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Sr-admixed Ce:CaHfO; single crystals were synthesized by the floating zone method, and
their photoluminescence and scintillation properties were investigated. The 5d—4f transition of
Ce’" exhibited blue luminescence at around 430 nm with the fast decay time in the 20 ns range.
The maximum quantum yield of Sr-admixed Ce:CaHfO; was 57%. In scintillation, Sr-admixed
Ce:CaHfO; showed bright luminescence. The maximum light yield was 2880 photons/MeV with
low afterglow.

1. Introduction

Scintillators have been used to indirectly detect ionizing radiation. When scintillators absorb
the energy of the ionizing radiation, they emit luminescence, which is converted to electric
signals using photodetectors such as photomultiplier tubes or photodiodes. The typical
wavelength sensitivity of a photomultiplier tube is the UV to blue region; thus, the common
scintillators exhibit blue luminescence using luminescence centers such as TI" or Ce3".() To
develop novel scintillators, many materials in the form of single crystals,©!9) ceramics,(202%
and glasses>*3% have been investigated.

Ce:CaH{fO; is a candidate for the novel X- or y-ray detection scintillator owing to its high
density (6.9 g/cm?) and effective atomic number (65). The light yield of Ce:CaHfO; is 7800
photons/MeV under '37Cs y-ray irradiation, and the decay time constant is 20 ns.G! The fast
decay time is advantageous for photon-counting applications. However, the mediocre light yield
should be increased to use Ce:CaHfO; in applications. Furthermore, the afterglow level of
Ce:CaH{fO; is quite high. The high afterglow level is inappropriate for applications. To improve
these properties, Mg-admixed Ce:CaHfO; has been investigated.3?) The light yield is increased
to 9500 photons/MeV under '3’Cs y-ray irradiation although the afterglow level is high. A
possible reason for the high afterglow level is the imperfect incorporation of Mg into Ca. The
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coordination number of Ca in CaHfOj is 12, although the maximum coordination number of Mg
is 8.33) When Mg?" is substituted to the Ca?" site in the CaHfO; composition, the bonding state
around Mg?" is imperfect compared with a normal CaHfOs;. Such imperfection may lead to
defects and a high afterglow level. From these reasons, Sr admixture in Ce:CaHfOj; is
meaningful to reduce the afterglow level in Ce:CaHfO; because the elemental properties of both
Ca and Sr are similar, and the maximum coordination number of Sr>* is 12. In this study, Sr-
admixed Ce:CaHfO; single crystals were synthesized by the floating zone method, and the
photoluminescence (PL) and scintillation properties were investigated.

2. Materials and Methods

Sr-admixed Ce:CaHfO; single crystals were synthesized by the floating zone method. CaO
(99.99%), SrCO5 (99.99%), HfO, (99.95%), and CeO, (99.99%) powders were used to make feed
rods. The nominal concentration of Ce was fixed to 3 mol.% because the optimum concentration
of Ce in the Mg-admixed Ce:CaHfO; was 3 mol.%.?) The amounts of Sr with respect to the Ca
site were 0.5, 2.5, 5, and 10 mol.%. The reason for the high admix concentration is to compensate
for the volatilization of Ca during the crystal growth. These powders were weighed using an
electric scale and mixed homogeneously using a mortar and a pestle. To avoid Ca deficiency in
crystals, 10 mol.% CaO was added from a stoichiometric composition. The condition of the
single crystal growth was reported in a previous study.G) The X-ray diffraction (XRD) patterns
were measured in the range of 10-70° (Rigaku, MiniFlex600). The PL emission and excitation
map, as well as quantum yield (QY'), was measured with a spectrometer (Hamamatsu Photonics,
C11347). The PL decay curve was also measured with a spectrometer (Hamamatsu Photonics,
C11367). The radioluminescence spectra and decay curves were recorded using a laboratory-
made setup.(43%) The pulse height distribution was measured in the same manner as previously
reported.®¥ The 137Cs y-ray (662 keV) was used as an irradiation source. The reference crystal
was Ce:(Gd,Si05 with the light yield of 7000 photons/MeV. The shaping time was 2 ps.

3. Results and Discussion

The XRD patterns and appearance of the samples are shown in Fig. 1. The obtained XRD
patterns agreed with the reference XRD pattern of CaHfO; (ICDD. 36-1473). No impurity
phases were detected in this measurement. The appearance of the samples was colorless and
transparent. The peak position was slightly shifted to a lower angle. The ionic radii of Ca** and
Sr?* in 12-coordination were 1.34 and 1.44 A, respectively.®3 On the basis of these results, the
added Sr was incorporated into the Ca site, and the synthesized samples were a single phase of
CaH{O;.

As illustrated in Fig. 2, the PL emission and excitation map of a 0.5% Sr-admixed Ce:CaHfO4
single crystal is presented as a representative result. The horizontal and vertical axes are
emission and excitation wavelengths, respectively. The intensity is presented by the color. The
broad luminescence band was observed at around 430 nm under the excitation wavelength at
around 340 nm. The spectral feature was similar to the previously reported PL spectra of
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Fig. . (Color online) (a) XRD patterns and appearance of samples. (b) Enlarged XRD patterns.
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Fig. 2. (Color online) PL emission and excitation map of 0.5% Sr-admixed Ce:CaHfOj; single crystal.

Ce:CaHf0;.3130) The PL QYs of 0.5, 2.5, 5, and 10% Sr-admixed Ce:CaHfO; were 57, 56, 44,
and 38%, respectively. These values were higher than those of Ce:CaHfO; and Mg-admixed
Ce:CaHf0;.0132) Figure 3 shows the PL decay curves of Sr-admixed Ce:CaHfO; single crystals.
The excitation and monitoring wavelengths were 340 and 430 nm, respectively. The PL decay
curves were fitted with a single exponential component. The PL decay constants of 0.5, 2.5, 5,
and 10% Sr-admixed Ce:CaHfO; were 23.4, 23.3, 22.7, and 21.1 ns, respectively. The origin of
luminescence was identified as the 5d—4f transition of Ce3", taking into account the observed
spectral features and decay time constants. The PL. QYs and decay constants decreased with
increasing Sr concentration. Consequently, an increase in the Sr concentration led to a decrease
in the radiative rate constants and an increase in the nonradiative rate constants.

Figure 4 shows the radioluminescence spectra of Sr-admixed Ce:CaHfO; single crystals. A
broad luminescence band at around 430 nm was observed. The luminescence feature was similar
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to that observed in PL and a previous study.(!) Figure 5 shows the radioluminescence decay
curves of Sr-admixed Ce:CaHfOj; single crystals. These decay curves were fitted with the sum
of two exponential decay components. The primary decay component was fast, and the decay
constants of 0.5, 2.5, 5, and 10% Sr-admixed Ce:CaHfO; were 23.7, 26.7, 21.5, and 21.4 ns,
respectively. The secondary decay component was slower than the main decay component, and
the decay time constants of 0.5, 2.5, 5, and 10% Sr-admixed Ce:CaHfO; were 209.8, 209.8,
205.6, and 275.6 ns, respectively. Through the comparison of these decay components with those
in previous studies, the origins of the primary and secondary decay components were judged to
be the 5d—4f transition of Ce>" and the host material. 3!

Figure 6 shows the afterglow curves of Sr-admixed Ce:CaHfOj; single crystals. The afterglow
levels of 0.5, 2.5, 5, and 10% Sr-admixed Ce:CaHfO; were 222, 792, 136, and 908 ppm,
respectively. These values were smaller than those of Ce:CaHfO; and Mg-admixed
Ce:CaHf0O;.0132) The mechanism of suppression of the afterglow level by Sr admixture is
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Fig.3. (Color online) PL decay curves of Sr- Fig. 4. (Color online) Radioluminescence spectra of
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Fig. 7. (Color online) Pulse height distribution of 137Cs y-ray using Sr-admixed Ce:CaHfOj single crystals.

unclear in the present study, but a possible reason is the compensation of Ca by Sr. During the
synthesis of the Ce:CaHfO; single crystal, Ca evaporated owing to the high melting point of
CaHfO;. The deficiency of Ca may lead to the high afterglow level in CaHfO5. Sr admixture
compensates for the deficiency of Ca, leading to the suppression of the afterglow levels. The
variation of the afterglow levels may be blamed for the condition of the single crystal growth.
Figure 7 shows the pulse height distribution of '3’Cs y-rays using Sr-admixed Ce:CaHfO; single
crystals. The light yields of 0.5, 2.5, 5, and 10% Sr-admixed Ce:CaHfO5; were 2840, 2840, 2880,
and 2600 photons/MeV, respectively. These values were lower than those observed in Ce:CaH{O;
and Mg-admixed Ce:CaHfO;.G1:32)

The Mg admix improves the light yield of Ce:CaHfO;. The Sr admix improves the afterglow
of Ce:CaHfOs;. The ionic radius may affect the light yield of Ce:CaHfO;. To elucidate the admix
effect in Ce:CaHfO;, Be- and Ba-admixed Ce:CaHfO; should be investigated in the future. In
addition, the maximum PL QY of these admixed Ce:CaHfO; was about 57%. To increase the
light yield, PL QY must be increased because the light yield depends on PL QY. The Ce**
concentration affects PL QY, and Ce*" may decrease the PL QY of Ce3*. To increase the Ce3*/
Ce** ratio, it is desirable to conduct crystal growth in an inert gas atmosphere.

3. Conclusion

The Sr-admixed Ce:CaHfO; single crystals were successfully synthesized, and the PL and
scintillation properties were investigated. The broad luminescence band was observed at around
430 nm in PL and radioluminescence, and the decay time constant was approximately 23 ns. The
origin of luminescence was the 5d—4f transition of Ce3". The afterglow levels were firmly
suppressed by Sr admixture. The deficiency of Ca was compensated by Sr admixture, leading to
the suppression for the afterglow levels. The Sr-admixed Ce:CaHfO; can apply to the integrated-
type detection owing to its relatively low afterglow levels.
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