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We report on the fabrication of Tb-doped barium fluoride translucent ceramics, and their scintillation and
dosimetric characteristics. The Tb-doped barium fluoride ceramics were fabricated by spark plasma sintering.
Scintillation derived from the 4f—4f transitions of Tb>" under X-rays was observed from the Tb-doped barium
fluoride ceramics. Their decay times under X-rays were about 10 ms. Further, thermally-stimulated luminescence

originating from the transitions was detected, and their dose responses were observed in the range of 0.1-100
mGy. Moreover, the Tb-doped barium fluoride ceramics exhibited optically-stimulated luminescence (OSL), and
three exponential decay components were detected in the OSL decay curves.

1. Introduction

Luminescent materials for ionizing radiation detection and mea-
surements have been playing a significant role in a wide variety of in-
dustrial fields, and they can be divided into storage phosphors and
scintillators [1,2]. Specifically, dosimeters based on storage phosphors
have been employed with the aim to determine radiation doses for
environmental and personal monitoring [3]. When a phosphor is
exposed to ionizing radiation, free charge carriers such as electrons and
holes are formed, and some of them are captured at defects in a meta-
stable state. After external stimulation (e.g., heat, light), the charge
carriers are released from the metastable state, possibly followed by
emission due to electron-hole recombination at a luminescence center.
The emissions are known as optically-stimulated luminescence (OSL) or
thermally-stimulated luminescence (TSL) when the phosphors are
stimulated by a photon or thermal energy, respectively [4,5]. On the
other hand, scintillators can emit photons immediately when exposed to
ionizing radiation, and they have been employed for various applica-
tions such as natural resources exploration, medical diagnosis, and se-
curity inspection [6-9]. To date, various kinds of luminescent materials
(e.g., sintered ceramics, glasses, single crystals, and nanomaterials) have
been developed for ionizing radiation measurements [10-16].

Transparent ceramics have gained increasing attention in the

* Corresponding author.
E-mail address: n-kawano@gipc.akita-u.ac.jp (N. Kawano).

https://doi.org/10.1016/j.optmat.2023.113948

ionizing radiation detection community. While single crystals have been
mostly considered because of their high light yield, transparent ceramics
can be fabricated at lower cost and achieve uniform doping and high
luminosity [17-25]. For example, a cerium-doped gadolinium garnet
(GYGAG:Ce) scintillator achieved a high light yield of about 50000
photons/MeV, and energy resolution of approximately 5% at 662 keV
[26]. In addition to this garnet ceramic, some transparent oxide ce-
ramics such as Y3Als012.Ce, LupO3:Eu, LuzAlsOq2:Ce have been fabri-
cated for scintillation applications [27-29]. Further, our group has
fabricated several transparent fluoride ceramics by spark plasma sin-
tering (SPS) [30-33]. For instance, a calcium fluoride transparent
ceramic doped with Eu showed scintillation with a light yield of about
17000 photons/MeV originating from the 5d—4f transition of Eu?*
[30]. In that ceramic, TSL was also observed within the X-ray dose range
0.1-1000 mGy. Moreover, other fluorides like strontium fluoride and
magnesium fluoride transparent ceramics were also fabricated for ra-
diation detection [30-34].

In this work, we focused on barium fluoride transparent ceramics.
Barium fluoride is a well-known material for ionizing radiation mea-
surements since it shows a large effective atomic number (52.7) that is
advantageous for the detection of high energy photons (e.g., gamma-ray
and X-rays) [35,36]. To date, scintillation and dosimetric properties of
several barium fluoride single crystals doped with rare-earth ions have
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been evaluated. For instance, a barium fluoride single crystal doped with
Ce®* showed TSL with a glow peak at 416 K, and the activation energy
was estimated to be about 0.83 eV [37]. Further, the crystal showed
scintillation at around 320 nm with two major decay times of 47 and 260
ns, and its light yield was 1210 photoelectron yield/MeV. Furthermore,
we have fabricated undoped barium fluoride transparent ceramics syn-
thesized by SPS for ionizing radiation measurements [35]. The undoped
barium fluoride transparent ceramic exhibited a broad emission due to
self-trapped excitons (STEs) when excited by X-rays, and its scintillation
light yield was 6000 photons/MeV. Further, the scintillation properties
of barium fluoride transparent ceramics with Ce>* were reported by J.
Luo et al., and the light yield was approximately 5100 photons/MeV,
which was comparable to that of the single crystal counterpart [38]. In
this work, barium fluoride ceramics doped with Tb were synthesized by
SPS and their scintillation and dosimetric properties are reported. The
underpinning goal is to achieve a more intense signal from the efficient
5D,4—7Fs transition of the Tb®* ions than from the intrinsic emission of
the host. This will naturally promote higher detection efficiency of
ionizing radiation combined with better spectral matching with the
quantum efficiency of photomultiplier tubes [39-41]. These features are
particularly relevant for imaging plate applications [42-44].

2. Experimental methods

The Tb-doped barium fluoride translucent ceramics were fabricated
as follows. TbF3 and BaFs in specific molar ratios (0.1, 0.5, and 1 M %)
were mixed, placed into a graphite die and held between two punches.
Further, they were heated to 720 °C at a 10 °C/min rate, and kept for 10
min under 10 MPa in a furnace (Sinter Land LabX-100). Subsequently,
the temperature was increased to 960 °C at a 10 °C/min rate, and kept
under 100 MPa for 15 min. Finally, the temperature decreased to 200 °C
at a 65 °C/min under 6 MPa. After the fabrication of the Tb-doped
barium fluoride ceramics, they were polished with a polisher (IM-P2,
IMT). The obtained barium fluoride ceramics had thickness of about 1.0
mm.

X-ray diffraction patterns were recorded with a RINT-2200V
diffractometer (Rigaku). In-line optical transmittance spectra were ob-
tained using a V-750 spectrometer (JASCO). Scintillation spectra under
X-ray irradiation were recorded with our home-made detection system
[45]. Further, afterglow and scintillation decay curves under pulsed
X-ray irradiation were recorded with our system [46]. For the evaluation
of dosimetric properties, TSL glow curves were recorded at a tempera-
ture rate of 1 °C/s using a TL-2000 spectrometer (Nanogray) whose
measurable wavelength range was from 300 nm to 550 nm. TSL spectra
were measured using a ceramic heater, a SCRSHQ-A temperature
controller (Sakaguchi), and a QEPro spectrometer (Ocean Optics). TSL
glow curves were not corrected for the thermal quenching of the lumi-
nescence centers. In addition, OSL spectra and OSL decay curves were
recorded using a FP-8600 spectrometer (JASCO). The OSL spectra were
recorded in the range of 300-500 nm under 560 nm stimulation light,
and the OSL decay curve was obtained by monitoring at 380 nm.

3. Results and discussion

A photograph of the Tb-doped barium fluoride ceramics is exhibited
in Fig. 1. These barium fluoride ceramics were found to be translucent
with the printed lines behind the Tb-doped barium fluoride ceramics
being visible through them. Fig. 2 shows the in-line transmittance
spectra of the Tb-doped barium fluoride ceramics. Their transmittances
at 650 nm were 32% (0.1% Tb), 37% (0.5% Tb), 28% (1% Tb). No ab-
sorption bands derived from the 4f—4f transitions of Tb®>* were detec-
ted. Furthermore, no clear change of the optical transmittance was
observed as a function of the TbF3 content. On the other hand, optical
transparency was affected by the specific fabrication conditions,
including the incorporation of carbon from the graphite dies and
punches.

Optical Materials 141 (2023) 113948

.

b % Tb 7 Tb
0.1% % 0.5% ﬁ 1%

\\\\\\

7.

50

40

(mm)

Fig. 1. Visual appearance of the Tb-doped barium fluoride trans-
lucent ceramics.
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Fig. 2. Transmittance spectra of the Tb-doped barium fluoride trans-
lucent ceramics.

Fig. 3 exhibits the X-ray diffraction patterns of the Tb-doped barium
fluoride ceramics. A series of diffraction peaks appeared in the 20-80°
range. These peaks were identified in reference to the pattern of undo-
ped barium fluoride (No: 01-088-2466). No impurity phase was detected
in these ceramics.

Fig. 4 (a) shows the scintillation spectra of the Tb-doped barium
fluoride ceramics, and the enlarged scintillation spectra ranging within
200-370 nm are exhibited in Fig. 4(b). Sharp peaks centered at 380,
416, 433, 477 540, 587, and 623 nm were observed from the Tb-doped
barium fluoride ceramics. They were ascribed to the 4f—4f transitions of
Tb®*, indicating that Tb®* ions were doped into the barium fluoride
ceramics [39,47-49]. Further, a weak broad peak appeared at around
325 nm, and this weak peak was attributed to STEs in a barium fluoride
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Fig. 3. X-ray diffraction patterns of the Tb-doped barium fluoride translucent
ceramics together with PDF file no. 01-088-2466.
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Fig. 4. (a) X-ray induced scintillation spectra of the Tb-doped barium fluoride
translucent ceramics and (b) enlarged spectra in the 200-370 nm range high-
lighting STE emission.

host [35]. Its STE intensity decreased for higher concentrations of Tb.

Scintillation decay curves of the Tb-doped barium fluoride ceramics
are exhibited in Fig. 5. The curves were approximated by a single
exponential decay function. The lifetimes derived through this analysis
were 12.6 ms (0.1% Tb), 8.2 ms (0.5% Tb), 8.1 ms (1% Tb). These times
were compatible to the 4f— 4f transitions of Tb%* as per previous studies
[39,47,48]. The lifetimes decreased with increasing the TbF3 concen-
tration, possibly due to concentration quenching.

To evaluate dosimetric properties, TSL glow curves of the Tb-doped
barium fluoride ceramics were recorded (Fig. 6). The Tb-doped barium
fluoride ceramics were previously irradiated with X-rays (100 mGy). As
exhibited in Fig. 6, two TSL glow peaks at approximately 60 and 110 °C
were observed from the 0.1-0.5% Tb-doped barium fluoride ceramics
while the 1% Tb-doped barium fluoride ceramic showed a single peak at
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approximately 95 °C. The intensity of the 0.1% Tb-doped barium fluo-
ride ceramic was the highest, and the intensity decreased with the TbF3
concentration. The low peak temperature of the observed TSL glow
peaks might lead to TSL fading based on a past study [50].

To investigate the origin of TSL, the TSL spectra of the Tbh-doped
barium fluoride ceramics were measured at 100 °C (in Fig. 7). Prior to
the measurement of the TSL spectra, the Tb-doped barium fluoride ce-
ramics were exposed to X-rays (1 Gy). Emission peaks attributed to the
4f—4f transitions of Tb®" were detected from the Tb-doped barium
fluoride ceramics [39,47,48]. The observation of these emission lines
indicated that the recombination center of electrons and holes was Th*
ions in the barium fluoride host. The progressive decrease in intensity of
Tb3* for higher Tb concentrations is possibly due to concentration
quenching.

Fig. 8 shows the TSL dose response curves of the Tb-doped barium
fluoride ceramics. The 0.1-1% Tb-doped barium fluoride ceramics
showed a TSL response in the 0.1-100 mGy dose range. The lowest
irradiation dose was assumed to be the lowest measurable dose (100
HGy), noting that it was larger than that of conventional TSL dosimeters
(e.g., LiF:Mg,Ti; 20 pGy) [3]. It is likely that further improvement in
optical transparency of the ceramic host and optimization of the Tb
concentration will lower the lowest measurable dose, improving the
dosimetric response of this material. The linearity of the dose response
was evaluated using the function (y = a* + b). Fitting revealed the x
values to be slightly above 1 and R = 0.99 indicating these ceramics to
have a slight supralinearity against X-ray irradiation.

Further, the OSL characteristics of the Tb-doped barium fluoride
ceramics were investigated. Fig. 9 exhibits the OSL spectra under 560
nm stimulation light after X-ray irradiation (10 Gy). Emission peaks
appeared at approximately 383, 420, 435, and 488 nm. The emission
spectra were similar to those in the scintillation spectra and in past
studies; therefore, they were attributable to the 4f—4f transitions of
Tb3" [39,47,48]. Interestingly, the OSL spectra are dominated by the UV
emission °D3—’Fg at 383 nm though this dominance decreased in
relative intensity for higher Tb concentrations possibly due to concen-
tration quenching of this emission band. Further, OSL decay curves
under 560 nm stimulation light were recorded (Fig. 10). The decay
curves could be described by the sum of three exponential decay func-
tions. The obtained time constants of the Tbh-doped barium fluoride ce-
ramics decay curves, 11, 41 and 140 s, were essentially unchanged with
the Tb concentrations suggesting there were at least three processes
associated with OSL mechanism in the Tb-doped barium fluoride ce-
ramics. Further, the observed decay times should not be affected by the
afterglow since the afterglow intensity at 50 ms was comparable to the
background signal intensity of the Tb-doped barium fluoride ceramics as
shown in Fig. 5.

Moreover, the OSL dose response of the Tb-doped barium fluoride
ceramics was determined (Fig. 11). The linearity of the OSL response
was investigated in the range of 10-10000 mGy for the 0.1-0.5% Tb-
doped barium fluoride ceramics and 100-10000 mGy for the 1% Tb-
doped barium fluoride ceramic due to its reduced light output. The
lowest OSL measurable dose (10 mGy) of the 0.1-0.5% Tb-doped barium
fluoride ceramics were higher than that of common OSL materials (e.g.,
MgAl>04: 0.65 mGy [51], Alo03:C: 50 pGy [3], and BaFBr:Eu: 0.1 mGy
[52]). In addition, the dose linearity was also evaluated using the
function (y = a* + b) with x values fluctuating around unity and R% =
0.99, indicating linearity of the OSL response.

4. Conclusions

Barium fluoride translucent ceramics with different amounts of TbF3
were fabricated, and their scintillation and dosimetric characteristics
were evaluated. The 4f—4f transitions of Tb>" ions served as the scin-
tillation luminescence centers and also as the TSL and OSL recombina-
tion centers. The 0.1% Tb-doped barium fluoride ceramic exhibited the
brightest scintillation and the highest TSL and OSL intensities. The
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Fig. 5. X-ray induced scintillation decay time profiles of the Tb-doped barium fluoride translucent ceramics together with best-fitting with a single exponen-

tial function.
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Fig. 6. TSL glow curves of the Tb-doped barium fluoride translucent ceramics.

lowest detectable limits of this ceramic were 0.1 mGy for TSL and 10
mGy for OSL.
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