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Undoped Lu,Si,0; (LPS), Y,Si,0; (YPS), and Gd,Si,0, (GPS) single crystals are prepared
by the floating-zone (FZ) method. The X-ray diffraction (XRD) patterns show the single phase
of each material without any impurity phases. The luminescence properties of the samples are
investigated under both vacuum ultraviolet (VUV) and X-ray excitation. When the samples are
excited by VUV photons, intrinsic emission bands at 350-500, 320—480, and 310 nm are
observed for LPS, YPS, and GPS, respectively. The X-ray-induced scintillation spectra have a
similar spectral shape to those under excitation by VUV photons. The X-ray induced scintillation
decay times of LPS and YPS are 48 and 13 ps, respectively. For GPS, two scintillation decay
constants of 169 us and 1 ms are observed.

1. Introduction

A scintillator is a fundamental part of the monitoring device for ionizing radiation in many
industrial and scientific fields including security,) well logging,®) medical diagnostics,3:*)
environmental monitoring,®) and high-energy physics.®) Simultaneously, the development of
new high-performance scintillator materials is crucial for the advancement of radiation
monitoring devices. Plastic,(”) transparent ceramic,® glass,® crystal,(!%1D and organic—inorganic
compounds!?) can be used as scintillators. Typical scintillation materials consist of a host and an
emission center (dopant). The former has the function of absorbing the energy from the ionizing
radiation, and the latter can convert the absorbed energy to low-energy photons with energy of
1-6 V.13 Recently, the combination of rare-earth ions as emission centers and a heavy rare-
earth-based host has been considered preferable for scintillators, and a bulk single-crystal form
including rare-earth ions in both the emission centers and the host sometimes shows ideal
scintillation properties such as high scintillation light yield, fast decay time, good energy

resolution, excellent radiation hardness, and high density.(!¥
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In 2003, Pidol et al. introduced Ce-doped Lu,Si,O; (LPS) with a fast decay time of 38 ns and
high light yield of 26300 ph/MeV.(®) Since then, the pyrosilicate materials have become among
the most attractive host materials for studying novel scintillators, with Nd-, Tm-, and Ce-doped
LPS being typical materials.(!-1®) In addition to these lanthanide emission centers, Pr>* ions
have also been doped to pyrosilicate hosts with the expectation of a faster scintillation decay
time than that of Ce-doped hosts due to the Pr3* 5d—4f transition.!”) However, the scintillation
spectrum of Pr-doped LPS is not yet fully understood owing to the many crystal structures
depending on the chemical composition of the pyrosilicate crystals.2? Moreover, this
complication has also appeared in other pyrosilicate materials such as Y,Si,O; (YPS) and
Gd,Si,0; (GPS) when doped with Pr.?122 To clarify the emission origins of pyrosilicate
scintillators, the study of undoped pyrosilicate crystals is necessary. On the basis of the above
background, we investigate in this study the photoluminescence (PL) and scintillation properties
of undoped LPS, YPS, and GPS for a deeper understanding of these pyrosilicate materials.

2. Materials and Methods

LPS, YPS, and GPS single crystals are prepared as follows. First, appropriate amounts of
high-purity powders of SiO, (99.99%), Lu,05; (99.99%) for LPS, Y,05; (99.99%) for YPS, and
Gd, 05 (99.99%) for GPS are measured, mixed, and put in a flexible mold. Hydrostatic pressure
is applied to each compound for rod shaping, and these rods are sintered at 1200 °C for 8 h. After
obtaining the ceramic rods, a crystal is grown by using a quad xenon arc lamp floating zone
(FZ) furnace (Crystal Systems Corporation, FZ-T-12000-X-VPO-PC-YH) with a pull-down rate
of 10 mm/h.?> When the crystal growth is finished, single crystals of LPS, YPS, and GPS are
cut and polished to 1 mm thickness. The fractions of each sample obtained from the remaining
crystalline rods are ground to fine powders for powder X-ray diffraction (XRD) analysis using
an X-ray diffractometer (Rigaku, MiniFlex600) in the 26 range of 10—40°. The X-ray source is a
conventional X-ray tube operated at 15 mA and 40 kV with a Cu Ka target.

The PL excitation and emission spectra are measured at room temperature under synchrotron
radiation at the UVSOR synchrotron facility (BL-7B), Institute for Molecular Science, National
Institutes of Natural Sciences in Aichi, Japan.?*2% The excitation wavelength is in the vacuum
ultraviolet (VUV) region from 50 to 200 nm. The 200-300 nm excitation spectra are measured
using a spectrofluorometer (JASCO, FP-8600) with a 440 nm bandpass filter for the LPS and
YPS samples and a 325 nm shortpass filter for the GPS sample. The X-ray-induced scintillation
properties are observed from the scintillation spectra and decay curves obtained with our
original setups.?%27) In the scintillation decay time measurement, the X-ray tube is operated at a
voltage of 40 kV and the detection wavelength is 160—650 nm.

3. Results and Discussion
3.1 Sample conditions

The sizes of the as-grown single-crystal rods are 4 mm ¢ x 19 mm, 4 mm ¢ x 12 mm, and
5 mm ¢ x 21 mm for the LPS, YPS, and GPS, respectively. Figure 1 shows photographs of the
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Fig. 1. (a) As-grown LPS, YPS, and GPS single crystals and (b) cut and polished samples.

as-grown (a) and cut and polished samples (b) used for characterization. Cracks can be found
throughout the entire rods. All of the cut and polished samples are colorless, transparent, and
crack-free.

Figure 2 presents the XRD patterns of the powdered LPS, YPS, and GPS samples. The XRD
peak positions of the LPS, YPS, and GPS samples are matched with the COD 8100597
(monoclinic LPS), JCPDS 82-0732 (orthorhombic YPS), and COD 9011106 (monoclinic GPS)
references, respectively. Furthermore, no impurity phases in the Lu,05;—-Si0,, Y,03;—SiO,, and
Gd,05-Si0, phase diagrams are detected within the detection limit of our instrument.(>8-30)

3.2 PL properties

Figure 3 presents the VUV-excited PL excitation and emission spectra of LPS, YPS, and
GPS. The excitation spectra of LPS have two peaks at 174 and 200 nm. In the YPS sample, two
excitation bands appear at 150—176 and 194 nm. The emission spectra of LPS and YPS exhibit
broad emission at around 350-500 and 320—480 nm corresponding to the two excitation bands,
respectively. A similar result occurred in another study on the PL emission of undoped LPS at
10 K, and the emission origin was assigned to be a self-trapped exciton (STE) but without a
detailed explanation.(!”) Although no detailed information was given, this emission would not
have been detected at room temperature in past work since only data at very low temperatures
have been presented.!”) From the previous data and our data, the Stokes shift is very large,
although differences of a few nm due to differences of the sample and detector can be seen. The
spectral shapes of LPS, YPS, and GPS are similar, which means that the main origin of the
emission will be the same. Judging from the large temperature dependence (possibly huge
thermal quenching at room temperature) and large Stokes shift, this broad emission originates
from STE luminescence. The excitation spectra of the GPS sample monitored at 350 nm have
two excitation peaks at around 174 and 194 nm with low intensity. The GPS sample has a narrow
emission peak at 310 nm, in addition to the same broad emission band as LPS and YPS at 320—
420 nm. This narrow emission at 310 nm originates from the Gd3" 4f-4f transition. The GPS
sample also has other emissions at 590 and 610 nm. From the spectral shape, these emissions are
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Fig. 2. (Color online) XRD patterns of LPS, YPS, Fig.3. (Color online) VUV-excited PL excitation

and GPS samples with references. and emission spectra of LPS, YPS, and GPS samples.

possibly caused by the Eu®* 4f-4f transition due to the unexpected contamination of Eu>" ions.
(11.3D) None of the samples show any excitation bands in the 200-300 nm range, as revealed using
a common commercial spectrofluorometer, and normalized data are presented as straight
horizontal lines in Fig. 3. Unfortunately, the VU V-excited PL decay time cannot be analyzed by
the UVSOR (BL-7B) due to the limitation of the 80 ns time range. The VU V-excited PL decay
time is very long upon 174-176 nm excitation, as revealed by monitoring at 350 nm, which is
consistent with the scintillation decay described later.

3.3 Scintillation properties

The X-ray-induced scintillation spectrum of the LPS sample is presented in Fig. 4, which is
superposed with that of 1% Pr-doped LPS from our previous study for comparison.?? The
undoped LPS sample exhibits a broad emission band at 350—450 nm, which comes from the
STE, similar to the VUV-excited PL emission spectrum (Fig. 3). When comparing this spectrum
with the Pr-doped LPS, the emission at 350—450 nm appears for both undoped and Pr-doped
LPS. Various origins have been proposed for the 350—450 nm emission, such as the impurity
emission from contaminated Ce3*3% and emission from Pr3" in different host crystal structures.(?)
From the current investigation, we conclude that the emission around 400 nm in the Pr-doped
LPS is likely to be the LPS host emission, possibly the STE. Quenching of the host emission
such as the STE by the introduction of some dopant ions also supports our interpretation. The
same interpretation also applies for Pr-doped YPS, as shown in Fig. 5.

A similar scintillation characteristic at this wavelength also appears in the Pr-doped GPS.
Figure 6 compares the scintillation spectra of the undoped GPS and Pr-doped GPS from one of
our previous studies.?? The same emission peak appears at 310 nm for both samples, which
means that the introduction of Pr>* cannot suppress the emission from the Gd>" 4f-4f transition.
Very weak emissions accompanied with the emission line due to Gd*" at 310 nm are induced
from the Pr3" 5d—4f transition, and the broad emission at around 350 nm is from the STE in both
undoped and Pr-doped GPS.
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Fig. 4. (Color online) X-ray-induced scintillation Fig. 5. (Color online) X-ray-induced scintillation
spectra of LPS sample and Pr-doped LPS. spectra of YPS sample and Pr-doped YPS.
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Fig. 6. (Color online) X-ray-induced scintillation Fig. 7. (Color online) X-ray-induced scintillation
spectra of GPS sample and Pr-doped GPS. decay time profiles of undoped LPS, YPS, and GPS
samples.

Figure 7 presents the X-ray-induced scintillation decay time profiles of the LPS, YPS, and
GPS samples. For the LPS and YPS samples, the decay time profiles are approximated with a
single exponential function, and the decay constants are 48 and 13 ps for LPS and YPS,
respectively. For GPS, the decay time profile consists of the sum of two exponential functions
with first and second decay constants of 169 ps and 1 ms, respectively. The faster decay is
caused by the STE and the slower one is due to the 4f—4f transition of Gd**. The slow scintillation
decays of these undoped pyrosilicates are consistent with the VUV-excited PL decay, which
cannot be measured within an 80 ns time range.
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4. Conclusions

Undoped LPS, YPS, and GPS single crystals are successfully synthesized by a quad xenon
arc lamp FZ furnace. The XRD pattern of each sample reveals a single phase of LPS, YPS, and
GPS without any impurity phases. The VUV-excited PL emission spectra exhibit emission at
350-500, 320—480, and 310 nm for LPS, YPS, and GPS, respectively. Under X-ray irradiation,
LPS and YPS exhibit emission at 350-450 and 360—500 nm, respectively, while GPS exhibits a
strong and narrow emission line at 310 nm. The X-ray-induced scintillation decay times of LPS
and YPS are 48 and 13 ps, respectively. For GPS, two scintillation decay constants of 169 ps and
1 ms are observed. Taking into account all the past works including those by our group, we
conclude that the broad emission at 300—500 nm in undoped and doped LPS, YPS, and GPS is
caused by the host emission, possibly STE.
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