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Optically stimulated luminescence (OSL) was first observed from natural quartz 30 years ago.
Since it increases with exposure to radiation, OSL has been developed as a dating tool for
sediments. Most commonly, the OSL signal is observed using optical filters that pass
wavelengths centred on 340 nm during optical stimulation at 470 nm. Experimental
evidence behind the choice of measurement conditions for dating is presented, for example,
information on the emission spectra. Different methods of optical stimulation are reviewed,
including non-linear application of stimulation power; these are related to isolation of the
fast OSL component that is most appropriate for dating sediments. Practical methods for
fast OSL component separation are mentioned. Information on the stimulation process has
been obtained by varying the wavelength during measurement and by varying the
stimulation temperature. On the other hand, information on the recombination process is
provided by observing the OSL emitted when the stimulation source is pulsed; this has
practical applications when feldspar contamination is expected. Although laboratory
experiments imply more than adequate thermal stability of the fast OSL signal for dating
back to a million years, ages determined in the laboratory using the single aliquot
regenerative dose procedure do not agree with independent ages. To address this problem,
luminescence signals derived from the same electron trap, as well as those resulting from
stimulation in the infrared (875 nm) and in the violet (405 nm), have been investigated as
potential dating tools.
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1. Overview

Over the past 30 years, a particular optically stimulated luminescence signal (termed
the fast component) has been measured from sedimentary quartz grains and used to
obtain depositional ages for the sediments. Alongside such applications, laboratory

RI
PT

experiments have been carried out in order to establish a basis for the measurement
protocols used for age determination. The first part of this review paper (sections 210) covers experimental work carried out primarily since 2003 when a book was
published (Bøtter-Jensen et al., 2003) on Optically Stimulated Luminescence

SC

Dosimetry which had extensive sections on quartz. Also, in the last 15 years, models
of OSL production in quartz have been developed, based on the numerical model of
Bailey (2001), that enable prediction of experimental results and also prediction of the
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stability of the fast OSL signal over long periods of time, as is needed for dating.
Experimental work on methods of measurement of the OSL signals is
presented in section 4 and a summary is presented in terms of what is most useful for
dating procedures. In section 5, spectral measurements are reported, not just for OSL
but also for associated methods of luminescence production. Although the spectra are
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well characterised, there is still a lack of information about the nature of the defects in
natural quartz and this is mentioned in the summary of section 5. Sections 6 and 7
provide an overview of processes related to OSL production, and the conditions under
which the signal may be measured in the single aliquot regenerative dose (SAR)

EP

protocol widely used to obtain ages for sediments.
However, applications to independently dated sedimentary deposits from the
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last 200,000 years (200 ka) have yielded underestimated OSL ages for sediments over
50 ka. This is discussed in section 8, where dose response curves for the fast
component of the OSL signal are discussed. This has led to investigation of new
methods of stimulating OSL which are discussed in section 9. In sections 10 and 11,
the latest developments concerning other signals derived from trapped electrons are
reviewed individually.
The intention of this paper is to provide an overview for doctoral students
embarking on a research project on OSL of quartz, particularly when their aim is to
use OSL signals to provide a chronology. The aim is to summarize what is known,
and what is not known, about the OSL signals found in sedimentary quartz, with some
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additional information from synthetic materials. Where experimental results have
been discussed within a modelling framework this has been included in this review.

2. Introduction

RI
PT

When quartz grains are exposed to light following absorption of a radiation dose, an
optically stimulated luminescence (OSL) signal is observed. The larger the dose, the
greater is the OSL signal and this property enables quartz to be used as a dosimeter
(Bøtter-Jensen et al., 2003; Preusser et al., 2009). The effective radiation dose

SC

received by quartz grains in the environment can be obtained by comparing the
natural OSL signal with the OSL measured after the delivery of a dose from a
calibrated, usually beta emitting, laboratory source. The signal decays rapidly when
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exposed to direct sunlight and increases again through absorption of environmental
radiation once the quartz grains have been incorporated in a sedimentary deposit. A
measurement procedure has been developed in which the effective dose received by
the grains in nature, termed the equivalent dose, can be obtained for a single aliquot of
quartz grains (Murray and Wintle, 2000) consisting a few hundred to a few thousand
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grains (Heer et al., 2012) or even for a single grain of a diameter of 100-200 µm
(Jacobs and Roberts, 2007; Duller, 2008). The equivalent dose is divided by the
separately measured environmental dose rate to obtain an age; in the case of sediment,
this is the time since the quartz grains were last exposed to sunlight. The acquired

EP

OSL can also be erased by heating the quartz grains, e.g. during firing of ceramics,
however in this review we will not consider heating as a zeroing mechanism.

AC
C

The OSL signal used for dating is usually obtained under conditions of
constant power density of the stimulating light source, usually at blue or green
wavelengths, most frequently of the order of a few tens of mW/cm2, resulting in a
continuous wave OSL (CW-OSL) signal. Since the discovery of OSL by Huntley et
al. (1985), significant effort has been put into explaining the processes taking place in
quartz in order to provide a theoretical framework for establishing the accuracy of
protocols used for determining the absorbed dose. This research is difficult due to
several reasons, the main ones being the low intensity of the signal and the wide
variability of luminescence properties between different samples or even grains of the
same sample (Adamiec, 2000a; Jacobs et al., 2003; Arnold and Roberts, 2011).

4
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A comprehensive summary of OSL properties of quartz was provided by
Bøtter-Jensen et al. (2003 pp. 119-188). Since then, Wintle and Murray (2006)
published a review of the use of quartz as a dosimeter using the single-aliquot
regenerative-dose (SAR) dating protocol; this also summarised experimental evidence
for various phenomena related to this application. In particular, OSL dating of recent
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geological sediments has been widely adopted, as reviewed in a number of papers in
issue 4 of volume 7 of the journal Boreas (e.g. Roberts, 2008) and it is also used for
sediments containing archaeological remains, as reviewed by Roberts et al. (2015).
Preusser et al. (2009) reviewed the luminescence properties of quartz, relating them to

SC

current knowledge of the structure of quartz and its geological origin, with special
consideration of identified lattice defects. Limitations in the ability to use OSL signals
with ages over 100 ka have led to the investigation of other OSL signals in quartz,
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such as thermally transferred OSL (TT-OSL, i.e. OSL induced by heating following a
bleaching of the previously acquired signal). This topic has recently been the subject
of a review article by Duller and Wintle (2012). An overview of models and
simulations of TL and OSL production has been provided by Chen and Pagonis
(2011). Schmidt et al. (2015) reviewed radioluminescence (RL) in quartz; RL can
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provide valuable information about the luminescence centres that participate in OSL
and TL production. Time-Resolved (TR-OSL) studies, primarily of synthetic quartz,
have been the subject of a recent review by Chithambo et al. (2016); TR-OSL

EP

provides information on the lifetimes of the processes that control OSL production.

3. Physical mechanisms of luminescence production in crystals

AC
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Due to quantum mechanical properties, electrons in crystals can have energies that are
within energy bands that originate from the orbitals of atoms forming the crystal
lattice. The bands that play a role in movement of electrons are the valence and
conduction bands. Electrons that have energies within the conduction band can move
practically freely in the volume of the crystal. In insulators, like quartz, the
conduction band is very well separated from the valence band and normally no
electrons are able to move through the crystal; thus, no electricity is conducted.
However, when a crystal absorbs energy greater than the bandgap width (the energy
difference between the conduction and the valence band edge), free electrons are
created in the crystal volume. These electrons are mobile within the conduction band;
in the absence of any metastable states, they typically recombine with the holes in the
5
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valence band by a stepwise loss of energy. In crystalline quartz, the distance in the
energy domain between the valence band and the conduction band edge, i.e. the
energy band-gap, has been determined to be about 8.7 eV (Quinn et al., 2003). The
conduction and valence bands are referred to as delocalised because they extend
through the whole volume of the crystal.
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Real crystals are characterised by a number of defects, i.e. imperfections of the
crystal lattice. They stem either from the intrusion of impurity atoms, or from
structural faults. Such defects give rise to localised energy states because their orbitals
do not align with the orbitals of the atoms creating the lattice, and hence, at the
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location of the defect, electrons can take energy values forbidden in the remainder of
the crystal. At those locations (metastable states, also called traps) the movement of
electrons is inhibited. Depending on the type of the trap, electrons can remain there at
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ambient temperature even for millions of years, a property exploited in luminescence
dating. Additional energy through heating or illumination needs to be supplied to
evict the electrons into the conduction band where they can move freely.
When an electron is excited from the valence band to the conduction band, in
the valence band there is a lack of an electron, called a hole – this is a quasiparticle
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with a positive charge and positive mass. Similarly, in the forbidden gap, energy
levels may exist close to the top of the valence band where electrons can be missing,
forming electron-hole recombination centres. When an electron moving in the
conduction band finds itself in the proximity of such a recombination centre, it loses

EP

energy recombining with the centre and may emit light – in such a case the centre is
called a luminescence centre. Such trapping sites or recombination sites are localised

AC
C

because they occupy a particular place in the crystal. In feldspars, recombination can
occur directly between electron trapping sites and recombination centres when they
are close to one another due to quantum mechanical tunnelling. However, to date,
there is no evidence of the existence of such transitions in quartz.

Figure 1 (from Bailey, 2001) Energy level diagram showing different traps and
recombination centres and allowable transitions.

An energy band model is used to illustrate how TL and OSL are produced, and
a version used for quartz was produced by Bailey (2001). This model, together with
the accompanying mathematical treatment and selected parameters (such as trap depth
6
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energies) allow prediction of the behaviour of TL and OSL signals. Bailey’s model
(Fig. 1) shows electron trapping centres denoted by the suffix i (i = 1-5) at different
depths below the conduction band. Hole trapping centres, denoted by the suffix j (j =
6-9) are closer to the valence band. The vertical position of each centre indicates the
energy of each trapped charge. Recently, Peng and Pagonis (2016) and Friedrich et al.

RI
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(2016) have provided tools written in R to facilitate the modelling of luminescence in
quartz.

As mentioned above, the excitation of electrons from valence to conduction
band can occur due to the action of ionising radiation. In the energy level diagram

SC

(Fig. 1) this transition is shown by a vertical arrow on the right side. The release of
electrons from the electron trapping site can be caused by the delivery of heat (i.e.
through vibrations of the crystal lattice) or exposure to photons of a sufficient energy.

M
AN
U

These are shown as upward-pointing arrows from the traps to the conduction band
(Fig. 1). Electrons in the conduction band can recombine with holes in recombination
centres producing light in the case of luminescent centres. This process is shown by a
downward-pointing arrow from the conduction band to the luminescence centre (Lcentre, j = 8). There are three other recombination centres, with a transition to the
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killer centre (K-centre, j = 9) which is thermally stable and competes for electrons
from the conduction band. The two other recombination centres (R centres, j = 6 and
7) are thermally unstable (being closer to the valence band than either the L or K
centres). The recombination with each of the recombination centres may be radiative

EP

which would be seen as different wavelengths appearing in the spectrum of the
emitted luminescence. When the stimulation of electrons is brought about by heating
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the emitted luminescence is called thermoluminescence (TL) and when by
illumination with light optically stimulated luminescence (OSL).
For most sedimentary quartz, the OSL decays rapidly on a timescale of

seconds (Fig. 2a); this initial part of the signal is referred to as the fast component.
The initial decrease in signal can be fitted with a simple exponential function; such a
decay matches the theoretical prediction for electron trap emptying with negligible retrapping, as obtained for a one trap/one recombination centre model, i.e. first order
kinetics (Bøtter-Jensen et al., 2003 pp. 28-29). The decay rate of an OSL signal is
characterised by the incident photon flux of the stimulating light (Bulur et al., 2001a)
and the photoionisation cross-section of the trap for the incident photon energy
(Spooner, 1994; Ditlefsen and Huntley, 1994).
7
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In reality, in quartz the recombination process has two stages. When the
electrons reach the luminescence centres having left the conduction band, the centres
are put in an excited state. Relaxation of the luminescence centre from its excited state
to the ground state may result in the emission of a photon of a wavelength shorter than
the stimulating light (known as anti-Stokes emission). These processes have been
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PT

investigated by Ankjærgaard and Jain (2010) using time-resolved OSL (TR-OSL)
since this can provide measurements on timescales enabling observation of these
processes (see section 6). This study also provided information on long-lived
phosphorescence caused by re-trapping and thermal emptying of shallow traps, a

4. OSL measurement and component separation

M
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a. Continuous wave OSL (CW-OSL)

SC

process that is frequently ignored in the analysis of luminescence signals.

One of the possible explanations for the CW-OSL not being characterised by a single
exponential function is the existence of more than one optically active traps (Bailey,
1997). Traps with a smaller photoionisation cross-section will empty more slowly and
be observed at longer stimulation times. From the first OSL measurements (Huntley
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et al., 1985), it was clear that the decrease in OSL emission with continuous
stimulation does not follow a single exponential function. Smith et al. (1986) were the
first to demonstrate that the initial part of the OSL signal was related to the 325°C TL
peak (as obtained using a heating rate of 5°C/s). Smith and Rhodes (1994) identified

EP

two OSL components that dominated the early part of the signal and they termed them
the fast and medium components.
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An additional slow component was identified by Bailey et al. (1997), and this,
together with the need to describe OSL sensitivity changes, led to the development of
a model for TL and OSL production mentioned in the previous section (Bailey, 2001).
This model used 5 electron traps and 4 recombination centres. In Fig. 1, the electron
traps giving rise to the fast and medium components are OSLF (i=3) and OSLM (i=4),
and there is a deep trap that is optically insensitive Deep (i=5). The remaining 2 traps
were related to the prominent TL peaks at 110 and 230°C (as obtained using a heating
rate of 5°C/s). The trap for the 110°C TL peak had already been shown to be both
light sensitive (Bailey, 1997; Wintle and Murray, 1997) and able to trap electrons
through phototransfer (i.e. trapping of electrons released into the conduction band
from other traps through illumination with light) during the production of the fast
8
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OSL signal (Smith and Rhodes, 1994; Wintle and Murray, 1997). Bailey’s (2001)
model has been extended by Adamiec (2000a, 2005a) by an additional, thermally
unstable recombination centre to explain a wider range of the observed thermally
induced sensitivity changes in quartz TL. The emission peak of the thermally stable,
radiative recombination centre is located at 365 nm in the near UV (Huntley et al.,
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1991) and this has been related to the emission spectra found for the 110, 230 and
325°C TL peaks (Franklin et al., 1995). Detailed discussion of spectra of
luminescence emission is discussed in section 5.

Bailey (2000) had also observed an additional slow component after heating to

SC

500°C. This led to the incorporation of additional slow OSL components to update the
energy band model for TL and OSL production (Bailey, 2002, 2004). Further OSL
studies have indicated that there are at least 3 slow components (Singarayer and
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Bailey, 2004), if not 4 (Singarayer and Bailey, 2003; Jain et al., 2003), each having a
photoionisation cross-section that is about a factor of 10 smaller than the previous
one, thus covering 4 orders of magnitude from the fast component to the slowest (Jain
et al., 2003; Wintle and Murray, 2006).

Separation of a ‘clean’ fast OSL component is thought to be required for

TE
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reliable dating, as it is rapidly zeroed by sunlight and has sufficient thermal stability
for dating the last few million years (Wintle and Murray, 2006; Wintle, 2010). In their
study of Japanese loess, Watanuki et al. (2005) separated their CW-OSL signals from
fine grained quartz into 3 components each decaying exponentially. Using the fast

EP

component, they reported ages in agreement with independent ages back to 200 ka.
Algorithms for fitting multiple components have been developed by Bluszcz and
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Adamiec (2006), and Kreutzer et al. (2012). Rather than applying fitting procedures to
individual decay curves, Cunningham and Wallinga (2009) characterised the decay
rates of the fast and medium components for each sample, using a large number of
aliquots with each being given the same dose. Applying the average decay rates
obtained from these measurements, an algorithm was applied to derive the equivalent
dose from the fast component obtained from standard SAR measurements. This
approach was particularly useful for quartz from young sediments and could be
applied to both well-bleached and poorly-bleached sediments.
Instead of applying curve fitting, the equivalent dose has been determined
using the signal integrated during the fast decaying part of the decay curve with an
appropriate background subtracted. A standard approach is to use the late background
9
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(as described by Banerjee et al., 2000) where the background contribution during the
initial decay is estimated on the basis of the number of counts recorded at a time much
larger than the fast OSL decay time constant. Another approach has been considered
in which different integrals are subtracted; this was first suggested by Aitken and Xie
(1992) for IRSL signals from fine grains from very young sediments and was
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subsequently applied by Lang and Wagner (1997). A similar approach was
subsequently applied to quartz OSL signals by Ballarini et al. (2007); in this, the
contribution of the background was determined using the signal recorded immediately
after the period used to estimate the magnitude of the fast component. The latter

SC

approach, termed early background subtraction, may be appropriate when the
contribution of the medium and slow component is significant at the beginning of the
OSL decay. In an in-depth study, Cunningham and Wallinga (2010) found the
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application of an early background subtraction approach, using the interval
immediately after that being used as the signal and one which is 2.5 times the signal
interval, to be most effective.

Choi et al. (2003) and Jain et al. (2003) reported the existence of a thermally
unstable ultrafast component in quartz extracted from marine terrace sediments on the

TE
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south-eastern coast of Korea. The properties of this ultrafast component have been
studied in depth by Jain et al. (2008). They found that the optical cross-section of the
responsible source trap under blue light stimulation is about 14 times larger than that
of the fast component. However, this component has been rarely reported in the

EP

literature, one exception being the study of young overbank deposits of the River
Waal (Wallinga et al., 2010). For dating, they adopted the suggestion of Jain et al.

AC
C

(2008) that it could be easily eliminated by IR bleaching above room temperature.

b. Linearly modulated OSL (LM-OSL) and hyperbolically modulated OSL (HMOSL)

Besides measuring CW-OSL, the OSL signal obtained using a linearly increasing
stimulation power has been measured (Bulur et al., 2000, 2001a). The resulting
linearly modulated OSL (LM-OSL) curve is then separated into components,
assuming that the signal is made up of a finite number of first-order components
(Singarayer and Bailey, 2003, 2004; Jain et al., 2003; Kitis and Pagonis, 2008).

10
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Figure 2 a) an example of a CW-OSL decay curve with a fitted fast and medium
component shown (from Wang et al. 2012) b) LM-OSL curves of seven samples and
c) deconvolution of the LM-OSL curve from sample SL203 (from b) into 5 first order
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components (both b and c from Singarayer and Bailey, 2003).

Examples of LM-OSL curves are given in Figs. 2b and c for seven different
sedimentary quartz samples measured under the same conditions (namely using 470
nm stimulation at 160°C, following a dose of 20 Gy and a laboratory heating to

SC

260°C). It can be seen that each sample has a relatively fast OSL component, peaking
after about 40 s of ramped optical stimulation. In addition, there is a much slower
component, peaking after about 2000 s of on-going ramped stimulation power.
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However, the relative contributions vary from sample to sample, as shown by the
relative heights of the peaks in these plots. In Fig. 2c, one of the curves has been fitted
with 4 components which have peaks during the stimulation time, plus another even
slower component.

More recently, fundamental studies using LM-OSL have been carried out on

TE
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quartz grains, both from large rock crystals (Kiyak et al., 2007, 2008) and
sedimentary deposits (Kitis et al., 2007, 2010a, 2011; Polymeris et al., 2009). Li and
Li (2006) used LM-OSL measurements for equivalent dose determination with a
single aliquot procedure for sedimentary quartz. However, although they

EP

demonstrated the viability of the procedure by showing that the equivalent doses were
in agreement with those obtained using the initial part of the CW-OSL decay curve, it
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has not been widely adopted. This is because of the greater time required to make the
LM-OSL measurements and the extra time needed for analysis compared with using
CW-OSL. LM-OSL measurements have also been made on single grains of quartz
from sedimentary deposits (Bulur et al., 2002).
Huntley (2006) and Jain and Lindvold (2007) have demonstrated that LM-

OSL does not provide improved separation of components compared to CW-OSL,
however, the components are easier to visualise in LM-OSL measurements where
they appear as peaks (e.g. Bos and Wallinga, 2012). The fitting of a sum of
exponential functions to a decaying function is mathematically equally difficult as
fitting an LM-OSL curve with a sum of relevant components. For example, Adamiec

11
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(2005b) discussed possible difficulties in fitting decay curves with sums of
exponential functions.
Whether there is a preferred stimulation mode (CW, LM or other) for
decomposing a multi-component OSL signal was addressed by Bos and Wallinga
(2009a). They simulated the OSL signal resulting from a first order (i.e. no re-
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trapping) electron trap obtained using several different modes of stimulation,
including CW-OSL and LM-OSL. They then combined two such signals with
different photoionisation cross-sections and different initial trapped electron
concentrations. Provided the time-integrated number of photons is the same (i.e. the

SC

total amount of energy received by the samples is the same), they confirmed that the
ratio of the two components remains the same. Wallinga et al. (2008) compared the
component separation obtained using CW-OSL, LM-OSL and hyperbolically-
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modulated OSL (HM-OSL) using measurements on quartz. They concluded that HMOSL might be preferable when high resolution was required at the beginning of the
stimulation, e.g. if an ultrafast OSL component was present.

c. OSL using frequency modulated pulsed stimulation
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In an alternative approach to ramping the stimulation power, 10 µs wide pulses with a
repetition rate that can be varied over frequencies between 0 and 10 kHz were used to
vary the power of stimulation (Bulur et al., 2001b). The pulse intensity is kept
constant, but the off time between the pulses is progressively decreased. This

EP

approach has been termed frequency modulated pulsed stimulation (FMPS) and was
applied to a sample of sedimentary quartz (ibid.). The potential advantage of this

AC
C

approach is that there is better control of the power than in the case of LM-OSL;
however, potential problems might arise if detrapping follows non-first order kinetics.

d. CW-OSL using ramped sampling period
Another experimental approach that has several potential advantages is to acquire the
data whilst ramping the sampling period whilst stimulating with a fixed power source.
Under this condition, the signal (ramped sample period OSL, RSP-OSL) decreases
with stimulation power but when displayed as a function of collection channel has a
peak similar to that of the LM-OSL. This approach was developed by Poolton et al.
(2003) and applied by them to several samples of sedimentary quartz. They measured
the RSP-OSL over 2455 s, linearly ramping the sample period from 0 to 7.1 s in 10
12
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ms increments with the power of the excitation source set at 45 mW cm-2. The RSPOSL was compared with the LM-OSL signal obtained by linearly ramping the
excitation power from 0 to 45 mW cm-2 in 4910 s with a constant sampling period of
4.9 s. Fig. 3a shows the data as a function of collection channel for a sample of quartz
from Scotland, taken as an example with a dominant slow component. Fig. 3b shows
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the LM-OSL as a function of ramped stimulation time and Fig. 3c shows the RSPOSL as a function of time obtained using a mathematical transformation. The displays
are visually similar and result in similar detrapping parameters for the fast and slow
components, but the RSP-OSL was collected in half the time. In addition, this

SC

approach can be used to separate isothermal TL signals and OSL signals made under
optical stimulation when no preheat is applied immediately after irradiation (Poolton
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et al., 2003), but this approach has not been further pursued.

Figure 3 (from Poolton et al., 2003) comparing LM-OSL with RSP-OSL of a quartz
sample, a) as the data are collected, b) LM-OSL as a function of stimulation time and
c) RSP-OSL after a mathematical transformation enables the data to be plotted as a
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function of time.

e. Mathematically-transformed OSL signals
Besides using experimental procedures to attempt the visualization of the
components, various mathematical transformations have been applied to data sets
CW-OSL

measurements

to

provide

pseudo-OSL

signals.

CW-OSL
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from

measurements have the advantage of having the best signal-to-noise ratio (Wallinga et
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al., 2008) and being the most rapid to perform. For example, mathematical
transformations have been applied to create a pseudo-LM-OSL display (Bulur, 2000).
Ankjærgaard et al. (2010) carried out a rigorous analysis of the numerical fitting
methods applied to exponential decays, e.g. CW-OSL, and equivalent data sets
obtained as a set of peaks, e.g. LM-OSL. They mainly used artificial data sets in order
to provide a direct comparison and to control the noise associated with both the signal
and the detector background. They also investigated the transformation of data from
CW-OSL to pseudo-LM-OSL and concluded that this approach gave better results
than using direct LM-OSL measurements. Using a sample of sedimentary quartz,
Kitis et al. (2011) made both CW-OSL and LM-OSL measurements. They chose
stimulation times and intensities for the two measurements so that the LM-OSL
13
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curves could be directly compared with the pseudo-LM-OSL curves that they
obtained from the CW-OSL data set. Their subsequent component analysis
demonstrated the equivalence of the factors derived from the two data sets.
Bos and Wallinga (2012) have suggested that a pseudo-HM-OSL
transformation (Bos and Wallinga, 2009a) has an advantage for observation of the fast
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OSL component. Bos and Wallinga (2009b) have also proposed a mathematical
transformation based on the assumption that each OSL component is the result of first
order kinetics. In this method, the CW-OSL decay curve is differentiated, resulting in
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an output similar to an LM-OSL curve.

f. Summary

From consideration of the above approaches, it must be concluded that raw data from

M
AN
U

CW-OSL measurements provides the best data set for subsequent analysis of
individual components. Both conventionally measured CW-OSL and measurement of
CW-OSL using a ramped sampling period to obtain the RSP-OSL are acquired in
similar times; however, the latter method of measurement has the advantage that it
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can be used to provide a display with peaks whilst rejecting isothermal TL signals.

5. Luminescence emission

Measurements of the emission spectra of TL and OSL emissions provide important
information about the transitions that occur within the luminescence centres. Due to

EP

the fact that luminescence of quartz is usually very weak, spectral measurements are
challenging and optimisation of the light collection system used is needed. This is
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particularly true for measurements of natural quartz. A number of studies have been
focused on measuring spectra of synthetic quartz, where the luminescence intensity is
higher and the type of impurities can be controlled. Measurements of OSL emission
spectra pose an additional challenge to TL emission spectra as separation of the
emitted light from the strong stimulating light is needed. Other approaches are the
measurements of RL and ionoluminescence (IL) spectra. In the following subsections,
we discuss different types of spectral measurements; the results are given either as a
function of energy or wavelength, the conversion formula being

a. OSL emission spectra
14
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Three broad emission bands (360-420, 420-490, 590-650 nm) have been reported in
the TL emission spectra of natural quartz as reviewed by Krbetschek et al. (1997) and
by Bøtter-Jensen et al. (2003 pp. 150-155). Using optical stimulation at 647 nm,
Huntley et al. (1991) found the OSL emission of a natural quartz to be centred at ~365
nm, with only weak emission between 400 and 500 nm. These results showed that it is
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possible to observe this anti-Stokes emission by using a colour glass filter, e.g. Hoya
U340 with a maximum of transmission at 340 nm (Bøtter-Jensen et al., 2000). When
automated luminescence measuring systems are used and TL measurements are made
in the same experimental sequence as the OSL measurements, it is usual to employ
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the same filter in both cases due to hardware limitations. In such cases information on
both TL and OSL spectral emission is important. Automated measurements that
include changing filters during the execution of a measurement sequence have been
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made possible by Lexsyg system (Richter et al., 2013) and Risø (Lapp et al., 2015)
which should result in more studies investigating both emissions.
Since the luminescence of natural quartz is weak, most studies of OSL spectra
have been carried out on slices of synthetic quartz. Martini and Galli (2007) used
optical stimulation at 470 nm and a CCD detector coupled to a monochromator to
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observe the OSL emission spectrum in the range between 250 and 410 nm, finding it
peaked at ~380 nm. In further experiments, Martini et al. (2009) investigated the OSL
spectrum at ~380 nm for different stimulation times. Fig. 4 shows the OSL emission
spectra for a synthetic quartz collected in sequential time intervals of 40 s, following
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irradiation and without any preheat. The shape of the spectra suggested that this
emission band was composite but the OSL signal was not strong enough to perform
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further analysis. They also found a small shift in wavelength, with the longer decay
time being associated with shorter emission wavelength. However, it was not clear
whether or not this was related to the electrons giving rise to the slow OSL
component recombining at a slightly different set of recombination centres.

Figure 4 (from Martini et al., 2009) spectra obtained under optical stimulation in time
intervals (1) 5-45 s, (2) 45-85 s, (3) 85-125 s, without stimulation, (4) 125-165 s, and
(5) 165-205 s). (a) The data as collected, and (b) after normalisation and offset for (1),
(2), (4) and (5). The energy scale shown corresponds to 443 to 310 nm.
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Recently, Lomax et al. (2015) have measured both TL and OSL emission
spectra on the same samples of sedimentary quartz. TL spectra were obtained for both
naturally irradiated and laboratory irradiated grains, the latter enabling the 110°C
peak to be measured. For one sample the emission from this peak had maxima at ~
380, 480 and 620 nm, in agreement with the wavelength peaks presented in the
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summary by Krbetschek et al. (1997). For that sample, the 280-320°C TL emission is
dominated by orange-red emission at ~620 nm, though measurements on another
sample show ~480 nm emission to be dominant.

The first sample was optically stimulated using green LEDs (525±20 nm) at
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25°C, 125°C, 165°C and 185°C and the measurements were made on naturally
irradiated quartz that had been heated to 240°C for 10 s prior to the measurement, as

corrected for detection efficiency.
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would be performed in a dating run. The OSL emission spectra in Fig. 5a have been

Figure 5 (from Lomax et al., 2015) OSL spectra obtained during optical stimulation at
four different temperatures (a) corrected for efficiency of detector and (b) data from
(a) normalised to maximum of 1. The wavelength scale shown corresponds to 4.13 eV
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to 2.58 eV.

In Fig. 5a it can be seen that the spectra become less bright when the optical
stimulation temperature is increased, an effect which can be explained by thermal
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quenching of the luminescence centre (Wintle, 1975; see section 7a). In Fig. 5b the
spectra have been normalised to a maximum value of 1 to enable better comparisons
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to be made. Here it can be seen that the peak emission occurs at the same wavelength,
~360 nm, irrespective of the stimulation temperature. This is similar to the ~365 nm
peak emission reported by Huntley et al. (1991).
The importance of the measurements of Lomax et al. (2015) relates to an early

discussion of whether there is a shift in wavelength of the TL emission as a function
of temperature. Franklin et al. (1995) observed a shift of wavelength from 376 nm for
the 110°C TL peak to 430 nm for the 325°C TL peak. They concluded that a
particular centre (H3O4) was responsible for this emission and that the temperature
dependence could be explained by a distortion of the quartz lattice (Franklin et al.,
1995). They also assumed that the OSL emission at 22°C (Huntley et al., 1991) was
derived from the same centre. Itoh et al. (2002) argued that the measured shift was not
16
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likely on theoretical grounds, and thus concluded that different luminescence centres
were used by different TL traps. The finding that the OSL spectral peak does not
change with temperature from 25 to 185°C (Lomax et al., 2015) does not support the
proposal of Franklin et al. (1995).
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b. RL and TL emission
The complexity of the luminescence spectrum is better observed by measurement of
the radioluminescence, i.e. the luminescence observed during irradiation. The
advantage of using RL is that whole spectral range can be observed, not just that part

SC

that is away from the stimulating wavelengths, as in the case of OSL. In addition, the
RL intensity is much higher than that of OSL. RL spectra have been obtained on both
natural and synthetic quartz, the latter being grown in the laboratory. RL emission
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spectra were used by Schilles et al. (2001) as a means of investigating the sensitivity
changes that occur in sedimentary quartz as a result of heating the quartz through the
lattice phase transitions that occur at 573 and 1050˚C. However, no deconvolution of
the spectra was carried out.

Martini and Galli (2007) made RL measurements using an X-ray source on
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synthetic quartz, for “as grown” crystals containing 1-3 ppm of alkali ions and
“hydrogen-swept” crystals containing ~0.1 ppm of alkali ions (sweeping or
electrodiffusion – a process in which monovalent interstitial ions are replaced by
hydrogen in a process conducted at elevated temperature under external electric field).
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Ions such as Na+ and Li+ act as charge compensators when Al3+ substitutes for Si4+ in
the quartz crystal lattice and their presence or absence will affect the [AlO4]o centre
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(Preusser et al., 2009). The [AlO4]o centre concentration has been linked to the violet
emission at 360 nm (Martini et al., 1995; Martini et al., 2009). Martini and Galli
(2007) found the unswept quartz crystal to have emission both at ~380 nm and a wide
emission band at ~570 nm; the latter was missing in the swept crystal from which the
alkali ions had been removed.
More recently, Martini et al. (2012a) measured the RL spectra from 220 to 800
nm for slices of a different synthetic hydrothermally-grown quartz crystal and found
emission peaks in the blue (~470 nm) and violet (~360 nm) (Fig. 6). For these
experiments, they changed the concentrations of alkali ions (e.g. Na+ and Li+) and H+
in the quartz by electrodiffusion. This resulted in higher intensity RL signals than
those obtained for unswept quartz (Martini and Galli, 2007), and they were able to
17
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separate five Gaussian components from the energy spectrum, with the three main
ones being in the UV 3.44±0.58 eV (360±60 nm), in the blue 2.86±0.46 eV (430±70
nm) and 2.53±0.46 eV (490±90 nm), and the others at 310 and 395 nm being required
for improved fitting of the experimental data.
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Figure 6 (from Martini et al., 2012a) RL spectra obtained during irradiation with Xrays for synthetic quartz samples in which H+, Na+ and Li+ ions had been swept in.

In a second study, Martini et al. (2012b) measured the RL and TL spectra for

SC

crushed grains from the same hydrothermally-grown crystal and from a natural
pegmatitic quartz. The RL spectra for the crushed grains and the slice could be
deconvoluted into five components, one in the red (620 nm), two in the blue (440 and
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480 nm) and two in the UV (at 310 and 360); the composite nature of the UV
emission has also been observed in TL of natural quartz (Fasoli and Martini, 2016).
For the synthetic quartz, the spectrum did not change with repeated RL measurements
during which doses of ~10 Gy were imparted (Fig. 7b). However, the RL spectrum
for the natural quartz changed drastically with each measurement, the blue band at
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~480 nm increasing monotonically (Fig. 7a). This 480 nm emission had previously
been recorded in the 110°C TL peak (Martini et al., 1995).
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Figure 7 (from Martini et al., 2012b) Repeated RL spectra obtained under X-rays with
a dose of 10 Gy being given in each run (a) natural quartz, (b) synthetic quartz. The

AC
C

energy scale shown corresponds to 827 nm to 248 nm.

RL spectra have also been obtained on commercially-available quartz heated

to temperatures between 500 and 1,000˚C (Pagonis et al., 2014). These experiments
resulted in strong luminescence emissions and when deconvolution was carried out,
seven Gaussian peaks were needed to fit the energy spectrum, with wavelengths
centred at 635, 490, 440, 395, 360, 330 and 315 nm (Fig. 8).

Figure 8 (from Pagonis et al., 2014) Deconvolution of RL spectra into 7 Gaussian
components for a sample of commercially-available natural quartz previously heated
to 700°C. The energy scale shown corresponds to 708 nm to 248 nm.
18

Optically stimulated luminescence signals from quartz: a review

ACCEPTED MANUSCRIPT

Since the same emission bands are found in both natural and synthetic quartz
(Martini et al., 2012b), and in the latter intensities can be changed by electrodiffusion
(Martini et al., 2012a), Martini et al. (2014) concluded that the Al centres are linked to
the luminescence properties of natural quartz as previously hypothesised (Martini et
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al., 1995, 2009). However, conclusive assignment of individual emission bands to
specific defects has not yet been possible (Martini et al., 2014).

c. Ionoluminescence emission
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Luminescence is also obtained when quartz is implanted with ions, resulting in
ionoluminescence (IL), alternately known as ion beam luminescence (IBL). Using
0.95 MeV protons for excitation allows the full UV-IR (6.2-1.1 eV) emission
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spectrum to be observed. King et al. (2011) used hydrogen ions, viz. 0.95 MeV
protons, from a van de Graaff particle accelerator to study samples of sedimentary
quartz (including Risø calibration quartz), as well as a crystal of natural hydrothermal
quartz. The 0.95 MeV protons deposit their energy to a depth of ~ 11 µm. The initial
IL spectra for these samples, obtained for an irradiation time of 190 s during which
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time a dose of ~ 4x107 Gy was delivered, were found to have two broad emission
bands (Fig. 9), viz. 1.8-1.9 eV (653-689 nm) and 3.2-3.6 eV (344-387 nm).

Figure 9 (from King et al., 2011) Ionoluminesence spectra from four natural quartz
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samples (A, B, C, D) measured at room temperature for 190 s when stimulated with
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0.95 MeV protons. A is calibration quartz.

Comparison with the energy window (3.4-3.6 eV; 364-387 nm) of the 7.5 mm

thick Hoya U340 filter used for OSL dating suggests that only the tail of the UVviolet emission would be passed. The same conclusion would be drawn if single grain
OSL measurements made with laser stimulation at 532 nm used a 2.5 mm thick Hoya
U340 (Ballarini et al., 2005). When the spectrum for the calibration quartz (A in Fig.
9) was deconvoluted into Gaussian components, three major components were found,
3.66±0.17 eV (UV; 340±20 nm), 3.34±0.18 eV (UV-violet; 370±20 nm) and
2.97±0.29 eV (violet; 420±40 nm); the red emission in Fig. 9 could be split into two
smaller components at 1.84±0.14 eV (red; 670±20 nm) and 2.23±0.16 eV (orange;
560±20 nm (King et al., 2011).
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When the ion implantation run was repeated, and thus the dose delivered was
increased, the red emission increased, whilst the UV-violet emission decreased. This
effect was permanent, at least on the scale of a few days. King et al. (2011)
considered the interplay of these two emission bands with increasing dose in the
context of the existing models for luminescence production in quartz and concluded
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that the decrease in UV-violet emission was consistent with irradiation-induced
migration of charge compensating alkali ions (M) from [AlO4/M] centres. For all the
samples, they found a power-law relationship between the ratio of the emission bands
and the dose delivered, as exemplified in Fig. 10 for a sample of Risø calibration
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quartz.

Figure 10 (from King et al., 2011) Red and UV/violet ionoluminescence signals (and
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their ratio) as a function of dose delivered as measured for calibration quartz by
repeated runs in which doses of ~4 107 Gy are delivered.

They concluded that this dose dependence could account for the different OSL
sensitivities found for quartz, with low sensitivities likely to be found for quartz
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derived from granite bedrock with high radioactivity; this would be the result of the
decreased UV-violet emission caused by the radiation received in the recent
geological history of the quartz.
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d. Summary

In recent years, advances in spectral measurements of OSL have been made, but there
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is still need for further research in order to assign particular defects to the different
emission bands. In addition, to the present day the spectral information has not been
tested by means of the existing numerical models of luminescence in quartz. In
addition, results from other techniques such electron spin resonance (ESR) are
necessary to fully answer these questions (e.g. Toyoda, 2015 or Toyoda et al., 2016).

6. Time-resolved OSL
Besides measuring the OSL under continuous stimulation, whether as CW-OSL or
LM-OSL signals, it is also possible to measure the OSL when the stimulation source
is pulsed. Both during and after a short stimulation pulse, photons are recorded by the
detector. The stimulation pulse is repeated many times and the signals are summed to
20
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show the build-up of luminescence during the pulse and the decay of luminescence
after it is switched off (Fig. 11). The decaying signal can be approximated by the sum
of several exponential decays, each characterised by a luminescence lifetime. This
results in a time-resolved OSL (TR-OSL or TRL) signal (sometimes called pulsed
OSL) that provides insight into the recombination process. The first TR-OSL
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measurements on common sedimentary minerals were made on feldspars (Sanderson
and Clark, 1994), with publications on quartz appearing in 2000, with measurements
made with a laser (Bailiff, 2000) and with light-emitting diodes (Chithambo and
Galloway, 2000). A comprehensive review of time-resolved luminescence of quartz

study, where a historical overview is presented.
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has just been published (Chithambo et al., 2016) and the reader is directed to this
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Figure 11 (from Pagonis et al., 2009b) Comparison of experimental data with results
of simulations for time-resolved luminescence.

During OSL measurements, electrons are optically evicted from traps and reach the
conduction band. From the conduction band, the electrons reach the luminescence
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centres, putting them in an excited state. Relaxation of the luminescence centre from
its excited state to the ground state can result in the emission of a photon. The
lifetimes calculated from the build-up and decay of the OSL signals are the same,
about 32 µs, relating to the recombination mechanism at the luminescence centre.

EP

This process has been shown to be dependent on the temperature of stimulation
(Chithambo et al., 2016). Further information on the processes involved in
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luminescence production can be seen by comparing TR-OSL measurements with the
time-resolved

optically

stimulated

exo-electron

emission

(TR-OSE)

made

simultaneously on sand-sized quartz grains (Tsukamoto et al., 2010; Fig. 12). The
majority of the TR-OSE signal decays much faster than the TR-OSL signal with a
lifetime of ~ 0.6 µs; this is related to emptying of the conduction band after optical
stimulation.

Figure 12 (from Tsukamoto (2010) Time-resolved OSL (a) and OSE (b) from quartz
measured at stimulation temperatures of 50, 100, 150, 200 and 250°C using pulsed
LED stimulation with on-time of 50 µs and off-time of 100 µs.
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Pagonis et al. (2014) have constructed a mathematical model for quartz
luminescence production involving two luminescence centres and one non-radiative
recombination centre. This model has been able to predict the change in apparent
luminescence lifetime measured for synthetic quartz annealed to temperatures of
500˚C and above. This model was also used to predict the change of luminescence
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lifetime observed as the stimulation temperature is changed (Pagonis et al., 2014).
Besides studying TR-OSL in order to provide information on the processes of
luminescence production, measurements of TR-OSL on sedimentary minerals can
have a practical use. Using an artificial mixture of quartz and feldspar grains, Denby
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et al. (2006) showed that it was possible to obtain a signal from quartz with minimal
contribution from feldspars. This is because the TR-OSL of feldspars is quite
different, with lifetimes (~ 2 µs) being very much less than for quartz (Tsukamoto et
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al., 2010). This approach would be useful for quartz grains containing feldspar
inclusions or in measurements of rock surfaces where mineral separation is not
possible (Bailiff and Mikhailik, 2003; Sohbati et al., 2012).

7. OSL production temperature dependence
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The magnitude and shape of OSL decay curves can be changed by carrying out the
stimulation at different temperatures (McKeever et al., 1997; Bailey, 2001). When
stimulation temperature is increased at least four processes are in operation: thermal
quenching; thermal ejection of electrons from traps; thermal assistance and the
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with here.
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sensitisation caused by transfer of holes (e.g. Bailey, 2001; Adamiec, 2005a) not dealt

a. Thermal quenching
In interpreting the relationship between OSL (measured at one temperature) and TL
data sets (measured over a range of temperatures), it is important to understand the
behaviour of the observed luminescence centre as a function of temperature. Unlike
other luminescence centres, that observed in the range 360-420 nm exhibits thermal
quenching; thermal quenching is the term used to describe the loss of luminescence
efficiency of the recombination (hole) centre with increasing temperature.
Thermal quenching in quartz is explained in terms of the Mott-Seitz model
(Bøtter-Jensen et al., 2003 pp. 44-47). In this model, electrons released from traps into
the conduction band recombine with holes trapped at recombination centres in the
22
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forbidden energy gap. A configuration coordinate diagram (Fig. 16a) is used to
represent the potential energy of the ground and excited state of a luminescence
centre. In centres for which the two potentials cross over, as the temperature is raised
the likelihood of non-radiative transition from one state to the other increases; in this
model, all recombination transitions occur within the recombination centre. The non-
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radiative recombination occurs through the emission of phonons, i.e. quasi-particles
representing crystal lattice vibrations. Increased likelihood of non-radiative
recombination results in a decrease of observed luminescence efficiency.

The 365 nm emission of the 325°C TL peak has been shown to exhibit thermal
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quenching (Wintle, 1975; Spooner, 1994; Petrov and Bailiff, 1995, 1997;
Nanjundaswamy et al., 2002; Kitis et al., 2003). For TL and RL emission observed
with a spectrometer, Schilles et al. (2001) found the energy of the thermal quenching
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process to be 0.65 eV. For blue emission at 470 nm, thermal quenching occurred at
higher temperatures and had a higher energy, 1.32 eV. Thermal quenching has also
been reported for TL emission at a wavelength of 600±40 nm for both the rapidly
bleached TL peak at 325°C and the slowly bleaching peak at 375°C (Spooner and
Franklin, 2002). For red emission, they found that the energy relating to thermal
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quenching (0.14±0.02 eV) is about a quarter that reported by others for the UV
emission (Bøtter-Jensen et al., 2003, pp. 177-179).
Numerical simulation of the effect of thermal quenching of UV emission on
TL glow curves has been carried out (Subedi et al., 2010) and comparisons made with
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experimental data for nine samples of quartz (Subedi et al., 2011, 2012). When the
heating rate is changed, the temperature at which the maximum TL emission occurs
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varies with temperature (Chen and Pagonis, 2011, pp. 66-67), as illustrated by the
work of Spooner (1994) for the “325°C” TL peak. The integrated light sum for this
peak should remain constant since the number of electrons released is irrespective of
the heating rate. However, the light sum will be affected by thermal quenching as the
peak emission temperature is raised. This was observed by Subedi et al. (2011, 2012)
for quartz samples having several different TL peaks. The decrease in luminescence
efficiency with increasing temperature is shown as n(T) for the “110°C” TL peak in
Fig. 13 where the results are compared with parameters of Petrov and Bailiff (1997)
W = 0.79 eV and C = 4.1x1010, where C is a numerical parameter (Bøtter-Jensen et
al., 2003, p. 45). In Fig. 14 results for this peak and two higher temperature peaks are
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given and compared with the parameters of Wintle (1975), W = 0.65 eV and C = 2.4
x107.

Figure 13 (from Subedi et al., 2011) Luminescence efficiency as a function of
temperature obtained by measurement of the “110°C” peak for different heating rates,
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and calculated using the parameters of Petrov and Bailiff (1997).

Figure 14 (from Subedi et al., 2011) Luminescence efficiency measured as for Fig.
13, but over an extended temperature region using two additional peaks. Crosses are
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for the 110°C peak and stars for the higher temperature peaks, and the line represents
values calculated using the parameters of Wintle (1975).
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Thermal quenching has also been reported for the 365 nm OSL emission
(Spooner, 1994; Franklin et al., 1995; Duller et al., 1995; Huntley et al., 1996;
McKeever et al., 1997; Murray and Wintle, 1998). Lomax et al. (2015) also showed
thermal quenching of the OSL occurring for a range of wavelengths between 330 and
450 nm (Fig. 5a in section 5).
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Optical stimulation at elevated temperatures not only resulted in a decreased
OSL intensity, but also to an observed decrease in the lifetime of the time-resolved
OSL (Chithambo, 2003; Ogundare and Chithambo, 2007) as illustrated in Fig. 15.
Chithambo and Ogundare (2009) obtained for BDH quartz an activation energy for
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thermal quenching of 0.64±0.04 eV.
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Figure 15 (from Chithambo, 2003) Lifetime of the time-resolved OSL measured using
pulsed stimulation at 525 nm as a function of the stimulation temperature.

Pagonis et al. (2010) have recently used these experimental data, together with

numerical simulations, as the basis of a new kinetic model for pulsed OSL based on
the Mott-Seitz model (Fig. 16). This model incorporates the effect of thermal
quenching on the lifetime of the TR-OSL signal and enables interpretation of Fig. 15.

Figure 16 (from Pagonis et al., 2010) (a) Configurational coordinate diagram
outlining the Mott-Seitz mechanism in quartz. (b) Energy level diagram based on the
Mott-Seitz model and related to production of TR-OSL
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Electrons are thermally ejected from the trap of the fast OSL component as
temperatures are increased close to 300˚C, resulting in a reduction in the magnitude of
the signal. At lower stimulation temperatures, when no thermal loss occurs, the
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magnitude of the signal reduction is affected predominantly by thermal quenching, as
discussed in previous section, with lower signals occurring at higher temperatures.
The OSL signal will also decrease with increasing temperature if there is a
contribution to the observed luminescence signal from shallower traps from which

SC

electrons are either optically or thermally ejected.

The presence of shallow traps influences the shape of LM-OSL curves. This
was investigated by Bulur et al. (2000) and more recently, in their study of thermal
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activation characteristics of a geological quartz by Kiyak et al. (2008). In both studies,
LM-OSL curves were measured at both room temperature and at 125°C. The main
difference was related to the presence or absence of a fourth component of the OSL
signal. The studies concluded that this signal is related to the optical bleaching of the
110°C TL peak. The contribution from such shallow traps is removed by a preheat
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ahead of optical stimulation. However, retrapping in the shallow traps may occur
during optical stimulation, with instantaneous thermal stimulation resulting in a TL
signal that is added to the OSL signal (Wang et al., 2015).
Even when these shallow traps are empty, the shape of the CW-OSL decay
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curve is affected by changing the temperature of the optical stimulation due to the
phenomenon of thermal assistance (Bøtter-Jensen et al., 2003, pages 37-44, 179-180).
The rate of OSL decay ( ) during the measurement is governed by the empirical
=

e
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equation

Δ

where ∆E is the thermal assistance activation energy (Spooner,

1994; Huntley et al., 1996; Bailey, 2001) that depends on the stimulation wavelength.
Murray and Wintle (1998) determined its value for a stimulation wavelength of ~ 470
nm and found it to be of the order of 0.045 eV. This value is consistent with that
found in previous studies using a range of stimulation wavelengths (Spooner, 1994;
Huntley et al., 1996). Jain et al. (2005b) determined the value of ∆E for the
stimulation wavelength of ~830 nm to be equal 0.41 ± 0.02 eV.
Chruścińska (2010) has modelled the dependence of the optical cross section
as a function of photon energy and stimulation temperature which takes into account
25
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electron-phonon interactions. The approach developed by Noras (1980) led to a
formula that is applicable over a range of stimulation temperatures and takes the form

and
Here
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is the frequency of the stimulating photon, E is the optical depth of the

trap, S is the Huang-Rhys factor, i.e. the average number of phonons taking part in the
electron-photon interaction, - is the average angular frequency of the phonons, T the

absolute temperature, k is the Boltzmann constant and ℏ the reduced Planck constant.
=
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The optical and thermal trap depths are related by the equation

4

+ +ℏ-.

This is a more general, physically justified approach than that described by
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Spooner (1994). Chruścińska (2010) has made simulations that allowed her to predict
OSL decay curve shape dependence on temperature and a varying optical stimulation
spectrum. Using a model with a single optical trap with a depth E0 = 2.0 eV she
determined the shape of the OSL decay curves for optical stimulation energies 1.9 eV
and 2.0 eV (Figs. 17a and 17b, respectively). One of the conclusions of the
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simulations was that electron-phonon interactions allow optical stimulation when the
stimulation energy is less than the optical trap depth.

Figure 17 (from Chruścińska, 2010) OSL decay curves obtained at

EP

temperatures ranging from 290 to 570 K calculated using a model with a single
optical trap (E0 = 2.0 eV) and using stimulating wavelengths (hν) of (a) 1.9 eV and (b)
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2.0 eV). Inset shows data normalised to the initial value.

Further computer simulations were conducted by Chruścińska and Przegiętka

(2010). Optical cross sections were derived for three components of experimentally
measured OSL decay curves obtained for four quartz extracts and these showed a
temperature dependence similar to the simulated data. These results are consistent
with the conclusion reached by Spooner (1994) that the photoeviction of an electron
does not occur via an intermediate bound state. Further studies of the probabilities of
excitation of electrons from each trap to the conduction band have led Chruścińska
and Przegiętka (2011) to conclude that the fast and medium components are related to
a single trap, but it is important to consider the effect of retrapping of electrons. This
26
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conclusion was later reached also by Wang et al. (2015) through a series of
experiments aiming at determining the source of the OSL medium component in
quartz.

8. Limitations on the use of OSL for dating
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From the previous sections, it can be concluded that the fast component of the OSL
signal can be isolated by preheating to remove thermally unstable signals and
applying methods of data analysis to separate the fast component from the slowerdecaying, and thus less bleachable, OSL components. However, heating and optical
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stimulation have been shown to affect the magnitude of subsequent OSL
measurements by changing the luminescence sensitivity (Wintle and Murray, 2006).
Thus, in order to compare OSL signals resulting from natural irradiation with those
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produced by laboratory irradiation (as needed for dating), it is necessary to monitor
sensitivity changes. This led to the development of the SAR protocol (Murray and
Wintle, 2000), for which several tests of validity have been developed as reviewed by
Wintle and Murray (2006).

Measurements of the trap depth and the frequency factor for first order kinetic
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behaviour for the fast OSL component (Singarayer and Bailey, 2003; Jain et al., 2003)
have allowed calculation of its long-term thermal stability. These predict that at an
ambient temperature of 20 °C the lifetime is ~300 Ma and thus the fast OSL
component should be useful for dating back to at least 1 Ma. However, there is

EP

considerable evidence from studies of sedimentary sections going back to at least 130
ka that, though ages back to ~ 50 ka are in agreement with independent evidence, age
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underestimation may occur for samples of over ca. 70 ka (for example, Watanuki et
al., 2003; Buylaert et al., 2007; Lowick et al., 2010; Timar et al., 2010).
Underestimation is reported for both sand-sized quartz (e.g. Buylaert et al., 2008) and
silt-sized quartz (e.g. Lowick et al., 2010). Comparisons of ages obtained on both
sand-sized and silt-sized quartz from the same samples down loess sections in
Romania show age underestimation compared with independent ages, with more
severe underestimation for the coarser grains (Timar-Gabor et al., 2011).
Dating studies using the SAR protocol on 15 samples of loess from a section
at Costineşti, Romania resulted in sets of dose response curves for 4-11 µm and 63-90
µm grains shown in Figs. 18a and 18b respectively. Dose response curves for
different samples were indistinguishable, and support the concept of a standardised
27
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dose response curve for a particular grain size (Roberts and Duller, 2004). However,
the dose response curves for different grain sizes were quite different with the curves
for the 4-11 µm grains showing continuous growth above 200 Gy. For doses up to 1.2
kGy, the average dose response curves for the data sets used to obtain Figs. 18a and

8 9 = 8 + : ⋅ <1 −
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?@"
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18b are best fitted by a function

where I(D) is the sensitivity-corrected OSL intensity as a function of dose (D), A and
B are the relative intensities of the two components which are characterised by doses
D01 and D02, respectively. The curves obtained using this double saturating
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exponential (DSE) function are shown as continuous lines in Figs. 18c and 18d,
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respectively.

Figure 18 (from Timar-Gabor and Wintle, 2013) Laboratory dose response
curves obtained using a SAR protocol for samples of loess from Costineşti, Romania
(a) for 4-11 µm grains and (b) 63-90 µm grains. (c) and (d) averaged dose response
curves using data from (a) and (b) fitted with double exponential function (GC-DSE)
and average values for sensitivity-corrected natural values for the same samples fitted
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with a single exponential function (GC-SSE).

Typically, the values for D0 for the two saturating exponential functions when
doses up to 10 kGy are given are 175±10 Gy and 1823±10 Gy for 4-11 µm grains and
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55±3 Gy and 586±5 Gy for 63-90 µm grains (Timar-Gabor et al., 2012). Similar
values have been obtained for the same two grain sizes from samples of Chinese loess
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as well as other sites in Romania when the doses used to construct the dose response
curves are taken up to 5 kGy when the dose response curves appear to be fully
saturated (Timar-Gabor et al., 2017). In this study, it was also noted that the
maximum dose used for fitting affected the values of D0 obtained; this finding makes
the use of a calculated D0 value unreliable as a characteristic.
Assuming that the values of D0 are measured using doses up to 5 kGy, it is
appropriate to ask whether use of the criterion of 2D0 as a dose limit for dating, as
proposed by Wintle and Murray (2006), is meaningful. Presumably it would need to
be based on the value for the component that reaches saturation first; in terms of the
above example, this would be 175 Gy for 4-11 µm grains and 55 Gy for the 63-90 µm
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grains. Timar-Gabor et al. (2017) have also demonstrated that both D0 values are
related to grain diameter through an inverse square root relationship. This finding
casts doubt on using D0 as a meaningful criterion for dating.
A more appropriate method of determining the limitation of dating using the
SAR protocol is to use known-age samples. A useful approach has been to plot the
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sensitivity-corrected natural signals obtained down sections going back 130 ka as a
function of expected equivalent dose. Chapot et al. (2012) demonstrated that for 35-63
µm grains from a Chinese loess section, the natural signals did not increase with
expected equivalent doses beyond ~ 400 Gy. For the 63-90 µm grains from the
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Romanian loess section, negligible growth in signals was found for doses above ~100
Gy and for 4-11 µm grains the limiting value was ~ 200 Gy (Fig. 18c and 18d)
(Timar-Gabor and Wintle, 2013). Comparisons of the natural signal data set as a
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function of the expected geological dose with the laboratory dose response curve
show that for neither grain sizes are the responses identical. For the 4-11 µm grains,
overlap occurs up to ~ 200 Gy for which an age of ~ 65 ka would be obtained at this
loess section; above ~ 200 Gy, ages obtained by SAR would be underestimated. For
63-90 µm grains, the curves overlie each other up to only ~ 50 Gy (corresponding to

TE
D

an age of ~ 20 ka), beyond which both over- and underestimation of ages would
result. Further comparisons made at other sites show that the age discrepancies are not
linked to the geological origin of the sediment (e.g. Trandafir et al., 2015).
As a result of saturation of SAR dose response curves, and problems with age
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underestimation, other luminescence signals from quartz have been explored.
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9. OSL measurements under different stimulation conditions

a. Changing the stimulation wavelength to produce VES-OSL
In their first study on using OSL for dating, Huntley et al. (1985) used green light
with a wavelength of 514.5 nm (the green line of an argon ion laser). Later, after
Bøtter-Jensen et al. (1999) showed that blue diodes could be used as a source of
stimulating light, most measurements of quartz OSL have been made using the
470±30 nm light for stimulation. However, other wavelengths have also been
explored, following measurements of stimulation spectra (see Bøtter-Jensen et al.,
2003, pages 141-148) using single wavelength optical bleaching studies (e.g. Spooner,
1994), narrow band stimulation (e.g. Ditlefsen and Huntley, 1994; Huntley et al.,
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1996) and continuous scanning of stimulation wavelengths (Duller and Bøtter-Jensen,
1996).
The most recent stimulation spectrum using continuously varying the
stimulation wavelength from 440 to 600 nm was shown by Chruścińska (2014, 2015).
The scans (VES-OSL – variable energy of stimulation OSL) were obtained using low
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scanning rates of 0.0055 and 0.011 nm s-1. In this approach the aim is to empty
electron traps while the energy of the photons of stimulating light is continuously
increased. This results in a curve similar to a TL glow curve. This process may yield
valuable information about the properties of the traps involved in the OSL process

SC

(Chruścińska, 2010), e.g. the width of the observed peaks may indicate the strength of
coupling of a given trap with the crystal lattice. In addition, a better separation of the
different electron traps may be observed than in LM-OSL or CW-OSL. Fig. 19

M
AN
U

(Chruścińska, 2014) shows examples of VES-OSL curves.

Figure 19 (from Chruścińska, 2014) Examples of curves obtained in VES-OSL
measurements at room temperature and 125°C. The scans were obtained after
irradiation with 70 Gy using a scanning rate of 0.0012 eV s-1. The energy scale shown
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corresponds to 653 nm to 451 nm.

Singarayer and Bailey (2004) measured the dependence of the optical cross
sections of the fast and medium components on stimulation wavelength by measuring
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the OSL remaining after bleaching with light of wavelengths in the range 375-830
nm. The bleaching rates of the two components diverged as the wavelength was
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increased. Bailey et al. (2011) used three wavelengths (470, 525 and 550 nm) to
confirm this finding and OSL decay curves were obtained for several temperatures
between 140 and 250˚C. From this study, they concluded that using green light (525
nm) for stimulation at temperatures of 130 and 160˚C provides the best compromise
for separation of the fast and medium components, whilst maintaining the appropriate
number of components in the subsequent analysis of the decay curves. More recently,
Kijek et al. (2014) have carried out stimulation at both room temperature (Fig. 20) and
at 125˚C with 8 selected wavelengths from 440 to 720 nm. The effective optical cross
sections (i.e. optical cross-sections that take into account that stimulating light covers
a range of wavelengths rather than is of one, single wavelength) of the four
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components of the OSL decay curve increase with stimulation energy, consistent with
theoretical prediction (Chruścińska, 2010).

Figure 20 (from Kijek et al., 2014) Room temperature OSL decay curves
normalised to the initial value when stimulation was carried out using the indicated
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wavelengths of stimulating light. The quartz grains extracted from a brick were
irradiated in the laboratory with a dose of about 690 Gy and stored for at least a day.

SC

b. Changing the temperature during stimulation to produce TOSL and TM-OSL

When stimulation is carried out at a given wavelength, the temperature of the readout
is usually kept constant. However, changing the temperature can also provide
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valuable information about the electron traps in the investigated material. One type of
measurement called thermo-optically stimulated luminescence (TOSL) relies on short
periods of stimulation performed during heating spaced out by set intervals of time (or
temperature) as first used for feldspars (see Bøtter-Jensen et al, 2003, pp. 189-193).
This type of measurement has also been applied to quartz (Wang et al., 2015). By

TE
D

comparing the TOSL data set for a sample that had been heated to 260 °C with the
corresponding TL glow curve obtained without optical stimulation, the effect of
temperature on the OSL signal can be seen (Fig. 21). The results were used as
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evidence for retrapping in the 170 °C TL trap (Wang et al., 2015).

Figure 21 (from Wang et al., 2015) (a) TOSL curve obtained as TL glow curve with
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pulsed optical stimulation and TL glow curve obtained without optical stimulation,
both after preheating at 260°C for 10 s; top right shows CW-OSL stimulated at 125°C
with power of 1.92 mW/s for 5.8 s.

Recently, Chruścińska and Kijek (2016), suggested a slightly different

approach for analysing trap parameters, measuring a thermally modulated OSL (TMOSL). In this approach, optical stimulation is performed during the heating until traps
are fully emptied. This results in an OSL glow curve in which a better separation of
signals originating from various traps is seen due to their differing dependence of the
optical cross-section on temperature and wavelength. Potentially this could provide a
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tool for probing very deep traps without the need to heat the samples to very high
temperatures.

c. Infrared stimulation
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Most OSL studies have concentrated on optimising the stimulation energy in the
visible part of the spectrum. However, in an early study, Bailey (1998) had shown that
an infrared stimulated luminescence (IRSL) signal was observed when quartz was
exposed to IR (875 nm) at 220˚C for a few thousand seconds. The IRSL decay curve
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matched the depletion of the fast OSL component under the same experimental
conditions. At this time, Bailey (1998) considered the outcome in terms of possible IR
in laboratory lighting. Subsequently, Singarayer and Bailey (2003) demonstrated that
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IR stimulation at 160˚C for 6,000 s bleached only the fast OSL component, and not
the medium or slow components. This behaviour was explained in terms of the very
small IR photoionization cross sections for the latter components (Singarayer and
Bailey, 2003; Jain et al., 2003).

Reduction of the OSL signal by IR exposure for 1,500 s when quartz grains
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are held at 160˚C was used by Jain et al. (2005b) in order to obtain a measure of the
fast component, free of any medium or slow component. The difference in the size of
0.1 s OSL signals measured both before and after the OSL exposure was used as a
measure of the fast OSL. However, this type of measurement is time consuming for a

EP

single aliquot procedure because of the long IR stimulation time.
Fan et al. (2009) confirmed that the IRSL signal measured at 150˚C for 40 s
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(after a preheat at 260˚C to remove any isothermal TL) comes from a trap with the
same thermal stability as the fast component of the OSL obtained under blue light
stimulation. Fig. 22 shows a set of pulse-annealing curves of the IRSL and OSL
signals. Using heat-treated quartz, they demonstrated the viability of a single aliquot
dating procedure, but concluded that it would only be of use for samples with a high
luminescence sensitivity.

Figure 22 (from Fan et al., 2009) a) and b) show pulse annealing curves of the 40 s
IRSL and 0.1 s OSL signals. The IRSL was recorded at 150°C. The plots c) and d)
show reduction of the respective signal per °C.
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Bailey (2010) also measured the IRSL at 160˚C to sample the fast OSL
component, but used a relatively short IR stimulation time of 40 s and confirmed that
the source of the IRSL was the same as the fast OSL component. Bailey (2010) also
developed and tested on a suite of sedimentary samples a SAR procedure using a 40 s
IRSL measurement incorporated within the more usual SAR sequence. However, the
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similarity of the results obtained when using the IRSL signal and when using the
integrated CW-OSL signal or using the fast component from LM-OSL measurements,
did not suggest the method had any advantage and, in any case, the IRSL methods
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would be limited to quartz with high sensitivity and no feldspar contamination.

10. Thermally transferred OSL

Thermally-transferred OSL (TT-OSL) is observed (e.g. at 125°C) at the end of a
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sequence which involves giving a dose, followed by a preheat (e.g. 10 s at 260°C) to
thermally empty shallow TL traps (e.g. at 160, 220 and 280°C), an optical stimulation
at 125°C and a subsequent preheat (e.g. in the range 160-300°C); the OSL signal
recorded in the next measurement is referred to as the TT-OSL. As seen in Fig. 23,
the initial part of the TT-OSL decay curve is several orders of magnitude smaller than
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the preceding OSL measurement resulting from the same dose and made under the
same conditions; however, the photoionisation cross-sections are the same (Duller and
Wintle, 2012; Koul et al., 2014) and thus it is concluded that the immediate source of
both signals is the 325°C TL trap. In the case of the TT-OSL, the electrons have been
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thermally transferred from a deeper trap, e.g. the 375°C TL trap (Adamiec et al.,
2010), to the 325°C TL trap. The production of TT-OSL has been modelled by
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Pagonis et al. (2008, 2009c).

Figure 23 (from Wang et al., 2006a) OSL signal measured at 125°C as a function of
stimulation time, following a natural radiation dose of ~200 Gy. After 200 s of optical
stimulation, the aliquot is heated at 260°C for 10 s and the optical stimulation at
125°C recommences and results in the TT-OSL signal. The inset shows the TT-OSL
signal on a linear scale, following subtraction of the background signal from slow
OSL components.

Duller and Wintle (2012) provided a review of TT-OSL measurement
procedures and the use of the TT-OSL signal for dating based on the laboratory
33
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protocol of Wang et al. (2006a, 2007). The measured TT-OSL signal can be separated
into two components, the recuperated OSL (ReOSL) and a basic-transferred OSL
(BT-OSL) (Wang et al., 2006a). Adamiec et al. (2010) estimated the lifetime at 10°C
to be ~4.5 Ma for the ReOSL signal which would result in 10% age underestimation
for a sample of 1 Ma. For the BT-OSL, the equivalent lifetime was ~48,000 Ma. Shen
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et al. (2011) also determined the trap depth on three samples of sedimentary quartz
and concluded that the main TT-OSL signals (ReOSL) was even less stable, ~240 ka
at 10°C indicating that a double transfer mechanism may contribute some charge to
the TT-OSL in the protocol they used. Thiel et al. (2012) determined the TT-OSL life-
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time on the basis of geological data to be 0.7 Ma at 19°C in coastal deposits from
Tunisia. On the other hand Liu et al. (2016) found a TT-OSL life time of 280 ka in
lacustrine deposits in northern China.
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However, when reviewing previously published dating results, Arnold et al.
(2015) reported correspondence of the TT-OSL ages with independent (or semiindependent) age controls (Fig. 24).

Figure 24 (from Arnold et al., 2015) TT-OSL ages versus independent age estimates

TE
D

or semi-independent age estimates obtained using conventional luminescence dating
methods (TL, fading-corrected IRSL, OSL).

The oldest sample from an archaeological site in South Africa gave an age of
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1.1 Ma, in agreement with ages obtained using U-Pb and palaeomagnetic
measurements (Pickering et al., 2013). This study used the ReOSL signal measured
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using a protocol based on that of Adamiec et al. (2010), in which the luminescence
sensitivity monitor is provided by the OSL response to a very low test dose; this has
the advantage of being the luminescence signal that is closest to the TT-OSL signal
and is less likely to have been affected by the additional preheating that would have
been required if a TT-OSL signal was being used as the monitor. This protocol was
also used to obtain ages back to 400 ka for three other coastal sands on the South
African coast (Jacobs et al., 2011); for these samples the BT-OSL and ReOSL
equivalent doses (De) obtained for each aliquot were in agreement (Fig. 25). This
implies that the lifetime of the ReOSL signal is adequate for dating back to at least
400 ka. In relation to this it has to be stated that the lifetime calculated using E and s
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parameters of traps are extremely sensitive to the value of E, therefore it may be easy
to under or overestimate the lifetime.

Figure 25 (from Jacobs et al., 2011) BT-OSL De values plotted as a function of their
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ReOSL De values for Middle Pleistocene sands from the southern South Africa coast.
Other TT-OSL studies of known age samples have been less successful,
perhaps because it has not been possible to develop a broadly applicable protocol
analogous to the SAR protocol for OSL. Several modifications of the protocol have
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been tested on 20-41 µm quartz grains from a single sample by Hernandez et al.
(2012); they concluded that only samples that did not show significant changes
between the first and subsequent cycles and/or did not need high temperature
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treatment at the end of each cycle were suitable for TT-OSL dating. Chapot et al.
(2016) applied a slightly different TT-OSL protocol to 4-11 µm quartz grains from a
sedimentary sequence with an independent time scale reaching back 1 million years.
The protocol involved heating to 260°C nine times after measurement of the TT-OSL
signal and giving a test dose of 165 Gy and using the subsequent TT-OSL signal for
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normalisation. This led to severely underestimated ages for the loess section at
Luochuan (Fig. 26) obtained either using the SAR protocol or combining the natural
(L/T) and dose rate for each sample. A similar approach had been applied to the
testing of OSL signals (Chapot et al., 2012). Chapot et al. (2016) concluded that the
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source trap for the TT-OSL had insufficient thermal stability for dating beyond 50 ka,
having a lifetime at 10°C of ~174 ka. However, in a study of single sand-sized grains
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of quartz from Atapuerca, Spain, Arnold et al. (2015) used a similar protocol to that of
Chapot et al. (2016) and obtained ages between ~240 and ~930 ka that were in
agreement with the independent chronology. Chapot et al. (2014) also investigated
giving the large laboratory doses required for dating back to a million years as a series
of doses interspersed by heating steps, as had previously been suggested by Wang et
al. (2006b). They found that this approach was compromised by the thermal
treatments causing sensitivity changes.

Figure 26 (from Chapot et al., 2016) TT-OSL ages obtained with a SAR protocol
plotted against independently determined ages for the loess section at Luochuan.
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It is still not possible to state definitively how reliable TT-OSL dating is and it
needs to be stressed that a multitude of protocols is being used. From the results
summarised in this review, it appears that major differences exist in the signals used
for normalisation, grain size, the sensitivity of the traps to the temperatures used
during the thermal treatments in the protocol; the variations in behaviour probably
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relate to the different geological origins of the quartz at different sites. This makes it
even more difficult to directly compare the results obtained by various workers.

11. Other luminescence (and related) signals
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a. Isothermal TL

The 325°C TL peak, or at least part of it, has been related to the fast component of the
OSL (Spooner, 1994; Kaylor et al., 1995; Wintle and Murray, 1997; Spooner and
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Questiaux, 2000; Kitis et al., 2010b; Oniya et al., 2012). This relationship has led to
the study of the isothermal TL signal (ITL).

Jain et al. (2007) investigated the thermal stability, optical bleachability and
dose response curves for the ITL signal at 310˚C from a sample of sedimentary
quartz. This study followed suggestions that the ITL signal could be used as a
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possible dating tool (Jain et al., 2005a, 2007; Choi et al., 2006). An advantage of
using ITL rather than OSL signals has been shown to be the much higher dose
saturation level of the former (Jain et al., 2005a; Choi et al., 2006; Buylaert et al.,
2006; Huot et al., 2006). However, the protocol suggested by Choi et al. (2006) was
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later found to result in overestimation of the equivalent dose when compared with
OSL measurements (Buylaert et al., 2006; Huot et al., 2006). It was concluded that
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the overestimation was the result of sensitivity change occurring during measurement
of the natural ITL signal; this change could not be monitored as is done for OSL
signals in the SAR protocol. Vandenberghe et al. (2009) developed a new protocol in
which sensitivity change was forced by a preheat ahead of the ITL measurement,
which was carried out at a lower temperature. By modelling the SAR OSL and SAR
ITL protocols using the model and parameters of Pagonis et al. (2008), Pagonis et al.
(2011) concluded that the SAR ITL protocol is more sensitive to the choice of
experimental conditions and that the sensitivity changes are more complex for the ITL
signals and cannot be corrected for by a SAR procedure.
Isothermal storage experiments suggested that the experimentally measured
TL peak seen at 325 ˚C was made up of two peaks, the lower of which is sensitive to
36
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blue light and is related to the OSL signal (Wintle and Murray, 1997). Its higher
temperature part is more thermally stable, but is not removed by prolonged blue light
stimulation. However, it is reduced to much lower levels by exposure to an artificial
light source containing shorter wavelength light, as shown when the light source was
a solar simulator (Jain, 2009). In that study, it was hypothesized that the traps related
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to the second TL peak saturate at higher doses than the traps related to OSL and the
electrons in them can be reduced only by photons with higher energy than 470 nm as
used for OSL measurements. This approach has been explored in section 11c.
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b. Slowly decaying OSL signals

The luminescence signals discussed so far have been related to the 325˚C TL peak.
Deeper traps contributing to slower OSL components have also been explored. One of
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the slow components, S3 of Singarayer and Bailey (2003) and S4 of Jain et al. (2003),
observed using blue light stimulation was found to saturate at much higher doses than
the fast OSL component in the same sample. Although the signal is only slowly
bleached by blue light, it is bleached by daylight on a time scale that would make it
useful for dating (Singarayer et al., 2005). Also, this signal appears to be derived from
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a thermally stable trap, only being reduced by heating above 600˚C (Bailey, 2000).
However, its proposed use for dating using a SAR protocol (Singarayer et al., 2000) is
compromised by sensitivity change.
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c. Violet stimulated luminescence

Violet stimulated luminescence of quartz was examined by Godfrey-Smith et al.
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(1988) using the 413 nm line of a krypton laser, however they did not attempt to
determine an equivalent dose using this signal. (They commented that the surface of
an aluminium substrate may produce intense luminescence under such short
wavelengths and suggested using other materials like stainless steel, rhodium or gold
plated discs for mounting grains.)
Jain (2009) investigated the potential of a violet light source for optical
stimulation using a laser diode emitting at 405 nm (3.06 eV) to produce violet
stimulated luminescence (VSL). By comparing the depletion of the isothermal TL
signal measured at 310˚C caused by exposure to both blue and violet light, Jain
(2009) concluded that the violet light stimulates electrons from traps that are unable to
be stimulated by blue light. Construction of dose response curves (after removal of the
37
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blue OSL) showed the continued growth of the VSL for doses up to ~1 kGy,
compared with only ~ 100 Gy for the OSL from the same grains.
Hernandez and Mercier (2015) has also investigated the post-blue VSL signal
and compared it with other luminescence signals from the same quartz. The maximum
intensity of this signal is about a tenth of the initial OSL (dominated by the fast
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component), but is much brighter than the TT-OSL. By observing the TL remaining
after the post-blue VSL measurement, they concluded that the violet light stimulation
caused a 20% reduction in the TL signal between 370 and 390°C. This confirms that a
trap deeper than that used in OSL gives rise to the post-blue VSL.
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Ankjærgaard et al. (2013) investigated the post-blue VSL signal as a dating
tool and obtained ages up to 330 ka. To test whether this signal can be used for older
samples, Ankjærgaard et al. (2015) measured the VSL of quartz extracted from
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palaeosols between basalt flows that had potassium-argon ages from 1.58 and 0.74
Ma; no ages over 0.58 Ma were obtained. Ankjærgaard et al. (2015) concluded that
either there had been some thermal resetting of the VSL signal from the sedimentary
quartz or the SAR protocol applied was inappropriate. Using loess from Luochuan,
Ankjærgaard et al. (2016) concluded that a SAR procedure could not be developed
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since sensitivity changes could not be monitored in an appropriate manner. However,
a multiple-aliquot additive dose method was applied and the ages obtained back to
600 ka were in agreement with independent chronological information.
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d. Thermally-assisted OSL

The existence of very deep traps (VDT), defined as those that correspond to TL glow
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peaks which have their peak maximum temperature above 500°C, has been reported
by Kitis et al. (2010a). These cannot be monitored directly by optical stimulation as
they occur in a region where black-body radiation is high and where the UV emitting
luminescence centre is severely affected by thermal quenching. However, signal from
these traps can be measured using a combination of optical and thermal stimulation at
temperatures below 500°C; this signal is termed thermally-assisted OSL (TA-OSL)
(Polymeris et al., 2015).
Measurements of natural TA-OSL signals were made on additional
sedimentary quartz using OSL stimulation temperatures ranging from 75 to 260°C
(Polymeris et al., 2015). For temperatures from 75 to 125°C the TA-OSL signals were
low, but were substantially higher for temperatures between 150 and 260°C (Fig. 27).
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Analysis of the decay curves showed that the TA-OSL reach a maximum value at
180°C; this demonstrates the importance of a trap at about 180°C that is able to retrap
electron released from the VDT. A theoretical treatment of TA-OSL in quartz has
been given by Polymeris (2016). This has the potential to provide a new method of
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dating provided that an appropriate protocol can be established.

Figure 27 (from Polymeris et al., 2015) Natural TA-OSL curves recorded at
temperatures ranging between 75°C up to 260°C.
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e. Exo-electron emission

Both TL and OSL signals are the result of the release of electrons into the conduction
band and their recombination at luminescence centres. Thus, changes in measured TL
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or OSL signals cannot be related directly to changes in the numbers of electrons
released or to changes in the numbers of recombination centres. However, there is one
way in which the two halves of the process of TL and OSL production can be
observed separately. Once electrons are in the conduction band and are free to move
within the crystal, a proportion can be released from the surface layer (~several nm)
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of the crystal and results in a phenomenon known as exo-electron emission.
Optically stimulated exo-electron emission (OSE) has been measured from
sedimentary quartz grains (Ankjærgaard et al., 2008) using a Geiger-Müller detector
filled with argon (Ankjærgaard et al., 2006); measurement of the OSL can be made

EP

simultaneously. OSE has been used to determine an equivalent dose (Ankjærgaard et
al., 2009). Good agreement between the experimental OSE data and theoretical
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predictions was found by Pagonis et al. (2009). The lifetimes of OSE and OSL signals
have been measured using pulsed optical stimulation (Tsukamoto et al., 2010). The
time-resolved OSE (TR-OSE) signals decayed much faster than the TR-OSL signals,
leading to the conclusion that the lifetime of the emission of the OSL signal is related
to the recombination centre. Further study of OSE may lead to a new dating procedure
that is free from effects such as sensitivity change, related to the luminescence
centres.

12. Summary
Over the past decade, OSL signals have been used increasingly to provide
chronological information for sedimentary deposits. Such use of luminescence signals
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requires knowledge of fundamental properties such as trap depths (in order to predict
the likely thermal stability of the signal since the grains were deposited) and
photoionisation cross-sections for the incident photon energies in sunlight (in order to
predict the bleachability of the signal) and for the photons from the stimulation light
source and the effect of holding at a fixed temperature during stimulation (in order to
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choose the optimal stimulation wavelength). In addition, knowledge is required
concerning the luminescence centres (in order to select appropriate optical filters for
observation of the OSL signal). The parameters measured for these properties are then
combined in energy band models that enable prediction of signals measured in the
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laboratory. Such models are of particular importance when experimental protocols are
developed for obtaining the equivalent doses that is used in the age calculation.
In this paper, we have reviewed, within the framework of the energy band
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model of Bailey (2001), the various techniques used to provide information on the fast
component of the OSL signal that is used for dating and on other luminescence
signals from quartz that have been proposed as of use to extend the period of time that
luminescence dating can be used. Since the review by Wintle and Murray (2006),
different methods of measurement, such as LM-OSL, HM-OSL and RSP-OSL, have
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been further investigated and mathematical analyses applied. The general conclusion
is that CW-OSL measurements provide the best data sets for separation of the fast
component.

In the last decade, OSL emission spectra have been obtained for both natural

EP

sedimentary quartz (Lomax et al., 2015) using stimulation at 460 nm and synthetic
quartz (Martini et al., 2009) using stimulation at 525 nm, though the signal was not

AC
C

strong enough to apply spectral analysis. To increase the luminescence signal size and
spectral range, RL spectra have been recorded under stimulation by X-rays for both
synthetic (Martini et al., 2012b) and natural quartz (Martini et al., 2012b; Pagonis et
al., 2014) which show the complexity of emission from 2.0 to 4.5 eV.
In the last three years, a new stimulation method, VES-OSL, has been

developed in which the wavelength is continuously decreased from 800 to 400 nm
whilst maintaining a fixed width of stimulation band (Chruścińska, 2014, 2015). This
technique has the potential of being another tool for investigating the trap structure in
quartz and other phosphors.
Since Duller and Wintle (2012) reviewed the measurement of TT-OSL signals
from quartz, conflicting results have been obtained on known age samples, with some
40
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being in agreement with known ages (e.g. Pickering et al., 2013) and others showing
strong age underestimation (e.g. Chapot et al., 2016). Another signal that has been
explored is the violet stimulated luminescence (VSL) measured after blue optical
stimulation (Jain, 2009; Ankjærgaard et al., 2013). Although a SAR protocol could
not be developed (Ankjærgaard et al., 2015), a technique that used multiple aliquots
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was developed that resulted in ages back to 600 ka (Ankjærgaard et al., 2016).
In recent years another measurement technique for probing deep traps, TAOSL, has been suggested as reviewed by Polymeris (2016), however its application
for dating quartz has not been tested yet.

SC

Thus, in conclusion, it appears that recently-developed measurement
techniques have resulted in new luminescence signals and a better understanding of
the processes underlying luminescence production in quartz which in turn provides
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greater support for the current dating techniques. However, it must always be
remembered that when a sample aliquot of a few mg is used, it is made up of several
hundred grains. Studies have shown that the individual grains show a range of OSL
behaviour, for example with regard to thermal sensitisation (Adamiec, 2000b), decay
curve shape (Adamiec, 2005b), intensity (Arnold and Roberts, 2011), different ratios
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of fast and medium components (Bulur et al., 2002; Feathers and Pagonis, 2015) and
dose response curves (Jacobs et al., 2003). Thus, when analysing and correlating
different signals recorded for multi-grain aliquot there is a danger that different
signals originate from different grains making definitive conclusions regarding the
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interrelation of those signals difficult.
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Figure 1 (redrawn from Bailey, 2001) Energy level diagram showing different traps
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and recombination centres and allowable transitions.
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Figure 2 a) an example of a
CW-OSL decay curve with
a fitted fast and medium
component shown (from
Wang et al. 2012) b) LMOSL

curves

samples

of

seven

and

c)

deconvolution of the LMOSL curve from sample
SL203 (from b) into 5 first
order components (both b
and c from Singarayer and
Bailey, 2003).

c)
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Figure 3 (from Poolton et al., 2003) comparing LM-OSL with RSP-OSL of a quartz
sample, a) as the data are collected, b) LM-OSL as a function of stimulation time and
c) RSP-OSL after a mathematical transformation enables the data to be plotted as a
function of time.
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Figure 4 (from Martini et al., 2009) OSL spectra for a synthetic quartz obtained under
optical stimulation in time intervals (1) 5-45 s, (2) 45-85 s, (3) 85-125 s, without
stimulation, (4) 125-165 s, and (5) 165-205 s). (a) The data as collected, and (b) after
normalisation (and offset) for (1), (2), (4) and (5). The energy scale shown
corresponds to 443 to 310 nm.
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Figure 5 (from Lomax et al., 2015) OSL spectra for natural quartz obtained during
optical stimulation with 525 nm photons at four different temperatures (a) corrected
for efficiency of detector and (b) data from (a) normalised to maximum of 1. The
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wavelength scale shown corresponds to 4.13 eV to 2.58 eV.
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Figure 6 (from Martini et al., 2012a) RL spectra obtained during irradiation with X-
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rays for synthetic quartz samples in which H+, Na+ and Li+ ions had been swept in.
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Figure 7 (from Martini et al., 2012b) Repeated RL spectra obtained under X-rays with
a dose of 10 Gy being given in each run (a) natural quartz, (b) synthetic quartz. The
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energy scale shown corresponds to 827 nm to 248 nm.
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Figure 8 (from Pagonis et al., 2014) Deconvolution of RL spectra into 7 Gaussian
components for a sample of commercially-available natural quartz previously heated
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to 700°C. The energy scale shown corresponds to 708 nm to 248 nm.
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Figure 9 (from King et al., 2011) Ionoluminescence spectra from four natural quartz
samples (A, B, C, D) measured at room temperature for 190 s when stimulated with
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0.95 MeV protons. A is calibration quartz.
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Figure 10 (modified from King et al., 2011) Red and UV/violet ionoluminescence
signals (and their ratio) as a function of dose delivered as measured for calibration
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quartz by repeated runs in which doses of ~4x107 Gy are delivered.
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Figure 11 (from Pagonis et al., 2009b) Comparison of experimental data with results
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of simulations for time-resolved luminescence.
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Figure 12 (from Tsukamoto et al., 2010) Time-resolved (TR) OSL (a) and OSE (b)
from quartz measured at stimulation temperatures of 50, 100, 150, 200 and 250°C
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using pulsed LED stimulation with on-time of 50 µs and off-time of 100 µs.
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Figure 13 (modified from Subedi et al., 2011) Luminescence efficiency as a function
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of temperature obtained by measurement of the “110°C” peak for different heating
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rates, and calculated using the parameters of Petrov and Bailiff (1997).
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Figure 14 (from Subedi et al., 2011) Luminescence efficiency measured as for Fig.
13, but over an extended temperature region using two additional peaks. Crosses are
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for the 110°C peak and stars for the higher temperature peaks, and the line represents
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values calculated using the parameters of Wintle (1975).
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Figure 15 (from Chithambo, 2003) The lifetime of the time-resolved OSL measured
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using pulsed stimulation at 525 nm as a function of the stimulation temperature.
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Figure 16 (from Pagonis et al., 2010) (a) Configurational coordinate diagram
outlining the Mott-Seitz mechanism in quartz. (b) Energy level diagram based on the
Mott-Seitz model and related to production of TR-OSL
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Figure 17 (from Chruścińska, 2010) OSL decay curves obtained at temperatures
ranging from 290 to 570 K calculated using a model with a single optical trap (E0 =
2.0 eV) and using stimulating wavelengths (hν) of (a) 1.9 eV and (b) 2.0 eV). Inset
shows data normalised to initial value.
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Figure 18 (modified from Timar-Gabor and Wintle, 2013) Laboratory dose response
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curves obtained using a SAR protocol for samples of loess from Costineşti, Romania
(a) for 4-11 µm grains and (b) 63-90 µm grains. (c) and (d) averaged dose response
curves using data from (a) and (b) fitted with double exponential function (GC-DSE)
and average values for sensitivity-corrected natural values for the same samples fitted
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with a single exponential function (GC-SSE).
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Figure 19 (from Chruścińska, 2014) Examples of experimentally obtained curves in
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VES-OSL measurements at room temperature and 125°C. The scans were obtained
after irradiation with 70 Gy using a scanning rate of 0.0012 eV s-1. The energy scale
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shown corresponds to 653 nm to 451 nm.
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Figure 20 (from Kijek et al., 2014) OSL decay curves taken at room temperature
normalised to the initial value when stimulation was carried out using the indicated
wavelengths of stimulating light. The quartz grains extracted from a brick were
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irradiated in the laboratory with a dose of about 690 Gy and stored for at least a day.
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Figure 21 (from Wang et al., 2015) (a) TOSL curve obtained as TL glow curve with
pulsed optical stimulation and TL glow curve obtained without optical stimulation,
both after preheating at 260°C for 10 s; top right shows CW-OSL stimulated at 125°C
with power of 1.92 mW/s for 5.8 s.
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Figure 22 (from Fan et al., 2009) a) and b) show pulse annealing curves of the 40 s
IRSL and 0.1 s OSL signals. The IRSL was recorded at 150°C. The plots c) and d)
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show reduction of the respective signal per °C.
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Figure 23 (from Wang et al., 2006a) OSL signal measured at 125°C as a function of
stimulation time, following a natural radiation dose of ~200 Gy. After 200 s of optical
stimulation, the aliquot is heated at 260°C for 10 s and the optical stimulation at
125°C recommences and results in the TT-OSL signal. The inset shows the TT-OSL
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OSL components.
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signal on a linear scale, following subtraction of the background signal from slow
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Figure 24 (from Arnold et al., 2015) TT-OSL ages versus independent age estimates
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D

or semi-independent age estimates obtained using conventional luminescence dating
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methods (TL, fading-corrected IRSL, OSL).
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Figure 25 (from Jacobs et al., 2011) BT-OSL De values plotted as a function of their
ReOSL De values for Middle Pleistocene sands from the southern South African
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coast.
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Figure 26 (from Chapot et al., 2016) TT-OSL ages obtained with a SAR protocol
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plotted against independently determined ages for the loess section at Luochuan. The
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results deviate from the 1:1 line for samples as young as 45 ka.
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Figure 27 (from Polymeris et al., 2015) Natural TA-OSL curves recorded at
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temperatures ranging from 75°C up to 260°C.
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1) Review of OSL signals in quartz
2) New developments in measurement techniques
3) New findings concerning the trap structure

