trap with increased

isothermal temperature.

(a) (b)

08 N o \
06 0.4
I In(l)
0.4 ~0.8
02 —0.8
0.0 — 10 \
0 10004 20000 30000 40000 0 10000 20004 0000 40000

t (s) t (s)

Figure 24  Simulated phosphorescence from a first order trap at different temperatures with
parameters of E= 1.5eV, s = 10 s and I = I, = 1 when ¢ = 0. (a) Exponential
decay, and (b) linear relationship with logarithmic intensity.

Equation 2.9 shows that the meanlife depends on the activation energy E, the frequency factor s,
and the storage temperature 7. Thus the survival of the TL signal depends on these 3
parameters. Additionally, the expression for isothermal decay (Equation 2.13) involves both
storage temperature and time parameters. This equation implies the possibility of using TL as a

monitor of thermal exposure and also shows the complementary relationship of temperature and

time variables.

2.2.5 Relative retention for a three trap system

For a first order system containing two non-interacting TL peaks, the first one stable (s, £, 51)

and the other metastable (t;, E3, s,), exposed to a temperature 7, the fraction of the signal
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remaining after a certain time ¢ has elapsed, assuming no anomalous or athermal fading, can be

expressed from Equation 2.13 for the stable peak as

|
(Z), =1 (2.14)

when ¢ << 1T;, and for the metastable peak as

(.!.] —e (2.15)
2

Values for 1, (=I,1) and I can be estimated from the natural TL signals and the ratio of I,; to I,;

can be estimated from the second glow after reirradiation. It therefore follows that

Iy _(n, (1),
[Tl“'&r(a)z -

If a second metastable peak 1s considered (2;, E3, s3) the fraction of the signal remaining can be

estimated in the same manner:

1) (D, (1)
(‘f‘l O @) .

From the definition of the lifetime © (Equation 2.9) it therefore follows that

[_{_] = gmae F (2.18)
l, ),
and
I B 1
—| = (2.19)
1, ),
The above two eqﬁations may be combined in the following manner with the time variable
cancelling out:
(Ey-E,)
N J U B R Wy (2.20)
Io 3 Ia 2 S2

Rearranging further gives the following solution for the temperature 7, thus
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T= (2.21)
kInd22| In [L) - In [L)
53 Iﬂ 3 Iﬂ y)
Equation 2.18 (or Equation 2.19) gives the following solution for time ¢
I 5
t=—In|—|s; e (2.22)
I, ],

The multipeak system described above is a new model that demonstrates it may be possible to

obtain by experiment the temperature and time parameters of thermal exposure for a material
that approximates the behaviour of first order kinetics. The system must contain a minimum of
three traps (one stable and two metastable) giving three independent TL peaks from which glow
curve measurements may be made of natural and artificial peak intensities, and E and s
parameters. This model assumes that the eviction of charge carriers from the traps is the
dominant process taking place during thermal exposure. The thermal event must therefore be
necessarily short compared to the time associated with capture of charge by electron-hole pair
production. Additionally the temperature range is limited - the higher the thermal event the less

chance of a 3 peak system remaining.

This model may possibly be utilised for short thermal exposure monitoring using synthetic
phosphors (eg. LiF, CaF,), and might be useful for modern technological applications. Although
there may possibly be scope for utilising peaks or integrated regions (cf. Durrani et al., 1977)
from natural phosphors such as quartz and feldspar, the main thrust of this thesis was the

development of archaeological thermometry tools to measure relatively high temperature

thermal events.

2.2.6 Trap filling

The first order model of Randall and Wikins (1945a,b) only considers eviction and

recombination of charge carriers. A treatment of charge capture or filling of traps Is necessary
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where competing processes of capture and eviction are taking place, in particular when capture

becomes a significant factor with the rate of change of charge population not only dependent on
the probability of eviction. This situation may occur, for example, where a body is heated for a

long time at a low temperature.

From Equations 2.1 and 2.10 the rate of change of the trapped charge population for eviction 1s

given by

dn
— =-n 2.23
o p (2.23)
where the lifetime 7 is the reciprocal of the escape probability p. The rate of trapping should be
proportional to the concentration of free electrons in the conduction band n. and to the

concentration of unoccupied traps N - n where N is the concentration of traps and n is the

concentration of the instantaneous trapped electrons. Thus for trapping,

dn
— =n(N-nA 2.24
t nc( n) ] (2.24)

where A, is a proportionality factor and is referred to as either the (re)trapping probability (Chen
and Kirsh, 1981) or the transition coefficient (McKeever, 1985). Adirovitch (1956) equates A,

as the product of the thermal velocity v of free carriers in the conduction band with the capture
cross section & of the trap, with units of m’s . Combining Equations 2.23 and 2.24 thus gives an

expression for the rate of change of trapped charge concentration in terms of capture and

eviction:

= = n(N=n)4, - np 225)

This is the same form as the second of three differential rate equations that Adirovitch (1956)
used to explain the observed decays of phosphorescence in the general case. Separation of

variables gives the following integral expression

dn
J AnN-(An +pp Ja (220

and for initial conditions of #= 0 and n = 0 the solution for n (with the exponential relationship

for the escape probability p: Equation 2.1) is given by
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_E
An.+se AT

AnN|ll-e [
n=—————= (2.27)

AT
An + se

Similarly a relationship involving n and n, terms may be solved, and since I is proportional to n
(from Equation 2.3) a mathematical treatment considering a 3 trap system may be pursued

similar to section 2.2.5. However, a possible problem with models of this type is that it is

difficult to determine the necessary parameters by independent physical means.

2.2.7 Continuous distributions of traps

The preceding sections have thus far dealt with hypothetical systems where there are a small
number of discrete traps, giving rise to non-interacting luminescence peaks (cf. interactive
kinetic solutions, for eg. Levy, 1985), which may or may not vary in activation energy. In many
materials the picture is likely to be far more complex with individual traps themselves being
distributed in energy. From phosphorescence measurements Randall and Wilkins (1945a,b)
suggested uniform trap distributions in alkaline earth phosphors and exponential trap
distributions in zinc sulphide phosphors. Results of experiments on amorphous Selenum have
been interpreted as uniform and Gaussian distributions (Grenet et al, 1973); an exponential
distribution is used by Owen and Charlesby (1974) to explain results from a wide variety of
insulating solids; both discrete (Garofano et al, 1977) and distributed (Helfrich et al, 1964) traps
have been proposed for anthracene. The feldspar materials analysed in this thesis (Chapters 3, 4,
5) display TL glow curves that suggest silicate systems with trap distributions. In Chapter 4

(Section 4.1.4) a non-interactive simulation of a system with continuous uniform first order

components is utilised to account for the results of annealing experiments on a pure standard

potassium feldspar.

2.2.8 Second and general order kinetics

Further complexity is introduced when it is found that the decay of phosphorescence is non-

exponential. One reason for this may be a number of first order processes overlapping, so that at

any one temperature several traps each with different activation energies are being sampled. An
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alternative explanation, dealt with by Randall and Wilkins (1945b) concerns the possibility that
there is equal probability of an evicted charge carrier either re-trapping or recombining. The

following solutions for second order kinetics were formalised by Garlick and Gibson (1948)

which correspond to the first order solutions of Equation 2.3

E

I(T,t) = Csn’e ¥ (2.28)
and Equation 2.8
_E s _E 17
I(T)=Csnje "|1+n — Ie “dT (2.29)
P 1,
respectively.

Fuelled by observations on glow peak shapes not conforming to either first or second order
kinetics, May and Partridge (1964) formulated similar expressions for general order kinetics

where b (the kinetic order) 1s neither 1 nor 2:

E
I(T,t)=Csnte ¥ (2.30)
-2
_E r _E | Te-
I(T)=Csnte |1+ (b-1)n""=[e T4T (2.31)

Although higher order kinetic solutions are not made further use of in this thesis, they are
included here both for completeness of analytical solutions, and also to emphasise the increasng

complexity that may be encountered in certain samples.

2.2.9 Summary

New multipeak models (Sections 2.2.5 and 2.2.6) developed from basic luminescence kinetics
(2.2.1 - 2.2.4) have considered an idealised system in which there are three non-interacting and

resolvable first order peaks which may be able to resolve temperature and time components. The
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first of these (Section 2.2.5) considers the case where eviction of charge carriers from traps 1s
the dominant process taking place during thermal exposure. The thermal event is therefore short
compared to the time associated with capture of charge as a result of electron-hole pair
production. Any dose accumulation or fading after the thermal event must not effect relative

intensity of measured peaks (although fading corrections may be implemented). The second

model (Section 2.2.6) considers the case where the thermal event is long enough and at a low

enough temperature for the capture of charge to become significant.

Examples of materials where these models may be applicable are synthetic phosphors (LiF,
CaF,). However the temperature range is limited - the higher the temperature of the thermal

event the less chance of a three peak system remaining. Additionally, in materials where the
glow curve comprises of broad features or a continuum (eg. feldspars) as opposed to a number
of distinct peaks, individual broad features or integrated regions may perhaps be treated in the

same way as individual peaks.

The above models are based on the assumptions of first order kinetics. The actual behaviour in
many systems may well be more complicated. Some of the complicating factors mclude
transitions not involving delocalised bands, non-radiative transitions, proximity effects,
continuous distributions of traps, and variation in retrapping and recombination probabilities.

However, in many instances first order (or second order) kinetics provide good theoretical

approximations to empirical data.

TL kinetics provides a general basis for interpreting results from silicate systems, and Chapter 4
will utilise these concepts to explain the nature of thermal exposure observed from feldspars. A
combination of temperature and time parameters is expected from single systems on kinetic

grounds, and the new multi trap system discussed above provides a theoretical means of

separating both components.
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2.3 Photostimulated luminescence (PSL)

In this stimulation process the energy required to evict charge carriers trapped at impurity and

defect sites is provided by the absorption of light photons, and the corresponding luminescence

signal 1s the emission of photons due to charge carrier recombination at luminescence centres.

A similar approach to TL kinetics can be considered for PSL, whereby the luminescence emitted
is related to the eviction rate by optical processes. One such treatment proposed by Clark (1992)

1s summarised below:

The PSL analogy to the probability expression for thermal escape (Equation 2.1) is defined as

P(A) = ®(M)o (T, 1) (2.32)
where P(A) is the probability of charge carrier eviction when stimulated by light of a wavelength
A+ S\ per unit time (s™), ®(A) the total incident photon flux at wavelength A+ SA per unit area
per unit time (m™s™), and (T, A) the photon eviction cross section at wavelength A + 8A and
temperature 7 (mz). This expression thus proposed that the probability of photo-eviction of a

charge carrier from a single trapping site was proportional both to the total photon flux incident

upon it and also to the photo-eviction cross section.

Hence, as with thermal eviction, the total photo-eviction (analogous to Equation 2.23) is given

by

Eviction Rate = n P(\) (2.33)

Thus there are two eviction mechanisms for trapped charge carriers; thermal and photo-eviction.
If photo-excitation is taking place at low temperatures with respect to the trap depth, eviction by
optical processes will dominate; at higher temperatures with respect to the trap depth thermal
eviction mechanisms dominate. As with thermal stimulation alone, equations describing
combined optical and thermal eviction only hold true for a single trap and centre model and for

no interaction between thermal and optical eviction.

Clark (1992) proceeded further to produce an expression for the detected intensity / due to

photo-eviction alone:
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1) = 2RALD) _ vy (7,0 234

t(A)

with the following definitions:

QA = detector quantum efficiency at wavelength A

A = sample area (m°)

uA) = photo absorption coefficient at wavelength A = oA

X = trapped charge carrier depth beneath the illuminated surface (m)
o = assumed fixed radiative recombination probability.

However, he noted that this expression did not take into account of the attenuation of emitted

photons through the sample, and also the correction from 47 solid angle emission to 27

detection.
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2.4 Heat transfer and thermal gradients

External heating or cooling of the surface of solids produces thermal gradients where
temperature differences exist either between surfaces, or between a surface and the solid body.
Energy is transferred between regions of different temperature in the form of heat. Conduction
(by direct molecular communication without appreciable displacement of molecules) is the only
mechanism by which heat can flow within opaque solids. Heating events mvolving
archaeological structures or artefacts will produce gradient effects. It is therefore important to

consider macroscopic solutions of heat conduction in a variety of solid shapes to give estimates

of temperature distribution in both transient (unsteady - with variation of temperature with time)

and equilibrium (steady) conditions, to provide a connection between thermal gradients and

luminescence measurements.
2.4.1 General heat transfer equations

The conduction of heat in solids is dealt with comprehensively by Carslaw and Jaeger (1959)
although in parts it is more accessible to the non-specialist by consulting authors such as Kreith
(1965), White (1984), Ingersoll et al. (1954) and Incropera and De Witt (1990). The differential
equation of conduction of heat in an isotropic solid whose thermal conductivity is independent
of temperature is given by

0°T  &°T  &°T

10T
LJoOL, o 1ol 2.35
ox*  dy* 8722 o ot 0 (29)

which describes the variation in temperature T at any point P (x,y,z) with time ¢, where o 1s the

thermal diffusivity, given by -

O = £ (2.36)
pc '

with X the thermal conductivity, p the density and c the specific heat (at temperature T) of the
solid. Another important concept is that of the flux of heat across a surface, which is the rate at
which heat is transferred across any surface with cross-sectional area S at a point P per unit area

per unit time. In an isotropic solid in the direction of increasing x normal to the surface the flux f;

may be expressed as
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f.=—-K— (2.37)

2.4.2 One dimensional steady state solution for a solid bounded by two parallel planes

This solid shape may also be considered as an isotropic slab or wall. If the flow of heat is
perpendicular or normal to the parallel planes in the direction of x, with one plane at x = 0 and

temperature 1, and the other at x = [ and temperature T3, then Equation 2.35 reduces to

da‘T
dx2

=0
where the rate of change of temperature d7/dt = 0, and

dT T, T,
—— = constant =
dx [

From Equation 2.37 the flux at any point is given by

f=-2thh) (Tzl" 1) (2.38)
and it therefore follows that the rate of heat transfer, dQ/d:, is given by
dg _KS(5-T,) (2.39)

dt [

To apply this solution it must be assumed that the two planes are of such an extent that, so far as
points well in the centre are concerned, the two surfaces may be supposed infinite. The
temperature gradient and the heat flow do not vary with time and the cross sectional area over

the heat flow path is uniform.

This may possibly be used to describe the heat transfer in some archaeological heating events

but appropriate caution must be taken when assessing the ability of this solution to approximate
real situations. For example, if a free-standing (ie. finite wall thickness) oven or pottery kiln
(constructed, perhaps, from either stone or clay) is considered any periodicity or variation mn

internal firing temperature, external environmental temperature, or periods of non-use must be
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assumed to be insignificant. Similarly this solution may approximate one dimensional heat
conduction in a domestic hearthstone. Again temperature periodicity and periods of non-use
must be assumed insignificant. For this case 7} is the surface temperature, T, the temperature at

a semi-infinite position, and the temperature is also T; when x > .
2.4.3 One dimensional transient solution for a semi-infinite slab

As in the above discussion the term semi-infinite is used since a surface effect is being modelled
with the temperature of the interior of the solid unaffected. From Equation 2.35 the linear flow

of heat for transient conditions in the x direction is given by

8°T 18T

=0

5x2 o &t
Carslaw and Jaeger (1959) give the following solution to this equation with boundary conditions

of constant (or surface) temperature T; at x = O and initial temperature T, of zero. The

temperature 7> at a depth x from the surface at time ¢, is given by

N
T, =T, {1 - :/% [ e-=’dz} = T erfe(n) (2.40)
where
= X (2.41)

2. ot

and erfc(n) is the complementary error function. When T, # O the following solution applies

-

- T,
T,-T,

2 1 .
7 _[ e dz = erfc(n) '

Coupled with estimates of temperature gradients (from observation of the extent of vitrification

using SEM analyses which are calibrated with refiring experiments) this heat conduction
solution has been used to estimate the maximum surface temperatures and duration of heating

for fragments of furnace linings, tuyeres and crucibles used in early copper smelting (eg. Kingery
and Gourdin, 1976; Tite et al. 1982, 1990). Again the usefulness of this solution must be viewed
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with appropriate caution especially where the solid concemed is not a semi-infinite body.

However, potentially there are many archacological situations where this solution may be

applied including the fire-cracked ore seams of early mines, the vitrified remains of hillforts, the

stone troughs of burnt stone mounds, the walls of pottery kilns and furnaces (as above), and the

stone hearths 1n houses.

2.4.4 Thermal properties

Table 2.1 lists examples of density, p, specific heat, ¢, diffusivity, o, at temperature 7, and

Table 2.1

Material

Rocks
Granite
Sandstone
Quartzite
Limestone
Marble
Minerals
Feldspars
Quartz
Earths
Clay
Sand
Concrete
Bricks
Common
Fireclay
Masonry

T
(C)

20
20
27
20
20

100
20

20
20
20

20
20
20

P
(kgm)

2640
2200
2640
2400
2650

2600
2300

1450
1500
2300

1600
2000
1700

C

(Jkg'K™)

800
740
1105
860
1000

780

880
880
880

840
960
837

Q.

Thermal properties for different materials?
KW m'lK'l) at various temperatures (K)

600

m’s'x10%) 273 400

14
1.7
1.35
1.0
1.0

0.63
0.79

1.0
0.25
0.49

0.52

0.52
0.46

3.0
2.8
5.4
2.0
2.7

1.4
0.3
1.0

0.7

1.0
0.7

4.5-7.5

523

1.5-2.0
1.5-2.5

3.0-3.5

3.5-3.0

773

1.0-1.5
1.0-2.0

2.5-2.75

800

2.5+1.5
3.04.3

*Data: Touloukian et al. (1981), White (1984), Grigull and Sandner (1984), and Incropera and De Witt (1990).
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thermal conductivity, K, for a variety of temperatures for a range of materials. The data

emphasise the dependence on temperature of thermal conductivity and the difference 1n values

between separated minerals and composite matrices.

Depth from surface, x {m)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 2 4 6 8 10

-
2
=

h
d
0d
a

0

1
1
1
1
9
1
50 a

3

Temperature from surface, T, (°C)

S

Figure 2.5  Simulation of the temperature distribution in an archacological hearthstone.

2.4.5 Thermal gradients in archaeological structures and artefacts.

Using Equation 2.42 it is possible to simulate the temperature distribution heat transfer theory
predicts in a solid body with a similar shape to an archaeological hearthstone. The assumptions
made are that the heat conduction is one dimensional, the body is a semi-infinite medium, and
the body has constant thermal properties. Figure 2.5 is a simulation of the distribution of
temperature 7> within a semi-infinite body at initial temperature T, of 10°C with a temperature
T, of 500°C heating the surface after time ¢. The value for oo was taken as 1.15 X 10° m’s™
which mirrors the thermal properties of both sandstones and granites between about 250 to

S00°C.
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This figure demonstrates the rapid drop in temperature in the first few cm for short periods, and
the progressive reduction m thermal gradient over longer periods. After 50 years of constant
heating the temperature at 1.7 m is about 489°C, and the original temperature of the solid
(10°C) 1s only mamtamned below about 255 m.

Similarly there are so called ‘lumped capacitance’ or convection solutions for spherical shapes
which may be used to model the heat transfer in, for example, archaeological burnt stones which

approximate spherical shapes.

The implications of heat transfer solutions for luminescence thermometry analyses will be

discussed in Chapters 5, 6 and 7.

2.5 Heat transfer in TL experiments

Another area where a consideration of heat transfer is important is in the assessment of the
temperature distribution between heater plate and sample in TL experiments. Accurate sample
temperatures are a requirement in, for example, kinetic studies and inter-laboratory comparisons
and not surprisingly this topic has created a fair amount of interest. Bonfiglioli, et al. (1959)
used an empirical method of estimating sample temperature by constructing a calibration curve
of thermocouple temperature (sensed at the heater strip) with the temperature of the ermtting
surface, as detected by the moment of melting of tiny pellets of pure metals (Bi, Pb, Zn) lymg on
the specimen itself. Investigations have also included heat transfer solutions to model
temperature distribution (eg. Bonfiglioli, 1968; Gotlib et al., 1984; Betts and Townsend, 1993;
Piters, 1993). The following sections (2.5.1 and 2.5.2) mainly concentrate on those heat transter
solutions that have most recently been formulated (ie. Betts and Townsend (1993) and Piters

(1993)) and they are used to provide estimates of the temperature distribution in the TL

experiments conducted in this project.

2.5.1 Static temperature distribution in the heater strip

Modelling the temperature distribution in the heater strip allows an assessment of both the

uniformity of the temperature in the area of the strip beneath the sample and also the difference
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In average temperature moving away from the centre of the strip (where the heater strip

temperature is sensed by a thermocouple) with an allowance for possible sample displacement.
From Carslaw and Jaeger (1959) the equation of linear conduction in a thin wire of cross-
section ®, perimeter p, with a coefficient of surface heat transfer A (Wm*K™"), heated by an

electric current of constant strength is given by

(2.43)

The first two terms on the left describe the linear flow of heat for transient conditions from the
general equation of conduction of heat (Equation 2.35). The next term describes linear heat
transfer at the surface (or the "radiation” boundary condition) with 7, and T, (at position x) the
temperature of the wire and medmum respectively. The final termis the rate of generation of heat
in the wire where / 1s the current i amperes, j is the number of calories in a joule (j = 0.239),

and o 1s the electrical conductivity of the wire.

The heat transfer in a heater strip may be considered as one of linear or one-dimensional
conduction of heat since the strip is usually thin and therefore the temperature at all points of the
section may be taken to be the same. Additionally the heat loss from the ends of the strip 1s
minimised by using brass terminals which thermally anchor the end temperatures close to T, For

steady state conditions (ie. d7/dt = 0) in a strip of length /, width b and thickness s, the solution

given by Carslaw and Jaeger (1959) for the above equation is

ror< [ cosh(r) (2.44)
SR 1Ay ¢ cosh(pl/2)
where w is a steady heating rate per unit volume delivered uniformly over the bulk of the strip
given by
172
e (2.45)
(bs) o
and
n? = 2no+s) (2.46)
bsK
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Thus is the form (Equation 2.44) of the solution given in Betts and Townsend (1993) which

allows one to estimate the temperature difference (7-7,) of a point in the strip distant x from the

centre of the strip at time ¢.

AT(x)/AT(0)
Q
Asebaassysasalosanaganabosassnnsalposanniagyy

— —— T NS,
0'1""'"—'_"“—-——----——--—-—-_

-0.6 ~0.4 -0.2 0.0 0.2 0.4 0.
x/ll (lt - Iength of Sfl"ip)

Figure 2.6  Daistribution of temperature along a strip of length I/, whose ends are held at

a fixed temperature 7, while heat is supplied uniformly. A7(x)/ AT(0) is the
ratio of static temperature difference between the point x and 7, and that

between the centre and 7T, x is measured from the centre of the strip. L 1S
defmed in Equation 2.46 and is a measure of the relative importance of the

two routes of escape of heat (by conduction along the strip and by heat loss
through the surrounding gas) p = 0 corresponds to no heat losses through
the surrounding gas; L = e corresponds to no conduction through the strip

(from Betts and Townsend, 1993).
A graphical representation of how this solution operates is shown in Figure 2.6. AT(x) / AT(0) is
equivalent to T, / T, from Equation 2.44. Using the value for the coefficient of surface heat
transfer & from Piters (1993) of 38 + 20 Wm®K", the error range of which encompasses
estimates from Gotlib et al. (1984) (42 Wm*K™") and Betts and Townsend (1993) (25 Wm*K
Y, the value of ul; for the system used in this thesis (b = 0.01 m, s = 0.002 m, /; = 0.06 m, X
(Inconel 600) = 14.8 Wm'K') is about 3.3 + 1.0 which agrees reasonably well with Betts and

Townsend’s estimate for their apparatus (ul; = 4). For a 1 cm diameter disc positioned at the
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centre of the heater strip 6 cm in length, Figure 2.6 suggests there 1s likely to be significant

temperature gradients between the centre and edge of the sample disc.

Betts and Townsend also give the following solution which allows estimates to be made of how
the average temperature (7,-T,) differs from the temperature at the centre of the strip (7.-7)

where the thermocouple is attached:

(7;-7;)—(71-7;)=(7;-7;)[ o2

cosh(jul/2)-1 40

which corresponds to a section of width 0 whose centre is displaced from the centre of the strip

by €. This equation can only provide a rough estimate when the temperature distribution 1s

transient which will be the case when ramping. Static temperature distribution is discussed

further in Chapter 3 (Section 3.3.3.1).
2.5.2 Heat transfer between strip-sample and sample-gas interfaces

The transmission of heat from the heater strip to the sample and surrounding gas takes place by
conduction through metallic contact points (between heater strip and sample disc) and the
exchange gas, and by radiation and convection. As well as the cooling effect of the gas it is very
probable that temperature gradients exist across the sample, particularly when considering
mineral inclusions (as opposed to fine grain powders) and TLD chips. Mathematical models to
assess thermal lag between the heater strip and the top of the sample only consider transmission

of heat by conduction and have all been formulated by considering the thermal boundary

resistances and associated energy transfer at the top and bottom of the sample. The models of
Betts and Townsend (1993) and Gotlib et al. (1984) consider thermal gradients through the
sample with no lateral loss of heat. Whereas in Piters' (1993) model the sample is assumed to
have a homogeneous temperature distribution but a simplified allowance is made (in terms of the
total surface area of the sample) for the contribution of the sides of the sample to the heat

transfer surface of the sample-gas interface.
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Piters' model considers a finite sample (TLD-100) in imperfect contact with the heating element
with a constant temperature T, for the surrounding gas. The heat capacities of the contact layer
(heating element-sample) and sample-gas interface are assumed to be zero, and the heat capacity
C; of the sample and the thermal conductance of the contact layer and sample gas mnterface (H,
and H, respectively in WK') are assumed temperature independent. The difference or lag in
temperature AT between the heater strip (7;) and the sample (7) with a steady heating rate P is

estimated by the following equation

HC H, (7; - Tg)

_Tcvs — 2.48
(Hc+Hd)2|3+ (Hc+Hd) ( )

AT =T,- T, =

The unknown parameters mn this equation are C,, H,, H; and T,. The value of C; can be

calculated from the sample dimensions and data from the literature:

C, = c,p,Al (2.49)

where A; is the area of the top surface of the sample and /; is the sample thickness. Piters
estimates values for H,, H; and T, empirically by observing the change in position of the glow

peak maximum for LiF:Mg,Ti(TLD-100) peaks 2, 3, 4 and 5 (in terms of the heater strip

temperature 7;) with variation in sample thickness and heating rate, and fitting the data to the

following relationship
H\T,-T
T =T, + _{Ll’___s'_),_+__E_C_s___ (2.50)
H H+ H,
where
H,=h, (A; + P;I.r) (2.51)

with Ay the heat transfer coefficient (Wm®K™) of the sample-gas interface and p, the perimeter

of the sample.

Betts and Townsend's model considers the relative importance of the thermal boundary
resistances at the top and bottom of a homogeneous infinite slab of material of finite thickness in
terms of the heat transfer coefficients A, (subscript ¢ for top) and A, (subscript b for bottom). The

model is similar to that of Bonfiglioli (1968) in as much as it considers an infinite slab (no lateral

heat loss). The heat conduction equation is solved to give the following solution
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