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Abstract
The report is organized in the following manner. After the Introduction (Chapter 1),

Chapter 2 entitled Basic Concepts, discusses the various definitions, terms, standard
models, expressions and tools used in the context of thermally and optically stimulated
luminescence (TL and OSL) respectively. The chapter can be read independently. There
are, however, references to other chapters. The chapter is opened with a discussion of
the line shapes of TL and OSL associated with a trap center and a recombination center
and closed with an analysis developed to determine the trapped charge carrier distribu-
tion using TL techniques.
Chapter 3, Experimental Equipment, Samples and Procedures, contains a description of
the most frequently used apparatus for the TL and OSL studies in this work: The auto-
mated Ris0 TL/OSL reader system. Furthermore, the chapter contains a list of the sedi-
mentary quartz used in the study and a description of the sample preparation.
Chapter 4, Luminescence Sensitivity Change in Quartz due to Annealing, presents an
experimental and numerical study of annealing-induced OSL and TL sensitivity changes
in quartz. This study does not support a 'pre-dose' effect to account for the observed
annealing-induced sensitivity change. The experimental data indicates a more simple
mechanism that involves alteration of the concentration of the defect centers. Modelling
of removal or creation of defect centers has been demonstrated to simulate the observed
data very well.
Chapter 5, TL and OSL Characteristic of a-AI2O3:C and Chapter 6, Trap Characteriza-
tion ofa-Al2O3:C using TL and TSC are devoted to an investigation of anion-deficient
carbon-doped a-Al2O3. There is substantial interest in the luminescence processes, trap
centers and charge carrier transport in this material due to its application in thermally
and optically stimulated luminescence radiation dosimetry.
Chapter 5 contains studies of some OSL and TL properties of a-Al2O3:C. Thermal
quenching of luminescence for the main emission center, the F-center, in a-Al2O3:C has
been investigated by analysing TL curves obtained at different heating rates. The ther-
mal quenching dependence of luminescence is found to follow the classical Mott-Seitz
expression. Combined with additional experimental data the thermal quenching is sug-
gested to be an internal property of the F-center and not due to kinetic effects.
The chapter then describes some basic investigations of OSL properties of <X-A12O3:C,
including thermal depth of the OSL traps, temperature dependence of OSL, and OSL
stimulation spectra. A simultaneous measurement of TL and thermally stimulated con-
ductivity, TSC, is presented for y-irradiated OC-A1203:C in Chapter 6. Analysis of the data
reveals a superposition of several first-order TL and TSC peaks caused by release of
charge carriers from a distribution of trapping states. Furthermore the chapter contains a
description of an experimental method developed to determine the sign of the thermally
released charge carriers. This technique, named 'Thermally Stimulated Transient EMF',
was still being developed during the writing phase, but I found it interesting enough to
include the preliminary results in this report.
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1
Introduction

The dissertation is organized in following manner.After the Introduction
(Chapter 1), Chapter 2 entitled Basic Concepts, discusses the various defi-
nitions, terms, standard models, expressions and tools used in the context
of thermally and optically stimulated luminsecence, TL and OSL, respec-
tively. The chapter can be read independently. There will, however be ref-
erences to other chapters. The chapter is opened with a discussion of the
line shapes of TL and OSL associated with a trap center and a recombina-
tion center and closed with an analysis developed to determine the trapped
charge carrier distribution using TL techniques.

Chapter 3, Experimental Equipment, Samples and Procedures, contains
a description of the most frequently used apparatus for the TL and OSL
studies in this work: The automated Ris0 TL/OSL reader system. Further-
more, the chapter contains a list of the sedimentary quartz used in the
study and a description of the sample preparation.

In Chapter 4, Luminescence Sensitivity Change in Quartz due to An-
nealing, is presented an experimental and numerical study of annealing-
induced OSL and TL sensitivity changes in quartz. This study does not
support a 'predose' effect to account for the observed annealing-induced
sensitivity change. The experimental data indicates a more simple mech-
anism that involves alteration of the concentration of the defect centers.
Modelling of removal or creation defect centers has been demonstrated to
simulate the observed data very well.

Chapter 5, TL and OSL Characteristic of a-Al2Oz:C and Chapter 6,
Trap Characterization of a-AlzO&C using TL and TSC are devoted to
an investigation of anion-deficient carbon-doped AI2O3. There is substan-



2 1. Introduction

tial interest in the luminescence processes, trap centers and charge carrier
transport in this material due to its application in thermally and optically
stimulated luminescence radiation dosimetry.

Chapter 5 contains studies of some OSL and TL properties in a-AkC^C.
Thermal quenching of luminescence for the main emission center, the F-
center, in a-A^C^rC has been investigated by analysing TL curves obtained
at different heating rates. The thermal quenching dependence of lumines-
cence is found to follow the classical Mott-Seitz expression. Combined with
additional experimental data the thermal quenching is suggested to be a
internal property of the F-center and not due to kinetic effects.

The chapter then describes some basic investigations of OSL properties of
a-A^Oy.C, including: the thermal depth of the OSL traps, the temperature
dependence of OSL, and OSL stimulation spectra.

A simultaneous measurement of TL and thermally stimulated conduc-
tivity, TSC, is presented for 7-irradiated a-Al2O3:C in Chapter 6. Analysis
of the data reveals a superposition of several first-order TL and TSC peaks
caused by release of charge carriers from a distribution of trapping states.
Furthermore the chapter contains a description of an experimental method
developed to determine the sign of the thermally released charge carriers.
This technique, named 'Thermally Stimulated Transient EMF', was still
be development during the writing phase, but I found it interesting enough
to include the preliminary results in the dissertation.



2
Basic Concepts

In this chapter some definitions, mathematical tools and methods used in
the context of thermally and optically stimulated luminescence and cur-
rent1'2 will be summarized. The notation and use of symbols established
in the literature are followed, except for a few cases where I have found
a more convenient notation or symbol. This chapter can be read indepen-
dently. There will, however be references to other chapters.

The description of wide band gap materials is based on a band model that
concerns absorption and storage of ionizing radiation energy and thermally
or optically stimulated release of the stored energy by emission of photons.

In the band model, absorption of radiation energy means creation of
electron-hole pairs. The property of storing the energy is due to the presence
of crystal defects such as vacancies and impurities. The defects are able to
capture the electrons and holes generated in the irradiation process.

A crystal defect is classified as a trap center if the defect is able to
capture a charge carrier and reemit it back to the band it came from. A
crystal defect where carriers of opposite sign can be captured, resulting in
an electron-hole recombination, is classified as a recombination center.

For trap centers we assume that only transitions between the center
and the conduction band or valence band are possible. For recombination

lSome may say conductivity, but what is really measured is current.
2 Or related phenomena as thermally stimulated exoelectron emission, TSEE, and

deep level transition spectroscopy, DLTS.
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FIGURE 2.1. Basic concepts of irradiation, thermally and optically processes
between trap centers and recombination centers in a simple phenomenological
band model. The transitions define whether a defect is a trap center T or a
recombination center R. A recombination of an electron into a R center is assumed
to be followed by a photon emission.

centers we assume that only recombination of a conduction electron and a
valence hole is possible. Finally an electron-hole pair is assumed initially
to consist of a conduction electron and a valence hole.

Exchange of charge carriers between the crystal defects are assumed to
take place through the conduction and valance band [Braunlich, HalpBran].

Figure 2.1 shows the typical transitions used in simulations presented
in the dissertation. During the ionizing irradiation of the crystal, electron-
hole-pairs are generated by excitation of electrons from the valence band to
the conduction band. The excited electrons are freely moving in the crystal
until they are captured by an electron trap center Ti or T2, or by a recom-
bination center R. A hole generated in the valence band is captured into
either a hole trap center T7* or the recombination center R. Recombinations
are assumed to be accompanied by emission of photons, i.e. luminescence.
However, nonradiative recombinations are also possible.

By heating the crystal captured electrons and holes can be freed ther-
mally into the conduction or valence band and then make a transition
to the radiative recombination center R. This process is termed thermally
stimulated luminescence (TL).

Alternatively, external light exposure of the crystal can release captured
electrons from a trap center to the conduction band from where they can
recombine into the recombination center R. This phenomena is termed op-
tically stimulated luminescence (OSL).

The optically or thermally freed charge carriers in the conduction/valence
band can be measured as electrical current when applying voltage across the
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crystal. These measurements are termed thermally and optically stimulated
conductivity (TSC,OSC), respectively.

2.1 Thermally Stimulated Luminescence

The description of thermally stimulated luminescence by a simple two trap
band model was introduced by Randall and Wilkins [RW45a,RW45b] This
established the link between the line shape of a TL curve and physical
parameters of the system.

Conduction Band

E s \ \ a T

-OO-

R

FIGURE 2.2. Simple two-level band model. In the Randall-Wilkins picture the
trapped carrier - here an electron - is thermally released from a trap center T to
the conduction band. The electron recombines instantaneously into a recombina-
tion center R accompanied by emission of a photon.

The model considers the conduction band, a single type of electron trap
center T with activation energy E and concentration N, and a single type
of radiative recombination center R as shown in Figure 2.2. The population
of electrons in the electron trap center T and in the conduction band is n
and nc, respectively. The population of holes in the recombination center
R is denoted h.

The rate of thermal release of captured electrons into the conduction
band at temperature T is s n e " w where s is the attempt-to-escape fre-
quency3 and e~*T is the Boltzmann factor.

The rate of retrapping into the electron trap center T and the rate of
recombination into the recombination center R of conduction electrons are
aTnc(N — n) and aKnch, respectively. The factors aT and aR are the prob-
abilities for trapping and recombination, respectively.

The different populations are related through the condition of neutrality.
The traffic of electrons between the conduction band and centers are then
described by the system of balance equations,

3s is also called frequency factor.
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nc = sne TT — aTnc(N — n) — aRnch
n = —s

h = -aKnch (2-1)

nc + n = h Neutrality Condition.

Leaving out any quenching of the photon emission process in the recom-
bination center, the intensity of thermally stimulated luminescence in the
model is equal to the rate of recombinations,

i(0 = -h.

The non-linear equations 2.1 can not be decoupled and have no known
closed-form analytical solution. The standard approximation is obtained
by applying the quasi-equilibrium condition, where the population and
changes of the population of conduction electrons are assumed to be small
compared to the population of electrons in the trap centers T,

nc<g.n and (2.2)

This leads to the quasi-stationary solution for the rate of escape (or the
rate of recombination),

1(0 = -h ~ — n — sne
aT(N-n)

known as the General One-Trap or GOT equation [Levy].
The term in brackets is the ratio of the electrons freed into the conduc-

tion band making transition into the recombination center, i.e. not being
retrapped.

2.1.1 Randall-Wilkins First-Order Thermally Stimulated
Luminescence

Randall and Wilkins assumed the rate of retrapping of an electron, after
it had been freed from the trap center T, to be very small compared to
the rate of recombination into the recombination center R, i.e. aT(N —
n) <3£.aKh. With these considerations the intensity of thermally stimulated
luminescence in the GOT expression 2.3 is simplified to the Randall-Wilkins
first-order equation

1(0 = - n =sne-& (2.4)
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where the first-order is referring to the proportionality of n.
The attempt-to-escape frequency s depends on the temperature T. It

can be argued that the attempt-to-escape frequency may be written as

s = Ncvccr (2.5)

where Nc is the effective density of states in the conduction band, vc is the
thermal velocity of the carrier - here an electron - in the conduction band
and a is the carrier capture cross section [Boer].

Each term Nc, vc and a depend on the temperature T ,

= \ /E r [B°er]

and the capture cross section have typically a temperature dependence of
the form a oc T~a where 0 < a < 4 [Rose], m* is the effective mass of the
electron in the conduction band.

This suggests that the attempt-to-escape frequency 5 follows a power law
temperature dependence

s(T) = s0T», (2.6)

where the power index b is expected to be between —2 and 2.
By defining the relation between temperature T and time t through the

heating rate j3 = ^ - we can from equation 2.4 without loss of validity
express the population of trapped carriers n by

n(T)=noexp -J ^±e-^dB\ (2.7)

where n0 is the population at T = To.

Randall-Wilkins Function

An inspection of equations 2.4 and 2.7 shows that the population n(T) is
rescaled by setting the initial temperature to To = 0 and more important,
the shape of the thermally stimulated luminescence intensity l(t) is not
changed. That means we can define a normalized function proportional to
the intensity of thermally stimulated luminescence without To dependence.
By this the math becomes more simple and aesthetic.

Before writing down the function describing the intensity of thermally
stimulated luminescence we notice that the area under the rate of escape
—n curve is — J ndT — no/3.
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The normalized function proportional to the intensity of thermally stimu-
lated luminescence will be termed Randall-Wilkins function4 and is derived
by inserting equation 2.4 into 2.7 and dividing by the normalization factor

In experiments the temperature T is usually increased linearly with time,
i.e. T = T0 + f3t where the heating rate 0 is a constant and To is the initial
temperature5. This constraint is assumed in the rest of the chapter.

Keatings Expression

The use of the Randall-Wilkins function in the original form 2.8 to estimate
the attempt-to-escape frequency s and the activation energy E by curve
fitting is not very efficient. Assuming the heating rate j3 to be constant
and the attempt-to-escape frequency given in equation 2.6 s(T) = soTb

the amount of work evaluating the integral can be reduced by rewriting
the integral to

Jo
= ( f )6+1 T(-6 -

o

and use the following semiconvergent series for the incomplete gamma func-
tion T(a, x)

•= f

(2.9)

4This function is also introduced by Bucci & Fiecchi : Phys. Rev. Lett. 12, 16 (1964),
to determine defect polarization parameters using the method of ionic thermocurrent,
ITC.

sHowever, in the case of 5)y( <x T,}y2 , n€Z+t the Randall-Wilkins function 2.8 can
be carried out in terms of simple exponential functions. With, for example, a constant
attempt-to-escape frequency s=s0 the heating rate may be written as P(T) = /31Tn + 2

and the relation between time t and temperature T becomes super-hyperbolic

where To=T(0). Thus
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where the remainder is ^ffl
Substituting the series into 2.8 for m = 2 gives

RwIM(r>. ̂ P [_ £ - s £ ! ( i - (»+2>f
(2.10)

which is identical to Keatings expression for J?2 = 0 [Keating]. This ap-
proximation of the Randall-Wilkins function is very good provided -^ > 1

and the relative error eTel < ^^-(b + 2)(6 + 3)(!£)2e-& < 1.
In the present work calculation of RW[£ s] is done by the approximation

( » - o>

where the polynomial

P (x) = 0.9999999445 - 1.999967226 x + 5.99425725 x2 - 23.5781344 x3

+104.380378z4 - 393.813800x5 + 799.255457x6.

is found by fitting. The error is max \\p(x) - r ( - l ) x ) x 2 e I | | < 10~7.
x<0.1 II II

2.1.2 Second and General-Order Kinetics

Garlick and Gibson [GarGib] assumed that retrapping was the dominant
process in the two level model, i.e. aT(AT — n) 3> aRh. Applying the addi-
tional simplifications TV 3> n and n = h to the GOT equation 2.3 we yield
the Garlick-Gibson second-order (bimolecular) equation,

-n=s2£e-& , s3 = %s. (2.11)

The normalized solution of equation 2.11, results in the following expres-
sion for the intensity of thermally stimulated luminescence,

The shape of I2 depends on the initial filling degree ^ of the electron
trap centers T as illustrated in Figure 2.3.

Cases have been reported in the literature where the shapes of TL-curves
do not fit very well neither to first-order kinetics 2.8 nor to second-order
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kinetics 2.12. To overcome this problem May and Partridge [May] suggested
a general-order kinetics by generalizing from 2.4 and 2.11 by the equation

Ie(T) = -n=Si-^r e~&

where I is the kinetic order. For i ̂  1 the population is expressed as

n(T) = n0

where n0 is the initial electron population in the trap centers T.
We can use the same argument to normalize the rate of escape as in

section Randall-Wilkins function. The intensity of thermally stimulated
luminescence is then proportional to the normalized border kinetic function

- 1) (ft)'"1

(2.13)

where £ ̂  1.
Similar to the second-order kinetics, the peak position of the general-

order kinetics If depends on the initial filling degree ft of the electron
trap centers T and is demonstrated in Figure 2.3. The interpretation of the
general-order kinetics is not physically clear at first sight as in the case of
first- and second-order kinetics, however a model exists.

A Physical Interpretation
The normalized F-distribution is defined as

le~* , a > 0 , 6 > 0 . (2.14)

In the case of a first-order kinetics with a F-distribution of the attempt-
to-escape frequency s and the single valued activation energy E we can
obtain the same expression as the general-order kinetic function le 2.13.

Introducing the transformation of the parameters a and b

a-^T . 6-^-lHft) '-1 ,1*1 (2.15)

sIn the limit I —> 1, we have liml< = R W [ E J J .
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FIGURE 2.3. Left: Normalized thermally stimulated luminescence curves with
trap energy E = l.OeV and attempt-to-escape frequency s = 1012s~1: RW(£iS],
Garlick-Gibson second-order I2 and general-order It for I = 1.5 and 3.0 with the
initial filling degree ^ = 0.25 in the electron trap centers. Right: Dependence of
the initial filling degree £§• of I2. Plotted for ^ = 0.1, 0.5, 0.25 and 1.0.

and defining an effective attempt-to-escape frequency seff
yields

(77)0

i;-"CO =J~r(s,a,b)RW[E<s](T)ds
(2.16)

which is identical to 2.13. From the deviation of the F-distribution c =
by/a = 's\Jt — 1 (ffi) we notice that a higher order of £ means a broad-
ening of the s-distribution. However, the distribution change shape: For
£ between 1 and 2 the distribution rises from zero and peaks at spea* =

s"frf (^-) • For £ = 2 the F-distribution is simply an exponential dis-
tribution and the maximum occurs at s = 0. For higher values of £ the
maximum is also at s = 0 but infinite.

There is an important difference between I^fr(T) in 2.13 and If (T) in 2.16
: I^ft(T) is based on first-order kinetics. The shape of Ve'"(T) is determined
by £ and seR in the s-distribution and shift in peak position is interpreted
as a change in the s-distribution and is not due to the initial population no
which is the case for general-order kinetics. The physics behind changes in
the s-distribution is probably distortion of the carrier capture cross section
a - see 2.5 - induced by high densities of captured carriers. This affects also
the activation energies E of the captured charge carriers and an analysis
of the energy dependence of the captured carriers should be included.
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2.1.3 Energy Distribution of Traps

Analysis of thermally stimulated luminescence and thermally stimulated
current are normally based on the assumption that the traps originating
from the same type of defects have the same activation energy E.

The surroundings of the same type of defects in the host crystal are not
identical, but slightly distorted from each other due to the presence of other
imperfections. This causes the energies levels in the trap centers to shift
randomly and leads to broadening of the energy distribution. Minerals,
such as feldspars, have broad and overlapping distributions of energy levels
in particular.

We will consider a specific defect type to have a pre-defined energy dis-
tribution of captured charge carriers g{E), and furthermore assume that
each energy level have the same attempt-to-escape frequency s in accor-
dance with first-order kinetics. Thus the normalized intensity of thermally
stimulated luminescence is written as

= Jg(E)RWiEtS](T)dE (2.17)

where g(E) is normalized, i.e. J g(E)dE = 1.
In the case of a single valued activation energy EQ the energy distribution

function simply becomes g{E) = 6{E - Eo) and I(T) = RW[£oiS](T).
The energy distributions considered here are

i Rectangular
ii Linear &: Triangular
iii Gaussian.

The distributions and the corresponding TL curves are shown schematic
in Figures 2.4 and 2.5.

The importance of the rectangular and linear distribution rely on the
existence of useful approximations of the corresponding TL curves and the
fact that they are the first and second order term in a piecewise approxi-
mation of the energy distribution g(E).

Rectangular Distribution

Hornyak and Chen [HornChen] considered a rectangular energy distribu-
tion. They obtained an analytic expression in two steps. Using Keatings
approximation for the Randall-Wilkins function we first have

Eo+Af-
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FIGURE 2.4. Normalized rectangular distribution.

where 7 = ^4J- ( l - 2 ^ + i?2)- Secondly, by noting that 7 is not sensitive
to small changes in E as long AS < 1 , we assume 7 to be constant with
E = EQ and the above integral can be is carried out6. The result

T (exp [-

is valid when ^ « 1 and

- exp - 7

AS exp ( -

(2.18)

« 1.

Linear, Triangular and Gaussian Distribution

The intensity of thermally stimulated luminescence from a linear energy
distribution is

dE

where the distribution is defined in Figure 2.5 and the notation used in the
previous section is followed.

Setting 7 to be a constant with E = E'+E2 we get7

7
(2.19)

6 J exp[-i - ae~x]dx = £ expl-ae"1] + C
7Jxexp[-i - ae-x)dx = \ {xexp[-ae~x} - Ei [ae~x] } + C
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FIGURE 2.5. Normalized energy distributions of captured electrons and the cor-
responding TL curves. The distributions are centered at E = 1.0 eV and the width
AE = 0.05 eV. The attempt-to-escape frequency is s = 101 2s - 1 . For comparison
the line shape of the Randall-Wilkins is shown with E =1.0 eV and s — 1012 s"1.
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where Ei(a;) = r(0,a;) is the exponential integral function - see equation
2.9.

Abramowitz and Stegun [Abra] have a numerical expression for Ei(x)
which is valid on R+ and save the day8.

As a curiosity the linear distribution can be combined to give a triangular
distribution. Using the same notation as in Figure 2.5 we get for ^ <§; 1,

) -Ei

- 2Ei ( 7 e"&) + Ei (

where 7 1 2 = 7(^0 ± \&E) and 7 =

2.2 Optically Stimulated Luminescence

In 1985 Huntley, Godfrey-Smith and Thewalt reported a new luminescent
method to release stored ionizing irradiation energy in sedimentary materi-
als for dating and dosimetry applications [HunGodThe]. They measured op-
tically stimulated luminescence, or in short OSL, from sedimentary quartz
by constant illumination with the 514.5 nm line from Ar+ laser. Usually
optically stimulated luminescence covers any process where the response
of a light stimulus causes emission of light9. However, we will restrict the
term optical stimulated luminescence to processes where emission of light
is due to electron-hole recombinations of charge carriers captured during
the ionizing irradiation.

The model in Figure 2.6 consists of one light sensitive electron trap cen-
ter T, one radiative recombination center R and the conduction band. The

8The exponential integral function Ei(i) can be approximated by [Abra] - written in
pseudo pascal:

function Ei(x: real):real;
begin if x > 1 then

Ei := (((x+8.5733287401)*x+18.0590169730)*x+8.6347608925)*x+
0.2677737343)/((((x+9.5733223454)*x+25.6329561486)*x+
21.0996530827)*x+3.9584969228)/x/Exp(x)

else
Ei := -ln(x) - 0.57721566 + (0.99999193 + (-0.24991055 4- (0.05519968+

(-0.00976004 + 0.00107857 * x) * x) * x) * x) • x;
end;

9Nevertheless, black body radiation and reflection are not included in this group of
processes.
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transition rate c of a captured electron into the conduction band is propor-
tional to the intensity of the external stimulation light lstim and is expressed
as c = lstimV, where a is the cross section for the process. The cross sec-
tion a depends strongly on the frequency ustim of the external light, but
for simplicity the light source is considered to be monochromatic.

Conduction Band

R

FIGURE 2.6. The basic concepts in the OSL process : An electron captured
in trap center T is optically excited into the conduction band and neglecting
ret rapping the electron recombines into the recombination center R, whereby a
photon is emitted.

Using the same notation as introduced in the Section Thermally Stim-
ulated Luminescence p. 5, the system of balance equations describing the
exchange of charge carriers is expressed by

nc = en — a^nc(N — n) — aRnch

h = —aRnch

nc + n — h Neutrality Condition.

where the last equation ensures charge neutrality.
The rate of recombinations into recombination centers R in this model is

equal to the intensity of optically stimulated luminescence IOSLW = ~h.
For real materials we might expect quenching of the luminescence emitted
from the recombination center, but this is not taken into account here. See
Section Thermal Quenching p.26.

The quasi-equilibrium condition 2.2 leads to

W(0 = -h~-n=cn(l- Q h + ̂ N-n)) <2-20)

which will be called the General One-Trap equation for OSL due to the
strong similarity with the GOT equation for TL 2.3 in Section Thermally
Stimulated Luminescence p. 5.
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2.2.1 OSL Decay Curve

First-Order Kinetics

Leaving out retrapping, i.e. aRh~^> ciy(N — n), the GOT equation for OSL
2.20 reduces to

= -n = en.

This equation is said to describe first-order kinetics because of the pro-
portionality between the rate of escape — n and the population n. The
normalized first-order kinetics solution for the OSL intensity is

Iosi(«) = -—= c(t) exp (- f c(9)d&) (2.21)
«o - V Jo )

where no is the initial population.
For constant illumination intensity c(t) = CQ we have the usual normal-

ized OSL decay curve of first-order

which is an exponential decaying curve with the characteristic decay time
of r = ^ . See Figure 2.7.

Second and General-Order Kinetics

If we instead let the process of retrapping dominate, that is aR h <tC aT (N —
n), we get the second-order or bimolecular kinetics equation

a. n2

which has the normalized solution

T2 ^ j f ««>*) '

We note that the OSL intensity of second-order depends on the initial
filling degree *-2. where n0 denotes the initial population in the trap centers
T.

For constant transition rate c(t) = Co, i.e. constant illumination intensity,
the OSL decay curve of second-order is

-* US 0 •?$
- 2
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Decay Curve of First Order

Decay Curve of Second Order

0 10 20 30 40 50 60
Illumination Time [s]

FIGURE 2.7. OSL curves of first and second order. The upper and lower second
order curves have the filling degrees f^T^ = 1.0 and 0.5, respectively.

and is shown in Figure 2.7 for two different filling degrees.
Very similar to the treatment in section Thermally Stimulated Lumi-

nescence the first and second-order kinetics equations may be generalized
into

n

resulting in the normalized general-order kinetics expression

i;OSL\l) — (2.22)

The interpretation of the order I is not physically clear, the expression
2.22, however can be deduced from the assumption that the cross section
for excitation of captured electrons into the conduction band a is not single
valued but rather multi-valued following the F-distribution 2.14. Applying
the transformations 2.15 introduced in Section A Physical Interpretation
p.10

e-i

we end up with an identical expression for the general-order kinetics.
In this picture the decay curve is a result of the sum of first-order kinetics

and the order t is associated to the shape of the F-distribution (see the
discussion in Section A Physical Interpretation p. 10).

Time Dependence of the External Stimulating Light Intensity
The existence of light emitting diodes and laser diodes enables simple time
control of the illumination intensity Isjjm(<). Consider a smoothly increas-
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ing light intensity hum starting from no light at time t = 0. In the initial
stage the OSL intensity IOSL is approximately equal to the smoothly grow-
ing rate of escape of electrons out of trap centers T. The OSL intensity
reaches a maximum due to the gradually depopulation of the trap centers
and after that the OSL intensity approaches zero.

The concept of illuminating a sample with increasing light intensity in
order to release the luminescence signal corresponds in a very similar way
to the heating procedure in thermally stimulated luminescence [Bulur],
however this method of optically stimulating the luminescence signal has
not yet been studied in great detail.

Let the illumination intensity be linear, i.e. I s t im = istim t, where isum
is the constant light intensity rate. Then the optically transition rate of
captured electrons into the conduction band is written as c(t) = ft where
-y = a istim and a denotes the cross section for optical excitation process.

Thus, the OSL intensity 2.21 becomes

which is a Gaussian multiplied with a first order polynomial. By inspection
the OSL intensity is seen to peak at the position of time tpeak = -T= with

the peak height I Q ^ = n o - ^ where e is the natural base for logarithms10.
The OSL method of linear increasing illumination intensity enables one

to distinguish between trap centers with different photoionization cross
sections in the OSL decay curve as peaks. This method might have the
potential to be developed as a photoionization cross section spectroscopy
tool.

2.3 Advanced Kinetic Model

Based on the most simplified balance equation discussed in the previous sec-
tions the fundamental curve shape for thermally stimulated luminescence at
constant heating rate 0 is found to be the Randall-Wilkins function RWJE.S]
and likewise for the optically stimulated luminescence at constant illumi-
nation intensity to be the first-order kinetics result Iosz,(0 = coe~Cot.
The fundamental curve shapes may also become true for more complicated
band models, but the proportionality between the population and the in-
tensity of the fundamental curve for thermally and optically stimulated
luminescence in this simplified balance equations is no longer valid.

10This nice result makes it possible to estimate in a mathematically simple way the
total light sum Itotal = /0°° losZ-M^' based on the peak position tpMi< and the peak
height tfjsL' '^' le exPression for a single first-order OSL curve is Itotal = v^'penk tfjsL
and this method of light sum determination requires only partly emptying of the trap
centers to measure the relevant quantities.
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A careful mathematical analysis of thermally stimulated luminescence
and current by Lewandowski and McKeever [LewMcKeev] shows that the
use of the quasi-equilibrium condition and neglecting of retrapping are un-
likely to lead to serious deviations between TL curves that are obtained
by an exact numerical calculation and TL curves being produced by ap-
plying the approximations. In some cases of strong retrapping the quasi-
equilibrium condition is meaningless and the shape of the thermally stim-
ulated luminescence curve cannot be approximated by any sum of general-
order peak shape denned in section Second and General-Order Kinetics p.
17.

The presence of different types of defect centers leads to complicated
interplay of charge carriers between centers and delocalized bands. The
behaviour of the crystal upon thermal and optical stimuli is determined by

i the inherent physical properties of the involved defect centers
ii the kinetics associated with transition charge carriers in the

system

The physical properties of the defect centers are the transition probabili-
ties, activation energies, etc. whereas the kinetics part results in phenomena
such as competition effects between centers, saturation and memory effects.

This complexity of charge carrier exchange in a crystal necessitate solu-
tion of the complete balance equation to gain knowledge of the behavior of
the system.

Finally, it should be mentioned that the quasi-equilibrium condition im-
posed in the previous sections also may break down.

The system of balance equations describing the traffic of charge carriers
between the bands and centers can generally be expressed as

— = A(n,T,I s t i m)n

p i
nc + ^2 Ui = hv + ]T) hi Neutrality Condition.

i=i t=l

where elements of column vector n = (nc, ni,...np, h\,...hq, hv) are the
populations associated to the different centers and bands. The population
in the electron trap centers are denoted rij, hole trap centers (inclusive
recombination centers) hi and the delocalized bands nc and hv representing
the conduction and valence band, respectively.

The transition rate matrix A depends on the sample temperature T,
the actual population n and the external illumination intensity Istim and
contains all imaginable transition rates between localized and delocalized
levels.
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2.3.1 Band Model with Multiple Trap and Recombination
Centers

The band models in the present work are restricted to describe the exchange
of charge carriers between electron trap centers, recombination centers (hole
trap center) and the delocalized bands: conduction and valence band.

The balance equations are then written as

c —
n, = — i

np = -spnp exp (-fji) + aTp nc(Np - np) + cpnp

hi = -aRinchi+avi
hv(Hi-hi)

(2.23)

K = R-ZaviKiHi-hJ

p i
nc + J2 n^ = hv + £2 ^i Neutrality Condition.

i = l i = l

where ionizing irradiation creates electron-hole pairs at a rate R. The trans-
port of electrons between the conduction band and electron trap centers Tj
with the population ni is described by the transtion rate, —sjni exp (— f̂?)
characterized by the activation energy Ei and the attempt-to-escape fre-
quency factor st, trapping into the electron trap centers aTi nc(A'i — n j and
optical excitation out of the electron trap centers c ^ where ct = Istim^i-
The hole transport between the valence band and the recombination cen-
ters Rj with population ht is described by the transition rate of holes into
the recombination center hv(H1 — /ix). Finally the recombination of elec-
trons from the conduction band into the recombination centers R; is given
by the transition rate —o,fd'nch1 avl.

However, many processes are not included in the numerical analysis
present here. Examples are

• Direct transition from an electron trap center to a hole or a recom-
bination trap center. Since delocalized bands are not involved, the
direct transitions cannot be detected as a current whereas the lumi-
nescence is detectable provided that the recombination is radiative.

• Tunneling process. The probability for a captured electron to tunnel
through the energy barrier ET to nearby centers able to accept elec-
trons is, in the WKB approximation, P « exp(—2w 2t%fr d) where
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d is the tunneling distance. The tunneling expression shows that the
tunneling is not sensitive to the temperature. Tunneling is thought to
be the mechanism behind the anomalious fading [Wintle77]. Anoma-
lious fading is defined to be a faster depopulation than expected
from trap centers with activation energy E and attempt-to-escape
frequency 5. The decay time evaluated from first-order kinetics is
T = s exp(—^T) and has a strong temperature dependence, which is
in contrary to the tunneling process , and for that reason anomalious
fading is also termed athermal fading.

• Self-absorbtion of TL or OSL emission.

• Thermal quenching of luminescence. See section 1.5.2 p.26.

2.4 TL/OSL Rate Equation Solver

Let the system of balance equations 2.23 be recast into the matrix form

j - y = f(t,y) (2.24)

where the populations nc, ni,...np, h\,...hq, hv are the elements of column
vector y and t is the time.

Generally the first-order differential equation 2.24 is coupled, non-linear
and stiff11 and cannot be solved analytically, so the solution must be solved
numerically.

For that purpose a user-friendly computer program 'TL/OSL Rate Equa-
tion Solver' is developed to solve the equation 2.24. The program is based
on a numerical stable integration algorithm to handle stiff problems. A
short introduction/manual to the program is given in manual TL/OSL
Rate Equation Solver [Ager95].

2.4-1 Integration Method

The methods used in the literature till now are usually explicit Runge-
Kutta algorithms, e.g. the fifth order Runge-Kutta-Fehlberg algorithm with
embedded fourth order error control. None of the reported integration
methods are well qualified to solve stiff first-order differential equations.
The demand of solving stiff and non-stiff systems efficiently requires an im-
plicit algorithm. A N0rsett-Thomsen algorithm, shortly named NT1, was
chosen to be the integration wheel in the 'TL/OSL Rate Equation Solver'

11A stiff system is characterized with a large Lipschitz constant.
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program. NT1 is an implicit third order and B-stable Runge-Kutta algo-
rithm [N0rThom]. For comparison two explicit Runge-Kutta algorithms are
also implemented: A fifth order Runge-Kutta-Fehlberg algorithm with an
embedded fourth order error control, RKF45 [Fehlberg], and a third or-
der Runge-Kutta algorithm with an embedded second order error control,
RK23.

The Runge-Kutta algorithms belongs to the group of single-step methods
and may be expressed as

where m is the order of the algorithm and hn is the time step. The Yj's
are given by the equation

(2.26)

The values a,ij , 6j , c< and d{ (defined below) are given in the Butcher
scheme in Table 2.1.

In case of the explicit algorithms RK23 and RKF45 the summation only
needs to go from j = 1 to i — 1. For the NT1 algorithm, however we have
j running from 1 to i, which makes the method implicit. See the Butcher
scheme in Table 2.1.

For the explicit methods the Yj's are separated straightforward from
equation 2.26. For the implicit method, i.e. NT1 algorithm, it is necessary
to use a numerical method in evaluation of the Yj's. By recasting equation
2.26 into the form

t

F(Yj) = Yj - yn - hn £ > , f(*» + Cihn,Yi) = 0

the Yj's are calculated by using either fix point iterations or modified
Newton iterations.

The techniques are

Fix Point Iteration : Yj )S+1 = YiiS -
Modified Newton Iteration : ( I - h n CjjJ)(Y,-,, - Yi>3+J) = F(YiiS)

where J is the Jacobian matrix J = J£ and is evaluated exact in the pro-
gram. The iteration is stopped when ||Yj>s — Yj |S+i|| < eabs + ||Yj||erei,
where eabs and erei are the user-defined absolute and relative error toler-
ance, respectively.
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RKF45
c

0
l
7
3
8
12
13
1
1
2

d

m =

0
l
4
3
32
1932
2197
439
216
8
27

16
135

25
216

5

0
0
9
32
7200
2197

-8
o

n

0

a

0

0
0

7296
2196
3680
"5l3"
3544
2565

6656
12825

1408
2563

0

0
0

o
845
4104
1859
4104

28561
56430

2197
4104

0
0
0

o
0
11
40

9
50

"i

0
0
0

n
0
n

2
55

0

RK23 771 = 3

c

0
1
2
1

b

d

0
I
2
-1

0

a

0

2

2
3

1

0

0

6"

0

NTl
c
5
6
29
108
1
6

u

d

m = 3

5
6
61
108
23
183

26
61

25
61

a

0
5
6
33
61

324
671

36
61

0

0
5
6

1
11

0

TABLE 2.1. Butcher Scheme for RKF45, RK23 and NTl.
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In solving F(Yj) = 0 the program changes between the two methods are
controlled by the rate-of-convergence

Pconv

In the case of pconv -C 1 there is fast convergence, and divergence for
Pconv > 1- The preferable method is the fix point iteration because fewer
calculations are performed. The method of fix point iteration is selected if
Pconv < 0-2- If Pconv becomes larger than 0.7 the method switches back to
Newton iterations.

One of the advantages of NTl method is the existence of an interpolation
formula to evaluate any point y{t0) between yn and yn+i where t$ €
[tn,tn+l]

i= l

I - 1410 4- 21602)

• 58329 - 388802)

h{8)= £(145-3576' + 21602).

The error is O(hn) for 0 < 9 < 1. Notice that for 9 = 1 we get b in the
Butcher table.

This very useful interpolation formula is used as an extrapolation formula
to initiate the fix point and Newton iteration. For that purpose we use

Taking a Time Step
The integration method uses time step control based on the local error.
The local error en is estimated from the m order method 2.25 and the
embedded m - 1 order method

yi+l = yn + An J > f(«» + Cihn,Yi) (2.27)
i= l

by subtracting them, i.e.

£n = y ; + 1 - yn+1 = h

That means the error estimate is normally larger than the actually error
- because the error for the embedded method goes as h™. The local error
en is used to estimate the next time step hn+i.
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An integration step can be accepted in several ways. The most common
is to accept the norm of the local discretization error | |en | | to be less than
the local error tolerance etoi,

Iknll < etoi = eaba + | |yn |kre;

where the user-defined eabs and erei are the absolute and relative error
tolerance respectively. The norm used in the program is ||v||j = £2 lvt|-

The local error en is used to estimate the next time step hn+i given by
hn+\ = <fr(etoi, £n) hn where the factor to modify the step size 4>{eioi,£n) is
determined from

— yn |

The idea is to balance the new step size /in+i with the local error toler-
ance etoi- The result is <t>{etoi,en) = <t>sa(e (]fffj) "' where <f>s&(e is a safety
factor to prevent rejection of the next integration step. The normal range
for </>safe is 0.6 to 0.9; <̂ safe = 0.7 was default in the program.

2.5 Thermal Quenching

In thermally stimulated and optically stimulated luminescence studies, the
efficiency of luminescence often decreases, as the sample temperature in-
creases. This phenomena is called thermal quenching. In the context of
TL dating/dosimetry thermal quenching was first realized and reported by
Wintle [Wintle75] based on investigations of quartz.

The luminescence efficiency at temperature T is defined as the ratio
between the radiative transition rate nr and the total transition rate of
radiative and nonradiative processes,

nr
77 =

n r + nnr

where nnr is the nonradiative transition rate.
In the band model luminescence is assumed to take place when charge

carriers from delocalized bands make transitions into radiative recombina-
tion centers.

Within this picture the thermal quenching can be explained in terms of
competition between centers. The idea is that captured holes in a radiative
recombination center can be thermally released into the valence band and
retrapped by nonradiative centers, thus a reduction of the luminescence
efficiency is achieved.
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> Excited Sate

g

Configuration Coordinate

FIGURE 2.8. Configuration coordinate model describing thermal quenching of a
luminescent center. An electron is captured into the excited state of the center
and can either make a radiative or non-radiative transition to the ground state.

Another accepted mechanism for thermal quenching concerns the lu-
minescence process itself. This mechanism is based on the configuration
coordinate diagram described below.

2.5.1 Configuration Coordinate Diagram

The configuration coordinate diagram is a graphical representation of the
electronic energies in a defect center for the ground and excited states of
interest [BourLan]. The interaction between the defect and the host crystal
is assumed to be an electron-lattice coupling depending only on the lattice
coordinate Q. The lattice coordinate Qg and Qe in Figure ?? are the stable
positions for the ground and excited state, respectively.

In the configuration coordinate diagram the electron is initially captured
into an excited state of the recombination center and eventually makes a
radiative transition to the ground state. However, if there is level crossing as
sketched in Figure ??, the transition can also be a nonradiative relaxation
where the energy is transferred to the lattice by a multi-phonon process; -
we have the condition for thermal quenching.

The luminescence efficiency is determined by the thermal activated non-
radiative transition rate nn r , which is proportional to Boltzmann factor

e kT , thus

T) =
nr

exp f- (2.29)

where EQ is the thermal quenching energy.
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Thermal quenching can be incorporated in the expression for the ther-
mally stimulated luminescence intensity and in the case of first-order ki-
netics it is rewritten into I(T) = T){T)RW[EIS](T).

The technique of measuring thermal quenching is discussed in the chap-
ter Luminescence Characteristic of ct-A^Oz'-C p. 84, where also the lu-
minescence efficiency curve for (2-AI2O3 is shown {a-K\20z exhibits strong
thermal quenching).

2.5.2 Competition Model
There exist several competition models explaining thermal quenching, e.g.
the Schon-Klasen model [McKeev85].

The basic concept of the competition model, sketched in Figure 2.9, is
the presence of a single type of radiative recombination centers Ri, a single
type of nonradiative recombination centers R2, a single type of electron
trap centers T, and the conduction and the valence band. The radiative
recombination centers Ri are allowed to release holes thermally into the
valence band. The transistion rate for the process usually equals the rate

of escape sv\ e~^f where E^ is the activation energy and svi is the attempt-
to-escape frequency.

The thermal quenching occurs when the temperature of the system reaches
the temperature range where holes in recombination centers Ri are ther-
mally freed into the valence band and captured into the nonradiative re-
combination centers R2. This means that electrons make fewer transitions
into the radiative centers and more into the nonradiative centers.

An analytical expression of the temperature dependence of luminescence
efficiency during a linear heating at a heating rate (3 is derived by fol-
lowing considerations. Neglecting retrapping of holes back to the recom-
bination centers Ri, the transition rate for holes leaving the centers is

_£il
—h\ = sv\hi e "H11. The released holes are then captured into the recombi-
nation centers R2 at the same rate.

Applying the quasi-equilibrium condition and the additional assumptions
n <C hi, n <§C /12 12 the hole population in the recombination centers Ri is
approximately ftj ~ h\o exp —f§̂  /0 e~™ d0 and in the hole trap centers
R2 /12 — ^io + /120 ~ h\ , where hio and /120 are the initial hole populations
in the centers Ri and R2, respectively.

The luminescence efficiency is determined from the ratio between transi-
tion rates of electrons making radiative recombinations and the sum of both
radiative and nonradiative transition rate. The radiative and nonradiative
transition rates are aRlnchi and aK2nch2, respectively. Thus

12The assumptions n <g hi and n <?; /12 violate the neutrality condition, but can be
maintain by a deep electron trap.
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aR,nch\ hi +h2

1st order

1 + C exp ( -

where C = p ( f )
The result reveals the same expression of the luminescence efficiency

obtained in the configuration coordinate model 2.29.

Conduction Band

T, Radiative

Nonradiative

Valence Band

FIGURE 2.9. Band model for thermal quenching. The thermal release of holes
in the radiative hole center Ri into the nonradiative hole center R2 reduce the
luminescent recombination of electrons thermally freed from electron center Ti,
thus we have thermal quenching of TL. Retrapping is neglected.

2.6 Distribution of Captured Charge Carriers

2.6.1 Formulation of the Problem

When analyzing a data spectrum by fitting fundamental peaks, the follow-
ing question frequently arises: Is the number of peaks correct in order to
fit my data?

Introducing an activation energy and attempt-to-escape frequency dis-
tribution of the captured charge carrier population g(E, s) we do not need
to know the numbers of peaks.

Based on the assumption that the intensity of thermally stimulated lu-
minescence is described by a superposition of first-order Randall-Wilkins



30 2. Basic Concepts

functions RW[£;>5] the relation between the charge carrier population g(E, s)
and TL intensity I(T, (3) is

I(r, (3) = J Jg(E, s) RW[£)S] (T, 0) dE ds. (2.30)

This equation is a natural consequence of the rate equations when no
retrapping and quasiequilibrium are assumed [Bull]. The equation 2.30 be-
longs to the class of Fredholra integral equations of first kind. The equation
may also be regarded as an integral transformation between the spaces of
(E, s) and the measurable (T,0), which in the operator notation is written
as

Kg(E,s)=I(T,(3)

where the linear operator K is defined in 2.30.
Since the problem of determining the distribution of charge carrier pop-

ulation, g{E, s) is two dimensional, i.e. the mapping is K : (E, s) —* (T,j3),
we need to know not only the temperature dependence of the thermally
stimulated luminescence intensity but also the dependence of the heating
rate /3. Furthermore the heating rate must be measured of several order
of magnitudes, because of its weak dependence of the line shape of the
Randall-Wilkins function RW[£iS].

For simplicity we consider in the first place the attempt-to-escape fre-
quency to be single valued, thus g{E, s) — g(E) and the mapping is K :

2.6.2 Finding the Energy Distribution

For a given data spectrum (T^/j) »=i,...,ndQ(a of the thermally stimulated
luminescence recorded at a heating rate /? with ndata data points and with
standard deviation ô of data point i, the energy distribution of the cap-
tured charge carrier population g(E) is determined by the one-dimensional
Fred holm integral equation

h = I(T{) = j g(E) HW|E>,] (r,) dE. (2.31)

The simplest example of this equation is a data spectrum presenting
an ideal Randall-Wilkins function I(T) = RW[E,S](T) with the activation
energy Eo and attempt-to-escape frequency s. The solution to the Fredholm
integral equation I(T) = Jg(E)RW[Eo<s](T)dE then becomes the delta
function g{E) = 6{E - Eo).
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I 4

Predholm Integral
Transformation

K

Temperature T
£.£, £,.,£,£,.,

Activation Energy E

FIGURE 2.10. The Fredholm integral transformation.

The solution to the Fredholm integral equation can be represented by a
superposition of a complete base of functions T^(

where the g^ 's become the wanted amplitudes.
In the construction of a finite-difference equation of the Fredholm inte-

gral equation the solution is approximated by a finite number N of basis
functions Tj,

I(Tt) = dE.

The problem is then reduced to a system of algebraic equations, which in
a matrix notation takes the form

I = K g

where the finite-difference operator Kij = /RW[£iSj (Ti)Tj(E)dE repre-
sents the operator K, I = [IfTJ, I(T2), ...,l(TndaJ] and g = [gx,g2, ...,gN).

In Figure 2.10 the energy distribution function g(i?) is approximated
with the first-order staircase function

92

9N-I

I 9N

Eo< E<E1
Et< E<E2

N2 w
EN_l<E<EN

(2.32)

where the distance between neighbouring points Ej+l — Ej = AE are
assumed to be constant. The finite-difference operator K is in this case
given by
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[l,ndata) x [i,

which is the intensity of TL for a rectangular energy distribution at tem-
perature Tj. See section Energy Distribution of Traps for an analytic ex-
pression.

The amplitudes gj can be found by the method of least squares i.e.
minimization of

N

t = l

9j>0 (2.33)

with respect to g. The inequality ensures non-negative amplitudes gj.
The solution to the least squares problem 2.33 satisfies the normal equa-

tion

K T I = K T K g , gj>0 (2.34)

with the non-negativity constraint .
In practical applications the number of amplitudes g^ 's to be determined

is typically N ~ 100, however this introduces an undesirable effect : The
normal equation for the least squares problem 2.34 becomes ill-posed13.

Stabilization of the Solution
In order to stabilize the solution of the Fredholm integral equation a regu-
larization method introduced by Tikhonov is applied [Tikh77, Tikh95].

The method of least squares 2.33 is replaced by the minimization of the
smoothing functional14

13The operator equation

Ax = b, xeV.beU (OE)

is said to be well posed if the following two conditions hold:

i for each x 6 V the equation (OE) has a unique solution,
ii the solution of (OE) is stable under perturbations of the righthand side of this

equation, i.e. the operator A~l is defined on all of V and is continuous.

If the operator equation does not fulfill the conditions the problem is said to be ill-posed.

14The definition of the L2-norm is | |/ | |L2 = ( f \f(t)\2 dt\ .
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= \\Kg-I\\l2+a$s(g)

with repect to the energy distribution function g(E). The stabilizating
functional <&s(g) is chosen to be the first-order Tikhonov stabilizer which
smooth the solution by damping large absolute function values of g(E) and
the slope g'{E).

The choice of regularization parameter a depends on the knowledge of
the system. In the present work the operator K is assumed completely
known whereas the data I is known with a certain accuracy characterized
by || I - Iexact||L2 < 8. The regularization parameter a is determined in
according to the so-called generalized discrepancy principle by

p(a) = \\Kga-l\\2
L2-6

2 = 0.

Once more, in the construction of the regularization method into a finite-
difference approximation we make use of the staircase approximation of
the energy distribution g(E) defined in 2.32. Thus, the smoothing and
generalized decrepancy functional are approximated by

3=1

N N

AT + a
t = i

p(a) ~
3 = 1

N

N

i=2

9i > 0 (2.35)

where the temperature difference AT = Tj+\ — Tj between neighbouring

points is considered constant and K^ = —— fE* BW[E,s)(1'i)dE.

The error characterization || I — lexact\\Ll < 6 of the data points I is esti-
2mated from the standard deviation CTJ of data point /,• by 62 « X!)J=T° aj

The minimization of the approximated smoothing functional can be re-
casted into solving the normal equation

KTI=(KTK (2.36)
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where

c
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S is the smoothing matrix

AT AE2

" A£ 2 +l
- 1
0

0
0

- 1
A£2+2

- 1

0
0

0
_1

A£2+2 •••

0
0

0
0
0

A£2+2
- 1

0
0
0

AE7

The amplitudes g is the solution to the Fredholm integral equation
2.31 when the generalized decrepancy principle is fulfilled, i.e. p(a) = 0.
This is obtained by finding the root of the generalized decrepancy p(a)
2.35 by using, for instance, the iterative chord method. For each iteration
the amplitude g° is evaluated from the normal equation 2.36 with the new
regularization parameter a. The procedure stops when p(a) = 0 is reached.

The non-negativity of the amplitudes g° > 0 is imposed on the solution of
the normal equation 2.36 using the NNLS procedure given by Lawson and
Hanson [LawHan] for a linear least squares problem with linear inequality
constraints. For further information see Appendix Linear Least Squares
with Constrains p.131.

Figure 2.11 shows three computer generated TL-curves and the corre-
sponding energy distribution calculated from the Fredholm integral equa-
tion in the form 2.36 using the NNLS algorithm and the generalized discrep-
ancy principle. The distribution is calculated with a resolution of N = 100.
The attempt-to-escape frequency is s — 1012s -1 in all examples and the
choice of regularization parameter is determined by a pre-defined standard
deviation of 1% of the data.

The first example is a TL curve produced from superposition of two
Randall-Wilkins functions I(T) = 59R.W[O.97eV,ioi2s-i]Cr)+
lOORWjo.ggev.io^s-i]^) obtained at the heating rate of 0 = ' lKs- 1 . The
energy distribution is calculated in the energy interval [0.95,1.01] eV based
on 200 data points. As seen in Figure 2.11 the determination of the activa-
tion energies and amplitudes are very close to the exact values.

The second example is a TL curve resulting from a Gaussian energy
distribution of captured electrons centered at 0.97 eV with the standard
deviation of 0.10 eV. The calculated energy distribution is obtained in the
interval [0.90,1.02] eV based on 250 data points.

The last example is TL curves with the same shape as Garlick-Gibson
second-order kinetics at the filling degrees $•, 0.10, 0.25, 0.50, 1.00. The
area under the curves are scaled to the initial population in order to have
the correct thermally stimulated luminescence response. The exact energy
distribution are not known, the distribution of each TL curve is calculated
in the interval [0.90,1.30] eV and is based on 250 data points.
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The shape of the TL curves can naturally be interpretated as the result
of dominant retrapping, or as discussed in this chapter in Section A Phys-
ical Interpretation p. 10 as the result of F-distributed attempt-to-escape
frequency values of the electron trap center. On the basis of the present
calculation we introduce a new interpretation: The shape of the TL curve
is due to the energy distribution of the captured electrons. In Figure 2.11
the development of the energy distribution as a function of the filling de-
gree is in accordance with the expected behavior of the distribution in real
materials, where the energy levels are gradually occupied, starting at the
deep levels, as the trap center becomes more and more populated.
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FIGURE 2.11. Fredholm integral transformation used to determine the cap-
tured electron density distribution from computer generated TL data. The en-
ergy resolution is 100 bins and the TL curves are obtained at the heating
rate of /3 = lKs"1 . Top : TL-curve consists of two Randall-Wilkins functions
I(T) = SQRWp.gT.v.H^s-MCn + 100RW 10.99ev,1012.-i](T). The calculated en-
ergy distribution is shown to the right. Middle : TL curve from a Gaussian energy
distribution. The smooth curve to the right is the exact Gaussian solution and
the staircase curve is the evaluated energy distribution. Bottom : TL curves iden-
tical to Garlick-Gibson second-order TL curves are plotted to the left at various
filling degrees and to the right the corresponding calculated energy distribution.
See text for details.



Experimental Equipment, Samples
and Procedures

3.1 Introduction

The majority of TL/OSL studies were carried out using the automated
Ris0 TL/OSL reader systems. An overall description and characterization
of the readers is given in the present chapter.

In addition sedimentary samples studied are listed and the sample prepa-
ration is described.

3.2 The Ris0 Automated TL/OSL Reader

The Ris0 TL/OSL reader system was originally developed to be an archae-
ological and geological TL dating tool [B0tt84,88,91]. Later developments
have added new features to the reader system and fully equipped it is a
powerful tool in the studies of TL/OSL properties [B0tt92,94].

As shown schematically in Figure 3.1 the basic components of the com-
puter controlled Ris0 TL/OSL readers are 1) a photon detector system 2)
luminescence stimulating systems and 3) a beta irradiator facility. The lu-
minescence stimulation systems of the reader can be divided into two types:
i) a heating system to measure TL and ii) optically stimulation units to
measure OSL.
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Detector System

PMTube
Detection Filters
Focusing Lens

OSLUnit

Reflector
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Focusing Lenses
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Sample Cups
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FIGURE 3.1. Schematic of the automated Ris0 TL/OSL reader system. A sample
in the measuring position is ready to be either heated or exposed with infrared
or filtered light from a quartz tungsten halogen lamp. Before detection by the
photomultiplier tube (PM tube) the luminescence is filtered by the detection filter
pack in order to block out the stray light from the stimulation light and black
body radiation in the TL measurement.

The sample chamber of the reader incorporates an exchangeable turntable
sample holder resting on a motor driven shaft. Cups1 with sample material
are loaded onto the turntable. The capacity of the turntable is 24 sam-
ples. The sample chamber can be programmed to be evacuated or have a
nitrogen atmosphere maintained by a N2 flow.

The moving of samples to the irradiation or detector position is computer
controlled. This is enabled by position holes positioned at each sample in
the turntable, and by the use of opto-electronics and a stepper motor.

The measurement of a sample is initialized by rotating the turntable with
the sample to the detector position and lifting the sample from the table
into measuring position by an elevator. The top of the elevator device is
a U-formed heater strip made of kanthal. The heater strip is shaped with
a depression to provide good heat conduction to the sample and ensure
high reproducibility. At the measuring position the sample can be optically
stimulated by light delivered from different light sources and thermally
stimulated by heat from the strip. During the stimuli the luminescence can

'Cups are made of aluminum, nickel or platinum. The melting points for the metals
are 660.5°C, 1455°C and 1772°C respectively. However, the aluminum cups must be
used with some precaution in thermal procedures.
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be recorded by the detector system. A TL measurement is performed by
recording the luminescence during a linear increase of the sample tempera-
ture. Similarly, the OSL measurement is performed by a constant illumina-
tion irradiance of the sample. During the stimulation the detector system
records the luminescence.

3.2.1 The Heating System

The heating system is designed to perform heatings up to 700°C at linear
heating rates from up to 20 Ks"1. In order to minimize the thermal lack
between the sample and the heater strip the heating rate for few mg fine
grain samples should be kept below 5Ks and for coarse grain samples
below 2 Ks'1.

The alumel-chromel thermocouple mounted underneath the heater strip
provides the feedback to the temperature controller. The controller is driven
by a 12 bit digital-to-analog converter giving 4096 temperature increments,
i.e. a resolution of 0.172 K. The required power to the heater is supplied
from a non-switching continuous full sine wave heat generator running at
20 kHz.

The heater strip is cooled by a N2 flow to speed up the run time of
the reader but also to protect the heater system against oxidation at high
temperatures.

The accuracy of linear heating ramps were tested by monitoring the
temperature versus the time at heating rates between 0.5 Ks*1 and 5KS"1.
It was found that deviations from the settings slightly increased with higher
heating rates. The deviation, however, was below 0.5 K in the temperature
interval [50,500]°C.

In Figure 3.2 is shown a typically TL curve2 from an a-AbC^C sample
recorded with the automated Ris0 TL/OSL reader system. The sample
temperature is raised linearly at a heating rate of 1 Ks"1.

3.2.2 Optically Stimulation Systems

Optically Stimulated Luminescence Unit (OSL Unit)

The OSL unit was originally developed for optical stimulation of lumines-
cence from sedimentary quartz [B0tt92].

As illustrated in Figures 3.1 and 3.3 the stimulation light is achieved
by filtering and focusing the light from a 75 W quartz tungsten halogen
(QTH) bulb. The lamp house is equipped with a reflector to improve the
light output and a cooling fan to remove heat produced by the bulb. Two
quartz lenses are used in the OSL unit to form a projecting system. In the

2Also termed TL glow-curve.
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FIGURE 3.2. Left: Recorded TL curve from a-Al2C>3:C at a heating rate of
1 Ks~!. The given 90Sr / 90Y /3-dose was 0.3 Gy. Right: Recorded OSL decay curve
from a-Al2O3:C. The stimulation light was delivered from the OSL Unit using
the standard green filter pack. The given 90Sr/90Y /?-dose was 0.2 Gy. In both
measurements the detection filters were 9 mm Hoya U340 filters.

region between the lenses the rays are nearly parallel. This region contains
the exchangeable niters and the shutter to control the light exposure.

The QTH bulb, an Osram HLX 64616, needs a burn-in time of 2min
before the light output is stabilized. The time resolution for an OSL mea-
surement is limited by the opening/closing time of the shutter and is ap-
proximately 10 ms.

A large part of the work with the OSL unit were performed using the
standard green light filter pack. The filter combination of the standard
green light filter pack is SWP720 and SWP560 interference filters from
Delta Light & Optics and 3xGG420 colored cut-off glass filters from Schott
[B0tt92]. The power spectrum of the light delivered from the OSL unit with
the standard green light filter pack was evaluated from the transmittance of
the filters and the power spectrum of the QTH bulb, Osram HLX 64616. See
Appendix Light Sources for power spectrum of QTH bulb. The estimated
power spectrum at the measuring position is shown in Figure 3.4. The total
irradiance was measured to 16 mWcm . The generated OSL emission from
a sample using this light source is in the literature denoted as the green
light stimulated luminescence (GLSL).

Figure 3.2 shows a typical OSL decay curve from a Q-A^OaiC sample
recorded with the automated Ris0 TL/OSL reader system.

Infrared Stimulated Luminescence Unit (IRSL Unit)
The development of the IRSL unit was initiated by the work of Hiitt, Jaek
and Tchonka in 1988 where they reported that luminescence in feldspars
can be stimulated with infrared light and utilized as a dating tool [HuJaTcho].

The infrared light source of the combined Ris0 TL/OSL unit consists of
13 light emitting diodes (LEDs) mounted into an aluminum ring placed in
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FIGURE 3.3. Schematic diagram of the OSL unit for the Ris0 reader. The IRSL
unit consisting of an infrared LED array is mounted in the bottom of the OSL
unit.

the bottom part of the OSL unit. The LEDs form a circular array and are
focused at the measuring position [B0tt91]. The LEDs are of the type, Tele-
funken TSHA 6203, with peak emission at 875A80nm. The total irradiance
at the measuring position was measured to 38 mWcm"2 at a diode current
of 40 mA using an optical power meter, Newport 840C-ST. The emission
spectrum of the infrared light source is shown in Figure 3.4.

The total irradiance depends on the diode temperature which is affected
by both the diode current and the heat transfer from the heater strip.
To maintain the irradiance constant during operation one of the diodes
in the array is facing a fibre light guide to transmit the light output to a
temperature stabilized photodiode. By feedback, the total LED current is
thus controlled by the response of the photodiode.

Monochromator add-on Module
In order to study the wavelength dependence of the stimulation light in
OSL or to obtain wavelength resolved OSL and TL, compact monochro-
mator modules were developed to fit the OSL unit and the detector system
[B0tt94].

The principle of the monochromators are the use of linear variable inter-
ference niters, whose transmission wavelength depends on the mechanical
position of the filter. Two different monochromators were developed: One
operating in the visible range from 380 nm to 730 nm and an another one
operating in the infrared range from 740 nm to 1000 nm.
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FIGURE 3.4. Emission spectrum at the measuring position of the standard light
sources in the TL/OSL reader system. The components of the standard green
light source are a 75 W QTH lamp and SWP720, SWP560 and 3xGG420 filters.
The standard IR light source is an array of 13 infrared LEDs with peak emission
at 875A80nm. The total irradiance at the measuring position is 16 mWcm"2 for
the green source and 38 mWcra"2 for the IR source. (The IR data was taken from
the Telefunken cataloque).

The monochromators mounted onto the OSL unit and onto the detection
system are shown in Figure 3.5. The characteristic of the monochomators
are summarized below:

Transmission
Visible unit : 31-38%. Infrared unit: 50-60%. The transmission charac-

teristics is shown in Figure 3.9. The transmission was measured using f2
optics with two monochromators working in tandem, the first acting as an
absorption spectrometer and the second as the 'sample'.

Resolution
Maximum resolution is 12 nm for both monochromators. A manual slit

allows changes in the resolution of e.Snmmm"1 and 3nmmm"1 for the
visible and infrared, respectively.

Scanning rate
A stepper motor controls the positioning of the filters. Typical scan rates

are SOnms'1 and 20nms"1 for the visible and infrared units, respectively,
and result in scan times of about 12 s.

Power output
The irradiance spectra at the measuring position from both the visible

and infrared monochromator systems in conjuction with the OSL unit were
measured at a spectral resolution of 12 nm by an optical power meter,
Newport 840C-ST. The irradiance spectra are shown in Figure 3.6.
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FIGURE 3.5. Monochromators coupled to the OSL unit and to the detection
system.

In the spectral work, the irradiance spectra were used to normalize the
light energy or number of photons given to the sample.

Optics
Operates at f2 or lower.
Stray Light
The stray light level was estimated from the transmission of the 633 nm

laser line to be lower than 0.005% at 450 nm and lower than 0.05% at
580 nm for the visible monochromator. Similar levels were found for the
infrared monochromator.

Figure 3.7 shows an example of the spectral work using the monocroma-
tor module. The emission spectrum of isothermal luminescence from potas-
sium enriched feldspar (R-952513,FK) at a sample temperature of 400 K
was recorded by a single scan with the visible monochromator module. The
sample was exposed to 300 Gy (90Sr/90Y).

3.2.3 Photon Detector System

The emitted luminescence is collected by a focusing quartz lens (f20mm)
and filtered before detected by a photomultiplier tube (PMT) working in
single photon counting mode operation. In TL measurements, the detection
of black-body emission is suppressed/eliminated by using red to infrared
niters. The filters used in the OSL measurements serve to block out the
stimulation light, but the filters will also suppress any photo luminescence
(PL) and Raman scattering [Huntley].
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FIGURE 3.6. The irradiance spectrum at the measuring position of the visible
and infrared monochromators when coupled to a 75 W quartz tungsten halogen
lamp and filters. The filter combinations are listed in the Figure.
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FIGURE 3.7. Emission spectrum of the isothermal luminescence from potassium
enriched feldspar (R-952513,FK). The spectrum was recorded by a single scan
with the visible monochromator module. The sample temperature was held at
400 K and the given dose was 300 Gy (9 0Sr/9 0Y).
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The filter combinations used in detection and excitation filter packs in
the present work are found in the Section Filters p.46 below.

Photon Energy [eV]
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FIGURE 3.8. The quantum efficiency of the photomultiplier tubes EMI 9235QB
PMT 'Bialkali' and EMI 9658R PMT 'Extended S20'. (The data was taken from
the Thorn EMI PMT catalogue.)

The TL/OSL reader is equipped with a bialkali EMI 9235QA PM tube.
This PM tube is highly sensitive in the blue region and this corresponds con-
veniently with the maximum emission wavelength in many samples studied.
For spectral work an extended S20 EMI 9658R PM tube was used due to
the extended response in the red region. The quantum efficiency, i.e. ratio
between photoelectrons created and incident photons, of the PM tubes is
displayed in Figure 3.8.

The operating voltages of the PM tubes were kept within a plateau of
970 V and 1450 V for the bialkali and extended S20, respectively. The dark
counts were measured to about 30Counts"1 and 1800Counts'1, respec-
tively.

Monochromators

The monochromators can also be added to the detector system as shown
in Figure 3.5. In the spectral work of luminescence it is important to cor-
rect the response of the detector system. The correction of the response
is made using the knowledge of the transmission of the monochromator,
transmission of the detection filters in front of the PMT and the quantum
efficiency of the PMT. The transmission of monochromators and PMT re-
sponse are shown in Figures 3.8 and 3.9, respectively. The detection filters
are described in Section Filters p.46 and the transmission curves are shown
in Appendix Filters p.135.



46 3. Experimental Equipment, Samples and Procedures

Photon Energy [eV]
3.00 2.50 2.25 2.00 1.75 1.50 1.25

100 rr—I—i 1 1 1 1

400 500 600 700 800

Wavelength fnml
900 1000

FIGURE 3.9. Transmission of the monochromators.

Filters

The different filter combination used in this study is listed in the table
below

Type of Work
TL

TL spectra
TL spectra
OSL

OSL

IRSL
OSL spectra
OSL spectra

Detection Filters
3XU340 or 2XU340(coated)
Vis. Mon.+ SWP720+GG400
IR Mon.+ SWP1100+RG715
2XU340or 3XU340
3X7-59(coated)+BG39
3XU340 or U340(coated)
2XU340or3XU340
2XU340or3XU340

Excitation Filters
not an option
not an option
not an option
SWP720+SWP560+GG420
SWP720+SWP560+GG495
not an option
Vis. Mon.+ SWP720+3XGG400
IR Mon.+ SWP1100+3 XRG715

The transmission of the single filters are found in Appendix Filters p.135.
The most frequent used filter packs were Hoya U340 filters for the detection
filter pack and the standard green light filters for the stimulation filter pack.
The transmission characteristic of these filter packs are displayed in Figure
3.10.

3.2.4 Irradiator Unit

The irradiator unit is located just above the turntable and the shutter is
controlled by compressed air.

Ionizing radiation is given to the sample either from a 1.85xlOnBq or
1.48xlO12Bq 90Sr/90Y /3-sowce. The calibrated dose rate for the sources
in the TL/OSL reader is about O^SGymin^or 2.0 Gy rain"1, respectively.
The leakage from the 1.48xlO12Bq 90Sr/90Y source to a sample at the
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FIGURE 3.10. Standard stimulation and emission filter pack.

irradiation position was measured to be 0.49°/oo compared to the dose rate
during an irradiation3. The measurement was carried out by comparing the
TL signal generated in a A^C^C TL dosimeter in the cases of an open
and a closed irradiator.

3A new designed irradiator unit has a fraction of 0.000147.
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3.3 Samples

3.3.1 List of Sedimentary Samples
The sedimentary samples used in the present work are listed in Table 3.1.
These were kindly provided by Vagn Mejdahl of the Nordic Laboratory for
Luminescence Dating, Geology Department, Aarhus University, Denmark.

Lab. no.
R-912402
R-914804
R-920602
R-923302
R-933801

Locality
Kullaberg, Sweden
N0rre Lyngby, Denmark
Halland, Sweden
Eide, Norway
Finnmarksvidden, Norway

Estimated Palaeodose
170 Gy
~60Gy
~30 Gy
11.8 Gy
30 Gy

TABLE 3.1. Sedimentary quartz samples used in the present work. The minerals
are from Nordic Dating Luminescence Laboratory. The grain size are between 90
and 212 /xm.

3.3.2 Preparation of Sedimentary Samples

The quartz samples from The Nordic Dating Luminescence Laboratory
were separated from the sediments by means of a heavy liquid technique
[Mejdahl].

Preliminary the clay was washed out from the sediments with water. The
remaining clay and mixture of quartz, feldspars, and heavier minerals were
treated with 10 % HC1 for removal of carbonates and with 30 % H2O2 to
remove organic material. The sediments were next sieved into typical grain
sizes of 90-300 /im.

The mineral separation was made by using heavy liquids of various densi-
ties. The first separation divides the sediments into two groups of minerals:

A Quartz, plagioclase feldspars and heavier minerals

B Alkali feldspars which were further subdivided into a potassium-rich
and a sodium-rich alkali feldspars4.

The minerals were treated with 10% HF for 40min to remove the outer
a-irradiated layer and washed in 10% HC1 and water. The final separa-
tion was used to remove the heavier minerals in group A. These remaining
were a mixture of quartz and plagioclase feldspars due to overlap of the

4 The potassium-rich and sodium-rich alkali feldspars have a potassium content about
10-12% and 5-6% respectively.
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densities. The quartz was isolated by treating the remaining mixture with
concentrated HF for 1 h. The purity of the quartz was verified by the lack
of any infrared stimulated luminescence signal [B0tt91].

The preparation of samples from the point where the sediments were
collected until they were ready for measurements was performed in dim
orange light at room temperature in order not to affect the natural TL and
the OSL signal.
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4
Luminescence Sensitivity Change in
Quartz due to Annealing

4.1 Introduction

The purpose of this chapter is to present a study of the effect of high tem-
perature annealing of sedimentary and synthetic quartz on the OSL and
the photo-transferred TL (PTTL) signal. The experimental work indicates
that the sensitivity1 enhancement observed in quartz can be explained by
mechanisms that involve alterations to the concentrations of the recombi-
nation centers and trap centers. A model has been proposed to explain the
observed properties, based on the assumption that the annealing effects
are primarily due to removal or creation of defect centers. The numerical
simulations were qualitatively in agreement with all essential details of the
experimental data [B0tt95].

In the literature the mechanism of sensitivity enhancement as a result
of heating is explained in terms of the so-called pre-dose effect [Flem,
Aitken88]. The pre-dose effect is the increase in sensitivity of luminescent
materials as a result of irradiation followed by heating2. This sensitization
effect was first reported by Cameron in LiF [Cam] and later by Fleming
and Thompson [FlemThom] in sedimentary quartz where the sensitivity
enhancement of the '110°C' TL peak was studied.

'Luminescence sensitivity is defined as the yield of luminescence in response to a
given unit irradiation dose.

2This heating is also termed 'thermal activation'.
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The reservoir model suggested by Zimmermann [Zimmer] was the first
among several models to explain the observed sensitization. The basic ele-
ments of this model are a shallow electron trap center, a deep electron trap
center, a radiative recombination center, a hole trap center, and the con-
duction and valence bands. The deep trap center was included in order to
maintain charge balance and was assumed to be thermally stable. During
the irradiation stage the holes generated were assumed into be preferentially
captured by the hole trap center. The annealing treatment was assumed
to thermally free the holes from the hole trap center to the valence band,
from where the holes were captured by the recombination center. Thus
each time the sequence of irradiation and annealing is repeated the hole
population in the radiative recombination center is increased relative to
the hole population in the nonradiative recombination center which effec-
tively results an enhancement of the luminescence sensitivity. The model
proposed by Zimmermann and other models explaining the sensitization
[Chen79, Chen94a, Sunta94a and Sunta94b] are generally models that ac-
counts for the sensitivity enhancement by redistribution of the population
in the defect centers as a result of annealing treatment.

Previous studies of high temperature annealing effects in quartz have
been concentrated on the TL enhancement following high temperature
treatment. Sensitivity enhancement effects in both the TL and radiolu-
minescence3 of quartz were noticed to increase with increasing annealing
temperatures by McKeever et al [McKeev83j. A key feature was their con-
clusion that the enhancement effect were related to alternations to numbers
of recombination centers.

Spectral changes in TL of annealed quartz are reported to depend upon
the cooling rate [Rendell]. Alternations to the TL emission spectra were
also observed by Hashimoto et al [Hashi] in the study of the TL color im-
ages from hydrothermal Madagascar quartz annealed at 1000°C for 100 h.
This group measured an enhancement of orders of magnitude in the red
emission from samples following the annealing treatment. The mechanism
proposed for the sensitivity enhancement was again related to changes in
the recombination centers.

Chen et al observed a large sensitivity enhancement of the '110°C' TL
peak in synthetic quartz following high temperature annealings up to 950°C
[Chen88]. Further examinations of these observations have been reported
in [Yang90,Chen94a and Chen94b]. Yang and McKeever [Yang90] noted,
in particular, the effects such annealing had upon the pre-dose effect for
the '110°C' TL peak. They observed that in quartz samples annealed at
temperatures in the range of 300°C to 450°C, large sensitivity changes

3Radioluminescence is the luminescence generated in materials during exposure to
nuclear radiation.
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could be observed during the pre-dose activation, but they were not pre-
dose related

4.2 Experimental Part

Three sedimentary quartz minerals and a synthetic quartz were selected for
the study. The experimental work was divided into four different investiga-
tions to support the suggested mechanism for OSL and PTTL sensitization
following annealing treatment and to provide experimental data to test the
proposed model. The study included the following investigations

i OSL and PTTL sensitivity change upon annealing at various
temperatures.

ii OSL sensitivity change following annealing using pre-dosed
and undosed synthetic quartz The purpose was to test for
pre-dose effect.

iii TL emission spectra for unheated and annealed quartz
samples in order to observe annealing induced changes,

iv OSL growth curve, i.e. determing the dose dependence of
the OSL signal, for unheated and annealed sedimentary
quartz. The data was generated to test the proposed model.

The measurements were carried out using the automated Ris0 TL/OSL
reader apparatus. The luminescence in the OSL measurements was stimu-
lated by light delivered from a standard green light system. The lumines-
cence signal was recorded simultaneously by a detector system. The TL
measurements were performed with a constant heating rate. For further in-
formation see Chapter Experimental Equipment, Samples and Procedures.

The luminescence was detected using 9 mm Hoya U340 filters in order
to block the stimulation light during the OSL measurements and black
body radiation in TL measurements. The detector used was a bialkali EMI
9235QA PM tube. Irradiations were made using a 90Sr/90Y /?-source with
a dose rate of 2.0 Gy min"1.

One of the TL emission experiments used a different configuration. In
this experiment the U340 filters were replaced by a single SWP720 filter
and a visible monochromator was mounted in front of the PM tube in order
to obtain wavelength resolved TL emission. The PM tube used was a red
sensitive S20 EMI 9658R.

Samples

Four different quartz materials were used in the study.
Three sedimentary quartz minerals were provided by Vagn Mejdahl of the

Nordic Laboratory for Luminescence Dating, Geology Department, Aarhus
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University : R-914804,Q, R-920602,Q and R-923302,Q. The preparation
and characterization of the samples are found in Chapter Experimental
Equipment, Samples and Procedures p.48.

The sedimentary quartz samples were believed not to have been heated
during and after the deposition. The total absorbed natural doses were
measured to be in the order of 100 Gy.

The final sample material was synthetic quartz prepared from a-quartz
Premium Quality single crystal produced by Sawyer Research Products
Inc., Eastlake, Ohio, USA. The crystal was crushed and washed in 1M
HF for one hour, followed by 1M HC1 for one hour to remove damaged
surface layers. Nevertheless TL analysis did not show discernible differences
between etched and unetched quartz grains. The impurity content in the
original y-cut single crystal plates is not homogenous. The x-growth zone
is relatively rich in impurities, e.g. aluminum, while the z-growth zone is
'cleaner'. In making homogenous samples, material from both x-growth and
z-growth zones were mixed, crunched and ground. Grain sizes below 90 fun
were used in the present study.

The synthetic quartz was chosen for two reasons. Firstly, it is of high
crystalline quality and a high purity material. This makes the material the
simplest case to study. Secondly, the material had not been heated since
crystal formation and had not received any significant radiation , except
for a few years of natural background radiation of the order of 10 mGy, and
consequently, the thermal and dosimetric history are well known for this
material.

The sedimentary quartz had been exposed to ionizing irradiation in na-
ture and in order to reset the luminescence signal the sedimentary quartz
samples were optically bleached without heating. The bleaching was per-
formed by dispersing the sample grains into a monolayer and illuminating
using a Philips fluorescent lamp, type TL/05, for 100 h. Approximately
~85% of the photons emitted from this lamp are in the wavelength range
320-450 nm and the average flux at the position of bleaching was measured
to be 430/iWcm" . See Appendix Light Sources p.139 for emission spectra.

4-2.1 Sensitivity Change due to Annealing Temperature

The OSL and PTTL sensitivity change caused by thermal annealing treat-
ment were studied using two bleached sedimentary quartz samples, R-
914804.Q and R-920602.Q, and in addition synthetic quartz.

Each sample was divided into ten subsamples and annealed at various
temperatures in the range 575±2 K to 1275±2 K for 30 min in air. The an-
nealing was performed in a Naber L51/S ceramic oven with an upper limit
of 1450 K. The annealing temperature was controlled by manual readings
using an alumel-chromel thermocouple placed next to the samples.

Each subsample material was further divided into a subset of three
10.00±0.01 mg samples in order to test the reproducibility. Each subset of
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FIGURE 4.1. OSL and PTTL sensitivity change due to annealing in synthetic
quartz.

annealed samples was placed in cups and loaded into the automated Ris0
TL/OSL reader. The measurement of TL and PTTL were accomplished
by running each sample through the following sequence. The sample was
given a test dose of 3.33±0.02Gy at room temperature (RT) followed by
preheating at 140±0.5°C in 30 s in order to remove the thermally unstable
'110°C' TL peak. The OSL signal was recorded for 60±0.02s at RT. The
PTTL signal that was created after green light illumination was measured
immediately after the OSL readout using an ordinary TL run at a heating
rate of 1 Ks"1 to a maximum temperature of 673 K. The procedure is set
out below

Subset
(annealed at)

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10
575 K 675 K 725 K 800 K 875 K 950 if 1000 K 1075 K 1175 K 1275 K

Irradiation
Preheat
OSL
TL

3.3 Gy at RT
140°Cfor30s

60s at RT

The intensities of OSL and PTTL as function of the annealing temper-
ature are plotted in Figures 4.1 and 4.2. The luminescence intensity of the
OSL is the integrated OSL decay curve from 0 s to 60 s and the PTTL in-
tensity is the photo-transferred '110°C' TL peak integrated from 70°C to
135°C.

It should be noted that here the experimental results are not only de-
pendent on the annealing temperature. For instance the annealing time,
i.e. the time the sample is held at a given annealing temperature, also
affects the luminescence yield. Some samples were annealed at 775±2K
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FIGURE 4.2. OSL and PTTL sensitivity change of sedimentary quartz samples
due to annealing.

and 1075±2K for lOmin, 60min and 12 h. The samples annealed for 12 h
were found to have an enhanced OSL sensitivity compared to that found
at shorter times, typically by a factor of 2 to 3. Other examples of an-
nealing parameters noticed were the atmosphere in which the annealing is
performed and the cooling rate used. However, these parameters have not
been further considered in this study.

The data show large changes in the luminescence intensity as function of
the annealing temperature for both the synthetic and sedimentary quartz
samples, e.g. the OSL intensity is seen to changes several order of mag-
nitude. The OSL and PTTL curves shown the same shape regardless of
sample with two distinct maxima which appears in temperature ranges co-
incident with the known phase transitions of SiO2i namely the a-(3 quartz
transition at 846K and /3-quartz-tridymite transition at 1140±3K [Deer].
The next transition, tridymite-cristobalite, occurs at about 1743 K which is
beyond the range of the present experiment. The phase diagram for quartz
is shown in Figure ??.

The initial rise of the observed luminescence intensity as function of an-
nealing temperature for both peaks can be characterized by the expression

Iium oc exp (
ing

where Ea is interpreted as the thermal activation energy for creation or
removal of centers accountable for the enhancement of the luminescent
sensitivity [BourLan]. The calculation of thermal activation energies re-
lated to the two peaks are 0.8 eV and 2.1 eV for the first and second peak,
respectively.

The thermal activation behavior of the luminescence yield observed sug-
gests that the mechanism(s) behind the creation or removal of centers in
the crystal are migration of defects, recombination of defects with their
counterpart, or complex formation or complex dissociation [BourLan].
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FIGURE 4.3. Pressure-temperature phase diagram for SiCb. At atmospheric
pressure (~105 Pa) the a-(3 quartz inversion takes place at about 846 K,
/3-quartz-tridymite inversion at 1140±3K and tridymite-cristobalite inversion at
about 1743 K. The melting point of cristobalite is 1986±5K . Data from [Deer].

The decrease of the luminescence yield at annealing temperatures in the
range of the transition temperatures may very well be related to the struc-
tural change of the crystal associated with the phase transition. In the a-f3
quartz transition and /?-quartz-tridymite transition the crystal structure
becomes more open and may allow certain defect centers to migrate more
easy to the grain boundaries. Another possible mechanism to account for
the decrease of luminescence yield concerns the rearrangement of the crys-
talline structure in the phase transition where the reconstruction of the
crystal breaks or changes the involved defect centers. For example the /?-
quartz-tridymite transition involves breaking of Si-0 bonds and migration
of Si and O atoms.

Temperature Shift of the '110oC TL Peak
An inspection of the PTTL data from the quartz samples reveals another
phenomenon besides the strong PTTL sensitivity due to annealing tem-
perature. The photo-transferred '110oC TL peak for the various samples
annealed at different temperatures showed a shift of the TL peak tem-
perature. For clarity this relationship is displayed in Figure 4.4 where the
photo-transferred '110°C TL peak position is plotted against annealing
temperature for the three quartz samples. The curve shapes are very sim-
ilar with two maxima that appears to be coincident with the temperature
range of the phase transition in quartz. The shift of the peak position is
seen to move up to about 4K. This change with annealing temperature

3The temperatures in celcius degrees are 573°C, 867±3°C, 1470°C and 1713±5°C,
respectively.
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FIGURE 4.4. The '110oC peak position dependence of the annealing temperature
in synthetic and sedimentary quartz. The dose was 3.3Gy and heating rate IKs"1.

is clearly related to the previously observation of the PTTL (and OSL)
sensitivity change and presumably reflects a similar mechanism.

4-2.2 TL-emission Spectra

To acquire more knowledge of annealing effects in quartz the TL emis-
sion spectra of unheated and annealed quartz samples were compared. The
samples used in this study were the synthetic quartz and the sedimen-
tary quartz samples, R-914804,Q and R-920602.Q described earlier. The
measurements were carried out using the automated Ris0 TL/OSL reader
with the visible monochromator module added to the photon detector sys-
tem. The luminescence was detected by the extended S20 EMI 9658R PM
tube and the detection filter combination was a single SWP720 filter and
the visible monochromator module. See Chapter Experimental Equipment,
Samples and Procedures.

The samples were divided into two groups: one unheated and the other
annealed at 800±2°C for 30min in air. The annealing of the samples was
performed in the Naber L51/S ceramic oven.

From each sample of 20±0.01 mg of unheated and 20±0.01 mg of an-
nealed material was placed in cups and loaded into the Ris0 reader. The
following sequence was used

Sample
Irradiation
Hold Temperature
Detection Scan

#l(Unheated) #2(Annealed)
1330 Gy

r=25°C, 50°C, 75°C, ..., 500°C, respectively
700mn-»380nm at T (scan rate lOnms'1).

The samples at first were heavily exposed with 1330 Gy of /^-irradiation
at room temperature. The TL emission spectra was recorded by monochro-
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FIGURE 4.5. The emission spectra of thermally stimulated luminescence from
synthetic quartz before and after annealing. The annealing was performed at
HOOK for 30min in air. The average heating rate was /3 = 0.52 Ks"1. The insert
shows the emission spectra at 473 K.

mator scans of the isothermal decay of the TL luminescence. For each scan
the temperature was raised by steps of 25°C beginning at 25±0.5°C and
ending at 500±0.5°C.

The decay of the luminescence signal after the scan was about 20% com-
pared to the initial level and due to the lower sensitivity of the detector
system in the red region the monochromator was scanned from longer to
shorter wavelength, i.e. 700±1.2nm—>380±1.2nm.

The measured luminescence was corrected for the wavelength dependent
efficiency of the detector system and the isothermal decay of TL lumines-
cence during the scan. For information on the detector system see Chapter
Experimental Equipment, Samples and Procedures p.43.

The corrected emission spectra data recorded at various sample temper-
atures was converted into a contour plot for each sample. The contour plots
are shown in Figures 4.5 and 4.6 for synthetic quartz and the sedimentary
quartz samples, respectively.

Alteration in the TL emission spectra indicates that changes have taken
place in either or both the recombination centers and trap centers during
the annealing.

The emission spectra of synthetic quartz in Figure 4.5 shows that the
thermally stimulated luminescence in the unheated sample comes from re-
combination centers emitting in a blue band centered at 470 nm. The charge
carriers that recombine into the blue emitting recombination center stem
from trap centers corresponding to the TL peaks located at 345 K, 473 K
and 545 K. The TL emission of the annealed sample shows large enhance-
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ment of the UV band centered at 380 nm, whereas the intensity of the
blue emission band is slightly increased. Both emission bands shows simi-
lar shapes of the TL intensities for temperatures below 525 K. Furthermore,
the annealed sample shows the arrival of a TL peak located at about 625 K
which reduces the TL peak at 545 K to a shoulder.

This description of the annealing induced alterations in the synthetic
quartz indicates firstly creation of recombination centers emitting at 380 nm
and secondly creation of a deeper TL trap center associated with the TL
peak at about 625 K.

However, the shape of the TL intensity in the UV and blue emission
bands is not the same and this discrepancy may be explained by different
thermal quenching in the two recombination centers, with the UV emit-
ting recombination center quenching before the blue emitting recombina-
tion center. This explanation is supported by observations made by Wintle
[Wintle75].

The TL emission spectra of the sedimentary quartz samples show both
similarities and dissimilarities with the synthetic quartz. The unheated sed-
imentary samples have the blue emission band at 470 nm and TL peaks at
about 475 K and 600 K as observed in synthetic quartz, however, an ad-
ditional emission band centered at 620 nm appears in both sedimentary
quartz samples. The annealed sedimentary samples show significant en-
hancement of both the UV emission band and the red emission band cen-
tered at about 685 nm (The red emission band was not observed in syn-
thetic quartz since the emission only was recorded from 380 nm to 600 nm).
The recombination center associated with the red emission band has ap-
parently outnumbered other recombination centers as deduced from their
weak presence in the TL emission spectra in the temperature range below
450 K.

Possible candidates can be found for some of the recombination cen-
ters associated with these emission bands, and one of the TL trap centers.
Studies of ESR and TL [Yang90,McKeev84] have suggested that the 380 nm
emission is caused by the recombination of electrons with holes at (H3O4)0

centers, whereas the 470nm emission appears to result from the recombina-
tion of electrons with holes at (A1O4)° centers. Both (H3O4)0 and (A1O4)°
are located at Si sites. The 620 nm emission is suggested to be results of the
recombination of electrons with holes located at Al-O-Al bonds or some-
what adjacent to the Al-O-Al bonds [Hashi]. Investigation using ESR and
TL have suggested that the trap responsible for the '110°C' TL peak is
(GeG^)"1 centers, formed by the capturing of an electron at (GeG^)0 site
[McKeev85a].
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FIGURE 4.6. The emission spectra of thermally stimulated luminescence from
two different sedimentary quartz (R-914804, R-920602) before and after anneal-
ing. The annealing was performed at HOOK for 30min in air. Notice the similar-
ity of the emission spectra for both quartz samples unheated and annealed. The
average heating rate was /3 = 0.45 Ks"1.
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4.2.3 Pre-dose Effect?

In nature the sedimentary quartz samples have been exposed to the natural
background radiation and typically received a dose of the order of 100 Gy
since last exposure to light. See Table 3.1 p.48 for estimated palaeodoses.
Consequently, the sedimentary quartz sample has populated defect centers
and heating of the sample may redistribute the population in the defect cen-
ters in such a manner that the sample becomes more sensitive upon thermal
or optical stimuli. This pre-dose effect has been used to explain lumines-
cent sensitivity enhancement upon annealing treatment [Zimmer,Chen79,
Chen94a, Sunta94a and Sunta94b]. The sensitization of quartz was first
reported by Fleming and Thompson [FlemThom] where they studied the
sensitivity enhancement of the '110°C' TL peak in sedimentary quartz.
Even sedimentary quartz material exposed to sun light for several hours in
order remove the whole charge carrier population in the bleachable traps
is reported to show sensitization of the '110°C' TL peak [StonStok].

To see whether the enhanced OSL sensitivity upon annealing observed in
Figures 4.5 and 4.6 is an effect of the previous irradiation, i.e. the pre-dose
effect, the response of the synthetic quartz was examined.

This quartz was ideal for the study partly due its purity and high crys-
talline quality, which makes it to the simplest case of study and partly
because the material had never been heated or exposed to ionizing radia-
tion since crystalization.

One portion of the synthetic quartz was given a 50±0.lGy 60Co 7-
irradiation, while the other part was left without any pre-dose. The irradi-
ated material was then bleached for 100 h using the Philips TL/05 lamp,
which was the same treatment the sedimentary materials were given ini-
tially. Each sample with pre-dose and without pre-dose was divided into six
subsamples that were individually annealed at room temperature, and for
l h at 575±2K, 775±2K, 875±2K, 1075±2K and 1275±2K, respectively.
The annealing was performed in the Naber L51/S ceramic oven.

In order to improve statistics each subsample with and without pre-
dose was further subdivided into four 10.00±0.02 mg samples. The samples
were placed in cups and loaded into the Ris0 reader, where the samples
were exposed to 3.3±0.02Gy of ^-irradiation, preheated at 100°C for 30s
to remove thermally unstable charge carriers, and finally the OSL intensity
was recorded for 100±0.02s at RT.

The integrated OSL signal versus annealing temperature for the synthetic
quartz samples without pre-dose and with pre-dose are plotted in Figure
4.7.

The two curves are almost identical and show a large increase in sensitiv-
ity at high temperatures, similar to the results of the previously sensitivity
study of both the synthetic and sedimentary quartz samples. This obser-
vation suggests that the pre-dose effect, if present at all, is minor, and
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FIGURE 4.7. OSL signal as function of the annealing temperature of synthetic
quartz. Two data sets are shown: One for samples that did not have a pre-dose,
and one for samples with a 50 Gy pre-dose.

not a main cause of the large sensitivity enhancement observed with these
materials.

4-2.4 Growth Curves

The luminescence yield from sedimentary quartz has been demonstrated to
be strongly affected by the annealing treatment. The previous experiments
indicate that the annealing induced change in the sample is caused by
alterations of centers and redistribution of the charge carrier populations
in the quartz sample. Guided by this interpretation we may also expect the
shape of the growth curve, i.e. the luminescence signal versus dose curve,
to be affected.

The bleached sedimentary quartz sample material, R-923302,Q, was used
in the study. The sample material was divided in two parts; one part was
held at room temperature, while the other part was annealed at 1075±2 K
for 60 min in atmospheric air using the Naber L51/S ceramic oven.

Both the unheated and annealed sample materials were divided into 24
subsamples of 10±0.01 mg, loaded into the Ris0 reader and arranged into
8 groups given differently /3-doses.

The sequence used for the unheated and annealed set of samples was as
followed
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FIGURE 4.8. OSL versus dose for two set of sedimentary quartz samples
(R.-923302.Q). One set had been annealed at 1075K for 1 hour prior to irradiation.
The other set had not been annealed. The data are corrected for instrumental
background.

Sample

Irradiation

Preheat

GLSL

#1-3

0.0 Gy

#4-6

0.83 Gy

#7-9

1.67 Gy

#10-12

3.3 Gy

140°C

60s

#13-15

5.0 Gy

for 60 s

at RT

#16-18

6.0 Gy

#19-21

10.0 Gy

#22-24

16.7 Gy

The growth curves for the two sets of sedimentary quartz samples before
and after annealing are shown in Figure 4.8. The plotted OSL signal is the
integrated light sura over the whole time period of 60 s and is corrected for
instrumental background.

The data show that the growth curve for the unheated samples is linear,
but has non-zero OSL at zero dose, i.e. we did not depopulate the OSL
sensitive traps completely by the bleaching. The annealed samples , how-
ever, show a slightly supralinearity4, especially at low doses, and clearly
give zero dose. The instrumental background intensity integrated over the
time period of 60s was measured to 110±10 Counts corresponding to cor-
rected 'zero' dose values of 25±6 Counts and 2±5 Counts for the annealed
samples, respectively.

4The rational polynomial function

was fitted to the data for the annealed samples.
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4.3 Modelling the Sensitivity Changes

The previous discussion of the OSL and PTTL sensitivity change upon
annealing treatment suggested that creation or removal of recombination
centers or trap centers is responsible for the observed behavior. This was
additionally supported from the observation of changes in the TL emission
spectra between unheated and annealed samples. The usual explanation of
the sensitivity enhancement in quartz is the pre-dose effect. However, this
is not supported in the present study. The data of Figure 4.7 indicate that
the sensitivity enhancement is independent of the previous dose delivered
to the sample.

These considerations suggest that the annealing induced behavior of the
samples used in this study is primary the result of alterations to the defect
center concentrations following the annealing treatment.

4.3.1 The Model

These conclusions form the basis of the proposed band model in Figure 4.9
left diagram. This model and the model should provide an explanation for
the data concerning

i OSL and PTTL sensitivity change due to annealing
temperature

ii Temperature shift of the photo-transferred '110°C TL peak
iii Dose response of OSL in sedimentary quartz.

The essential elements of this model are the presence of a shallow electron
trap center Tj that represents all those shallow trap centers in the real
material which are only partially stable at the temperature of irradiation,
e.g. the '110°C TL peak in quartz. The electron trap center T2 represents
all those optically active trap centers that are depopulated during OSL
measurement, e.g. the traps responsible for the '325OC TL peak in quartz.
The presence of an electron trap center T3 representing the thermally deep
electron traps. These states do not empty, either optically or thermally
during TL or OSL measurement, however, they are depopulated completely
by high temperature annealing.

The model has two recombination centers Ri and R2. The assumption
is that one of the recombination centers is radiative while the other is
nonradiative (or alternatively radiative, but produces photons at a wave-
length outside the detection window of the OSL or TL measurement). The
presence of two recombination centers introduces competition effects and
thereby provides a simple way to change the luminescent sensitivity by
modifying the relative concentration between the two recombination cen-
ters.
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FIGURE 4.9. Left: The schematic band model used to simulate the experimental
results. Right: The TL and TSC characteristic of the model shows the peaks
corresponding to trap Ti and T2. The given dose was 108cm~3 at dose rate
107cm~3s~1 and the heating rate was IKs"1.

Notice that the model only includes a single OSL sensitive trap center, a
single deep trap center and two recombination centers to account for these
types, although there may be several such centers in real materials. The
TL emission spectra from annealed quartz samples indicated four recom-
bination centers, however, the competition effect can be simulated with
only two recombination centers. The purpose is to describe the observed
properties of the quartz samples qualitative by a simple and transparent
model.

The traffic of charge carriers in the model is described by system of
balance equations

aT1 nc
= - S o n2 + aJ2 nc (N2 ~n2)-c2 n2

n3 =

h2 =

K =

T =

(4.1)

-aR 2 nc h2 + av2 hv (H2 - h2)

where nc, ni( j and hv are the electron population in the conduction band
and the electron trap centers Ti, hole population in the recombination
centers Rj and the valence band, respectively. Electron trap centers T< and
recombination centers Rj are represented by concentrations Â  and Hj,
respectively.
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The activation energy E\ and attempt-to-escape frequency s : of trap
center Tj were approximately chosen to represent the '110°C TL peak
and the values of E2 and s2 of trap center T2 were chosen to simulate a
higher temperature peak associated with the bleachable '325°C TL peak
in quartz. The trap center T3 is assumed to be thermally disconnected,
hence no values for the activation energy and attempt-to-escape frequency.

The irradiation, TL and OSL readout of the system were controlled by
the electron-hole pair generation rate R, heating rate /?, sample tempera-
ture To and optical escape rate c^.

The default parameters used in the simulations are given in Table 4.1
and the TL and TSC curve for the default model are shown in Figure 4.9
to the right.

Trap Center
Concentration [cm ]
Trap Energy [eV]
Frequency Factor [s"1]
Trapping Probability [ernes'1]
Recombination Center
Concentration [em'^j
Trapping Probability [cm s ]
Recombination Probability [cm s ]

Ti

Ni
Et
si

aTi

lxlO1 1

0.90
5X1012

lx lO" 9

Ri
H • lxlO1 1

2xlO"10

lx lO" 7

T2

lxlO1 1

1.70
lxlO1 4

lx lO" 1 0

R-2
lxlO1 1

2X10"10

1X10"10

T3

lxlO1 1

disconnected
disconnected

lXlO"10

TABLE 4.1. The default parameters in the modeling of annealing induced pro-
porties.

The proposed removal and creation of defect centers by annealing was
simulated by modifying the recombination center concentration Hj or trap
center concentration Ni in the proposed model.

All numerical simulations using the proposed model 4.1 were carried out
using the program 'TL/OSL Rate Equation Solver' developed by the author
[Ager95]. The integration method is based on the N0rsett-Thomsen NT1
third order algorithm. See also Chapter Basic Concepts p.22.

4-3.2 Sensitivity Dependence upon Recombination Center
Concentration

The effect of modifying the concentration of recombination center Rj was
studied in two cases. In one case the recombination center R\ was assumed
to be radiative and R2 non-radiative, and in the other case the recombina-
tion center R2 was assumed to be radiative and Ri non-radiative.
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Thus, the sensitivity enhancement was achieved either by creation of
recombination center Ri in the case where Rj is radiative or removal of the
competitive recombination center Ri in the case where R2 is radiative.

The TL, OSL and PTTL intensity following a given unit dose were
mapped as function of concentration of recombination center Ri using the
following sequence

Irradiation —+ Relaxation —*
100s, fi=107cm-3s-1 & T = 200K 10s, T = 200K

T L -> OSL -*
200K—420K,/J = lKs- 1 100s, c = 0.1s-!& T = 200K

PTTL
200 K—420 K, 0 = 1 Ks~1

At the beginning of the simulation the model has empty trap centers and
recombination centers. During irradiation the electrons and holes generated
accumulate in the trap centers and recombination centers. The relaxation
period allows the charge carriers to equilibrate within the system. Dur-
ing TL electrons in the shallow trap center Ti are thermally released to
the conduction band from where they are captured by the bleachable trap
center T2 and the deep trap center T3, or recombine in the radiative re-
combination center Rif2 (resulting in TL) and the non-radiative center R2,i-
During the OSL sequence electrons in the bleachable trap center are opti-
cally released to the conduction band. Some of the electrons accumulate in
the empty trap center Tj ('110°C' TL trap center) while other electrons re-
combine into the radiative recombination center resulting in OSL. The final
TL sequence thermally stimulates the photo-transferred electron popula-
tion in the shallow trap center Ti to the conduction band from where some
recombine with the radiative recombination center resulting in PTTL.

The result of the simulation is shown in Figure 4.10 where the lumines-
cent intensity is the integrated signal. As expected the enhancement of the
TL, OSL and PTTL intensity is obtained by either creation of recombina-
tion center Ri (when Ri is radiative) or by removal of recombination center
Ri (when R2 is radiative). By adjusting the recombination concentration
Hi the luminescence intensity is seen to change several order of magni-
tude. However the luminescence intensity approaches a constant level for
high concentrations in the case of sensitivity enhancement by increasing
the concentration, or low concentration in the case of sensitivity enhance-
ment by decreasing the concentration. The plateau is due to competition
between the centers. In Section Summary and Discussion p.76 below an
analytic expression for the competition effect 4.5 is derived, which shows
that the OSL sensitivity basically scales with -s—rS"1 . Thus, changes

rod ' nonrad

in sensitivity are saturated for systems with a relatively large concentra-
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tion of radiative recombination centers compared to the concentration of
nonradiative recombination centers.

The peak temperature of TL peak Tj - corresponding to the '110°C' TL
peak in quartz - is plotted as function of concentration Hi in Figure 4.10 to
the right. We notice that the temperature shifts upwards as the sensitivity
increases. This is what was observed in the experimental photo-transferred
'110oC TL data of three different quartz samples.

Hole Center Concentration H^ Jem'3]

FIGURE 4.10. Left: Simulated luminescent sensitivity dependence on concentra-
tion of recombination center Ri. The intensities of TL, OSL and PTTL are shown
for two cases: one in which the luminescence is produced only by recombination
center Ri and the other case where recombination center R2 has that property.
Enhancement of the luminescence intensity is obtained by removal of Ri centers
when R2 is radiative or by creation of Ri centers when Ri is radiative. Right:
Temperature position of the TL Ti peak as function of recombination center Ri
concentration.

The TSC and TL Curves
The simulated TL and TSC5 curves of the '110°C' trap center are shown in
Figure 4.11 for various concentrations of recombination center Rj. As noted
the TSC intensity is not sensitive to large changes in concentration of the
recombination center Rlt whereas the TL intensity is highly sensitive.

This result is in accordance with the observation reported Castiglioni
et al [Castig]. They compared the TL and TSC signal in x-cut Premium
Quality synthetic quartz before and after an irradiation and subsequent
annealing at 675 K and found that the TSC was nearly unchanged, whereas
the TL was enhanced by factor of ~3 .

5 The electron population in conduction band nc is assumed be proportional to the
TSC signal.
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FIGURE 4.11. Simulated TSC and TL curves for the photo-transferred '110cC
TL peak for various concentrations of recombination center Ri. The TSC curve is
represented by the electron population in the conduction band nc during the TL
readout. Notice that the TSC signal is insensitive to changes of the concentration
Hi of the recombination center Ri, whereas the TL intensity is highly sensitive.

The observation by Castiglioni et al also indicates that the annealing
treatment - up to 675 K - does not alter the concentration of trap centers
associated with '110oC TL peak.

4-3.3 Sensitivity Dependence on Deep Trap Center
Concentration

The enhancement of TL, OSL and PTTL intensity is not only limited to
alterations in the concentration of recombination centers. The same behav-
ior can be achieved by changing the concentration of the deep electron trap
center T3.

Since the recombination center concentrations are unchanges in this part
of the simulation they reflect generally the same sensitivity changes follow-
ing alteration of the concentration in deep trap center T3. Recombination
center Rj was chosen to be radiative and the other to be nonradiative.

In Figure 4.12 the TL, OSL and PTTL intensity are plotted against con-
centration 7V3 of electron trap center T3. The sensitivity change is seen to
take place over several order of magnitude and as expected the enhance-
ment of sensitivity is achieved by removal of deep trap centers T3. During
irradiation the deep trap acts as a sink for electrons and thus is a competi-
tor to the OSL trap center T2, i.e. the captured electrons in the deep trap
center T3 are no longer accessible for thermal and optical stimulation. The
sensitivity change saturates for low concentrations of deep trap center T3.
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The simulated temperature shift of '110oC' TL peak position shows that
the peak position shifts to higher temperatures as the sensitivity increases.
This is in agreement with the experimental results.

Trap Center Concentration Nj [cm' Trap Center Concentration Nj [cm'J]

FIGURE 4.12. Left: Simulated TL, OSL and PTTL sensitivity dependence on
deep electron trap center concentration N3 in the model. Enhancement of the
luminescence intensity is obtained by removal of T3 centers. Right: Temperature
position of the TL Ti peak as function of deep electron trap center concentration
N3.

To emphasize that the annealing induced alternation of defect concentra-
tion in the proposed model accounts for the observed OSL and PTTL sen-
sitivity and '110°C TL peak shift upon annealing temperature in quartz,
the experimental data were simulated.

The two peaks observed in the OSL sensitivity dependence on annealing
temperature data were represented by superposition of two gaussians and
a constant. This approximation was then used to calculate the shape of the
annealing induced changes of recombination concentration, PTTL intensity
and temperature position of '110°C' TL peak. The results are shown in
Figure 4.13 where the set of simulated OSL, PTTL, temperature shift of
the '110°C' TL peak and defect concentration are plotted as function of
annealing temperature. The upper diagram shows the simulated effect of
changing the concentration of recombination center Rj in the two cases
examined and the lower diagram shows the simulated case of alternations
to the concentration of the deep trap center T3.

The diagrams reproduce well the behavior observed in the experimental
study. For comparison see the experimental data in Figures 4.1, 4.2 and
4.4.
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FIGURE 4.13. The dependenceof luminescent sensitivity change and '110°C TL
peak shift in quartz on annealing temperature were simulated by changing the
concentration of either recombination center Ri or deep electron trap center T3.
The calculation was carried out using a superposition of two gaussians and a
constant to approximate the OSL intensity dependence upon the annealing tem-
perature. The calculated OSL intensity, PTTL intensity, defect concentration and
temperature position of '110oC TL peak are plotted against annealing temper-
ature. Top, left : Recombination center Ri is radiative. Creation of Ri centers
enhances the luminescent sensitivity. Top, right : Recombination center R2 is ra-
diative. Removal of the compitive Ri center enhances the luminescent sensitivity.
Bottom : Recombination center Ri is radiative. Removal of the compitive trap
center T3 enhances the luminescent sensitivity.
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4-3.4 Growth Curve

In the growth curve experiment for the unheated and annealed sedimen-
tary quartz described p.63 we noted (i) that the unheated sediment had
received a background dose in nature, which means the defect centers in
the sediment were populated, and (ii) that the sediment had been bleached
as part of the the sample preparation.

In order to simulate the unheated sedimentary quartz we must include
the natural dose and the subsequent bleaching. The unheated system was
simulated by the proposed model using the default parameters specified in
Table 4.1; initially with all the electron trap centers and recombination cen-
ters empty. The recombination center Ri was assumed to be radiative while
F?2 was nonradiative. The unheated sedimentary system was reproduced by
using the following sequence on the initialized system;

Irradiation —> Relaxation —>
108 s, «= l0 1 cm- 3 s - ' & T = 300K 1000s, T = 300K

Bleaching —> Relaxation —•
3000s, c = 0.1s-'& T = 300K 10s,T = 300K

Preheat —* Relaxation
200K—400K, y9 = l K s " 1 10s ,T = 300K

During the irradiation sequence, electrons accumulate in the trap centers
and holes accumulate in the recombination centers. During the bleach, the
optically active trap center depopulates and the electrons are redistributed
among the other centers. However, some of the electrons recombine in re-
combination centers and are thus lost from the system. The bleach is fol-
lowed by a preheat to remove the thermal unstable '110°C TL peak. A
relaxation period is allowed after each operation to equilibrate the system
with the new charge distribution.

The annealing of the unheated sedimentary system was assumed to affect
the concentration of the recombination centers Ri or R2, either by removal
of the nonradiative recombination centers R2 or by creation of additional
radiative recombination centers Ri. The annealing treatment is assumed
to depopulate the trap centers and recombination centers completely. The
assumption of thermal depopulation of the centers was thought to be rea-
sonable since the annealing of real materials take place at temperatures
sufficient to thermally empty traps with activation energies up to several
eV.
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FIGURE 4.14. Simulated growth curves for the unheated and annealed system.

The characteristic of the unheated sedimentary system and the two an-
nealed systems are summarized in following table

System

Unheated
Annealed # 1
Annealed #2

Hi [cm"3] H2[cm~3] Natural dose
(radiative) (nonradiative)

109

1013

109

1 0 u

1011

107

yes
no
no.

The growth curve, i.e. the growth of the OSL intensity as function of
dose, was generated by simulating the OSL intensity following various doses
using the sequence

Irradiation —> Relaxation
100s, H=107cm-33-1 & T = 300K 10s, T = 300K

Preheat
200 K—420 K, p = lKs~l

OSL
100s, c = 0.01s-'& T = 300K

The sequence was initiated by irradiation, preheat in order to remove
the '110oC TL peak and finally completed by obtaining the OSL signal.

The results are shown in Figure 4.14, where the OSL intensity is termed
as the integrated signal. The growth curve for the unheated system is a
linear with dose with a non-zero intercept at zero dose. In both annealed
systems the initial growth is supralinear, while the intercept is zero at
zero doses. These observations are consistent with the experimental growth
curves of Figure 4.8. By coincidence the relative sensitivity change between
the unheated and annealed system is quantitatively in agreement with the
experimental growth curves.

The relative sensitization of the OSL intensity between unheated and
annealed samples is due to a competition effect. Creation of additional re-



4.4 Summary and Conclusion 75

combination centers Rj increase the ratio of holes that are captured by Rj
and this consequently enhances the OSL intensity. Removal of the competi-
tor R2 has the same effect.

The shape of the growth curve for low doses is ascribed to the linear
dose dependence of charge carrier populations in the system. Since the
OSL intensity is proportional to both the hole population in the radiative
recombination center and the electron population in the bleachable trap
center the growth curve has a quadratic dose dependence. Thus the an-
nealed sample (with initially empty defect centers) is expected to show a
quadratic dose dependence and no OSL signal at zero dose. In contrast
the unheated system (with populated defect centers) is expected to show
a non-zero OSL signal at zero dose and a linear dose response of the first
part of the growth curve.

In Section Analytical Comment to Sensitivity and Growth Curve p.76 the
shape and the sensitization of the growth curve are discussed on basis of
the balance equations 4.1.

4.4 Summary and Conclusion

The experimental data presented in this chapter support the hypothesis
that the annealing induced sensitivity enhancement observed in quartz can
be explained by alterations to defect center concentrations. The measured
OSL and PTTL sensitivity dependence on annealing temperature displays
two distinct peaks which appear in the temperature ranges coincident with
the known phase transition in SiO2- The initial rise of the peak indicates
thermally activated formation or dissociation of defects correlated to OSL
and PTTL. The alterations in TL emission spectra for unheated and an-
nealed quartz were also interpreted as the effect of removal and creation of
defects which further supports the hypothesis.

The experiment conducted here to see whether the enhanced OSL sensi-
tivity following annealing is an effect of previous irradiation did not show
any pre-dose effect. This supports nicely the hypothesis of alterations to
the defect center concentrations and not due to the pre-dose effect that
accounts for sensitivity enhancement by annealing induced redistribution
of charge carriers in defect centers.

The numerical simulations of the model proposed in this chapter show
similar behavior following alteration of concentrations of various centers
in the model. Simulation of the concentration changes as function of an-
nealing temperature shows the relationship between OSL intensity, PTTL
intensity and the temperature shift of the '110°C' TL peak position to be
in agreement with the experimental data. These simulations confirm that
creation and removal of defect centers are potentially viable explanations
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In Appendix Estimation of the Annealing Temperature p.141 is discussed
a method to estimate the annealing temperature a sample has been given
previously using OSL.

The simulated results can, however, be achieved analytically for low doses
from the balance equations 4.1.

Analytical Comment to Sensitivity and Growth Curve

In the irradiation stage electron-hole pairs are generated at dose rate R,
i.e. the absorbed dose in the system is dD = R dt. The description of the
filling of electron trap centers T< and recombination centers Rj during the
irradiation can be derived from the balance equation 4.1. Assuming the
electron trap centers are thermally stable during the irradiation we have

n ( N n ) h = H h ) h .
dD l~ R [ l J ) dD ' R { ' J R "•

(4.2)
The electron population in the conduction band nc and hole population

in the valence band hv are approximated by applying the assumption of

steady state during irradiation, i.e. nc = hv— 0, and

R R
£ aRJ h; + £ aT, (AT,. - n,) ' " £ avj (H, - h,)'

In the proposed model OSL is generated by the fraction of optically
released electrons from the bleachable trap center T2 which recombine with
the radiative recombination center Ri. An approximate expression for the
OSL intensity is obtained by multiplying the electron population in the
bleachable trap center T2 by the ratio between the electronic transition
rate into the radiative recombination center Ri and the sum of possible
electronic transition rates for the optically released electrons. Thus

IOSL « ^ rr:— v , ^ 7-n2. (4.3)

In the limit of low doses D we have Hi 3> D > h{ and Ni » D > n{.
This implies that the expression for the populations nc and hv for small
doses D reduces to

x T t fti= "• HiD + hOi (4.4)

where nQi and hOi are small initial populations from prior irradiation of
the trap center and recombination center, respectively. The transition of
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electrons into the recombination centers are not important for low doses,
because of the negligible hole population in the recombination centers which
results in low transition rates for electrons into the recombination centers
compared to the transition rates into the electron trap centers.

For low doses D the OSL intensity is simplified to

IosL

(4.5)

by substitution of 4.4 into 4.3. The last equation is achieved by equalizing
the trapping probabilities and discarding the dose dependent term in the
denominator.

Expression 4.5 predicts that OSL sensitivity for completely depopulated
systems in the of low dose range D depends primarily on the concentration
of trap centers Nit recombination centers Hi, and the transition proba-
bilities ari> aRi and avi. If the transition probabilities are unaffected, en-
hancement of OSL sensitivity can be achieved either by removal of the
competitive centers : Trap center Ti, deep trap center T3 and nonra-
diative recombination center R2 or by creation of additional bleachable
trap center T2 and radiative recombination center Rj. Furthermore, the
change in OSL sensitivity saturate due to competition between either re-
combination centers or trap centers in the model. For instance creation
of deep trap center T3 de-sensitizes the OSL intensity and approaches
zero as the deep trap center concentration increases. However removal
of deep trap center T3 sensitizes the OSL intensity up to the saturation
level r |r (JV +N2+N )2 "~* TH (N +*N )'* ^or ^ 3 ~~* ®m ^ n e c r e a t i ° n °f
radiative recombination centers Ri sensitizes the OSL intensity and sat-

N H N

urates /r* M \a U _•_'» * /r1 w \'i m t n e n m i t "1 ~~* °°i whereas removal
de-sensitizes the OSL intensity and approaches zero for complete removal.

These results are very similar to the numerical simulation of OSL sensi-
tivity dependence on defect concentration.

The dose dependence of OSL intensity stems from two effects at low
doses. The first concerns the OSL sensitivity determined by the concentra-
tion of recombination centers and trap centers, and the transition proba-
bilities of the system as discussed before. The second concerns the initial
population of the defect centers in the system. For the annealed system the
defect centers were assumed completely depopulated which leads to the
general quadratic dose dependence.

The shape of the growth curve from an unheated system with populated
defect centers arising from previous irradiation, depends on the initial pop-
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ulation. The population in the radiative recombination center is especially
important. From the analytical expression 4.5 we see that this leads to a lin-
ear dose curve for low doses. If the bleachable trap center is also populated
the OSL intensity at zero dose is non-zero.

The measured non-zero dose in the unheated sedimentary quartz sample
is probably due to incomplete depopulation of the OSL sensitive trap cen-
ters during the bleaching phase. The recuperation effect6 may also account
for the non-zeroed OSL signal [Aitken88].

6The recuperation effect is non-equilibrium processes taking place in a system imme-
diately after an external stimulus. Consider for instance an irradiated system with one
bleachable and thermal stable electron trap center and a single radiative recombination
center. During illumination the bleachable trap center depopulates and electrons are
transferred to the recombination center or recaptured using the conduction band. After
illumination the non-zero population in the conduction band relaxes into the centers.
Thus we have recuperation which manifest in a small enhancement of the initial OSL
signal compared to the end signal from previous illumination.



TL and OSL Characteristic of
a-Al2O3:C

5.1 Introduction

Aluminum oxide, or alumina, is in nature only found in the form corun-
dum, also termed a-A^C^. Corundum colored with a moderate amount of
chromium is known as ruby while corundum colored with titanium and iron
is called sapphire. From synthetic and experimental work other modifica-
tions are known : /?-Al2C>3 and 7-AI2O3. These forms, however, are both
converted to the a-form upon heating.

Alumina is an attractive material due to a unique combination of prop-
erties: High electrical resistance, excellent heat conductor, high melting
point, wide band gap material, resistant to structural radiation damage
and chemical resistance [Summers].

The introduction of carbon doped a-Al2O3 as a material for thermally
and optically luminescence dosimetry has opened up for possibilities for
ultra-high sensitivity dosimetry. The material has promising application for
short-term exposure in personal, environmental and extremity dosimetry.
The carbon doped a-A^Oa is demonstrated to possess a TL sensitivity
40-60 times greater than LiF:Mg,Ti TLD-100 [Aksel90a, Aksel93a]. More
recently the material has also been demonstrated to have a high radiation
senstitivity using OSL [Markey95,McKeev96a].
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Sample Material
The a-A^Oz'.C crystal is grown in a strong reducing atmosphere in the
presence of graphite. The crystal is grown from a melt at 2325 K. The
raw corundum material was produced by the Verneuil technique. After the
final stage of the production the grown crystals were annealed at 1225 K
for 30 min in order to remove captured charge carriers from trap centers.

The crystal structure of a-A^Oa can be described by a slightly distorted
arrangement of O2~ ions in a hexagonal closed packed sublattice. Between
the oxygen layers there are sites for cations octahedrally coordinated by six
O2~ ions, however only two-thirds of the available positions are filled with
Al3+ ions. Groups of three O2~ ions form a common face of two neighboring
octahedra and thus the groups are linked to a pair of Al3+ ions. The shorter
A13+-O2~ distance is 1.86 A and the longer distance is 1.97 A. The point
group symmetry of the O2~ ions are C2 while the Al3+ ions are situated
in distorted octahedral sites of O/i point group symmetry [Deer, Summers,
Evans].

The a-AbOaiC sample used in the present work are manufactured by
Bicron in USA, sold as TLD-500. The samples have the thickness of 1.0 mm
and diameter of 5.0 mm. The sample cut was perpendicular to growth di-
rection, i.e. to the c-axis direction.

Defect Centers and Their Properties in Alumina
The crystal growth in a reducing atmosphere introduces a high concentra-
tion of oxygen ion vacancies while the carbon as C2+ anions is thourght to
replace Al3+ anions in the oxide lattice.

An oxygen ion vacancy center is the result of removing an O2~ ion.
Charge compensation of this center leads to a neutral F center with two
trapped electrons. An oxygen ion vacancy center with a single trapped
electron formes a positively charged F + center with respect to the lattice.
The C2+ ions in alumina require charge compensation which leads to the
formation of F + centers and hereby to an enhancement of the TL and OSL
sensitivity of alumina [Aksel90,Gima].

The F and F + centers play an important role in TL and OSL. The ob-
served TL peaks in irradiated (2-AI2O3 have emission in two broad bands
at 325 nm and 410-420 nm which are due to the oxygen ion vacancy cen-
ters in the two charge states F and F + , respectively [Summers]. The OSL
emission spectra in irradiated Q-AI2O3 is reported to consist of a broad
emission peak at ~410nm, however an emission peak at 325 nm was not
observed [Markey].

The F and F+ centers in unirradiated a-Al2O3 are recognized by the
characteristic absorption and emission lines summarized in Figure 5.1
[LeeCraw,Evans].

The process causing the F center emission during a TL or OSL readout
is believed to be trapped electrons that are thermally or optically released
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FIGURE 5.1. Energy level diagram for absorption and emission processes asso-
ciated with F and F+ centers in Q-AI2O3. The data was taken from [Evans].

into the conduction band from where they make transitions to F+centers.
The F+ centers are formed into excited F* centers which relax from the 3P
level to the 3S* level with emission of 410-420 nm photons. The lifetime of
the F center relaxation is about 35 ms at room temperature [Summers].

The F+center emission during a TL readout is probably due to thermally
release of holes that recombine into F centers. This results in excited F +

centers which relax from the 2P level to the IS* level accompanied by
emission of 325 nm photons.

The recombination processes leading to the F and F + center emission
may be represented by reactions of the type

r>+ • — p* r=35ms

F + h+ —* F + * —> F +

The identity of the defect centers that capture the charge carriers created
by ionizing irradiation is not well known.

The TL curve recorded from /?- or 7-irradiated a-A^C^iC has a number
of different peaks. Examples are the low temperature peaks at ~265 K and
~310K that are thermal unstable at room temperature [Markey]. In the
next section TL peaks are reported at e.g. ~915K and the mean dosimetric
peak at ~425K. The peak positions were observed at a heating rate of
about 0.3 Ks"1. The trap centers associated with the TL peaks are not
identified. See Chapter Trap Characterization of a-AhOz:C using TL and
TSC.

5.1.1 TL Curve and TL Emission Spectra
The TL curve and the emission spectrum of the thermally stimulated lu-
minescence from an irradiated a-Al2C>3:C is shown in Figure 5.2. The TL
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FIGURE 5.2. Left : TL curve of a-Al2O3:C exposed to 120Gy of /3-irradiation
( 90Sr/90Y). The heating rate was 0.33 Ks"1 during the TL readout. Right :TL
emission spectrum from irradiated a-AhOs-C. The sample was exposed to 33 Gy
of/3-irradiation ( 90Sr/90Y). The heating rate was 0.41 Ks"1.

curve and the spectrum was measured using the automated Ris0 TL/OSL
reader system. In both measurements a Bicron a-AbC^C sample was ini-
tially annealed at 1200 K for 15min in a Naber L51/S ceramic oven. The
TL measurement was performed with a sample exposed which had been to
10±0.05Gy of j3-irradiation at room temperature using a 90Sr/90Y source.
A heating rate of 0.33 Ks"1 was used during the TL readout. The detection
filter was 6 mm Hoya U340 filter and the luminescence was detected using
a bialkali EMI 9235QB PM tube.

The emission spectrum was recorded in the Ris0 reader system equipped
with a visible monochromator module attached to the detector system. For
further information see Chapter Equipment and Experimental Procedure
p.43. In order to achieve good detector response a 2 mm monochromator
slit corresponding to a resolution of 20 nm and the sample was exposed
to a high dose of 33±0.2 Gy of /3-irradiation at room temperature. The
luminescence was detected by an extended S20 EMI 9658R PM tube.

The contour plot of the TL emission, shown in Figure 5.2, was con-
structed from a set of wavelength resolved TL emission data obtained
by monochromator scans from longer to shorter wavelength at successive
higher sample temperature. The sample temperature was maintained dur-
ing each scan and raised in steps of 25 K between the scans. The average
heating rate was 0.41±0.02 Ks"1. The plot is corrected for wavelength re-
sponse of the detector system and isothermal decay of the luminescence
during the scans.

The TL curve shows three characteristic peaks at 435 K, 570 K and 915 K
which in the present study are denoted TLI, TLII and TLIII, respectively.
The TL peak at 435 K (TLI) is sometimes denoted the dosimetric peak in
the literature.
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The contour plot shows two emission bands located at 420 nm and 695 nm,
and two TL peaks centered at about 420 K (TLI) and 565 K (TLII). The
blue emission at 420 nm is the F center emission. The emission band at
695 nm is due to the 2E-4A29 transition (the R-line) in substitutional Cr3+

ions (substitute for Al3+ ions). This was further confirmed from photo-
luminescence measurements where the characteristic 400 nm and 550 nm
excitation bands were observed.

During a TL readout of an irradiated a-A^O^.C sample the energy trans-
fer leading to the R-line emission is believed to be either an electron cap-
tured into a Cr4+ center or a hole captured into a Cr2+ center. Both events
result in an excited Cr3+* center which relaxes to ground state with emis-
sion of a photon at 695 nm,

where Cr3+* denotes the excited 2E state of the Cr3+ ion. The electron
or the hole in this process stems from charge carriers that are thermally
released from trap centers during the sample heating.

Another process may also create the R-line emission during the TL read-
out. The F center emission at 420 nm can be absorbed by the 400 nm exci-
tation band causing the Cr3+ centers in the ground state to be transferred
into the excited 2E state. The excited Cr3+* centers relaxes back to the
ground state and emits photons at 695 nm,

Cr3+ + ftw42onm -+ Cr3+* -> Cr3+ + /iw695nm.

Inspection of the contour plot of the TL emission spectra in Figure 5.2
shows that the TL curves in the F center emission band at 420 nm and in the
R-line emission band at 695 nm have two TL peaks centered with roughly
the same peak positions. However, the relatively light intensity between
the F center and the R-line emission becomes strongly reduced when going
from the low to the high temperature TL peak. This observation does not
support the 420 nm absorption process, that would result in congruent TL
curves in the two emission bands. The behavior is explained by the known
weak thermal quenching of the R-line emission and the strong thermal
quenching of the F center luminescence.

The above considerations suggest that the main process resulting in the
R-line emission is due to charge carrier captions into Cr4+ or Cr2+ centers
whereas the mechanism involving absorption of the F center luminescence
at 420 nm is of minor importance.
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5.1.2 Quenching

The luminescence efficiency of AfeOsiC is very sensitive to the sample tem-
perature; this change with temperature is observed to set in above 425 K.
The thermal quenching of luminescence in alumina has previously been
studied. Kortov et al studied the thermal quenching by monitoring the
generated luminescence during X-ray radiation at various sample temper-
atures [Kortov].

The study by Akselrod et al [Aksel90a] and Kitis et al [Kitis] were based
on the TL yield dependence upon the heating rate. They measured the TL
yield at various heating rates and assumed that the shape of the lumines-
cence efficiency was given by the plot of the integrated TL intensity Jsum

of the mean dosimetric peak TLI versus the temperature position of the
peak Tpeak-

The luminescence efficiency expression, see Chapter Basic Concepts p.
26,

is used in the standard analysis of thermal quenching where the quenching
energy EQ and C are the characterizing quenching parameters.

Despite the two different approaches to measure the quenching of the
F center emission in alumina, the two research groups obtained similar
quenching parameters. Kortov et al reported that the thermal quenching of
the F center luminescence is characterized by the parameters EQ = 1.55 eV
and C = 1012, and Kitis et al reported EQ = 1.566eV and C = 2.4 x 1012.

The present work on thermal quenching of F center luminescence in
alumina is based on the technique used by the group of Kitis, i.e. the TL
yield dependence upon heating rate. However, the presented results do not
support the reported findings in the literature.

Furthermore, a new method to determine the luminescence efficiency,
based on TL curves recorded at different heating rates, is presented.

Model Calculation of the Luminescence Efficiency

Consider an idealized system having a single trap center that obeys first
order kinetics. The TL curve is then fully described by the normalized
Randall-Wilkins function I{T,P) = RW(£)S](T,/3). Let the trap energy be
E = 1.0 eV and the attempt-to-escape frequency be s = 1012s -1 . In Figure
5.3 to the left is shown how the shape of the TL curve depends upon
the heating rate. As noticed the TL peak becomes broader and the peak
position Tpeak shifts upwards as the heating rate increases. Although the
TL curves change, the system (without thermal quenching) has a conserved
quantity. That is the integrated TL intensity 7sum = / I(T, (3)dT = l which
is unaffected by the heating rate.
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FIGURE 5.3. Idealized TL curves for various heating rates without and with
thermal quenching. Left : The TL curves are assumed to be descibed by
the normalized Randall-Wilkins function BW[E,S](T,(3). The trap energy is
E — l.OeV and the attempt-to-escape frequency is s = 101 2s~1 . Right : The
same Randall-Wilkins curves but multiplied by the quenching function 7j(T) with
EQ = 1.0586 eV and C = 5.3205 x 1012.

In the case of thermal quenching of the luminescence, the resulting TL
curve is given by IQ(T,P) = r](T) KW[EiS](T,/3) and consequently, the inte-
grated TL luminescence intensity Jsum is no longer conserved. Assume the
quenching parameters are given by EQ = 1.0586 eV and C = 3.3205 x 1011.
The result of the thermal quenching of the TL curves is shown in Figure
5.3 to the right. The effect of quenching for increasing heating rate is a de-
creasing integrated TL intensity ISum,Q = J IQ{T, /?) dT and a temperature
peak position rpeak,Q that shifts downwards.

In Table 5.1 is summarized the calculated peak position Tpeak, peak
height /peak and integrated TL intensity 7sum for the single trap system
without and with thermal quenching.

The common use of (/peak,Q, /sum.c?) data for various heating rates to de-
termine the quenching parameters leads generally to over estimated values
for both the quenching energy EQ and C. In the example given above the
fitted parameters are E^1 = 1.1282eV and Cfit = 3.2761 xlO12, using the
method of least squares.

The mathematically valid method to determine the quenching parame-
ters EQ and C is solving the set of integral equations

V(T)
dT =...= [

J
dT = constant

(5.2)

for N TL curves obtained at different heating rates /3{. In this example only
N = 3 different TL curves are needed to determine the unique solution of
the quenching parameters EQ and C. The equations 5.2 simply correct
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0 [Ks-1]
0.0001
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0.003
0.01
0.03
0.1
0.3
1
3
10
30
100

Tpeak [K]
385.54
396.11
408.37
420.22
433.99
447.35
462.93
478.11
495.88
513.25
533.70
553.77
577.52

Isum
1
1
1
1
1
1
1
1
1
1
1
1
1

W k IK"1]
0.03915
0.03713
0.03499
0.03309
0.03107
0.02928
0.02740
0.02573
0.02396
0.02241
0.02078
0.01934
0.01783

•••peak.Q l^J

385.49
395.97
408.00
419.36
431.99
443.44
455.82
467.15
480.11
493.01
508.93
525.42
545.70

Isum.Q
0.9926
0.9830
0.9587
0.9109
0.8110
0.6681
0.4764
0.3102
0.1725
0.09278
0.04393
0.02125
0.009275

W . Q IK"1]
0.03885
0.03648
0.03347
0.02997
0.02478
0.01877
0.01190
0.006783
0.003194
0.001464
0.0005831
0.0002431
0.00009136

TABLE 5.1. TL peak position Tpe»ki peak height Jpe»k and integrated lumines-
cence intensity 7aUm are listed for an ideal TL system described by a single nor-
malized Randall-Wilkins function ITL = RWjs^T1,/?) without and with thermal
quenching. The trap energy is E = 1.0 eV and the attempt-to-escape frequency is
s = 1012 s - 1 . The thermal quenched TL is given by ITL,Q = v(T) RW(f

where the quenching parameters are EQ = 1.0586 eV and C = 5.3205 x 1011.

the thermal quenched TL curves such that the total light sums become
invariant to the heating rate f3t.

An approximative solution of r](T) in the set of equations 5.2 can be
carried out using the method of least squares. For a given set of N TL
curves (Tt j , It ; ) ,=i nj; j=i,...,iv recorded at heating rates /3j with rij data
points, the solution of equations 5.2 is obtained by solving the transformed
problem of minimizing

(5.3)

1 +

with respect to the quenching energy EQ, C and the scaling constant A.
The temperature difference is ATi:j = Ti+1J -Titj.

The validity of this method is not limited to a system with a single TL
peak of first order kinetics. The method also works for a system with a con-
tinuum of Randall-Wilkins functions or continuum of general order kinetics
functions provided that the same dose is used in each TL measurement.

Furthermore, the a priori knowledge of the functional form of the lu-
minescence efficiency T)(T) is not necessary for this method. However, a
calculation of the unknown luminescence efficiency function 77 (T) provides
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FIGURE 5.4. Thermoluminescence from a-AbOsiC exposed to 1.5 Gy of
/J-irradiation (90Sr/90Y source) at room temperature, and heated at different
rates. The TL intensity is plotted linear to the left and logarithmic to the right
in order to plot the TLII peak. The luminescence from both TL peaks becomes
thermally quenched as the heating rate increases.

TL curves at different heating rates covering several magnitudes since. This
topic is not covered in the present study.

Experimental Details
The luminescence efficiency of the F center luminescence in a-Al2C>3:C was
studied by looking at the effect of the heating rate on the TL curve.

The sample was prepared from a Bicron a-Al2O3:C crystal. The crystal
was ground , and and sieved, and 300/im were selected. The sample was
initially annealed at 875 K for 2h in a Naber L51/S ceramic oven. An
amount of 10 mg was placed in a cup and loaded into the automated Ris0
TL/OSL reader system.

Each TL curve was obtained by exposing the sample to 3.3±0.02 Gy of /?-
irradiation using the 90Sr/ 90 Y source followed by a preheating at 325±0.4 K
for 10 s to remove thermal unstable charge carrier. The TL readout was con-
trolled by a program TL700.BAS written by G.A.T. Duller and modified
by the author. The program enabled the use of very slow heating rates. The
slowest heating rate employed in the study was /3 — 0.0002 Ks"1 where a
TL readout to a sample temperature of 550 K took 14.5 days to complete.
Performance with high heating rates is limited by poor thermal contact be-
tween the sample and the heating plate. The maximum heating rate giving
valid data was found to be about 5Ks - 1 .

The detection filter combination of 6 mm Schott GG400 cut-on filter and
5 mm Schott BG39 heat filter allowed detection of the F center lumines-
cence at 420 nm while the R-line emission at 695 nm and the F + center
emission at 320 nm were blocked out. The PM tube was a bialkali EMI
9235QA.
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Results and Discussion
The recorded TL curves are shown in Figure 5.4 for heating rates ranging
from 0.0002 Ks"1 to 3KS"1. To the left the TL intensity is plotted on a
linear scale. Each TL curve has two peaks, a low and a high temperature
peak denoted TLI and TLII, respectively. In the left figure the TLII curve
only appears for the heating rate at 0.0002 Ks"1. To the right the high tem-
perature peak TLII is shown in a semi-logarithmic plot. The data clearly
exhibit thermal quenching of the F center luminescence in both TL peaks.

In Table 5.2 is listed the heating rate /?, peak position Tpeak, peak height
/ s u m and the integrated signal 7sum for both TL peaks of the recorded TL
curves. The data is corrected for background signal.

Peak

TLI

TLII

/?
[Ks"1]
0.0002
0.001
0.01
0.1

0.3333
1
3

0.0002
0.001
0.01
0.1

0.3333
1
3

•'peak
[K]

371.2
385.7
408.5
429.9
442.8
455.7
467.2
472.7
490.9
517.0
545.1
561.8
580.0
601.4

[106Count]
149 .9
149.3
144.9
122.5
100.5
74.20
48.56
2.485
1.361

0.4608
0.2684
0.2255
0.2002
0.1357

Normalized /sum

1.00000
0.99599
0.96664
0.81721
0.67049
0.49498
0.32398
0.26700
0.14623
0.04951
0.02884
0.02423
0.02151
0.01458

•"peak
[106CountK-1]

4.70
4.51
3.65
2.64
1.93
1.27

0.741
0.0703
0.0343
0.0101
0.00548
0.00430
0.00366
0.00233

TABLE 5.2. Heating rate (3 , TL peak position Tpeak, peak height 7peaic and
integrated TL intensity /8Um are listed for the TLI peak and TLII peak of the
recorded TL curves.

In Figure 5.5 the (Tpeak,/sum) data, obtained at different heating rates,
is plotted for both TL peaks. The open circles and the solid dots represent
the TLI and TLII data, respectively. The integrated TL intensity Jsum for
the TLI peak is normalized to / s u m (0.0002 Ks"1) while the data for the
high temperature peak TLII is normalized such that the data point for
the lowest recorded heating rate is placed where the best luminescence
efficiency fit of the TLI (Tpeak, /sum) data suggests it to be.

Applying the method of Kitis et al of fitting the luminescence efficiency
equation 5.1 to the (Tpeak Jsum) data of the TLI peak for the various heating
rates the quenching parameters were found to be EQ = 1.037eV and C =
3.1105xl0n. The new approch of solving the set of integral equation 5.2
results in EQ = l.OleV and C = 8.6xlO10, which as stated before have
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smaller values than achieved by the (rpea]<, Jsum) method. Both determined
luminescence efficiency curves are plotted in Figure 5.5 and both curves fits
well to the data; the average of the quenching corrected normalized data

for the (Tpeak,/sum) method is / (f™^)) = 1.001 ±0.0012 and the result

for the integral equation method is / £ " ' ^ r j A r A = 1.002 ± 0.0013.

Summary
In the presented work a new method of analyzing the luminescence effi-
ciency based on TL curves recorded at various heating rates has been de-
scribed. Comparison with computer generated TL data with and without
thermal quenching shows that the usual method of determining the quench-
ing parameters EQ and C by fitting equation 5.1 to the (Tpeak, JSUm) data
gives to high values of the quenching parameters.

The result the thermal quenching analysis of the F center luminescence
suggests much lower value of the quenching parameters than reported in
the literature. The findings in this work are

EQ = 1.01eV and C = 8.6 x 1010.

Unpublished work by the McKeever group [McKee%rer97] also indicates
lower values. They monitored the decay time of the F center afterglow
created by an UV pulse from a flash lamp as a function of the sample
temperature. The quenching energy was found to be EQ = 1.05eV.

5.2 Thermal Depths of OSL Traps in a-A^C^C

In this section the observed thermal depth of the trap centers that con-
tribute to the OSL signal is presented. The data demonstrate coincidence
between the thermal depth of the OSL trap centers and the TL peak posi-
tions. This suggest that the OSL traps are a subset of the TL traps.

5.2.1 Experiment
The measurement was performed using the automated Ris0 TL/OSL reader
system equipped with an OSL unit. The detection filter was 9 mm Hoya
U340 filter and the detector was a bialkali EMI 9235QB PM tube. The
illumination light for the OSL readout was delivered by the OSL unit using
the standard green filter pack. See Chapter Equipment and Experimental
Procedure p.39.

A Bicron a-AkOaiC sample was initially exposed to 60±0.3Gy of (3-
irradiation using a 90Sr/90Y source. The OSL signal of 1.0±0.01 s duration
was recorded at room temperature for each preheating performed at suc-
cessive higher temperatures. The preheating was performed by a linear
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FIGURE 5.5. Calculated thermal quenching of F center luminescence in
Q-Al2O3:C. The empty circles and the solid dots are the integrated TL signal
from the TLI peak and the TLII peak, respectively. Each point represents a spe-
cific heating rate. The data is listed in Table (4.2). r]1 is fitted to the (Tpeak,/sum)
data for the TLI peak and r)2 is the solution to the set of integral equations (4.3)
using the recorded TL curves.

increase of temperature at a heating rate of lKs"1 . When the preheat
temperature was reached, the heating was turned off, allowing the sample
temperature to cool down to room temperature. The preheat temperature
was increased in steps of 25 K.

Results and Discussion
Figure 5.6 shows the observed OSL signal as a function of the preheat
temperature of irradiated a-A^C^rC and its derivative. The OSL signal is
the total light sum over the illumination period of 1 s. The curve exhibits
four steep decreases and four plateaus showing that the charge carriers that
are optically released during the illumination stem from four trap centers
at different thermal depths. From the differentiated curve in Figure 5.6 the
thermal depths of the trap centers are located at about 425 K, 575 K, 775 K
and 925 K.

Direct comparison with the TL curve in Figure 5.2 indicates that the
OSL trap centers at 425 K, 575 K and 925 K correspond to the TL peaks
TLI, TLII and TLIII, respectively. The OSL trap center at 775 K seems
not to be related to a TL peak.

Studies by Walker et al [Walker] shows that the TL signal of the mean
dosimetric peak, i.e. the TLI peak, for sufficiently long illumination time
at wavelength ~350-500 nm is reducible to background level. This indicates
that the OSL trap center at the thermal depth of 425 K belongs to the class
of trap centers associated with the mean dosimetric peak TLI.
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FIGURE 5.6. OSL dependence upon pre-heat temperature for a-
exposed to 60 Gy of /?-irradiation (90Sr/ 90Y) at room temperature.

sample

It must be emphasized that the suggested relationship between the TL
peak and the OSL trap center does not mean that they are identical but
rather that a TL peak consists of a group of trap centers of which a sub-
group of the trap centers is a source to OSL.

5.2.2 The OSL and OSC Stimulation Spectra

In this study an OSL stimulation spectrum is reported for two OSL trap
center sources. The sources are located at thermal depths of 425 K and
925 K. Furthermore, the hypothesis of optical release of charge carriers
into delocalized bands during OSL illumination is tested by measuring the
photoconductivity spectrum of an irradiated a-A^O&C sample.

The hypothesis is supported by photo-transferred TL data reported by
Akselrod and Gorelova [Aksel93b], and by Colyott et al [Coly]. They indi-
cate that the optical transferred charge carriers are redistributed into other
trap centers using the delocalized bands.

Optically Stimulated Luminescence

The OSL stimulation spectra from a-Al2O3:C were recorded using the
Riso reader system equipped with an OSL unit and a visible monochro-
mator module. The study of thermal depths revealed that the a-Al2O3:C
has deep bleachable trap centers located at temperatures of 425 K, 575 K,
775 K and 925 K. In order to distinguish the stimulation spectrum from the
dosimetric peak TLI at 425 K, and the deeper trap center located at 925 K
the following two experiments were performed, (i) An annealed a-A^OsiC
sample was exposed to 1.5±0.01 Gy of /^-irradiation at room temperature.
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FIGURE 5.7. Left: OSL stimulation spectrum from a-Al2C>3:C recorded at 395 K.
The sample was exposed to 1.5 Gy of/3-irradiation. Right: OSL stimulation spec-
trum of Q-A12O3:C recorded at 825K. The given /?-dose was 300Gy.

The stimulation spectra was recorded at an elevated sample temperature of
395±0.5K. (ii) In this experiment the sample was exposed to 300±1.5Gy
of /3-irradiation at room temperature followed by an increase of the sample
temperature to 825±0.5K at which the measurement of the OSL stimula-
tion spectra was performed. In both experiments the elevated temperatures
were employed to avoid shallow trap effect or phototransfer of charge car-
riers to bleachable shallow trap centers.

Results
The stimulation spectra are shown in Figure 5.7.

Both recorded spectra are corrected for wavelength dependence of the
stimulation system and normalized to the incident photon flux. The stimu-
lation spectrum from the deep trap center located at 925 K shows at shorter
wavelengths an exponential increase of OSL emission whereas the stimula-
tion spectrum related to the mean dosimetric peak TLI has an additional
broad resonance at 470 nm.

Studies of photo-transferred TL (PTTL ) from A12O3:C [Aksel93b,Coly]
indicate that the transport of optically excited charge carriers from the OSL
trap center at 425 K to other trap centers are using delocalized bands. This
has been confirmed by measuring the photoconductivity. The experiment
and results are presented in next section.

Optically Stimulated Conductivity
Charge carriers freed to a delocalized band become mobile in the crystal.
By applying a voltage difference V across the sample the mobile electrons
are driven in one direction and the mobile holes that are of opposite charge
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are driven in the opposite direction, thus a current flows in the sample. The
effective current is usually expressed as

V

where A is the cross sectional area of the electrodes, d is the thickness of the
sample, nc and hv are the electron and hole population in the conduction
band and valence band, respectively, and \ic and fiv are the mobility for
electrons and holes, respectively [Boer]. This effect was used to see whether
the photostimulated charge carriers are using the delocalized band.

Experimental Details

Power
Supply

Di
WG295

Monocrromata filter
Oriel T725O

elargoTBrf

FIGURE 5.8. Schematic representation of the experimental setup used in the
photo-conductivity measurements.

The a-Al2C>3:C sample used in this study was a polished TLD-500 single
crystal from Bircon. The sample was initially annealed in air at 1175 K for
15min using a Naber L51/S ceramic oven. The sample was provided with
a gold electrode on each face. The electrodes were made by condensating
gold vapour onto the faces using a mask to define a circular and centered
electrode. One of the electrodes was made semitransparent in order to al-
low incident light directed to the front of this electrode to pass in to the
sample. The sample was exposed to 860 Gy using a 60Co 7-source. The
experimental arrangement is sketched in Figure 5.8. A sample holder was
developed and built for this experiment. The sample holder consisted of
two parts made of copper. The sample was fixed in the sample holder by
fastening the copper parts against each face of the sample with screws. An
entrance hole in each copper part provided the access to external wires in
order to make contacts with the front and rear electrodes. The entrance
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FIGURE 5.9. Photo-conductivity spectrum of /3-irradiated Q-A12O3:C at room
temperature. The sample was given 862 Gy and scanned from longer to shorter
wavelengths. A voltage of 1000V was applied across the 1.0mm thick sample
during the illumination. The spectrum is corrected for the wavelength response
of the light source and monochromator with regard to photon flux.

hole served also as entrance for the stimulating light. A voltage across the
sample of 1000 V was applied during the measurement of the photocurrent.
The applied voltage was delivered from a separate power supply and the
current measurement was performed by using a Keithley 617 electrometer.
The stimulation light was delivered from a Oriel 66021 1000 W Xenon arc
lamp and the wavelengths were selected by using an Oriel 77250 monochro-
mator equipped with a 1200 lines mm"1 grating blazed at 500 nm. To avoid
higher order diffraction a sharp cut-off glass filter WG295 from Scott was
placed between the sample and the monochromator. The band width of
the monochromator was set to 20 nm. The measurements were performed
at room temperature.

Results and Discussion

The obtained photoconductivity spectrum is shown in Figure 5.9. The scan-
ning direction was from longer to shorter wavelength at a scan rate of
lOnms"1. The spectrum is corrected for the wavelength response of the
system of lamp and monochromator, corrected for decay of signal due to
cumulative stimulation time and normalized to the photon flux. The plot
shows a broad peak centered at 460 nm (2.7 eV) and a large increase in
current at shorter wavelengths. (The photoconductivity spectrum for an
unirradiated sample did not show any pattern except for a small increase
of current for shorter wavelengths.) The overall shape of the spectrum is in
correspondence with the measured OSL stimulation spectrum. These ob-
servations, together with the PTTL data [Coly], suggest that the charge
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carriers captured into the OSL trap source in the thermal depth of 425 K
- within the dosimetric TL peak - are released into the delocalized bands.
The large increase of luminescence/current for shorter wavelengths is due
to the ionization of electrons directly from the F center [Summers].

5.3 Temperature Dependence of OSL

In this section the results of a study of the temperature dependence of
OSL emission are reported. The temperature dependence of the OSL signal
generated by OSL source traps at the thermal depth of 425 K and above
~900K has been measured. The possible OSL mechanism of the observed
data has been modelled.

The experimental and numerical results show that the OSL process is
affected by the presence of shallow trap centers and indicate that the optical
release of charge carriers is thermal assisted.

Experimental Details and Results
The OSL measurements were performed using the automated Ris0 TL/OSL
reader system equipped with the OSL unit and standard detection and
stimulation filter pack. See Chapter Equipment and Experimental Procedure
p.39 and p.43. A single a-Al20s:C sample from Bircon was used in the this
study. For each experiment the sample was annealed at 1275K for 30 min in
order to depopulate the defect centers completely. The samples were heated
from room temperature to 975±1.5 K using a heating rate of 2 Ks"1. During
the heating the OSL emission from green light illumination of 0.1±0.005s
duration was recorded for each 5K. This procedure measured the total
luminescence of TL and OSL. Thus, the dependence of the OSL intensity
upon sample temperature was given by the difference between the total
luminescence signal and the TL signal.

Two experiments were conducted. In the first experiment the sample
was exposed to a 'low' dose of 1.5 Gy with ^-irradiation (90Sr/90Y) at RT
immediately followed by the combined TL and OSL measurement.

The data is shown in Figure 5.10 to the left. The OSL intensity increases
up to about 400 K followed by a strong decline that occurs in the same
temperature range as the location of the TLI peak. The decline is inter-
preted as being due to the gradually depopulation of the TL trap center.
The thermal quenching of the F-center luminescence is seen not to be im-
portant since the decline of the OSL intensity mostly is located before the
peak position of the TLI peak. The previous study of the thermal depth of
the optically active trap centers in a-AkOsiC indicated that the TLI peak
is not the only source of OSL emission. Traps corresponding to the thermal
depths of 575 K, 775 K and 925 K also contribute to the OSL intensity. The
effect of the deep trap center was studied in the next experiment.
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FIGURE 5.10. OSL and TL intensity versus sample temperature from a
a-Al2O3:C sample. Left : Sample irradiated 1.5 Gy at room temperature. The
TLI peak is the dominating OSL emission source. Right : Sample dosed 1.5 kGy
at room temperature followed by preheating at 825 K for 30 s. The mean OSL
emission source is associated with the 925 K trap center.

In the second experiment the sample (after the annealing treatment) was
exposed to 1.5 kGy of (3-irradiation (90Sr/90Y) at RT followed by preheat-
ing at 825 K for 30 s. The high dose served to populate the deep trap centers
while the preheating emptied the charge carrier population associated with
the thermal depths of 425K, 575 K and 775 K. The data from the combined
OSL and TL measurement is shown in Figure 5.10 to the right.

The OSL emission signal shows a similar increase and decline, the OSL
emission, however, increases again and reaches a maximum at 620 K where-
upon it approaches a constant level. The temperature position of the photo-
transferred TL peak at ~500 K is observed being shifted upwards compared
to the TLI peak generated from a /3-irradiation. This indicates that the
TLI peak consists of two or several overlapping TL peaks resulting from
an energy distribution of trap centers. This is discussed in greater details
in Chapter Trap Characterization of a-Al2Oz:C using TL and TSC. The
shape of the OSL emission as a function of the sample temperature is in-
terpreted as the result of three effects, (i) The charge carriers in the optical
active trap centers are assumed to make the optical transition into an in-
termediate level from where they are thermally released into a delocalized
band, (ii) some charge carriers are transferred into the TLI peak and (iii)
the luminescence is thermally quenched.

Together these effects seem to match the data in a simple way. The
initial OSL intensity stems from optical released charge carriers from a
deep trap center that partially recombine into the recombination center
and partially are captured into the trap center(s) associated with the TLI
peak. Gradually this trap center becomes populated by photo-transferred
charge carriers whereby the trap center contributes to both the TL and
the OSL emission. As the sample temperature is increased the number of
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optically freed charge carriers from the deep trap center increases due to
the thermal activation and results in the higher OSL yield until the thermal
quenching of the luminescence takes over.

5.3.1 Models and Discussion

Two possible mechanisms are suggested to account for the observed depen-
dence of the OSL intensity with temperature during optical stimulation
[Markey96]. The first suggestion involves shallow trap centers. During op-
tical release of charge carriers from the bleachable trap center(s), the trap
centers retrap the charge carriers. As the temperature of the system in-
creases shallow trap centers become more thermally unstable whereby the
lifetime of the captured charge carriers in the shallow trap centers decreases.
This leads to higher probability of radiative recombinations and conse-
quently enhanced OSL intensity. An effect of the presence of shallow trap
centers is the temperature dependence of the OSL after-glow lifetime. This
has been noticed from pulsed OSL after-glow decay curves where the life-
time was observed to reduce as the sample temperature raises [Markey95].

The other suggested mechanism involves a thermally activated process.
In this process the trapped electrons are assumed to be optically excited
into an intermediate state below the conduction band from where they
make a phonon assisted transition into the conduction band. The same
mechanism has been proposed for the infrared stimulation of OSL from
feldspar samples [HiittJaek].

The model used to simulate the experimental data is shown in Figure
5.11.

The model consists of two shallow electron trap centers Ti and T2, a
dosimetric electron trap center T3 and a deep electron trap center T4. The
trap centers have thermally transition to the conduction band. Trap centers
T3 and T4 have also optical transitions to the conduction band.

In the model the trap centers T3 and T4 are simulated without and with
thermal assisted transition. When the thermal assistance is operating, an
electron is optically excited from T< to the intermediate level TJ, from
where it makes a thermal transition into the conduction band.

The luminescence is produced when electrons recombines into the recom-
bination center R.

The population of electrons in the trap centers Ti and conduction band
are denoted n{ and nc, respectively. The population of holes in recombina-
tion centers R and valence are h and hv, respectively.

The traffic of charge carriers between the trap centers Tj, recombination
centers R and the conduction and valence band is described by the set of
balance equations
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FIGURE 5.11. Model used to explain OSL behavior upon elevated sample tem-
perature. The model consist of two shallow trap centers Ti and T2, a dosimentric
trap center T3 and a deep trap center T4. The trap centers T3 and T4 have an
optical transition to the conduction band shown as dotted arrows. The trap cen-
ters may or may not be thermally assisted from the intermediate levels T3 and
TJ. The solid upward arrows are thermal transitions. The downward arrows are
either recombination or retrapping transitions.
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where the charge neutrality condition is included.
The various treatments of heating, illumination and irradiation of the

system are controlled by the initial temperature To, the heating rate /?
(temperature), the optical escape rates c{ and c* (illumination) and the
electron-hole pair generation rate R (irradiation).

The parameters used in the model are listed in Table 5.3. The shallow
traps Ti and T2 have the TL peaks at ~270 K and ~330 K using a heating
rate of IKs"1 . They represent the reported low temperature peaks in a-
Al2C>3:C [Markey, Coly]. The mean dosimetric trap T3 acts simultaneously
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Trap Center

Concentration [cm"3] iVj
Trap Energy [eV] E{

Frequency Factor [s—1] si

Trapping Probability [cm s" j aTi

Thermal Activation Energy [eV] £t*
Frequency Factor [s-1] s*
Trapping Probability [cm~3s~1] ajt

Recombination Center
Concentration [cm"3] H
Trapping Probability [ cm"V] av

Recombination Prob. [cm~3s~3] aR

Ti T2 T3 T4
shallow trap shallow trap 465 K TL trap 875 K TL trap

5X1012 5X1011 lxlO12 5X1012

0.77 0.85 1.25 2.30
5xlO13 lxlO12 5xlO12 lxlO12

lxlO"10 lxlO"10 lxlO"10 lxlO"10

0.20 0.25
5000 10000

0 lxKT13

R
5xlO12

lxlO"10

lxlO"10

TABLE 5.3. Default parameters in the OSL model

as the TLI trap and the OSL trap at the thermal depth of 425 K while the
deep trap T4 simulates the TLIII trap and the OSL trap at the thermal
depth of 925 K. However, the model is not an attempt to simulate all facet
of the TL and OSL properties in alumina, but rather to test if the suggested
mechanisms can qualitatively reproduce the observed behavior of the OSL
dependence upon temperature in alumina.

The sequence used in each simulation was composed of an irradiation of
a completely emptied system followed by relaxation. The relaxation period
allowed the charge carriers to equilibrate with the system. The next subse-
quence was a simultaneous TL and OSL readout. A heating rate of 1 Ks"1

was used during the TL readout. The OSL signal was stimulated by pulsed
illumination of 0.1 s duration every 10 K during the TL readout. The whole
sequence is represented by

100s, R =
Irradiation

107cm-3e-1 & T = 290K
Relaxation

100s, T = 290K
TL+TOL

290 K-.500 K, /? = 1 Ks- '
Each 10K c = 0.1s~1 in 0.1s

(5.5)

where the default parameter were used. The additional luminescence signal
created during the illumination pulse is the OSL signal and the remaining
signal is the TL signal.

The balance equations 5.4 were numerically solved using the N0rsett-
Thomsen NT3 algorithm described in Chapter Basic Concepts p. 22.

Following simulations were performed. The numerical results are shown
in Figure 5.12;

1. Thermal assistance of electrons in the mean dosimetric trap center
T3. The model consisted of the trap centers T2, T3, T4 and the recombi-
nation center R. The optical transitions from the deep trap center T4 were
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excluded1. The optical escape rates were % = 0.025 s"1 and cj = 0.075 s"1.
The results are shown in Figure 5.12 left top. The effect without and with
a single shallow trap center (T2) is shown.

The observed behavoir of the temperature dependence of the OSL sig-
nal is in good agreement with the experimental data presented in Figure
5.10 left. In the simulation with the presence of a shallow trap center T2
is observed a dip in the OSL intensity at temperatures where the TL peak
of the shallow trap center is located. This behavior is also observed in the
experimental data. The explanation is that the shallow trap T2 acts as an
electron sink at low temperatures which leads to fewer radiative recombi-
nations. As the temperature increases the shallow trap center T2 becomes
more and more thermally unstable. The lifetime of electrons decreases in
this trap center and consequently the OSL intensity reaches a level that
corresponce to the level of a system without the shallow trap center.

Thermal quenching was not included in this simulation.
2. Shallow trap effect. The model consisted of the shallow trap centers

Ti and T2, the mean dosimetric trap center T3, the deep trap center T4 and
the recombination center R. Only for trap center T3, was optical transition
into the conduction band allowed. Thermal assistance was not included.
The optical escape rate was c3 = 0.1s"1. The results are shown in Figure
5.12 right top. The effect of a single trap center (T2) and two shallow trap
centers (Ti and T2) are shown. The result of the simulations are an OSL
dependence of temperature that exhibits the expected increase of the OSL
intensity for increasing temperature. However, the simulated curve shape
does not very well reproduce the experimental data in Figure 5.10 left .
This is in spite of persistent attempts to find trap parameters giving a curve
similar to the experimental data. Thermal quenching was not included in
this simulation.

3. Deep trap center contribution. The model consisted of the mean
dosimetric trap center T3, the deep trap center T4 and the recombina-
tion center R. Both trap centers had a thermal assisted transition. The
trap center T3 also had an optical transition. The optical escape rate were
c3 = 0.025 s"1 and C3 = 0.075s"1 for the trap center T3) and c4 = 0.0s"1

and c\ = 0.01 s"1 for the trap center T4. The sequence 5.5 was changed : be-
tween the relaxation and the TL+OSL the system was annealed at 500 K
in order to remove the electron population in the trap center T3. Ther-
mal quenching was included in this simulation. The luminescence efficiency
function was given by

xIn this simulation the deep trap center T4 acts as a drain. The center was included
in order to obtain OSL and TL intensities of same magnitude in all simulations.
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FIGURE 5.12. Simulated OSL response at elevated sample temperature. Top,
left : The influence of thermally assisted excitation of electrons from trap center
T3 with and without a shallow trap center T2. Top, right : The influence of
one and two shallow trap centers. Bottom : The influence of thermal assisted
excitation of charge carriers from the deep trap center T4 and thermal quenching
of luminescence.
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The luminescence efficiency function is similar to the observed quenching
of the F center emission in Section Thermal Quenching p.26. The high tem-
perature part of the luminescence efficiency is not known and extrapolated
with an exponential decrease.

The result of the simulation is shown in Figure 5.12 bottom. As can be
observed the effect of the populated thermal assisted deep trap center T4
combined with the thermal quenching simulates a temperature dependence
which behaves very similar to the experimental data presented in Figure
5.10 right.
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5.3.2 Conclusions

The experimental data demonstrated a strong temperature dependence of
the OSL emission. Comparison between the model simulations and the ex-
perimental data favoures the thermal assisted process. The other proposed
mechanism, involving shallow trap centers, was difficult to simulate the
experimental data. In order to be consistent with the experimental data
a better result may be reproduced in a model with several shallow traps.
However, the known trap centers in the relevant temperature range in a-
A12O3:C are limited to the TL trap centers at ~265K and ~325K.

The effect of the shallow trap centers was observed to give the dip in the
OSL emission during the readout and this was supported by a simulation.

Of the two proposed mechanisms, the simulations support the thermal
assisted optical excitation to be the main process involved in the temper-
ature dependence of the OSL emission



6
Trap Characterization of a-
using TL and TSC

6.1 Introduction

The application of wide band gap materials to the dosimetry of ionizing ra-
diation using the techniques of thermally stimulated luminescence (TL) and
optically stimulated luminescence (OSL) requires a basic understanding of
the electronic and optical processes in these materials and their response
to ionizing radiation.

The carbon doped alumina a-Al2O3:C belongs to a class of material
which has been demonstrated to possess ultra-high radiation sensitivity for
both TL [Aksel90a,Aksel93a,] and OSL1 [Markey95,McKeev96a].

Both TL and TSC rely upon the spatial localization of radiation-induced
charge carriers and upon defect centers ability to capture the carriers for
sufficient long time to enable a reliable measurement of the absorbed dose.
During heating or optical stimulation of an irradiated crystal, the captured
charge carriers are released and those which make transitions into radiative
recombination centers generate luminescence, i.e. TL or OSL.

The TL and OSL signals generated in this manner are then closely related
to the absorbed dose, thus providing a method of dosimetry. The knowledge
of the parameters of the trapping processes becomes important in order to
understand the TL and OSL mechanisms.

1 Luminescence sensitivity is defined as the yield of luminescence in response to
given unit irradiation dose.
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The transfer of the charge carriers between different trap centers in a-
AkOaiC has been studied by optical stimulation of the irradiated material
[Coly]. However, one condition for a full understanding of such mechanisms
is to know the identity of the charge carriers, i.e. to know whether they are
electrons or holes.

The descriptions of the TL and OSL processes in a-A^C^C are un-
clear on the sign of the charge carriers involved, despite several suggestions
[Aksel90c,Coly].

In this chapter samples of single crystal a-AlaC^C have been studied
using simultaneous measurements of TL and thermally stimulated con-
ductivity (TSC). Simultaneous measurements of these thermally stimu-
lated phenomena enable the determination of trapping parameters and
some kinetic aspects which are not possible to measure from TL alone
[ChenKirch,McKeev85]. Several descriptions of TL [e.g. McKeev96b] and
TSC [PickDav,Rehavi,Coteron,Klaffky] from a-Al2O3 are found in the lit-
erature. However, only few simultaneous measurements of TL and TSC are
reported.

An introduction of a new analytcal method enabled the transformation
of the TSC and TL curves into an energy distribution of trapped charge
carriers. The method is described in Chapter Basic Concepts p.??.

In order to identify the sign of the charge carriers involved in the TL and
TSC processes a new experimental technique is presented. This technique
is termed thermally stimulated transient EMF (TSTE).

6.2 TSC and TL Experiments

The experiments were performed using single crystal a-AfaOa'.C samples
from Bicron, USA, sold as TLD-500. The samples were unpolished discs,
5.0 mm in diameter, 1.0 mm in thickness, and cut with the faces perpen-
dicular to the c-axis of the crystal.

Carbon doped alumina a-Al2O3:C contains high concentrations of F and
F+ centers [Aksel93b]. Measurements of optical absorption indicated F and
F+ center concentrations of 0.5-2.0xlO17 cm"3 and 0.4-1.5xl017cm-3, re-
spectively. The TL emission spectra, shown in Figure 4.2 p. ??, indicates
the presence of Cr3+ ions of unknown concentration. See also Chapter TL
and OSL Characteristic of a-Al^O^'-C p.79.

Several a-AhO&C samples were prepared for the TL and TSC studies
by an initial anneal at 1200 K for 15min in air. The samples were provided
with three gold electrodes using an evaporation technique. Two of the elec-
trodes were centered on each face of the sample, the third was a guard ring
that encircled one of the center electrodes. The guard electrode was ensured
to be in contact with a grounded sample holder. This arrangement mini-
mized the surface current and other leaks between the front and the rear
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electrodes. The diagram in Figure 6.1 shows the guard ring arrangement
used for measuring the bulk current in a sample.

Thermocouple

Sample with GoM Electrodes

FIGURE 6.1. Schematic diagram and illustration of the experimental arrange-
ment for the simultanous TL and TSC measurements. The diagram shows the
three electrode technique of measuring the bulk current. A voltage of 100 V across
the sample was applied in each measurement.

The sample holder was made of copper and consisted of two parts: one
part was provided with a 50 W Watlow heater element and the other part
was a small plate. A sample was mounted into the holder by placing it
between the two parts and fixed by fasten the plate to the heating part
with screws. Each part of the sample holder had an entrance hole that
allowed spring loaded gold probes to make contact with the front and the
rear electrodes of the sample. The guard ring was in contact with the
grounded holder. The design of the sample holder system enabled the holder
to be transported to e.g. irradiation facilities without changing the sample
position in the holder. This ensured better reproducibility of TL and TSC
measurements of the sample.

An electrical isolated alumel-chromel thermo couple was mounted to the
holder in a drilled hole next to the sample. A linear increase of the sample
temperature was performed by a heating system consisting of the heater
element, the thermo couple and a Eurotherm temperature controller. The
accuracy of the temperature during a run was better than ±0.5 K for tem-
peratures below 700 K and heating rates below 1.5 Ks"1.

The TL generated during sample heating was collected by an
EMI Q9235QA photomultiplier tube in the counting mode. No detection
niters were used in these measurements.

The irradiation-induced current was measured using a Keithley 617 elec-
trometer. The applied voltage across the center electrodes of the sample was
provide by the electrometer. Currents as low as 0.001 pA was detectable.
Typical values of the current were between 0.001 pA and 1000 pA for irra-
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diated samples when the voltage was applied. The detection of the TSC
signal was improved by measuring the integrated current signal, i.e. the
charge signal. This is vital for obtaining high quality TSC data recorded
at very low heating rates. However, most of the presented TSC data was
measured in the current mode. The experimental setup described above
was developed and built at Oklahoma State University, USA.

The setup built at Ris0 National Laboratory, Denmark, contained a sam-
ple holder made of nickel and could be provided with three 50 W Watlow
heater elements. That enabled TSC readouts up to 1200 K. The electrome-
ter used was a Keithley 6157. The design of the sample holder with fittings
are shown in Appendix TSC p. 145.

Following simultaneous TL and TSC measurements of an irradiated sam-
ple were performed :

1. Measurements of TL and TSC from a sample exposed to different
7-doses. The readouts were performed in the temperature range
from room temperature to 700 K at a heating rate of 0.372 Ks'1.
After each readout the sample was exposed to a successive higher
dose in order to minimize the TSC background signal. (A high
temperature annealing to remove charge carriers from the deep
trap center was not possible since the gold electrodes at these
temperatures disappears by evaporation.)

2. Measurements of TL and TSC using different heating rates. The
sample was heated to 700 K followed by an exposure to 10 Gy
of irradiation after each readout.

3. Measurements of TL and TSC from an UV exposed a-Al2O3:C
sample. The sample was initially annealed at 1200 K for 15min,
provided with gold electrodes, andexposed to UV light at
205A20 nm. One of the electrodes was made semitransparent to
light. The UV light was provided by a 1000 W Xenon arc lamp of
the type Oriel 66021, with an Oriel 77250 monochromator for
wavelength selection. The monochromator was equipped with a
1200 lines mm"1 grating blazed at 280 nm. The heating was
performed at a heating rate of 0.372 Ks"1

The 7 -irradiations were performed by a calibrated 60Co source with a
dose rate of 0.876±0.015Gymin"1.
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6.3 Experimental Results

6.3.1 Dose Dependence

The TL and TSC curves measured for various 7-doses are shown in Figure
6.2. The heating rate during the readouts were 0.372±0.002 Ks - 1 . The TSC
data were corrected for an exponentially increasing background current and
the TL data were corrected for a constant background. The exponential in-
crease of background in the TSC curves are assigned to thermal release of
charge carriers from deeper trap centers, current leak and ionic current.
An example of uncorrected TL and TSC curves are shown in Figure 6.3 for
7-doses of 0.025±0.005 Gy and 161±3Gy. The data are presented as both
linear and semilogarithmic plots. The first impression of the data in the lin-
ear plot of Figure 6.3 is a single TL peak in the temperature range of 400 K
to 500 K and its temperature shifted TSC counterpart. Closer inspection of
the data in the semilogarithmic plot reveals additional structure in both the
TL and TSC curves. At low doses at least two peaks appears in the TL and
TSC data. They are located at ~450K and ~485K. At higher doses new
peaks become evident. Low temperature peaks are observed below 400 K in
the TL data, whereas the TSC counterpart is missing. The low temperature
components are thermally unstable and were not further studied. At higher
temperatures a TL peak and its TSC peak become evident at ~600 K.

In this study the low temperature peak in the TL and TSC curves are
denoted TLI and TSCI, respectively, while the high temperature peaks are
denoted TLII and TSCII, respectively.

Figures 6.2 and 6.3 show that the TLI and TSCI peak positions are al-
tered with changing dose. This is seen more clearly in Figure 6.4, where
the peak positions are plotted as a function of the irradiation dose for the
peaks TLI, TLII, TSCI and TSCII. As the dose increases the low tempera-
ture peaks of TSC and TL shift downwards. This has been observed before
for TL [Walker]. From Figure 6.3 in the semilogarithmic plot the TSC and
TL curves appear to be composed of the same peaks, but with different
amplitudes.

However, some precautions must be taken in analyzing the TL data,
since the TL luminescence efficiency is affected by the temperature. The
study of thermal quenching of F center emission , presented in Chapter TL
and OSL Characteristic of a-A^Oz'-C p.84, shows that the luminescence
efficiency is a well-behaved smooth and decreasing function of temperature.
This leads to modified TL curves, but the pattern of the TL curves are still
remained.

The change of the integrated intensity2 of the low and high temperature
peaks of both TSC and TL curves are shown in Figure 6.5. The change in

2The integrated intensity is obtained by fitting normalized Randall-Wilkins functions
to the TL and TSC curves. The integrated intensity is then the sum of fitted amplitudes.
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FIGURE 6.2. Simultaneous TL and TSC curves for 7-irradiated a-Al2C>3:C
recorded at different absorbed 60Co doses. The heating rate was 0.372 Ks"1 dur-
ing the readout. Top : TL data. The inset shows a semilogarithmic plot of the
high temperature peak TLII. Bottom : TSC data.
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FIGURE 6.3. Simultaneous TL and TSC curves from an 7-irradiated a-
sample. The heating rate was 0.372 Ks"1 during the readout. Two pairs of TL and
TSC data are shown. The data are represented both as linear and semilogaritmic
plots. Top : Data obtained after a dose of 0.025 Gy. Bottom : Data obtained after
a dose of 161 Gy.

430 L A 584

10 -2 10 •' 10 ° 10 ' 10 2 10 3 10 4

Dose [Gy]

FIGURE 6.4. Temperature position of peak I and peak II of both the TL and
the TSC curves obtained from a-Al2C"3:C for various given 60Co doses.
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FIGURE 6.5. TL and TSC response versus absorbed 7-dose from peak I and
peak II of a a-Al2C>3:C sample. The response signal is the integrated peak signal
corrected for background.

amplitudes of the components of the TSCI and TLI peaks (shown in Figure
6.3) results in a shift of position of the TSCI and TLI peaks as a function
of dose (shown in Figure 6.4). The dose dependence of the peak position
is usually explained in terms of general-order kinetics (See Chapter Basic
Concepts p.9.). This allows a single trap center to have a dose dependent
peak position. This conclusion has been reported where kinetic orders of
1.45 [Kitis] and of 2.0 [Kortov,Milman,Kortov96] were suggested. Assuming
the general-order kinetics process to operate, the shift in the position of a
peak as a function of dose is expected to be slowly changing and monotonic.
The shift seen in Figure 6.4 is not behaved as expected from a general-order
kinetics process.

Indeed, for both TL and TSC, the composite peak positions remain fixed
for 7-doses D < 1 Gy and D > 100 Gy, and have a relatively abrupt transi-
tion from one temperature to another in the dose range 1 Gy < D < 100 Gy.
The observed behavior is consistent with the differential change of the com-
ponents of the composite TL and TSC peaks.

The position of the TSCII peak is in Figure 6.4 observed to be invariant
to the absorbed dose, with Tpeak = 598.7 ± 0.3 K. The peak clearly obeys
first-order kinetics. The TLII peak show, however a dose dependence of the
peak position which is probably due to the presence of a TL 'background'
at or close to the TLII peak as seen in the inset in Figure 6.2 top.

The apparently first-order behavior of the composite peaks in the peaks
TLI and TSCI was analyzed by fitting the data to normalized Randall-
Wilkins functions RW[£;j)Si] 2.8 p.8. Using Keatings approximation 2.10 p.8
for the Randall-Wilkins functions, the TSC data was fitted to two Randall-

The number of Randall-Wilkins functions used for the peaks were : TLI three, TLII one,
TSCI two and TSCII one.
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FIGURE 6.6. Calculated electron population distribution in irradiated a-
based on the TSC data of a-AUOaiC exposed to different doses of 60Co. An
attempt-to-escape frequency of s = 1013 s"1 was used in the calculations. The
energy resolution is 0.007 eV.
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Wilkins curves using a Marquardt-Levenberg algorithm to minimize the
difference between the data and fitting expression. The TL data was not
analyzed because the curve shape is modified by thermal quenching.

The trap parameters are listed in Table 6.1. The trap parameters for
the two fitted composite peaks in the TSCI peak show stable values for
higher absorbed doses. However, fitting the data with two Randall-Wilkins
functions did not fit the raising part of the TSC curve well. A better fit was
performed with three or four Randall-Wilkins functions. But, this created
a new problem where the trap parameters became inconsistent.

Introducing a trap energy distribution of the captured charge carrier
population g(E), the problem of fitting data with an arbitrary numbers of
peaks has disappeared.

For a given data spectrum (X^/j) i=i,...,ndata of TL or TSC, recorded
at a heating rate 0 and with ndata data points, the energy distribution
g(E) of the captured charge carrier population is determined by the one-
dimensional Fredholm integral equation

/,• = I(rf) = f g{E) RW[£jS] (TJ dE.

The method is based on the assumption that the intensity of TL and TSC
are described by a superposition of first-order Randall-Wilkins functions
RW[£jS]. For details see Chapter Basic Concepts p.29.

An approximate solution of the Fredholm integral equation is obtained
by solving the matrix equation

K T I = ( K T K + aS) g \ 9j>0

where K^ = -—=; JE
J RW[£;)S](Ti) dE and S is a smoothing matrix. The

non-negativity constraint is included to avoid a negative population. The
smoothing matrix S serve to stabilize the solution and the stabilization
degree is controlled by a smoothing parameter a . The smoothing parameter
a depends on the standard deviation of the data. The choice of a is defined
by the so-called generalized discrepancy principle.

The result of applying this method on the TSC data is shown in Fig-
ure 6.6. The calculated energy distribution is obtained in the interval
[1.1,1.8] eV with a resolution of 0.007eV. An attempt-to-escape frequency
of s = 1013 s"1 was used in the calculations. The relative standard deviation
was assumed to be 1%.

The energy distribution of the captured charge carrier population g(E)
confirms the observed behavior. The TSCI peak recorded with an dose of
0.025 Gy is a composition of two peaks that are related to trap centers
with the trap energies of ~1.35eV and ~1.43eV. As the dose increases
the population increases in the trap center types. For doses D > 3 Gy an
additional trap center appears at 1.28 eV.



6.3 Experimental Results 113

The TSCII peak is associated with the trap center at a trap energy of
~1.75eV.

A fully characterization of the trap parameters imply to solve the Fred-
holm integral equation

, s) RW[£>5] (T, /?) dE ds

Since the problem of determining the distribution of charge carrier popu-
lation, g(E,s) is two dimensional, i.e. the mapping is K : (E,s) —> (T,/?),
we need to know not only the temperature dependence of the thermally
stimulated luminescence intensity but also the dependence of the heating
rate j3. Furthermore the heating rate must be measured of several order
of magnitudes, because of its weak dependence of the peak shape of the
Randall-Wilkins function RW[£iS].

The slow heating rates needed to determine the distribution function
g(E, s) of the system using TSC data requires high quality measurements
of the current.

6.3.2 Heating Rate Dependence

Figure 6.8 shows the measured TL and TSC intensity from a-A^C^tC as a
function of temperature for various heating rates. The TL and TSC curves
show a shift of peak positions to higher temperatures for increasing heating
rates.
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FIGURE 6.7. Simultanously measured TL and TSC from Q-A12O3:C sample at
various heating rates. The sample was exposed to 10 Gy of 60Co 7-irradiation.

In the study of thermal quenching of the F center emission from a-
A12O3:C in Chapter TL and OSL Characteristic of a-AhO$:C p.84 was
observed that the yield of TL signal from both the TLI and TLII peaks
decrease with increasing heating rate. This effect is due to the combination
of TL peak shift to higher temperature with increasing heating rates and
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decreasing luminescence efficiency with increasing temperature of the F
center emission.

TSC signals, of course, do not suffer from this effect. This can be seen in
Figure 6.8 where TL and TSC signals of both peak I and peak II are plotted
as a function of peak position. The signals are the integrated intensity
of the relevant TL or TSC peaks I and II. The signals are corrected for
background. The TL quenching data obtained previously is also included
in the plots.
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FIGURE 6.8. TL and TSC response versus peak position of peak I and peak
II from an 7-irradiated a-AhOa'.C sample. A dose of 10 Gy was given for each
simultaneous measurement of TL and TSC . The triangles in the plots are TL
data obtained in a previously study (see Figure 4.5 p. 87). The response signal is
the integrated peak signal corrected for background.

As seen demonstrated the TL signal quench whereas the TSC signal is
unaffected of the heating rate.

The TSC data has been fitted to the first-order Randall-Wilkins function
in order to obtain trap parameters of the TSCII peak and the composite
peaks in the TSCI trap. In Table 6.2 is listed the obtained trap parame-
ters {E ,s) of the TSC data. The table also contains observations of peak
position Tpeak, peak height /peaki and integreted peak intensity isum.

The TSCII peak has very consistent values of the parameters E and s
obtained from both the dose dependent study and the heating rate depen-
dent study. An average value is a trap energy of E — 1.785 ± 0.028 eV and
an attempt-to-escape frequency of s = (3.2 ± 1.9) x 1013 s"1.

6.3.3 UV-induced TL and TSC
An illumination of an annealed and unirradiated sample of a-A^O^C with
UV light at 205 nm releases electrons from the F centers. The absorption
of a 205 nm photon by a F-centers results in a forbidden transition of an
electron from the :S level to the level 1P*. From the !P* level (situated
just below the conduction band) the electron is thermally freed to the
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FIGURE 6.9. UV induced TL and TSC from a a-Al2O3:C sample. A heating
rate of 0.372 Ks"1 was used.The sample was exposed to 205A20 nm UV light for
20 h. The flux incident to the face was approximately 0.0 2

conduction band from where it captures into an electron trap center [Sum-
mers,Evans,McKeev96b], i.e. illumination with UV light 205 nm generates
electrons that are distributed into electron trap centers in the sample. A
7-irradiation of the sample creates both holes and electrons that popu-
lates trap centers of both kinds. By comparison of the UV-induced TL and
TSC data with the data of the 7-induced TL and TSC data, one might
distinguish between electron and hole trap centers.

Figure 6.9 shows the simultaneously measured TL and TSC data as
function of temperature from a UV exposed a-A^C^iC sample. The ex-
perimental details were described previously. The data is not corrected for
background signal. The TL peak is seen to be located at ~450 K and the
TSC counterpart is only just seen as a small hump located at about the
same position as the TL peak.

Comparison between the 7-induced TL and TSC curves (the 0.025 Gy
case) in Figure 6.3 and the UV- induced TL and TSC curves shows that the
UV-induced TL1 peak corresponds to the low temperature peak at ~450K
seen in the 7-induced TL1 peak. The TSC data shows similar behavior. This
indicates that electron release is responsible for the low temperature part
of the 7-induced TL1 and TSCI peaks, while holes release is responsible
for the high temperature part of the 7-induced TL1 and TSCI peaks.
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6.4 Determination of the Sign of Thermally
Stimulated Charge Carriers

6.4-1 Thermally Stimulated Transient EMF

A new measurement technique of determining the sign of charge carriers
involved in the TL and OSL processes is introduced [Ager97]. The technique
is termed Thermally Stimulated Transient EMF (TSTE).

The technique is based on the potential difference that is generated when
free charge carrier concentration gradients are induced in a crystal.

Consider a crystal with a homogeneous distribution of electron trap cen-
ters of the same type. After an irradiation of the half of the crystal, the
trap centers are assumed to have captured electrons in the 'irradiated' half
of the crystal, while the trap centers in the other 'unirradiated' half re-
mained empty. During heating of the crystal, the trapped electrons in the
'irradiated' half make thermally transitions into the conduction band. The
increasing density of free electrons in the 'irradiated' half results in dif-
fusion of the electrons to the 'unirradiated' half. This leads to a charge
separation and the generation of a small EMF3, where the 'irradiated' half
of the crystal has a positive EMF with respect to the 'unirradiated' half.
The release of holes instead of electrons, will change the sign of the gener-
ated EMF between the two halves. Thus, by recording the polarity of the
induced EMF, the sign of the released carriers associated with trap centers
at various thermal depths is revealed.

Recombinations and trapping processes of the free carriers cause the
free charge carrier density to decay. Consequently the induced EMF is
transient. The change of the free charge carrier density is obtained by TSC
measurements, while the radiative recombinations of the free carriers will
generate TL. Thus, by comparison of the TL, TSC and TSTE intensities as
a function of the sample temperature, the sign of the charge of the carriers
that are responsible for the TL and TSC peaks can be assigned.

6.4-2 Experiments
The sign of the charge carriers responsible for the TL and TSC signals in
irradiated a-A^C^C samples was studied by using the developed TSTE
equipment sketched in Figure 6.10.

Samples of a-A^C^C were provided with two gold electrodes on the
same face of the crystal using sputtering technique. Each electrode covers
the most of the half of the face. A sample was preferentially /3-exposed to a

3 EMF or electromotive force is a term for potential difference. For discussion see
for example R. Becker : Electromagnetic fields and interactions. Blaisdell Publishing
Company (1964).
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Teflon Holder with
Spring Loaded Gold Protx

_ _ ^ Gold Electrodes
Mica plate -

Heating Plate - _
• Sample

Irradiated Unirradiated

FIGURE 6.10. Schematic drawing of the experimental arrangement for the ther-
mally stimulated transient EMF (TSTE) measurement of the induced current or
voltage. Only a half of the sample is irradiated. This setup results in a positive
current when holes are released.

half of the crystal using a 90Sr/90Y source. This was obtained by shielding
one of the electrodes with a 2.3 mm thick lead cover. The other half received
some dose from scattered electrons and bremsstrahlung radiation, but the
arrangement of the irradiation ensured a significant difference between the
absorbed dose of the 'irradiated' half and of the 'unirradiated' half. In
order to ensure a high difference of absorbed dose in the two halves a
large exposure of typical of 330 Gy /3-irradiation was performed. Problems
of surface charging of the sample during the irradiation was avoided by
shorting the electrodes to ground.

A prepared sample was placed on a heating plate with the electrodes
facing upwards. A thin mica plate was placed between the heating plate
and sample to prevent the irradiated and unirradiated halves of the sample
to be electrical shorted by the heating plate. Two spring loaded gold probes
were made in contact with the electrodes. The induced signal was measured
using a Keithley 6517 electrometer. Careful precautions was made to avoid
any current leaks or static electricity by grounding the different parts and
placing the whole experimental arrangement in to a grounded Faraday cage.

The heating plate was provided with three 50 W Watlow heater elements.
A alumel-chromel thermo couple was placed in a drilled hole underneath
the heating plate. A linear heating was computer controlled by regulating
the voltage to the heater elements by feedback from the thermo couple. This
heating system was able to perform linear heatings up to temperatures of
~1100K within an accuracy of ±0.3 K. The design of the heater and probe
holder are sketched in Appendix TSTE p.150.

Due to the high internal resistance of the Q-AI2O3 samples the induced
EMF can be recorded either by direct voltage measurements, or by current
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measurements. However, at this stage of the study, only current measure-
ments are reported. Further measurements are in progress in order to obtain
TSTE signals in the voltage mode. The Keithley electrometer was able to
measure current and voltage as low as 10~17A and 10~7 V, respectively.

The TL and TSC signals from a-Al2C>3:C were also measured in order to
compare these data with the TSTE data. The TL signal was measured using
the automated Ris0 TL/OSL reader. The detection filter was a 9 mm Hoya
U340 filter and the detector was an EMI 9235QA photomultiplier tube. For
further information see Chapter Equipment and Experimental Procedure
p.43. The TSC signal was measured using the TSC setup described on
p.145.

6.4-3 Results and Discussion

350 400 450 500 550
Temperature [K]

600

FIGURE 6.11. Comparison of TL, TSC and TSTE signals from Q-A12O3 :C. The
readout was performed using a heating rate of 0.333 Ks"1. The sample was ex-
posed to 330 Gy using a 90Sr/90Y source. Top : The TL and TSC intensity
plotted as a function of temperature. Bottom : Thermally stimulated transient
EMF (TSTE) current plotted as a function of temperature for an undosed sample
and for a sample given a differential dose of 330 Gy. A positive current indicates
release of trapped holes.

Figure 6.11 shows the TSTE signal as a function of the temperature
for a a-AbOarC sample with an 'irradiated' half exposed to 330 Gy. The
TSTE signal was measured in the current mode. The heating rate during



6.4 Determination of the Sign of Thermally Stimulated Charge Carriers 119

the readout was 0.333 Ks"1. The TSTE signal is compared to the TL and
TSC signals obtained after given same dose and for the same heating rate.
The experimental setup was arranged such that a positive current indicates
release of trapped holes.

The TSTE curve of the undosed sample shows a flat response for tem-
peratures below ~540K. For temperatures above ~540K the TSTE signal
first drops a little followed by a strong increase. The same measurement
was performed for a sample that was placed with the reverse position of
the 'irradiated' and 'unirradiated' halves with respect to the spring loaded
probes. The TSTE data showed reverse polarity, as expected, but the back-
ground signal did not change polarity. This observation indicated that the
recorded TSTE current was disturbed by an external signal that becomes
dominating at temperatures above ~540 K. The analysis was for that rea-
son restricted to TSTE data recorded at temperature below ~540 K.

The TSTE curve shows a positive peak in the temperature range of ~420-
465 K. This corresponds to the higher temperature part of the TLI peak of
the TL data. A small negative TSTE peak appears at the same temperature
range as where the TSCI peak is located. The inference from this is that
the observed TL signal, which is dominated by the upper temperature part
of the TLI peak, is caused by thermal release of holes, whereas the lower
temperature part seems to be caused by release of electrons. The observed
TSC signal is probably caused by release of electrons.

Akselrod and Kortov [Aksel90c] have reported that the TLI peak in Mg-
doped alumina mainly emits at ~420 nm of the low temperature part of
this peak, while ~330 nm emission is dominating of the high temperature
part. This observation can be interpreted by a TLI peak consisting of both
a electron and a hole trap centers. The electron trap center provides the
electrons that results in F center emission at 420 nm and the hole trap cen-
ter are the source for producing F+ center emission by hole recombination
into a F center [Summers].
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TABLE 6.1. TSC and TL peak data obtained for different given 60Co doses. A
heating rate of 0.372Ks -1 was used in each measurement. Top : Observed peak
position Tpenk, peak height /peak and integrated TSC intensity /»Um for the TSCI
and TSCII peak. Fitted first order kinetics trapping parameters for the TSCI
and TSCII peak are listed. The TSCI peak is fitted to either a single or two
Randall-Wilkins functions. The values in brackets are the result of the single
function fit. Bottom : Observed Tpe.k, /peak and / , u m for the TLI and TLII peak.
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TABLE 6.2. TSC and TL peak data obtained for different heating rates. A dose
of lOGy was given in each measurement using a 60Co source. Top : Observed peak
position Tpeaki peak height /peak and integrated TSC intensity /8Um for the TSCI
and TSCII peaks. Fitted first order kinetics trapping parameters for the TSCI
and TSCII peak are listed. The TSCI peaks are fitted to two Randall-Wilkins
functions while the TSCII peaks are fitted to a single Randall-Wilkins function.
Bottom : Observed Tpt^, 7pe»k and 7,um for the TLI and TLII peaks, /peak is
normalized to the data point obtained for the heating rate of 0.00581KS"1.
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A
Linear Least Squares with Constrains

The least squares problem is usually formulated as

LS Minimize (Ax — b)2 with respect to x

where A is an m x n matrix, x is an n-vector and b is an m-vector.
The problem can be reformulated into solving the normal equation

ATAx = ATb

which has the unique solution x =(A T A) - 1 ATb if the columns in matrix
A are linear independent, i.e. det(ATA) ^ 0.

Linear least squares problems are restricted to have a solution in the
subset of the solution space in many applications .

The least squares with linear inequality constrains problem is expressed
as

LSLI Minimize ( A i - b)2 in subject to [Cx]; > d* for all i

where A is an m x n matrix, x is an n-vector and b is an m-vector. The
inequality part consists of an p x n matrix C and an p-vector d.

An important case of LSLI relevant for the present work is the non-
negative least squares problem (C = I , d = 0);
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NNLS Minimize (Ax — b)2 in subject to Xj > 0 for all i.

An algorithm to solve the problems is given by Lawson and Hanson
[LawHan]. The routine to solve the NNLS problem is fundamental in the
sense that it can be used to solve the more general LSLI problem.

The algorithm to solve the NNLS problem is based on a theorem by
Kuhn and Tucker :

An n-vector x is a solution for problem LSLI

I
There exists a m-vector y and a partitioning of integers
i through m into subsets II and £ such that

CTy = A T ( A x - b )

Xi = 0 for i e II, ri > 0 for i € £
yi > 0 for i € II, ^ = 0 for i € £

where r = CTy — d.
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The NNLS algorithm is

Initializing
n = 0
£ = {1.2 n)
x = 0

Evaluate w = AT(b - Ax)
i

- If I

Find

= 0 or

teU so

num

VJ e S : w,

false

wt = max

< 0

{w,l
ft}

then

/ e Z }

Evaluate z from AT
nAnz = AT

nb

where An = [Af°' , A^ ,..., A™'(1| ]

f ?n. i e n
Define :,= i n ,• _ T

If V / e Z : z , > 0 then

false

Find so x^r= m 'n{ "x7r-|z,= 0. ''

n-*n \ { j | « e n , x,=o}
Z-»Z U { / | / e n , x,= 0}

Done, x is the solution.
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B
Filters

Filters used in the work are listed in the following table and their transmis-
sion spectra are found below the table (resolution of the spectra is 2nm);

Filter

Hoya U340

Hoya U340

Schott BG39

Corning 7-59

Corning 7-59

Schott GG400

Schott GG420

Schott GG495
Schott RG715

Schott IR80

Schott RG9

DLO1 SWP560

DLO1 SWP720

DLO1 SWP1100

Transmission

Window
340A82nm
340A82nm
500Al85nm
365Al20nm
365Al20nm
Cut-on at 400 nm

Cut-on at 420 nm

Cut-on at 495 nm
Cut-on at 715 nm

Cut-on at 800 nm

[720,1080] nm (T>20%)

[415,562] nm (T>20%)

[398,726] nm (T>20%)

[468,1107] nm (T>20%)

Diameter &

Thickness
44 mm, 2.5 mm

44 mm, 2.5 mm

44 mm, 2.5 mm

44 mm, 4.0 mm

44 mm, 4.0 mm

25 mm, 3.0 mm

25 mm, 3.0 mm

25 mm, 3.0 mm

25 mm, 3.0 mm

25mm, 3.5mm

25mm, 3.0mm

25mm, 2.2mm

25 mm, 1.9mm

25 mm, 4.0 mm

Comments

~1.5% transmission at 715 nm

Metaloxid coated, block at 715 nm

Heat filter

Band pass fitter

Metaloxid coated, cut-off at 465 nm

Long wavelength pass filter

Long wavelength pass filter

Long wavelength pass filter

Long wavelength pass filter

Long wavelength pass filter

Band pass filter
Interference filter

Interference filter

Interference filter

°DLO is the initials for Delta Light & Optics.Hjortekaersvej 99, DK-2800 Lyngby,
Denmark.
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Filter combinations used in detector and stimulation filter packs in the
Ris0 TL/OSL reader are listed below and the some of their resulting trans-
mission spectra are displayed;

Type of Work

TL
TL emission
TL emission
OSL
OSL

IRSL
OSL stim. spectra

OSL stim. spectra

Detection Filters
3XU340 or 2XU340(coated)
Vis. Mon.+ SWP720+GG400
IR Mon.+ SWP1100+RG715
2XU340or 3XU340
3X7-59(coated)+BG39
3 X U340 or U340(coated)
2XU340or 3XU340

2XU340or 3XU340

Excitation Filters

not an option
not an option
not an option
SWP720+SWP560+GG420
SWP720+SWP560+GG495
not an option
Vis Mon.+SWP720+3XGG400

IR Monchr.+ SWP1100+
3 X RG715

o
c
a
C

10°
io-1

102

103

10"4

w5

V*

10"7

10-*

Iff8

w1

I ws

1 w7

S «•

H XT8

10"

Stimulation Filter Pack
SWP72O
SWP560
3«GG420

200 400 600 800
Wavelength [nm]

1000

. Stimulation Filter Pack
SWP72O
SWP560
2»GG495

Emission Filter Pack
BG39
3-7-59 coated |

9 /
59 coated I

200 300 400 500 600 700 800 900 1000

Wavelength [nm]
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c
Light Sources

C.I Quartz Tungsten Halogen Light Source

500 700 900 1«0
Wavelength [nml

Power spectrum of quartz tungsten halogen bulb of type Osram HLX
64616. (Data from Osram.)

Quartz tungsten halogen (QTH) light sources are characterized to have
a smooth power spectrum and follows closely the black body curve for an
emitter at 3380 K.
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C.2 Philips TL/05 Flourescent Lamp

At Nordic Luminescence Dating Laboratory, The Department of Geology,
University of Aarhus, Denmark the bleaching source to remove OSL signal
in sedimentary samples is a Philips fluorescent lamp, type TL/05.

From the figure the power spectrum of the TL/05 lamp is seen to be
dominated of light emitted in the wavelength range 320-450 nm. The aver-
age fluence at the position of bleaching was measured with optical power
meter Newport 840C-ST to be ~430^Wcm"2.

The lamp was selected because it produces same residual glow curves for
K-feldspars and quartz equal to those produced by sunlight.

100

90

80

70 •

1

60

50

40

30

20 •

10

i, (l
200 300 500 600400

Wavelength
Spectral emission from Philips TL/05 lamp. The emission consists of a
continuous and discrete spectrum. (Data from Philips Lightning cataloque).

Spectral emission from Philips TL/05 lamp. The emission consists of a
continuous and discrete spectrum. (Data from Philips Lightning cataloque).



D
Estimation of the Annealing
Temperature

The study of luminescent sensitivity change upon annealing treatment of
quartz materials has shown that the OSL and PTTL signals were strongly
dependent on the annealing temperature. In view of this knowledge one
might ask the question whether the annealing temperature of a previously
unheated quartz sample can be estimated using OSL.

The measurements were carried out using the automated Ris0 TL/OSL
reader apparatus. The luminescence in the OSL measurements was stim-
ulated by light delivered from a standard green light system. The lumi-
nescence signal was recorded simultaneously by a detector system. The
luminescence was detected using 9 mm Hoya U340 niters in order to block
the stimulation light during the OSL measurements. The detector used was
a bialkali EMI 9235QA PM tube. Irradiations were made using a 90Sr/90Y
yS-source with a dose rate of 2.0 Gy min'1. For further information see Chap-
ter Experimental Equipment, Samples and Procedures.

The following experiment was performed to answer this question. Syn-
thetic quartz material was used in the experiment. The synthetic quartz
was divided into 6 subsamples, where each subsamples was annealed at
675±2K, 800±2K, 925±2K, 1025±2K, 1200±2K and 1385±2K, respec-
tively, for 30 min in air using the Naber L51/S ceramic oven.

An amount of 10±0.01 mg of each subsample was placed in cups. These
subsample - in cups - were carefully moved into the Naber ceramic oven and
reannealed at 475±2K for 30 min in air and loaded into the Ris0 reader.
In the reader the reannealed subsamples were given following sequence : A
test dose, preheat in order to remove the unstable 110°C TL peak, readout



142 D. Estimation of the Annealing Temperature

of OSL signal followed by a bleaching to reduce the OSL intensity to a
negligible level.

After the sequence in the reader the samples were again placed in the
oven and annealed at 800±2K for 30min. This procedure was repeated
with successive higher reannealing temperatures as follows:

Sample
(annealed at)

> Reannealing
Irradiation
Preheat
OSL
Bleaching (OSL)

# 1
675 K

475, 575

# 2
800 K

725,

#3 #4 #5 #6
925 K 1025 K 1200 K 1385 K

875, 1073, 1225 & 1390 K, respectively

3.3 Gy
120°Cin30s

60s at RT
300 s at RT.

Place

Oven
Reader
Reader
Reader
Reader

(In fact, the bleaching was not necessary because the successive higher re-
annealings at temperatures above 575 K thermally completely depopulates
the OSL sensitive trap centers.)

The OSL intensity as function of reannealing temperature is shown in
Figure D.I. The plotted OSL intensity is the weight normalized light sum
of the recorded OSL.

10:

io

bl.

Bo

675K
800 K
925K

1025K
1200K
1385K

400 600 800 1000 1200 1400

Reannealing Temperature [K]

FIGURE D.I. Annealing of previously unheated quartz sample shows OSL sen-
sitivity changes due to reannealings. By mapping OSL intensity dependence of
successive higher reannealing of the sample the prior annealing temperature can
be estimated.

The plot shows that pre-annealed samples basically 'remember' the prior
OSL sensitivity enhancement for low reannealing temperatures. For rean-
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nealings in the temperature range of a-/3-quartz transition the high tem-
perature pre-annealed samples becomes further sensitivity enhanced. This
behavior of OSL intensity reflects nicely the pre-annealing temperature.
When the reannealing temperature reaches the /3-quartz-tridymite tran-
sition temperature range the OSL yield of the various pre-annealed sam-
ples approaches the usual sensitivity dependence on annealing temperature.
These observations can be used to estimate the pre-annealing temperature
by introducing the normalized parameter

OSL dTr

a-/?-quartz

IOSL dTreann

/3-quartz-tridymite

where Treann is the reannealing temperature and the integration region
'a-/3-quartz' and '/3-quartz-tridymite' represent reannealing temperature
intervals in which the two phase transitions take place.

The method outlined above may also work for quartz samples with a
thermal history. The estimated annealing temperature would then corre-
spond to the highest prior annealing temperature of the sample.

Further tests must be forwarded to validate the method. Parameters such
as annealing time and atmospheric condition during annealing are probably
important test parameters.
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E
TSC

The measurements of thermally stimulated conductivity (TSC) were per-
formed using a sample holder system developed and built at both Oklahoma
State University, OK, USA and Ris0 National Laboratory, Denmark. The
drawing for the different components are presentated below.
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TSTE
The measurements of thermally stimulated transient EMF (TSTE) were

carried out using a system developed and built at Ris0 National Labora-
tory, Denmark. The plate and rod shown in the previous appendix TSC
are also used in this setup. The drawing for the different components are
presentated below.

Heat Plate Part 1

Top view

Material: Stainless steel

Heat Plate Part 2 & 3

Part 2

10
K X

—3 I3.o
C, ,2 .0

n o

Side & top view
4 pieces

Material: Ceramic

Part 3

I* Upper 04 0
Low«r 06.0

7

Side & top view

Material: Aluminum

Niels Agersnap 5-2-96



Probeholder, 1 of 2 Probeholder, 2 of 2

|g° ?2*g

Side view 1
50 -

- 20 •

-51

I/I

16—5K— is —3K 20 —ae— 15 —a

B'-5 |^ l l "II 1 $3.5
P3.S

04.0 thread
50 10.0 30 50 2.5

Top view

2.2 0

Side view 2

Material: Aluminium

on*,

to]
6.0

End view

Top
1.5
3.0

End view

K—s°-—3
1.0

if— 5.0—*
1.0

If-
7i<;
1.5

3.0
" 01.0"

1.0

End view Side view

Material: Teflon

O

Niels Agersnap 20.1.96 Niels Agersnap 20.1.96



Bibliographic Data Sheet Risa-R-1090(EN)
Title and authors

Dosimetry based on Thermally and Optically Stimulated Luminescence

Niels Agersnap Larsen

ISBN

87-550-2485-8 : 87-550-2486-6 (Internet)

Department or group

Nuclear Safety Research and Nuclear Facilities

Groups own reg. numbers)

Pages Tables Illustrations

151 8 59

ISSN

0106-2840

Date

January 99

Project/contract No(s)

References

90

Abstract (max. 2000 characters)

Thermally Stimulated Luminescence (TL) and Optically Stimulated Luminescence
(OSL) properties of quartz and a-Al2O3 have been investigated.
Anneling-induced OSL and TL sensitivity changes in quartz has been investigated by
experiments and modelling. This study does not support a pre-dose effect to account for
the observed annealing-induced sensitivity change. The experimental data indicates a
more simple mechanism that involves alteration of the concentration of the defect cen-
ters. Results from modelling of removal or creation of defect centers comparing well
with experimentally obtained data. Thermal quenching of luminescence for the main
emission center, the F-center, in a-Al2O3:C has been investigated by analysing TL
curves obtained at different heating rates. The thermal quenching dependence of lumi-
nescence is found to follow the classical Mott-Seitz expression. Basic investigations of
OSL properties of a-Al2O3:C, including : the thermal depth of the OSL traps, the tem-
perature dependence of OSL, and the OSL stimulation spectra. Simultaneous measure-
ments of TL and thermally stimulated conductivity (TSC) are presented for y-irradiated
a-Al2O3:C. Activation energy analysis of the data reveals a superposition of several
first-order TL and TSC peaks caused by release of charge carriers from a distribution of
trapping states. Furthermore a description of an experimental method developed to de-
termine the sign of the thermally released charge carriers has been presented.

Descriptors INIS/EDB

Aluminium oxides; Annealing; Crystal defects; F centers; Fredholm equation; Mathe-
matical models; Photoluminescence; Physical radiation effects; Quartz; Radiation doses;
Sensitivity; Stochastic processes; Thermoluminescence; Thermoluminescent dosimetry;
Traps

Available on request from Information Service Department, Rise National Laboratory,
(Afdelingen for lnformationsservice, Forskningscenter Risa), P.O.Box 49, DK-4000 Roskilde, Denmark.
Telephone +45 46 77 40 04, Telefax +45 46 77 40 13



Ris0 National Laboratory carries out research within science and technology,
providing Danish society with new opportunities for technological development. The
research aims at strengthening Danish industry and reducing the adverse impact on
the environment of the industrial, energy and agricultural sectors.

Ris0 advises government bodies on nuclear affairs.

This research is part of a range of Danish and international research programmes and
similar collaborative ventures. The main emphasis is on basic research and
participation in strategic collaborative research ventures and market driven tasks.

Research is carried out within the following programme areas:

• Industrial materials
• New functional materials
• Optics and sensor systems
• Plant production and circulation of matter
• Systems analysis
• Wind energy and atmospheric processes
• Nuclear safety

Universities, research institutes, institutes of technology and businesses are
important research partners to Ris0.

A strong emphasis is placed on the education of young researchers through Ph.D.
and post-doctoral programmes.

ISBN 87-550-2485-8
ISBN 87-550-2486-6 (Internet)
ISSN 0106-2840

Copies of this publication
are available from

Ris0 National Laboratory
Information Service Department
P.O. Box 49
DK-4000 Roskilde
Denmark
Telephone +45 4677 4004
risoe@risoe.dk
Fax+45 4677 4013
Website www.risoe.dk


