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Non-doped and 0.1, 0.5, 1.0, and 2.0% Ce-doped (Gdg 4Ly ¢)sSr2(S104)cO, crystals were
prepared and their optical and scintillation properties were investigated. Their X-ray diffraction
(XRD) patterns confirmed that the Ce-doped samples did not contain an impurity phase,
whereas the non-doped one contained some impurity phases such as Gd,SiO5 and Lu,SiOs. The
emission due to 5d—4f transitions of Ce’" was observed at 380—650 nm in both the
photoluminescence (PL) and scintillation spectra of the Ce-doped samples. The scintillation
light yields (LYs) of the 0.5 and 1.0% Ce-doped samples under >*' Am a-ray irradiation were ~230
and ~620 ph/5.5 MeV-a, respectively.

1. Introduction

Scintillators are one of the phosphor materials that show ionizing-radiation-induced
luminescence (scintillation) when they absorb the energy of ionizing radiation.(!3) Scintillators
are generally combined with photodetectors such as a photomultiplier tube (PMT) and a Si
photodiode, and such sensors are called scintillation detectors.®) When compared with
semiconductor detectors,®~® which are also common ionizing radiation detectors, scintillation
detectors have some advantages especially in terms of detection efficiency and response speed.
Owing to such properties, scintillation detectors are used in medicine,® security,(1?
environmental monitoring,('V) biology,(1?) resource extrapolation,(!¥) and high-energy physics.(!4

Scintillators are roughly classified into two types, namely, host emission type and emission-
center-doped type. In the former, the host matrix itself has functions of ionizing radiation
absorption and emission, the intensity of which is proportional to the absorbed energy. In host-
emission-type scintillators, common materials are semiconductor scintillators(>-29 and some
others.21-26) In the latter, the functionalities of absorption and emission are assigned to the host
and emission center, respectively.?”) The recent trend of R&D is on the former type, and
preferable emission centers are Ce3",(28-34) p3+ 35-38) gome rare-earth ions,3?5D and other ions
that have electron transitions associated with luminescence.(2->7) The attraction to the emission-
center-doped scintillators is explained by the controllability of emission wavelength and decay
time, and among such emission center ions, Ce>" is the most attractive owing to a good match of
the emission wavelength with common PMTs, a fast decay time of typically several tens to
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hundreds of nanoseconds, and a relatively high probability to achieve a high scintillation light
yield (LY). As is well known, conventional models©®8-%) cannot predict LY but can only explain
the observed LY; thus, empirical evidence of a high LY by the Ce’" emission center is quite
important in this field.

In this study, we have focused on a Ce-doped rare-earth apatite scintillator, the chemical
composition of which can be expressed as REgAE,(S10,4)0,, where RE and AE denote rare-
earth and alkaline-earth metal elements, respectively. To date, we have studied a series of
materials,©2-%9) and among these materials, 0.5% Ce-doped (Gd4Lug)sSry(SiO4)s0, has
shown the best LY with a high effective atomic number of 60.5. However, the optimum Ce
concentration is still unclear. In a series of studies on apatite scintillators, the optical and
scintillation properties of (Gdg4Lug¢)gS12(Si04)60, crystals with different Ce doping
concentrations were investigated.

2. Materials and Methods

The sample materials were synthesized by the floating zone (FZ) method using the same
procedures as described in previous works,©2-9%) and the Ce concentrations were 0, 0.001, 0.005,
0.01, and 0.02 with respect to Lu in the above chemical formula. After the preparation of the
samples, X-ray diffraction (XRD) analyses were carried out using an X-ray diffractometer
(Miniflex600, Rigaku) in the 26 range of 20—60 deg.

A photoluminescence (PL) excitation and emission contour graph, in addition to PL QY, was
obtained using Quantaurus-QY (Hamamatsu). PL decay time was evaluated using Quantaurus-t
(Hamamatsu), and the excitation and monitoring wavelengths were 340 and 425 nm, respectively.
X-ray-induced scintillation spectra, decay curves, and afterglow profiles were obtained using
our original setups.(®”-6%) To determine the scintillation LY, our typical setup for the pulse height
spectrum (PHS) was used,® and the irradiation source was an 24! Am o-ray source. Although
we challenged ourselves to measure the '37Cs y-ray-irradiated PHS, no clear photoabsorption
peak was observed. Thus, we used an 2*! Am source instead of 13’Cs. X-ray-induced afterglow
profiles were determined using our original setup,®® and the afterglow A was expressed as
100 x (I, — 1) / (I} — 1y), where I, I}, and [, represent the signal intensity before X-ray irradiation
(time ¢ = 0, average of 150 data points), the signal intensity at # = 2.5 ms (average of 150 data
points), and the signal intensity at # = 20 ms after X-ray off, respectively.

3. Results and Discussion

Figure 1 shows a picture of the as-grown samples. The as-grown samples appeared white-
opaque owing to many cracks, and when the Ce concentration reached more than 1.0%, the color
slightly changed to yellow, possibly owing to the absorption of Ce3" ions. We crushed the as-
grown sample rods to select a relatively transparent part for characterizations. In our experience,
higher crystallinity can be achieved when the average ionic radius of the RE site is large,¢2-69)
and the current result follows this tendency: the 2.0% Ce-doped sample had more transparent
parts than the other samples, since Ce3* has a larger ionic radius than Lu?*. Figure 2 shows the
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Fig. 1. (Color online) Appearance of as-grown Fig. 2. (Color online) XRD patterns of samples and
crystalline samples. reference (JCPDS 28-0212).

XRD patterns of the present samples. For this characterization, some of the as-grown sample
rods were crushed to powder form. In the non-doped sample, some unidentified peaks relative to
the reference were observed in the 26 range of 25-35 deg, and similar diffraction peaks were
observed in the Gd,SiOs7? and Lu,SiOs7) phases. In the Ce-doped samples, no impurity
phases were detected, or the amount largely decreased. This result is in line with our previous
experiences on apatite scintillators.(62-66)

Figure 3 shows PL excitation and emission contour graphs of the non-doped and 0.5% Ce-
doped samples. Since the spectroscopic features were similar in Ce-doped samples, we selected
the 0.5% Ce-doped one as a representative. In the non-doped one, no significant emission was
observed, whereas the 0.5% Ce-doped one exhibited a broad emission band from 380 to 650 nm
upon 270-350 nm excitation. The signal-like structure at around 300 nm of the non-doped one
would be due to an artifact. The PL QYs accumulated in the whole emission band of 0.1, 0.5, 1.0,
and 2.0% Ce-doped ones were 2.7, 2.7, 3.8, and 1.4%, respectively. Figure 4 shows PL decay
curves monitored at 425 nm upon 340 nm excitation. All the samples showed a similar decay
shape, and they were approximated with the sum of two exponential functions assuming an
instrumental response and the main emission. The decay time of the main component was
27 + 1 ns for all the samples regardless of Ce concentration. This decay time is typical for Ce-
doped oxide, and the PL emission origin is ascribed to the 5d—4f transition of Ce>*. The emission
of the non-doped one was unclear. One possibility was the unexpected contamination of Ce>*
below the detection limit of the PL measurement, and the other possibility was the host emission
since such emission overlapped with this wavelength range, as described later.

Figure 5 shows X-ray-induced scintillation spectra of the present samples. All the samples
showed a broad emission band from 350 to 700 nm. The sharp peak at 310 nm in the non-doped
sample was ascribed to the 4f-4f transition of Gd**. When we doped Ce, the emission line of
Gd>* overlapped with the excitation bands of Ce>" (Fig. 3), so this line was only observed in the
non-doped one. Although the non-doped sample did not contain Ce in nominal composition and
showed a detectable emission in PL (Fig. 3), an emission band from 350 to 700 nm was observed,
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Fig.3.  (Color online) PL excitation and emission Fig. 4. (Color online) PL decay curves monitored at
contour graphs of non-doped (top) and 0.5% Ce-doped 425 nm upon 340 nm excitation.
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Fig. 5. (Color online) X-ray-induced scintillation spectra of present samples.

and the interpretation was the same as that of PL. In Ce-doped samples, a redshift of the
emission band appeared, and it was blamed for the geometry of the setup. In this experiment, the
geometry was of the transmission type, so the self-absorption affected the shapes of the spectra.
Figure 6 shows the X-ray-induced scintillation decay curves of the samples. When we neglect the
contribution from the excitation pulse, the decay time of the main component of the non-doped
one was 32 ns. On the other hand, the main components in the decay curves of the Ce-doped
samples were approximated from the sum of two exponential functions, and the decay times of
the 0.1, 0.5, 1.0, and 2.0% Ce-doped ones were 19 + 58, 16 + 60, 17 + 46, and 15 + 164 ns,
respectively. The explicit determination of the origins of each component is difficult, and we can
propose several scenarios. One explanation is that the faster component would be due to the host
emission quenched by the absorption of Ce>", and the slower component would come from Ce>".
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Fig. 6.  (Color online) X-ray-induced scintillation decay curves of present samples.

The other possibility is that these two components both come from Ce3" at different sites (Gd3",
Lu**, and Sr?" are possible), and some marginal emission of them would also be possible. The
ionic radii of Ce®*, Gd3*, Lu’", and Sr?" were 1.21, 1.14, ~1.04, and 1.35 A, respectively. Although
we could find the ionic radii of Ce>*, Gd**, and Sr?* from a previous work,(7? clear data of Lu3"
were not found, and we estimated the radius of Lu3* from the other rare-earth ions.’3 Ce3*
would be able to substitute these sites from results of other common Ce-doped phosphors
containing Gd3*, Lu3*, or Sr2" ions as a host. On the other hand, the slowest component of 164 ns
in the 2.0% Ce-doped sample would be affected by self-absorption, as evidenced by a huge
redshift observed in Fig. 5.

Figure 7 shows the >*' Am a-ray-irradiated PHS of the present samples. The 0.5 and 1.0% Ce-
doped ones showed a full-energy deposited peak structure at 125 and 300 ch, respectively. The
scintillation LYs of the 0.5 and 1.0% Ce-doped ones were ~230 and ~620 ph/5.5 MeV-a,
respectively. Although the 0.1% Ce-doped one showed a detectable signal, no clear peak was
observed, and the determination of LY was difficult. The PHSs of the non-doped and 2% Ce-
doped ones were close to a background level, and their scintillation LYs were very low. The
reason for the low scintillation LY of the Ce-doped apatite materials is unclear, and in terms of
conventional models,®8-6D the low PL QY and low energy migration efficiency from the host to
emission centers are responsible for the low LY. Interestingly, a very recent work has revealed
that the Tb-doped apatite shows a very high scintillation LY,©®) and the matching of the ionic
radius of the dopant with the substitution site may be important in apatite families since the ionic
radius of TH>" is quite close to that of Gd3". If this hypothesis is true, the doping of rare-earth
ions between Gd3" and Lu’" (Tb**~Yb**) will be interesting.

Afterglow profiles of the current samples are shown in Fig. 8. When we put more Ce, the
afterglow intensity decreased. The afterglow is thermally stimulated luminescence at room
temperature caused by shallow traps.(’*7%) In most cases, shallow traps are due to some types of
defect, and the reduction in afterglow intensity in proportion to the Ce concentration is consistent
with the crystalline quality, as shown in the results of crystal growth and XRD.
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Fig. 7. (Color online) 2*'Am a-ray-irradiated PHS Fig. 8. (Color online) X-ray-induced afterglow
of present samples. profiles of present samples.

4. Conclusions

Non-doped and 0.1, 0.5, 1.0, and 2.0% Ce-doped (Gdg 4Ly ¢)sSr5(S104)cO, crystals were
synthesized by the FZ method. In PL, an emission due to 5d—4f transitions of Ce>" was observed
at 380—650 nm with a decay time of 27 = 1 ns in the Ce-doped samples. In X-ray-induced
scintillation, similar spectral features were observed in Ce-doped ones, and a broad emission
band was detected in the non-doped one. When 24! Am a-rays were irradiated, the scintillation
LYs of the 0.5 and 1.0% Ce-doped samples were ~230 and ~620 ph/5.5 MeV-a, respectively.
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