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Light sensors are widely used to monitor light intensities, for instance in medical applications, in agriculture or for conservation of
art. Most of these sensors are electronic devices that record continuously but applications that only require information of integrated
intensities, measured over a long time, could greatly benefit from an integrating dosimeter that does not require a power supply. In
this work a wireless and quantitative light dosimeter is presented based on SrAlaO4:Eu®t,Sm3", a phosphor that exhibits stable energy
storage upon exposure to blue and ultraviolet light. It is shown that a forward electron transfer from europium to samarium can
be induced under illumination with blue or ultraviolet light while the reverse electron transfer can be achieved by illuminating the
phosphors with green to infrared light. This reverse transfer is accomplished through excitation of the divalent samarium and results
in bright, green optically stimulated luminescence. The stable energy storage, in combination with the possibility for optical read-out,
makes SrAl;O4:Eu?",Sm3" ideally suited to be used as an integrating light dosimeter for monochromatic to broadband light, from
the ultraviolet to the near infrared. To demonstrate this, a proof of concept dosimeter was developed in which this phosphor was
successfully used to measure average daylight intensities.

1 Introduction

The current state-of-the-art wireless light sensors are mostly electronic devices which continuously record
light intensities over a desired wavelength range. With a few exceptions !l these sensors have to be powered,
either via near-field communication, 2 which restricts the physical operating range of the sensor, or with
batteries, which limits their lifetime and makes these sensors vulnerable to water damage. Moreover, the
use of batteries makes these traditional light sensors unavoidably bulky. 4 Printable batteries have been
used to reduce the thickness of these devices but this results in increased lateral dimensions to compensate
for the loss in capacity.”) Additionally, the continuous collection of data introduces the need for data
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Figure 1: (a) The photoluminescence excitation (Aen, = 520 nm, blue curve) and emission (A¢; = 445 nm, green curve) spec-
trum of SrAl,O4:Eu?T ,Sm3+ together with the absorption spectrum of the filled traps (red curve). Schematic representation
of the use of SrAl,04:Eu®T,Sm3* for sensing UV to blue light (b) or green to IR light (c).

logging or data transmission which requires that these sensors are equiped with memory storage or that
they are located in close proximity to a receiver. [©

Some applications only require information on the integrated light intensities, in which case many of
the above-mentioned limitations can be overcome by making use of a standalone, unpowered light sensor.
This is for example the case in logistics where it is necessary to quantify the integrated light exposure of
light-sensitive products such as beer or other foods or pharmaceuticals,[” in museums where monitoring
of environmental factors, such as light, is of utmost importance for the preservation of art, or in precision
agriculture where new techniques such as intercropping or agroforestry require an uninterupted monitoring
of light intensities but where electronic devices have trouble to account for quick variations in lighting
conditions. (5]

Such unpowered devices exist and are often based on photochromic materials which offer direct visual
feedback of the dose to which the material was exposed under the form of a discoloration. However, in some
cases these sensors require expensive equipment such as spectrophotometers to quantify the induced color
changes, especially at low doses or when high accuracy is required. ') Moreover, many of these sensors
are based on a non-reversible discolouration of a light-sensitive material and are hence not reusable. 1011
Herein we propose to use luminescent materials or phosphors to develop an unpowered, quantitative,
reusable and low-cost integrating light sensor. Phosphors are encountered in numerous applications such
as solid state lighting and displays, '%13 thermometry, ' scintillators*® and solar concentrators. 1% They
can be further functionalized through the addition of a suitable codopant'™ to enable energy storage
upon exposure to light with a high photon energy.™® 19 In persistent phosphors this energy storage is
metastable, resulting in the characteristic delayed emission or afterglow which can last from minutes up to
hours after excitation has ended. This property is exploited in applications such as glow-in-the-dark watch
dials, non-electrical safety signage, luminescent road markings, %21 visualization of stress distributions
inside composites?? or radiation-free in vivo medical imaging.?*?4 The best-known persistent phosphor
is the green-emitting SrAl,O4:Eu?t Dy** 2527 which shows a long and intense green afterglow at room
temperature thanks to the ideal depth of the involved traps.?®) Changing the codopant from dysprosium
to samarium creates deeper, thermally stable trapping defects which cannot be emptied spontaneously at
room temperature. [29-31]
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As shown in Figure 1(a) trapping in SrAl,O4:Eu?",Sm*" can be induced using ultraviolet (UV) or blue
light. Although these trapped charges are thermally stable they can be released if additional energy, under
the form of green to infrared (IR) stimulation light, is provided to the trapped charges.®?34 This in turn
results in the emission of green optically stimulated luminescence (OSL) with an intensity proportional to
the amount of filled traps. When combined with a suitable optical filter stack, this material can be used as
an UV to IR light dosimeter of which the operational concept is illustrated in Figure 1(b,c) and explained
below.

If a phosphor with maximally emptied traps is combined with an optical filter that transmits only
excitation light, the sensor is configured to measure UV or blue light. Upon exposure to this excitation
light the traps are gradually filled and upon read-out the OSL intensity will be directly proportional to the
dose of UV and blue light to which the phosphor was exposed. If on the other hand a phosphor of which
the traps are maximally filled, is combined with an optical filter that transmits only stimulation light, the
sensor can also be used for longer wavelengths with a spectral sensitivity that can be tuned from green to
IR. Exposure to this stimulation light will then induce a gradual depletion of the phosphor and information
on the integrated dose can in this case be obtained by comparing the intensity of the residual OSL signal
to the maximally obtainable intensity of a fully saturated phosphor layer. This second operational mode
allows to use this material for light sensing applications at considerably longer wavelengths than what is
currently achieved in, for example, phosphor-based dosimeters for ionizing radiation. %36 In this work we
will show that it is possible to use this concept to create a unpowered, reusable light sensor that allows to
quantitatively determine integrated light intensities. The design of the sensor allows to tune the spectral
sensitivity and the dynamic range to meet the requirements of the envisioned application.

2 Results and Discussion

SrAl,O4:Eu?t,Sm3* was synthesized using a conventional solid state synthesis. Both dopant concentrations
and the amount of flux agent were optimized to maximize the storage capacity of the phosphor. A
maximal capacity was achieved for the phosphor prepared with a dopant concentration of 1 mol% of Eu
and Sm with respect to Sr and 5 w% of H3BOj3 as a flux. The relative concentration of Eu:Sm was confirmed
to be 1:1 by X-ray fluorescence (XRF) measurements and the phase purity of the resulting powder was
checked using powder X-ray diffraction, confirming that the powder is single phase monoclinic SrAl,Oy4
(JCPDS 74-0794).

The luminescence spectrum at room temperature consists of a single green emission band centered
around 520 nm (Figure 1) which can be assigned to the lowest 4f55d* —4f7 transition of Eu?** on a Sr2
site. 3739 In line with the expectations, no emission related to the samarium codopant is observed upon
excitation at 450 nm.

In Figure 2(a) the afterglow and OSL intensities of SrAl;O4:Eu?*,Sm?* are compared to the benchmark
persistent phosphor SrAl,O,:Eu?T Dy*t and to the non-codoped material. It is clear that the singly-doped
SrAl,O4:Eu?t already shows fairly efficient afterglow which is greatly enhanced through the addition of
the dysprosium codopant. The afterglow of SrAl,O,:Eu?t,Sm?* on the other hand, is one and two orders
of magnitude less intense compared to the non- or Dy-codoped alternatives, respectively.

[Nluminating the charged phosphor with red or infrared light provides additional energy to the trapped
charges, emptying the filled traps and resulting in green OSL. %41 Tt is clear that the Sm-codoped phos-
phor exhibits enhanced OSL intensities when compared to the Dy-codoped counterpart, indicating that
the lack of room temperature afterglow in SrAl,O4:Eu?t,Sm3* is a consequence of the enhanced thermal
stability of the trapped charges and is not due to a lack of charge trapping as suggested by Aitasalo et al. *?
in CaAl,O,:Eu?t,Sm®*or by Hélsé et al. [ for SrAl,O,:Eu®t,Sm?*. This is confirmed by thermolumines-
cence (TL) measurements shown in Figure 2(b). It can be seen that the Dy**-codoped phosphor exhibits a
broad TL curve at low temperatures, which is responsible for the phosphor’s excellent afterglow properties
around room temperature whereas the Sm3*-codoped TL curve consists mainly of a broad band above
300°C. The thermal stability of these deep traps will be discussed in detail below. Qualitative differences
in shape of the afterglow and OSL curves (Figure 2) can be understood by considering that the afterglow
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Figure 2: (a) Comparison of the afterglow and OSL response of SrAl,O4:Eu? without codoping and codoped with Dy3*
and Sm3*. The phosphors were excited using a violet laser (A = 405 nm). Excitation ended at t = 0 s and the infrared laser
(A = 808 nm) was switched on at t = 100 s. (b) TL curves of SrAl,O4:Eu®T codoped with Dy3* and Sm3T, corrected for
thermal quenching. TL curves were recorded at a heating rate of 0.2°C s™! after excitation at 25 °C with blue light (A =
470 nm) for 30 seconds.

originates from thermal stimulation of shallow trapping defects whereas the OSL is the result of optical
stimulation of all the traps that absorb the stimulation light.

While the role of the activator ion in the persistent luminescence mechanism of strontium aluminates has
already been uncovered, *¥ a consensus on the chemical nature of the trapping defects has not yet been
reached. ** Recently, Joos et al.*® performed X-ray spectroscopy measurements on the blue-emitting
SryAl14Og5:Eu,Dy and they successfully identified the Dy codopant as the electron trap responsible for
the afterglow in this material. This finding agrees well with the often proposed microscopic models!*7
claiming that the (de-)trapping mechanism in these materials is based on the oxidation and simultaneous
reduction of the activator and codopant. In the case of SrAl,O4:Eu?*,Sm3*, this would lead to the following
mechanism:

Eu? + Sm*" - Eu®* + Sm?*. (1)
BLUE
Eu®t 4 Sm** % Eu’t + Sm**. (2)

It is worth noting that the initial and final states of this charge transfer are well known but that there
is still no consensus on how this transfer is accomplished, *"4%°1) however it was recently shown that the
electron transfer between Eu and Sm in CakF; is achieved directly without the involvement of conduction
band states. ?52 To verify the existence of similar valence changes in SrAl,O,:Eu** Sm?®*, as suggested
by Equation 1 and 2 the phosphor was subjected to a similar X-ray absorption spectroscopy experiment as
described in Joos et al. "%l Eu Lz and Sm L3 X-ray absorption near edge structure (XANES) measurements
performed on SrAl,O,:Eu?t,Sm?* are shown in Figure 3. These data prove the coexistence of both
divalent and trivalent europium and samarium. However, to link the valence changes of the dopants to the
trapping process, the phosphor was alternately illuminated with UV and IR light to respectively enhance
or attenuate the trapping. Figure 3(a,c) shows the XANES spectra under both illumination conditions
and the difference between UV and IR illuminated samples is shown in Figure 3(b,d). From these results it
is evident that excitation of the phosphor indeed induces a forward electron transfer between the dopants
as described by Equation 1, whereas IR light can be used to induce the reverse electron transfer described
by Equation 2. Moreover the fitting results imply that the amplitude of the change is nearly identical
for europium and samarium. Since XRF confirmed a 1:1 ratio for both dopants this indicates that the
trapping is largely concentrated on the samarium codopant.

The optical characteristics of the resulting divalent samarium were analyzed using diffuse reflectance
measurements. By comparing the diffuse reflectance spectra of the phosphor with the traps maximally
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Figure 3: (a) Eu L3 and (¢) Sm Ly XANES spectra under continuous illumination with UV and IR lasers. (b,d) The difference
(UV-IR) between the XANES spectra shown in the top panels illustrating the effect of illumination.
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Figure 4: (a) Absorptance of the filled traps in SrAl,O4:Eu?* ,Sm3*, shown in red. The blue dots represent the dependency of
the OSL intensity of SrAl,O4:Eu?t,Sm3* on the stimulation wavelength. (b) PL excitation spectrum recorded at Aoy = 520
nm, shown in red. The trap filling spectrum of SrAl,O4:Eu?t,Sm3* corresponding to the wavelength response of the sensor
is shown in blue.
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emptied or filled, by respectively exposing the phosphor to a blue LED or an IR lamp during 15 minutes,
the absorptance spectrum of the filled traps can be determined. The ratio of the two spectra is shown in
Figure 4(a) and consists of a broad band centered around 600 nm. At lower wavelengths the spectrum
is affected by Eu®T absorption, distorting the signal due to filled traps. Absorption spectra of Sm?" in
halide and fluoride crystals have been extensively studied and are found at slightly higher energies than
the absorption band recorded here.®® However, considering the well documented redshift of the 4f* —
4f*=15d" transition energies of divalent lanthanides when going from a fluoride to an oxide host, ®¥ it can
be concluded that this absorption band can be attributed to Sm?*.

An OSL excitation spectrum was recorded by exposing the fully charged phosphor to light with different
wavelengths and integrating the OSL emitted during the first 5 minutes of stimulation. The result is over-
laid on the absorptance spectrum of the Sm®* in Figure 4(b) from which it is evident that the stimulation
efficiency exhibits the same wavelength dependency as the absorptance. From this it can be concluded that
the reverse electron transfer described in Equation 2 can be induced through direct excitation of Sm?*.
Similarly, a trap filling spectrum was recorded, by exposing the uncharged phosphor to excitation light
with a varying wavelength and subsequently recording the OSL intensity, immediately after illumination
with excitation light stopped. This trap filling spectrum represents the wavelength response curve of a
sensor based on this material and is shown in Figure 4(b), superimposed on the PL excitation spectrum.
From the similarity between the two it can be deduced that excitation of the Eu?* activator is required
to induce trapping in SrAl,O4:Eu?t,Sm3*. This is in line with persistent luminescence excitation spectra
recorded on SrAl,O4:Eu®t Dy3t. [59]

The combination of stable energy storage upon exposure to UV and blue light and the possibility for
optical read-out makes it possible to use this phosphor as an optical dosimeter. This requires a detailed
evaluation of the phosphor’s dose response and fading characteristics. °® A dose dependency measurement
was carried out by exposing the phosphor to different amounts of blue light with a wavelength of 450 nm
and integrating the resulting OSL output under stimulation with red light (A = 660 nm). The results are
shown in Figure 5(a) from which it is clear that the OSL output is initially linearly dependent on the
applied dose up to an integrated dose of 19.5 mJ cm~2. This is equivalent to an exposure of a few seconds
to direct sunlight but, as shown by the proof of concept measurement discussed below, the dynamic range
of the sensor can easily be extended to higher integrated doses by making use of neutral density filters.
This value of 19.5 mJ cm~2 will be different for other phosphor compositions and depends on the storage
capacity of the phosphor, the absorption strength for the wavelengths to be measured and the trapping
probability following this absorption. At higher doses the OSL intensity saturates implying a maximum
filling of the traps is achieved.

The stability of the signal over time was tested in a conventional fading experiment during which the
phosphor is charged into saturation and the time between the end of charging and optical stimulation is
varied from 1 to 1120 minutes. It is evident from Figure 5(b) that the signal fades quickly during the
first two hours, after which the remaining signal stabilizes at around 60% of the original intensity. This
fading is an undesired effect for dosimetric applications but as the TL fading experiment in Figure 5(c)
shows, this is due to the presence of unwanted shallow trapping defects which are also responsible for the
material’s limited afterglow shown in Figure 2(a). In contrast, the deep, samarium-related traps which
are of interest for the dosimetric application proposed in this work, give rise to the glow peak centred
around 400°C (Figure 2(b)) and are stable at room temperature. Upon stimulation with red light, both
shallow and deep traps are emptied which explains why the OSL signal in Figure 5(b) initially fades. These
unwanted shallow traps are not related to the samarium codopant but could presumably stem from trace
amounts of impurities or intrisic defects. An electron paramagnetic spectroscopy study on SrAl,O,:Eu?t
has already indicated that low concentrations of transition metal ions are often unintentionally incorporated
in persistent phosphors, influencing the afterglow properties of the final material. " However, a preliminary
optimization study has shown that an electron-beam annealing treatment in vacuum can be used to largely
suppress this fading, with a signal loss of only 22% after one day of storage. °®

In addition to a preferably linear dose response and minimal fading, the response of a dosimeter should
be independent of the dose rate. Put differently, the OSL intensity should be the same for an identical
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Figure 5: (a) Dose dependency of the OSL intensity after illuminating an empty phosphor with different doses of blue light or
after illuminating a saturated phosphor with different amounts of red light (645 nm, 0.64 mW cm~2) (b) Fading characteristics
showing the decrease in OSL intensity when the time between excitation with blue light and OSL is varied. The effect of the
electron-beam annealing treatment is shown in blue. (¢) Thermoluminescence fading experiment. The curves were recorded
after illuminating the phosphor with blue (A = 470 nm) light and waiting for the specified amount of time. (d) Effect of the
dose rate on the OSL intensity. (e) A schematic overview of the light dosimeter comprising a light-tight casing (1), a polymer
layer containing SrAlyO4:Eu?t,Sm3* (2), a shortpass or bandpass filter (3) and a neutral density filter (4). (f) The proof of
concept light sensor used for the measurement of the daylight intensities.
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number of incident UV or blue photons: a short exposure to light with a high intensity should give the
same result as a long exposure to light with a low intensity. This was tested using neutral density filters
with different optical densities (OD) to expose the phosphor to light with different intensities. For each
filter the illumination time is varied, going from 5 seconds (OD = 0) to 500 seconds (OD = 2), to ensure
the integrated dose is equal to 19.5 mJ/cm~2 for all illumination intensities. The results are shown in
Figure 5(d) and it is clear that the OSL intensity deviates slightly with a decrease of only 10% when
the excitation intensity is varied over two orders of magnitude. This shows that the optical response of
the material is indeed independent of the applied dose rate. A further lowering of the dose rate should
therefore not present any problems, provided that the integrated dose still results in an OSL signal that
is bright enough to be detected during readout. The slight decrease in OSL intensity at lower excitation
intensities, and therefore longer excitation times, is related to the fading shown in Figure 5(b).

While the measurements above were performed with a 450 nm LED as the excitation source, the trap
filling spectrum in Figure 4(b) shows that similar results can be obtained for all wavelengths between
250 nm and 475 nm. However, as illustrated in Figure 1 the material can also be configured to measure
intensities of light with a longer wavelength, provided that this light can induce optically stimulated
detrapping. The phosphor is first exposed to UV or blue light prior to the measurement to ensure maximal
trap filling. Exposure of this saturated phosphor layer to the longer wavelength light will then lead to a
gradual depletion of the phosphor. Figure 5(a) shows the dependency of the OSL signal of a fully saturated
phosphor layer after exposure to different amounts of red light (A = 645 nm). The effect of fading was
taken into account by keeping the time between excitation with blue light and read-out fixed, independent
of the illumination time. The decrease of the OSL signal in Figure 5(a) is therefore only due to exposure
of the phosphor to red light, illustrating that the material can indeed be used to measure intensities of
light with a wavelength between 500 nm and 850 nm as well (see Figure 4(a)).

To demonstrate the potential of StAl,O4:Eu?t,Sm?3* in real light sensing applications, a proof of concept
light dosimeter (Figure 5(e)) was developed consisting of a lightproof box (1) containing a phosphor loaded
polymer disk (2). The top of the box contained two filters: a 450 nm shortpass filter (3) and a neutral
density filter (4). The former prevents exposure of the sample to red or infrared light which, as shown
in Figure 4(b), induces optical detrapping. The latter is used to increase the dynamic range of the
demonstrator, which is primarily determined by the saturation behaviour shown in Figure 5(a), towards
higher intensities. A proof of concept light dosimeter (Figure 5(f)) and a conventional, continuously
recording, electronic lux-meter (TSL 2561) were used side-by-side to measure average daylight intensities
during four consecutive days. To ensure that the traps were maximally emptied before exposing the
dosimeter to ambient light during the measurement, the light sensitive layer containing SrAl,O4:Eu?*,Sm3*
was exposed to red stimulation light (laser, 660 nm, 70 mW) prior to every measurement in order to let the
OSL signal of a charged or saturated phosphor drop to the background level. Approximately 1.5 hours after
sunset, the dosimeter was 'read out’ by exposing the phosphor loaded polymer layer to the stimulation light
and recording the OSL intensity. The result of these measurements are shown in Figure 6(a-d). The blue
curves represent the time-resolved daylight intensity as measured by the electronic lux-meter. The large
variations in daylight intensity are a consequence of the varying weather conditions. The corresponding
average intensities recorded by the electronic lux-meter and the dosimeter are represented by the blue and
red bars, respectively. It can be seen from Figure 6(e) that a good agreement is achieved between the values
obtained by the two sensors and that the values deviate at most 10% with the reference measurements
while the integrated daylight intensities vary over one order of magnitude. It should be kept in mind
that the fraction of blue and UV light in daylight varies throughout the day and is also dependent on the
weather conditions. Comparing the results of the proof of concept sensor (which only records blue and
UV light intensities) to the results of the electronic lux-meter (sensitive for all visible wavelengths) will
therefore inevitably introduce some small uncertainty.

Overall, this shows that luminescent materials such as SrAl,O4:Eu?T,Sm3* can effectively be used to
develop an integrating light sensor. Moreover this light dosimeter is completely standalone and does not
require external power sources or memory storage, thereby offering a large advantage over conventional
powered light sensors. The dynamic and spectral range can easily be tuned by combining several dosimeters
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Figure 6: (a-d) Measurements of the daylight intensity in Ghent (Belgium) during four consecutive days. The blue graph
indicates the time-resolved daylight intensity as measured with an electronic lux-meter and the blue bar indicates the corre-
sponding average daylight intensity. The red bar represents the average intensity as recorded with the proof of concept light
dosimeter. (e) Comparison of the daylight intensities measured using the two techniques.
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with different neutral density or color filters. Moreover one can easily think of using the concept outlined
in this section to include other applications such as a UV index sensor, which only requires a different
short-pass filter to be used.

3 Conclusion

The luminescence and energy storage properties of SrAl,O4:Eu?t,Sm3" were investigated. X-ray spec-
troscopy and diffuse reflectance measurements, both in combination with illumination with blue and (in-
fra)red light, have confirmed that the samarium codopant directly participates in the trapping process and
acts as an electron trap. An OSL excitation spectrum was measured and it was found that it coincides
with the absorption bands of Sm?*. Correspondingly, it can be concluded that excitation of the Sm?* ions,
which are formed during the trapping process, induces an electron back transfer and results in optically
stimulated luminescence. To evaluate the applicability of SrAl,O4:Eu?t,Sm3* in dosimetric applications,
the dose dependency as well as the fading characteristics of SrAl,O4:Eu®T,Sm®" have been investigated.
These measurements showed that some fading occurs during the first two hours after illumination but that
the signal essentially stabilises at around 60% of the original intensity. However, an electron-beam anneal-
ing treatment has allowed to reduce this fading to 78%. Further tweaking of the annealing procedure might
offer a way to fully eliminate this undesired effect. Finally, a proof of concept light dosimeter was built
to demonstrate that SrAl,O4:Eu®t,Sm?* can be used as a sensor to measure average daylight intensities.
Comparison with a conventional electronic lux-meter shows that SrAl,O4:Eu?t,Sm3* is perfectly suited for
light sensing applications from the UV to the IR, offering the additionally advantage of being completely
standalone and relatively low-cost.

4 Experimental Section

Synthesis

SrAl,O.:Eu?t and SrAl,Ou:Eu?t,Sm3* were synthesized by mixing stoichiometric amounts of Al,Os,
Smy03, EuyO3 and SrCO3 (Alfa Aesar, 99.99%) and subsequently heating the mixture to 1450°C in a
reducing atmosphere (10% of Hy in Ny) during 4 hours. Boric acid (H3BOs, >99.8%, Honeywell) was
added as a flux agent. Optically stimulated luminescence measurements were performed on a phosphor
loaded polymer layer. To this end the phosphor was mixed with an appropriate amount of Sylgard-184
elastomer (8:1 mass ratio, base to curing agent) and heated to 50°C for 1 hour. The SrAl,O4:Eu®*" ,Dy3*
was commercial phosphor, acquired from GloTech International Ltd.

E-beam annealing was performed in a Leybold Univex 450 vacuum system equipped with an e-beam
evaporation source (8kV, max. 400mA) according to the procedure outlined in Smet et al. *®

Structural and optical characterization

Powder X-ray diffraction (XRD) analysis was conducted with a Siemens D5000 diffractometer using Cu Ko
radiation. Photoluminescence excitation and emission spectra were recorded with a Edinburgh Instruments
FS920 fluorescence spectrometer. Diffuse reflectance spectra were obtained using a Perkin Elmer Lambda
1050 UV-VIS-NIR multifunctional spectrophotometer equipped with an integrating sphere.

The OSL was recorded with a fiber-coupled, cooled QE65000 spectrometer (Ocean Optics). Unless
otherwise stated, excitation of the phosphor was achieved using a 5 mm blue light emitting diode (LED)
(450 nm, 42.3 yW cm~2) and stimulation of the phosphor was performed using a red diode laser (660
nm, 70 mW). Appropriate shortpass filters (Acut—ofr= 500 or 650 nm) were used to discriminate between
stimulation light and emission from the phosphor.

The OSL excitation spectrum was recorded using a set of 5 mm LEDs (A = 605, 625, 680, 710, 735, 770
and 800 nm). An intensity calibration was performed using a LS-1-CAL halogen lamp (Ocean Optics) to
ensure a constant photon flux during stimulation, independent of the simulation wavelength.
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The trap filling spectrum was recorded using the monochromated xenon arc lamp from the Edinburgh
Instruments FS920 fluorescence spectrometer as an excitation source. The intensity of the excitation light
was measured with a S401C thermal power sensor coupled to a PM400 read-out console (Thorlabs Inc.)
and the spectrum was corrected for differences in excitation intensity.

The TL measurements were performed using an automated Risg TL/OSL reader equipped with blue
(Amaz = 470 nm, FWHM = 32 nm) LEDs providing an excitation intensity of 0.55 mW cm™ at sample
position. All glow curves were recorded while heating under a nitrogen atmosphere. A combination of a
Schott BG39 and a Schott BG3 filter was used in front of the PMT, enabling detection of the green TL
signal. Excitation of the phosphor was always carried out at room temperature, using blue light.

An electronic TSL 2561 lux meter was used as a reference for the proof of concept measurements.

X-ray absorption spectroscopy

XANES measurements were performed at the L3 edge of the rare earth dopants and recorded in fluorescence
mode at the DUBBLE (Dutch-Belgian beamline, BM26A) and the SNBL (Swiss-Norwegian beamline,
BMO01) beamlines of the 6 GeV ESRF (European Synchrotron Radiation Facility) in Grenoble, France.
The synchrotron radiation was monochromated with a double Si(111) monochromator in conjunction with
higher harmonic suppression. At the DUBBLE beamline the fluorescence emission was detected using a
9-element monolithic Ge detector, while at the SNBL beamline a 13-element Ge detector was used. The
fitting procedure for the quantitative analysis of XANES spectra is analogous as the procedure described
in Joos et al. 552 and consisted of a least squares fitting of the difference between the experimental data
and the simulated spectra. The spectra were fitted using a Gaussian function to describe the white lines
whereas the the step-like function, caused by the transition of the 2ps/; electron to the continuum or quasi
continuum states was described by an arctangent.

X-ray Fluorescence

The XRF measurements were performed using a monochromatic excitation based micro-XRF spectrometer
tuned specifically for high-sensitivity quantitative elemental analysis.® The excitation energy was 17.4
keV, generated by a commercially available Mo-target microfocus X-ray source equipped with a Doubly
Curved Crystal (DCC) optics (X-ray Optical Systems, Albany, NY, USA). The XRF radiation was detected
under 90° relative to the incoming X-ray beam by a SiriusSD Silicon Drift detector (e2v, Essex, United

Kingdom), having an active area of 60 mm?.
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