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We have prepared glasses with the composition of Cu-doped 30Li3zPO4-70A1(PO3); and
investigated their luminescence characteristics. The glass samples were synthesized by the melt
quenching method, and the Cu concentrations of the prepared samples were 0.1, 0.2, 0.5, and
1.0%. In the absorption spectrum, the absorptions due to Cu’ and Cu®* around 290 and 850 nm
were observed, respectively. The absorption due to Cu?" increased in proportion to the amount
of Cu. In the photoluminescence (PL) decay curve, the PL decay time was a typical value of the
3d%4s'-3d'° transition of Cu” (~30 ps). The scintillation spectra showed a broad emission band
from 400 to 600 nm, and the emission intensities were proportional to the Cu concentration.

1. Introduction

Fluorescent materials have been used in personal dose monitoring devices," radiation
detectors for medical purposes such a PET or CT imaging,? environmental monitoring,®
security,(4) oil logging,(S) and high-energy physics. The emission intensity induced by ionizing
radiation is proportional to the energy deposited in the material by the interaction between the
ionizing radiation and the material, and we can estimate the radiation dose or energy from the
luminescence intensity. When the luminescence material is irradiated by ionizing radiation,
firstly, an energetic electron is ejected from the atom and generates a large number of secondary
electrons via an interaction such as Coulomb scattering. These secondary electrons immediately
show light emission if they recombine with holes at localized luminescence centers, and such
an immediate emission is called scintillation. As an emission center in a phosphor, rare-earth
elements such as Ce or Eu are frequently used. Rare-earth elements are industrially essential
and are important for luminescence in the visible and NIR ranges in phosphors. Recently, the
stable supply of rare-earth elements has become a big problem, and rare-earth-free materials
have attracted much attention. For such purpose, transition metal ions are one of the solutions
since some of them can show efficient luminescence mainly due to 3d—3d transitions. Among
them, the 3d'-4s3d’ transition of Cu” shows luminescence in the blue to green regions.8~')
The luminescence wavelength of Cu” is suitable for the wavelength sensitivity of conventional
photomultiplier tubes (PMTs), and it is a preferable property for radiation detectors. Therefore,
we have focused on Cu ion as a dopant of luminescence materials.
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Currently, from the viewpoint of material forms, only two kinds of glass materials, NaPOs3-
Al(PO3)3 glass for dosimeters'® and Li glass for scintillation detectors,!® are used in the field
of radiation measurements. Therefore, there is room for the study of glass materials in radiation
measurements.

In this work, we focus on Li3PO4-Al(PO3); glass, which has a lower effective atomic number
(Zefy) of 11.9, and it is lighter than the commercial Ag-doped NaPO3-Al(POs);3 glass (Z.= 12.4)
for dosimeters provided by Chiyoda Technol Corp. Our group has reported on the addition
of Ce or Ag to LisPO4-Al(POs)3 glasses so far and investigated the emission characteristics
by irradiation with ionizing radiation.!*!>) Here, Cu was selected as the luminescence center
for the reason mentioned earlier, and we investigated the photoluminescence (PL) and X-ray-
induced scintillation properties of Cu-doped LizPO4-Al(PO3)3 glasses.

2. Materials and Methods
2.1 Sample preparation

Cu-doped LizPO4-Al(PO3); glasses were prepared by a conventional melt-quenching
method. The raw material of CuyO (2N) was used as a dopant, and 0.1, 0.2, 0.5, and 1.0% were
added with respect to the host. The starting materials of Li3PO4 (4N) and Al(PO3); (4N) were
homogeneously mixed in a ratio of 30:70, respectively, and the mixture was then melted inside
an alumina crucible using an electric furnace at 1300 °C for 30 min in an ambient atmosphere.
The melt was press-quenched with preheated stainless-steel plates kept at about 200 °C. After
cooling the glass sufficiently, we cut and polished the samples to the thickness of 1.29 + 0.25

2

mm and the typical size of ~7 x 7 mm~. The prepared glass samples were evaluated by the

following experiments.
2.2 Evaluation of optical and X-ray-induced scintillation properties

The optical absorption spectra were obtained using a spectrophotometer (V670, JASCO)
across a spectral range from 190 to 2700 nm. The measuring wavelength interval was 1
nm. The PL excitation/emission spectra and PL quantum yields (QYs) were measured using
Quantaurus-QY (C11347, Hamamatsu Photonics). The monitoring excitation and emission
wavelength ranges were from 250 to 500 nm and 200 to 950 nm, respectively, with 10 nm
intervals. The PL decay curves were evaluated using a fluorescence lifetime measurement
system Quantaurus-Tau (C11367, Hamamatsu Photonics). The excitation and monitoring
wavelengths were determined on the basis of the measured PL excitation/emission contour
graph.

Scintillation spectra were evaluated at room temperature using our laboratory-made setup.(16)
An X-ray generator (OURTEX Corporation) equipped with a conventional X-ray tube was used
as the radiation source to measure the scintillation spectrum. The X-ray tube was operated
with a tube voltage and current of 40 kV and 1.2 mA, respectively. The emission generated
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by irradiating X-ray was guided through an optical fiber to a monochromator equipped with a
CCD-based detector (Shamrock 163 monochromator and Andor DU-420-BU2 CCD) to obtain
a spectrum. The scintillation decay time profiles were measured using a custom-made system
available from Hamamatsu Photonics. This system enabled us to measure the X-ray-induced
scintillation decay curve by the time-correlated single-photon counting (TCSPC) technique.”

3. Results and Discussion
3.1 Samples and absorption spectra

Figure 1 shows photographs of Cu-doped LizPO4-Al(PO3)3 glasses under (a) room light and
(b) irradiated by UV lamp (302 nm). All prepared glasses were transparent to the naked eyes
under room light. A previous study clarified that the undoped sample was transparent from
visible to NIR wavelengths,(ls) and Cu doping caused a clear coloration. We confirmed by
the naked eyes that the samples became blue in color with increasing Cu concentration. From
the visual observation, we did not see a clear dependence of luminescence intensity on the Cu
concentration when we irradiated UV photons.

Figure 2 indicates the absorption spectra of the glass samples. The absorption spectra
indicate a broad absorption band from 600 to 1300 nm. The blue coloring of the samples with
the increase in Cu concentration is due to this absorption of red color, and the origin of this
absorption band would be attributed to Cu?*® According to the transmittance spectra of the
undoped Li3sPO4-Al(PO3)3 reported previously, the absorption edge appeared at ~240 nm (5.2
eV). In the Cu-doped LizPO4-Al(PO3); glasses, we observed the absorption bands in a shorter
wavelength of around 290 nm, and this absorption band is due to the 3d'%-4s3d’ transition of
Cu' ions.
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Fig. 1. (Color online) Photographs of the glass Fig. 2. (Color online) Room-temperature optical
samples under (a) room light and (b) UV irradiation (302 absorbance spectra of Cu-doped glasses in the 190—
nm). 2700 nm range. Inset expands the spectra from UV to

NIR ranges.
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3.2 PL properties

A PL excitation/emission map of the Cu 1.0%-doped glass sample is shown in Fig. 3. All
samples had a similar spectral shape characterized by one emission band excited from 270
to 290 nm, which well coincided with the absorption band shown in Fig. 2. The emission
wavelength is near 450 nm, and the emission origin is ascribed to the 3d%4s'-3d'° transitions of
Cu' ions. The inset of Fig. 3 shows the fitting result of PL spectra excited with 275 nm of Cu
1.0%-doped glass sample by a single Gaussian approximation. The spectrum can be clearly
reproduced by a single Gaussian function. By focusing on this emission band, we evaluated
the PL QYs. As a result, the obtained QYs were 2—4%. In the QYs, we could not confirm the
dependence of QYs on the concentration of Cu since the typical error of this measurement was
+2%.

Figure 4 shows PL decay curves of Cu-doped glasses. The excitation and monitoring
wavelengths were 275 and 460 nm, respectively. The decay times were deduced by an
approximation of a single exponential function. The obtained decay time constants were
24.5-25.4 ps, and these were close to the typical decay time constants of Cu’-doped materials
reported previously.”) Except for the 1.0% Cu sample, the decay time increased with increasing
Cu concentration.

In the case of some of the Cu-doped crystalline materials, Cu” ions can show different PL
characteristics when they occupy different sites. Such an emission feature is caused by the
difference in the crystal field, and it especially depends on the oxygen coordination number in
oxide materials. A similar phenomenon is also observed in glass materials, and in the case of
Cu-doped SiO», the six-coordinated-like Cu” gives rise to PL emission at 490—500 nm whereas
the eight-coordinated-like Cu” shows PL around 430 nm when excited with UV light.!? In our
case, the PL peak appeared around 450 nm. Although we cannot define clearly the coordinated
number in amorphous materials, the luminescence of the present samples would be considered
owing to emission from the eight-coordinated-like Cu”. Despite the clear detection of Cu*" in
the absorption spectra, we did not observe an emission relating to Cu?".
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Fig. 3. (Color online) PL excitation/emission map Fig. 4.  (Color online) PL decay profiles of glass
of the 1.0% Cu-doped glass sample. The vertical and samples. The monitoring wavelength is 460 nm, and
horizontal axes represent the excitation and emission the excitation wavelength is 275 nm.

wavelengths, respectively. Inset is the PL spectrum
of a Cu 1.0%-doped glass sample deconvoluted by a
single Gaussian.
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3.3 Scintillation characterizations

Figure 5 exhibits X-ray-induced scintillation spectra of Cu-doped glass samples. A broad
emission was confirmed from 400 to 600 nm, and the spectral shape was similar to that of PL,
although the scintillation showed a broader spectral feature than PL. Although the intensity of
the scintillation spectrum is generally a qualitative value, we can roughly compare the emission
intensities among the samples since the sizes and Z.; of the samples were similar. Among
the present samples, Cu 0.5- and 1%-doped samples exhibited the highest emission intensity,
and the optimum Cu dopant concentration of this glass was around 0.5-1.0%. To consider the
reason for the spectrum broadness of scintillation, we have conducted a double Gaussian fitting
to the emission spectrum of the Cu 1.0%-doped sample. Figure 6 shows the deconvolution
result of the Cu 1.0%-doped sample. The spectrum can be deconvoluted to a sum of two
Gaussians. The short-wavelength component had a peak around 450 nm, and the spectral shape
resembled the emission band observed in PL. Therefore, we can consider that the wider spectral
shape of scintillation could be attributed to the emergence of a new emission peak at 502 nm.
As discussed in PL, Cu" is known to show different emission bands depending on the oxygen
coordinate environment including the possibility of a Cu'—Cu® dimer,"® and the marginal
emission from Cu' at different environments would be observed in the scintillation spectrum
that causes the broad spectral feature.

X-ray-induced scintillation decay time profiles of all the glasses are indicated in Fig. 7. The
decay curves were approximated by a sum of two exponential decay functions, neglecting
the spikelike component at the rise part since it was due to the instrumental response. The
obtained decay times are summarized in Table 1. The obtained decay time constants of the
second component were similar to those in PL. Therefore, it can be inferred that the origin of
this decay time constant would be due to 3d°4s'-3d'° transitions of Cu®. On the other hand, the
relatively fast decay time constant of a few microseconds would be due to the long-wavelength
component peaking at 502 nm confirmed in scintillation (Fig. 6) since our equipment could
not resolve the wavelength. From the spectral shapes and decay times, it would be reasonable
that the emissions due to Cu" at different oxygen coordinate environments or Cu'—~Cu" dimer
appeared in scintillation."® 1In order to clarify the origin of the above-mentioned emission,
additional verification experiments are required.
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Fig. 5. (Color online) X-ray-induced scintillation Fig. 6  (Color online) Scintillation spectrum of Cu

properties of Cu-doped glass samples. 1.0%-doped sample deconvoluted by double Gaussian.
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Fig. 7. (Color online) X-ray-induced scintillation
decay profiles of glasses.

4. Conclusion

Cu-doped 30Li3PO4-70A1(PO3); glasses were synthesized by the melt quenching method.
The synthesized samples were evaluated in terms of their optical, PL, and scintillation
properties. When the concentration of Cu increased, the samples showed a coloration, and
the Cu 1.0%-doped glass sample revealed the blue color as seen by the naked eye. In PL and
scintillation, the luminescence by Cu' was confirmed. The emission due to Cu?’ is observed
only in the scintillation. However, from comparisons on the fluorescence QY and scintillation
intensity of the present samples with other materials, some improvements such as adjusting
the composition of the host metal or introducing coadditives will be necessary. With regard to
emission at 502 nm in scintillation, it would be necessary to investigate its emission origin by
vacuum ultraviolet (VUV) light excitation excitation and local electronic state analysis.
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