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Abstract

This study addresses the challenge of signal crosstalk in luminescence measurements from single sand-sized min-
eral grains, utilising Electron-Multiplying Charge-Coupled Devices (EMCCD) for imaging. Crosstalk, or signal inter-
ference between adjacent grains, may significantly hamper the accuracy of luminescence analysis of signals emit-
ted by single mineral grains. The research aims to minimise crosstalk, thereby enhancing the integrity of the lumi-
nescence data from each grain.

The effects of altering the aperture size and the spacing between grains on the sample disc are investigated using
the 110°C thermoluminescence (TL) peak of quartz as an example. Specifically, the introduction of a newly de-
signed sample disc with increased spacing between grain holes shows promising results in mitigating signal overlap,
as evidenced by the experimental data. In particular, we demonstrate that the new design dramatically decreases
signal crosstalk, enabling reliable automatic data analysis with minimal interference.

The study offers practical solutions for enhancing the reliability of single-grain based luminescence chronologies
and dosimetric assessments. By minimising signal crosstalk, more precise and reliable analyses of thermolumines-
cence and OSL signals can be obtained.

To demonstrate the potential of the new design, for the first time, we show the estimation of trap parameters of
the 110°C peak in quartz at a single-grain level using an EMCCD camera, comparing it with the lifetime of the

electrons in the 110°C trap measured directly through storage experiments.
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1. Introduction

Stimulated luminescence is widely used for measurements
of the ionising radiation dose received by samples. It finds
application in medical, personal and accident dosimetry
(e.g. Yukihara et al., 2014) and is widely used for dating
geological and archaeological samples (Roberts et al,
2015). Recent advances in luminescence studies of mineral
grains have resulted in novel methodologies that
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significantly enhance our understanding of the variability
inherent in these materials. Traditionally, researchers have
relied on multiple-grain aliquots or single-grain focussed
laser systems to measure luminescence, with each method
presenting its own set of limitations. Multiple-grain ali-
quots offer simplicity but obscure individual grain behav-
iour, leading to a scatter in the signal (e.g. Wallinga, 2002).
Focussed laser systems (Duller ef al, 1999, Bailiff and
Mikhailik, 2003, Better-Jensen et al., 2003), while provid-
ing resolution at the grain level, are only able to look at
optically stimulated signals and are unable to measure
thermoluminescence (TL) emitted by individual grains,
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meaning that hand-picking of individual grains is the only
solution for TL measurements (e.g. Adamiec, 2000).

Imaging of luminescence from natural minerals using
image intensifiers (Templer and Walton, 1985), imaging
photon detectors (Smith et al., 1991), and charge-coupled
devices (Duller et al., 1997) has been attempted previously,
but the introduction of thermoelectrically-cooled electron-
multiplying charge-coupled devices (EMCCD) represents
a significant step forward. These devices offer the poten-
tial to capture spatially resolved measurements of lumines-
cence with low read noise and high quantum efficiency
across a wavelength range of typically 300 to 1000 nm.
This allows for comprehensive dosimetry studies and in-
depth investigations into the physics of luminescent mate-
rials, with applications ranging from geochronology to ac-
cident dosimetry. Notably, the use of EMCCD facilitates
the analysis of TL glow curves and OSL properties across
large numbers of grains under consistent temperature con-
ditions — addressing a longstanding challenge in lumines-
cence studies.

Whether using focussed laser systems or imaging sys-
tems, the rationale for using such systems is to be able to
measure the luminescence signal from a single mineral
grain without contribution from other grains on the sample.
Unfortunately, contributions from nearby grains occur in
both types of systems, and this unwanted signal is termed
crosstalk. For focussed laser systems, where optically
stimulated luminescence is measured, the crosstalk (stim-
ulation crosstalk) arises from stray light from the laser
beam (Duller, 2012) striking grains other than the meas-
ured one. Since the laser power on these other grains will
be much lower than the power on the grain being measured,
this tends to generate what appears to be a slow component
(Singarayer and Bailey, 2003) in the quartz OSL signal,
and using such focussed laser systems is likely to lead to
overestimates of the frequency of grains with a slow com-
ponent and to overestimate the magnitude of this slow
component (e.g. Fig 3b, Bulur ef al., 2002).

Imaging systems are not affected by crosstalk arising
from optical stimulation but do suffer from crosstalk for
other reasons. Crosstalk for imaging systems arises for two
primary reasons, firstly because of various types of aber-
ration (spherical aberration, chromatic aberration, coma,
astigmatism etc) in the optics used to focus the lumines-
cence emitted from the sample onto the detector, and sec-
ondly because the light being observed arises from within
the sample and is emitted uniformly in all directions and
this may reflect off other grains or parts of the sample
holder or chamber. Where individual mineral grains are to
be analysed, the severity of the crosstalk due to scattering
of the light will be highest if a flat sample holder is used
(e.g. Gribenski et al., 2015), and can be reduced by placing
each grain in a recess drilled into the sample holder as de-
signed by Duller et al. (1999). These sample holders are
called single grain discs and are designed with an array of
holes of a diameter and depth such that one mineral grain
can fit within each hole. Such discs have two main

advantages. Firstly, they reduce the lateral scattering of
light. Secondly, they physically separate the grains and
hold them in a known geometry (typically 600 um between
grain centres), avoiding the need to attempt to define grain
locations and boundaries by image analysis (cf. Greilich et
al., 2015; Mittelstra3 and Kreutzer, 2021), making data re-
duction much simpler (e.g. Kook et al., 2015).

Kook et al. (2015) developed an imaging EMCCD sys-
tem for the Risg TL/OSL instrument. The TL and OSL sig-
nals from natural minerals that the system is designed to
look at are often weak, and Kook ef al. (2015) recognised
the conflicting design aims of maximising numerical aper-
ture to increase light collection or reducing numerical ap-
erture to deliver a well-focussed image and reduce cross-
talk. Using a single grain disc with 300 pum diameter holes
drilled with their centres spaced 600 um apart, and using a
region of interest 450 pum in diameter, they demonstrated
that crosstalk between grain positions was about 0.8%.
That is to say that if a grain in one hole on the single grain
disc emitted 100,000 photons, 800 photons from that grain
would be observed in the part of the image where an adja-
cent grain would sit. Since 2015, the instrument has been
modified with the addition of a computer-controlled iris in
the optical path, providing the potential for improving im-
age quality by reducing the aperture. This new instrument
has been used in several studies (e.g. Durcan and Duller
2022, 2024), but little characterisation of its performance
has been undertaken. De Boer ef al. (2024) have measured
crosstalk for this new version of the instrument, and using
the same sized region of interest as Kook et al. (2015), they
get a value of 5.5%, but the reason for this being almost
six times larger than previously measured is not clear. Ra-
ther surprisingly, De Boer et al. (2024) found that there
was no systematic change in signal crosstalk or in signal
intensity as the aperture was changed. From first principles,
one would expect that reducing the aperture would im-
prove image resolution and thus lower crosstalk, but at the
cost of signal intensity, and it is not clear why this was not
seen in that study.

As we continue to use and refine imaging techniques,
it is crucial to ensure that the luminescence signal detected
is indeed from the targeted grain, uncompromised by adja-
cent grains’ stray light. This problem is particularly im-
portant because the brightness of quartz grains originating
from a single sample may span a few orders of magnitude
(e.g. Duller, 2008). Analysis of single grains of quartz
from geological or archaeological sites has repeatedly
shown that only a small proportion of grains emit a detect-
able signal (e.g. Duller ef al., 2000), meaning that it would
be expected for only a few grains (~2 to 10 grains) on a
single grain disc to have any measurable signal. The ongo-
ing optimisation is key to the integrity of single-grain anal-
ysis and underpins the confidence in our data as we unravel
the complexities of luminescent minerals.

In the current paper, we investigate the influence of ap-
erture on crosstalk and signal intensity for the Rise
EMCCD unit. The main motivation for undertaking this
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research was to enable the full exploitation of the capabil-
ities of EMCCD cameras in luminescence investigations.
We explore changing the spacing between grain holes on
a single-grain disc and discuss the results we obtained.
Subsequently, we discuss the possibility of automated de-
tection of a crosstalk signal. We propose a new design of
discs for single grain measurements using EMCCD, and
we show an example of their application in determining
the kinetic parameters of the “110°C” TL peak in individ-
ual quartz grains.

2. Instrumental setup and analysis

2.1 Instrument

In the present study, we have employed a setup featuring
an Evolve™ electron-multiplying charge-coupled device
(EMCCD) cooled to -80°C, as detailed by Kook et al.
(2015). This EMCCD, with its 512 by 512-pixel array, is
mounted onto a Rise TL/OSL DA-20 reader, replacing the
conventional photomultiplier tube, thus enhancing our ca-
pability to detect emissions effectively from quartz. The
peak quantum efficiency of the EMCCD (~90%) is be-
tween 400 and 700 nm, but even at 340 nm, the wavelength
used for the detection of luminescence from quartz in our
experiments, the quantum efficiency (~35%) is larger than
that for a bialkali photomultiplier tube (Kook et al., 2015)
which is most frequently used for this purpose. The
EMCCD is operated in EM-gain mode when measuring lu-
minescence signals, but not when collecting visible images
for registration purposes.

The system’s optics, comprising a lens setup with a
magnification of 0.8, focus the emissions onto the CCD
chip’s surface. Each detector pixel measures 16 um by
16 um, resulting in an effective pixel size at the sample
plane of ca. 20 pm by 20 pum after magnification. This
setup allows for a maximum imaging area of 10.24 mm by
10.24 mm on the sample. The instrument is able to adjust
the focus under computer control, compensating for the
small variations in the focal plane that occur as a function
of wavelength. The DASH EMCCD unit used in the ex-
periments reported here is different to that reported by
Kook et al. (2015), as an upgrade by the manufacturer has
added a motorised iris under computer control, which en-
ables the selection of apertures ranging from 21.9 mm to
2.2 mm. Hoya U-340 and Schott UG-11 glass filters, with
a combined thickness of 4 mm, have been used. This filter
combination transmits light at 340 nm with an FWHM of
85 nm and filters out the blackbody radiation at elevated
temperatures. In section 4, the filter Schott BG-39 was
used, the rationale being given there.

2.2 Sample

In our study, we used the sample Aber105/KB15 (grain
size 180-250 um; Duller et al., 2015) from Kalambo Falls,
Zambia, known for its bright OSL. The sample was pre-
pared as loose grains of quartz, typically 180 to 250 um in
diameter, using a combination of physical and chemical

methods to separate quartz from the other minerals present.
Duller et al. (1999) designed an aluminium disc to fit
within the automated Risg TL/OSL reader, which could
hold grains in defined positions, physically separated from
each other. This single-grain aluminium disc is 9.8 mm in
diameter and has an array of 300 pm diameter holes drilled
300 um deep into the surface of the disc. Three holes 500
pum in diameter are drilled through the disc near its periph-
ery. These three holes do not contain the sample but are
used solely for assessing the position of the disc relative to
the imaging system. The current configuration of these
sample discs has an array of 10 by 10 holes, with a spacing
of 600 um between hole centres (see e.g. Kook et al., 2015).

2.3 Sample disc manufacture

A second type of sample holder was used later in this re-
search, designed to reduce the impact of crosstalk. The disc
had the same external diameter (9.8 mm) and the same
three locating holes as that described above, but instead of
an array of 10 by 10 holes, this new disc has an array of
7 by 7 holes, allowing the spacing between hole centres to
be increased from 600 um to 850 pm. The hole diameter
was kept at 300 um. These new discs were fabricated from
stainless steel and cut using a laser engraving system. The
rationale for this design modification is explained in sec-
tion 3, along with data illustrating the advantages of this
design.

2.4 Data processing

A suite of custom Python functions and classes was devel-
oped to facilitate the comprehensive analysis of lumines-
cence signals from disc samples. This software is designed
to automatically detect positioning markers on the discs,
which are critical for accurate positioning of regions of in-
terest. Utilising image processing libraries such as
OpenCV (Bradski, 2000) and scikit-image (van der Walt
et al., 2014), the software identifies these markers through
edge detection and Hough Circle Transform algorithms,
ensuring precise location even in varied lighting.

The core functionality extends beyond marker detec-
tion, offering tools for signal integration over specified cir-
cular regions of interest (ROIs). Furthermore, the software
supports the generation of transects of a defined width, en-
abling the examination of the luminescence signal between
any two points on the disc. This capability is invaluable for
studying spatial variations in signal intensity. By automat-
ing critical tasks, the software enables rapid analysis of
large numbers of grains, making it a very useful tool for
single-grain luminescence research.

All glow curves were smoothed using the Savitzky-Go-
lay filter (Savitzky and Golay, 1964) implemented in
SciPy.signal package (Virtanen et al., 2020) with a win-
dow length of 15 channels and a 3™ degree polynomial.
Prior to analysis, the background signal was subtracted. In
the experiments described in section 3, where only four
grains were placed on the sample disc, background meas-
urements were taken from grain positions or transects
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located far from the holes containing grains. It was con-
firmed that the subtracted signal showed no visible TL
peaks.

In the experiments where all holes were filled with
grains (section 3, Fig. 8 and section 4), the background was
obtained from a subsequent heating of the same sample
grain positions under identical thermal conditions but
without prior dosing.

3. Spatial distribution of luminescence arising
from a single grain

To optimise the acquisition of spatially resolved lumines-
cence, we first decided to explore in detail the spatial pat-
tern of luminescence emitted from single grains mounted
on our sample holder. To do this, an experiment was un-
dertaken in which four grains of quartz were placed by
hand under white light in a single-grain disc with an array
of 10 by 10 holes (300 pm diameter) in positions (3, 3), (3,
8), (8, 3) and (8, 8) corresponding to numbers 23, 28, 73,
and 78 (Fig. 1, bottom right). The positions are defined as
in the Risg Sequence Editor software, where grain (1, 1)
occupies the top right position of the 10 by 10 grid. We
explored the influence of the aperture on the image quality,
the intensity of the luminescence signal, and the spatial ex-
tent of the signal in relation to the position of the grain.

3.1 Aperture

A series of measurements was undertaken using apertures
varying from 21.9 mm to 2.2 mm (the full range of the iris).
For each measurement cycle, the disc received a dose of
280 Gy, and immediately following this irradiation, the
disc was heated at 1°C s™! to a temperature of 220°C. The
TL signal emitted during the heating was recorded, with
one frame collected with the EMCCD in EM-gain mode
every two seconds (equivalent to an increase of 2°C).

A region of interest 300 um in diameter was used to
sum the signal from grain position 23, the brightest of the
four grains. A typical TL glow curve is shown in Fig. 2a.
The sequence of irradiation and TL measurement was re-
peated while varying the aperture from 21.9 mm to 2.2 mm,
and the impact upon the signal intensity is shown in Fig.
2b. For this data, the intensity is fitted by the power func-
tion

TL = 560.8 - Aperture 7 3.1

where the TL indicates counts integrated over the temper-
ature range 50-100°C and the aperture is given in mm,
confirming the strong dependence of the signal on the ap-
erture. There is a trade-off to be found between the resolu-
tion of the image and the size of the aperture. We conclude
that unless we are dealing with exceptionally bright lumi-
nescence signals, using small apertures is a seriously lim-
iting factor, and for that reason, a large aperture should be
used.

3.2 Signal crosstalk

The data collected for Fig. 2 can also be displayed as im-
ages, showing the spatial distribution of luminescence ob-
served from the four grains. For measurements using dif-
ferent apertures, Fig. 1 shows the result of summing all the
images collected up to the maximum temperature of 220°C.
For the smallest aperture (Ap=2.2 mm), the TL emission
is spatially well resolved, and the size of the TL feature
appears to match the size of the grains used. As the aper-
ture used during data collection is increased, the TL ap-
pears to originate from a wider area, presumably resulting
from increasing aberration. This suggests that increased
crosstalk will also be seen as the aperture is increased.

To explore the spatial pattern of luminescence in the
current configuration, the luminescence images collected
by the EMCCD for apertures of 21.9 and 10 mm were pro-
cessed to extract a transect ca. 6 mm in length, 100 pm in
width, across positions 21 to 30 on the single grain disc
(Fig. 3a). Positions 23 and 28 along this transect contain
grains (as seen in Fig. 2), and these grains’ emissions are
clearly visible in Figs. 3b (aperture 21.9 mm) and 3¢ (ap-
erture 10 mm). Routine analysis (Kook et al., 2015) of the
emission from positions 21 to 30 would define regions of
interest (ROI) centred on each grain (these ROIs with a di-
ameter of 300 um are visible in Fig. 3a as green circles as
well as shaded stripes in Fig. 3b and 3¢; they coincide with
the grain holding holes). The pattern of the logarithm of
the emission along the transect clearly shows that the sig-
nal significantly spills over to the adjacent positions for
both apertures, the spillover being significantly reduced
for the aperture of 10 mm (Fig. 3¢). However, the signal in
this case is reduced nearly fourfold according to Eq 3.1

560.8 - 21.917
( 560.8-1017 3.8).
To illustrate the potential for misinterpreting this data

set, TL glow curves obtained for grain 23 and the sur-
rounding positions for the aperture of 21.9 mm are shown
in Fig. 4. While position 23 has the most intense signal
(more than 7000 counts at 73°C), TL peaks are also seen
for the surrounding positions. Had we not known these po-
sitions were empty, these would have been interpreted as
TL glow curves originating from different grains but with
similar properties. These plots clearly show how easy it
might be to incorrectly interpret signals originating from
single grains.

Further, Fig. 5 shows the crosstalk between position 23
and the adjacent positions. The crosstalk is calculated from
the formula:

Ny = 2—22. 100% (3.2)
S23
where s, is the signal from the n-th position and s»; is the
signal from position 23. Using the original optics design
for this EMCCD system (but without a variable iris), Kook
et al. (2015) assessed crosstalk to be 0.8%. De Boer et al.
(2024) used a system with a variable iris and obtained a
value for crosstalk of 5.5%. Our data are similar to the
value of Kook et al. (2015) but reveal some additional
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Ap=21.9

Ap=12.5

Ap=5.0

Ap=17.5

Ap=10.0

Ap=2.2

Ap=15.0

Ap=7.5

Fig. 1. Enhanced false colour images of the logarithm of the acquired luminescence for different apertures and the photo of the disc where four single
grains can be seen. The TL has been integrated over the whole glow curve up to 220°C. The diameter of the aperture in mm is given above each
image. The images get better defined with decreasing aperture; however, the intensity also decreases. The intensity scale is different for each
image — see Fig. 2b — and hence no scale is shown. The red circle in the bottom right image emphasises grain no. 23.

important details. Firstly, it can be seen that the crosstalk
increases dramatically as the aperture increases. For the
largest aperture, the crosstalk reaches over 2.5% for posi-
tion 24. This is a significant number given the previously
published distributions of grain brightness (e.g. Duller,
2008). Secondly, we notice that the crosstalk is not sym-
metrical and probably depends on the shape of the grain
and possibly on the area of the grain emitting the signal.
The asymmetry can also be seen in the transect shown in
Figs. 3a and 3b.

3.3 Excluding data impacted by crosstalk

Fig. 5 demonstrates that crosstalk between grains in adja-
cent positions on a single grain disc can reach 2.5%, and
Fig. 4 shows that analysing ROI data from these adjacent
positions could lead to incorrectly identifying a signal even
where no sample exists. Two approaches are suggested
here to avoid misidentification and reject signals arising
from crosstalk.
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Fig. 2. a) Thermoluminescence glow curves for the grain in position 23 measured using apertures given in the legend. The signal plotted is obtained using
a circular region of interest 300 um in diameter. b) The change in signal intensity from grain 23 due to changing aperture. The data is summed
from 50 to 100°C (as shown by the shading in (a)). The data in (b) is fitted by a power function. Here, the exponent is equal to 1.70.

3.3.1 Peak identification

The first approach would be to look at the spatially-re-
solved luminescence data prior to segmentation using an
ROL. A peak in the luminescence signal would be expected
where a hole in the sample disc contains a grain emitting
luminescence, and the intensity of this signal will decrease
with distance away from the hole. The images shown in
Fig. 1 illustrate this pattern clearly.

The same pattern can also be seen in the transect in Fig.
3b, where two peaks are seen, corresponding to the two
holes in which grains were placed. One would be confident
that any of the other grain holes (i.e. positions 21, 22, 24—
27 and 29, 30) do not have a discernible signal because no
peak in the luminescence signal is seen over those holes,
and so when looking at Fig. 4 and 3b together, one would
reject the data for positions 22 and 24.

This type of analysis would require looking at transects
in both orientations. Taking the data from Fig. 2 and cal-
culating a transect along holes 11 to 20 (all of which do not
contain any quartz grains) would produce two peaks at
holes 13 and 18 because of crosstalk from grains in hole
positions 23 and 28. However, a transect perpendicular to
this, for instance, from hole 3 to 93 would show a peak for
hole 23 but not a peak for hole 13, thus making it clear that
hole 13 does not contain a grain that generates a lumines-
cence signal. Thus, this algorithm for verifying signals re-
quires that a peak be observed when looking at profiles in
both orientations.

The test dataset shown in Figs. 2 and 3 only has four
grains across the whole disc. Normally, all 100 holes
would contain grains, and so there is potential for situa-
tions where a hole may contain a grain which is emitting
luminescence, and a peak would be seen in a transect such
as Fig. 3b, but if there was a bright grain in an adjacent
position then crosstalk from that bright grain would under-
lie the signal (e.g. Figs. 8a and 8c). In this situation, anal-

ysis of the transects would correctly identify the presence
of a grain that is yielding a discernible signal, but the light
summed within any ROI will also contain contributions
from the adjacent bright grains.

To assess the magnitude of the crosstalk, one could en-
visage fitting the peaks in transects such as that shown in
Fig. 8 (section 3.4), and thus calculating the contribution
from adjacent signals. It would then be feasible to intro-
duce some criterion for accepting or rejecting data from a
hole (e.g. if the contribution from adjacent grains was less
than 5%). The peaks seen in the TL transects (Fig. 3b) can
be fitted with the sum of two Gaussian curves, both Gauss-
ians having the same centre but with different width pa-
rameters. However, where peaks overlap (e.g., Fig. 8, sec-
tion 3.4), the fitting is more complex, leading to large un-
certainties. Thus, this approach has not been pursued fur-
ther at this stage.

3.3.2 Adjacent position signal intensity

A simpler approach is to use the assessment of crosstalk
derived from an experiment, as shown in Fig. 5, to estimate
a maximum contribution from adjacent grain positions. In
this case, a crosstalk of 2.5% is seen when using the largest
aperture, so taking a conservative view, one could imple-
ment a rejection criterion whereby any grain that yields a
signal that is ca. 10% or less than the sum of its neighbour-
ing positions is rejected because it is likely to be impacted
by crosstalk. The crosstalk, and hence this threshold, could
be reduced by decreasing the aperture (Fig. 5), but this
comes at the cost of reducing signal intensity (Fig. 1b).
Additionally, as shown by Kook et al. (2015), the impact
of adjacent grains can be reduced by making the ROI
smaller, but this again comes at the cost of reducing the
signal intensity and also introduces potential problems
with signal reproducibility if only part of the grain hole is
included in the ROL.
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Fig. 3. A transect (b) through grains 30-21 of a width of 100 um, integrated over 50-100°C for the aperture of 21.9 mm. The shaded areas show hole
positions indicated by the numbers in them, and a) shows the photo of the disc with the indicated line along which the transect was drawn,
¢) as b with an aperture of 10 mm.
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Fig. 4. Glow curves recorded around the brightest grain, no. 23 that was the brightest of the four grains. The ROl is a circular area of diameter 300 um,
i.e. covering the area of the grain holding hole.
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Fig. 5. Crosstalk for positions adjacent to grain no. 23 as a function of the
aperture size. The ROl is a circular area of 300 um in diameter.

3.4 Changing the configuration of the single-grain disc
Another approach to reducing crosstalk, which does not
decrease the sensitivity of the instrument, is to increase the
spacing between holes on the single-grain disc. A compro-
mise had to be struck between increasing the spacing be-
tween grains while still retaining enough grains on a single
disc to maintain throughput. Taking into account the re-
sults of Fig. 3b, discs consisting of an array of 7 by 7 holes
have been produced, with the hole diameter kept at 300 um,
but spacing increased from 600 um between hole centres
to 850 pm between hole centres. Initially, we considered 5
by 5 hole discs, however, this would have reduced the
number of grains measured by a quarter in relation to the
original 10 by 10 discs and hence the decision to try a 7 by
77 arrangement.

The experiment described above (and shown in Figs. 1
to 3) was then repeated using a 7 by 7 single-grain disc. As
it was noticed that in general the signals were dimmer, in-
stead of the Hoya U-340 filter, the Shott BG39 filter was
employed with maximum transmittance at 500 nm and
FWHM of 210 nm. The lower light level is probably due
to the fact that the reflectivity of stainless steel in UV is
significantly lower than that of aluminium, from which the
10 by 10 discs are made. The application of the BG39 filter
was to enable a broader wavelength range to be transmitted.
The difference between the refractive indexes for quartz
which make up the optical system lenses is about 0.015
between 340 and 500 nm which is not thought to introduce
chromatic aberration that would explain the differences in
crosstalk, especially since, as mentioned in section 2.1, the
system adjusts for the changed focal length depending on
the detection wavelength.

At first, four grains of the investigated sample were
placed at positions 3, 7, 31 and 35 of the disc (Fig. 6a). We
administered a dose of 280 Gy and heated the disc to
220°C. We then plotted a transect of the luminescence
summed in the temperature range 50—-100°C, across posi-
tions 29 to 35 (red line in Fig. 6a) of a width of 100 pm.
The transect is shown in Fig. 6b. Fig. 6b reveals that the
distance between the grain holding holes ensures that the
signal from adjacent holes does not interfere. This is fur-
ther confirmed by the data shown in Fig. 7, where it can be
seen that at the positions adjacent to grain 31, no measur-
able TL is detected. The crosstalk calculated as in section
3.2 is effectively zero.

To compare the performance of the two types of discs,
transects of the emitted TL were drawn for positions 1-10
and 1-7 of the respective discs when they were loaded with
grains in all of the holes. This was done for two aperture
sizes, 21.9 mm (Figs. 8a and 8c¢) and 17.5 mm (Figs. 8b
and 8d). We observe that the separation in the 7 by 7 disc
is much better, and that decreasing the aperture to 17.5 mm
gives even greater separation.

We conclude that the new discs lead to measurements
with greatly reduced crosstalk. In the next section, we pre-
sent an example of an analysis that can be carried out using
the new discs.

4. Example of application: the 110°C TL peak in
single grains of quartz

Here, for the first time, we are showing the determination
of the lifetime of the “110°C” thermoluminescence (TL)
peak in quartz for single grains using both the varying
heating rate method and a direct measurement through var-
ying delay times between irradiation and the readout.

4.1 Determination of trap parameters of the 110°C peak
using variable heating rates

For the determination of the 110°C TL peak kinetic param-
eters, the Hoogenstraaten method (Hoogenstraaten, 1958)
was used. The method utilises the changes in TL peak po-
sition with varying heating rates.

Three stainless steel discs with grids of 7 by 7 grains
on each were each loaded with single grains of quartz from
sample Aber105/KB15. These were irradiated with a dose
0f 93 Gy and then heated to 450°C at different heating rates,
varying from 5°C s! to 0.05°C s”'. An example of the TL
glow curves recorded for one grain is displayed in Fig. 9a.
Fig. 9b shows the peak positions of the “110°C” TL peak
as a function of the heating rate. For each disc, the peak
positions were calculated as averages of the peak positions
for individual grains.

Fig. 9¢ shows the relationship between In(B/T?) and
—1/kgT for one of the grains that was used to calculate
the kinetic parameters of the electron trap responsible for
the “110°C” TL peak (Hoogenstraaten, 1958; Wintle,
1975); ks is the Boltzmann constant and 7 is the absolute
temperature in K, f is the heating rate in Ks”/ The slope of
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was ca. 100 um (5 pixels). The filter BG39 was used.

the fitted straight line is the depth of the trap (E), and the
frequency factor s is calculated from the intercept , which
is equal to

=0 @D

where E is the trap depth and W is the activation energy of
thermal quenching. We assumed that the thermal quench-
ing factor W is equal to zero as suggested, e.g. by Wintle
(1975), who stated that the onset of thermal quenching of
the UV emission centre occurs above ca. 100°C. Similarly,
data presented by Friedrich e al. (2018) suggest that the
quenching of the UV centre should be negligible below
100°C. However, it can be seen in Fig. 9a that the intensity
of the peak increases with decreasing heating rate. In the
current work, we could not determine whether thermal
quenching is non-zero. This may be explored in future
work.

b=ln(

10

At the higher heating rates (5 and 2°C s™!) the peak po-
sitions seen in different discs diverge (Fig. 9b), and for the
experimental points seen in Fig. 9¢ deviate systematically
from a fitted straight line. We therefore decided to reject
these two heating rates, concluding that these were im-
pacted by thermal lag. The resulting points and the fitted
line are shown in Fig. 9d, where the experimental points
lie on the fitted straight line. The obtained trap depth is
higher than that which would have been calculated if the
data for the 5 and 2°C s! measurements had been included.

This analysis was repeated for all grains on the three
discs. Fig. 10 summarises the results in the form of histo-
grams of the peak temperatures (row 1), trap depths (row
2), logarithms of the frequency factors (row 3) and calcu-
lated lifetimes of the peak at 21°C. A temperature of 21°C
was chosen rather than the usual 20°C, because this was
the temperature measured inside the Riseo reader during the
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experiment described in the next section, and thus it allows
direct comparison between the two sets of data.

From the peak positions (Fig. 10, top row), we can con-
clude that Disc 1 has the best thermal contact with the heat-
ing plate, as indicated by the “110°C” peak occurring at
the lowest temperature among the three discs. Although
the average peak position varies by only 1°C, this subtle
difference supports the conclusion. Using data only from
Disc 1, the average calculated lifetime of the “110°C” peak
is 3517(33) s, where the quoted uncertainty is the standard
error of the mean. Only data for grains where the maxi-
mum one-channel intensity of the lowest heating rate glow
curve exceeded 150 counts were taken into account. The
obtained trap depths are similar to those measured by oth-
ers, e.g. Spooner and Questiaux (2000), and the frequency
factors are of the expected order of magnitude.

This TL peak in quartz lends itself to a direct determi-
nation of the lifetime, and a comparison with the calculated
value is explored in the next section.

4.2 Direct determination of the lifetime of the 110°C peak

Since the lifetime of the 110°C peak is relatively short, it
is practicable to make direct measurements of the lifetime
by irradiating the sample and then storing it for different
periods of time at a known temperature before measuring
the intensity of the TL signal remaining. The same irradi-
ation dose (93 Gy) was used for this experiment as for the
Hoogenstraaten method. After irradiation, samples were
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kept for periods of 0, 100, 200, 500, 1000, 2000, 5000 and
10000 s. Measurements for 0 and 1000 s were repeated at
the end of the measurement cycle to check for any sensi-
tivity changes, but these were found to be negligible. After
the delay, the samples were heated at 5°C s°!, while the TL
emission was measured with the EMCCD set with an ap-
erture of 17.5 mm. The air conditioning in the laboratory
is set to 20°C, while the temperature at which the samples
were stored was about 21°C, as determined by a measure-
ment of the temperature of the internal elements of the lu-
minescence reader. It needs to be stressed that the actual
storage temperature may be slightly different; however, a
more accurate measurement was not attempted in the cur-
rent experiments.

As expected, the intensity of the TL peak decreases
with storage time, and the peak position remains consistent
(Fig. 11a), as would be expected for a peak exhibiting
first-order kinetics. When the TL intensity is plotted as a
function of the time between irradiation and measurement
(Fig. 11b), an exponential decay is observed, from which
the lifetime of the signal can be determined. This analysis
was repeated for all 49 hole positions on the disc, and 44
gave sufficient signal to allow a lifetime to be calculated.
The mean lifetime was 7;,=3700(44) s (Fig. 11c¢), where
the uncertainty is the standard error of the mean.

This lifetime derived from the storage experiment and
the lifetime of t,=3517(33) s calculated from the kinetic
parameters, do not overlap at two sigma
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(It = 721 /+/0f + 07 = 3.05). However, the quoted error
terms are only statistical, and they do not account for the
fact that the storage temperature is not known with high
accuracy, nor is the extent of thermal lag in the case of the
measurements of the kinetic parameters. Therefore, we
conclude that the agreement is satisfactory within the ex-
pected uncertainty, considering the experimental limita-
tions.

5. Discussion

The analysis described in the previous sections aimed to
characterise the pattern of crosstalk collected with the
EMCCD system, where samples are spatially separated by
mounting them on single grain discs containing an array of
10 by 10 grain holes. Unlike De Boer ef al. (2024), we ob-
serve that with the current instrument and using the origi-
nal discs supplied by the manufacturer, the crosstalk can
be reduced by decreasing the size of the aperture used in
the imaging system, but this reduction in crosstalk comes
at the expense of the signal intensity (Fig. 1b), and the
crosstalk into adjacent positions is never reduced to zero.
It is not clear why De Boer et al. (2024) did not observe
the same pattern; differences in experimental setup, optical
alignment, or imaging parameters might account for the
discrepancy. For our instrument, while the amount of
crosstalk can be reduced to a low value (~1% is possible),
if a sample consists of grains with very different intensities,
then a bright grain could still impact the signal observed in
ROIs surrounding the grain.

Crosstalk could lead to three types of error in analysis.
The first is that positions where no grain is present could
still yield a detectable signal (e.g. grains 21, 22, 24 and 25
in Fig. 3b) which would be thought to be a discrete grain,
but the behaviour of the signals from these ‘phantom’
grains would be identical to that of the grain from which
the light originates. In the example shown in Fig. 3, the
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signal from grains 21, 22, 24 and 25 originates from only
one grain (that in position 23), but where a larger number
of grains emit a signal on a disc, then the signal observed
may be a complex mixture of nearby grains. If chemical
analysis of the grains in the disc were undertaken, for in-
stance, using laser ablation inductively coupled plasma-
mass spectrometry (Smedley et al., 2012), then no grain
would be found. The second error is similar to the first,
except in this scenario, there is a grain present in a hole,
but any emission is too weak to be observed, so once again,
the signal may originate from crosstalk. In this instance,
any attempt to, for example, correlate chemical character-
istics with luminescence behaviour would be unlikely to
succeed. The third possible error is where a grain is present,
and it emits a detectable luminescence signal, but crosstalk
from adjacent grains is also contained within the ROI. This
scenario results in a mixture of signals, both from the grain
and from adjacent grains. The relative intensity of the var-
ious grains will control the extent to which the observed
luminescence characteristics originate from the grain be-
ing measured or its neighbours.

While it may not be possible to reduce crosstalk to zero
when using the sample disc with 10 by 10 holes, the distri-
bution of emitted luminescence does provide the possibil-
ity to discern whether the signal measured in an ROI orig-
inates from that sample hole or not. Scenario 1 described
above can be seen in Fig. 3. A TL signal is observed in the
ROI data for all five grain positions (positions 21-25, Fig.
3b), but analysis of the ROI data alone would not be able
to decide whether these signals arose from 5 separate
grains or not. However, the pattern of luminescence inten-
sity in the transect along that row of grain positions
demonstrates that there is a peak in emission associated
with position 23, but no peak is seen for any of the other 4
positions. Analysis of transects across the luminescence
images provides the potential for deciding whether the
emission is occurring from any individual position by
looking for a peak. If no peak is found, then any signal
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from an ROI associated with that position is likely to arise
from crosstalk and should not be included in any further
analysis.

Reducing the number of grains on the sample disc to 7
by 7 increases the spacing between the grains and makes it
possible to reduce the crosstalk to near zero (Figs. 7, 8b
and 8d). Although this means that the number of grains on
a disc is reduced by a factor of two compared with the orig-
inal 10 by 10 disc, the dramatic reduction in crosstalk
means that the integrity of the data is superior.

6. Conclusions

The EMCCD system used in this paper opens exciting new
possibilities for the study of luminescence phenomena. Its
integration into an automated system capable of making a
range of luminescence measurements and irradiating a
sample under computer control (Kook et al., 2015) pro-
vides a powerful research tool. However, as with all instru-
ments, it is important to understand the limitations. When
using sample discs with an array of 10 by 10 holes spaced
600 um apart, and using the imaging system currently im-
plemented, signal crosstalk is a problem. There are ways
of screening data to avoid misidentification of “ghost”
grains (i.e. seeing a signal where no grain is present), but
where signals overlap from adjacent grains, it is complex
to attempt to disentangle them. This study has looked at
the TL signal from quartz to characterise this crosstalk, but
since the crosstalk is the result of the imaging system, we
would expect that the same crosstalk issues will impact any
measurement of optically stimulated luminescence (OSL)
or thermoluminescence (TL) signal, whether that be from
quartz, feldspar or other material.

The most effective solution to reduce the impact of
crosstalk is to increase the spacing between grains, and the
7 by 7 disc appears to be a good compromise between
keeping sufficient grains on each disc to maintain
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