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ARTICLE INFO ABSTRACT

Keywords: Further developments in luminescence dating, dosimetry and temperature-sensing require a deep understanding
Luminescence dating of luminescence processes and their driving parameters. Natural quartz is one of the most widely used minerals
Quartz for these purposes. Still, poor reproducibility of results often hampers comparability and credibility from findings
?Eference samples in the literature. We identified the lack of suitable natural reference samples as a pivotal problem impeding
OSL significant progression. Ideally, basic investigations involve several laboratories working on well-characterised
LM-OSL reference quartz samples with different characteristics. Investigations should include multiple complementing
TM-OSL methods to analyse luminescence properties and mineralogical and geochemical composition.

RL Here, we present such a multi-technique luminescence comparison of two natural quartz samples. Next to the

TR-OSL recently introduced Fontainebleau (FB) reference quartz, we propose another reference sample derived from the
‘Silver Sands of Morar’ (lab code ‘MR’; Scotland, UK). Our experiments confirm that both quartz samples behave
fundamentally different in terms of signal composition and sensitivity. The comparative characterisation of both
samples targeted electron traps via thermoluminescence (TL) and optically stimulated luminescence (OSL)
techniques and luminescence centres via radioluminescence and time-resolved OSL spectrometry. In summary,
we conclude that all observed differences are likely the results of divergent defect concentrations rather than
variances in defects’ composition (nature). The measurement data of our study are accessible open-access for
inspection by others.

1. Introduction charge-trapping states and the emission spectrum, which depend on the

presence of intrinsic defects and substitutional and/or interstitial trace

In luminescence dating, dosimetry and temperature-sensing, we
exploit phenomena of light production in natural and synthetic isolators
and semi-conductors involving complex physical mechanisms. Quartz,
as a natural material, has a stable crystal structure that is relatively free
from impurities compared to other minerals (e.g., Refs. [1,2]). Still,
samples’ luminescent properties differ significantly in the spectrum of
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impurities. The fact that sediments, usually a mixture of grains of
various origins, are frequently used in geochronology and related ap-
plications render systematic research even more complicated. The pro-
cesses taking place in the quartz crystal upon external stimulation
(heating, illumination, irradiation) and after that, ultimately triggering
the signal we use to determine the equivalent dose or trap saturation
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states, cannot be regarded as being isolated from each other. Hence,
understanding these mechanisms, their interaction and determining the
basic physical parameters governing these processes is crucial for the
accuracy and precision of the final result.

A vast literature body presents basic physical parameters of charge-
trapping states responsible for luminescence (for an overview, cf. [3,4]).
However, it is challenging to compile a list of such parameters un-
equivocally attributed to quartz of various types and origins. Parameters
reported in numerous studies usually concern a limited number of
samples instead of parallel experiments under the same conditions for a
larger set of samples. Ideally, samples are tested in many experiments
against a so-called reference sample with reproducible and well-known
characteristics. This requires a collection of reference samples and a
database of results obtained for these samples. If carefully extended and
supplemented with the analysis of defects in the samples by comple-
mentary methods, such data will significantly advance our knowledge
about the trapping sites and processes in quartz responsible for the
luminescence signals used in trapped-charged applications. Our contri-
bution is an attempt towards that aim as joint work in multiple labo-
ratories addressing fundamental questions of luminescence production
in quartz by systematic multi-technique comparison of reference quartz
samples.

For this work and, hopefully, for further efforts to extend the sample
list, we consider a quartz sample as a reference sample if it meets the
following criteria:

- The sample is available to a larger number of laboratories in larger
quantities (>500 g) located securely in a declared place,

- the preparation and purification methods of the reference sample are
described in detail,

- mineralogical and elemental composition analyses have confirmed

the purity of the quartz,

the sample is the subject of many works, where it is declared under

its unambiguously defined name so that it is easy to track published

results for this sample,

- the measurement description in the publications presenting the
sample contains all necessary details allowing the repetition of
analogous measurements and the direct comparison of their results
with other well-characterized or unknown samples.

We present several parallel experiments for two samples of different
origins, which we propose as reference samples. The first one, FB
(Fontainebleau), was thoroughly described earlier by Kreutzer et al. [5].
It was already used in an interlaboratory comparison of trap parameters
measured for the 110 °C thermoluminescence (TL) peak involving eight
laboratories. This study showed how significant the effect of experi-
mental conditions is on the derived parameters’ values, even when the
measurements are carried out with the same type of luminescence
reader [6]. The FB sample has further served as a reference in studying
time-resolved optically stimulated luminescence (TR-OSL) in the nano-
second time domain performed for a broader range of quartz samples of
various origins [7]. The high intensity of the fast OSL component of this
sample favours works aiming at an experimental separation of this
component from the slower components using the thermally modulated
OSL (TM-OSL) method with a 620 nm stimulation light [8,9]. Finally, FB
was examined in experiments centring on the UV reversal effect and
quenching processes studied employing the quartz UV radio-
luminescence signal and on the dose-rate dependence of this emission
[10-12]. The second sample, MR (Morar), was collected from the banks
of the Morar River in Scotland, UK. The first screening showed notice-
ably different luminescence properties than sample FB; hence, it repre-
sents a good candidate for expanding the sample set.

In this paper, the TL of sample MR was recorded to provide a first
insight into the difference between both samples in the nature and
concentration of traps responsible for the signal recorded in the usually
targeted UV emission window. OSL analyses encompassed linear-
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modulation OSL (LM-OSL) and thermally-modulated OSL (TM-OSL)
and allowed a comparison of the optically active traps in both samples.
Furthermore, to characterize the luminescence centres involved in OSL
and TL production, we recorded TR-OSL and radioluminescence (RL)
spectra.

2. Samples
2.1. Sample origin and genesis

The Fontainebleau (FB) sample originates from the coastal palaeo-
dune system (Oligocene Fontainebleau Sandstone Formation, France)
from the time of the last marine intrusion into the Paris Basin (the
Stampian Sea) ~35 Ma ago. It contains quartz grains originating from
plutonic, volcanic, and metamorphic rocks. Further details are given in
Kreutzer et al. [5].

The Morar (MR) sample is from ~8 ka to 9 ka old deposits (the ‘Silver
Sands of Morar’) on the banks of an active estuary (56° 57’ 40"N, 5° 49’
25"W), reworked intensely by fluvial and marine processes. It represents
a mixture of grains mostly from metasedimentary rocks (mainly quartz
and feldspar-bearing psammites) from the Moinian Morar Formation
with a minor contribution from hornblendic and feldspathic gneiss [13].
Several kilograms of material were taken under daylight conditions in
March 2017.

2.2. Sample preparation

The preparation of sample FB is described in detail in Kreutzer et al.
[5]. For MR, sieved material within the grain size range 150-250 pm was
subject to magnetic separation to remove heavy minerals from the
quartz and feldspar fraction (for details, see Ref. [5]). The non-magnetic
fraction still contained some mica, and it was then further purified by
froth flotation. This procedure includes a 30 min wash in 1% HF to softly
attack the grains’ surfaces, then they were mixed with a few drops of
eucalyptus oil and suspended in foam produced with lauryl amine
(N-dodecylamine) by a machine usually employed for enriching bever-
ages with carbon dioxide. This treatment causes the feldspar and mica
grains to coagulate and float on top of the solution while the quartz
grains remain at the bottom. The contaminants can then easily be dec-
anted. While part of the so-obtained material was retained in its current
state, one further subsample was etched in 40% HF for 40 min at 25.8 °C
(replacing the acid after half of the etching duration) while stirring
manually and using ultrasonics followed by re-sieving (100 pm) after
neutralisation and drying from acetone at 50 °C. Another subsample was
etched in fluorosilicic acid (H,SiFe) for 10 days. These two acid treat-
ments aimed at removing minor feldspar contamination in the samples
detected by IRSL measurements. From a starting mass of 20.8 g, about
12 g were left after HF etching, while about 18.6 g remained from 20.5 g
starting material for etching in HsSiF¢. The following investigations
were carried out on the HF-etched fraction only. Preparation procedures
applied in the case of both reference quartz samples are compared in
Table 1.

Table 1

Comparative sample preparation scheme for the two reference quartz samples.
Treatment FB® MR
Sieving to 150-250 pm v v
Magnetic separation to remove heavy minerals v v
Flotation to remove mica and feldspars v
Etching in 40% HF for 40 min to dissolve feldspar, re-sieving (100 pm) v

Annealing at 490 °C for 30 min v

# FB underwent the chemical washing and density separation by the supplier
(MERCK); details are not available.



C. Schmidt et al.
2.3. Sample purity investigations

Scanning electron microscopy in low-vacuum backscatter mode was
used with semi-quantitative element measurements by X-ray fluores-
cence (XRF) spot analyses to test for sample purity and characterise non-
quartz constituents. XRF on >20 grains detected no impurities, but
especially for the smaller grains (<90 pm) that were analysed in addition
to the target grain size range, we found minor adherents on the grains
rich in Cu and Ni. Detailed findings for the FB sample are summarised in
Ref. [5]. In summary, both reference samples consist of >99% SiO,.

3. Equipment and measurement details
3.1. TL, TM-OSL and LM-OSL measurements

TL, TM-OSL and LM-OSL measurements were carried out using a Risg
TL/OSL-DA-12 reader (after a refurbishment; hereafter referred to as
system 1) equipped with an EMI 9235QA photomultiplier and the
combination of a 7.5 mm Hoya U-340 and a 2 mm Chroma 79-340
bandpass filter (main transmission band at 335-345 nm) for lumines-
cence detection, and with an external unit for optical stimulation. The
unit allowed the stimulation with five LED modules made of single high-
power LEDs (3 W, Bridgelux, Inc.). The maxima of their spectral bands
are 620 nm, 580 nm, 530 nm, 490 nm and 470 nm. They are directly
integrated with an optical adapter inserted into the Risg reader instead
of the earlier halogen lamp. For some of the TL and TM-OSL measure-
ments, a Risg TL/OSL-DA-20 (hereafter referred to as system 2) reader
was used. The signal was detected by an EMI 9235QB photomultiplier
and a 7.5 mm Hoya U-340 bandpass filter. Optical stimulation was
performed using the above-mentioned LEDs modules with wavelengths
620 nm and 530 nm. The heating during the TL reading was performed
at 2K s~ ! in an argon atmosphere. Irradiation was done using a *°Sr/°°Y
B-source with a dose rate of ~0.03 Gy s* or ~0.1 Gy s~! for systems 1
and 2, respectively. Figure captions contain further information about
the used equipment.

For LM-OSL [14], LED modules facilitated stimulation at 470 nm
(FWHM = 25 nm) and 530 nm (FWHM = 25 nm), with maximum
photon flux densities of 4.9 x 10'” em 25 ' and 1.7 x 1017 em 25! at
the sample position, respectively. The stimulation light intensity was
linearly ramped from 0% to 100% over 5000 s and at 125 °C read-out
temperature. The grains were deposited on stainless steel discs deliv-
ered by Risg using silicon spray and a 6 mm diameter aliquot mask. Two
aliquots of each sample were used. The weights of the samples are given
in the figure captions presenting the relevant data.

3.2. TR-OSL measurements

TR-OSL analyses were carried out with a Freiberg Instruments lexsyg
research reader [15], using green LEDs (525 + 25 nm, photon flux
density ~1.58 x 10'” cm™2 s7! at the sample position) for stimulation
with pulses of 10 ps duration (on-time) and an off-time of 290 ps in
between the pulses. The dwell time was set to 10 ps, and 107 scans were
recorded per measurement. Spectra were recorded at room temperature
(~25-30 °C) after a regeneration dose of 19 Gy (FB) or 310 Gy (MR)
delivered by a °°Sr/?°Y p-source (dose rate ~0.04 Gy s~ 1) and without
preheating (cf. [16]). Signals were recorded with a Hamamatsu
H7360-02 photomultiplier after passing through the combination of a 3
mm Schott BG-3 glass filter and a Delta BP 365/50 interference
filter. Three aliquots were measured for each sample. TR-OSL
spectra were fitted to several exponential decays using the function
fit_OSLLifeTimes () [7] as part of the R [17] package ‘Luminescence’
[18,19].

3.3. RL measurements

Radioluminescence (RL) measurements were carried out at room
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temperature (RT) using a homemade apparatus featuring, as a detection
system, a back-illuminated UV-enhanced charge-coupled device (CCD)
(Jobin-Yvon) coupled to a Triax 180 spectrograph (Jobin-Yvon). RL
excitation was obtained by X-ray irradiation through a Be window, using
a Philips 2274 X-ray tube, with a tungsten target, operated at 20 kV and
20 mA (dose rate at sample position ~0.33 Gy s 1). All the spectra were
corrected, taking into account the sensitivity of the detection system.

4. Results
4.1. TL

TL curves measured for both samples are presented in Fig. 1. Two
curves are shown for each sample, relating to regenerative doses of 150
Gy and 300 Gy. Shapes of TL curves measured after the same dose are
reproducible from aliquot to aliquot of a sample.

The TL intensity is significantly higher for FB than for MR in the
whole temperature range, except around 250 °C. The difference is more
significant for temperatures >100 °C. Whereas the 110 °C TL peak,
detected here at 80 °C because of the low heating rate, is about twice as
intense in sample FB as in MR, the signal in the high-temperature region,
depending on the TL peak, is from 4 to 12 times greater in sample FB.
Simultaneously, in this range, we observed significant differences in the
shape of TL curves between both samples. A peak at 165 °C, like the one
at 250 °C, is apparent in the TL of sample MR but not at all in the curve of
the other sample. Conversely, the peak at 185 °C is very high in sample
FB but does not seem to be present in the TL of sample MR. For a heating
rate of 2 K s}, the TL peak originating from the traps responsible for the
fast OSL component is detected at ~285 °C. This peak is observed in TL
of sample FB but is relatively low in the case of sample MR. The high TL
intensity of sample FB in this region fits well with the strong fast OSL
component in this sample.

The TL curve shapes of both samples change with dose, as shown in
Fig. 1. From 150 Gy to 300 Gy, the TL signal of sample MR increases by a
factor of three (supralinear dose-response) between 150 °C and 200 °C.
In the same temperature range, FB shows a sublinear dose-response.
Between 200 °C and 300 °C, the TL signal of sample FB increases with
dose quicker than in sample MR, whereas, above 300 °C, the tendency
reverses again. Since these measurements were done on the same
aliquot, the role of potential sensitivity changes affecting TL intensity
levels remains unclear at this stage of the initial TL screening. However,
our observations indicate that the concentrations of the defects

Sample  Dose (Gy)
150 300

FB =———eee

MR —— ===

0 5I0 1(I)O 1éO 260 2%0 3(I)O 3I50
Temperature (°C)

Fig. 1. TL curves for one aliquot each of the FB (black) and MR (red) sample,

measured promptly after irradiation with doses of 150 Gy (solid line) or 300 Gy

(dashed line) after background subtraction. (System 1, sample masses: FB — 4.8

mg, MR - 4.8 mg).
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responsible for the individual electron traps in the samples are different.

The discrepancies in TL dose-response between the samples indicate
that competition processes between traps and recombination centres
occur differently. Especially the latter can be expected when looking at
the sensitivity changes of the 110 °C peak with cumulative dose. The
procedure used for the sensitivity investigation in freshly prepared ali-
quots of both samples included the following steps: (1) initial heating to
500 °C, (2) irradiation (8 Gy), (3) TL to 250 °C with 2 K s’l, (4) repeat
steps 2-3 for 75 times, resulting in a cumulative dose range of 8-600 Gy.
As shown in Fig. 2, both samples’ 110 °C TL peak sensitivity behaviour
differs fundamentally. The sensitivity in sample FB for cumulative doses
<60 Gy quickly decreases (Fig. 2a, c). After reducing by 25%, it in-
creases slightly and then drops again slowly for doses >200 Gy and at
600 Gy, reaching a value ~35% lower than the initial sensitivity. Con-
trary, in the MR sample, the sensitivity increases by 120% for doses
<300 Gy, forming a plateau before decreasing slowly, reaching a
sensitivity at the end of the experiment ~5% lower than the maximum at
300 Gy (Fig. 2b and c).

This experiment is very similar to tests by Friedrich et al. [12] on a
subsample of the FB quartz (FB2A, their Fig. 2). Friedrich et al. [12] also
reported a decrease of the 110 °C peak of the FB sample with dose and
were able to model this pattern (Friedrich et al. [12], their Fig. 7) using
their quartz model adapted to simulate UV-radiofluorescence [20].
Compared to the Bailey [21] model, Friedrich et al. [20] modified the

Temperature (°C)
20 40 60 80 100
|

~ 2X1 06 N — FB
_l'_1x106- C = \lorar
-_I"/I' T T | — T T | — T
0 10 200 300 400 500 600
Dose (Gy)

Fig. 2. Sensitivity changes of the 110 °C TL peak resulting from the protocol
described in Section 4.1 (a) Representative TL glow curves for sample FB, cu-
mulative dose as indicated by the colour code; (b) Representative TL glow
curves for sample MR, cumulative dose as indicated by the colour code in (a);
(c) Comparison of the intensities (sum of counts in the range 78-90 °C) of both
samples as a function of cumulative dose. Note that (a) and (b) share the same
(temperature) axis, while (c) has a different (dose) axis. (System 2, sample
masses: FB — 4.3 mg, MR - 3.9 mg).
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parameters for the reservoir centre R1 and the deep electron trap. We
ran simulations using the quartz model by Friedrich et al. [20] for the
dose-response sequence detailed above to test whether the model can
also mimic our findings for both samples. For the simulation, we used
the R [17] package ‘RLumModel’ ([22]; v0.2.10) (see supplement for
applied code and results). As expected, the model output is qualitatively
similar for the FB measurements, with a quenched 110 °C TL peak with
cumulated dose. However, it failed to depict the observations for the MR
sample, unless the concentration R1 (parameter Ngr;) was decreased.
The changed concentration of non-radiative reservoir centres might be
explained by the heat treatment of the FB sample (490 °C stabilised over
30 min), potentially increasing the accessible concentration of such
centres, thus allowing for a higher competition with the L centre.
Further details and tests must remain subject to future studies. However,
we could generally simulate both behaviours with existing models,
which is reassuring.

It is interesting to see how the TL signal changes when one widens
the detection window, removing the U-340 filter. The spectral window is
then limited by the quantum efficiency of the photomultiplier, which
allows for shifting the limit of the detection window towards lower
energies. Fig. 3 compares the TL curves obtained after preheating to
260 °C with and without the U-340 filter. As removing the filter results
in a significant enhancement of the TL for both samples, the curves
measured with the filter are shown after multiplying them by 10. The
increase is stronger above 300 °C. Below 300 °C, TL measured without
the filter is 12 times more intense for sample FB and 10 times more
intense for sample MR than TL detected through the filter and, above
300 °C, these factors amount to ~23 and ~25, respectively. This renders
the shapes of TL curves observed in the two detection windows notice-
ably different.

4.2. OSL

The OSL signal of the samples was investigated using LM-OSL, TM-
OSL and TR-OSL. The influence of the partial bleaching of the fast(er)
components in the TM-OSL method on the signal observed by the LM-
OSL method was tested to correlate the components observed in both
measurements.

4.2.1. LM-OSL
Fig. 4 displays the results of LM-OSL measurements with stimulation
wavelengths of 470 nm and 530 nm. All curves show two separated bell-

1x10°
with the U-340 filter (x 10)
FB emal~
8x10°* - Morar K “\
without the filter ’ 5
-== FB \‘
’uQ_T 6x10° - === Morar
)
-
'_
4x10* 1
2x10* 4
SaOsa
0 T

I T T T
200 300 400

Temperature (°C)

Fig. 3. Comparison of TL curves obtained for the same conditions and aliquots
of samples FB and MR with and without the U-340 filter. The curves were
measured with a heating rate of 2 K s™! after irradiation with a dose of 300 Gy
and preheat to 260 °C. (System 2, sample masses: FB — 4.8 mg, MR —_4.8 mg).
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Fig. 4. LM-OSL curves of samples FB and MR measured at 125 °C for 5000 s of linearly ramped optical stimulation with 470 nm (a) and 530 nm (b), following a dose
of 150 Gy and preheat to 250 °C; comparison of LM-OSL curves obtained for different wavelengths for sample FB (c) and MR (d). (System 1, sample masses: FB — 4.8

mg, MR - 4.8 mg).

shaped maxima: nevertheless, the full width at half maximum (FWHM)
along with the corresponding LM-OSL peak shape methods [23] indicate
that this LM-OSL decay curve is a composite, with the first maximum
being created by the fast and medium (more clearly visible in sample
MR) OSL components while the second by the slow components. It is
essential to note that the position of the maximum intensity of one
LM-OSL component is directly correlated to the corresponding optical
cross-section, as the latter depends on 22 (ty = time of maximum signal
intensity; [23,24]). The LM-OSL curves of both samples differ in shape
and intensity in the initial 300 s. The relative differences in signal in-
tensity of the fast component in sample FB and the first LM-OSL
maximum of sample MR are significant. In contrast, intensities for
both samples are comparable for the second LM-OSL maximum.

Fig. 4c and d compare LM-OSL curves stimulated at 470 nm and 530
nm. The two bell-shaped maxima in each LM-OSL curve, in both sam-
ples, behave differently with the change of stimulation wavelength
(Fig. 4c and d). While a clear difference is observed in the position, and
also in the shape, of the second maximum for stimulation wavelengths of
470 nm and 530 nm (for sample FB, Fig. 4c, shift towards longer times
by about 500 s), the shift of the first maximum is much less pronounced.
This peak change is more pronounced in the LM-OSL curves of sample
MR where the fast component does not dominate the signal at shorter
stimulation times. Nevertheless, as the signals are a composite, differ-
ences in either shape or position corresponding to the maximum in-
tensity might reflect the different bleaching characteristics of each
component.

Additionally, we compared TL curves after heating to 250 °C and
subsequent LM-OSL measurements and TL curves measured after iden-
tical thermal treatment but without LM-OSL readout. The difference
curve presents the part of the TL signal bleached by optical stimulation

—FB

§ 'g ] —MR
2 32x10 b
s 2
3

5_
g 5 1x10
£ E
T 0
a5
|_

0_

T T T T T T T
200 250 300 350 400

Temperature (OC)

Fig. 5. The difference between TL curves measured after a dose of 150 Gy,
preheat to 250 °C and holding the sample at 125 °C for 5000 s, and the TL curve
after identical dose and preheat, and 470 nm LM-OSL at 125 °C for 5000 s. The
curves are measured with a heating rate of 2 K s™! and corrected for thermal
quenching, a strong effect diminishing luminescence in quartz above 150 °C (e.
g., Refs. [29-31]). Taking into account the similarity of the emission spectra for
both samples and the same detection window used in measurements, the
thermal quenching parameters, which were determined previously for sample
FB [12] were used for both samples. (System 1, sample masses: FB — 4.8 mg, MR
— 4.8 mg).
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(here 5000 s at 125 °C; Fig. 5). The traps feeding the TL signal in a wide
temperature range from 250 °C to 400 °C are depopulated by light
exposure at 470 nm. Considering that the same traps contribute (in
general) to TL and OSL, it is prominent that the traps within the tem-
perature range 225-375 °C contribute to the entire blue OSL signal. In
the case of sample FB, in the broad TL band, an intense peak at 300 °C (at
325 °C for a heating rate of 5 K s~1) stands out, which is, according to
Ref. [25], responsible for the fast OSL component. The presence of this
peak in the FB sample signal is consistent with the observation of the
intensive fast OSL component in this sample. Apart from this dominant
TL peak, the rest of the signal of sample FB and the entire curve in the
case of the MR sample constitute a wide, blurred band in which it is
difficult to correlate TL peaks with individual types of traps. This feature
stands in excellent agreement with previous studies that have provided
experimental evidence that (i) one TL peak can feed more than two
LM-OSL components and (ii) two different TL peaks can contribute to
the same OSL component [26-28].

4.2.2. TM-OSL

TM-OSL is the OSL obtained by optical stimulation with constant
wavelength while linearly ramping the sample temperature [32,33]. The
method exploits the dependency of the optical cross-section (OCS) on
the temperature to separate the signal from various types of traps more
effectively. If the light of a longer wavelength is used for stimulation,
differences between the OCSs of different traps are more significant, and
the OCS increases more dynamically with temperature. Only traps most
sensitive to the stimulating light are emptied for a suitable wavelength.
Additionally, the OCS of these traps continuously enlarges with heating,
reducing the time necessary for emptying the investigated traps and
protecting other traps not intended to be emptied. The specific shape of
TM-OSL curves can help determine the trap’s optical depth and the
electron-phonon coupling parameters [30]. During TM-OSL measure-
ment, traps are both thermally and optically activated. Hence, TM-OSL
measurements are carried out in the temperature range where thermal
activation is negligible.

TM-OSL is suited for investigating deep traps after depopulating
shallower traps. Both reference samples were measured after preheat-
ing, which was supposed to empty most of the traps shallower than those
responsible for the fast OSL component. Chruscinska and Szramowski
[9] showed that the fast OSL component in quartz could be measured
using stimulation at 620 nm. Therefore, separating individual quartz
OSL components with TM-OSL should start with stimulation at > 620
nm.

To demonstrate the fundamental differences in the TM-OSL signal of
both samples, five stimulation wavelengths, 620 nm, 580 nm, 530 nm,
490 nm, and 470 nm, were used for sequential TM-OSL measurements
after initial irradiation and preheating to 260 °C. In the following, we
will use subscripts to denote TM-OSL stimulation wavelengths (e.g., TM-
OSLg2p). All TM-OSL curves were measured to 240 °C (1 K s h during
heating. Then the sample was cooled down, and a subsequent TM-OSL
measurement was performed. Table 2 lists the protocol used in the
experiment, and Fig. 6 shows its results.

The biggest difference between the two reference samples is their
TM-OSLg20. The luminescence of sample FB is about 100 times stronger
than that of sample MR. This finding is consistent with the results of the

Table 2
Protocol used in the TM-OSL experiment whose results are presented in Fig. 6.

Step Treatment

1 Irradiation (300 Gy)

2 Preheat up to 260 °C (1 K sh

3 TM-OSL - optical stimulation at A;", heating to 240 °C with 1 Ks~
4 Back to step 3

1

@ \; was chosen successively: 620 nm, 620 nm, 580 nm, 530 nm, 530 nm, 490
nm, 470 nm, 470 nm, 470 nm.
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LM-OSL measurement (Sec. 4.2.1), where the first “bell” of the LM-OSL
curve in sample MR shows a low intensity. Still, the TM-OSL results
exhibit that the fast component, although having a considerably lower
intensity than sample FB, is present in the OSL of sample MR.

At shorter wavelengths, signal intensity differences (FB > MR) are
much more minor, and the curve shapes of both samples differ. For TM-
OSL at 530 nm, a strong, slowly decaying part dominates in the TM-OSL
of sample FB, whereas it forms a peak for sample MR. TM-OSL49 and
TM-OSL47¢ display similar differences. For the latter, we observed a
faster initial decay for sample FB.

After measuring the TM-OSLggo curve for the fast component, the
repetition of the stimulation with the same wavelength led to a weak
signal, unlike the first TM-OSL curve. This proves that the fast compo-
nent was efficiently bleached during the first TM-OSL¢go run. Moreover,
a similar curve of lower intensity is observed in both samples for
repeated TM-OSLsgo measurements.

A stronger TM-OSL signal is observed again during the subsequent
stimulation at 530 nm. A repetition of TM-OSLs3( results in a weak and
broad signal with a maximum of around 160 °C. For sample FB, the
maximum is preceded by slow decay. TM-OSL4gg led only to slightly
increased intensities of the curve measured a step before but resulted in
significantly higher intensity for TM-OSL47(.

The curve shapes of both samples in the first TM-OSL47, albeit less
and less intense, materialize in subsequent repetitions of TM-OSL47¢
measurements. Such a behaviour relates to a measurement in which only
part of the OSL traps is emptied, and the temperature range in which
these traps are effectively thermally emptied is significantly above TM-
OSL’s detection temperature range [32]. However, this mechanism un-
likely causes the repetition of the initial rapid decay, visible in the
TM-OSL curves of sample FB. It seems that here some unknown charge
transfer effects are responsible for refilling the trap formerly emptied at
the start of the optical stimulation (cf. [34]). A thermal transfer effect
seems implausible due to the prolonged optical stimulation throughout
the TM-OSL measurement that must have emptied particularly the traps
responsible for the signal at the beginning of the stimulation.

The broad curve maximum around 160 °C seen in the TM-OSLs3g
repetitions is present in the MR and the FB samples. This signal must be
related to the optical release of charges from traps responsible for the
slower components.

Fig. 7 compares the fast OSL component and the next component in
terms of decay rate. The experimental parameters to obtain TM-OSLg29
and TM-OSLs3 were selected to minimise peak-shape deformation: the
preheat after irradiation and the heating inTM-OSLg20 were continued to
290 °C. TM-OSLgyo was repeated to empty the traps responsible for the
fast component prior to TM-OSLs30. The slowly decaying initial part of
the TM-OSLs3 curve of sample FB seen in the previously described
experiment, where heating stopped at 240 °C (Fig. 6b), disappeared
after such a treatment. Therefore, it can be supposed that this signal is
related to traps that are thermally depleted between 240 °C and 290 °C.

4.2.3. Correlation of components isolated in LM-OSL and TM-OSL
measurements

The possibility of separating OSL components of different optical
bleachability in TM-OSL experiments allows correlating these compo-
nents with the ones extracted from LM-OSL measurements. A successive
series of four TM-OSL and LM-OSL measurements were carried out for
two aliquots of each sample to observe the changes in the LM-OSL curve
caused by the prior measurement of TM-OSL components.

To identify in LM-OSL curves the effect of optical stimulation as part
of the TM-OSL sequence, we compared the LM-OSL curve obtained after
the TM-OSL with the one measured after the same thermal treatment
but without optical stimulation (protocol Table 3). Curve LM _2 was
obtained after bleaching the fast component with TM-OSLg20 and curve
LM_4 after TM-OSLs3 (medium component). We repeated TM-OSLs3( to
ensure that the traps responsible for the last component were emptied.
Curves LM_1 and LM_3 represent reference curves for LM_2 and LM 4,
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Fig. 6. TM-OSL curves for sample FB (top of the figure) and MR (bottom of the figure) were measured one after the other with indicated wavelengths after a single
excitation with a dose of 300 Gy and preheat to 260 °C. Each optical stimulation was carried out during heating from 40 °C to 240 °C with a rate of 1 Ks ! and a
photon flux density of 5.3 x 107 em~2 s~!. The slow heating and the maximal photon flux density achievable for each LED module were used for an effective optical
emptying with a particular wavelength before the next wavelength was used. Photon flux densities for different diodes (cm~2s~!); 620 nm - 5.3 x 10'7; 580 nm - 3.9
x 10'%; 530 nm - 1.7 x 10'7; 490 nm - 1.3 x 10'7; 470 nm - 1.0 x 107, (System 1, sample masses: FB — 5.3 mg, MR — 3.1 mg).

Table 3
Protocols used in the experiment whose results are presented in Fig. 8.

Treatment

Step Measuring curves LM_1 and Measuring curves LM_3 and LM_4

a TMOSLfirstrun | D -2x10°
—FB
2x10*+ —MR
TM-OSL second run
—_ —FB —
5 e 5
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Fig. 7. (a) TM-OSL curves of samples FB and MR measured with settings
optimised to separate the fast component (stimulation at 620 nm) and (b) the
next in order of decay rate (stimulation at 530 nm). TM-OSLgyo was obtained
during heating to 290 °C (1 K s Handa photon flux density of 1.5 x 10'7 em—2
s~!; and for TM-OSLs30 during heating to 240 °C (2 K s and a photon flux
density of 6.7 x 10*® cm~2 s, The outcome of the repetition of the same TM-
OSL measurement carried out directly after the first run is presented in both
cases. A dose of 100 Gy was administered before initial preheating to 290 °C (2
K s~ 1). (System 2, sample masses: FB — 5.3 mg, MR — 4.8 mg)

respectively. They were measured after the same thermal treatment used
for depleting the fast or both the fast and the medium components
during the corresponding TM-OSL runs. Fig. 8 presents all four LM-OSL

LM_2
1 Heating to 500 °C; irradiation Heating to 500 °C; irradiation (150 Gy)
(150 Gy)
2 Preheat up to 260 °C (2 Ks™ 1) Preheat up to 260 °C (2K s™ 1)
3 Heating to 240 °C (1 Ks™!) Heating to 240 °C (1 K s 1) — repeated 3
times
4 LM-OSL - 5000 s, 470 nm, at LM-OSL - 5000 s, 470 nm, at 125 °C
125 °C (curve LM_1) (curve LM_3)
5 Heating to 500 °C; irradiation Heating to 500 °C; irradiation (150 Gy)
(150 Gy)
6 Preheat up to 260 °C (2 Ks™1) Preheat up to 260 °C (2 K s™1)
7 TM-OSL - 620 nm, heating to TM-OSL - 620 nm, heating to 240 °C (1
240°C(1Ks™h) Ks™h
8 LM-OSL - 5000 s, 470 nm, at TM-OSL - 530 nm, heating to 240 °C (1
125 °C (curve LM_2) K s1) - repeated 2 times
9 LM-OSL - 5000 s, 470 nm, at 125 °C
(curve LM _4)

curves obtained for each one of the samples FB and MR. In the case of
sample FB, a significant intensity decrease and a noticeable shift to
longer stimulation times (from 35 s to 67 s) were observed for the first
maximum of the LM-OSL curve after TM-OSLgoo (curve LM_2). The
changes in the first LM-OSL maximum are much less considerable for
sample MR. Here, the first maximum intensity is initially more than 33
times lower than in LM-OSL of sample FB, and after TM-OSLezo, it de-
creases by 40%. The shift of maximum intensity towards longer times is
hardly seen. The position of the first LM-OSL maximum after TM-OSLg20
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Fig. 8. Effect TM-OSLg2o and TM-OSLs3o on the shape of the LM-OSL curve of
sample FB (a) and MR (b). Curves LM_1 and LM_3 were measured after the same
thermal treatment applied when measurements resetting the fast (TM-OSLg20)
and medium (TM-OSLs3p) OSL components were realised before readout of the
LM_2 and LM_4 curves, respectively. Details of the experiment are given in the
text. (System 1, sample masses: FB — 4.8 mg, MR - 4.8 mg).

(curves LM_2) is the same in both samples (67 s), although in the sample
MR this maximum is more than four times less intense than in FB. The
shift of the time/position corresponding to maximum intensity and the
full width at half maximum strongly confirms that the first bell-shaped
maximum of the signal in both samples is the superimposition of
different components. After TM-OSLg29 and TM-OSLs3q, the first LM-
OSL peak vanishes in both samples, while the second “bell” of the LM-
OSL signal remains unchanged (curves LM _4). This signal is domi-
nated by slow components, consisting of a hard-to-bleach accumulated
signal with TM-OSL4y (Fig. 6).

The combined use of both LM-OSL and TM-OSL allows for a more
efficient separation of the individual components in an OSL curve. With
noticeable differences in the shape of the curves obtained in both sam-
ples, the LM-OSL measurements show two separated complex maxima.
On the other hand, in the TM-OSL measurements, in both samples, a
significant difference was observed in the energy of stimulation photons
sufficient to effectively erase the fastest component (2.0 eV/620 nm)
and the next component in terms of decay rate (2.34 e€V/530 nm).
Another jump in the intensity of the TM-OSL signal, similar in both
samples, occurs when using the wavelength of 470 nm (2.64 eV). The
fast component, which can be effectively stimulated in TM-OSL mea-
surements at 620 nm, and the medium component, for which one needs
to use a wavelength as much as 90 nm shorter, form the first maximum
in the LM-OSL curve, separated from the second one related to the
slowest OSL components in both samples.

All curves measured in the described experiments were decomposed
into individual LM-OSL components by fitting the sum of general-order-
kinetics LM-OSL curves. The fitting was performed using the software
package MS Excel™ with the Solver add-in utility [35,36]. The trans-
formed original Bulur equation [14] was used, following the appropriate
transformation by Polymeris et al. [37], in order to calculate the
general-order LM-OSL curves. The background (BGK) signal during
stimulation was included in the fitting analysis according to Ref. [38].
Frequently, the linearity is not perfect for most commercial lumines-
cence readers at the beginning of the stimulation. In order to correct for
this lack of linearity, a negative OSL component (correction curve in
Fig. 9a and b) was included in the signal analysis [39]. The fit quality
was tested using the Figure of Merit (FOM). In all cases, the obtained
FOM values were less than 1.5%. As a result of the deconvolution
analysis, the detrapping probability 1 was obtained [14]. It is related to
the OCS (o) according to the formula 1 = Iyo, were Ij is the density of
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photon flux used for stimulation.

Examples of the decomposition are shown in Fig. 9a and b, and the
whole data resulting from the analysis are summarized in Fig. 9c. As the
material subjected to study is quartz, the prevalence of first order of
kinetics was also revealed by the deconvolution analysis. Here, each part
presents results of fitting to the series of LM-OSL curves: LM_1, LM _2,
LM_3, LM_4; for one aliquot. All OSC values are normalized to the OCS
value obtained for the fast component in sample FB. The data show that
the OCSs of individual components agree in both samples. Their values
slightly deviate, when curves with different initial trap filling are
compared. For sample FB, the fast component is totally erased by TM-
OSL with 620 nm, and the next one, in both samples, by the TM-OSL
measurement with 530 nm.

4.2.4. TR-OSL

TR-OSL measurements can provide information on the characteris-
tics of luminescence centres involved in luminescence production in a
specific window of emission wavelengths. This method records the
arrival time of photons at the detector relative to the start or stop of an
optical stimulation pulse, giving a cumulative spectrum of arrival times.
It has been shown experimentally that the excitation time of a trapped
electron and its transportation in non-localized bands after its release
from the trap is much shorter than the characteristic relaxation time 7 of
the excited luminescence centre after capturing the electron [3, 40].

The recorded TR-OSL spectra can be approximated by two (FB) or
three (MR) exponentially decaying components (Fig. 10). The compo-
nent with the most prolonged decay constant in both cases probably
represents a combination of the instrumental background (mostly scat-
tered excitation light) and a signal component with a lifetime in the ms
to s range [41]. Sample FB shows the well-known principal lifetime
component in quartz (e.g., Ref. [42]), here ranging between 39 + 1 ps
and 42 + 2 ps for the three analysed aliquots. Sample MR yields this
component as well (~39 ps) but additionally also a shorter lifetime of
the order of 4 ps (Table 4). Such lifetime components were earlier
observed for low-sensitivity quartz from crystalline bedrock [43].

The general observation of much greater OSL sensitivity of FB
compared to MR is confirmed by registered TR-OSL intensities, consid-
ering that the regeneration dose received by the latter is 16 times as
large as the one delivered to FB (Fig. 10). Due to the dwell time of 10 ps,
the short lifetime component of ~0.2 ps detected for sample FB in a
previous study [7] was not observed with the experimental setup.

4.3. RL

Radioluminescence spectra of both samples were measured to
investigate the luminescence centres participating in the luminescence
processes. The spectra of sample FB were measured for one aliquot
prepared as described in Sec. 2. This is after annealing at 490 °C for 30
min, and for another aliquot, which was not annealed. In the case of
sample MR, one aliquot was measured according to the protocol listed in
Table 5.

The RL spectra of the reference samples 2.2differ significantly.
However, the spectrum of the MR sample becomes utterly consistent in
shape with the spectrum of the FB sample after applying annealing to
480 °C (step 2, Table 5) after the first series of RL measurements (step 1,
Table 5). Hence, the RL spectrum for sample MR obtained before
annealing is compared with that measured for the portion of the FB
sample that was not annealed to 490 °C (Fig. 11).

Shapes of the spectra differ, specifically for energies above 3 eV.
Below this value, the spectra differ in intensity, but both exhibit a nar-
row band at 1.9 eV and then slowly increasing signals for >2.2 eV. In the
range >3 eV, sample FB has the most intense signal at 3.25 eV, whereas
sample MR emits a broad band between 2.5 eV and 3.5 eV with a
maximum at ~2.9 eV. Above 3.5 eV, the RL intensity of sample FB de-
creases monotonically while sample MR has an emission band with a
maximum at 3.9 eV dominating the whole spectrum. Both spectra
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Fig. 9. Results of fitting the sum of general order kinetics LM-OSL curves to the curves measured using the sequence from Table 3. Examples of fitted LM-OSL curves
for sample FB (a) and MR (b). Summary of all analysis results for two weights of each sample (c). Each point in the graphs represents a single component (each has
another colour) with the specific OCS and intensity measured by the integral under the corresponding LM-OSL peak. Successive numbers in point symbols indicate
successively measured LM-OSL curves: LM_1, LM_2, LM_3, LM _4 (see Table 3). The OSC values are normalized to the OCS value for the fastest component in the FB
sample. (System 1, sample masses: FB_1 — 4.8 mg, FB_2 — 5.3 mg, MR_1 - 3.1 mg, MR_2 - 4.8 mg).

change during irradiation, but they behave differently. The most intense
bands of sample FB decrease with dose by a factor of ~1.5-2 throughout
the sequence of RL scans. In sample MR, the intense band at 3.9 eV is
stable, but the emissions around 3.25 eV and 1.9 eV increase signifi-
cantly by a factor of ~2.

Furthermore, the RL spectra of both samples change drastically after
annealing. The initial treatment of the samples was not the same, but
both underwent heating to similar temperatures, 490 °C and 480 °C for
the samples FB and MR, respectively. Fig. 12 shows spectra very similar
in shape. One band at 3.4 eV, which decreases significantly during
irradiation, dominates all earlier seen bands. Fig. 13 compares the last
spectrum recorded for samples FB and MR not annealed (Fig. 11a and b)
with the first one obtained for samples after annealing (Fig. 12a and b)
to show the increase in the intensity of the spectra caused by the heating.
Continuous X-ray irradiation with an accumulative dose of ~400 Gy
quenches the 3.4 eV emission band by factors of ~4 and ~3 for samples
FB and MR but upholds the dominance of band 3.4 eV.

5. Discussion

5.1. Reference samples and standardized procedures for quartz
luminescence sample characterisation

Our study introduces the new reference sample Morar (MR) in
addition to and for comparison with reference sample FB that was
already proposed earlier. Serving as a reference in the work of other
groups, basic luminescence characterisation was performed for both
samples. Most of these experiments can be repeated easily for other
samples in any laboratory, allowing a direct comparison of unknown
and reference samples. Such tests include TL and LM-OSL measurements
and a sequence for recording sensitivity changes of the 110 °C TL peak
with accumulated dose. Whereas TL and OSL measurements target the
domain of thermally and optically sensitive electron traps, the mea-
surement of sensitivity changes is the most straightforward test available
using a standard TL/OSL reader that relates to changes in the filling of
luminescence centres. Details about these three basic experiments and
obtained results for the reference samples are included in the supple-
mentary material.
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Fig. 10. Typical TR-OSL spectra for one aliquot of samples FB (a) and MR (b).
The fitted lifetime components are shown in green and purple. The instrumental
background as fitted by the algorithm is indicated in pink. See the text for
further details on the measurement parameters.

Table 4
TR-OSL lifetime components for the FB and MR samples.
Aliquot FB MR
71 [ps] 71 [ps] 72 [ps]
1 39+1 3.9+09 39+5
2 41 +£1 - -
3 42+ 2 4.1+ 2.0 38+10
Table 5
Applied radioluminescence sequence.
Step  Treatment
1 RL measurements under continuous X-ray irradiation (20 min, ~400 Gy total)
2 TL up to 480 °C (1 Ks™ 1)
3 RL measurements under continuous X-ray irradiation (20 min, ~400 Gy total)
(4 (TL up to 480 °C (1 K s~ 1)

Despite the fact that some data scatter related to individual in-
struments and their calibration is expected (cf. [6]), standardised sample
characterisation sequences indubitably allow a more objective assess-
ment of a sample’s luminescence properties. In addition, reference
samples with approved physical characteristics could be used to check
the performance of luminescence equipment. For example, the principal
lifetime component identified in TR-OSL experiments for both the FB

10
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and the MR samples might help test the performance of other in-
struments relative to the one used for initial sample characterisation.

In view of luminescence sensitization studies (e.g., Refs. [44,45]),
recently developed approaches of provenance analyses using the lumi-
nescence signals of quartz (and feldspar; e.g., Refs. [46-48]) or explor-
ative luminescence data analysis [49], standardized datasets as
proposed here will prove essential to facilitate valid comparisons across
samples.

Finally, accurate documentation of all laboratory treatments un-
dergone by the reference samples is crucial. Unfortunately, the sample’s
true history is usually unknown for natural minerals before it was
collected and purified, thus hampering a direct comparison of lumi-
nescence properties. We have only vague ideas about the number of
sedimentary cycles, any thermal exposure (e.g., wildfires) or the cu-
mulative radiation dose received by the samples. In our case, one of the
samples (FB) was annealed in the laboratory, while sample MR was not
(yet) subject to any heat treatment. Although this difference might, at
first sight, complicate the comparison of results between the two data-
sets, there is still the possibility to study the change in luminescence
characteristics induced by heat treatments because unannealed FB ma-
terial is available for this purpose (cf. Sec. 4.3).

5.2. Reference sample properties in relation to previous studies

In terms of TL signatures, the FB and MR reference samples show 4-5
peaks visible in the bulk TL glow curve (recorded in the UV emission
window; Fig. 1) that are frequently recorded also for other natural and
synthetic quartz samples [1,50,51]. Despite the differences in the shape
of the TL curves of both samples as a function of dose, one can infer that
they do not indicate different types of traps in the samples but rather
differences in the concentration of defects associated with the traps. The
modelling seems to support this conclusion. An exception might be the
TL in the range 150-250 °C, where the two samples depict a
non-congruent pattern of TL maxima. The TL properties of samples FB
and MR cover at least part of the variability expected for various types of
quartz but do not demand a fundamentally new understanding.

The very weak fast OSL component in sample MR compared to its
intense occurrence in sample FB reflects well the differences in OSL
signal composition among natural samples from various environments
and geological history. Low-sensitivity quartz has, for instance, been
described in Preusser et al. [52] and Klasen et al. [53], while a more
comprehensive survey of OSL signal composition as a function of li-
thology, weathering and transport history was presented by Jeong and
Choi [54]. Intriguingly, many studies emphasize the importance of
sedimentary cycling to sensitise the quartz OSL signal (and the fast
component in particular; [55-57]), while sample MR is almost devoid of
the fast component and low in sensitivity despite presumably many
depositional cycles undergone during its fluvial and littoral history. On
the other hand, sample FB might represent quartz from environments in
which many (aeolian) depositional cycles sensitized the fast component
(e.g., old deserts), thus potentially rendering them more suitable for
dating purposes (e.g., Refs. [58,59]).

The TR-OSL signal of both reference samples contains the principal
lifetime component observed for most natural quartz samples [42]. The
observation of shorter lifetime components in sample MR makes it a
candidate to study their origin, given that a more extensive set of
complementary analytical data will be available for this sample,
allowing the correlation of short lifetimes with TL, OSL and RL char-
acteristics as well as with previous TR-OSL investigations (e.g., Refs. [7,
43D).

All bands recognizable in the RL spectra of the FB and MR samples
are known from previous RL studies of quartz. For example, the RL band
at 3.4 eV, dominant in the signal of both samples heated to 480 °C or
490 °C (Fig. 12), was previously observed in synthetic quartz (C band;
[60]) and natural quartz [61], for which a substantial increase in in-
tensity was also reported after annealing to 500 °C and prior irradiation.
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Fig. 11. Radioluminescence spectra of a batch of sample FB that did not undergo the last step of the preparation (annealing to 490 °C) (a) and spectra of sample MR
as received (b). The last spectrum in the series of measurements is marked in blue. The spectral detection range applied in TL, and LM-OSL measurements is indicated
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Fig. 12. Radioluminescence spectra of sample FB as received (a) and MR after the TL measurement up to 480 °C (2 K s™1) (b). The last spectrum in the series of
measurements is marked in blue. The spectral detection range applied in TL, and LM-OSL measurements is indicated in grey. Sample masses are about 20 mg.

Such a signal increase was, as here, followed by a gradual decrease in the
intensity in subsequent measurements of the RL spectrum until a stable
level was reached [62]. In this study, the 3.4 eV band seems to be
identical to the 3.25 eV band seen very clearly in the spectra of sample
FB before the anneal at 490 °C, but also noticeable in the spectra of the
untreated MR sample (Fig. 11). In unannealed sample FB, this band
decreases with progressive RL measurements. It is worth mentioning
that a band at 3.3 eV was observed in cathodoluminescence (CL) spectra
measured for synthetic quartz, and a similar decrease of the band in-
tensity under the electron beam was noted [63]. The low energy band at
1.9 eV, as well as that of the highest energy, at 3.9 eV, observed in
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sample MR before heating appears in both the RL (band O in Pagonis
et al. [61]) and CL studies [63-65]. Another band between 2.5 eV and
2.9 eV, known from literature on quartz RL and CL, can also be seen in
the RL of both samples before heating.

The RL measurements show that the samples differ more in the
concentration of luminescent centres than in their types, which was
already indicated by the modelling of the TL curves. The exception is the
3.9 eV band (reported in Ref. [66]), which is observed in the MR sample
but is absent in sample FB. Based on the presented results, one can
conclude that both samples are a good representation of natural quartz,
and it is not necessary to introduce a new type of centre, not recognized
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Fig. 13. A comparison of the spectrum obtained as the last one in the series
presented in Fig. 11, with the first spectrum of the series shown in Fig. 12 for
sample FB (a) and sample MR (b). The spectral detection range applied in TL
and LM-OSL measurements is indicated in grey.

earlier, to describe the phenomena occurring in them.

Whereas TL, LM-OSL and TM-OSL target the electron trapping sites,
TR-OSL and the acquired RL spectra offer information on the recombi-
nation centres involved in luminescence production. The latter two
methodologies require special equipment not available in most routine
laboratories for dosimetry and dating. From a practical perspective, it is
hence more straightforward to characterize the electron traps, as re-
flected in the proposed standardized sample characterisation procedures
(see supplementary material). Nonetheless, spectrometric techniques
should be part of any luminescence sample screening. An improved
understanding of charge dynamics related to luminescence properties
can only be achieved through the combination of analyses directed at
the traps and the recombination centres (cf. [67]).

5.3. Future directions

The initial results obtained here can only be the first step of a series of
more specialized experiments to further characterize the physical and
chemical properties of the reference samples. For instance, as the TL and
OSL data presented here were mainly acquired in a monochromatic
mode, future efforts will include detailed spectrometric TL and OSL
analyses of both samples, including spectrally-resolved dose-response of
individual emissions (to be published in an upcoming study). Likewise,
the dose evolution of individual components of the OSL signal as
extracted by decomposition approaches will offer new insights into
sample characteristics.

Finally, determining absolute physical parameters describing the
luminescence processes in the reference samples will further help us
refine the existing quartz models. Such parameters include the thermal
stability (expressed as trap depth E (eV) and frequency factor s (s'l)) and
the optical sensitivity (expressed as photoionization cross-section) of
individual signal components (i.e., electron traps associated with certain
TL and OSL components). For these efforts, it is paramount to ensure
accurate sample temperature control and photon flux for optical
stimulation.

6. Conclusions

Proper understanding of luminescence production in quartz requires
experiments on suitable, well-studied reference samples for reproduc-
ible results. We applied multiple luminescence techniques (TL, OSL, LM-
OSL, TM-OSL, TR-OSL, and RL) on two reference samples (FB and MR).
Both samples consist of >99% SiO,. TL intensities of both samples differ
by factors of 2 (110 °C peak) to 26 (200 °C peak), and TL curves >150 °C
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show pronounced maxima at 185 °C and 285 °C for FB and 165 °C and
250 °C for MR. TL dose response in different glow curve regions varies
across the two samples, i.e., with increasing filling of deep electron
traps. The OSL fast component is 80 times, and the next component in
terms of the decay rate (medium component) above four times more
intense in the FB sample than in MR. The intensities of the slow com-
ponents creating the second LM-OSL maximum are comparable in their
intensities in both samples. TM-OSL curve shapes differ most with
stimulation at 530 nm after complete quenching of the fast component.
The slow component intensity in 470 nm TM-OSL measurements is
similar in both samples, but rapid signal decay is visible only for the FB
sample. Luminescence signal behaviour with increasing dose indicates
different competition between centres and traps in both samples. That,
in turn, is a sign of substantial differences between the two samples in
terms of defect concentrations rather than different types involved in the
luminescence process. This finding seems to be supported by the RL
measurements and our modelling. Such apparent diversity offers a
chance to constrain better the variability of expected defect concentra-
tions in natural samples.
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