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	 We synthesized Tm-doped NaMgF3 crystals and investigated their scintillation, optically 
stimulated luminescence (OSL), and thermally stimulated luminescence (TSL) properties. All 
the crystals showed multiplex luminescence peaks. Judging from the emission wavelength and 
scintillation decay time constants, Tm3+ acts as a luminescence center in NaMgF3 crystals. The 
0.3% Tm-doped crystal showed the highest scintillation, OSL, and TSL intensities. The 0.3% 
Tm-doped crystal showed a linear relationship from 0.01 to 100 mGy for its TSL dose response 
function. This lower detection limit is comparable to that of some commercial products.  In 
addition, we succeeded in 2D X-ray imaging using the TSL of the crystal.

1.	 Introduction

	 Dosimetric materials can store absorbed ionizing radiation energy in the form of carriers 
(electrons and holes). When dosimetric materials are irradiated with ionizing radiation, 
numerous carriers are generated. The carriers are metastable at localized trapping centers and 
released by external heat or light stimulation. Then, the detrapped carriers recombine at 
luminescence centers and emit light. The storage-type luminescence generated by light or heat 
stimulation is called optically or thermally stimulated luminescence (OSL or TSL, respectively). 
The luminescence intensity is proportional to the absorbed energy, and we can thus estimate the 
total amount and distribution of the irradiation dose. Therefore, dosimetric materials are used for 
personal dose monitoring,(1) medical imaging,(2) radiation therapy,(3,4) and so forth. In addition to 
OSL and TSL, radio-photoluminescence (RPL)(5,6) is used for radiation detection. The 
development of higher performance dosimetric materials for more accurate measurement is still 
ongoing.(7–12) The required properties of these materials are high luminescence intensity, dose 
linearity, low fading, and good energy response (small ionization quenching). In addition, high 
tissue equivalence, i.e., a low effective atomic number (Zeff), has been preferred for personal dose 
monitoring. Moreover, with the development of recent treatment techniques, low-Zeff materials 
are also required to accurately estimate the effect of radiation therapy on patients. 
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	 ABF3 (A: monovalent, B: divalent cation) fluoroperovskite materials generally have a high 
band gap,(13) high thermal and mechanical stability, and low hygroscopicity. There are some 
previous works on the dosimetric properties of ABF3.(14–16) In particular, Ce-doped KMgF3 has 
been reported to have high sensitivity as much as 40 times that of the commercial dosimetric 
material C-doped Al2O3.(17) However, K contains radioisotope 40K and has intrinsic radioactivity. 
Therefore, alternative elements that do not contain radioisotopes are preferred. NaMgF3 can be 
used without considering noise from radioisotopes unlike KMgF3. Moreover, NaMgF3 has high 
tissue equivalence because of its lower Zeff (10.4) than that of KMgF3 (14.9) and some commercial 
products such as C-doped Al2O3 (11.3) and Ag-doped phosphate glass (12.4). We previously 
reported the OSL properties of 0.1% Tm-doped NaMgF3

(18) but its sensitivity is insufficient for 
practical use. Detailed studies of Tm-doped NaMgF3, including its Tm concentration dependence 
and TSL properties, would improve its performance and help in the search for new materials 
with desirable dosimetric properties. 
	 In this study, we synthesized NaMgF3 crystals with various concentrations of Tm and 
investigated the Tm concentration dependence of the OSL and TSL properties. Scintillation, 
which is instantaneous radiation-induced luminescence, properties were also evaluated because 
the relationship between storage-type luminescence and scintillation has recently been 
reported,(19,20) although these phenomena were previously regarded as independent. Thus, the 
evaluation of both phenomena is important to understand ionizing-radiation-induced 
luminescence phenomena. 

2.	 Materials and Methods

	 Tm-doped NaMgF3 crystals were obtained by a simple solidification method. The nominal 
concentrations of Tm were 0.05, 0.1, and 0.3%. We used NaF (99.99%, Wako Pure Chemical 
Industries, Ltd.), MgF2 (99.99%, Stella Chemifa Corporation), and TmF3 (99.99%, Stella 
Chemifa Corporation) powders as the raw materials. The details of the method and growth 
conditions are given in our previous study.(18) A polishing machine (BUEHLER, MetaServ 250) 
was used to polish the wide surface of the obtained crystals. Part of the crystals was crushed into 
powder for measuring the X-ray diffraction (XRD) pattern using a diffractometer (Rigaku, 
MiniFlex600).
	 The X-ray-induced scintillation spectra were measured using our original setup.(21) The bias 
voltage and tube current were 40 kV and 1.2 mA, respectively. X-ray-induced scintillation decay 
curves were obtained using our afterglow characterization system.(22) 
	 The OSL spectra were measured using a spectrofluorometer (FP8600, Hamamatsu) after 
X-ray irradiation of 10 Gy. The OSL dose response functions were obtained by integrating the 
OSL intensity over time. Here, the measurement time was 500 s.
	 The TSL glow curves were investigated using a TSL reader (TL-2000, NanoGray Inc.).(23) 
The heating rate was 1 °C/s. The TSL dose response function of each irradiation dose was 
obtained by integrating the TSL glow curve. To evaluate both the OSL and TSL dose response 
functions, the samples were irradiated with X-rays with 10-fold increments in the dose rate; the 
dose rates for each irradiation dose are shown in Table 1. The measurements were made within 
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30 s after irradiation to avoid fading. The TSL spectra were measured with a CCD-based 
spectrometer (Ocean Optics, QE Pro) while the crystal was heated by an electric heater 
(SAKAGUCHI E.H VOC, SCR-SHQ-A).(24) The TSL imaging was carried out using our original 
setup based on an OSL imaging setup.(25) The samples were irradiated with X-rays through an 
electric component (operational amplifier). After X-ray irradiation, the samples were placed on a 
hot plate and heated. The 2D TSL distribution was obtained with a Peltier-cooled CCD camera 
(BK-54DUV, Bitran Corp.) equipped with an objective lens (PF10545MF-UV, Nikon). The 
distance between the crystal and the camera was set to 80 cm. 

3.	 Results and Discussion

	 Figure 1 shows a photograph of the synthesized crystals after polishing. We obtained 
translucent crystals with 10 mm diameter and 1 mm thickness.  The weights of the 0.05, 0.1, and 
0.3% Tm-doped crystals were 373.4, 377.8, and 386.2 mg, respectively. Figure 2 depicts the XRD 
patterns of the crystals. For the 0.05 and 0.1% Tm-doped crystals, the XRD patterns are identical 
with the reference pattern (COD.9001612). For the 0.3% Tm-doped crystal, however, a TmF3 
phase was observed at 28°. Therefore, we judged that the NaMgF3 crystal can be synthesized 
when the Tm concentration is 0.1% or less using our method. Furthermore, no peak shift was 
observed; therefore, Tm was probably located at an interstitial.
	 Figure 3 shows the scintillation spectra of the crystals. All the crystals show scintillation 
peaks at 290, 345, 360, 450, 470, 510, and 650 nm, in good agreement with other works on Tm-
doped materials,(26–28) and the intensity increased with increasing concentration of Tm. The 
scintillation decay curves and the obtained decay time constants are illustrated in Fig. 4. The 
decay curves are well fitted by the sum of two exponential functions. The first component (τ1) is 
on the order of 100 μs, which is a typical value of the 4f–4f transitions of Tm3+.(29,30) The second 
component (τ2) is likely to be due to some kind of defect. Judging from the emission wavelength 
and decay time constant, the luminescence is considered to originate from the 4f–4f transitions 
of Tm3+. 
	 Figure 5 shows the OSL spectra of the crystals after X-ray irradiation of 10 Gy. Here, the 
stimulation wavelength was 500 nm. OSL peaks at 360, 450, and 470 nm were observed in all the 
samples. The luminescence wavelengths were consistent with the scintillation spectra, and the 
origin of the luminescence was considered to be the 4f–4f transitions of Tm3+. Figure 6 shows 
the OSL dose response functions of the crystals when the stimulation and monitoring 
wavelengths were 470 and 360 nm, respectively. The inset shows the OSL dose response 
functions of the 0.1% Tm-doped crystal at different monitoring wavelengths. Although the 
luminescence intensity at 450 nm is higher than that at 360 nm for 500 nm stimulation, a higher 

Table 1
Dose rates for each irradiation dose for OSL and TSL dose response functions.
Irradiation dose (mGy) 0.01 0.1 1 and 10 100 1000 and 10000
Dose rate (mGy/h) 6 60 600 6000 60000
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Fig. 1.	 Photograph of the Tm-doped NaMgF3 
crystals.

Fig. 4.	 (Color online) X-ray-induced scintillation 
decay curves of the Tm-doped NaMgF3 crystals. 

Fig. 6.	 (Color online) OSL dose response functions 
of the Tm-doped NaMgF3 crystals. The stimulation 
and monitoring wavelengths were 470 and 360 nm, 
respectively. The intensities were corrected by the 
sample weight. The inset shows the OSL dose 
response functions of the 0.1% Tm-doped crystal at 
different stimulation and monitoring wavelengths.

Fig. 3.	 (Color online) X-ray-induced scintillation 
spectra of the Tm-doped NaMgF3 crystals. The 
intensities were corrected by the sample weight.

Fig. 2.	 (Color online) XRD patterns of the Tm-
doped NaMgF3 crystals and reference (COD.9001612).

 Fig. 5.	 (Color online) OSL spectra of the Tm-doped 
NaMgF3 crystals after X-ray irradiation of 10 Gy. The 
stimulation wavelength was 500 nm. The intensities 
were corrected by the sample weight.
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intensity was obtained by a shorter stimulation wavelength, similarly to Tm-doped KMgF3,(15) 
and the luminescence intensity for λsti./λmon. = 470/360 nm is higher than that for 
λsti./λmon. = 500/450 nm. All the crystals showed a linear relationship in the range of 1 mGy to 
10 Gy. The intensity increased with increasing Tm concentration, as with the scintillation. 
	 Figure 7 exhibits the TSL glow curves of the crystals. Tm-doped crystals show two peaks at 
around 80 and 180 °C. According to previous works, some fluoroperovskite materials exhibit 
two glow peaks at similar temperatures regardless of the combination of the cation and 
activator;(15,31,32) therefore, the trapping centers may be related to the fluoroperovskite structure. 
However, further investigation is required to characterize the trapping centers. The highest TSL 
intensity was obtained from the 0.3% Tm-doped crystal as well as the highest scintillation and 
OSL intensities, despite an impurity phase generally having undesired effects on luminescence 
properties. As one of the reasons, it is considered that the absorption dose was increased by the 
doping of Tm, which is a heavier element than those in the host material. Therefore, the positive 
effect of increasing the absorption dose outweighed the negative effect of the impurity phase. In 
addition, the order of the luminescence intensity among the samples with different doping 
concentrations is the same for scintillation, OSL, and TSL. However, the dependence (intensity 
ratio) is different for each luminescence. The difference in the intensity ratio between 
scintillation and storage luminescence (OSL and TSL) is considered to be due to the 
luminescence mechanism: scintillation is instantaneous luminescence by carriers that are not 
trapped at trapping centers, whereas storage luminescence uses trapped carriers. Furthermore, 
while TSL releases carriers with multiple levels simultaneously, OSL releases only carriers of a 
specific level corresponding to the stimulation wavelength. Therefore, scintillation, TSL, and 
OSL have different dependences on the trapping centers. This is thought to have resulted in the 
difference in the intensity ratio.
	 Figure 8 shows the TSL spectra of the crystals heated at 80 °C after X-ray irradiation of 1 Gy. 
All the crystals showed identical emission peaks to the scintillation spectra. Thus, TSL is also 
considered to originate from the 4f–4f transitions of Tm3+. 

Fig. 7.	 (Color online) TSL glow curves of the 
Tm-doped NaMgF3 crystals after X-ray irradiation of 
100 mGy. The intensities were corrected by the 
sample weight.

Fig. 8.	 (Color online) TSL spectra of the Tm-doped 
NaMgF3 crystals heated at 80 °C after X-ray 
irradiation of 1 Gy.
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	 Figure 9 depicts the TSL dose response function of the 0.3% Tm-doped crystal, which 
showed the highest TSL intensity in Fig. 7. The crystal shows the linear relationship under X-ray 
irradiation between 0.01 and 100 mGy. The crystal is expected to show a wider linear range 
because 0.01 mGy is the minimum dose in our setup due to the natural environmental dose, and 
saturation of the detector occurred over 100 mGy. The sensitivity of TSL is higher than that of 
OSL and comparable to that of some commercial personal dose monitoring devices (e.g., 
C-doped Al2O3, Nagase Landauer). For both OSL and TSL, multiplex luminescence peaks were 
observed; however, the OSL dose response functions monitored only a single emission peak, 
which probably caused an underestimation of the luminescence intensity. Therefore, if all the 
multiple luminescence peaks can be monitored in OSL dose response functions, improved OSL 
sensitivity can be expected. Furthermore, since the OSL intensity also depends on the 
stimulation photon flux and the photoionization cross section,(33) a higher OSL sensitivity is 
expected by using laser stimulation instead of a practically used xenon lamp.
	 Figure 10 shows an X-ray image of an operational amplifier taken using the 0.3% Tm-doped 
crystal. We can clearly observe the image through the epoxy encapsulation. Because the legs 
with 1.0 mm width were clearly separated, the spatial resolution surpassed 1.0 mm. To put our 
sample into practical use, improvement of the spatial resolution by an order of magnitude is 
desirable.(34) Achieving more homogeneous crystals and optimizing the thickness will result in 
higher spatial resolution. Therefore, Tm-doped NaMgF3 is a good candidate for not only personal 
dosimetry but also 2D dosimetry. 

4.	 Conclusions

	 We have investigated the Tm concentration dependence of the radiation-induced 
luminescence properties of Tm-doped NaMgF3. All the crystals exhibited luminescence due to 
the 4f–4f transitions of Tm3+. The 0.3% Tm-doped NaMgF3 crystal indicated high sensitivity to 
TSL from a dose of 0.01 mGy, which is comparable to that of some commercial products. In 
addition, we demonstrated the possibility of 2D dosimetry using the crystal. Therefore, the Tm-

Fig. 9.	 (Color online) TSL dose response function of 
the 0.3% Tm-doped NaMgF3 crystal.

Fig. 10.	 X-ray image of the electrical component of 
the 0.3% Tm-doped NaMgF3 crystal taken by TSL.
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doped NaMgF3 crystal is promising as a new dosimetric material with a high tissue equivalent. 
There was a positive correlation between scintillation and storage luminescence intensities, and 
the luminescence intensity of scintillation, OSL, and TSL increased with the concentration of 
Tm within the range examined in this study. The synthesis of higher quality crystals with a 
higher concentration of Tm without an impurity phase is expected to lead to improved dosimetric 
properties. Furthermore, we intend to estimate the fading properties of Tm-doped NaMgF3 
crystal, which are important for practical use in future work.
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