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0.01, 0.1 and 0.5% Mn-doped CaB,0, (CBO) crystals were grown by the floating zone
technique and investigated in terms of their structurally, optically, and thermally stimulated
luminescence (TSL) properties. Under an excitation of 405 nm, a broad emission peak due to the
d-d transitions of Mn?" was observed in all the Mn-doped CBO crystals. Regarding the TSL
properties, TSL glow curves were observed with and without Cd filters after neutron irradiations.
All the Mn-doped CBO crystals showed an increase in TSL intensity linearly proportional to
neutron fluence in the range of 1.0 x 10°-1.0 x 10!! neutrons/cm?.

1. Introduction

Storage phosphors absorb and store part of incident radiation energy. When exposed to
ionizing radiation, a lot of carriers were generated and captured by trapping centers within the
material. The trapped carriers can be released by thermal or optical stimulation to emit photons.
The luminescence obtained by thermal and optical stimulations are called thermally stimulated
luminescence (TSL) and optically stimulated luminescence (OSL), respectively.()) Since the TSL
or OSL intensity is proportional to the radiation dose in wide dynamic ranges, the storage
phosphors have been used for many applications including medicine imaging,?~ environmental
dosimetry,(”"® and personal dose monitoring.®~) The required properties for storage phosphors
depended on the applications. As a result, many kinds of storage phosphors have been developed
to meet specific application needs.(12-2)

In recent years, neutrons have been utilized in a variety of techniques including boron
neutron capture therapy,?2-24 radioisotope production,*?) elemental analysis,*>) and
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radiography.>3-27) As the applications of neutrons expand, there is a demand for the development
of neutron detectors with high sensitivity and a wide dynamic range. Since neutrons cannot
directly cause ionization, they are indirectly detected by converting them into high-energy
photons or charged particles through nuclear reactions with several nuclides including *He, °Li,
and '°B. To date, borate-based phosphors have attracted much attention as TSL phosphors for
dosimetry because they have good tissue equivalence and sensitivity to neutrons.2839 Among
them, rare-earth- and transition-metal-ion-doped calcium borate components such as CaB,0,
(CBO), Ca,B,0s, and CaB,0, were reported by many researchers, and they have shown intense
TSL after beta-ray or X-ray irradiation.3139) However, there are only a few reports on their
neutron detection properties as TSL materials, and the available reports on TSL properties
analyzed after neutron irradiation are primarily limited to Tb- or Dy-doped Ca,B,0s
ceramics.(3%39) In this study, we have investigated the optical and TSL properties of Mn-doped
CBO crystals after neutron irradiation and evaluated their potential as neutron detectors.

2. Experimental Methods

CBO crystals doped with different Mn concentrations (0.01, 0.1, and 0.5%) were grown by the
floating zone (FZ) technique. The raw powders of CaCO; (Kojundo Chemical Laboratory, 4N),
B,0; (Kojundo Chemical Laboratory, 4N), and MnO (Kojundo Chemical Laboratory, 3N) were
mixed in a stoichiometric ratio. Here, the natural isotope B,0O5, which consists of 19.9% B and
80.1% !B, was used. The mixture was formed to a cylindrical shape by cold isostatic pressing at
40 MPa for 5 min and sintered at 800 °C for 8 h using an electric furnace. The prepared ceramic
rods were grown using an optical FZ furnace with four ellipsoidal mirrors and halogen lamps.
During the crystal growth, the pulling speed and rotation rate were 10 mm/h and 15 rpm,
respectively. A photograph of the prepared Mn-doped CBO crystals is shown in Fig. 1.

The crystal structural property was analyzed by X-ray diffraction (XRD) using a
diffractometer (Rigaku, MiniFlex400). The optical properties were investigated using the
diffuse transmittance spectra, photoluminescence (PL) excitation and emission spectra, and PL
decay curves obtained using a spectrophotometer (Shimadzu, SolidSpec-3700), a
spectrofluorometer (JASCO, FP-8550), and a Quantaurus-t (Hamamatsu Photonics, C11367),
respectively. As the TSL properties, the TSL glow curves were measured using the original
setup.®”) Before the measurements, the CBO crystals were irradiated with neutrons using the
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Fig. 1.  (Color online) Photograph of prepared 0.05, 0.1, and 0.5% Mn-doped CBO crystals.
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UTR-KINKI research reactor at Kindai University, Japan.(3®) Here, the neutron irradiation of the
crystals was performed with and without Cd filters (~1 mm) because neutron fields are typically
present with gamma rays. To investigate the relationship between neutron flux and TSL
intensity, the several TSL glow curves were measured at different neutron fluxes of 1.0 x 107,
1.0 x 10'°, and 1.0 x 10! neutrons/cm?.

3. Results and Discussion

Figure 2 shows the XRD patterns of Mn-doped CBO crystals. The diffraction peak positions
of the prepared Mn-doped CBO crystals are in good agreement with the reference data for the
orthorhombic structure of CaB,0,. The single phase of CBO was successfully obtained by the
FZ technique as no impurity phases were detected.

The diffuse transmittance spectra of Mn-doped CBO crystals are presented in Fig. 3. The
0.05% Mn-doped CBO crystal has a high transmittance of ~80% in the range of 350—850 nm.
The transmittance decreased with increasing Mn concentration. The possible reasons would be
attributed to the effects of light scattering centers including cracks and voids in the crystal,
which would be due to the (B,0,),*" layers parallel to the c-axis in the CBO lattice.®?) In all the
crystals, the absorption band around 300 nm was observed. Since the absorption intensity
increased with increasing Mn concentrations, it may be related to the Mn doping. In the 0.5%
Mn-doped CBO crystal, the broad absorption band around 480 nm was observed. Since this
absorption band was observed in previous studies on Mn-doped phosphors, it was assigned to
the °A,(°S) — *A,(*G)E(*G) transitions of Mn?*,(#40:41)

Figure 4 indicates PL excitation and emission spectra of the Mn-doped CBO crystals. Under
an excitation of 405 nm, the emission peak around 530 nm was observed in all the Mn-doped
CBO crystals. The emission peak was assigned to the *T,(*G) — ©®A,(®S) transitions of
Mn?* @142) Additionally, the emission peaks around 600750 nm were observed in the CBO
crystals with Mn concentrations of 0.1% or less. As in the previous reports, the emission peaks at
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Fig.2. (Color online) XRD patterns of Mn-doped Fig. 3.  (Color online) Diffuse transmittance spectra
CBO crystals and standard cards of CBO (COD: of Mn-doped CBO crystals.

1010437).
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Fig. 4. (Color online) PL excitation (dotted lines) Fig. 5. (Color online) PL decay curves of Mn-doped
and emission (solid lines) spectra of Mn-doped CBO CBO crystals monitored at 530 nm under excitation of
crystals. The inset shows the PL integrated intensity 440 nm.

of the Mn-doped CBO crystals.

650 and 710 nm were referred to the charge transfer associated with the Mn?" ion and cation
vacancies, respectively.(3=4%) The excitation spectra monitored at 530 nm showed several peaks
around 320, 350, and 405 nm, which corresponded to the “E(*D), *T,(*D), *A,(*G)*E(*G) — A, (6S)
transitions of MnZ*40:46) The inset of Fig. 4 shows the PL integrated intensity of Mn-doped CBO
crystals. The integrated range is 500—600 nm for PL spectra. As the Mn concentration increased,
the PL intensity increased.

PL decay curves of Mn-doped CBO crystals monitored at 530 nm under an excitation of 440
nm are presented in Fig. 5. All the decay curves of Mn-doped CBO crystals were approximated
from a single exponential decay function, and the obtained lifetimes for Mn-doped CBO crystals
were 6.4—10.1 ms, which were reasonable for the d-d transitions of Mn?".42:47) The lifetimes
decreased with increasing Mn concentration, and this trend was consistent with the result of the
PL intensities, which was reasonable.

Figure 6 shows TSL glow curves of the Mn-doped CBO crystals with and without Cd filters
after neutron irradiation at 1.0 x 10!° neutrons/cm?. All the Mn-doped CBO crystals showed
multiple TSL glow peaks around 100, 150, and 200 °C, which were similar to that of Mn-doped
CaB40-,.83Y According to previous studies, the peaks around 100 and 150 °C were observed in
the non-doped CBO ceramics, and the origins of trapping centers would be some defects in the
anion sublattice.#8-3D The shapes of the glow curves changed with and without Cd filters. Here,
the neutron fields are typically present with gamma rays. When Cd filters were used, the Mn-
doped CBO crystals were irradiated with gamma rays only because the thermal neutrons were
effectively absorbed by the Cd filters. Since the TSL intensity of the peak around 200 °C
decreased with the Cd filters in comparison with the other peak intensities, the difference in
TSL intensity with and without Cd filters was considered to be caused by neutron irradiation.
Therefore, the prepared Mn-doped CBO crystals have the potential use for neutron detection.

The relationship between the neutron flux and integrated TSL intensity above 30—400 °C and
170-230 °C in the Mn-doped CBO crystals is shown in Fig. 7. Here, the integration range of
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Fig. 6. (Color online) TSL glow curves of Mn- Fig. 7. (Color online) Relationship between neutron
doped CBO crystals with (dotted lines) and without flux and integrated TSL intensity above 30—400 °C
(solid lines) Cd filters after neutron irradiation at 1.0 x (solid lines) and 170-230 °C (dotted line) without Cd
1010 neutrons/cm?. filters in Mn-doped CBO crystals.

170230 °C was decided relative to the peaks where there was a significant difference between
the data with and without Cd filters. The integrated TSL intensities of all the Mn-doped CBO
crystals increased linearly proportionally to neutron fluence in the range of 1.0 x 10°-1.0 x 10!!
neutrons/cm?. In this study, the Mn-doped CBO crystals were synthesized using the raw powder
of the natural isotope B,0;. Therefore, it is expected that the sensitivity will be improved by
using the raw powder of '°B-enriched B,05.

4. Conclusions

The structurally, optically, and TSL properties of 0.01, 0.1, and 0.5% Mn-doped CBO crystals
were investigated. Since the XRD patterns were consistent with the reference data for the
orthorhombic structure of CBO, all the prepared crystals had the single phase. Under excitations
of 320, 350, and 405 nm, the emission peak due to the “T;(*G) — °A,(°S) transitions of Mn?* was
observed. After neutron irradiation using the UTR-KINKI research reactor at Kindai University,
all the Mn-doped CBO crystals showed some TSL glow peaks with and without Cd filters. From
the difference in TSL intensity, the signal of the glow peak around 200 °C was considered to be
caused by neutron irradiation. The TSL signal monotonically increases with the neutron fluence
from 1.0 x 10° to 1.0 x 10'! neutrons/cm?. Therefore, Mn-doped CBO crystals are suitable as
TSL materials for neutron detection.
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