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Abstract

Pulse annealing techniques are commonly used in OSL studies of quartz to obtain information on the kinetic parameters of OSL traps and
hole reservoirs. In this paper, simulations of pulse annealing experiments are carried out using the comprehensive model for quartz developed
by Bailey [2001. Towards a general kinetic model for optically and thermally stimulated luminescence of quartz. Radiat. Meas. 33, 17–45] for
both natural and laboratory irradiated aliquots. The results of the simulations are in qualitative agreement with, and reproduce, several unusual
features of the experimental data of Wintle and Murray [1998. Towards the development of a preheat procedure for OSL dating of quartz.
Radiat. Meas. 29, 81–94]. The simulations are also carried out using different heating rates, and show that pulse annealing experiments can
be used to recover appropriate kinetic parameters for both the OSL traps and the hole reservoirs known to exist in quartz. The results of the
simulations show the importance of these hole reservoirs in determining how the OSL signal depends upon the preheat temperature.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A pre-measurement thermal treatment during optically-
stimulated luminescence (OSL) experiments is useful for
isolating thermally stable signals; application of a short ther-
mal treatment (such as 10 s at 260 ◦C) is commonly employed
during dating studies of quartz (e.g. Murray and Wintle,
2000). As a quantitative analytical tool, shorter times and a
range of temperatures, have been used to obtain information
on the kinetic parameters of OSL traps and hole reservoirs
of quartz (Li and Chen, 2001); such a procedure is referred
to as pulse annealing (Bailiff and Poolton, 1991). As a di-
agnostic tool, pulse annealing is valuable in determining the
correct thermal treatments to be applied in dating proto-
cols (Bulur et al., 2000). In particular, it can help identify
the extent of sensitivity changes taking place during pre-
heating of the samples, to track possible thermal transfer
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phenomena (Li et al., 2006) and to choose the optimal preheat
temperatures for dating protocols.

OSL signals are usually measured after aliquots of quartz
have been given a preheat treatment in the laboratory in order to
isolate a particular OSL component, e.g. by holding the aliquot
for 5 min at temperatures up to 240 ◦C (Rhodes, 1988). During
application of the single-aliquot regenerative-dose (SAR) pro-
tocol (Murray and Wintle, 2000), it is necessary to correct the
measured OSL signal for the sensitivity changes which take
place during preheating of the sample. Several experimental
studies have established that these sensitivity changes depend
on the radiation history of the sample, on whether the irra-
diation was carried out in nature or in the laboratory, and on
whether the OSL signal was zeroed by optical bleaching before
the sample was irradiated in the laboratory (Wintle and Murray,
2006). It is thus important to monitor and correct for sensitivity
changes during OSL measurements made during dating appli-
cations. This may be carried out using the thermoluminescence
(TL) response of the 110 ◦C TL peak of quartz to a small beta
test dose (Murray and Roberts, 1998; Stoneham and Stokes,
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1991; Chen et al., 2000; Chen and Li, 2000). However, there
have been few systematic studies of these sensitization phe-
nomena within the theoretical framework of existing kinetic
models for quartz (Chen and Leung, 1998). The ability to make
such a correction depends upon the assumption that electrons
from the main OSL trap and from the trap responsible for the
110 ◦C TL peak use the same luminescence centers; this was
suggested by Franklin et al. (1995) who compared the TL spec-
tra of Scholefield et al. (1994) and the OSL spectrum obtained
by Huntley et al. (1991). Polymeris et al. (2006) studied exten-
sively the effects of annealing and irradiation treatments on the
sensitivity and superlinearity properties of the 110 ◦C TL peak
of 4 quartz samples.

The first part of this paper presents a simulation of the
experimental data obtained by Wintle and Murray (1998) using
particular thermal pretreatments; this simulation uses the com-
prehensive model developed by Bailey (2001). The complete
experimental protocol of Wintle and Murray (1998) is simu-
lated for both the natural and laboratory irradiated aliquots and
includes the measurement of the sensitivity of the aliquots us-
ing the 110 ◦C TL peak. In the second part of the paper, an
OSL pulse annealing procedure which uses different heating
rates is simulated, for both a natural quartz aliquot and for an
aliquot which is optically bleached and then irradiated in the
laboratory.

2. Previous experimental and theoretical work on
preheating

Wintle and Murray (1998) studied sensitivity changes that
occurred during laboratory heating of a 30,000 yr old sedi-
mentary quartz from Australia. They used two aliquots, one of
which was in its natural state and the other which had been
optically bleached and had subsequently received in the labora-
tory a dose of 56 Gy. The experiments consisted of preheating
(holding at a temperature for 10 s) a single aliquot to progres-
sively higher temperatures from 160 to 500 ◦C in increments
of 10 ◦C and then measuring the OSL at 125 ◦C during a short
0.1 s stimulation. The 110 ◦C TL peak was measured at each
step by delivering a small test dose of 0.1 Gy. The sensitiv-
ity, as measured by the 110 ◦C TL peak, of the natural sam-
ple was increased by ∼ 30% as the preheat temperature was
increased from 160 to 300 ◦C (Fig. 7b of Wintle and Murray,
1998). The laboratory irradiated aliquot exhibited a much larger
110 ◦C TL peak sensitivity increase of ∼300% when the tem-
perature was increased from 240 to 300 ◦C. Wintle and Murray
(1998) also reported that the OSL signal increased with pre-
heat temperature from 160 to 270 ◦C for the laboratory irradi-
ated aliquots and decreased between 270 and 300 ◦C (Fig. 7a of
Wintle and Murray, 1998). This decrease was due to the ther-
mal emptying of the main OSL trap. The increase in OSL sig-
nal for the laboratory irradiated aliquot was previously believed
to be associated with a thermal transfer phenomenon, moving
electrons from shallow light-insensitive traps to the main OSL
traps (Wintle and Murray, 1997). However, when Wintle and
Murray (1998) used the 110 ◦C TL peak measurements to cor-
rect the OSL signals for change in sensitivity, the evidence

for thermal transfer disappeared (Fig. 7c of Wintle and Murray,
1998).

Besides sensitivity change, trap emptying will also occur as
higher temperatures are reached. Pulse annealing has been used
to evaluate thermal activation energies and frequency factors
for the traps that are emptied over the temperature range exam-
ined (e.g. Li and Chen, 2001). The technique of pulse annealing
is similar, but not identical, to the experimental procedure used
by Wintle and Murray (1998). Bailiff and Poolton (1991) de-
scribe “pulse annealing” measurements in feldspars, in which
samples were subject to cycles of rapid heating to the selected
temperature, cooling to RT and short measurements were made
of the infrared stimulated luminescence (IRSL). Duller (1994)
established a method of analysis using the percentage of IRSL
signal remaining after pulse annealing potassium feldspars to
successively higher temperatures. When the remaining IRSL
was plotted as a function of temperature, a maximum value was
obtained at ∼ 250 ◦C. This may be interpreted as representing
the TL peak related to the electrons thermally ejected from the
traps that are also able to be stimulated by IR; this TL peak is
not normally seen because of the dominance of other TL peaks
observed in a normal TL measurement.

Short and Tso (1994) described a way of evaluating thermal
activation energies for electron traps in feldspars from the de-
creasing OSL intensity versus temperature plots using computer
generated data within the general-one-trap (GOT) approxima-
tion. Huntley et al. (1996) described thermal detrapping of the
fast OSL component in quartz, and from curve fitting of the
decreasing OSL signal obtained the activation energy and fre-
quency factor of the main OSL traps. Using the approach of
Short and Tso (1994), Li et al. (1997) performed pulse anneal-
ing using different heating rates to reach the annealing tem-
perature and used these data to evaluate the activation energy
from the shift of the temperature at which the rate of reduction
reaches a maximum for their K-feldspar. BZtter-Jensen et al.
(2003) point out that the interpretation of the plots of remaining
OSL after a fixed time at various temperatures is complicated
by the sensitivity change brought about by thermal treatment.
From pulse-annealing curves obtained for quartz, Li and Chen
(2001) showed that both the OSL reduction rate between 200
and 400 ◦C had a positive maximum and a negative minimum,
both of which shifted with heating rate. Assuming first-order
behavior, Li and Chen (2001) evaluated the trapping parame-
ters from these curves and estimated the lifetime at 20 ◦C for
the OSL trap and the reservoir. A further study of the thermal
stability and pulse annealing in quartz was given by Li and Li
(2006).

Recently, Pagonis and Chen (2007) simulated OSL pulse-
annealing experiments using a simple kinetic model consisting
of a trapping state, a recombination center and a hole reservoir.
They showed numerical results in good qualitative agreement
with the experimental results for quartz reported by Li and
Chen (2001). However, the activation energies evaluated from
simulation of the various heating rate measurements deviated in
some cases from the values used in the simulation program and
possible reasons for this deviation were discussed by Pagonis
and Chen (2007).
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3. Model and simulations

The simulations in this paper are carried out using the
comprehensive quartz model developed by Bailey (2001). For
easy reference, Fig. 1 shows the energy level diagram and the
parameters used in the model based on empirical data are pre-
sented in Table 1. The model has been successful in simulating
several TL and OSL phenomena in quartz (Bailey, 2001). Level
1 in the model represents the 110 ◦C TL shallow electron trap,
which gives rise to a TL peak at ∼ 100 ◦C when measured with
a heating rate of 5 K s−1. This TL peak has been the subject of
numerous studies because of its importance in predose dating
(Bailiff, 1994) and retrospective dosimetry (Bailiff, 1997), as
well as for its use in measuring the luminescence sensitiv-
ity (Stoneham and Stokes, 1991; Stokes, 1994; Murray and
Roberts, 1998). Within the model, the 110 ◦C TL level is as-
signed a photostimulation probability since it has been shown
to be light sensitive (Wintle and Murray, 1997). However,
the corresponding OSL signal plays only a minor role in the
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Fig. 1. Schematic diagram of the Bailey model (2001), consisting of a total of nine energy levels. The arrows indicate possible transitions.

Table 1
The Qtz-A1 parameters of the original Bailey (2001) model

Levels Parameters

Ni (cm−3) Ei (eV) si (s−1) Ai (cm3 s−1) Bi (s−1) �0i (s−1) Eth
i (eV)

1 (110 ◦C TL) 1.5e7 0.97 5e12 1e-8 – 0.75 0.1
2 (230 ◦C TL) 1e7 1.55 5e14 1e-8 – – –
3 (OSLF) 1e9 1.7 5e13 1e-9 – 6 0.1
4 (OSLM) 2.5e8 1.72 5e14 5e-10 – 4.5 0.13
5 (Deep) 5e10 2 1e10 1e-10 – – –
6 (R1-center) 3e8 1.43 5e13 5e-7 5e-9 – –
7 (R2-center) 1e10 1.75 5e14 1e-9 5e-10 – –
8 (L-center) 1e11 5 1e13 1e-9 1e-10 – –
9 (K-center) 5e9 5 1e13 1e-10 1e-10 – –

These parameters were used in all simulations described in this paper unless otherwise indicated in the text. Ni are the concentrations of electron traps or hole
centers, si are the frequency factors, Ei are the electron trap depths below the conduction band or hole center energy levels above the valence band, Ai are
the valence band to trap transition probability coefficients and Bi are the conduction band to hole trap transition probability coefficients. The photo-eviction
constants are �0i at T = ∞, and the thermal assistance energies are Eth

i .

current simulations, since OSL measurements are carried out at
125 ◦C. Level 2 represents a generic “230 ◦C TL level”, typical
of such TL peaks found in many sedimentary quartz samples.
It is assumed that this TL trap is not light sensitive and thus
it is not assigned a photostimulation probability. Levels 3 and
4 are usually termed the fast and medium OSL components
(Bailey et al., 1997) and they yield TL peaks at ∼ 330 ◦C as
well as giving rise to OSL signals. The photostimulation rates
for these levels are discussed in some detail in the original
paper by Bailey (2001). The model does not contain any of the
slow OSL components which are known to be present in quartz
(Singarayer and Bailey, 2003; Jain et al., 2003), and which were
incorporated in later versions of the model (Bailey, 2004). The
OSL signal simulated in the present work is measured during
short stimulations of duration 0.1 s, and is therefore expected
to be due almost entirely to the fast OSL component arising
from level 3. Level 5 is a deep, thermally disconnected, elec-
tron center. Such a level is known to be necessary in order to
explain several TL and OSL phenomena based on competition
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between energy levels. The model contains also four hole trap-
ping centers which act as recombination centers for optically or
thermally released electrons. Levels 6 and 7 are thermally un-
stable, non-radiative recombination centers, similar to the “hole
reservoirs” first introduced by Zimmerman (1971) in order to
explain the predose sensitization phenomenon in quartz. Level
8 is a thermally stable, radiative recombination center termed
the “luminescence center” (L in the Zimmerman model). Holes
can be thermally transferred from the two hole reservoirs (lev-
els 6 and 7) into the luminescence center via the valence band.
Level 9 is a thermally stable, non-radiative recombination cen-
ter termed a “killer” center (K in the Zimmerman model).

Adamiec et al. (2004, 2006) also presented a comprehen-
sive kinetic model for the predose effects in quartz; it consisted
of three non-radiative recombination centers and one radiative
center, as well as two electron traps responsible for the 110
and 320 ◦C peaks, respectively, and a reservoir electron trap.
The model successfully simulated the thermal activation char-
acteristics and isothermal sensitization when the results were
compared to experimental data.

In the current study, the computer code is written in Math-
ematica, and was tested for consistency by successfully repro-
ducing several of the simulation results in Bailey (2001). The
parameters are as defined by Bailey (2001); Ni are the con-
centrations of electron traps or hole centers (cm−3), ni are the
concentrations of trapped electrons or holes (cm−3), si are the
frequency factors (per second, s−1), Ei are the electron trap
depths below the conduction band or hole center energy levels
above the valence band (eV), Ai are the valence band to trap
transition probability coefficients (cm3 s−1) and Bi are the con-
duction band to hole center transition probability coefficients
(cm3 s−1). Other parameters related to the optically sensitive
traps are the photo-eviction constant �0i (s−1) at T = ∞, the
thermal assistance energy Eth

i (eV) and P representing the pho-
ton stimulation flux. The parameters nc and nv represent the
instantaneous concentrations of electrons and holes in the con-
duction and valence band correspondingly.

The equations used in this study are as follows:

dni

dt
= nc(Ni − ni)Ai − niP�oie

(−Eth
i /kBT ) − nisie

(−Ei/kBT )

(i = 1, . . . , 5) (1)

dnj

dt
= nv(Nj − nj )Aj − nj sj e

(−Ej /kBT ) − ncnjBj

(j = 6, . . . , 9) (2)

dnc

dt
= R −

5∑
i=1

(
dni

dt

)
−

9∑
j=6

(ncnjBj ), (3)

dnv

dt
= dnc

dt
+

5∑
i=1

(
dni

dt

)
−

9∑
j=6

(
dnj

dt

)
. (4)

The luminescence is defined as

L = ncn8B8�(T ) (5)

with �(T ) representing the luminescence efficiency, and R de-
noting the pair production rate (Bailey, 2001). The underlying

1   Natural quartz sample
     Set all trap populations to zero

2   Geological dose-1000 Gy at 1 Gy/s at 20°C

3   Geological time-heat to 350°C

4   Illuminate for 100 s at 200°C
     Repeated daylight exposures over a long period of time

5   Burial dose-51 Gy at 220°C at 0.01 Gy/s

6   Optical bleach: Blue stimulation at 125°C for 200 s 

7   Laboratory irradiation: 56 Gy at 1 Gy/s at 20°C Repeat for
higher TPREHEAT

ΔT=10°C
8   Heat sample to TPREHEAT with heating rate β (K/s)
     and keep sample at TPREHEAT  for 10 s

9   Blue stimulation at 125°C for 0.1 s - Record OSL (0.1 s)

10  Give test dose of 0.1 Gy at 1 Gy/s at 20°C

11  Heat to 160°C –Record the 110°C TL peak

Fig. 2. The steps used in simulating the experimental procedure of Wintle and
Murray (1998). The natural aliquot is simulated by omitting steps 6 and 7.

assumption of Eq. (5) is that the OSL emission uses one radia-
tive recombination center type.

Fig. 2 shows the steps used in simulating the experimental
procedure of Wintle and Murray (1998). The first 5 stages in
Fig. 2 are identical to those employed by Bailey (2001, p. 24)
to simulate the thermal and radiation history of a natural quartz
sample. In step 1 all trap and center populations are set to zero.
Step 2 represents the 1000 Gy geological dose received by the
sample at 20 ◦C and with an irradiation rate of 1 Gy s−1. In step
3 the sample is heated to 350 ◦C to simulate the effect of ge-
ological time, and step 4 (light exposure for 100 s at 200 ◦C)
simulates repeated daylight exposure cycles over a long time
period. The burial dose in step 5 is taken to be 51 Gy, close
to the equivalent dose of the Australian quartz sample as mea-
sured by Wintle and Murray (1998). In both steps 4 and 5, the
simulated bleaching and irradiations are simulated in such a
way that the trap giving rise to the 110 ◦C TL peak (level 1)
is kept empty, as indeed it is in nature. Steps 6 and 7 are used
to simulate the laboratory bleached and irradiated aliquot used
by Wintle and Murray (1998). In step 6 the OSL signal in the
natural aliquot is bleached using blue light for 200 s at 125 ◦C.
During step 7 the bleached aliquot is given a dose of 56 Gy at a
rate of 1 Gy s−1. In step 8 the aliquot is heated to a preheat tem-
perature TPREHEAT with a heating rate of 1 K s−1 and is kept at
that temperature for 10 s. In step 9 a short optical stimulation
of 0.1 s is delivered to the aliquot and the integrated OSL sig-
nal is recorded. In steps 10–11 the luminescence sensitivity is
measured by delivering a test dose of 0.1 Gy, and subsequently
heating the aliquot to 160 ◦C to measure the 110 ◦C TL peak.
The process described in steps 8–11 is repeated for progres-
sively higher preheat temperatures, in steps of 10 ◦C.
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The simulation also contains additional stages not shown in
Fig. 2, namely 1-second intervals of relaxation after each irra-
diation stage, as well as appropriate cooling-down periods after
each heating stage in the simulation. The 1-second relaxation
periods are necessary to allow the concentrations of electrons
and holes in the conduction and valence band to drop to zero,
before proceeding with the simulation.

The shape of the 110 ◦C TL peak remains constant during
the simulations in this paper. The TL peak has the asymmet-
ric shape expected for first-order kinetics. With the kinetic pa-
rameters E, s used in the model the maximum intensity of the
110 ◦C peak obtained in steps 8 and 11 using a heating rate of
1 K s−1 is located around 85 ◦C. The heating rate � used in the
simulation (steps 8 and 11 of Fig. 2 for the preheat and sensi-
tivity simulations), does not affect the results of the simulation.

4. Results

4.1. The effect of the hole reservoirs on the OSL as a function
of preheat temperature

We begin by investigating the importance of the two hole
reservoirs (levels 6 and 7) in determining the shape of the OSL
versus preheat temperature plots. The results of the simulation
using four values of the parameter N6 (namely 3×107, 3×108,
3 × 109 and 3 × 1010 cm−3) are shown in Fig. 3(a) for an
aliquot that was optically bleached and given a dose of 56 Gy.
The parameter N6 represents the total concentration of available
holes in the shallow reservoir R1 (level 6 in Fig. 1), and the

Fig. 3. The results of the simulation shown in Fig. 2 when using different values of the parameter N6 in the model. N6 represents the total concentration of
holes in the shallow reservoir R1. Figs. (a) and (c) are for an aliquot that was bleached and irradiated with 56 Gy and figures (b) and (d) are for a natural
aliquot. Figures (c) and (d) show the same data as (a) and (b) but normalized to the data point for the lowest preheat temperature.

value used in the paper by Bailey (2001) was N6=3×108 cm−3.
The corresponding results of the simulation for a natural aliquot
are shown in Fig. 3(c). Figs. 3(b) and (d) present the same
data as Figs. 3(a) and (c), but normalized to the data point for
the lowest available preheat temperature, in order to show the
effect of parameter N6 on the shape of the plots.

The results of Fig. 3(b) show that there are two possible be-
haviors of the OSL (0.1 s) signal as a function of the preheat
temperature for the bleached and irradiated aliquot. For some
values of the parameter N6, the OSL stays constant for temper-
atures up to ∼ 220 ◦C and subsequently decreases continuously
to zero as the temperature is increased to ∼ 320 ◦C. For other
values of N6, a peak is observed around 250 ◦C before the OSL
drops to zero at higher temperatures. The corresponding nor-
malized results for the natural sample are shown in Fig. 3(d),
where an absence of any peak structure in the OSL versus tem-
perature plots is noted for all values of N6. These results are
presented in more detail in Figs. 4 and 5 and are discussed in
subsequent sections.

The results of Figs. 3(a) and (c) are perhaps surprising at first
glance; they show that, as the concentration N6 is increased,
the OSL signal decreases. This behavior can be explained by
the fact that the shallow reservoir R1 (level 6) is acting in
direct competition with the luminescence center L (level 8)
for the capture of holes from the valence band during the ir-
radiation of the sample. As N6 increases, the number of holes
captured in level 6 during irradiation increases, causing less
holes to be trapped in the luminescence center L (level 8). This
in turn causes a decrease of the measured OSL signal which is
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Fig. 4. Results of the simulation shown in Fig. 2 for a bleached and irradiated aliquot obtained using four values of the parameter N6. The open circles
represent the sensitivity-corrected OSL signal and the filled circles are the uncorrected OSL data. The insets show the 110 ◦C TL peak sensitivity normalized
to the value measured for the 500 ◦C preheat.

Fig. 5. As in Fig. 4, but for the natural aliquot.

proportional to the concentration n8, the concentration of holes
in level 8, as shown in Eq. (5).

The behavior shown in Fig. 3 is similar to the simulation
results obtained by Pagonis and Chen (2007) using their much
simpler model. They investigated two cases depending on
whether their hole reservoir was part of the model or not.

A peak in the OSL versus preheat temperature plot was asso-
ciated with the presence of the hole reservoir in their model.
The peak for N6 = 3 × 109 cm−3 (Fig. 3(b)) is similar to
the experimental data of Wintle and Murray (1998) as shown
in Fig. 6 (Fig. 7(a) of Wintle and Murray, 1998). The simu-
lated output for N6 = 3 × 108 cm−3 as used by Bailey (2001)
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produces a scarcely perceptible rise in OSL signal at about
250 ◦C (Figs. 3(a) and (b)). Although it may be possible to get
quantitative agreement between the results of the simulations
(e.g. in Fig. 3(a)) and the experimental data of Wintle and
Murray (1998) in Fig. 6(a) by adjusting the parameters in the
Bailey model, we prefer to leave the parameters unchanged
and to focus instead on drawing more general qualitative
conclusions about the various processes taking place.

4.2. Sensitivity correction of the OSL (0.1 s) signals for
bleached and irradiated aliquots

Fig. 4 shows the results of the simulation steps in Fig. 2 for
the bleached and irradiated aliquot. Figs. 4(a)–(d) correspond
to four values of the parameter N6, namely 3 × 107, 3 × 108,
3 × 109 and 3 × 1010 cm−3, previously displayed in Figs. 3(a)
and (b). The insets of Fig. 4 show the simulated change in the
sensitivity of the 110 ◦C TL peak to a test dose of 0.1 Gy (steps
10–11 in Fig. 2); these sensitivities are normalized using the
value for 500 ◦C.

Consideration of Figs. 4(a)–(d) indicates several interesting
trends. Firstly, the exact form of the response depends crit-
ically on the value of N6, the concentration of holes in the

Zimmerman reservoir R1 used in the Bailey (2001) model (level
6 in Fig. 1). Secondly, the prominent peaks appearing in the un-
corrected OSL data (filled circles) in Figs. 4(b) and (c) around
250 ◦C, disappear after the OSL data is corrected (open cir-
cles) using the corresponding sensitivity values. This output
verifies the assumption of Wintle and Murray (1998) that these
peaks are due to sensitivity changes occurring during the heat-
ing, rather than being due to thermal transfer processes, as was
assumed earlier by Wintle and Murray (1997). After the sen-
sitivity correction is carried out, a small shoulder remains in
Figs. 4(b) and (c) around 260 ◦C; this is followed by a grad-
ual decline in OSL to zero at higher temperatures. This shoul-
der can be seen in both the experimental data of Wintle and
Murray (1998) and in the simulation results (Fig. 6); this fea-
ture of the data is explained in Section 4.4.

Thirdly, the insets of Figs. 4(a)–(d) show that the sensitiv-
ity changes over the range from 160 to 500 ◦C by factors of
−40%, +50%, +450% and +500% as the value of N6 is in-
creased. This increase of the sensitivity as the parameter N6 is
increased can be understood within the model as follows. As
N6 increases, one would expect more holes to be trapped into
the Zimmerman reservoir R1 during irradiation of the sample.
This larger concentration of holes in R1 will result in a larger
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number of holes being transferred from R1 into the lumines-
cence center L during the preheating of the sample, and will
lead to a larger increase in the sensitivity of the sample. The
peak in sensitivity shown in the inset of Fig. 4(c) is in rea-
sonably close agreement, and of the same order of magnitude
(∼ 400%), as the experimental results of Wintle and Murray
(1998) (Fig. 6(b)).

A fourth observation from the simulations in Figs. 4(b)–(d)
is that the sensitization (shown in the insets) reaches its maxi-
mum at a temperature of ∼ 280 ◦C, signaling the end of the sen-
sitization process. The mechanism behind this result is shown
in more detail in Fig. 7 and is discussed in Section 4.5. The
sensitivity remains fairly constant at temperatures higher than
∼ 280 ◦C and reaches an equilibrium value. However, at a tem-
perature of ∼ 310 ◦C the OSL decreases due to the effective
emptying of the main OSL traps (level 3).

4.3. Sensitivity correction of the OSL (0.1 s) signals for
natural aliquots

The results of the simulations for a natural quartz sample are
shown in Fig. 5 for the same values of N6, namely 3×107–3×
1010 cm−3.

Firstly, it can be seen that the different values of N6 seem
to have no effect on the shapes of either the uncorrected or the
corrected OSL signal and there is an absence of any peak at
∼ 250 ◦C. Both these observations can be understood by the
fact that in the natural sample one would expect the shallow
hole reservoir R1 to have been thermally activated during the
burial period of the sample. This is equivalent to step 5 of
the simulation in Fig. 2, in which the burial dose of 51 Gy is
assumed to be delivered at a temperature of 220 ◦C (as discussed
in Section 3); this temperature is high enough to thermally
transfer holes from the shallow hole reservoir R1 (level 6) to
the luminescence center L (level 8) during the natural burial
period, but not high enough to thermally empty the deeper hole
reservoir R2 (level 7).

Secondly, as the concentration of hole centers N6 is changed,
the sensitivity changes for the natural aliquot always remains
much smaller than the changes for the bleached and irradiated
aliquot (Fig. 4). More specifically the data shown in the insets
of Figs. 5(a)–(d) show that the sensitivity changes for the nat-
ural aliquots are only of the order of 20–30%. The dramatic
difference in sensitivity changes between the natural aliquot
(Fig. 5) and the bleached and irradiated aliquot (Fig. 4) is di-
rectly attributable to the thermal activation of the hole reservoir
R1 for the natural sample, in agreement with the findings and
interpretation given by Wintle and Murray (1998).

We also note that there is a slight increase in the corrected
OSL signal (open circles) at low preheat temperatures, up to
∼ 220 ◦C (Fig. 5). This feature is also shown in the experi-
mental data (Fig. 7(c) of Wintle and Murray, 1998) which are
shown in Fig. 6(c).

4.4. Direct comparison of the simulation results with the
experimental data

Murray and Wintle (1999) performed an isothermal decay
study of their sample (WIDG8) and obtained the following val-
ues for the kinetic parameters for the main OSL traps: for the
fast OSL component E3 = 1.66+0.03 eV, s3 = 1013 s−1 and
E4 = 1.75+0.15 eV, s4 = 1013 s−1 for the medium OSL com-
ponent (Components A and C in their Table 2, p. 124). They
also identified a second thermally unstable OSL signal (com-
ponent B) with kinetic parameters E = 1.14 eV, s = 1010 s−1.
From the sensitivity changes for the same sample they found
the following values for the parameters of the hole reservoirs:
E6 = 0.95+0.17 eV, s6 = 108 s−1 and E7 = 1.26+0.10 eV
and s7 = 1010 s−1 (components B and A respectively in their
Table 1).

Fig. 6 shows a side-by-side comparison of the experimental
data of Wintle and Murray (1998, their Figs. 7(a)–(c)) with the
results of our simulation. Figs. 6(a)–(c) show the redrawn data
of Wintle and Murray (1998) and Figs. 6(d)–f the correspond-
ing results of the simulation. The latter were obtained using
the following, slightly adjusted, values for the kinetic parame-
ters: E3 = 1.59 eV, s3 = 1013 s−1, E4 = 1.72 eV, s4 = 1013 s−1,
E6 = 0.82 eV, s6 = 108 s−1, E7 = 1.29 eV and s7 = 1010 s−1

and N6 = 3 × 109 cm−3 for the total concentration of the shal-
low reservoir R1. The rest of the parameters are identical to the



V. Pagonis et al. / Radiation Measurements 42 (2007) 1587–1599 1595

original Bailey (2001) parameters. Our value of E6 = 0.82 eV
is within the broad experimental limits of E6 = 0.95+0.17 eV
established by Wintle and Murray (1999).

We emphasize that our goal here is not to provide an ex-
act quantitative agreement between theory and experiment, but
rather to demonstrate that the Bailey model can help us under-
stand several unusual and previously unexplained features of
the experimental data. It should be noted that in experimental
studies (e.g. Wintle and Murray, 1998, 1999), the OSL signals
are derived from aliquots made up of several thousand grains.
OSL measurements of single quartz grains show that the indi-
vidual grains exhibit a wide range of behavior (e.g. Adamiec,
2000;Yoshida et al., 2000). Thus, although experimental results
obtained on one aliquot can be used to characterize the average
OSL behavior of the grains making up that aliquot, there may
be differences for other aliquots that are made up of a differ-
ent selection of grains. However, determinations of parameters
made using measurements utilizing many aliquots suggest that
an average behavior for that sample can be assumed.

In Figs. 6(a) and (d) the OSL signal of the bleached and ir-
radiated aliquot (filled circles) is seen to increase up to a tem-
perature of 240 ◦C and to subsequently decrease to zero at a
temperature of ∼ 310 ◦C. The increase of OSL with the pre-
heat temperature can be explained within the Bailey model
as follows: as the preheat temperature increases, more holes
are transferred from R1 to R2 into the luminescence center
and this leads to an increase of the sensitivity according to
Eq. (5). The corresponding data in Figs. 6(a) and (d) for the
natural aliquot (open circles) does not show this initial in-
crease of OSL with preheat temperature. As discussed earlier,
this is due to the fact that the shallow reservoir R1 (level 6)
was already thermally activated during the burial history of the
sample.

The Bailey model can also be used to provide an explana-
tion of the shoulder between ∼ 200 and 260 ◦C (Figs. 6(c)
and (f)) for the bleached and irradiated aliquot (filled circles).
This shoulder is much more prominent in the simulated data
(Fig. 6(f)) than in the experimental data (Fig. 6(c)). By varying
the parameters in the model, it is possible to identify the cause
of this shoulder. As shown in Fig. 7(a), the shoulder becomes
more prominent when the activation energy for the reservoir R1
is changed from the original value of E6 =1.43 eV to a slightly
smaller value of E6 = 1.3 eV. Examination of the results of
the simulations in Fig. 7(a) shows that the charge in reservoir
R1 (n6) is emptied thermally by 220 ◦C (solid line). Between
150 and 220 ◦C, the population in the second hole reservoir R2
(n7) increases. Between 220 and 260 ◦C the combined concen-
trations n6 and n7 are constant. Above 260 ◦C R2 is thermally
emptied and n7 decreases to zero. These results show that the
apparent shoulders and remaining small plateaus in Figs. 4(b)
and (c) (filled circles) are not due to thermal transfer phenom-
ena from shallow traps, but rather are caused by the fact that
the thermal emptying of the hole reservoirs R1 and R2 occurs
at different temperatures.

Fig. 6(c) shows that the OSL signal for the natural aliquot
initially increases slightly between 150 and 220 ◦C (open cir-
cles). This initial increase could be interpreted as a thermal

transfer of charge from shallower traps into the main OSL trap,
the fast component. However, examination of the results of the
simulations shows that this effect is caused instead by the suc-
cessive irradiations with the test dose of 0.1 Gy. The effect of
the repeated test dose on the OSL as a function of preheat tem-
perature is shown in Fig. 7(b). The inset of Fig. 7(b) shows
the corresponding change in the normalized sensitivity of the
quartz samples in this temperature region. As successive test
doses (TD) are delivered to the natural aliquot, holes created
by irradiation in the valence band get captured in the shallow
reservoir R1 (level 6); thus the concentration of holes n6 in
level 6 increases with each successive test dose delivery, as
shown in Fig. 7(b) for different TD. When these holes are ther-
mally transferred to the luminescence center, they lead to an
increase in the measured sensitivity between 150 and 220 ◦C
(inset of Fig. 7(b)) and the OSL signal increases in this region
(Fig. 7(b)).

4.5. Thermal transfer mechanism for the Zimmerman
reservoirs

The change in concentrations of holes (n6 and n7) in the
Zimmerman reservoirs R1 and R2, respectively, with preheat
temperature are shown in Fig. 8(a) for the bleached and irradi-
ated aliquot and for the natural aliquot in Fig. 8(b). As might
be expected, the model shows that as the preheat temperature
is increased, the concentrations of holes in the reservoirs n6
and n7 decrease to zero, while the concentration n8 of holes
in the luminescence center L is increased. This is in agree-
ment with the original mechanism proposed by Zimmerman
(1971), in which a thermal transfer of holes takes place from
R1 and R2 into L. The thermal transfer of holes is com-
plete at ∼ 280 ◦C for both R1 and R2, in agreement with the
results for the sensitivity maximum shown in the insets of
Figs. 4 and 5.

It is noted that additional experimental work on quartz
has been carried out using very high temperature annealing.
BZtter-Jensen et al. (1995) studied the effect of high temper-
ature annealing on quartz OSL signals and found dramatic
changes in the range 500–800 ◦C. They modeled these dramatic
sensitivity changes by assuming the existence of two types of
recombination centers, a radiative and a non-radiative type.
In their model, high temperature annealing either removed
non-radiative recombination centers, or created additional ra-
diative recombination centers, leading to increased sensitivity.
This model is clearly more complex than the simpler model
presented in this paper.

For the bleached and irradiated aliquot n6?n7 at low tem-
peratures (Fig. 8(a)), while for the natural aliquot n6 ∼ n7
(Fig. 8(b)). The small peak in n7 as a function of preheat tem-
perature (Fig. 8(a)) is interpreted as being due to the recapture
of holes previously released from R1 into the thermally more
stable reservoir R2 when preheating at temperatures between
200 and ∼ 250 ◦C.

The change in the combined hole concentrations (n6 + n7)

is ∼ 1.4 × 109 cm−3 (Fig. 8(a)). The concentration of holes
in the luminescence center n8 changes by almost exactly the
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Fig. 8. The mechanism of hole transfer from R1 and R2 into the luminescence center L during the experiment for (a) the bleached and irradiated aliquot and
(b) the natural aliquot.

same amount, as seen from the data in Fig. 8(a) (right-hand
axis). This indicates that almost 100% of the holes stored in
the reservoirs (R1 and R2) are transferred to the luminescence
center L. Complete thermal transfer and hole conservation is
also seen for the natural sample (Fig. 8(b)).

4.6. Simulation of the pulse annealing experiments using
variable heating rates

We have also simulated OSL measured in pulse annealing
experiments that use different heating rates, as reported previ-
ously by Duller (1994) for potassium feldspar and by Li and
Chen (2001) for quartz. Li and Chen (2001) reported a peak
in the plot of the pulse-annealed OSL as a function of pre-
heat temperature and they interpreted this as being due to the
thermal transfer of holes from a single reservoir into the re-
combination center (as per Zimmerman, 1971), contributing to
an increase in the sensitivity. When the reduction in OSL sig-
nal between consecutive measurements was plotted as a func-
tion of temperature, a minimum was seen at ∼ 280 ◦C for the
bleached and irradiated aliquot and a maximum at ∼ 330 ◦C
for both aliquots (Fig. 2 of Li and Chen, 2001). Each point is
associated with the inflection point in the original plot of the
OSL signal as a function of annealing temperature for a given

heating rate. Li and Chen (2001) assumed that both the transfer
of holes from the reservoir and the recombination process can
be approximated by first-order kinetics; they used the positions
of these (negative and positive) peaks and the related heating
rate to evaluate the activation energies and frequency factors of
the two processes giving rise to these peaks.

The steps followed in the pulse annealing technique of Li
and Chen (2001) are identical to those used by Wintle and
Murray (1998) shown in Fig. 2 of this paper, with one exper-
imental difference. The latter authors kept their sample at the
preheat temperature for 10 s and subsequently cooled it to room
temperature at an unknown cooling rate, while the former au-
thors heated their sample and immediately cooled it to room
temperature at a high cooling rate. We have run the simulations
for both these experimental procedures and found no difference
between the simulation results.

The results of simulating the pulse annealing technique of Li
and Chen (2001) for a natural aliquot and for a bleached and
irradiated aliquot are shown in Figs. 9 and 10, respectively. The
heating rates used were 0.5, 1, 2 and 3 K s−1 and the steps of
the pulse annealing were of �T =10 ◦C as in the experiments of
Li and Chen (2001). The OSL reduction rate plots yield peaks
for the bleached and irradiated aliquot which shift to higher
temperatures with increasing heating rates (Figs. 9(b) and (b)).
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Assuming first-order kinetics, the relationship between E, s,
the maximum temperature Tm and the heating rate � is

�E

kT 2
m

= s exp

(
− E

kT m

)
. (6)

This equation is regularly used to obtain E and s values for TL
peaks (Chen and McKeever, 1997). However, Li et al. (1997)
showed that the same equation was valid for the peaks ob-
tained using pulse annealing data for OSL signals. According to
Eq. (6), a plot of ln (T 2

m/�) as a function of 1/kT m is ex-
pected to yield a straight line as shown in the inset in Fig. 9(b).
From its slope E, the activation energy, can be evaluated. The
natural aliquot yields a straight line (Fig. 9), with a slope of
E = 1.78 ± 0.02 eV; this can be compared with the value of
E3 = 1.70 eV used in the Bailey model for the main OSL
traps (a difference of 5%). Using the y-intercept of the inset in
Fig. 9(b), we estimate the corresponding value of the frequency
factor to be s3 =7×1014 s−1, which compares reasonably well
with the value of s3 = 5 × 1013 s−1 used in the model.

For the bleached and irradiated aliquot, the OSL is simulated
using the same set of heating rates, and the equivalent results
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are shown in Figs. 10(a) and (b). Both the maximum between
280 and 310 ◦C and the minimum at ∼ 250 ◦C shift to higher
temperatures with higher heating rates, as in the experimental
results reported by Li and Chen (2001). Results for the maxi-
mum Tm yield a straight line with a slope E=1.68±0.07 eV as
compared to E3 = 1.70 eV used in the model, a 1% difference
in the activation energy E. Using the y-intercept of the inset in
Fig. 10(b) the corresponding frequency factor was s3 = 8 ×
1013 s−1, which compares well with the value of s3 = 5 ×
1013 s−1 used in the model. The inset of Fig. 10(b), shows
ln(T 2

n /�) plotted against 1/(kT n) where Tn is the minimum
temperature, and the best straight line yields a slope of 1.42 ±
0.02 eV as compared to the value of E6 = 1.43 eV entered into
the simulation for the hole reservoir R1. This represents an error
of only 0.6% in the activation energy. Using the y-intercept of
the inset in Fig. 10(b) the corresponding value of the frequency
factor was s6 = 1.2 × 1013 s−1, which compares well with the
value of s6 = 5 × 1013 s−1 used in the model. It is noted that,
though the original values of E in the model (E3 = 1.70 eVand
E6 = 1.43 eV) are within the standard deviation of the values
of E obtained by analysis of the simulation data, they are not
identical; however, they are within 1–5%. This is to be expected
because of the numerical approximations made during the nu-
merical integration of the eleven differential equations.
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The results obtained in these simulations support the asser-
tion made by Li and Chen (2001) that both the minimum and the
maximum peaks in these types of plots result from first-order
kinetic processes; thus, a method that uses a variable heating
rate can be expected to yield the correct activation energies and
frequency factors, and hence, correct lifetimes.

Pagonis and Chen (2007) studied the effect of non-first-order
kinetics on the values of the kinetic parameters obtained from
the pulse annealing technique in their simple three-level model.
They changed the retrapping probability by three orders of mag-
nitude, but the plot of ln(T 2

m/�) versus 1/(kT m) was still lin-
ear. However, the activation energies differed by as much as
25% from the values of the parameters in the model. Pagonis
and Chen (2007) discussed in some detail the consequences of
these deviations for the expected lifetimes of the OSL traps at
room temperature.

5. Conclusions

Bailey’s (2001) model can be used to simulate the exper-
imental procedure used during OSL pulse annealing studies.
With only minor changes in the kinetic parameters, the model
produced the correct dependence of the OSL signal on the pre-
heat temperature, as found in published experimental studies
(Wintle and Murray, 1998), even extending to preheat temper-
atures of 500 ◦C. It was also shown that the pulse annealing
curves previously discussed by Duller (1994) for potassium
feldspar and by Li and Chen (2001) for quartz, can also be sim-
ulated using the Bailey (2001) model. The results of the simu-
lations show that the activation energies and frequency factors
were retrievable using OSL measurements made with a vari-
able heating rate provided retrapping was relatively low. These
values support the claims that the evaluated lifetimes at ambi-
ent temperature are reliable.
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