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Scintillation and optical properties of cerium (Ce)-doped 20AI(PO;),-80LiF (APLF)
glass samples prepared by melt quenching are investigated. The properties of these
samples are dependent on the doping concentration, and quenching with high Ce
concentration is not observed. A high quantum efficiency of 95% is achieved with 3
mol% Ce and with a decay time of around 40 ns from the allowed 5d-4f transition at
350 nm. This quantum efficiency is high compared to other Ce-doped materials such
as Ce:LiCaAlF, laser crystals. Ce-doped APLF glass can then be used as illuminators,
wavelength converters, and scintillators in the ultraviolet region.

1. Introduction

Cerium (Ce)-doped optical materials have been developed throughout the years as
scintillators, radiation detectors, and laser materials.(® For inertial confinement fusion
(ICF), 20Al1(PO,),;-80LiF (APLF) glass samples doped with Ce, praseodymium (Pr),
neodymium (Nd), and erbium (Er) have also been investigated for neutron detector
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applications.*» These APLF samples are sensitive to neutrons because of their high
concentration of lithium (°Li). APLF glass has a fast response without afterglow
compared to conventional Li glass neutron scintillators such as GS2 (Saint-Gobain).©®?
APLFs have also high transmittance from 160 nm to the ultraviolet (UV) region. With
these characteristics, APLF glasses are prominent candidates for down-scattered neutron
detection for ICF experiments. The detailed research and improvement of these materials
are therefore necessary. In a previous paper, the scintillation properties of 1 mol% Ce-
doped APLF glass are reported.® In this present paper, we report the scintillation and
photoluminescence properties of Ce-doped APLF glass samples with different doping
concentrations ranging from 0.1 to 3 mol%.

2. Materials and Experiments

Ce-doped APLF glass samples, hereafter referred to as APLF80+Ce, were prepared
by melt quenching.®> The chemical composition of each sample was 20Al(PO;);-
80LiF + xCeF;, where x is 0.1, 0.3, 0.5, 1, 2, and 3 mol%. A 12 g mixture of high-purity
aluminum phosphite [Al(PO,);], lithium fluoride (LiF), and cerium fluoride (CeF;) was
melted in a glassy carbon crucible at 1000 °C for 0.5 h under nitrogen atmosphere.
Al(PO,); was eventually added to avoid the immediate crystallization of LiF. The glass
melt was then cooled down and subsequently annealed at 400 °C near the glass transition
temperature. All samples were then cut into 23 mm diameter (¢) x 8 mm thickness (7)
disks and were polished for optical and scintillation measurements.

The photoluminescence (PL), PL excitation (PLE) spectrum, and absolute quantum
yield were measured using an absolute PL quantum yield measurement system
(Quantaurus-QY, Hamamatsu Photonics). The absolute quantum yield (QY) was
calculated by the expression:
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where N, and N, are the numbers of emitted and absorbed photons, respectively.
The X-ray induced radioluminescence spectra were measured using an X-ray generator
and a charge-coupled device (CCD)-based spectrometer (DU-420-BU2, Andor). The
geometry of the system is described in detail in ref. 10. The supplied bias voltage and
tube current of the X-ray generator were set at 80 kV and 2 mA, respectively. The
absolute quantum efficiency, on the other hand, was evaluated using the measured pulse
height distribution. The APLF sample was wrapped with Teflon tape for the collection of
scintillated photons and was then coupled to a photomultiplier tube (PMT) (R7600-200,
Hamamatsu Photonics) using an optical grease. A californium 252 (>2Cf) pellet was
used as the neutron source. 5 cm thick lead (Pb) blocks were placed between the 222Cf
and the APLF sample in order to cut the background gamma (y) rays from the >Cf. The
PMT was then supplied with =700 V, and the signals were read out from the PMT anode.
Upon detection of a neutron from the 22Cf; the signals were fed into a preamplifier (ORTEC
113) and then to a shaping amplifier (ORTEC 572) with 2 us shaping time. The signals
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were digitally converted by a multichannel analyzer (Pocket MCA 8000A, Amptek)
and were recorded by a personal computer. The absolute quantum yield was calibrated
in comparison to that of a conventional scintillator, GS20 with 7000 photons.©®? The
decay time measurements were also carried out using a digital oscilloscope (TDS3052C,
Tektronix) with a self-trigger mode excited by neutrons from 22Cf. This setup is also
described in detail in ref. 11.

3. Results and Discussion

Figure 1 shows the PL and PLE spectra of APLF80+Ce with 0.5 mol% doping
concentration. The fluorescence from the 5d-4f transitions in Ce ions is clearly
observed at 340 nm for all doping concentrations. As the Ce concentration increases,
the fluorescence peak position shifts to longer wavelengths (Fig. 2). The X-ray induced
fluorescence and PL spectra of the APLF80+Ce with doping concentrations ranging from 0.1
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Fig. 1. (Color online) PL and PLE spectra of APLF80+Ce with 0.5 mol% doping concentration.
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Fig. 2. Fluorescence peak position and quantum yield of APLF80+Ce with different doping
concentrations.
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to 3 mol% are shown in Fig. 3. In terms of the peak wavelength, both the X-ray induced
fluorescence and PL are similar, but in terms of the intensities with increasing doping
concentration, the two spectra are different. The fluorescence intensity of the samples
with X-ray excitation increases with increasing Ce doping, while the fluorescence
intensity with UV excitation is almost similar for different doping concentrations. The
doping concentration dependence of the fluorescence intensity is not observed in the PL
spectra because of the similar absorption coefficients at 260 nm (2.33 £ 0.06 cm ™) for all
of the APLF80+Ce samples as shown in Fig. 4.

On the other hand, the quantum efficiency of the UV fluorescence is over 90%
(Fig. 2). The 0.5 mol% APLF80+Ce shows the highest quantum efficiency of 95%.
It is well known that trivalent Ce ion has strong UV luminescence. This is attributed
to the electronic transition from the 5d state to the 4f state. Meanwhile, there is no
luminescence of tetravalent Ce ions due to the lack of 4f electrons. The transition from
the 5d state to the 4f state is dominant since the Ce ions are stable as trivalent ions in the
APLF glass. This quantum efficiency is high for fluorescent materials in the UV region.
Ce:LiCAF; laser crystals, for example, have a quantum efficiency of 80%.1? Glass
materials usually have lower quantum efficiencies than laser crystals.

Figure 5 shows the pulse height distributions of APLF80+Ce with doping
concentrations ranging from 0.1 to 3 mol%. The 3 mol% Ce-doped APLF has the highest
quantum yield of about 400 photons, which suggests no occurrence of concentration
quenching. In the case of neutron excitation, the reaction

6Li+n—a+T 2)

occurs creating alpha particles (o) and trittum (T) to excite the Ce ions in the samples.('®
The 3 mol% Ce doping concentration is still not enough to achieve saturation. A doping
concentration higher than 3 mol% might possibly increase the quantum yield, but doping
APLF with higher concentrations is difficult owing to the unstable nature of the APLF
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Fig. 3. (Color online) (a) X-ray induced fluorescence and (b) PL spectra of APLF80+Ce with
doping concentrations.
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Fig. 4. (Color online) Absorption spectra of APLF80+Ce with different doping concentrations.
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Fig. 5. (Color online) Pulse height distribution of APLF80+Ce with different doping
concentrations and with 252Cf excitation.

glass. The APLF samples contain about 80% LiF. As a well-known crystal with high
transparency in the vacuum UV (VUYV) region, LiF tends to crystalize easily.(4'» A
Ce doping concentration more than 3 mol% leads to an immediate crystallization during
the cooling process. The scintillation yield was relatively low, but the PL efficiency was
high. The excitation by particles includes various energy losses, such as those caused
by defect trapping, phonon relaxation, and inelastic scattering, since glass materials are
structurally inhomogeneous compared to crystals. Thermally or optically stimulated
luminescence measurements are required to confirm the losses due to defects.('® Recently,
it has been revealed that scintillation and storage-type luminescence have a complimentary
relationship;('” thus, an efficient thermally or optically stimulated luminescence can be



234 Sensors and Materials, Vol. 27, No. 3 (2015)

4] — Ce0.1% APLF
1 k4 — Ce 0.3 % APLF
21 % Ce 0.5 % APLF
M — Ce 1% APLF
1+ : Ce 2 5 APLF
b "R — Ce 3 % APLF

Intensity (arb. unit)

0.01 L
0 50 100 150
Time (ns)

Fig. 6. (Color online) Decay time profiles of APLF80+Ce with different doping concentrations
and with 22Cf excitation.

expected in APLF glass. The decay times shown in Fig. 6 were constant in the range
from 38 to 41 ns regardless of Ce concentration. The APLF80+Ce glasses have a greater
advantage than a conventional Li glass scintillator because of a faster scintillation decay.('®

4. Conclusion

Ce-rich APLF glass samples were successfully prepared by melt quenching. The
optical properties of these samples used as scintillator and illuminator materials were
dependent on the Ce doping concentration. The quantum efficiency of the 5d-4f
transition related to the 350 nm emission was over 95%. These results suggest that
trivalent Ce ions are incorporated into the APLF glass samples. The scintillation yield
of around 400 photon/>Cf with a decay time of 38 to 41 ns was observed without
quenching due to high doping concentration. Ce-doped APLF glass holds promise as a
potential UV illuminator and scintillator material.
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