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a b s t r a c t

This paper presents time-resolved optically stimulated luminescence (TR-OSL) experiments in the

important dosimetric material Al2O3:C. During these experiments short pulses (0.5 s) of light from blue

LEDs (470 nm) are followed by relaxation periods (2.5 s) of the charge carriers at different stimulation

temperatures. During the pulse excitation period the integrated TR-OSL signal increases with the

stimulation temperature between 50 and 150 1C, while between 160 and 240 1C the signal intensity

decreases. This behavior is interpreted to arise from competing effects of thermal assistance (activation

energy, Eth¼0.06770.002 eV) and thermal quenching (activation energy W¼(1.032þ0.005) eV).

Changes in the shape of the TR-OSL curves were analyzed at different stimulation temperatures using

analytical expressions available in the literature. The TR-OSL signals contain a slower temperature-

dependent phosphorescence signal, the ‘‘delayed-OSL’’ described previously for this material. The

temperature dependent luminescence lifetimes obtained from analysis of the optical stimulation period

are identical to those obtained from the corresponding relaxation period. However, the values of these

luminescence lifetimes are systematically higher than previously reported values from time-resolved

photoluminescence (TR-PL) studies carried out in this important dosimetric material. These results are

discussed within the context of a recently published kinetic model.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Luminescence lifetimes of insulators and semiconductors can
be measured using time-resolved optically stimulated lumines-
cence (TR-OSL) measurements, by experimentally separating the
stimulation and emission of luminescence. This technique allows
direct measurements of luminescence lifetimes and thus provides
a means to investigate the luminescence pathways, and to
estimate the delay between stimulation and emission of lumines-
cence. Furthermore, this type of experiment can yield valuable
information concerning the underlying luminescence mechan-
isms. For reviews of experimental and modeling studies involving
time-resolved luminescence in a variety of natural and synthetic
material, the reader is referred to the luminescence books by
Bøtter-Jensen et al. [1], Yukihara and McKeever [2], and Chen and
Pagonis [3].

TR-OSL measurements have been carried out rather exten-
sively in quartz samples, due to the importance of this material in

dating and retrospective dosimetry ([4–7] and references
therein). Additionally, this technique has been applied in the
study of feldspars ([8–13] and references therein), and as a
dosimetry tool for Al2O3:C [2]. The dosimetric material Al2O3:C
has been the subject of numerous experimental and modeling
studies, due to its importance in radiation dosimetry ([14–26]). In
most dosimetric applications with Al2O3:C, green light stimula-
tion is used for OSL measurements, since green light provides
efficient separation between the stimulation wavelength and the
main luminescence band at �420 nm [2].

Several studies have also used pulsing with blue light
(�470 nm) using LEDs. Bulur et al. [27] reported that blue light
causes phototransfer effects in a-Al2O3:C, while several additional
studies showed that stimulation with short wavelengths can
transfer charge carriers from deep traps into the main dosimetric
traps [28–30]. Polymeris et al. [30] studied alumina using blue
LEDs at 470 nm, and reported a thermally assisted OSL signal (TA-
OSL) measured at elevated temperatures of 190 1C. Umisedo et al.
[31] investigated the possibility of using blue light for optical
stimulation in Al2O3:C, and examined whether this alternative
wavelength of optical stimulation introduces problems not usually
observed with green stimulation. Specifically these authors studied
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the residual OSL signal observed after the main OSL signal has been
readout. OSL signals were measured from Al2O3:C using blue and
green light stimulation, while optical bleaching of the OSL signals
was carried out using yellow, green and blue light.

Pagonis et al. [32] performed TR-OSL measurements in irradiated
Al2O3:C powder samples using blue LEDs (�470 nm, peak power
�16 mW/cm2) and detection in the range 270–380 nm at room
temperature. The two exponential fittings of the signal obtained
during the relaxation period (when the optical stimulation has been
turned off), gave the lifetime for the ‘fast’ component of 33.070.2 ms,
and for the ‘slow’ component in range 320 and 928 ms. These values
compared well with the results obtained by Markey et al. [33] and
Akselrod and McKeever [34]. This slower component in the TR-OSL
relaxation signal is assumed to be due to trapping and delayed release
of charges in two shallow traps (STs) during optical stimulation, and
has previously been termed a delayed-OSL (DOSL) emission (see, e.g.
Bøtter-Jensen et al. [1], p. 59 and references therein). Yukihara and
McKeever ([35,36]) investigated the possibility of using the relative
intensity of OSL emissions from F and Fþ centers as an indication of
the ionization density created by the radiation, which is of interest for
space, neutron, and proton dosimetry. Denis et al. ([37,38]) used
continuous-wave OSL (CW-OSL) and TR-OSL measurements under
pulsed laser stimulation, to investigate the components of the OSL
signal from the new material Al2O3:C,Mg. These authors also carried
out numerical simulations using a simplified kinetic model of
Al2O3:C,Mg and described the relaxation signal using a single
exponential decay plus a constant background, and obtained an F-
center luminescence lifetime of �35 ms in agreement with the TR-PL
measurements of Akselrod et al. [14]. Their constant background
signal was attributed to phototransferred phosphorescence, caused by
the presence of shallow traps above room temperature. In other
notable recent work, Mishra et al. [39] and Soni et al. [40] studied
deep energy levels in a-Al2O3:C powder using a method termed
thermally assisted optically stimulated luminescence (TA-OSL). The
method involves simultaneous stimulation with continuous wave
optically stimulated luminescence (CW-OSL) and linear heating of the
sample up to 400 1C. These authors also presented analytical expres-
sions for the temperature dependence of optical cross-section and
thermal activation energy associated with these deep traps.

The goals of this paper are as follows:

(a) To present new experimental results for TR-OSL experiments
on Al2O3:C for stimulation temperatures between 20 and
240 1C, in which the optical stimulations are carried out using
blue LEDs (470 nm).

(b) To report a new thermally assisted OSL (TA-OSL) effect, which
affects the intensity of the TR-OSL signal during the optical
excitation period of the measurement.

(c) To obtain the luminescence lifetime by using analytical expres-
sions to analyze the shape of the TR-OSL signal during both the
excitation and relaxation periods of the experiment. Previous
published estimates of the luminescence lifetimes were obtained
only by analyzing the relaxations period of TR-PL experiments.

(d) To compare the thermal quenching parameters and lumines-
cence behavior observed using blue LEDs with those obtained
in TR-PL experiments [14].

(e) To discuss the experimental results of the TR-OSL experi-
ments in this paper within the framework of a recently
proposed energy scheme (Pagonis et al. [41]).

2. Experimental

In the experimental work presented here, a single Al2O3:C disk
supplied by Landauer Inc. is used, 5 mm in diameter by 0.9 mm

thickness. Sample measurements were carried out on a Risø TL/
OSL-20 reader using the same disk for all measurements (for
details of the pulsed measurements see for example Ankjærgaard
and Jain [42]). Blue light stimulation was performed with an LED
array emitting at (470730) nm, and delivering �50 mW cm�2

CW-stimulation at the sample position; a 7.5 mm thick Hoya
U340 filter was used to discriminate between the OSL emission
and the stimulating light. Irradiations were carried out using the
40 mCi 90Sr/90Y b-source built into the Risø reader. The duration
of the on-pulse width was set to 0.5 s and the off-time duration to
2.5 s in the results presented here.

3. Experimental results

3.1. TL measurements

The TL signal from the Al2O3:C disk was measured and
consisted of a typical glow curve for this material, with the main
dosimetric peak at �210 1C and a smaller TL peak at �70 1C
corresponding to shallow traps, as shown in Fig. 1a. The disk was
given a beta dose of 2 Gy, and subsequently heated at a linear
heating rate of 1 1C/s and with data recorded every 1 s.

The shallow traps at �70 1C are known to influence both the
luminescence intensity and apparent luminescence lifetime in
this material for stimulation temperatures between room tem-
perature and �100 1C ([14,41]).

3.2. Varying the stimulation temperature after a preheat at 240 1C

The variation of the TR-OSL signal with the stimulation
temperature was studied as follows. The Al2O3:C disk was given
a beta dose of 1 Gy and was subsequently preheated at 240 1C for
1 s, in order to nearly (but not completely) empty the dosimetric
trap. This preheat treatment is administered in order to avoid any
complications due to the presence of the shallow traps, known to
exist in this material. In order to test whether the preheat
treatment significantly alters the results of the experiments, we
repeated all measurements with the same disk but without a
preheat treatment, and found no significant changes occurring in
the results of the experiments. The sample is next stimulated
optically using blue LEDs at a variable stimulation temperatures
between 20 1C and 240 1C, in steps of 10 1C. A single TR-OSL pulse
was recorded for the 0.5 s duration of the optical stimulation
period, and the TR-OSL signal was recorded for an additional
relaxation time period of 2.5 s after the end of the single pulse.
These two time periods will be referred to in the rest of this paper
as the ‘‘optical stimulation period’’ and the ‘‘relaxation period’’,
correspondingly.

Subsequently the sample was optically bleached for 200 s with
blue light at 200 1C, in order to deplete the dosimetric trap. This
experimental cycle was repeated using the same disk and for a
new stimulation temperature between 20 1C and 240 1C, increas-
ing in steps of 10 1C. Recycling measurements were performed for
stimulation temperatures of 20, 100, 200 and 240 1C in order to
test for sensitivity changes occurring during the experimental
protocol. Very small changes in the sensitivity of the sample were
observed in all experiments reported in this paper, of the order of
�5% or less.

Fig. 1b shows a typical TR-OSL signal measured at room
temperature, with the inset showing the same data on a semilog
scale. During the optical stimulation interval 0–0.5 s the TR-OSL
signal initially increases, followed by a gradual decrease. This
non-monotonic pulse shape has been reported previously by
Akselrod and McKeever [34], who used the pulsed optically
stimulated luminescence (POSL) technique with a Nd:YAG laser
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operated at a laser pulse frequency of 4000 Hz. In this technique,
data acquisition occurs only for a predefined period between each
pulse, by synchronizing the stream of laser pulses with a PMT
gate. These authors explained the non-monotonic shape of the
pulses as follows. The intensity of the signal initially increases
until equilibrium is established between the rate of excitation of
luminescence centers and the rate of decay of these centers due to
the high power of the laser. After equilibrium is established, the
signal decreases due to the emptying of the dosimetric trap.
Several examples of these non-monotonic pulses are shown in
their Fig. 5 of Ref. [34], and an additional example is given in Ref.
[1], p. 328, Fig. 7.9. This type of non-monotonic pulse shape has
also been reported previously for a variety of luminescence
materials like quartz, and NaCl [32].

Fig. 2a shows the TR-OSL signal measured at 5 different
stimulation temperatures (Tstim) in the range Tstim¼40–120 1C,
while Fig. 2b demonstrates typical results in the higher tempera-
ture range Tstim¼160–240 1C. These data demonstrate the exis-
tence of two very different behaviors of the TR-OSL signal at these
two stimulation temperature ranges. For low stimulation tem-
peratures Tstimo120 1C shown in Fig. 2a, the intensity of the TR-
OSL signal during the optical excitation period increases continu-
ously as Tstim increases, in the direction of the arrow in the figure.

However, Fig. 2b shows that for Tstim4150 1C, the TR-OSL
intensity during the optical excitation period decreases continu-
ously as Tstim increases, in the direction of the arrow in the figure.
Furthermore, Fig. 2a shows that the intensity of the TR-OSL signal
during the relaxation period stays almost constant at all stimula-
tion temperatures Tstim, while in Fig. 2b this signal intensity
increases as Tstim increases, again in the direction of the arrow.

These changes with the stimulation temperature are shown
more clearly in Fig. 3a which shows the integrated TR-OSL signal
during the optical stimulation (curve 1, open circles) and during
the relaxation periods (curve 2, solid circles), as a function of the
stimulation temperature. The data in both curves 1 and 2 have
been divided by the corresponding lengths of the optical stimula-
tion and relaxation periods (0.5 s and 2.5 s correspondingly), in
order to account for the fact that these two periods are unequal.
The data in curve 1 of Fig. 3a indicates the presence of a thermally
assisted OSL (TA-OSL) process, which causes the integrated TR-
OSL signal to increase between 50 and 150 1C. This TA-OSL effect
has not been previously reported for TR-OSL experiments in
alumina, but has been well documented in the case of quartz
samples (Ref. [1], page 179, their Fig. 5.48; see also the extensive
list of references and activation energy values in Ref. [7]). The
slight decrease of the luminescence intensity seen in curve 1 for
stimulation temperatures below 50 1C has been shown previously
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Fig. 1. (a) The TL glow curve of the Al2O3:C disk contains the main dosimetric

peak at �210 1C and a smaller TL peak at �70 1C corresponding to shallow traps.

The disk was given a dose of 2 Gy, and was heated at a linear heating rate of 1 1C/s.

(b) Typical TR-OSL signal measured at room temperature, with the inset showing

the same data on a semilog scale. During the optical stimulation interval (t¼0–

0.5 s) the TR-OSL signal initially increases, followed by a gradual decrease. During

the relaxation period (t¼0.5–3 s), the shape decays rather quickly within 0.2 s,

and the inset shows the presence of a second slower component with a much

longer lifetime.

Fig. 2. (a) Typical TR-OSL signals measured at different stimulation temperatures

in the range Tstim¼40–120 1C. During optical stimulation the area under TR-OSL

signal increases continuously, as Tstim increases in the direction of the arrow. The

corresponding integrated TR-OSL signal during the relaxation period stays about

the same at all stimulation temperatures Tstim, (b) TR-OSL signals measured at

different stimulation temperatures in the higher temperature range Tstim¼160–

240 1C. In this temperature range, the area during the optical stimulation period

decreases continuously as Tstim increases in the direction of the arrow. The

corresponding integrated TR-OSL signal during the relaxation period increases as

Tstim increases.
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by experiment and modeling to be caused by the influence of the
shallow traps corresponding to the TL peak at �70 1C shown in
Fig. 1a ([14,41]).

At higher stimulation temperatures the integrated TR-OSL
signal in curve 1 decreases, due to the dominance of thermal
quenching effects. Fig. 3b shows an Arrhenius analysis for the
integrated TR-OSL signal during the optical stimulation period.
From the straight line fit of the data between stimulation
temperatures of 50 1C and 150 1C in Fig. 3b, an estimate of the
activation energy for the TA-OSL process is obtained
Eth¼0.06770.002 eV. This represents the activation energy for
the TA-OSL process in alumina during the short blue light pulses
used in this experiment. It is noted that the type of TA-OSL
phenomenon reported in Fig. 3a may or may not be related to a
TA-OSL effect reported by Mishra et al. [39] and Soni et al. [40].
These authors used a very different technique than the TR-OSL
measurements in this paper, by combining continuous-wave OSL
stimulation (CW-OSL) of the sample, simultaneously with linear
heating with a constant heating rate up to 400 1C. Well-defined
TA-OSL peaks were correlated to two different types of deeper
defects, and the activation energies of the TA-OSL signals were
found to be 0.268 eV and 0.485 eV. Further experimental and

modeling work is necessary to ascertain whether their type of
experiment measures the same TA-OSL phenomenon as the TR-
OSL experiments reported in this paper.

The signal shown as curve 2 in Fig. 3a is a thermally activated
component which is also present during the corresponding
optical stimulation period. As discussed in the introduction, this
part of the signal represents a phosphorescence component
previously reported as a ‘‘delayed OSL’’ phenomenon in this
material [1,2]. The net integrated TR-OSL intensity is therefore
obtained by subtracting curves 1 and 2 in Fig. 3a, and is shown in
Fig. 4 as a function of the stimulation temperature (open trian-
gles). This net TR-OSL intensity initially increases at low stimula-
tion temperatures, before it decreases according to thermal
quenching at higher temperatures. The data in Fig. 4 can be fitted
to the following empirical equation, which can be used to
evaluate the three parameters C’, W and Eth [41]:

I Tð Þ ¼
Ioexp �Eth=kBT

� �

1þC
0

exp �W=kBT
� � ð1Þ

where the constant C0 is a dimensionless quantity, W represents
the activation energy of the thermal quenching process, kB is the
Boltzmann constant, T is the temperature of the sample, Io is the
luminescence intensity at low temperatures. The parameter Eth

represents the activation energy of the thermally assisted lumi-
nescence process in the material.

The results of a least squares fit to the experimental data are
shown as a solid line in Fig. 4. The values of the least squares
fitting parameters obtained from the solid line in Fig. 4 are
W¼(1.03270.005) eV, C0 ¼(2.971.7)�1011 and Eth¼(0.0727
0.008) eV. This value of thermal activation energy Eth is in close
agreement with the value obtained from the Arrhenius plot in
Fig. 3b, namely Eth¼0.06770.002 eV. It is noted that this type of
analysis has also been carried out previously for quartz and
feldspar samples (see for example Ref. [1], pages 179 and 193,
Fig. 5.48). The thermal quenching parameters obtained using this
method are also similar to the average published values of
W¼(1.0870.03) eV and C0 ¼(3.672.9)�1012 measured in the
TR-PL experiments of Akselrod et al. [14]. The disagreement
between Eq. (1) and the experimental data at low temperatures
in Fig. 4 is due to the well-known effects of shallow traps in this
material ([14,41]).

It is noted that the activation energy of thermal assistance
Eth¼(0.07270.008) eV has a meaning and affects the results of
the experiment only at low temperatures. As shown in Fig. 3a
(curve 1) and in Fig. 3b, the integrated luminescence intensity
increases for a low temperature range between 50 1C and 150 1C.
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For temperatures above 150 1C, this thermally assisted effect and
the associated energy lose their meaning, since they are over-
taken by the much larger effects of thermal quenching and by the
activation energy of the main TL dosimetric trap. This is shown in
Fig. 3a, where the integrated intensity starts to decrease after
150 1C.

3.3. The luminescence lifetimes

By mathematically analyzing the shapes of the TR-OSL pulses
measured at different stimulation temperatures, it is possible to
estimate the luminescence lifetimes associated with the optical
excitation period and the relaxation periods. Yukihara and McKe-
ever [2] derived analytical expressions for the TR-OSL intensity by
writing the rate equations for the time dependent concentration
of excited luminescence centers m*(t), and for the concentration
n(t) of trapped electrons in the dosimetric trap during the optical
stimulation period. Their expression for the luminescence inten-
sity ION(t) during the optical stimulation period is (Ref. [2], Eq.
2.41, p. 52):

ION tð Þpmn

0e�t=tþ
n0p

�pþ1=t
e�pt�e�t=t
� �

ð2Þ

where mn

0, n0 represent the initial concentrations at the beginning
of each stimulation pulse (time t¼0), t is the luminescence
lifetime and p is the probability of photoionization of the trapping
centers. These authors also wrote an analytical expression for the
luminescence intensity IOFF(t) as a function of time after the
optical stimulation has been turned off, as follows ([2], p. 52,
Eq. 2.43):

IOFF ðtÞpmnðDtÞe�t=t ð3Þ

where m*(Dt) represents the concentration of excited centers at
the end of the stimulation period of duration Dt. In principle one
assumes that the luminescence lifetimes in Eqs. (2) and (3) will be
the same. Therefore, the experimental data in Fig. 2 are fitted
empirically using the same values of the luminescence lifetimes t
during both the optical excitation period (t¼0–0.5 s), and during
the relaxation period (0.5–3 s). Also the inset data in Fig. 1b
shows clearly that the TR-OSL intensity contains a slow lumines-
cence component with a much longer luminescence lifetime; this
slower thermal component will be present during both the optical
excitation and the relaxation periods. Therefore the TR-OSL pulses
in Fig. 2a and b are fitted to the following two expressions:

ION tð Þ ¼ Ae�t=tþ
Bp

�pþ1=t e�pt�e�t=t
� �

þDe�t=tSLOW , toto ð4Þ

IOFF ðtÞ ¼ Ce�t=tþDe�t=tSLOW t4to, ð5Þ

where to is the duration of the optical stimulation (to¼0.5 s per
scan in these experiments), A, B, C, D are fitting constants, tSLOW is
the luminescence lifetime of the slow component during the
relaxation period, and t represents the luminescence lifetime. The
common exponential term De�t=tSLOW in Eqs. (4) and (5) represents
the optically stimulated phosphorescence signal previously
reported as a ‘‘delayed OSL’’ phenomenon in this material [1,2,14].

Fig. 5a and b shows typical results from analysis of the TR-OSL
signals using Eqs. (4) and (5), at two relatively low stimulation
temperatures of 20 and 100 1C. The residuals of the fitting
procedure are shown below the fitted graphs, and are seen to
be better than �1–2% of the corresponding TR-OSL intensity, and
for all points along the TR-OSL pulse. Typical R2 values for these
fits are R2

¼0.9998, indicating very good fits to the data. Fig. 6a
and b shows typical results from analysis of the TR-OSL signals
using Eqs. (4) and (5), at two relatively high stimulation

temperatures of 170 and 220 1C. The residuals for these higher
stimulation temperatures are also smaller than 1–2 %.

Fig. 7 shows the luminescence lifetimes t obtained from
analyzing the data in Fig. 2, as a function of the stimulation
temperature. The t values decrease from a value of �37 ms at
room temperature to a value of �2 ms at 210 1C. The higher
values of t shown at low stimulation temperatures Tstimo60 1C in
Fig. 7 are due to the well-known influence of the shallow traps in
this material ([14, 2,3, 41]). For stimulation temperatures above
210 1C scattering in the experimental data does not allow correct
determination of lifetimes smaller than �2 ms.

The luminescence lifetime t will have contributions from
radiative processes, from non-radiative transitions, and from
phonon-assisted processes present in the material (Akselrod
et al. [14], Pagonis et al. [41]). The temperature-dependent life-
time t(T) depends on the stimulation temperature T according to
(Akselrod et al. [14], their Eq. 2):

t Tð Þ ¼
trad

1þC
0

exp �W=kBT
� � , ð6Þ
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where trad is the lifetime for the radiative recombination process
at room temperature, and C0 and Wrepresent the same thermal
quenching parameters as in Eq. (1). The phonon contribution to t
is ignored in this equation. As the temperature T of the sample is
increased during the measurement, we expect the lifetime t(T) of
the charge carriers in the sample to decrease according to Eq. (6).

The data in Fig. 7 can be fitted to the empirical Eq. (6), in order
to evaluate the thermal quenching parametersC0, W. The results of
a least squares fit to the experimental data are shown as a solid
line in Fig. 7. Once more, the disagreement between Eq. (6) and
the experimental data at low temperatures in Fig. 7 is attributed
to the well-known effects of shallow traps in this material [14].
The values of the least squares fitting parameters obtained from
the solid best fit line in Fig. 7, are W¼1.075 eV, C0 ¼1.3�1012.
These values of C0, W are in reasonable agreement with the values
obtained using Eq. (1), and with the broad average values
of W¼(1.0870.03) eV and C’¼(3.672.9)�1012 reported by
Akselrod et al. [14].

It is estimated that the accuracy of obtaining the values of t
using Eqs. (4) and (5) is 71 ms or better. These results are also
similar to previous experimental and modeling work for quartz,
which showed that the same values of the luminescence lifetimes
are obtained from either one of the two periods in the TR-OSL
signal ([32] and references therein). The new experimental data
shown in Fig. 7 are then consistent with the assumption that the
apparent luminescence lifetimes in a TR-OSL experiment are
affected only by the stimulation temperature and by thermal
quenching, as indicated for example by the empirical Eq. (6). The
luminescence lifetimes t in Fig. 7 seem to be systematically
higher than the average values reported from TR-PL experiments
using UV pulses [2], which are shown as open circles in Fig. 7.
Further experimental and modeling work is necessary in order to
verify or refute whether these differences in luminescence life-
times observed during TR-OSL and TR-PL experiments are due to
sample variations, or due to some other effect present in these TR-
OSL experiments.

The other important experimental parameter that can be
extracted from analyzing the shape of the pulses using Eqs.
(4) and (5), is the probability p of photoionization of the trapping
centers. This probability p was found to be constant at all
stimulation temperatures within experimental error, with an
average value of p¼(0.2070.05) s�1.

3.4. Discussion of luminescence mechanism during TR-OSL and TR-

PL experiments

In this section, the experimental results are discussed within
the framework of a kinetic model which has been proposed for
this material. The purpose of this discussion is to point out some
major differences between the physical processes taking place
during TR-OSL and TR-PL experiments. The relevant model is
shown schematically in Fig. 8a for TR-PL experiments, and as a
modified version in Fig. 8b for TR-OSL experiments.

Nikiforov et al. [45] developed the original kinetic model
which provides a description of the effect of thermal quenching
on several luminescence phenomena in Al2O3:C. Pagonis et al.
[41] used a modified version of this model to simulate time-
resolved photoluminescence (TR-PL) experiments in a-Al2O3:C.
The effect of shallow traps on the luminescence lifetimes was also
studied and compared with available experimental data. The
modified energy diagram arrived at by Pagonis et al. [41] and
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reported as ‘‘delayed OSL’’ in this material.
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the relevant transitions are shown in Fig. 8a. The key element
of this model is the very high probability of photoionization of
F-centers during TR-PL experiments. The electron structure of F-
centers in aluminum oxide is considered to be similar to the
structure of a helium quasi-atom (Evans [44]). The ground state of
the recombination center in Fig. 8a is characterized by the 1S level,
while the excited states are considered to be a singlet (1P) and a
triplet (3P) state. Excitation of an F-center corresponds to the 1 S-
1 P transition. Excitation by UV light at �205 nm leads to optical
ionization of F-centers and the subsequent capture of electrons
through the conduction band (CB) into electron traps. Other symbols
shown in Fig. 8a and b are: N denotes the main dosimetric trap, M1

and M2 stand for deep electron traps. Upon optical excitation in the
absorption band, the center is excited to the 1P state via the
transition indicated by f in Fig. 8a, and luminescence of an F-
center (centered at �420 nm) corresponds to the transition w3.
Thermal ionization of the excited 3P state corresponds to the
transition indicated as PF, given by the Boltzmann factor
PF ¼ Cexp �W=kT

� �
, where W is the activation energy of the thermal

quenching process and C is a dimensionless constant. Thermal
ionization leads to a decrease in the fraction of radiative transitions
(w3) taking place at the center, and is believed to be the direct cause
of thermal quenching of luminescence in this material. The optical
transition denoted by w1 results in the formation of an Fþ-center
and free electrons which result from the ionization of F-centers, can
be captured in dosimetric or deep traps. The probability of thermal
emptying for the dosimetric traps is indicated as transition

PN in Fig. 8a and b, and is described mathematically by the
expressionPN ¼ sexp �E=kT

� �
, here E is the trap depth of the main

dosimetric trap and s is the corresponding frequency factor. For a
detailed simulation of the effect of thermal quenching on the TL
glow curves of dosimetric materials the reader is referred to the
work by Subedi et al. [43].

Photons of UV light (�205 nm) used during TR-PL experi-
ments have enough energy to photoionize the F-centers in the
material. On the contrary, one does not expect blue light photons
with a wavelength of 470 nm used in TR-OSL experiments to have
enough energy to cause photoionization. One might therefore
expect that during TR-OSL experiments, the dominant process
would be blue light photons exciting electrons directly out of the
main dosimetric trap, while the probability of photoionization of
F-centers will be negligible. Transition f is then missing from
Fig. 8b. The additional transition Pl occurring during excitation
with blue light is shown as a dashed line in Fig. 8b, and can be
described mathematically by the expression Pl ¼ lexp �Eth=kT

� �
,

where l is the probability of optical excitation and Eth represents
the thermal activation energy of the TA-OSL process discussed
previously.

According to this proposed scheme shown in Fig. 8b, during the
TR-OSL experiment electrons are raised from the dosimetric trap
into the conduction band, they get trapped subsequently into the
various traps and centers, and eventually participate in the
complex luminescence process known to take place within the
F-centers. TA-OSL effects described by the transition Pl are present
during the optical stimulation and become important between
temperatures between 50 and 150 1C, but are absent during the
relaxation periods. Further experimental work using light of
different wavelengths as well as different experimental conditions
like irradiation dose, preheat, and different samples would be very
useful in further elucidating the luminescence mechanism.

4. Conclusions

This paper presented new TR-OSL experiments for Al2O3:C
using blue LEDs (470 nm). The luminescence lifetimes were
estimated as a function of stimulation temperature by using
analytical expressions to analyze the non-monotonic shape of
the TR-OSL signal during both the excitation and relaxation
periods of the experiment. Previous estimates of the lumines-
cence lifetimes were obtained only by analyzing the relaxations
period of TR-PL experiments. The results show that both periods
of the TR-OSL experiment can be described by the same lumines-
cence lifetime. The values of the thermal quenching parameters
C0, W obtained using blue LEDs are consistent with those obtained
in TR-PL experiments (Akselrod et al. [14]).

The integrated intensity of the TR-OSL signal was also ana-
lyzed using analytical expressions, and a new TA-OSL effect is
reported for excitation with blue LEDs for stimulation tempera-
tures between 50 and 150 1C, with a thermal activation energy
Eth¼(0.06770.002) eV. The thermal quenching parameters C0, W

obtained from analyzing the intensity as a function of stimulation
temperature are consistent with those obtained from the tem-
perature dependence of the luminescence lifetimes.
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