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Nd-doped GdAlO3 single crystals were synthesized by the floating-zone method to evaluate their scintillation properties,
particularly in the near-infrared (NIR) range. Under X-ray irradiation, scintillation due to the 4F3/2→

4I11/2 transition of Nd3+

was observed at 1064 nm. By changing the irradiation dose from 1 mGy-10Gy, we evaluated the relation between the
scintillation intensity and the X-ray dose, and some samples showed good linearity. The scintillation decay time ranged 66-241
μs due to Nd3+.
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Introduction

Scintillators are a kind of phosphor materials which
have a function to convert the ionizing radiation (e.g. γ-
rays, α-rays) to thousands of low-energy photons such
as ultraviolet and visible light [1, 2]. They are used in
various different fields; for examples, medical imaging
[3], security [4], environmental monitoring [5] and
high-energy physics [6]. The scintillation properties are
affected by materials forms such as inorganic/organic
solid, liquid and gas. Among them, inorganic solid-
state scintillators are easily handled so radiation
detectors with inorganic scintillators are the most
common among all the types of detectors. The basic
requirements for the scintillator are a high light
yields, a fast decay, a high density, a large effective
atomic number, a chemical stability, and a radiation
hardness [2, 7]. In reality, there is no perfect scintillator
which fulfills all the properties required for all the
applications. Therefore, we select suitable scintillators
for their purposes.

Generally, scintillators are used with photomultiplier
tube (PMT). The scintillator can convert the ionizing
radiation to thousands of low-energy photons, and these
photons are converted to electrons by PMT via the
photoelectric conversion. Because the spectral sensitivity

range of PMTs is generally 250-600 nm, conventional
scintillators emitting ultraviolet (UV) or visible (VIS) light
have been developed. On the other hand, semiconductor
type photodetectors such as a photodiode are developed
and near-infrared (NIR) photons become detectable.
Therefore scintillators emitting NIR photons are being

studied in recent years. Scintillators emitting NIR
photons have attracted much attention because NIR
photons have unique characteristics such as a high
penetration power without a fatal damage to a human
body [8-12]. Since an optical window is from 700–
1200 nm in the human body, the scintillator materials
emitting NIR photons can be applied for radiation-
based bio imaging applications [13, 14]. For example,
in radiation therapy, a real time monitoring of irradiation
dose at affected parts will be possible by bio imaging
based techniques. In such application, if a very small
size of NIR emitting scintillator is embedded in the
affected part of the human body, NIR scintillation can
be detected outside the body during the irradiation.

In addition, in high-dose environments (e.g., nuclear
reactor), such NIR emitting scintillators are expected to
be an effective tool for monitoring dose. High-dose
environments generates Cherenkov radiation from
detectors such as an optical fiber in the UV~blue range.
The wavelength of Cherenkov photons overlap with the
scintillation signal if the scintillation emission wavelength
is in the UV-blue, and they cause incorrectness radiation
measurements. In this case, scintillators emitting NIR
photons are advantageous so that scintillation signal is
easily distinguished from the Cherenkov noise. Moreover,
scintillation detector which monitors high radiation

dose are used combined scintillator and optical fiber in
general. The optical transmittance of UV-VIS wavelength
is degraded by high dose [15], which weakens signals
detected by photodetectors. On the other hand,
degradation of transmittance in the NIR range is much
smaller, so NIR-emitting scintillators are suitability in
such a high-dose environment.

However, in spite of such usefulness as above, there have
been only a few reports on NIR-emitting scintillators, and
there remains much room for studying on this topic.
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One reason is that the detection of NIR scintillation is
technically difficult when the conventional Si-based
photodetectors are used. The conventional Si-based
photodetectors are sensitive to light of wavelengths
shorter than 800 nm, so in previous studies, only
emissions up to 800 nm could be characterized [16,
17]. Recently, we have dramatically expanded the
spectral range of measurement by using an InGaAs-
based detector, and we have been studying NIR-emitting
scintillators for bio-imaging and the high-dose monitoring
applications. Up to now, NIR scintillations (600-1650
nm) in sesquioxides (Yb3+ added Lu2O3), fluorides
(Nd3+ doped YLiF4), and oxide garnets (emission
center is Nd3+) have been reported [18-22].

In order to expand the research on scintillators
emitting NIR photons, in this study, we synthesized
Nd-doped GdAlO3 single crystals by floating-zone
(FZ) method and then evaluated the photoluminescence
(PL), and scintillation properties. Since rare earth
doped GdAlO3:R (R=Ce, Eu, Tb, Dy, Er, and Yb)
exhibit high density, chemical and thermal stability, and
unique electronic and spectroscopic properties, their
photoluminescence and scintillation properties have
been already studied [23-26]. However, Scintillation
properties of Nd-doped GdAlO3 have not been studied
yet. 

Experiment

Nd-doped GdAlO3 (Nd = 0.1, 0.3, 1.0, 3.0, 10 mol%)
samples were synthesized by the FZ method. Nd was
added with respect to gadolinium. The raw material
powders were Gd2O3 (4N), Al2O3 (4N), and Nd2O3

(4N), and they were mixed to the compositions as

above. After mixing, powders were formed to a
cylindrical rod by applying hydrostatic pressure. Then,
the cylinders of all the compositions were sintered at
1100 °C for 8 hours in air to obtain ceramic rods.
Finally, we conducted the crystal growth by melting the
ceramic rod via the FZ method in air. The FZ furnace
used here was Canon Machinery FZD0192. During the
crystal growth, the rotation rate was about 20 rpm, and
the pull-down rate was about 4 mm/h. 

To evaluate the obtained crystalline phase, the X-ray
diffraction (XRD) patterns were measured by a
diffractometer (MiniFlex600, Rigaku) over a 2θ range
of 10-90 degrees. A Cu (Kα) X-ray tube was used as
the X-ray source, and the tube voltage and current were
40 kV and 15 mA, respectively.

The PL excitation/emission contour spectrum (or PL
map) and PL quantum yield (QY) were measured using
Quantaurus-QY (C11347, Hamamatsu). The excitation
and emission wavelength ranges for the PL map were
250-800 and 300-950 nm, respectively. PL decay time
profiles were evaluated using Quantaurus-τ (C11367,
Hamamatsu), and the excitation and monitoring
wavelengths were selected on the basis of the obtained

PL contour map.
The scintillation spectra were evaluated at room

temperature under X-ray irradiation in our original set
up [27]. The excitation source was an X-ray generator
(XRB80N100, Spellman) equipped with a conventional
X-ray tube, supplied with 60 kV bias voltage and 1.0
mA tube current. The emission spectra were measured
using two different spectrometers to cover a wide
spectral range from UV to NIR: Andor Newton 920 for
180-700 nm and Andor iDUS for 650-1650 nm. The
CCDs of the Andor spectrometers were cooled to 188K
using a Peltier device to reduce the thermal noise. In
order to avoid the CCD exposed to X-rays directly, the
spectrometer was placed off the irradiation axis, and
the scintillation light was guided into the spectrometer
through a 2 m optical fiber. Moreover, we measured the
relation between the scintillation intensity and X-ray
exposure doses in NIR wavelength from 1mGy-10Gy
by controlling the tube current and the irradiation
distance in order to evaluate the detector property. The
scintillation decay time profiles by X-ray irradiation
were evaluated by using an afterglow characterization
system equipped with a pulse X-ray tube [28]. The
system is commercially available from Hamamtsu
Photonics as a custom-ordered instrument. The applied
voltage to the pulse X-ray source was 30 kV, and the
system offers the timing resolution of ~1 ns.

Result and Discussion

Sample appearance
As-synthesized rods were typically 4 mm in diameter

and 15-20 mm in length. These rods were cut in to
pieces for characterization. Fig. 1 shows the samples

used for the characterization. All the samples look
transparent with some cracks. In addition the color of
samples looked purple as the concentration of Nd
increases. This fact demonstrates that the actual Nd
concentration of synthesized single crystals was

Fig. 1. Photograph of GdAlO3 sample doped with different
concentrations of Nd.
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proportional to nominal concentration, although the
segregation would occur.

Fig. 2 shows the powder XRD patterns of prepared
samples. All the diffraction patterns corresponded well
with the standard crystallographic data (JCPDS nos.
2014561). The all the samples seems to have a
perovskite single-crystal phase.

Photoluminescence properties
Fig. 3 shows the PL excitation and emission contour

map of 0.1 % Nd-doped GdAlO3 as a representative
example. It shows a strong emission around 900 nm
owing to the 4f-4f transitions of Nd3+ [29]. Here, we
integrated the signal intensity from 800 to 950 nm for
all samples and calculated QY values, as shown in Fig.

4. As a result, QY values of Nd 0.1, 0.3, 1.0, 3.0, and
10.0 % samples were 31.6, 30.7, 19.3, 4.3, and 0.3 %,
respectively. Among all the samples, the 0.1 % Nd-
doped sample showed the highest QY value, and QY
monotonically decreased with the Nd concentration.
Furthermore, it can be seen from Fig. 4 that the QY
rapidly decreases from the 1.0 % Nd-doped sample.

We consider the concentration quenching arises around
1.0 % Nd concentration. The well-known intense
emission of Nd3+ at 1064 nm is not included because
our apparatus cannot measure photons of wavelength
longer than 960 nm.

PL decay curves of all samples are illustrated in Fig.
5. Here, the monitoring wavelength was around 900
nm while the excitation wavelength was 575-625 nm.
The excitation wavelengths were selected for the PL
emission map. The decay curves of all the samples
could be approximated by a single exponential decay
functions. The obtained decay time constants were 12-
207 μs. For the 0.1-3.0 % Nd-doped samples, the PL
decay times are typical values of emission from 4f-4f
transitions of Nd3+ and agreed with the values

reported in past studies [29-31]. On the other hand,
10 % Nd-doped samples have very short decay time.
This finding supports the idea that these samples
suffered from concentration quenching. Moreover, the
decay times of the 1.0 and 3.0 % Nd-doped sample
were shorter than those of 0.1 and 0.3 % Nd-doped

Fig. 5. PL decay curves of GdAlO3 doped with different
concentrations of Nd. The monitoring wavelength was around 900
nm.

Fig. 2. Powder XRD patterns of GdAlO3 doped with different
concentrations of Nd.

Fig. 3. PL contour map of 0.1 % Nd-doped GdAlO3. The
horizontal and vertical axes show emission and excitation
wavelength, respectively.

Fig. 4. QY plot of GdAlO3 doped as a function of Nd
concentrations. The horizontal and vertical axes show Nd
concentrations and QY, respectively.
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samples. This tendency coincides with the result of
QY.

Scintillation properties
Fig. 6 represents X-ray-induced scintillation spectra

measured in the (a) UV-VIS and (b) NIR ranges. For
the all samples, the various kinds of peaks were observed
in the UV-VIS range, which were not observed in PL.
Strong peaks can be identified as the electronic
transitions of Nd3+ as: 2F5/2→

4F5/2 (400 nm), 2F5/2→
4F9/

2 (450 nm). The emission peaks were consistent with
typical spectrum due to the Nd3+ electronic transitions
[18, 21, 32, 33]. The intensity of emission peak around
600 and 700 nm is decreased as Nd concentration
decrease, and this phenomenon is different from the
tendency around 400 and 450 nm. Therefore, we
assume the origin of this emission around 600~700 is

other than Nd3+. We consider the emission peak around
600 nm is due to Gd3+ 6G7/2→

6P7/2 [34] transition since
Gd3+ is included as a host material, and the emission
peak around 700 nm is due to a little contamination of
Cr3+ 2Eg→

4A2g [35] transition because to obtain Cr-free
Al2O3 raw materials is difficult. In the NIR range, all
the samples showed emissions due to the electronic

transition of Nd3+ 4F3/2→
4I9/2 (910 nm), 4F3/2→

4I11/2
(1064 nm), and 4F3/2→

4I13/2 (1320 nm). The emission
of 1064 nm is well known for laser applications [36],
and the emission of 0.1-3.0% Nd-doped samples were
high. The emission of the 10% Nd-doped sample was
very weak, which was consistent with the results of
PL.

As a detector property, the relationship between the
scintillation intensity and X-ray exposure dose from 1
mGy to 10 Gy in NIR wavelength are shown in Fig. 7.
All samples showed approximately liner proportional
relations. In addition, 0.1-3.0 Nd-doped samples indicated
a high sensitivity with a dynamic range of at least 1
mGy to 10 Gy. This result exceeds the past studies both
of lower and upper detection limits [21]. However,
when considering practical application, the more
improvement is necessary. For example, as one way to

improve the emission intensity, the co-doping of Nd
and Cr would be effective. Some previous reports
indicated that the energy transfer was caused from Cr3+

to Nd3+, and it gave enhancement to the NIR emission
[37, 38].

Fig. 6. X-ray-induced scintillation spectra of GdAlO3 doped with different concentrations of Nd in the (a) UV-VIS and (b) NIR ranges.

Fig. 7. The relation between the scintillation intensity and X-ray
exposure dose from 1 mGy to 10 Gy in NIR wavelength of
GaAlO3 doped with concentration of Nd.

Fig. 8. X-ray-induced scintillation decay time profiles of GdAlO3

doped with different concentrations of Nd. The monitoring
wavelength was 400-900 nm.
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Fig. 8 shows X-ray-induced scintillation decay time
profiles of Nd-doped GdAlO3. The decay curves of the
0.1-3.0% Nd-doped samples were approximated as a
sum of two exponential decay functions, and the faster
decay component was considered to be a tail of the
instrumental response (~5 μs) in this time range while
the longer component was considered to be the signal
from the sample. These components were due to the
4f-4f transitions of Nd3+ and they were typical values
of the 4f-4f transitions of Nd3+ reported from past
studies [19-21]. In contrast, the 10 % Nd-doped sample
was approximated by a single exponential decay
function. The drastic decrease of the decay time in Nd
10% doped sample is considered that distance between
Nd3+ ions became close and it suffered from the
concentration quenching.

Conclusion

We synthesized Nd-doped GdAlO3 by the FZ method
to evaluate their PL and scintillation properties. In the
PL contour graph, 0.1-0.3 % samples showed a strong
peak emission around 900 nm due to the 4f-4f transitions
of Nd3+. The QY and PL decay times of 0.1-3.0 samples
were 4.3-31.6 % and 71-208 μs, respectively. The 10 %
Nd-doped sample suffered from the concentration
quenching in PL. In the scintillation spectra, the 0.1-3.0
% Nd-doped samples demonstrated a strong emission
peak at 1064 nm owing to 4F3/2→

4I11/2 transitions of
Nd3+. The relation between the scintillation intensity
and X-ray exposure dose from 1 mGy to 10 Gy in NIR
wavelength was approximately liner. It was confirmed
that Nd-doped GdAlO3 worked as NIR emitting
scintillator.
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