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Abstract

This paper presents a quantitative kinetic model for the important dosimetric material Al;O3:C. The model consists of two traps and two
centers, and reproduces the experimental thermoluminescence (TL) vs. dose behavior, as well as the experimental variation of the optical
absorption coefficient K with beta dose. Initial estimates of the kinetic parameters in the model are obtained either from published experimental
data, or by using reasonable physical assumptions. Good agreement between the experimental data and calculations from the model are obtained
for three different types of samples of alumina. This is achieved by keeping the trapping and recombination probabilities constant for all three
samples, while the concentrations of the carriers are varied. The kinetic model provides also a quantitative description of the experimentally
observed nonmonotonic behavior of the TL dose-response curves for all three samples.
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1. Introduction

The study of the thermoluminescence (TL) and optically
stimulated luminescence properties (OSL) of Al;O3:C is of
great practical importance for understanding the behavior of
this important dosimetric material. There have been several
previous attempts to produce theoretical models to describe
various aspects of the response of this material to ionizing radi-
ation (see, for example, Agersnap Larsen, 1999; Milman et al.,
1998; Kortov et al., 1999; Kortov et al. 1999, 2006; McKeever,
2001 and references therein).

Yukihara et al. (2003) carried out a comprehensive experi-
mental study of the effect of deep traps on the TL of Al,03:C
by using both beta irradiation and UV-illumination, as well as
by employing step-annealing techniques. The concentrations of
F- and FT-centers in the samples were monitored by optical
absorption measurements, and competing deep hole traps were
identified which become unstable at 800-875 K, as well as com-
peting electron traps which become unstable at 1100-1200 K.
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These authors studied the TL dose-response and TL sensitivity
and how these are affected by the filling of the deep hole and
electron traps. Their study involved three samples from different
batches labeled D320, Chip101 and B1040. Their data showed
that the maximum height of the 450K TL peak increased as
a function of the beta dose up to ~ 12-29 Gy for all three
samples, and that at higher doses the TL signal decreased in
the case of D320 and Chipl01, while it reached a plateau at
~ 600 Gy for B1040.

In the same series of experiments these authors also mea-
sured the optical absorption spectra after UV illumination, beta
irradiation and step annealing of the samples. The absorption
of the F™-centers was used to study the dynamics of charge
transfer during these three experiments, and the linear absorp-
tion coefficient K related to the F'-centers was studied as a
function of the beta dose. Samples D320 and Chip101 showed
similar behaviors, exhibiting a decrease in the F' concentra-
tion for doses > 10 Gy up to beta doses of 100-200 Gy. Sam-
ple B1040 showed a distinctly different behavior with a peak
shape of the optical absorption coefficient K around 100 Gy, a
decrease between 100 and 1000 Gy, and an apparent increase
for higher doses up to 2000 Gy.
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Yukihara et al. (2003) concluded in their paper (p. 636), that
the observed differences in sensitization, desensitization and
TL dose-response between the three samples were due to (a)
different concentrations of deep electron and deep hole traps
and (b) due to different initial concentrations of the recombi-
nation centers (F™-centers). This hypothesis by Yukihara et al.
(2003) is verified by the simulations presented here.

The goal of this paper is to provide a mathematical descrip-
tion of the TL dose-response data and optical absorption ex-
periments of Yukihara et al. (2003). The model presented here
reproduces the experimental TL intensity vs. dose behavior for
the three different samples termed D320, Chip101 and B1040,
including the correct nonmonotonic behavior at high doses. The
model also reproduces the corresponding experimental behav-
ior of the optical absorption coefficient K as a function of beta
dose. This is achieved by keeping the trapping and recombi-
nation probabilities constant for all three samples within the
model, while the total and initial concentrations of the traps
and centers are variable.

2. Recent theoretical modeling of the TL and OSL
dose-response in alumina

The nonmonotonic dose dependence of TL has been ob-
served in several materials. Chen et al. (2005) and Lawless
etal. (2005) reviewed the experimental evidence in the literature
and gave a theoretical description of this phenomenon as be-
ing the result of competition between transitions into different
trapping states during the excitation stage, the read-out stage,
or both.

Chen et al. (2006) and Pagonis et al. (2006) extended the
work of Lawless et al. (2005) to the case of the nonmonotonic
dose dependence of OSL. These authors gave several exam-
ples of kinetic models, which can reproduce the nonmonotonic
OSL effect. Specifically, these authors used a model consisting
of two trapping states and two kinds of recombination centers
to explain the nonmonotonic dose dependence of the integrated
OSL signal, and examined how the model can be applied to
Al>O3:C. Chen et al. (2006) obtained both analytical and nu-
merical results for the dose dependence of the integrated OSL
and for the occupancies of the relevant traps and centers, and
also for the relationship between these quantities and the con-
stant equilibrium OSL values occurring at high doses in some
samples.

Pagonis et al. (2006) obtained an estimate of the kinetic pa-
rameters for Al,O03:C by using a detailed series of physical ar-
guments. Some of the parameters in the model are based on the
experimental data of Yukihara et al. (2003), while other param-
eters are taken to represent “typical values” as reported in the
literature for a variety of materials. Furthermore, an estimate
was obtained for the conversion factor between the experimen-
tally measured dose rate (in Gy/s), and the excitation rate X in
the model (in electron—hole pairs per cm® per s), by using the
physical properties of alumina. As a result of introducing this
conversion factor, the experimental data can be shown on the
same graph as the calculated curves of TL vs. dose and of K
vs. dose. The doses given in these graphs are actually in Gy

and not in some arbitrary units, as is usually the practice in TL
kinetic models.

In this paper we extend the work of Pagonis et al. (2006)
to describe the experimentally observed nonmonotonic TL
dose-response for the three alumina samples studied by
Yukihara et al. (2003), termed D320, Chip101 and B1040.

3. The model

Yukihara et al. (2003) suggested in their Figure 10 a possi-
ble model to explain their extensive experimental results. Their
suggested model consists of a composite main dosimetric trap,
the deep hole trap, the deep electron trap and the F- and F*-
centers. Irradiation creates electron-hole pairs and the elec-
trons are trapped either at the main dosimetric trap, or they
recombine with the F+-centers to create an F-center. The cor-
responding free holes created during irradiation are captured
by the F-centers resulting in an increase in the concentration
of F*-centers. During heating of the samples, the electrons are
freed from the main dosimetric trap and recombine with the
F*-centers creating an excited F-center, which leads to light
emission with a wavelength of 420 nm.

The present model is a simplification of the model sug-
gested by Yukihara et al. (2003), and consists of a single
dosimetric trap, a competing deep electron trap, the radia-
tive F™-centers and the nonradiative deep hole centers. Fig. 1
shows in schematic form the transitions involved in the model.
It is noted that the present model, the notation used here and
the values of the kinetic parameters are identical to the ones
used by Chen et al. (2006) to describe the nonmonotonic OSL
dose dependence in alumina. The main features of the model
and the relevant equations are repeated here for TL, for the
sake of completeness.

The set of simultaneous differential equations governing the
process during excitation with ionizing radiation
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Here, as usual, M; (cm’3) is the concentration of the radia-
tive hole centers with instantaneous occupancy of m (cm™),
M, (cm™3) is the concentration of nonradiative hole centers
with instantaneous occupancy of m (cm™3), N; (em™3) is
the concentration of the electron dosimetric trapping state
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Fig. 1. The energy level diagram for the TL model in alumina, consisting of two trapping levels and two kinds of recombination centers. Transitions occurring
during excitation are given by solid lines, and transitions taking place during the read-out stage are shown by dashed lines.

with instantaneous occupancy of n (cm~3), and N, (cm™3)
is the concentration of the deep electron trapping state with
instantaneous occupancy of n, (cm™3). n. and ny are the con-
centrations (cm~3) of electrons and holes in the conduction
and valence bands, respectively. X (cm~3s~!) is the rate of
production of electron—hole pairs, which is proportional to
the excitation dose rate, B; and By (cm>s~!) are the trap-
ping coefficients of free holes in centers 1 and 2, respectively.
Am1 and Ap (cm3s~!) are the recombination coefficients
for free electrons with holes in centers 1 and 2 and Ay
(cm3s™1) is the retrapping coefficient of free electrons into
the dosimetric trapping state Ni. Apy (cm3s™!) is the retrap-
ping coefficient of free electrons into the competing trapping
state Nj.

If we denote the time of excitation by fp and by X the rate of
production electron—hole pairs per cm?, then X - 1p represents
the total concentration of electrons and holes produced, which
is proportional to the total dose imparted. The units here are
tp in s and X in electron—hole pairs per cm? per s. In Pagonis
et al. (2006), an estimate was obtained for the conversion factor
between the experimentally measured dose rate (in Gy/s), and
the excitation rate X (in electron-hole pairs per cm> per s)
by using the physical properties of alumina. The value of X
obtained in this previous work is used also throughout this
simulation and is equal to:

X =1.7 x 10" electron-hole pairs per cm? per s
=1Gy/s. (7

As usual in TL kinetic models, a relaxation time of 60s is
simulated following the excitation and prior to the heating stage,
during which practically all the free carriers relax and end up
in the traps and centers. The simulation of the relaxation period
is followed by the heating stage during which a linear heating
function T = Ty + ft is used, where f is the constant heating
rate. In our simulation the linear heating rate f = 1K s~!. The

equations to be solved during the heating stage are
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Here E (eV) is the activation energy for the dosimetric trap, and
s (s~1) is the corresponding frequency factor. The TL intensity
I(T) is associated with the electron—hole recombination in the
luminescence center m, therefore it is given by:

I(T) = Amiminen(T). 13)

Here the temperature-dependent factor n(7') describes the ther-

mal quenching of the TL intensity (see, for example, Bailey,

2001). This thermal quenching efficiency is given by
1

1+ Cy exp(=W,/kT)’

n(T) = (14)
where the thermal quenching constants Wi =1.1eV and C| =
10'!, as obtained from several previous experimental studies
of thermal quenching effects in this material (see, for example,
Akselrod et al., 1998; Agersnap Larsen, 1999; Kitis, 2002 and
references therein).

The first column of Table 1 shows the kinetic parameters
for sample Chip101 obtained by Pagonis et al. (2006) by using
published experimental data and several physical arguments.
The ultimate success of the model will be judged by how well
it can fit the experimental data, so the initial estimates of the
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Table 1
The parameters used in the simulation for the three samples

D320 Chip101 B1040
M; (cm™3) 107 107 107
Bi (cm3s7 1) 1078 108 10-8
A1 (cm?s™1) 4 %1078 4x10°8 4x10°8
M> (cm™?) 2.3 x 1016 2.4 x 100 2.5 x 10"
By (cm?s7h) 4x107° 4 %1077 4x107°
Apa (cm3s™1) 5% 1071 5% 1071 5x 1071
Ni (ecm™3) 2 x 101 2 x 101 1.7 x 107
Anp (cm3s™h) 2x 1078 2% 1078 2x 1078
N> (em™3) 0.4 x 1015 2 x 1013 107
Anp (cm3s™1) 2x 107 2x 107 2x 107
mio (cm™3) 1.75 x 106 9.4 x 101 0
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Fig. 2. Comparison of calculations from the model (solid lines) and the exper-
imental data of Yukihara et al. (2003). (a) The concentrations of luminescence
centers mp as a function of the beta dose, and (b) the TL dose-response
curves as a function of the beta dose, for sample Chip101. The kinetic pa-
rameters used are shown in Table 1. The experimental data for (a) is the
absorption coefficient K (cm*') vs. beta dose shown in Fig. 8a of Yukihara
et al. (2003), while the data for (b) are shown in their Fig. 2a.

parameters were adjusted to give as good a fit as possible to the
data of Yukihara et al. (2003). Two additional sets of adjusted
parameters are given in Table 1, for samples D320 and B1040.
These three sets of parameters produce the theoretical curves
shown in Figs. 2—4.
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Fig. 3. Same as Fig. 2, for sample D320.

Of particular importance in the model are the initial occu-
pancies of the luminescence centers (m1¢) for each of the three
samples studied. The experimental data of Yukihara et al. (2003,
Figure 8a), show that at low beta doses, the optical absorption
coefficient K (cm™!), and correspondingly the concentration
of the recombination centers m1, stay approximately constant.
This observation leads to a mathematical condition that must
be satisfied by the kinetic parameters, so that the initial slope
of the graph of m vs. dose is zero (dm/dD ~ 0). This con-
dition was used in Pagonis et al. (2006) to obtain an estimate
of the initial concentration m g of the carriers in the radiative
center. It is noted that the data of Fig. 8a in Yukihara et al.
(2003) show an important difference between the behavior of
samples D320 and Chip101 on one hand, and that of sample
B1040 on the other. The optical absorption coefficient K for
sample B1040 in Fig. 8a of Yukihara et al. (2003) has a value
of practically zero, indicating that the initial concentration of
recombination centers m1g ~ O for this sample. At the same
time Figure 8a shows that sample D320 has the highest K value
at low doses of K ~ 1.1cm™!, while Chip101 has a value of
K ~ 0.45cm™! at low beta doses. These experimental values
are consistent with the values of m g shown in Table 1 for the
three samples. The initial values of the remaining concentra-
tions in the simulation are taken as nc =ny=nj;=n,=my =0.
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Fig. 4. Same as Fig. 2, for sample B1040.

The values of the parameters in Table 1 show that the different
behaviors of the samples D320, Chipl01 and B1040 can be
explained by differences in the concentrations Ny, N>, M, M>
and m ¢ in the model, while the retrapping and recombination
probability parameters are the same for the three samples.

The Mathematica differential equation solver, as well as the
Matlab odes23 solver were used to solve numerically the rele-
vant sets of equations; the results reached by these two solvers
were in very good agreement.

4. Numerical results

Figs. 2—4 show the results of running the program with the
parameters in Table 1. The solid lines in these figures repre-
sent the calculated dependence of the TL signal and of the oc-
cupancy of luminescence centers (m1) on the excitation dose.
The TL signal is defined here and in the Yukihara data as
the maximum TL intensity. The experimental data of Yukihara
et al. (2003) are also shown in Figs. 2—4. The y-axis of the
experimental data has been multiplied by a scaling factor for
comparison purposes, while no scaling has been applied to the
dose axis. Figs. 2—4 show good agreement between theory and
experiment, with the nonmonotonic effect of the appropriate
magnitude appearing at the correct experimental dose.
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Fig. 5. The electron and hole concentrations at the end of the relaxation after
the irradiation stage, as calculated from the model, as a function of the beta
dose, for (a) sample Chipl01 and (b) sample B1040.

The calculated TL dose-response curves for samples
Chip101 and D320 in Figs. 2b and 3b reach a broad max-
imum at about 30Gy and subsequently decrease at higher
doses, showing nonmonotonic dose dependence. On the other
hand, the corresponding calculated curve in Fig. 4b for sample
B1040 reaches a plateau at ~ 600 Gy. The calculated m vs.
dose curves in Figs. 2a and 3a for samples D320 and Chip101
showed a similar behavior, exhibiting a decrease for doses
> 10 Gy up to beta doses of 100-200 Gy. The corresponding
calculated curve in Fig. 4a for sample B1040 shows a dis-
tinct peak shape around 100 Gy, a decrease between 100 and
1000 Gy, and an increase for higher doses up to 2000 Gy.

Fig. 5a and b shows the detailed behavior of the concentra-
tions of holes and electrons in samples Chipl01 and B1040 at
the end of the relaxation period. The behavior of sample D320
is very similar to that of sample Chip101 and is not shown here.

The calculated curves in Fig. 5a for sample Chipl01 show
that the dosimetric peak saturates at ~ 30 Gy, while the deep
electron trap saturates at a higher dose of ~ 120Gy. The
deep hole trap (m») reaches equilibrium at about ~ 150 Gy.
The physical basis of the nonmonotonic TL effect in alumina
according to the present model is the same as for the corre-
sponding nonmonotonic OSL effect, which has been discussed
in detail in Chen et al. (2006). The relevant OSL simulations
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and the detailed discussion for Chipl01 (and for the similar
sample D320) can be found in Figs. 2 and 3 and on pp. 4-5 of
that paper, and will not be repeated here.

The calculated curves in Fig. 5b for sample B1040 show
that the dosimetric peak saturates at ~ 100 Gy, while the deep
electron trap saturates at a higher dose of ~ 600 Gy. The deep
hole trap (m2) reaches equilibrium at ~ 600 Gy. The critical
factor that causes a different behavior in this sample is the
initial nil concentration of luminescence centers mg ~ 0. The
behavior of the nonmonotonic OSL effect in this type of sample
was also studied in Figs. 4 and 5 and on pp. 4-6 of the paper
by Chen et al. (2006). The physical arguments are identical in
the case of the nonmonotonic effect in TL.

The above explanations of the nonmonotonic TL effect in
alumina are in agreement with the theoretical study by Lawless
et al. (2005), who showed that this commonly observed non-
monotonic behavior of TL dose-response curves can be ex-
plained on the basis of processes involving either competition
during irradiation, or by competition during the heating stage
of TL experiments, or both.

As a further check, the model reproduces the correct qual-
itative dose dependence of the temperature of maximum ex-
perimental TL intensity (7max). As the beta dose increases,
the experimental TL glow curves shift towards lower tempera-
tures. Specifically for sample Chip101, the experimental data of
Yukihara et al. (2003) show that the value of T« stays approx-
imately the same at ~ 190 °C for doses up to ~ 10 Gy, while it
steadily declines for higher doses down to a value of ~ 165°C
for a dose of ~ 300 Gy. The behavior of Tihax vs. dose is very
similar for sample D320, with an initial value of ~ 190 °C for
doses < 10Gy, and a steady decline to a value of 170°C for
large dose of ~ 500 Gy. Once more, sample B1040 exhibits
a very different behavior with Tj,x increasing steadily from a
value of ~ 184 to a value of 200°C in the range 0.6-10 Gy,
and with a steady subsequent decline down to ~ 175°C for a
large dose of ~ 600 Gy. The model reproduces well this ex-
perimental Tiax vs. dose behavior for sample Chip101, within
~ 5K. The agreement for samples D320 and B1040 is not as
good quantitatively, but the simulation displays the same gen-
eral qualitative behavior as the experimental data.

The simplified model used here also produces the correct
first-order shape for the TL glow curves, but does not reproduce
the experimental glow curve widths. For example, in the case
of sample Chipl101, the simulation shows an increase in the
FWHM of the glow curves from 35 to 40 K in the dose interval
0.6-90 Gy, and a subsequent decrease to a value of ~ 30K
for doses in the interval 90-300 Gy; the experimental data of
Yukihara et al. (2003) indicate much wider glow peaks with
FWHM values of ~ 45-52 K between 0.6 and 600 Gy.

This discrepancy between the model used here and the exper-
imental data can be easily understood on the basis of additional
experimental data available in the literature for this material.
Previous experimental studies have shown that the dosimetric
peak at 450K has a composite structure, which has been inter-
preted as either involving two components corresponding to the
release of both electrons and holes from the traps, or as a series
of overlapping first-order TL peaks (Agersnap Larsen, 1999;

Agersnap Larsen et al., 1999; Colyott et al., 1996; Whitley and
McKeever, 2000). Furthermore, the observed widths of the TL
glow curves are affected by the finite thickness (0.9 mm) of the
samples used by Yukihara et al. (2003), especially at high doses.
The irradiated front of the crystals will be receiving higher ef-
fective doses during irradiation, with the dose getting smaller
towards the back of the samples, and this impacts both the TL
glow curves and the shape of the OSL decay curves for alumina
(see, for example, Yukihara et al., 2004a, b).

5. Conclusions

The work presented in this paper extends the recent work
of Chen et al. (2006) and Pagonis et al. (2006) on the non-
monotonic behavior of OSL vs. dose, to the corresponding non-
monotonic TL behavior of alumina. The results show that the
same kinetic parameters can provide a quantitative description
of the experimentally observed nonmonotonic effect for both
OSL and TL in Al,O3:C.

Al>O3:C is an unusual dosimetric material, in the sense that
we know the nature of the recombination centers, and there-
fore optical measurements can be used to study the m vs. dose
and m vs. annealing temperature behaviors, in addition to the
usual TL vs. dose response. The quantitative model presented
in this paper produces good agreement with the available exper-
imental data for TL vs. beta dose and m | vs. beta dose curves,
and for three different types of samples. Within the model the
concentrations M1, M>, N1 and N, are allowed to vary for the
different samples and the rest of the kinetic constants are kept
constant, in agreement with the conclusions of Yukihara et al.
(2003).

Preliminary results show that the same model can also pro-
vide a quantitative description of the TL vs. UV-fluence and
m1 vs. UV-fluence dependencies for this material.

It must be noted that a different theoretical approach has
been presented recently by Kortov et al. (2006) for anion-defect
a-Al,O3 single crystals. These authors investigated the mech-
anism of formation of nonlinearity in the dose dependence of
the TL output. Their experimental work showed that the non-
linearity of the dose dependence of the TL output depends on
the heating rate used during measurement of TL. This effect
was explained within a comprehensive framework of the inter-
action between the dosimetric and deep traps.

A more comprehensive model for this material must include:
(a) the known shallow TL traps, (b) thermal dissociation of deep
hole traps and deep electron traps at appropriate temperatures,
and (c) localized transitions between F and F-centers and (d)
the effect of finite thickness of the sample.
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