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Dosimetric properties of Mg-doped Al,O; transparent ceramics
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Transparent ceramics of AL,O; doped with different concentrations of Mg?* ions (0.001, 0.01, 0.1 and 1.0%) were synthesized
by the Spark Plasma Sintering (SPS) method, and scintillation and dosimetric properties were investigated. Under X-ray
irradiation, all the samples showed emission peaks around 310, 380 and 693 nm. Based on the measured scintillation decay
times and previous studies, the origins of the emission peaks at 310, 380 and 693 nm were attributed to F* centers, F centers
and Cr*" impurity ions, respectively. The 0.1% Mg-doped sample showed a glow curve consisting of peaks around 50, 105, 135,
230, 350 and 400 °C. All the samples had a linear TSL response in a dose range from 0.1 to 1,000 mGy.
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Introduction In fact, commercial personal dosimeters are equipped
with phosphors possessing low Z.g; for example, there
Phosphors are used as dosimeters for personal and are LiF:Mg,Ti, CaF,:Tm and CaSO,:Dy used as TSL

environmental monitoring applications and in imaging dosimeter [4], BeO used as OSL dosimeter [5] and Ag-
plates [1-3]. These materials possess a function to store doped phosphate glass used as RPL dosimeter [6].
and accumulate absorbed energy of ionizing radiations Aluminum oxide (Al,O3) has been investigated as a
as a form of trapped electrons and holes. The electrons phosphor for use in personal dosimetry due to its
and holes are stored at localized trapping centers, and chemical stability, thermal stability and low effective
they recombine to emit a light after de-trapping process atomic number close to the soft tissue. Presently, Al,Os
by external stimulation. Dosimeters based on phosphors doped with carbon (Al,0;:C) crystals as TSL and OSL
are mainly classified into three categories on different dosimeters are well-established in personal dosimetry,
luminescence mechanism. One is thermally stimulated and it has been available as a commercial product for
luminescence (TSL), which is observed by recombination almost two decades [7-10]. Furthermore, C and Mg co-
of electrons and holes de-trapped from trapping centers doped Al,O3 having RPL property is currently used as
by heat stimulation. Another is optically stimulated a fluorescent nuclear track detector in the dosimetry of
luminescence (OSL) in which the stimulation is performed neutrons, heavy charged particles and energetic protons
by light, instead of heat in TSL. The last one is radio- [11]. It is considered that carbon and magnesium ions
photoluminescence (RPL) which is a phenomenon play a role to enhance defect creations for main emission
which generates photoluminescence (PL) centers via centers in Al,Os. On the other hand, with advancement
interactions with radiations. of ceramic fabrication techniques, it was reported that
In general, suitable sensitivity, dose linearity, energy AlL,O3 can be synthesized in a form of transparent
response and low fading are required for dosimetric ceramics [12, 13]. However, these reports did not deal
properties which depend on applications. Moreover, if with the applications for personal radiation monitors. In
the aim is to measure a radiation dose absorbed in comparison with single crystals, ceramic dosimeters
human body, it is preferred that the effective atomic are considered to have distinct advantages because a
number (Z.g) of the dosimetric material is close to that large number of defect centers is included which
of the soft tissue (Z = 7.13) from the view point of enhance the dosimetric properties [14, 15].
bioequivalence. Against such a tissue equivalent detector, In this study, we synthesized Al,O; transparent
no mathematical calibrations for energy dependence is ceramics doped with Mg ions (0.001, 0.01, 0.1 and
required ideally. Therefore, for such dosimeter applications 1.0%) by the spark plasma sintering (SPS) method and
especially in protection dosimetry, it is desirable that investigated the dosimetric properties against X-rays.
the detector materials are composed of light elements. Further, we also studied their scintillation properties in

order to revel origins of emission centers. In general,
SPS is performed in a highly reductive environment;
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are expected to be enhanced compared with those of
single crystal. Such effects were observed in different
material systems and reported elsewhere [14-19].

Materials and Methods

AlO; transparent ceramics doped with Mg ions
(0.001, 0.01 0.1 and 1.0%) were fabricated by the SPS
technique using Sinter Land LabX-100. A1,O5 (99.99%)
and MgO (99.99%) powders of reagent grade were
homogeneously mixed. The 0.5 g of the mixture was
loaded in a graphite die and held between two graphite
punches. A sintering condition consists of three steps.
First, the temperature was elevated from 25 to 600 °C
in 5 min. Next, the temperature was slowly increased
from 600 to 850 °C at a rate of 10 °C/min and held for
10 min while applying a pressure of 70 MPa. Finally,
the temperature was further increased from 850 °C to
1,300 °C at the rate of 10 °C/min and kept at 1,300 °C
for 20 min while applying 70 MPa pressure. After the
synthesis, the wide surfaces of the obtained sample
were mechanically polished with a polishing machine
(MetaServ 250, BUEHLER).

Optical in-line transmittance spectra were measured
by a spectrometer (V670, JASCO) over a spectral
range from 190 to 2700 nm with 1 nm intervals. In order
to identify origins of emission centers, we investigated
X-ray induced scintillation properties. First, we measured
scintillation spectra using our lab-constructed setup. A
sample was irradiated by X-rays generated by an X-ray
tube in which the applied tube voltage and current were
40 kV and 5.2 mA, respectively. The scintillation emission
was guided to a CCD-based spectrometer (Andor DU-
420-BU2 or Ocean Optics QEPro depending on the
spectral range) to measure the spectrum. Details of the
setup were described previously [20]. Second, we
evaluated X-ray induced scintillation decay time constants
using an afterglow characterization system equipped with
a pulse X-ray tube [21]. The system is commercially
available from Hamamatsu as a custom-ordered instrument.
The applied voltage to the pulse X-ray source was 30
kV, and the system offers the time resolution of ~1 ns.

In order to evaluate TSL properties of the Mg-doped
Al,O5 transparent ceramics, we measured TSL glow
curves using a Nanogray TL-2000 [22] after X-ray
irradiations with various doses from 0.1 to 1000 mGy.
The heating rate was fixed to 1°C/s for all the glow
curve measurements, and the measurement temperature
range was from 50 to 400 °C. Moreover, TSL spectra
were measured using the CCD-based spectrometer (QE
Pro, Ocean Optics) while the sample was heated by an
electric heater (SCR-SHQ-A, Sakaguchi E.H Voc) at a
constant temperature.

Results and Discussion

Fig. 1 shows the obtained Al,O; transparent ceramic
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Fig. 1. Appearance of the synthesized Al,O;:Mg transparent
ceramics under room light.
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Fig. 2. In-line transmittance spectra of all the samples.

samples doped with Mg (0.001, 0.01, 0.1 and 1.0%)
under room light. The thicknesses of the 0.001, 0.01,
0.1 and 1.0% Mg-doped samples are 0.72, 0.67, 0.75
and 0.75 mm, respectively. These samples are visually
transparent, and the black stripe patterns on the back
were clearly seen. Fig. 2 indicates the in-line trans-
mittance spectra from 190 to 2,700 nm of all the samples.
No particular absorption bands due to unexpected
contaminations were confirmed in all the samples. The
transmittance increases from 0 to 70% with an increase
of wavelength in the spectral range of 300-2700 nm.
These characteristics are a typical for Mie scattering.
The transmittance of 0.1% Mg-doped sample was
highest among the present samples. Moreover, the
transmittance increased with the dopant concentration
from 0.001 to 0.1%. These results imply that the
dopant of MgO act as a sintering assistant in Al,Os
transparent ceramic.

X-ray induced scintillation spectra of all the samples
are shown in Fig. 3. All the samples showed emission
peaks around 310, 380 and 693 nm. These peak
wavelengths are consistent with the ones in previous
study [23-25]; therefore, it is considered that the
origins of the emission peaks at 310, 380 and 693 nm
are due to F" centers, F centers and Cr’* ions impurity,
respectively. The scintillation intensities of each peak
increased with increasing the dopant amount. Regarding
the emission peaks at 310 and 380 nm, it is thought
that MgO doping assisted to generate F* and F centers
in ALL,O; for charge compensation between AI’** and
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Fig. 3. X-ray induced scintillation spectra of all the samples in the (a) UV and (b) NIR ranges. The inset shows the scintillation spectrum of

the 0.1 % Mg-doped sample with the Gaussian fitting.
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Fig. 4. X-ray induced scintillation decay profiles of all the Mg-doped samples in the (a) ns and (b) ms ranges. The black and orange lines

show the low data and fitting curves of each sample, respectively.

Mg** ions. Furthermore, it is well-known to that MgO
raw powder includes a few of Cr’* ion impurity. Thus,
with an increase of dopant amount, the scintillation
intensity of the peak due to Cr’" ions increased.
Subsequently, scintillation decay curves were measured
in order to confirm to whether correct or not above
assignments. Fig. 4 shows the scintillation decay
curves of all the samples in the nano-second (ns) and
millisecond (ms) range. The decay curves measured in
the ns range were fitted by an exponential decay
function (indicated in the figure). The obtained decay
time constants of the 0.001, 0.01 0.1 and 1.0% Mg-
doped samples were 4.0, 3.3, 2.5 and 2.5 ns, respectively.
These values coincided with the reported value of the
decay time constant due to F" centers [26, 27]. On the
other hand, the decay curves measured in the ms range
were approximated by a sum of two exponential decay
functions. The derived decay time constants were 1.0
and 4.7 ms for the 0.001% Mg-doped sample, and 3.0
and 5.9 ms for the 0.01% Mg-doped sample, and 4.6
and 23.2 ms for the 0.1% Mg-doped sample, and 4.6
and 24.7 ms for the 1.0% Mg-doped sample. The first
decay components were reasonably agree with the
previously reported value due to Cr’* ions [28]. We
assumed that the remaining second decay constants are
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Fig. 5. TSL glow curves measured after the samples were

irradiated with an X-ray dose of 1000 mGy.

possibly due to F centers by the elimination method;
however, the obtained values were not exactly consistent
with the previously reported values [23]. A possible
reason is that the measurement is not as accurate since
the emission intensity is relatively low according to the
observations in the spectra.

Fig. 5 represents TSL glow curves measured after the
samples were irradiated with an X-ray dose of 1000
mGy. The glow curve shapes were gradually changed
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with increase of the dopant amount. This result implied
that Mg-doping generated additional trapping centers.
In order to analyze in detail, we conducted a fitting for
each TSL glow curve using by glow curve deconvolution
(GCD) functions. Fig. 6 shows each TSL glow curve
with GCD functions. Details of the GCD function were
described in [29]. The parameters obtained by the
deconvolutions were summarized in Table 1. The free
parameters of the GCD functions are the maximum
peak temperature (73,), maximum peak intensity (/)
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and activation energy (F). All the glow curves were
best-fitted by six GCD functions. As a result of the
fitting, the peaks with the highest intensity in the 0.001,
0.01, 0.1 and 1.0% Mg-doped samples are located at
146, 166, 228 and 224 °C. It was reported that the glow
peaks at approximately 105, 160 and 225°C were
attributed to V-~ center, Vo center and V> center,
respectively [30]. Moreover, the other glow peaks were
agreed with previous studies although its origins are
not revealed in detail [31-33].
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Fig. 6. TSL glow curves with GCD functions of (a) 0.001 %, (b) 0.01 %, (c) 0.1 % and (d) 1.0 % Mg-doped samples.

Table 1. Parameters of GCD functions.

(a) 0.001% Peak1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
T (CC) 55 98 146 199 288 351
In(au.) 3.8 15.1 68.6 21.5 35.8 8.8
E (eV) 0.41 1.13 1.15 1.17 1.23 1.66

(b) 0.01% Peak1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Tu(CC) 55 110 166 231 320 403
I, (au.) 3.1 19.5 234 23.0 1.1 53
E (eV) 0.55 0.90 1.00 1.04 1.23 1.66
(©) 0. 1% Peak Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
T (CC) 50 105 134 228 351 398
I, (au.) 0.7 7.5 85 1.0 9.5
E (eV) 0.70 0.95 1.10 1.20 1.52 1.66
(d) 1.0% Peakl Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
T (CC) 50 105 134 224 322 393
In(au.) 1.3 11.0 . 56.0 2.5 8.5
E (eV) 0.70 0.95 1.10 1.21 1.39 1.60
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Fig. 7. TSL spectra for all the samples in the (a) UV and (b) NIR ranges. The spectra were measured at 145 °C for the 0.001 % Mg-doped
sample, 165 °C for the 0.01 % Mg-doped sample and 230 °C for the 0.1 and 1.0 % Mg-doped samples.
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Fig. 8. Dose response curves of all the samples. The response was
defined as an integrated TSL signal for the glow peak around
145 °C of the 0.001 % Mg-doped sample, 165 °C of the 0.01 %
Mg-doped sample and 230 °C of the 0.1 and 1.0 % Mg-doped
samples.

Fig. 7 indicates the TSL spectra for all the samples in
the (a) UV and (b) NIR ranges. The spectra were
measured at 145 °C for the 0.001% Mg-doped sample,
165 °C for the 0.01% Mg-doped sample and 230 °C for
the 0.1 and 1.0% Mg-doped samples. As with the
scintillation spectra, the emission bands were detected
around 310, 380 and 693 nm. Compared with scintillation
spectra, it is considered that the emission bands at 310,
380 and 693 nm are attributed to F* centers, F centers
and Cr’* ions impurity, respectively. Fig. 8 depicts the
dose response functions of all the samples. The response
was defined as an integrated TSL signal for the glow
peak around 145 °C of the 0.001% Mg-doped sample,
165 °C of the 0.01% Mg-doped sample and 230 °C of
the 0.1 and 1.0% Mg-doped samples in Fig. 5. The
irradiated dose range was tested from 0.1 to 1000 mGy.
TSL responses were confirmed to be linear to the X-
ray irradiation dose over the tested range. The linearity
was confirmed by coefficient of determinations (R?)
derived from a least-square fitting of the experimental
data with a power function (y = ax®), and R? of 0.001,
0.01, 0.1 and 1.0% Mg-doped samples were 0.9972,

0.9987, 0.9987 and 0.9956, respectively. As a result, an
optimal dopant amount as TSL dosimeter is considered
to 0.1 or 1.0% in the present samples although all the
samples have the same dynamic range. Since the peak
positions of the highest intensity of the 0.1 and 1.0%
Mg-doped samples is higher than those of the 0.001
and 0.01% Mg-doped samples, it is thought that the 0.1
and 1.0% Mg-doped samples have an advantage in
terms of a fading at room temperature.

Conclusions

We prepared Al,Oj; transparent ceramics doped with
Mg ions by the SPS technique, and then evaluated the
scintillation and dosimetric properties. The experimental
results of scintillation spectra and decay time constants
suggested that the present samples showed emission
bands at 310, 380 and 693 nm due to F' centers, F
centers and impurity Cr’* ions, respectively. As for
dosimetric properties, because the structures of TSL
glow curves of each sample were changed by Mg-
doping, it was implied that Mg-doping generated
additional trapping centers. Each TSL glow curve
consists of several peaks, in which the peak temperatures
were revealed by fitting with GCD functions. Furthermore,
it was demonstrated that the dynamic ranges for all the
samples were over the range of 0.1 to 1000 mGy.
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