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In this study, Mg ¢95-,S104:xCe, 0.005Tb (x = 0 and 0.01) single crystals were synthesized
by the floating zone method and their photoluminescence (PL) and dosimetric properties were
evaluated. In the PL process, emission peaks due to the 4f-4f transitions of Tb3" ions were
observed in the x = 0 and 0.01 samples, and the emission peak due to the Sd—4f transitions of
Ce*" ions was detected in the x = 0.01 sample. In the thermally stimulated luminescence
(TSL) process, only emission peaks due to the 4f-4f transitions of Tb?" ions were observed
in both samples, and the x = 0.01 sample had higher TSL intensity than the x = 0 sample. The
x = 0.01 sample showed a lower detection limit of 0.01 mGy and a spatial resolution of 50.0
um under X-ray irradiation.

1. Introduction

Storage phosphors for ionizing radiation detectors are actively used in a broad range
of fields such as medicine,(!) environmental dosimetry,®) and personal dose monitoring.(®)
The storage phosphors can accumulate incident radiation energy. When storage
phosphors interact with ionizing radiation, numerous carriers are generated in them. The
generated carriers are captured at localized trapping centers. Then, the trapped carriers
are released by external stimulation, such as light or heat, and migrate to the
luminescence centers. The luminescence caused by light and heat is called optically
stimulated luminescence (OSL) and thermally stimulated luminescence (TSL),
respectively.) The properties required for storage phosphors are high luminescence
intensity, low fading, a linear relationship between the radiation dose and the
luminescence intensity, and an effective atomic number (Z,) close to that of human soft
tissues (Zy = 7.29).%) Currently there are no ideal storage phosphors that have all the
above features; therefore, many researchers have continued to develop storage phosphors
to improve their properties.(©~12)
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Magnesium orthosilicate (Mg,SiO,4) is a well-known host material of inorganic
phosphors because of its stable crystal structure, high physical and chemical stability,
and low thermal expansion property.!®) Mg,SiO, is also a well-known material for
storing phosphors for personal dosimetry because Z,; of Mg,Si04 (11.4) is relatively
close to that of human soft tissues.(!*) In particular, Tb-doped Mg,SiO, powders are used
as commercial TSL dosimeters. For this reason, many researchers have investigated the
TSL properties of Mg,Si0O, doped with Tb3" ions.(1>~17)

The main aim of this study is to improve the TSL intensity of Tb-doped Mg,SiO,4. The
TSL intensity is generally affected by several factors such as the trapping probability of
carriers and the quantum yields (QYs) of the luminescence centers.!® In previous
studies, the TSL intensity of Mg,SiO4 was improved by codoping with two different rare
earths.(1%20) However, Mg,SiO, codoped with Ce3* and Tb3* ions has not been
researched, although the utility of this combination has been verified for other host
materials.?1-23) Since Ce can take a tetravalent state in addition to a trivalent state, Ce3"
and Ce*" ions are expected to act as hole and electron trap centers, respectively, which
would improve the TSL intensity.

Furthermore, we also focused on bulk single crystals as the material form. Since
single crystals generally have higher transmittance than powders and ceramics, TSL can
be obtained from both the surface and inside of the material. In other words, more
photons can be detected due to the higher transmittance of the material, which would
improve the luminescence intensity.(!3:24) For the above reasons, we synthesized Mg,SiO,:Ce,
Tb single crystals and evaluated their photoluminescence (PL) and dosimetric properties.

2. Materials and Methods

Mg 9955104:0.005Tb (x = 0) and Mg 935S104:0.01Ce, 0.005Tb (x = 0.01) were grown by the
floating zone (FZ) method. The starting powders were MgO (99.99%, High Purity Chemicals),
Si0, (99.99%, Rare Metallic), CeO, (99.99%, Furuuchi Chemical), and Tb,0; (99.99%,
Furuuchi Chemical). After these powders were uniformly mixed with an agate mortar and
pestle, each mixture was placed in a balloon and compressed into a cylindrical rod using isostatic
pressure. Then, each cylindrical rod was sintered at 1400 °C for 8 h using an electric furnace in
air to obtain a ceramic rod. Each ceramic rod was set in an FZ furnace (Crystal Systems
Corporation, FZ-T-12000-X-VPO-PC-YH) equipped with four xenon arc lamps to grow crystals
of x = 0 and 0.01 samples. The pull-down rate was 10 mm/h, and the rotation rate was 3 rpm
during the crystal growth. Each synthesized crystalline rod was crushed before the measurement
of the sample. To identify the crystal phase, the powder X-ray diffraction (PXRD) was examined
by a diffractometer (Rigaku, MiniFlex600) in the range of 26 = 10-90°.

The PL excitation/emission maps and QYs were evaluated by using a Quantaurus-QY system
(Hamamatsu, C11347-01). Considering the results of the PL excitation/mission maps, the PL
decay time profiles were measured by another Quantaurus-t system (Hamamatsu, C11367).

To evaluate the dosimetric properties, TSL glow curves after X-ray irradiation were obtained
by using a TSL reader (NanoGray Inc., TL-2000).3%) In the measurements, the temperature



Sensors and Materials, Vol. 35, No. 2 (2023) 477

range was 100—490 °C and the heating rate was 1 °C/s. The samples were irradiated by X-rays
emitted from an X-ray generator (Spellman, XRB80P&N200X4550). TSL spectra were measured
by a CCD-based spectrometer (Ocean Optics, QE Pro) while the samples were heated by an
electric heater (Sakaguchi, Ultramic 200 W) and a temperature controller (Sakaguchi, SCR-
SHQ-A). The heating rate and temperature range were 1 °C/s and 50—400 °C, respectively. In
addition, the TSL dose response functions were evaluated using several TSL glow curves after
different irradiated doses from 0.01 to 100 mGy. The TSL dose response functions were obtained
from the integration of TSL intensities for each irradiation dose over the temperature range from
100 to 490 °C to account for the influence of fading.

An X-ray imaging test was carried out using our original setup. Each sample was irradiated
with X-rays through a Pb-based square test chart (DIAGNOMATIC, Pro-Res RF BarType7).
The irradiation dose was 10 Gy from the above-mentioned X-ray generator. Then, the sample
was heated to 500 °C by a ceramic hot plate (As One, CHO-170AF), and the emission was read
by a CCD camera (BK-54DUYV, Bitran Corp.).

3. Results and Discussion

Figure 1(a) shows a photograph of the x = 0 and 0.01 samples. Both samples were
approximately 4 x 4 x 1 mm?® and their weights were 64.8 and 40.0 mg, respectively. Both
samples were colorless and transparent, although they contained some cracks.

Figure 1(b) shows the PXRD patterns of the x = 0 and 0.01 samples. The peak positions of the
synthesized samples corresponded to those of the reference data (COD 900319) of Mg,SiO,.
Therefore, both samples had a single-phase orthorhombic structure. In addition, no peak shifts
due to Ce and Tb doping were confirmed, although it has been reported that Mg2" sites in
Mg,SiO, can be occupied by Ce and Tb.?%-27) The reason for the absence of peak shifts was the
low concentrations of Ce and Tb, which were below the detection threshold of our apparatus.

Figure 2 shows the PL emission/excitation maps of the (a) x = 0 and (b) x = 0.01
samples. In the x = 0 sample, some emission peaks were observed under excitation at 250
nm. Moreover, emission peaks at around 550 nm were also detected under excitation at
370 nm. These emissions originated from the 4f—4f transitions of Tb3* ions.?®) On the
other hand, in the x = 0.01 sample, emission peaks due to 4f-4f transitions of Tb3+ ions
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Fig. 1. (Color online) (a) Photograph and (b) PXRD patterns of the synthesized x = 0 and 0.01 samples. The
reference spectrum was COD 900319.
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Fig. 2. (Color online) PL emission/excitation maps of the (a) x = 0 and (b) x = 0.01 samples. The vertical and
horizontal axes show excitation and emission wavelengths, respectively.

were observed under excitation at wavelengths of 250, 340, and 370 nm. Furthermore, a
broad emission band was observed from 370 to 540 nm under excitation at 340 and 370
nm. This was due to the 5d—4f transitions of Ce3* ions.(?*39 No emission band due to Ce3*
ions was observed under excitation at 250 nm. Therefore, no energy transfer from Tb to Ce
occurred. The QY values of the x = 0 and 0.01 samples were 27.0% (Ex. 250 nm) and
40.2% (Ex. 370 nm), respectively.

Figure 3 shows the PL decay time profiles of the x = 0 and 0.01 samples monitored at (a) 420
nm under 365 nm excitation and (b) 550 nm under 370 nm excitation. All the decay curves were
reproduced by an exponential decay equation. The obtained decay time constant (Ex. 365 nm/
Em. 420 nm) of the x = 0.01 sample was 45.8 ns, which corresponded to a typical value derived
from the 5d—4f transitions of Ce>" ions.?!33) On the other hand, the decay time constants (Ex.
370 nm/Em. 550 nm) of the x = 0 and 0.01 samples were 2.1 and 2.2 ms, respectively, which are
typical values for the 4f—4f transitions of Tb** ions.(34:39)

Figure 4(a) shows the TSL glow curves of the x = 0 and 0.01 samples after X-ray
irradiation. The intensities of the TSL glow curves were corrected for the weight of each
sample. The irradiation dose was 100 mGy. For the x = 0 sample, the glow peaks were
confirmed at around 190 and 380 °C. The x = 0.01 sample had glow peaks at the same
temperature as the x = 0 sample. Glow peaks at 190 and 380 °C have been reported(?%-36-37)
and are related to F™ and F centers, respectively.(8:39) Figure 4(b) shows the TSL spectra
of the x = 0 and 0.01 samples heated at 190 °C. Both samples had peaks at 380, 420, 440,
460, 480, 495, 550, 590, and 630 nm, which are typical wavelengths due to the 4f—4f
transitions of Tb3" ions.?® In contrast, no peaks due to the 5d—4f transitions of Ce>" ions were
detected, whereas the PL properties suggested the existence of Ce>" ions. Thus, it is considered
that Ce’" ions did not directly contribute to the TSL process as luminescence centers. The
increase in the TSL intensity at 190 and 380 °C is considered to have been caused by the
increasing number of F* and F centers due to charge compensation between Ce3" and
Mg?" ions.

Figure 5(a) illustrates the TSL dose response functions of the x = 0 and 0.01 samples.
To evaluate their performance as dosimeters, we also plotted the TSL dose response
function of a commercial TSL dosimeter (TORECK, MSO-S) equipped with powder-
form Tb-doped Mg,Si0,. The weight of the powder inserted in MSO-S was 30.1 mg. The
vertical axis shows integrated values of the TSL glow curve in the range of 100—490 °C.
All the TSL dose response functions were found to have a linear relationship in the range
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Fig. 3. (Color online) PL decay time profiles of the x = 0 and 0.01 samples monitored at (a) 420 nm under 365 nm
excitation and (b) 550 nm under 370 nm excitation. Each dashed line shows the fitting curve.
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Fig. 4. (Color online) (a) TSL glow curves and (b) TSL spectra heated at 190 °C of the x = 0 and 0.01 samples. The
intensities of the TSL glow curves were corrected for the weight of each sample, and those of TSL spectra were
normalized by the intensity at 550 nm.
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Fig. 5. (Color online) (a) TSL dose response functions of the x = 0 and 0.01 samples and MSO-S element. The TSL
intensities of the TSL glow curves were corrected for the weight of each sample. (b) X-ray image of the x = 0.01
sample and the intensity profile perpendicular to the line pattern (10.0 Ip/mm).
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of 0.01-100 mGy. The integrated intensity of the x = 0.01 sample was higher than that of
both the MSO-S element and the x = 0 sample.

Figure 5(b) shows an X-ray image of the x = 0.01 sample and the intensity profile
perpendicular to the line pattern (10.0 Ip/mm). Each X-ray test chart had line widths of 2.8, 4.0,
5.6, and 10.0 Ip/mm (178.6, 125.0, 89.3, and 50.0 um, respectively). Except for in the parts with
cracks, the emission lines were clearly observed. In the intensity profile in the part with 10
Ip/mm, five sharp peaks were observed, and we concluded that the x = 0.01 sample had a spatial
resolution of 50.0 um. This spatial resolution is comparable to those of commercially
available imaging plates.(?)

4. Conclusions

Both the x = 0 and 0.01 samples showed PL emissions due to the 4f-4f transitions of Tb3*
ions, and the x = 0.01 sample showed PL emissions due to the 5d—4f transitions of Ce3" ions.
Regarding the TSL properties, the x = 0.01 sample exhibited glow peaks at 190 and 380 °C, and
the luminescence centers were only Tb3" ions. The x = 0.01 sample showed a linear relationship
between dose and integrated intensity from 0.01 to 100 mGy and higher TSL intensity than the
x = 0 sample and MSO-S elements. In addition, the x = 0.01 sample had a spatial resolution of
50.0 pm. In conclusion, the usefulness of the x = 0.01 sample as a personal dosimeter and for
dose distribution measurement was demonstrated.
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