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	 Thermally stimulated luminescence (TSL), optically stimulated luminescence (OSL), and 
radio-photoluminescence (RPL) are radiation-induced luminescence phenomena, and they are 
widely used for radiation dosimetry today. Despite their successful applications, the R&D of 
conventional and new phosphor materials is still actively performed in a wide range of research 
fields from basic science to application. Although these phenomena are considered to be 
different, they share common physical processes such as the generation, trapping, and transfer of 
electronic charges. In order to have a deeper look into these phenomena, it is important to 
comprehensively characterize those of a single material. For this, we have constructed a 
prototype TSL/OSL/RPL automated and integrated measurement system (TORAIMS), and then 
the system performance has been studied. The system offers automated and integrated 
measurement of several different TSL, OSL, and RPL properties, and it is also designed to cover 
many different phosphor materials having a wide variety of spectroscopic properties.

1.	 Introduction

	 In radiation measurements,(1) phosphors are often used as a sensing medium to convert 
radiation to light and/or to store radiation energy. The luminescence phenomena used in 
radiation measurements may vary depending on the material and application, and they are often 
referred to as scintillation,(2) thermally stimulated luminescence (TSL),(3) optically stimulated 
luminescence (OSL),(4–6) and radio-photoluminescence (RPL).(7–10) Scintillation is a flash of 
light produced when a material interacts with ionizing radiation, so it converts radiation to light 
immediately. In general, the phenomenon is well understood as a recombination of radiation-
induced charges at a luminescence center. In TSL and OSL, absorbed radiation energy is stored 
in the form of trapping charges generated by radiation. These charges are stimulated by heat or 
light to be freed again and then recombine at a luminescence center to emit light. The phenomena 
induced by heat and light stimulation are referred to as TSL and OSL, respectively. RPL is a 
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phenomenon whereby a luminescence center is generated by ionizing radiation. The specific 
mechanism depends on the material, while it is often interpreted to be due to charge generation 
and trapping at a localized center (e.g., defect or impurity ion) to act as a luminescence center. 
	 Despite the fact that the mechanisms of the above luminescence phenomena are different, 
they are commonly interpreted as the generation of electronic charge by ionizing radiation, 
charge trapping, and recombination at a luminescence center. Earlier studies have pointed out 
that scintillation and storage luminescence (TSL and OSL) are inversely correlated in some 
phosphor materials, and TSL and OSL phenomena often share common trapping centers.(11–13) 
For these reasons, for a detailed understanding of the luminescence mechanism, it is important 
to comprehensively study these luminescence properties. Conventionally, these properties are 
measured individually by separate systems. However, this approach often causes contradictions 
due to, for example, inconsistencies of (1) the spectral response of the photodetector, (2) the 
measurement orientation, (3) the sample position, etc., between different systems, as well as 
inconsistencies of (4) the time between irradiation and readout and (5) the irradiation geometry 
as it is necessary to move the sample.
	 In this study, in order to comprehensively characterize radiation-induced luminescence 
properties, we have developed an integrated and automated prototype system measuring TSL, 
OSL, and RPL properties, as well as scintillation. The system is named the TSL/OSL/RPL 
automated and integrated measurement system (TORAIMS). Note that there is a similar 
commercial system, the Risø TL/OSL reader, which offers automated and comprehensive 
measurements of TL and OSL properties.(14,15) In addition to the features of the Risø reader, the 
TORAIMS offers measurements of, for example, RPL properties and scintillation properties, 
and some complex measurement techniques.

2.	 Materials and Methods

	 The TORAIMS, which offers comprehensive and automated measurement of TSL, OSL, and 
RPL properties, was developed in this study. Figure 1 illustrates the configuration of the 
TORAIMS. An X-ray generator (XRB80N, Spellman) equipped with an X-ray tube (W anode, 
Be window) is used as the radiation source, and the irradiation is performed downwards inside a 
shielded cabinet (custom-made, ANSeeN). A sample is firmly placed on an AlN ceramic heater 
(WALN-3H, Sakaguchi) together with an Al sample holder. The sample holder was tailormade 
by making a groove in a 1-mm-thick Al plate by computer numerically controlled machine 
processing. The thickness of the holder underneath the sample is approximately 100 μm, which 
is thin enough to ensure high thermal conduction, and the thermal gradient is negligibly small 
compared with that of a phosphor sample and many insulator compounds. The temperature of 
the heater is controlled by a modified controller unit (SCR-SHQ-A, Sakaguchi), in which the 
temperature controller was replaced by one with a serial port (SDC45A(C45A2A2CCR03D0), 
azbil). Underneath the heater, a cooling fan is located to help the ceramic heater cool to room 
temperature (RT) quickly. The assembly of the sample holder (including the ceramic heater) is 
set on a motorized vertical translation stage so that the distance from the X-ray generator during 
irradiation (i.e., irradiation dose rate) can be arbitrarily set. As the light source, a xenon arc lamp 
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unit (LAX-C100, Asahi Spectra) is used. An optical band-pass filter is used to select the 
spectrum of light emitted from the lamp, which is then guided to the sample through a fiber 
bundle light guide. The emission light from the sample is collected by a collimator lens and 
guided to a photodetector through an optical fiber. There are two options for the photodetector: a 
photomultiplier tube (PMT; H11890-01, Hamamatsu) or a multichannel spectrometer (MCS; QE 
Pro, Ocean Optics). The former is used to detect a light signal with high sensitivity, while the 
latter is used to measure the spectrum. The optical filter placed in front of the collimator lens is 
used to select a specific spectral range of detection and/or to cut the light from the lamp. The 
X-ray generator, xenon lamp, translation stage, temperature, fan, PMT, and MCS are controlled 
by a computer via serial communication. Figure 2 illustrates the appearance of the system and a 
controller program. The size of the shielded cabinet is 510 (W) × 525 (H) × 550 (D) mm3. The 
entire system can fit on a table of size 1200 × 750 mm2. The controller program in the figure is 
for measuring the TSL glow curve as a function of irradiation dose and is written in LabVIEW 
code. The table in the bottom left indicates the measurement sequence used to define the X-ray 
tube voltage and current as well as the irradiation time for each glow curve measurement. 
Controller programs for other measurements have a similar layout.
	 The important specifications of the TORAIMS are summarized in Table 1. The voltage 
applied to the X-ray tube can be set from 20 to 80 kV to control the radiation energy while the 
tube current (from 0.12 to 1.2 mA) and distance from the generator (from ~0 to 250 mm) can be 
changed to control the dose rate. The temperature controller allows steady temperature control 
as well as ramp heating at different rates (0.000028–1.6 °C/s). In general, the TSL glow curve is 
measured at a rate of 1.0 °C/s; however, it is also important to measure at a lower heating rate in 

Fig. 1.	 (Color online) System configuration of the prototype TORAIMS (not to scale). 
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order to minimize the temperature gradient between the bottom and top surfaces of 
the sample.(16) The temperature range of control is from RT to typically 500 °C (600 °C at 
maximum). Figure 3(a) demonstrates a typical temperature profile during TSL measurement. In 
the present case, the heating rate is set to 1.0 °C/s, and the temperature is ramped up from RT to 
500 °C. The control error of the temperature is less than 0.1 °C. After the heater reaches the 
target temperature, it starts to cool at a rate of typically 2.0 °C/s. During the cooling process, the 
fan is activated below 240 °C to force to lower the temperature until it reaches the original 
temperature. The entire measurement cycle takes about 10–15 min, depending on the 

Table 1
Important specifications of the TORAIMS.
Radiation Source

Type of radiation source X-ray tube (W anode, Be window)
Tube voltage 20–80 kV
Dose rate 0.02–2.0 Gy/min

Light Source
Type of light source Xenon arc lamp
Range of wavelength 240–1000 nm
Shutter type Mechanical shutter
Shutter speed ~43 ms (both open and closed)

Photodetector
Spectral sensitivity range 230–870 nm (PMT) / 200–950 nm (MCS)
Gate time 1–10000 ms (PMT) / 8–3600000 ms (MCS)
Resolution (MCS) 1.2 nm

Heater
Temperature range RT–500 °C (typ.), 600 °C (max.)
Heating rate 0.000028–1.6 °C/s
Sensor K thermocouple
Sampling period 25 ms

Fig. 2.	 (Color online) (a) Appearance of the prototype TORAIMS and (b) a controller program for TSL dose 
response measurement as an example. 

(a) (b)
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measurement temperature range. The xenon arc light source covers the spectral range from 240 
to 1000 nm. It is equipped with a mechanical shutter and neutral density filter wheel to adjust the 
intensity from 5 to 100% at 1% intervals. Figure 3(b) illustrates the long-term stability of light 
intensity as a function of elapsed time after the lamp is powered. As demonstrated, it takes about 
10 min for the light intensity to stabilize. The signal fluctuation is less than 3% as demonstrated 
in the inset. Figure 3(c) demonstrates the response of the mechanical shutter, which requires 
about 43 ms to switch from closed to open and vice versa. As the photodetector, the PMT covers 
the spectral range from 230 to 870 nm while the MCS covers from 200 to 950 nm. The resolution 
of the spectrometer is approximately 1.2 nm.
	 Table 2 summarizes possible measurement techniques that can be performed by using the 
TORAIMS. Commonly for TSL, OSL, and RPL, typical dosimetric properties such as dose 
response, stability, energy dependence, and reproducibility, as well as the emission spectrum can 
be measured. It should be noted that the system is not designed to characterize the sensitivity (or 
minimum detection limit) of a material itself but to provide a linear response to the dose. The 

Fig. 3.	 (Color online) Demonstrations of (a) typical temperature profile during a cycle of TSL measurement, (b) 
stability of xenon lamp intensity, and (c) response of mechanical shutter. 

(a) (b)

(c)



2122	 Sensors and Materials, Vol. 33, No. 6 (2021)

reason is because the minimum detection limit strongly depends on the reader system, which 
should be designed for the individual material. To obtain an idea of sensitivity, it is more 
appropriate to compare the response with that of, for example, a commercial detector phosphor. 
For characterizing TSL properties, the glow curve, variable heating rate technique,(17,18) 
preheating (partial cleaning) technique,(19) isothermal decay curve,(20) as well as the 
photobleaching effect can be performed. The TSL glow curve measurement, preheating 
technique, isothermal decay curve, and the photobleaching effect were demonstrated 
previously.(12,21,22) In particular, for characterizing OSL properties, a luminescence decay curve 
during constant wave (CW) stimulation, the heat-treatment effect, and the temperature 
dependence can be measured. These measurements were previously performed when 
characterizing OSL properties of NaCl:Eu(12) by using the TORAIMS. RPL involves the 
generation of a luminescence center by ionizing radiation, so the RPL properties are typically 
characterized by photoluminescence (PL) measurement. Using the present system, the 
temperature dependence, heat-treatment effect, and photobleaching effect(23) can be measured, 
which were previously demonstrated on several different RPL materials.(24–26) In particular, 
characterization of the temperature dependence is very important for RPL materials as it often 
shows so-called “build-up” of the signal, which is dependent on the post-irradiation temperature 
of the material. 

Table 2
Possible measurement techniques using the TORAIMS.
Technique Description
TSL/OSL/RPL

Dose response Response vs irradiation dose
Stability Response vs time after irradiation
Energy dependence Response vs X-ray energy
Reproducibility Response vs measurement cycle
Emission spectrum Response vs emission photon wavelength

TSL
Glow curve TSL vs temperature
Variable heating rate Glow curve vs heating rate
Preheating technique Glow curve vs treatment temperature
Tstop–Tmax Max. TSL peak temperature vs preheating temperature
Isothermal decay curve TSL vs time during and after irradiation vs temperature
Photobleaching Glow curve after light exposure

OSL
Decay curve OSL vs time during stimulation
Temperature dependence OSL vs temperature during readout/irradiation
Heat-treatment effect OSL vs treatment temperature before/after irradiation

RPL
Temperature dependence PL (RPL) vs temperature during readout/irradiation
Heat-treatment effect PL (RPL) vs treatment temperature before/after irradiation
Photobleaching PL (RPL) vs readout time/cycle

Others
Scintillation spectrum Emission intensity during irradiation vs photon wavelength
PL temperature dependence PL vs temperature
Afterglow Emission intensity vs time after irradiation with X-rays/light
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3.	 Results and Discussion

	 The TORAIMS offers automated measurements of TSL, OSL, and RPL properties; thus, it is 
a powerful tool, especially for R&D of dosimetric applications, which requires not only the basic 
characterization of material properties but also many time-consuming and repetitive 
measurements such as dose response, stability, reproducibility, etc. This section demonstrates 
the performance of the TORAIMS for measurements of TSL, OSL, and RPL properties. 
LiF:Mg,Ti (TLD-100, Thermo Fisher), BeO (Thermalox995, Materion), and Ag-doped phosphate 
glass (AGC Techno Glass) were used for demonstrations of the TSL, OSL, and RPL 
measurements, respectively. 
	 Figure 4 illustrates some example measurement results of TSL properties of LiF:Mg,Ti 
performed by using the TORAIMS. Figure 4(a) shows the glow curve as a function of irradiation 
dose, and the inset shows the dose response curve. This feature can be measured with an X-ray 
tube, ceramic heater, temperature controller, and PMT. The minimum detection limit is 1.0 mGy 
of X-rays (40 kV) when LiF:Mg,Ti is used. Figure 4(b) shows the TSL glow curve as a function 

(a) (b)

(c) (d)

Fig. 4.	 (Color online) Example measurement results of TSL properties of LiF:Mg,Ti (TLD-100, Thermo Fisher). (a) 
TSL glow curve and dose response, (b) TSL glow curve as a function of preheat temperature, (c) TSL glow curve as 
a function of storage time, and (d) isothermal decay curve as a function of sample temperature. 
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of preheat temperature, demonstrating that the TSL signal is partially removed by preheating, 
and the removed portion depends on the temperature. It is a common technique to obtain 
activation energies of constituting glow peaks by applying an initial rise technique to each glow 
curve. Figure 4(c) shows the TSL glow curve as a function of post-irradiation storage time until 
readout. The irradiation dose was 100 mGy and the sample was kept at 40 °C. This clearly 
demonstrates that, on one hand, the TSL signal at lower temperatures decreases with storage 
time, which is because the low-temperature signal can be stimulated by the storage temperature 
(40 °C in the present case). On the other hand, the high-temperature dosimetric peak remains 
consistent regardless of the storage time, which is why the high-temperature TSL signal is used 
for reliable dose measurement. Figure 4(d) shows isothermal TSL decay features. During the 
measurement, the sample is controlled at a certain constant temperature, and then the 
luminescence signal is recorded during and after X-ray irradiation. Typically, the decay feature 
can be decomposed into a sum of several exponential decay functions where each exponential 
function represents a trapping level stimulable at the temperature of the sample. 
	 Figure 5 demonstrates some OSL measurement results of BeO performed by using the 
TORAIMS. Figure 5(a) shows a typical OSL decay curve as a function of irradiation dose. 

Fig. 5.	 (Color online) Example measurement results of OSL properties of BeO (Thermalox995, Materion). (a) OSL 
decay curves and dose response as a function of stimulation wavelength, (b) OSL decay curves as a function of 
stimulation wavelength, and (c) OSL response as a function of number of measurement cycles and treatment 
temperature prior to irradiation.

(a) (b)

(c)
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During the measurement, the luminescence intensity was recorded while stimulating the sample 
with light (450 nm). Also, the dose response curve is illustrated in the inset. With the TORAIMS, 
it is possible to detect the OSL signal of BeO with a dose as low as 10 mGy when irradiated with 
X-rays (40 kV) (a PMT is used as a photodetector). Figure 5(b) compares OSL decay curves 
under stimulation with light of different wavelengths (450, 500, and 550 nm). The stimulation 
wavelength is selectable by a band-pass filter used with a xenon lamp. It is clearly indicated that 
the OSL signal strongly depends on the stimulation wavelength. In the present case, 450 nm is 
the optimal wavelength, which is consistent with the literature.(27) Figure 5(c) shows the OSL 
response signal of the measurement sample without thermal treatment and with thermal 
treatment at different temperatures prior to irradiation. The OSL signal gradually decreases with 
increasing number of measurement cycles despite the same radiation dose given to the sample. 
However, when the sample is treated at a high temperature before irradiation, the signal recovers 
(the treatment above 600 °C was performed by using a separate electric furnace). Note that the 
OSL signal becomes about three times larger than that without heat treatment when treated at 
200 and 250 °C. The origin of this phenomenon is under investigation, but the same phenomenon 
was reported earlier in the literature.(28,29) 
	 Figure 6 demonstrates some RPL measurement results performed by using the prototype 
TORAIMS. Figure 6(a) shows the PL spectrum of Ag-doped phosphate glass (as-irradiated and 
heat-treated at 140 °C for 10 min) as a function of irradiation dose. It is clearly shown that the PL 
signal increases with the irradiation dose, indicating that the number of luminescence centers 
(Ag2+ ions in the present case) increases with the irradiation dose. It also indicates that the signal 
strongly increases with heat treatment.(30–32) This phenomenon is called build-up. The inset 
indicates the dose response functions with and without heat treatment prior to measurement. The 
TORAIMS enables the detection of signals with intensity as low as that when Ag-doped 
phosphate glass is irradiated with X-rays of a few mGy order (here, an MCS is used as a 
detector). The thermally assisted build-up of an RPL signal can be studied in more detail by 
using the TORAIMS. Figure 6(b) demonstrates PL spectra of Ag-doped phosphate glass that has 
been X-ray irradiated (1.0 Gy) and then heat-treated at different temperatures for 10 min. The 
inset shows the PL intensity as a function of treatment temperature, which clearly indicates that 
the PL intensity is the largest after heat treatment at 140 °C but sharply decreases for heat 
treatment at higher temperatures. At and above 300 °C, the PL signal becomes negligibly small. 
Figure 6(c) shows the transition of PL intensity during the build-up as a function of treatment 
temperature. The slope of the build-up strongly depends on the treatment temperature. In 
particular, the build-up phenomenon seems to almost completely end within 10 min for heat 
treatment at 100 °C. A previous study demonstrated the relationship between TSL and the 
thermally assisted build-up of the RPL signal in undoped Mg2SiO4 crystal.(33) The TORAIMS 
allows us to reveal the correlation between TSL and RPL easily and accurately.
	 The TORAIMS offers not only measurements of storage luminescence properties but also 
measurements of X-ray-induced scintillation properties. Figure 7 demonstrates scintillation 
spectra of a CsI:Tl+ scintillator(34) and BaFBr:Eu2+ imaging plate. These spectra were measured 
at RT but it is also possible to measure spectra at elevated temperatures as for the other 
properties. 
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Fig. 7.	 (Color online) X-ray-induced scintillation spectra of CsI:Tl+ scintillator (Saint-Gobain) and BaFBr:Eu2+ 
imaging plate (Fujifilm).

Fig. 6.	 (Color online) Example measurement results of RPL properties of Ag-doped phosphate glass (AGC Techno 
Glass). (a) PL (RPL) spectrum (as-irradiated, a.i.; heat-treated, h.t.) as a function of dose and dose response curves, 
(b) PL (RPL) spectrum and integrated intensity as a function of treatment temperature after irradiation and before 
measurement, and (c) PL intensity as a function of elapsed time after irradiation and storage temperature.

(a) (b)

(c)
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4.	 Conclusions

	 In this study, the TORAIMS, which allows comprehensive and automated measurements of 
TSL, OSL, and RPL properties, has been developed. The main components of the system are an 
X-ray tube, ceramic heater, xenon lamp, MCS, and PMT, and they can be controlled by a 
computer program in a predefined sequence. The measurement performances of the TORAIMS 
were demonstrated by using conventional and representative phosphor materials: LiF:Mg,Ti for 
TSL, BeO for OSL, and Ag-doped phosphate glass for RPL. In addition, the system offers the 
measurement of X-ray-induced scintillation spectra. These comprehensive measurements of 
luminescence properties will provide a deep understanding of the phenomena involved in 
radiation-induced luminescence.
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