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Lanthanum and lutetium pyrosilicate (La,Si,05 and Lu,Si,0-, respectively) single crystals
with a Tm doping concentration of 2.0% were successfully synthesized by the floating-zone
method. X-ray diffraction patterns showed a single phase in each compound without the
impurity phase. Both their photoluminescence (PL) and scintillation properties were
systematically determined in this study, including PL emission, PL decay time, X-ray-induced
scintillation spectra, X-ray-induced scintillation decay time, afterglow level, and pulse height
spectra. The emission from Tm3" 4f-4f transition was observed on both samples as shown by PL
emission as well as X-ray-induced scintillation spectra. Under '¥’Cs 662 keV y-ray irradiation,
their scintillation light yields were 2340 ph/MeV for Tm-doped Lu,Si,0; and 1440 ph/MeV for
Tm-doped La,Si,04.

1. Introduction

At present, ionizing radiation is utilized in many aspects of our life. Improvements of the
tools for ionizing radiation detection are necessary in both scientific and industrial sectors. A
scintillator is a subcategory in luminescence materials that have the unique ability to convert
ionizing radiations such as y-ray, a-ray, and X-ray into low-energy photons such as UV, visible,
or near-infrared light. With the combination of the scintillator and a suitable photodetector called
the scintillation detector, ionizing radiation is detected. With this ability, the scintillation
detector has been implemented for various professional purposes, including astrophysics,(!
medicine,® natural resource exploration,® homeland security,” and many more fields. For
several decades until now, solid-state scintillators in various forms of materials, including
plastics,®) glasses,©~10) single crystals,(11"19) transparent ceramics,(!720) and composite
materials, have been developed.?1:22 Among all the possible materials, single crystals are one of
the promising choices because the single-crystal scintillator has many advantages, including
high chemical stability, transparency, and high scintillation light yield. An obvious disadvantage
is the typically higher cost to produce single crystals. In the early 2000s, the pyrosilicate single
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crystal with the lanthanide ion luminescence center for novel scintillators became an interesting
research topic with the introduction of Ce-doped Lu,Si,O, (LPS) with the fast decay time of
38 ns and the impressive scintillation light yield of 26300 ph/MeV.3 Our group also extensively
studied the scintillation properties of pyrosilicate materials, including LPS, Y,Si,0 (YPS), and
Gd,Si,0; (GPS), to investigate these compounds in more detail (242>

Recently, a number of studies on Ce-doped La,Si,O; (LaPS) have shown interesting results
on this newly investigated material in the pyrosilicate group, such as a low afterglow level of
around 30-56 ppm and a respective light yield of 5400 ph/MeV.2%-27) Given these previous
studies on LaPS, a comparative study between LaPS and other conventional pyrosilicate
materials, especially LPS, is considered necessary. In addition, we studied the Tm doping
concentration dependence of LPS®® and selected the best concentration (2.0%) for the
comparative study in this project. In this study, we aim to investigate the photoluminescence
(PL) and scintillation properties of 2.0% Tm-doped LaPS and LPS, including PL emission, PL
decay time, scintillation spectra, and scintillation decay time, and their detector perspective
properties such as scintillation light yield as well as afterglow level.

2. Materials and Methods

The Tm-doped LaPS and LPS single crystals were prepared in the following order. First,
high-purity raw material powders, including SiO, (99.99%), La,05; (99.99%), Lu,05 (99.99%),
and Tm,05 (99.99%), were weighed and mixed in an agate mortar and put in a flexible mold. The
Tm concentration was 2.0 mol% with respect to La and Lu for LaPS and LPS, respectively.
Hydrostatic pressure was applied to each mixed powder for rod shaping, and LaPS and LPS rods
were sintered at 1400 °C for 10 h and 1250 °C for 8 h, respectively. The obtained ceramic rods
were crystallized using a dual-halogen-type desktop floating zone furnace (Canon Machinery
FZD0192) with a pulling down rate of 5 mm/h. The single-crystal rods were cut and polished on
both surfaces for further optical evaluation. Some of the residual pieces of the crystal from the
cutting process were ground using the agate mortar to a fine powder for X-ray diffraction (XRD)
analysis with an X-ray diffractometer (Rigaku MiniFlex600).

The PL emission maps were measured using Quantaurus-QY (Hamamatsu Photonics
C11347-01). The emission maps were observed in the excitation wavelength range of 300—380
nm and in the emission wavelength range of 400-900 nm. The PL quantum yield (QY) was
calculated as QY = N,/N,, where N, is the number of photons emitted as photoluminescence from
the sample and N, is the number of photons absorbed by the sample. The PL decay time profiles
were measured using Quantaurus-t (Hamamatsu Photonics C11367). The wavelength range of
the excitation light was controlled using a 340-360 nm bandpass filter (Asahi spectra BP340-
360) and a 470 nm long-pass filter (Asahi spectra SCF470) for the emission light.

For the scintillation properties, X-ray-induced scintillation spectroscopy, X-ray-induced
scintillation decay time analysis, and afterglow analysis were carried out using our original
instrument setups.?>3% The observation wavelengths of scintillation decay time and afterglow
were in the UV—visible range (160—650 nm). In addition, the afterglow level at 20 ms after X-ray
irradiation (A4f) was calculated as Af5) =(1r0~Ipg)/Lyay, Where I is the signal intensity at 20 ms
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after X-ray irradiation, /p, is the signal intensity before X-ray irradiation (background), and 7,
is the signal intensity during X-ray irradiation.

ax

For the y-ray-induced properties, the pulse height measurement was carried out using our
original setup.GD In this measurement, a photomultiplier (PMT) (Hamamatsu R7600-200) was
used as a photodetector, the shaping time of a shaping amplifier (ORTEC 572) was adjusted to 10
us, and 137Cs was selected as the 662 keV y-ray source. In the pulse-height analysis, the light
yield under 662 keV y-ray irradiation was calculated using a Ce-doped Gd,SiO5 (GSO) sample
as reference with an absolute scintillation light yield of 7000 ph/MeV.

3. Results and Discussion

3.1 Sample condition

Figure 1(A) shows photographs of the Tm-doped LaPS and LPS single crystals synthesized
by the floating-zone method with notable cracks throughout the crystal rods. The sizes of the as-
grown single crystal rods were 4 mm ¢ % 22 mm for the Tm-doped LaPS sample and 4 mm ¢ x
15 mm for the Tm-doped LPS sample. On the other hand, Fig. 1(B) shows photographs of the cut
and polished samples of Tm-doped LaPS and LPS single crystals. Results of the crystal growth
experiments revealed that the LPS crystal is easier to grow than the LaPS crystal because the
ionic radius of Tm3* (87 pm) is more similar to that of Lu* (86 pm) than to that of La3* (106 pm).
A fraction of each crystal was ground for the powder XRD analysis, and Fig. 2 shows the XRD
patterns of the Tm-doped LaPS and LPS samples, including the reference XRD patterns of
La,Si,0; (JCPDS 82-0729) and Lu,Si,O,; (COD 8100597). In the comparison between the
samples and the references, impurity phases such as La,SiOs from the La,0;—SiO, binary
system as well as Lu,SiO5 or LuySizO, from the phase diagram of the Lu,0;—SiO, binary
system cannot be found in the XRD patterns of the Tm-doped LaPS and LPS samples.32-33)
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Fig. 1. (Color online) Photographs of (A) Tm-doped Fig. 2. (Color online) XRD patterns of Tm-doped

LaPS and LPS single crystals as-grown and (B) after
cutting and polishing.

LaPS and LPS samples.
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3.2 Photoluminescence properties

Figure 3 shows the PL emission contour graphs of the Tm-doped LaPS and LPS samples. The
PL emission maps of these samples were similar at around 450 nm emission. The emission band
at 450 nm originated from the 4f-4f transition of Tm>*,34 which was observed in both samples.
However, the Tm-doped LaPS sample did not show any emission such as host emission, but low-
concentration Tm-doped LPS samples showed host emission at around 800—900 nm in our
previous study.?® In addition, the Tm-doped LaPS sample showed PL QY at 5.0%. Similarly, the
Tm-doped LPS sample also showed PL QY at 4.9%. In addition, the obtained PL QY values of
these two samples were lower than those of the same host materials with other lanthanide
dopants, such as Ce-doped LaPS (27.8%)?% and Pr-doped LPS (22.6%).>)

The PL decay time profiles of the Tm-doped LaPS and LPS samples are presented in Fig. 4.
Excitation and observation wavelengths were selected by focusing on the Tm3* 4f-4f emission
from the previous result on PL emission. The PL decay time profiles of both samples were fitted
with two exponential functions. The first decay time constant (z;) values were 1.0 and 2.0 pus for
the Tm-doped LPS and LaPS samples, respectively. This decay component originated from the
instrumental response function as shown by the green line in the figure.

The second decay time constant (z,) values were 81.6 and 118.6 ps for the Tm-doped LPS and
LaPS samples, respectively. These decay time constants originated from the 4f—4f transition of
Tm3* and are similar to those of the Tm-doped SrWO, sample studied by Jia et al®> In
addition, the 7, of the 2.0% Tm-doped LaPS sample is very similar to that of our 1.0% Tm-doped
LPS sample from the last study at 113.4 pus.

3.3 Scintillation properties

Figure 5 shows X-ray-induced scintillation spectra of the Tm-doped LaPS and LPS samples
with the undoped LaPS and LPS. In addition, the intensities shown in this figure only represent
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Fig. 3.  (Color online) PL emission contour graphs of Fig. 4. (Color online) PL decay time profiles of Tm-

Tm-doped LaPS and LPS samples. doped LaPS and LPS samples.
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the qualitative values, and the comparison with the scintillation light yield is discussed on the
basis of the pulse-height spectra. Both samples have the same spectral shapes with different
intensities of each emission peak. Both samples exhibited two high-intensity emission peaks at
360 nm from the 'D, — 3H, transition and 460 nm from the 'G, — 3Hj transition.(®) In the 360
nm scintillation, both sample spectra at around 360 nm shifted minimally owing to the influence
from the self-trapped exciton (STE) in the similar wavelength region, as indicated in the spectra
of undoped LaPS and LPS.?% In addition to those peaks, both samples exhibited a low-intensity
emission at 290 nm from the 'I; — 3H transition of Tm3*.37)

Figure 6 shows the X-ray-induced scintillation decay time profiles of the Tm-doped LaPS and
LPS samples. The scintillation decay time profiles of both samples were fitted by three
exponential functions, and the decay constants are presented in the figure. The t; values of 4.7 ps
for the Tm-doped LPS and 3.3 ps for the Tm-doped LaPS originated from the 290 nm
scintillation (I — 3H, transition), which appeared previously on the X-ray-induced scintillation
spectra. The 7, values of 20.3 ps for the Tm-doped LPS sample and 17.4 ps for the Tm-doped
LaPS sample originated from the 360 nm scintillation ('D, — 3H, transition). In addition, the
first two components of both the Tm-doped LaPS and LPS samples are in a range similar to the
Tm3* 4f-4f decay time constant found in Tm-doped Y3Al;0;, (YAG) and Tm-doped Lu;Al50;,
(LuAG).®® Finally, the 75 values of 74.4 us for the Tm-doped LPS sample and 115.5 ps for the
Tm-doped LaPS sample originated from the 460 nm scintillation ('\G, — 3Hg transition). These
slow components are similar to the calculated decay time constant of the Tm3* G, — 3H,
transition in Tm-doped KLa(WO,), (KLWO).39

Figure 7 shows the afterglow timing profiles of the Tm-doped LaPS and LPS samples. Before
the afterglow measurement, both samples were annealed at 350 °C for 10 min. Despite the
annealing, the Tm-doped LaPS sample still showed a higher background scintillation intensity
than the Tm-LPS counterpart. 4>, results were 61 and 332 ppm for the Tm-doped LPS and Tm-

[T ) T Y T ! ! | 104 N T T T T
2 % Tm:LaPS - b NN 2% Tm:LPS Fitting
- —EJB/(:?;:}LL;SPS = 1 910 - \rl =47 us 1,=20.3 us 13 =74.4 ps |1
=L Undoped LPS TN ] g 10%F \*«\ i
5 © e My
© — 1 u""“uh‘,“
£ G Slor i
E_ T — ‘§104_ S E— L “ﬂ]]l'l.l’[u—,_
z [=] & \ 2% Tm:LaPS Fitting
8 o f‘a’lOS—\ 1,=33 us 1, =174 pus t13=115.5 psl|
g Ll \\
= = 10°F
- 7o 10t
200 300 400 500 600 ' l ' T ' 1
Time (ps)
Fig. 5. (Color online) X-ray-induced scintillation Fig. 6. (Color online) X-ray-induced scintillation
spectra of Tm-doped LaPS and LPS samples with decay time profiles of Tm-doped LaPS and LPS

undoped LaPS and LPS. samples.
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Fig. 7. (Color online) Afterglow timing profiles of Fig. 8. (Color online) 3Cs vy-ray-irradiated pulse-
Tm-doped LaPS and LPS samples. height spectra of Tm-doped LaPS and LPS samples

with Ce-doped GSO reference.

doped LaPS samples, respectively. When compared with the commercially available scintillator,
the Tm-doped LPS sample has lower afterglow levels than the conventional inorganic
scintillators such as Bi,Ge;0;, (BGO) at 150 ppm©? and CdWO, (CWO) at 100 ppm.“#?) On the
other hand, the Tm-doped LaPS sample has a slightly higher afterglow level than similar
scintillators.

137Cs y-ray-irradiated (662 keV) pulse-height spectra of the Tm-doped LaPS and LPS samples
with the Ce-doped GSO reference are shown in Fig. 8. The Ce-doped GSO reference in this
figure has a scintillation light yield of 7000 ph/MeV. The scintillation light yield in this
measurement was calculated by considering the PMT efficiency in each scintillation wavelength
with the £10% error from the optical attachment and Gaussian fitting. Results showed that 2.0%
Tm-doped LPS has a higher scintillation light yield than LaPS at 2340 and 1440 ph/MeV. In
addition, when considering the second and third scintillation decay time components of both
samples, the maximum shaping time for this measurement setup at 10 ps cannot accommodate
all the scintillations of both the Tm-doped LaPS and LPS samples. Therefore, the scintillation
light yield in this measurement is underestimated. The pulse-height setup with the longer
shaping time (100 ps) can be used to measure the actual scintillation light yields of these two
compounds.

4. Conclusions

2.0% Tm-doped LaPS and LPS single crystals were successfully synthesized using a dual-
halogen-type desktop floating zone furnace. XRD patterns indicated a single phase for both the
LPS and LaPS samples without an impurity phase. Both samples showed similar PL emissions at
450 nm from the Tm3" 4f-4f transition with similar PL QY values at around 5.0%. PL decay
times were 81.6 and 118.6 ps for the Tm-doped LPS and LaPS samples, respectively. X-ray-
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induced scintillation spectra showed three emission peaks from the different ground states of the
Tm3" 4f-4f transition. The afterglow levels at 20 ms after X-ray irradiation were 61 ppm for the
Tm-doped LPS sample and 332 ppm for the Tm-doped LaPS sample. In pulse height spectra, the
2.0% Tm-doped LPS sample showed a higher scintillation light yield than the LaPS counterpart
at 2340 and 1440 ph/MeV. Finally, with the same 2.0% Tm doping, the Tm-doped LPS sample
showed more compelling scintillation properties for the scintillation detector scenario than the
Tm-doped LaPS sample, including a lower afterglow level and a higher scintillation light yield
under 662 keV y-ray irradiation.
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