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Abstract 

 

Time-resolved optically stimulated luminescence (TR-OSL) is one of the few methods to characterise 

the type of recombination centre involved in luminescence production and its response to thermal, 15 

optical and irradiation treatments. TR-OSL experiments for natural quartz yielded lifetimes mainly in 

the range 30–45 µs, often supplemented by shorter or longer values in the µs range. For distinct types 

of bedrock quartz and K-feldspar much shorter lifetimes in the ns range have been reported. Here we 

further explore the characteristics of this short lifetime component in quartz and look for links to specific 

components in the quartz OSL signal with emphasis on the slow component. Our experiments were 20 

carried out on a newly developed measurement system available as an attachment to Freiberg 

Instruments lexsyg research readers that allows recoding TR-OSL signals with a minimum dwell time 

of 2.5 ns. We demonstrate that all of the nine investigated natural quartz samples give rise to a short 

lifetime component in the range 30–200 ns, which does not originate from measurement artefacts or 

feldspar contaminants. For most samples, two further lifetimes of 0.7–3.2 µs and 39–160 µs accompany 25 

this component as indicated by multi-exponential curve fitting. Our results show that the short lifetime 

component does not change substantially with annealing up to 500 °C, whereas it appears to rise slightly 

with irradiation up to a dose of 200–800 Gy. The process behind the decrease of the short lifetime 

component down to ~30 ns with measurement temperature up to 110 °C could not be certainly identified. 

With the measurement data compiled so far, we presently cannot establish a link between the short 30 

lifetime component and the OSL slow component.     
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Highlights 

• New TR-OSL measurement system with a minimum dwell time of 2.5 ns. 

• Most natural quartz samples show three lifetimes: 0.03–0.2 µs, 0.7–3.2 µs and 39–160 µs. 40 

• The short lifetime increases with dose and decreases with measurement temperature. 

• We could not find a link between the short lifetime and specific OSL components. 
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1. Introduction 

 

The luminescence signal of quartz emitted in response to thermal (TL) or optical stimulation (OSL) is a 45 

versatile tool in environmental dosimetry as well as geoscientific and archaeological dating (e.g., [1-4]). 

For reliable dosimetric and dating results, it is thus of great importance to characterise the luminescence 

signal and associated defects of the dosimeter material as accurately as possible. Experiments including 

temperature scans enable investigating physical properties such as the thermal activation energy E (eV) 

and frequency factor s (s-1) of electron traps (donor sites). The resulting bulk TL glow curve can be 50 

deconvolved into individual components, each associated with a distinct type of electron trap (e.g., [5-

7]). Similarly, modulated optical stimulation reveals information about the characteristics (e.g., 

photoionisation cross-section) of light-sensitive electron traps in quartz (e.g., [8-10]). 

However, it is more difficult to obtain information on their counterparts in the luminescence production 

process, the luminescence centres (acceptor sites) [11]. According to common model concepts, each 55 

type of luminescence centre occupied by a hole emits photons of characteristic energy (colour) following 

the capture of an electron. Specifically, this electron creates an excited state of the centre, which 

subsequently relaxes to a lower state or the ground state during photon emission [12-15]. Each relaxation 

process occurs with a distinct lifetime τ (s) that is characteristic for the centre and its specific 

configuration. If one or more short optical excitation pulses release trapped electrons and therefore 60 

create excited luminescence centres, the number of excited centres decays exponentially with time after 

stopping of stimulation [14,16]. 

 

Generally, the delay observed between stimulation and detection of OSL consists of three components: 

(1) the time needed to evict the electron from its trap, (2) the time it spends in the conduction band (in 65 

case of a delocalised transition) and to reach the centre, and finally (3) the relaxation time of the centre 

[15-18]. It is assumed that the first two contributions are much smaller (<1 ns) than the lifetime of the 

excited state of the centre, resulting in an expected single exponential decay of luminescence recorded 

after stimulation has ceased if only one type of centre is considered [15]. This view is supported by 

combined time-resolved OSL and exo-electron measurements which imply that the OSL lifetime 70 

detected after stopping of the stimulation is mainly dominated by the relaxation of luminescence centres 

[18].  

Besides radiofluorescence which enables a direct look at the involved recombination sites [19,20], 

pulsed optical stimulation combined with time-resolved detection of luminescence (henceforth termed 

TR-OSL) is thus one of the few luminescence methods to obtain information about the contributing 75 

centres in response to ionising irradiation, heating or light exposure.    

Numerous studies hitherto investigated luminescence lifetimes in various types of quartz as a function 

of different sample pre-treatments; a review is given by Chithambo et al. [21]. In essence, it was found 

that most quartz samples exhibit a principal lifetime component of around 30–45 µs when measured at 
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room temperature. This principal lifetime can be supplemented by signals with either longer (<150 µs) 80 

or shorter (several µs) lifetimes, depending on quartz formation conditions and sample history [22-27]. 

Remarkably, quartz extracted from crystalline rocks associated with low OSL sensitivity yielded 

lifetime components of about 2–4 µs, that could however not be sufficiently resolved due to the used 

dwell time of 2 µs [28]. In an investigation on different types of bedrock quartz, Guralnik et al. [29] 

presented TR-OSL lifetimes as short as 0.04 µs for some of the studied samples, which they attributed 85 

to the presence of intrinsic impurities and/or feldspar inclusions. In addition, lifetimes in the order of 

tens of ns were observed for time-resolved infrared stimulated luminescence (TR-IRSL) of feldspar 

(e.g., [15]).  

TR-OSL measurements by Sanderson et al. [2018, personal communication; see also supplementary 

material] using 600 ps nitrogen-dye laser pulses yielded quartz lifetimes in the range <10 ns to >100 µs 90 

for a set of samples. The general reduction of lifetimes with optical and thermal pre-treatments led them 

to suggest a correlation between the shorter quartz lifetimes and the hard-to-bleach components in the 

quartz OSL signal. Specifically, they proposed a sub-conduction band recombination process being 

responsible for both emissions. By contrast, a clear relationship between specific OSL components and 

lifetimes in the µs time domain could not be established by Chithambo and Galloway [25], Chithambo 95 

[30,31] and Guralnik et al. [29], the latter studies including a documented high-purity quartz sample. In 

this work, we aim to further tackle the potential connection of luminescence centre relaxation lifetime 

and OSL signal composition with particular emphasis on short, sub-microsecond lifetimes and the hard-

to-bleach (slow) component(s). This task, however, requires adequate measurement equipment capable 

of reliably resolving lifetime components in the 10-8–10-7 s time domain.  100 

The basic features of a TR-OSL stimulation and detection system relevant for discriminating 

luminescence lifetimes in the nanosecond range are the rise time trise and fall time tfall of the stimulation 

pulse as well as the minimum dwell time of the photon counting device. Rise and fall times here refer 

to the time needed for the stimulation pulse to rise from 10% to 90% of maximum intensity after being 

switched on and to drop from 90% to 10% of maximum intensity after being switched off, respectively.  105 

Early results for lifetimes of feldspar samples were obtained using a laser system for generating 

stimulation pulses of 10 ns width coupled with a detection system enabling a dwell time of 5 ns [15]. 

Since then, most other work was carried out with LEDs as light source for pulsed stimulation. The 

custom-designed system formerly used by Chithambo and Galloway [32] features green (525 nm) LED 

stimulation and is characterised by trise = 10 ns, tfall = 25 ns and a minimum dwell time of 5 ns; later this 110 

system was upgraded and additionally equipped with blue (470 nm) LEDs [21,25,33,34]. The 

commercially available system fitted to the Risø TL/OSL readers makes use of blue (470 nm) LEDs and 

yields trise ≈ 200 ns, tfall ≈ 100 ns and a dwell time >0.1 ns [35]. Besides the minimum dwell time with 

which TR-OSL can be recorded, the main limitation for exploring short (<1 µs) lifetimes with diode-

based systems are the characteristic values of trise and tfall. 115 
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In this paper, we investigate quartz OSL lifetimes <1 µs and potential links to the OSL slow component 

region by exploring their response to irradiation and various thermal and optical pre-treatments. The 

measurements were carried out on a new commercially available measurement system enabling a dwell 

time down to 2.5 ns. This system is used to analyse the TR-OSL signals of nine natural quartz samples, 

which all show a short lifetime component in the range of 100–300 ns. Finally, the implications of our 120 

experimental results are discussed.   

 

2. TR-OSL experimental setup 

 

2.1 Technical details of the 'fast pulsing' system 125 

 

All TR-OSL measurements were conducted using a 'fast pulsing' add-on for the Freiberg Instruments 

lexsyg research luminescence reader (Fig. 1) [36]. This add-on was developed in the framework of this 

study and is based on 28 nm FPGA (Field Programmable Gate Array) technology supported by a dual-

core ARM Cortex A9 processor. A pulse generator creates both rectangular signals that are sent to the 130 

OSL unit for sample stimulation and internal trigger pulses for recording the transient signals of the 

sample in response to the pulsed stimulation (Fig. 2). The internal trigger can be set to the rising or the 

falling edge of the pulse to record OSL during the On- and Off-time periods, respectively. The terms 

On-time and Off-time as used in this study refer to the cumulative time during which the stimulation 

source is on/off in the course of a measurement (i.e., On-time equals the On-time per pulse × the number 135 

of pulses). On- and Off-times can be adjusted as multiples of 10 ns, i.e. the main system runs with a 

sampling rate of 100 MHz. The (theoretical) upper limit of On- and Off-times is set to (264 – 1) × 10 ns. 

Part of the fast pulsing system, however, is operated at a sampling rate of 200 MHz and 400 MHz, 

allowing TR-OSL to be recorded with dwell times of 5 ns and 2.5 ns for a limited number of channels. 

The template memory defines the dwell time and distribution of measurement channels within the pre-140 

selected period of signal acquisition. Typically, all channels have the same dwell time, but it is also 

possible to increase them logarithmically in time to record the signal at the beginning of the On- or Off-

time with higher temporal resolution. The maximum number of 10 ns channels of 16,383 per recorded 

transient is given by the maximum number of points of the template memory, while the width of the 

template memory (30 bits) limits the maximum dwell time to ~10 s. To synchronise with the sampling 145 

rate of the bulk system, the deserialiser transforms the signals with 2.5 ns dwell time from the 

photomultiplier tube (PMT) to 10 ns dwell time by merging four channels. An adder sums up the values 

contained in individual channels according to the pre-defined channel length and distribution in the 

template memory and writes them into the data memory. Thus, the summation is done hardware-based 

through an FPGA before the added value is saved. The data memory itself can add together the values 150 

of up to 232 ‒ 1 scans to generate a sum curve (On-time, Off-time or both) as output. The maximum 

number of count events per channel is 32,767 (= 215 – 1) for 2.5 ns dwell time, 230 – 1 for 5 ns dwell 
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time and 260 – 1 for a dwell time of 10 ns and more. The PMT signal itself is carefully amplified, 

compared to a threshold value by the electronics and then digitally sampled. Due to the lack of any 

further analogue processing, the signal is not affected by dead times at all. Only the dead time resulting 155 

from the limited pulse width of the PMT has to be taken into account. If pulses are too close in time, 

they will be counted as one pulse. The used PMT has a pulse width (dead time) of about 10 ns, so that 

for an adjustable count rate of 107 s-1 the system warns the user of possible distortions due to nonlinearity 

of pulse counting. Finally, the output file contains a single curve representing a cumulative spectrum of 

radiative recombinations in the time domain.  160 

 

Fig. 1 

 

Fig. 2 

 165 

Examples of stimulation pulses of different lengths are shown in Fig. 3. These were recorded by 

registering the light of the laser diodes directly with the PMT. For this purpose, several layers of paper, 

acting as ‘neutral’ density filter, were inserted in the filter tube to avoid oversaturation of the PMT. It 

can be seen that the stimulation intensity has decayed to negligible values at ~20 ns following the end 

of the On-time. The characteristic lifetime τfall of the falling edge of the stimulation pulse was estimated 170 

by fitting the data of the first 30 ns in the Off-time (see dashed lines in Fig. 3a) with a single 

exponentially decaying function (Fig. 3c). The analyses of τfall for pulse widths in the range 0.3–10 µs 

yielded an average value of 10 ± 1 ns.    

 

Fig. 3 175 

 

2.2 Measurement parameters 

 

For the TR-OSL experiments, samples were stimulated with blue laser diodes (LDs) emitting at 445 nm 

with a maximum power density of 100 mW cm-2 at the sample position. TR-OSL signals were detected 180 

with an EMI ET9235QB PMT through a combination of a Delta BP 365/50 EX interference filter and a 

2.5 mm Hoya U340 glass filter. The resulting detection window is characterised by a transmission range 

from ~328 nm to ~380 nm (FWHM) and a maximum transition at 347 nm of 55%. Irradiation was 

performed with a 90Sr/90Y β-source with a dose rate of ~0.11 Gy s-1 for quartz coarse grains (calibrated 

using Risø calibration quartz, batch 90 [37]). All measurements were carried out at room temperature 185 

(~25–30 °C inside the measurement chamber) unless indicated otherwise.  

We measured and analysed only Off-time signals in this study. Most of the TR-OSL spectra presented 

in this study were recorded using a pulse width of 1 µs and an Off-time of 20 µs because we set the 

focus on the short lifetime components (<1 µs) rather than the principal lifetimes of natural quartz (~30–



7 

 

45 µs) as published for instance by Chithambo and Ogundare [26] and Ankjærgaard et al. [27]. The 190 

dwell time was set to 10 ns (unless stated otherwise), the number of scans per measurement to 107 and 

the stimulation power density to 60 mW cm-2. This resulted in a TR-OSL measurement duration of 

210 s. Furthermore, due to the finite dead time of the photon counting system of ~10 ns, TR-OSL spectra 

can be distorted towards photons arriving early during the Off-time period because a second photon 

arriving shortly after the first one during the Off-time might then not be counted (pile-up effect) [e.g., 195 

15,32]. Therefore, we adjusted the aliquot size and stimulation power in that way that the number of 

detected photons was kept lower than the number of pulses in all of our experiments to allow recording 

of non-distorted TR-OSL spectra. The usual number of cumulative counts in the peak channel of the 

time-resolved spectra acquired in this study is in the order of 103 or less, which translates to a probability 

of registering a photon of <10-4 for each light pulse, given that 107 scans were performed per spectrum. 200 

We, therefore, consider it as unlikely that our spectra are affected by pile-up effects and associated 

distortion of lifetimes. No preheat was applied between irradiation and TR-OSL measurement since the 

phosphorescence following irradiation is not correlated in time with the stimulation pulse [38].  

 

2.3 Data processing 205 

 

For the data processing, we utilised the statistical programming language R [39] and the package 

‘Luminescence’ [40,41]. TR-OSL curves were fitted using an approach suggested by Bluscz and 

Adamiec [42] employing a differential evolution optimisation [43] in conjunction with nonlinear least 

square fitting that allows achieving a statistically justified number of OSL lifetime components in an 210 

automated procedure. For the differential evolution optimisation we used the R package ‘DEoptim’ 

[44,45] and for the fitting the Levenberg-Marquardt algorithm [46] as implemented in the R package 

‘minpack.lm’ [47].  In a first step, start parameters were estimated optimising the function  

 

�� =  � � ∗ [	
� − � � ∗ ������]�
�

� ��

�

���
 215 

 

 

with nj being the number of counts in the jth of N channels, tj the corresponding Off-time, c the dwell 

time (channel width), Ai a scaling factor, τi the lifetime of the ith component and w a weighing factor, 

which was set to  220 

� = 1
��	�� �

� = ��
	�  

assuming Poisson distribution dominated variance of the photon counts in the jth channel (cf. [42]). The 

statistical justification for adding an mth component was derived from an F-distribution (df1 = 2, df2 = N 
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– 2 * m – 2 for calculating the reference values) at a significance level of 0.05. The F value from the 

data is given by the ratio 225 

� =  
Δ��

2��
" − 2# − 2

 

 

The so derived start parameters for Ai and τi (i := 1,…,m) were used as input for the final nonlinear least 

square fitting using the function  

$%&' =  � � ∙ �� ���
�

���
 230 

 

with I(t) being the measured TR-OSL intensity. A Durbin-Watson residual statistic [48] was finally used 

to check for unwanted correlations between the residuals. For a fully automated lifetime estimation, the 

above described procedure was implemented in the R function fit_OSLLifeTimes() as part of the 

‘Luminescence’ package version >= 0.9.0). 235 

 

2.4 Samples and sample preparation 

 

Nine sand-sized quartz samples from different locations in Germany, France, Jordan and Venezuela 

were selected for the TR-OSL experiments (see Table 1 for further details). Part of these samples shows 240 

a prominent OSL slow component which complicated their routine OSL dating. Comparative linearly 

modulated OSL (LM-OSL) measurements were carried out for qualitative assessment of relative 

contributions of fast, medium and slow components; these are shown in Figs. S1 and S2 in the 

supplementary material. As a benchmark, the set of samples includes a quartz reference sample (FB2A) 

with proven intense fast component and high luminescence sensitivity [49].  245 

Quartz purification was carried out using routine mechanical and chemical treatments as applied in the 

quartz inclusion technique (e.g., [50]). An exception was sample BT1629, which was not etched in HF 

due to the general lack of feldspathic phases and because this sample is not used for dating purposes. 

All solid rock samples (BT1629, BT1647) were gently crushed in a steel mortar and sieved to the target 

grain size prior to chemical preparation. The lack of any contaminant phases (e.g., orthoclase, zircon) 250 

was checked by electron microprobe analyses with a JEOL JSM-6460LV Scanning Electron Microscope 

in high-vacuum mode (<10-2 Pa) using a current of 20 kV. This screening of a representative number of 

grains per sample (e.g., 133 grains for BT729 and up to 400 grains for BT1127) demonstrated that none 

of the samples contained detectable amounts of feldspar (data not shown). We therefore assume that the 

measured TR-OSL signal does not originate from feldspar phases within the samples.  255 

 

Table 1 
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3. Influence of the finite fall time of the stimulation pulse on measured lifetimes 

 260 

Measuring accurate lifetimes in the nanosecond time domain requires a sharply defined fall-off of 

stimulation at the end of the optical pulse. If the characteristic fall time τfall of the stimulating light pulse 

is in the order of the lifetime of the signal to be measured, the measured lifetime might be distorted and 

longer than the 'true' lifetime [51,52]. In order to assess the impact of τfall of the used pulsing setup on 

the measured lifetime τ, we progressively removed data channels at the beginning of the Off-time before 265 

fitting the decay curves. If there is indeed an impact of τfall (10 ± 1 ns) on the resulting lifetimes, the 

latter should change as a function of removed channels and attain a stable value after ~5 τfall, when the 

stimulation light has decreased to ~1% of its initial value [52]. Such analysis for samples BT1134 and 

BT1385 using a 3-component-fit, however, did not reveal any trend in fitted lifetimes as a function of 

the number of removed data points. All three lifetime components (henceforth termed τ1, τ2 and τ3 with 270 

increasing lifetime) are identical within uncertainties for up to 10 discarded channels (data for sample 

BT1385 shown in Fig. S3 in the supplementary material). This can be taken as a strong indication that 

the detected lifetimes in the range of 100–300 ns are not significantly affected by the finite fall time of 

the LD stimulation.   

 275 

4. TR-OSL spectra and associated lifetimes of quartz 

 

4.1 Reproducibility of extracted lifetime components 

 

To assess the reproducibility of the lifetime components determined by applying the fitting algorithm 280 

described in Section 2.3, we carried out five cycles of repeated β-irradiation (110 Gy) and TR-OSL 

measurement of one aliquot of sample BT1127. The data were fitted to three lifetime components, and 

we observe that all three lifetimes do not significantly change throughout the measurement sequence 

(within 1σ uncertainty, except for τ2 and τ3 for cycle 2; see Fig. S4 in the supplementary material). 

Measurement of an empty sample cup yielded a stable Off-time TR-OSL signal about one order of 285 

magnitude lower than typical TR-OSL levels of the analysed quartz samples (Fig. S5 in the 

supplementary material). Therefore, we conclude that especially τ1 can be reliably extracted from the 

acquired TR-OSL spectra, provided that signal intensities in the initial part (<1 µs) are >5–10 cts ns-1 

above the signal corresponding to the next lifetime component and that lifetimes do not change with 

repeated irradiation and light exposure. 290 

 

4.2 Lifetime components across samples 

 

Standardised TR-OSL measurements were carried out for the samples listed in Table 1 using the 

measurement parameters specified in Section 2.2. For most of the samples, the natural TR-OSL signal 295 
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was very dim (<4 cts ns-1), which complicated the reliable extraction of lifetime components from the 

bulk signal. Therefore, the regenerated signal following bleaching (>100 s stimulation at 445 nm and 

160 °C with a power density of 16 mW cm-2) and a β-dose of 250 Gy was recorded for two aliquots per 

sample and the bulk experimental data fitted to a variable number of single exponential decays (see 

Section 2.3). To explore a potential link between specific lifetimes and components of the quartz OSL 300 

signal (fast, medium, slow; [53,54]), a second set of two aliquots per sample was measured in the same 

way but with an 'optical wash' prior to TR-OSL recording to remove the fast component. This treatment 

consists of 100 s blue LD (445 nm) stimulation at 160 °C at a power density of ~16 mW cm-2 (following 

[55]). Examples of TR-OSL spectra containing three (BT1385) and one (FB2A) lifetime components as 

resulting from the fitting procedure are shown in Fig. 4. This figure also depicts the signal acquisition 305 

modes of constant dwell time (Fig. 4b) and logarithmically increasing dwell time (Fig. 4a), the latter 

being particularly suitable for analysing lifetimes that span several orders of magnitude. Based on the 

routine of the R function fit_OSLLifeTimes()to find the number of components best describing 

the data while avoiding the problem of overfitting (see Section 2.3), three lifetime components yielded 

an optimised output for the majority of samples; an overview is given in Table 2 and Fig. 5.    310 

 

Fig. 4 

 

The results of lifetime extraction procedures demonstrate that all investigated samples show a short 

lifetime component (τ1) in the interval 0.07–0.25 µs, which has, to our best knowledge, only once been 315 

published for quartz before [29] and which survives optical washing (see Fig. 5b). Except for two 

samples (BT1629, FB2A) the values of τ1 cluster in a rather narrow range around an average of 0.18 ± 

0.02 µs. The intermediate lifetime component (τ2) was present for all samples except FB2A, its values 

span the range 0.7–3.2 µs with an average of 2.3 ± 0.6 µs. For the longest lifetime component (τ3) the 

spread in values is comparatively large (39–160 µs) with an average of 79 ± 32 µs. It is remarkable that 320 

sample FB2A showed only two lifetime components without an optical wash, while τ1 disappeared 

following the optical wash, thus facilitating a good fit with just one exponential decay (Fig. 4b). 

 

Fig. 5 

 325 

The slightly increased uncertainties of lifetime components (especially τ1) following the optical wash 

reflect the reduced signal intensity in comparison to measurements without optical pre-treatment (Fig. 

5). In general, the intermediate lifetime component (τ2) could be extracted less reliably, as indicated by 

a relative uncertainty of the lifetime value of ~20% compared to ~8% for both τ1 and τ3. 

 330 

Fig. 6 
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Table 2 

 

The scatterplot in Fig. 6 indicates that the application of an optical wash prior to TR-OSL measurement 335 

does not substantially alter the extracted lifetime components. A two-sided two-sample t-test shows that 

the difference between the lifetime components extracted in both ways is not significant (τ1: t = -1,78, 

df = 29.3, p = 0.085; τ2: t = -1.09, df = 29.2, p = 0.28; τ3: t = -0.73, df = 32.7, p = 0.47).  

The persistence of τ1 following optical treatments aimed at removing the fast OSL component (see Figs. 

S1 and S2 in the supplementary material) maintains the possibility that it could be associated with the 340 

slow OSL component(s), as proposed by Sanderson et al. [2018, personal communication]. The general 

reduction of long relaxation processes (lifetimes) following thermal and optical procedures to eliminate 

rapidly bleached OSL components led these authors to hypothesise on a sub-conduction band 

mechanism (localised transition) as a potential explanation. Such a model would, however, contradict 

the general view that the lifetime is mainly controlled by the relaxation process within a luminescence 345 

centre. To test this hypothesis further, we performed additional experiments trying to correlate τ1 with 

specific features of the OSL slow component as pointed out by Bailey [55] that are in line with the 

proposed model of a localised transition. In particular, for the OSL slow component, Bailey observed a 

positive correlation of decay rate with annealing pre-treatment and regeneration dose. 

Since the other two lifetime components (τ2 and τ3) outlived the optical wash without significant change, 350 

they might equally be related to recombination processes associated with the slow OSL component(s). 

However, following the initial incentive of our study, we foremost focus on τ1 in subsequent analyses.        

 

4.3 Annealing experiments 

 355 

Bailey [55] observed an increase in the decay rate of the quartz OSL slow component after the sample 

had been annealed to >500 °C. Following the Zimmerman [56] model of thermal activation of 

luminescence centres, he explained this increased decay rate after annealing with a lower mean 

separation distance between donor and acceptor sites due to a larger concentration of activated 

luminescence centres. If there is a link between the recombination mechanism of the OSL slow 360 

component and τ1, one might expect a similar effect of annealing on the value of that lifetime component.  

In previous studies, no change of the principal lifetime component for annealing temperatures <500 °C 

was found (e.g. [30,38]), but sub-microsecond lifetimes have not yet been checked for variability with 

annealing treatments.  

Our annealing experiments of samples BT1127, BT1385, BT1629 and BT1647 consisted of heating to 365 

temperatures of 100 °C, 200 °C, 300 °C and 500 °C with a heating rate of 5 K s-1 and holding the 

temperature for 60 s before giving a β-dose of 110 Gy and measuring TR-OSL using 106 pulses (other 

measurement parameters as specified in Section 2.2).    
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Fig. 7 370 

 

Fig. 7a indicates that τ1, as obtained from fitting three lifetime components to the TR-OSL spectra, does 

not substantially change with annealing temperature. All values of τ1 lie between ~0.06 µs and 0.2 µs, 

and small variations are likely to originate from scatter-induced variations of fitting results rather than 

being caused by real physical effects. For sample BT1385, τ1 continuously decreased in intensity for 375 

increasing annealing temperatures, so that it could finally not be fitted anymore for an annealing 

temperature of 500 °C (Fig. 7a). Instead, the principal lifetime component (~45 µs) gradually sensitises 

throughout the measurement sequence, so that it dominates the TR-OSL signal following heating to 

500 °C (Fig. 7b). Similar observations were made by Guralnik et al. [29] for one of their samples. The 

outlier value for sample BT1127 at an annealing temperature of 300 °C (Fig. 7a) can probably be 380 

attributed to a fitting artefact. 

Changes of the principal µs-scale lifetime component in quartz with annealing temperatures >500 °C 

can be accounted for in the energy band model by the presence of two or more luminescent centres with 

distinct lifetimes each [38]. Exposure to heat leads to the transfer of holes from one centre to another, 

in this sense sensitising or desensitising them and entailing a shift in observed lifetime. Following that 385 

model, our experimental results would thus indicate that within the temperature range investigated here 

the centre responsible for τ1 is thermally stable up to 500 °C, and that it does not receive holes released 

from thermally less stable centres during annealing <500 °C.    

 

4.4 Dependence of τ1 on regeneration dose 390 

 

According to the hypothesis formulated in Section 1, a localised donor-acceptor transition should result 

in shorter lifetimes with increasing dose, since the average distance between electron trap and the closest 

luminescence centre is reduced.  

To investigate the influence of the absorbed dose on τ1, we measured TR-OSL signals for samples 395 

BT1127, BT1385, BT1629 and BT1647 (two aliquots each) as a function of increasing regeneration 

dose in the range 50 Gy, 100 Gy, 200 Gy, 400 Gy, 800 Gy and again 50 Gy. A 'hot-bleach' for 1,800 s 

at 280 °C and 70 mW cm-2 using blue LDs (445 nm) was carried out prior to each regeneration cycle to 

avoid carry-over of dose from previous cycles. 

 400 

Fig. 8 

 

Fig. 8 shows the change of τ1 with increasing regeneration dose. For doses of 50 Gy and 100 Gy, τ1 

ranges between ~0.03 µs (BT1629) and ~0.13 µs (BT1127), while this lifetime component seems to be 

consistently shorter for sample BT1629 than for the other samples. In general, τ1 one becomes longer 405 

up to a dose of 200 Gy and then reaches a constant value of ~0.16–0.17 µs for larger doses. 
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From this experiment, it is however not possible to deduce a clear relationship between τ1 and absorbed 

dose, since the TR-OSL signal obtained from small doses (50 Gy and 100 Gy) is comparatively weak 

and the resulting lifetimes from the fitting procedure are susceptible to statistical scatter of the data 

points composing the TR-OSL decay curve. This is reflected by the increased relative uncertainty of τ1 410 

of most samples for small regeneration doses. Hence, at this point it remains unclear whether the trend 

of increase in τ1 with increasing dose is a real physical effect or just a fitting artefact caused by dim 

signals.     

 

4.5 Variation of the measurement temperature 415 

 

Previous studies [23,25] revealed a strong reduction of the principal lifetime component of quartz with 

measurement temperature, which was attributed to the mechanism of thermal quenching. In view of the 

proposed direct donor-acceptor transition as recombination pathway associated with τ1, increased 

measurement temperature could as well foster the thermally assisted occupation of excited states within 420 

the trapping centre, from which localised recombination is more likely than from the ground state, thus 

decreasing the observed lifetime of this transition.  

We, therefore, conducted TR-OSL measurements for samples BT1127, BT1385, BT1629 and BT1647 

following a constant regeneration dose of 250 Gy, while stepwise increasing the measurement 

temperature in the range 25 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, 100 °C, 110 °C. In between 425 

the regeneration cycles, we applied a hot-bleach for 1,800 s at 280 °C and 70 mW cm-2 using blue LDs 

(445 nm) to prevent potential effects of accumulating dose on lifetimes throughout the measurement 

sequence. Due to the sharp decrease of the initial part of the resulting TR-OSL spectra, the fitting 

algorithm did not always sufficiently capture the first one or two data points. This means that the 

amplitude information contained in the fitted curve parameters is subject to considerable scatter, which 430 

unfortunately prevented the analyses of the signal intensity of τ1 as a function of measurement 

temperature.     

 

Fig. 9 

 435 

While τ1 of sample BT1629 is significantly shorter at room temperature (~25 °C) than τ1 of other 

samples, there is only small variation in the values of τ1 for measurement temperatures >40 °C between 

samples (Fig. 9a). The key finding of this experiment is that τ1 decreases in the temperature range 25–

110 °C from ~0.15–0.17 µs to a seemingly stable value of ~0.03 µs. It is remarkable that the reduction 

of τ1 starts at much lower measurement temperatures than observed for the principal lifetime component 440 

of quartz in the range 30–40 µs, which is basically constant below measurement temperatures of 100 °C 

[23,25,38,57,58]. Assuming a localised donor-acceptor transition via an excited electronic state in the 

trap, one would expect a thermal activation mechanism following the Arrhenius law, where τ = 1/P ~ 
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exp(W/kBT) with P (s-1) being the probability of activation, W (eV) the activation energy, kB (eV K-1) the 

Boltzmann constant and T (K) the absolute temperature. Linear fits to the Arrhenius plots (Fig. 9b) have 445 

a slope W/kB and allow extracting the activation energies for samples BT1127 (W = 0.18 ± 0.02 eV), 

BT1385 (W = 0.18 ± 0.03 eV), BT1629 (W = 0.08 ± 0.01 eV) and BT1647 (W = 0.20 ± 0.02 eV). 

However, the effect of thermal quenching follows essentially the same temperature-dependence 

[24,59,60]; therefore, from analyses of the present dataset alone, it cannot be decided which of the two 

processes is involved, i.e. if the thermal activation takes place in the electron trap (speeding up the 450 

recombination process) or in the luminescence centre. It must be added though that the dataset in Fig. 

9a does not allow extracting the activation energy with great confidence due to the large scatter, and 

interpreting these values must be done with caution. 

An alternative explanation for the temperature-dependent decrease of lifetimes in quartz put forward by 

Chithambo and Galloway [22,23] could be the presence of shallow electron traps that cannot re-trap 455 

electrons at elevated temperatures, thus accelerating the recombination process and leading to shorter 

lifetimes. However, such an electron trap would produce a TL peak below room temperature.  

Quite similar to the multiple-centre model explaining the variation of lifetimes with annealing (see 

Section 4.3), several authors have suggested that a change in the experimentally observed lifetime with 

measurement temperature might be caused by the presence of two luminescence centres, each with an 460 

individual characteristic lifetime [38,61]. According to this model, the different thermal quenching 

activation energies of the two centres lead to a temperature-dependent dominance of one of the two 

centres in terms of radiative transitions (Mott-Seitz mechanism). Hence, in a transitional temperature 

range, one of the centres increasingly determines the effective lifetime.  

 465 

4.6 Photo-transferred thermoluminescence from the OSL slow component region  

 

Photo-transferred thermoluminescence (PTTL) is a common observation for the OSL fast component 

trap, from which charge is assumed to be optically transferred through the conduction band to the trap 

responsible for the 110 °C peak (e.g.,[62,63]). If the recombination process associated with the OSL 470 

slow component region makes use of a sub-conduction band pathway via a localised transition, we 

would not expect to see PTTL in the low-temperature (<160 °C) region of the TL glow curve. To test 

this hypothesis, we conducted the measurement sequence shown in Table 3 to assess whether charge 

from the OSL slow component region induces PTTL.   

 475 

Table 3 

 

Additional LM-OSL measurements and deconvolution of the majority of samples proves that following 

an optical wash all components characterised by a photoionisation cross-section σ in the order of 10-17–

10-18 cm2 (fast and medium components) are successfully removed, while only components with σ in 480 
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the order of 10-19–10-21 cm2 (slow components) persist (component assignment according to [9]). Details 

are given in the supplementary material.  

As Fig. 10 shows, the depletion of these slow components causes PTTL in the glow curve region 25–

160 °C with a phototransfer ratio (PTTL/OSL; [62,64]) of ~0.011 when referenced to the first 100 s of 

the post-OSL OSL measurement (step 4 in Table 3). While direct comparison of this value with 485 

previously determined phototransfer ratios (e.g., [62]) is hampered due to different signal integration 

intervals, it suggests that at least part of the signal of the slow component region results from 

recombination processes through the conduction band.  

 

Fig. 10 490 

 

 

5. Discussion 

 

Investigation of a set of nine quartz samples from various origin and geological history showed that 495 

almost all TR-OSL curves resulting from thermally untreated samples could be best deconvolved into 

three lifetime components τ1 ~ 0.07–0.26 µs, τ2 ~ 0.71–2.98 µs and τ3 ~ 39–155 µs (cf. Table 2, without 

optical wash). A careful check for potential contaminating phases (e.g., feldspar) in the quartz samples 

as well as for measurement artefacts (e.g., signals from sample carriers, filter breakthrough) confirmed 

that the lifetimes in the order of 0.07–0.26 µs originate from quartz. Our observations are in line with 500 

OSL lifetimes in the range 0.04–2 µs found by Guralnik et al. [29] for some bedrock quartz and lifetimes 

in the order of 0.01–0.05 µs recorded by Sanderson et al. [2018, personal communication; see also 

supplementary material] for a series of quartz samples. The latter authors suspected a potential link 

between short quartz OSL lifetimes and a hypothesised sub-conduction band recombination process of 

the continuous wave (CW-)OSL slow component, based on a general reduction of lifetimes with 505 

preheating, increased stimulation temperature and erasure of rapidly bleaching CW-OSL signal 

components. Furthermore, Bailey [55] summarised distinct luminescence features of the OSL slow 

component region that clearly set it apart from the fast and medium components and fuelled again the 

hypothesis of a localised donor–acceptor transition which could well explain his observations. These 

features include an increase in the decay rate of the slow component with increasing dose and with 510 

annealing at 500 °C. Our experiments on the change of τ1 in response to annealing, increasing 

regeneration dose and measurement temperature aimed at testing whether we could find similar 

indications for the relationship between short nanosecond-scale lifetimes and the OSL slow component 

and its proposed recombination mechanism.      

For the samples used in this study, we did not observe any substantial change of τ1 with annealing 515 

temperature up to 500 °C. Interestingly, Galloway [38] noted a decrease in the principal lifetime only if 

samples were heated to >600 °C. If the Zimmerman model [56] for explaining the pre-dose effect is 
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correct and the mechanism of direct donor-acceptor transitions would apply, τ1 should decrease with 

annealing due to transfer of holes from reservoir centres (R-centres) to luminescence centres and hence 

reduced mean separation distance between donor and acceptor. This transfer usually starts already at 520 

temperatures >400 °C [65] but should have certainly led to activation of luminescence centres following 

heating to 500 °C [56]. Therefore, the proposed proximity effect of donor and acceptor sites and its 

effect on τ1 could not be confirmed by means of the annealing experiments. 

Similar to the annealing tests, the measurements of τ1 as a function of dose did not fulfil the expectations 

concerning the suggested localised donor-acceptor transition. Within the applied dose range (50–525 

800 Gy), τ1 did not decrease, but instead appears to slightly increase in value up to a regeneration dose 

of 200 Gy, while the results for τ1 at lower doses are associated with comparatively large uncertainties. 

Interestingly, the idea of lifetimes that relate to the proximity of electron traps and recombination centres 

was formulated by Chithambo and Galloway [22] to explain the slight increase of the principal lifetime 

as a function of the duration of light exposure prior to TR-OSL measurement. In that way, with ongoing 530 

light exposure of the sample luminescence centres are gradually being used up, with the consequence of 

larger distances between trap and centre and thus also increased lifetimes. This picture, however, does 

not conform with our observations on the dose-dependence of τ1, where a similar effect would be 

expected if the proposed proximity mechanism applies.         

Varying the measurement temperature demonstrated a thermally activated decrease of τ1 and Arrhenius 535 

analyses yield activation energies in the range 0.08–0.20 eV for the four measured samples. Compared 

to the principal lifetime of quartz (~30–45 µs), the onset of the decrease in lifetime with measurement 

temperature occurs at much lower temperatures for τ1 (already at or slightly above room temperature). 

It is nevertheless unclear whether this observation is caused by a thermally accelerated localised 

transition from an excited state within the electron trap, or whether it is a result of thermal quenching. 540 

Thermal quenching energies for the UV emission of natural quartz have been determined to 0.63–0.64 

eV for TL [18,59], to 0.63 eV for OSL [66] and to 0.52–0.84 eV for TR-OSL [26,30,57]. The latter case 

would then imply that the luminescence centres producing the emissions related to either the principal 

lifetime or to τ1 might not be identical, or at least two different configurations of the same centre. In 

light of the findings from annealing and dosing experiments, however, it appears more likely that the 545 

reduction of τ1 with measurement temperature is due to thermal quenching. Another line of 

argumentation for explaining the shortening of lifetimes with increasing measurement temperature 

refers to the electron trapping sites as the relevant agent. By raising the temperature, re-trapping of 

delocalised electrons in shallow traps is prevented and therefore, the recombination process accelerated, 

resulting in shorter lifetimes [22,23]. 550 

All analyses and interpretations conducted above are based on the premise that the TR-OSL signal is a 

composite signal formed by a number of exponentially decaying components. While this assumption 

has been frequently referred to in the TR-OSL literature (e.g., [15,67,68]), to the best of our knowledge 

there is no experimental evidence so far that TR-OSL spectra of quartz are exclusively dominated by 
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the relaxation process of a luminescence centre. This should be kept in mind when trying to interpret 555 

TR-OSL spectra, and indeed alternative models to describe TR-OSL data – e.g. by stretched 

exponentials – were proposed [69].    

Although the measurements undertaken in this study and their interpretation are not entirely conclusive, 

they presently cannot support the proposed association of short lifetimes, here in the range of 30–200 ns, 

with the quartz OSL slow component region (photoionisation cross-section: 10-19–10-21 cm2) and its 560 

suggested sub-conduction band recombination process. Since many questions on the origin of the TR-

OSL signal of quartz in the nanosecond time domain and a potential link to specific OSL components 

remain unanswered, this study may serve as an incentive for further investigations in that field.   

 

6. Conclusions 565 

 

The new, commercially available TR-OSL system described and characterised in this article allowed us 

to study recombination processes in quartz samples in the nanosecond time domain. Along with this 

'fast-pulsing' add-on, we developed a free and easy-to-use R function to extract luminescence lifetimes 

from TR-OSL spectra. The origin and exact mechanism of quartz lifetimes in the nanosecond range (30–570 

200 ns) as obtained from the TR-OSL measurements remain unknown. All measurements conducted so 

far indicate that these lifetimes are not a measurement artefact nor related to impure quartz samples. The 

postulated association between short lifetimes, the OSL slow component region and a direct donor-

acceptor transition (localised transition) could not be confirmed for the time being by measurements of 

the short nanosecond lifetime as a function of dose, annealing and measurement temperature, although 575 

the measurement data are not entirely conclusive. Photo-transferred TL originating from the OSL slow 

component region further suggests that at least one of the slow components originates from 

recombination pathways involving the conduction band. 
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Table and Figure captions 

 

Table 1 755 

List of quartz samples used for the TR-OSL experiments. 

 

Table 2 

Summary of lifetimes obtained for the set of samples following a regenerative β-dose of 250 Gy and 

either no further optical pre-treatment ('without optical wash') or with an optical wash prior to TR-OSL 760 

measurement consisting of exposure to blue LDs (445 nm) at 160 °C for 100 s at a power density of 16 

mW cm-2. Two aliquots per sample were measured and the lifetimes were extracted using the 

fit_OSLLifeTimes() function of the R package 'Luminescence' (v0.9.0; upcoming version). 

Uncertainties are quoted at 1σ. 

 765 

Table 3 

Sequence of measurements to record PTTL induced by the OSL slow component region. 

 

Fig. 1 

Schematic diagram showing the integration of the pulsed OSL unit into the lexsyg research system. 770 

 

Fig. 2 

Overview scheme showing the interaction of the system components for pulse generation and processing 

of TR-OSL data. Individual components are independent and self-developed functional blocks within 

the FPGA technology.  775 

 

Fig. 3 

The shape of stimulation pulses for pulse widths of (a) 0.3 µs and (b) 10 µs. The light emitted from the 

laser diodes (LDs, 445 nm) during the pulse was directly recorded with the PMT using several layers of 

paper for attenuating the stimulation light. The decreasing intensity during the On-time in (b) is most 780 

likely an artefact caused by pile-up effects resulting from the finite dead time of the PMT (10 ns) so that 

photons arriving later in the On-time are counted with a lower probability. (c) The data points for the 

falling edge of one pulse (in between the dashed lines in (a)) were plotted on a log scale and fitted with 

a linear function to estimate the 'lifetime' τfall of the stimulating signal after switching off the LDs. 

 785 

Fig. 4 

Lifetime component extraction for sample BT1385 (a; three components) and sample FB2A (b) which 

could be fitted to only one component following an optical wash before TR-OSL measurement (see 

main text for further details). The two graphs also exemplify the signal acquisition modes of constant 
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dwell time (b) and logarithmically increasing dwell time along the Off-time axis (a). The varying dwell 790 

times in the latter case necessitate normalisation of the intensity values per channel (to counts s-1) to 

prevent distortion of the TR-OSL spectrum. To facilitate comparability, also the spectrum shown in (b) 

was normalised. The fitting residuals are shown in the small lower plot areas and are denoted by ε. 

 

Fig. 5 795 

Summary of lifetimes obtained from fitting three components (except for FB2A: one/two components) 

to TR-OSL data of all samples listed in Table 1. (a) shows lifetimes obtained following 250 Gy β-

irradiation without any optical pre-treatment, while (b) displays lifetimes after an optical wash 

consisting of 100 s blue stimulation (445 nm) at 160 °C and at a power density of 16 mW cm-2 (following 

[49]) prior to TR-OSL measurements.   800 

 

Fig. 6 

Scatterplot of three extracted lifetime components τ1 (a), τ2 (b) and τ3 (c), where the values obtained 

without optical pre-treatments are contrasted with values measured following an optical wash to 

eliminate rapidly bleachable OSL signal components. For further details, see main text.   805 

 

Fig. 7 

(a) Plot of τ1 against annealing temperature. The large value of τ1 for sample BT1127 at an annealing 

temperature of 300 °C is most likely a fitting artefact. (b) TR-OSL spectra of sample BT1385 following 

annealing to 100 °C and 500 °C. 810 

 

Fig. 8 

Lifetime τ1 as a function of regeneration dose. Each data point represents the average of two aliquots, 

the error bars indicate the standard deviation. Data points for individual samples are plotted with a slight 

offset on the dose axis to improve visualisation of error bars. 815 

 

Fig. 9 

(a) Lifetime τ1 as a function of TR-OSL measurement temperature. Each data point represents the 

average of two measured aliquots, the error bar depicts the standard deviation. For better graphical 

visualisation, data points are slightly offset against each other on the temperature axis. (b) Plot of ln(τ1) 820 

vs. 1/T, where the slope is W/kB. The error in W reflects the standard error on the fitted slope as returned 

by the fitting routine; R2 values for all four samples range between 0.91 and 0.95.   

 

Fig. 10 

Photo-transferred TL (PTTL) plotted against the OSL signal following an optical wash (as specified in 825 

the main text). The post-OSL OSL signal refers to the integrated number of counts in the first 100 s of 
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the OSL readout to deplete the slow component region (step 4 in Table 3). The data represents three 

aliquots each from samples BT729, BT992, BT1127, BT1134, BT1385, BT1629, BT1647 and FB2A, 

and is fitted with a linear function. 
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Table 1 List of quartz samples used for the TR-OSL experiments. 

Laboratory code Grain size [µm] Origin Reference 

BT729 90–200  Trebgast Valley, Germany Unpublished 

BT992 90–250 Trebgast Valley, Germany Unpublished 

BT1127 90–200 Trebgast Valley, Germany Unpublished 

BT1134 90–200 Trebgast Valley, Germany Kolb et al. [70] 

BT1385 90–200 Azraq, Jordan Unpublished 

BT1629 90–200 Canaima, Venezuela (Roraima sandstone) Unpublished 

BT1647 90–200 Weißenstadt, Germany (granite) Unpublished 

BDX16648 100–200 Médoc, France Kreutzer et al. [71] 

FB2A 150–250 Fontainebleau, France Kreutzer et al. [49] 

 



Table 2 Summary of lifetimes obtained for the set of samples following a regenerative β-dose of 250 Gy and 

either no further optical pre-treatment ('without optical wash') or with an optical wash prior to TR-OSL 

measurement consisting of exposure to blue LDs (445 nm) at 160 °C for 100 s at a power density of 16 mW 

cm-2. Two aliquots per sample were measured and the lifetimes were extracted using the fit_OSLLifeTimes() 

function of the R package 'Luminescence' (v0.9.0; upcoming version). Uncertainties are quoted at 1σ. 

 Without optical wash With optical wash 

 τ1 [µs] τ2 [µs] τ3 [µs] τ1 [µs] τ2 [µs] τ3 [µs] 

BT729 0.218 ± 0.100 2.77 ± 1.01 98.9 ± 19.0 0.173 ± 0.015 2.57 ± 0.49 71.1 ± 4.0 

 0.174 ± 0.008 2.59 ± 0.69 84.1 ± 11.7 0.192 ± 0.011 3.10 ± 0.43 86.7 ± 5.7 

BT992 0.196 ± 0.007 2.51 ± 0.56 91.1 ± 11.1 0.181 ± 0.021 2.63 ± 0.70 111 ± 14 

 0.192 ± 0.004 2.89 ± 0.44 78.0 ± 7.0 0.196 ± 0.008 3.20 ± 0.36 155 ± 19 

BT1127 0.178 ± 0.004 2.98 ± 0.48 84.8 ± 10.0 0.184 ± 0.010 2.62 ± 0.34 82.5 ± 4.3 

 0.156 ± 0.005 1.68 ± 0.25 62.4 ± 3.1 0.195 ± 0.018 2.24 ± 0.52 67.7 ± 3.3 

BT1134 0.183 ± 0.004 2.32 ± 0.36 69.9 ± 4.7 0.191 ± 0.011 3.18 ± 0.38 107 ± 11 

 0.183 ± 0.005 2.30 ± 0.40 82.2 ± 8.1 0.191 ± 0.013 2.39 ± 0.38 63.8 ± 2.6 

BT1385 0.189 ± 0.009 2.31 ± 0.67 64.1 ± 4.0 0.186 ± 0.033 1.81 ± 0.72 57.3 ± 1.8 

 0.159 ± 0.007 2.61 ± 0.54 58.4 ± 3.5 0.158 ± 0.019 2.03 ± 0.47 61.2 ± 1.8 

BT1629 0.070 ± 0.003 1.97 ± 0.35 69.8 ± 9.3 0.377 ± 0.039 1.59 ± 0.18 80.8 ± 6.5 

 0.080 ± 0.003 0.71 ± 0.01 39.0 ± 1.4 0.279 ± 0.024 1.51 ± 0.11 61.3 ± 3.3 

BT1647 0.191 ± 0.004 2.24 ± 0.35 155 ± 27 0.200 ± 0.012 2.38 ± 0.39 160 ± 18 

 0.180 ± 0.005 1.45 ± 0.23 116 ± 12 0.194 ± 0.014 1.67 ± 0.34 123 ± 7.9 

BDX16648 0.180 ± 0.006 2.14 ± 0.49 53.4 ± 1.3 0.211 ± 0.018 2.56 ± 0.81 57.2 ± 1.4 

 0.158 ± 0.007 1.05 ± 0.17 50.4 ± 0.6 0.174 ± 0.017 2.77 ± 0.63 52.8 ± 1.2 

FB2A 0.209 ± 0.024 NA 45.4 ± 0.1 NA NA 45.6 ± 0.2 

 0.260 ± 0.025 NA 45.4 ± 0.1 NA NA 44.8 ± 0.1 

 



Table 3 Sequence of measurements to record PTTL induced by the OSL slow component region. 

Step Treatment Purpose 

1 Irradiation with 250 Gy β-dose Give laboratory dose 

2 Preheat at 220 °C for 10 s (5 K s-1) Remove charge from thermally unstable traps 

3 OSL at 160 °C for 100 s (~16 mW cm-2) Remove fast and medium OSL components 

4 OSL at RT for 1,000 s (~32 mW cm-2) Deplete the OSL slow component region ('Post-OSL OSL') 

5 TL to 160 °C (5 K s-1) Measure PTTL induced by OSL slow components 

 




