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In this study, we investigated the radiation-induced optical responses of NaCaPO, ceramics
doped with Ag (0.1, 0.3, 1.0, 2.0, and 3.0%). After irradiating the samples with X-rays, the
photoluminescence (PL) recorded under UV excitation increased slightly at low doses (<~100
mG@Gy), which is indicative of the radio-photoluminescence (RPL) phenomenon. At higher doses
(>~1 QGy), the PL intensity decreased. Prompted by the high-dose PL quenching, we measured
the reflection spectra, which revealed that absorption bands were induced by X-ray irradiation
and that their intensities increased with absorbed dose. In particular, the band centered at ~400
nm, attributable to the surface plasmon resonance of Ag nanoparticles, grew monotonically with
absorbed dose. The 0.3% Ag-doped sample provided an exceptionally broad dynamic range
from ~1 mGy to 100 Gy. These results indicate that the Ag-doped NaCaPO, ceramic is more
appropriately regarded as a radiochromic material than as an RPL phosphor and is well suited to
applications requiring wide-range dose monitoring.

1. Introduction

The accurate measurement of ionizing radiation dose is essential in various fields, including
medical therapy,!-? industrial applications,®*) and personnel radiation protection.5~*) For these
purposes, passive-type detectors (dosimeters) are widely used, with storage phosphors and
radiochromic materials being the most common classes. For routine operational dose monitoring,
storage-phosphor dosimetry is conducted using thermally stimulated luminescence (TSL)
materials, such as LiF:MgTi (TLD-100),19 CaSO,:Dy,") or LiF:Mg,Cu,P,!? and optically
stimulated luminescence (OSL) materials, such as Al,05:C13) or BeO.! For imaging
applications, storage-phosphor screens (imaging plates) based on OSL materials such as
BaFBr:Eu?"1 or CsBr:Eu?"9) provide high-dynamic-range X-ray detection. Within the same
storage-phosphor family, radio-photoluminescence (RPL) is employed primarily for personal
and environmental dose monitoring, typically using Ag-activated phosphate glass in which
irradiation creates stable luminescent centers that can be read optically and, in principle,
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reread.(!"1® In clinical radiotherapy, radiochromic films (e.g., Gafchromic EBT series) are
routinely used to map two-dimensional dose distributions with sub-millimeter resolution during
patient-specific quality assurance and beam commissioning.(!?)

These dosimetry methods rely on different physical phenomena induced by ionizing
radiation. In storage phosphors, ionizing radiation generates charge carriers, and these carriers
are stored as trapped carriers at trapping centers (for example, intrinsic or impurity-related sites).
When an external stimulus releases the trapped carriers, they recombine at luminescence centers
and emit light. Emission produced by heating is called TSL,2%2% and emission produced by
optical excitation is called OSL.?%25-27) RPL is the phenomenon in which ionizing radiation
generates new luminescent centers that retain dose information.?833 In Ag-activated glasses,
radiation-generated carriers drive redox reactions among Ag species (for example, conversion of
Ag" to Ag®, Ag?", and the formation of small Ag clusters), and these Ag-related species act as
luminescent centers that can be read out optically with minimal depletion of the stored
information. Distinct from these luminescence-based methods, radiochromism is a phenomenon
where a material changes its optical absorption properties upon irradiation.*433) This change
arises from the formation of stable absorption centers (color centers), including defects and
aggregated species such as atomic clusters or nanoparticles that absorb in the visible and
adjacent near-UV or near-IR range. A representative mechanism involves radicals generated by
irradiation converting colorless precursors into stable chromophores via oxidation or bond
rearrangement, thereby producing a dose-dependent increase in absorbance. In addition,
radiochromic systems that utilize coloration arising from the irradiation-induced clustering of
Ag exist. In these materials, in contrast to the RPL response, the Ag-related absorption increases
with dose and serves as the measurable signal.

Against this backdrop, we adopt Ag as a radiation-responsive probe and select thermally and
chemically robust NaCaPO, as the host.3%37) Eu-doped compositions show strong
photoluminescence (PL) and have been explored as white phosphors.333) Moreover, in related
ABPO, (4 = alkali metal, B = alkaline-earth metal) hosts, RPL arising from irradiation-induced
changes in Eu valence has been reported, indicating that cation redox can be driven by ionizing
radiation in these materials.*?) These observations motivate the hypothesis that, in NaCaPO,,
Ag may likewise undergo irradiation-induced valence change and/or aggregation (clustering),
potentially yielding both RPL emission and/or radiochromic absorption within the same material
system. Therefore, in this study, we evaluated the dosimetric characteristics of Ag-doped
NaCaPO, ceramics to reveal whether they qualify as a storage-phosphor candidate.

2. Materials and Methods
2.1 Sample preparation

The Ag-doped NaCaPO, ceramic samples were synthesized by a conventional solid-state
reaction method. The starting materials were Na,CO; (99.8%, Fujifilm Wako Pure Chemical

Corporation), CaCO; (99.5%, Fujifilm Wako Pure Chemical Corporation), NH,;H,PO, (99.0%,
Fujifilm Wako Pure Chemical Corporation), and Ag,O (Wako Special Grade, Fujifilm Wako
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Pure Chemical Corporation). Stoichiometric amounts of these powders were weighed to prepare
compositions of Na(Ag,Ca;_)PO, with x = 0.001, 0.003, 0.01, 0.02, and 0.03, aiming for a total
batch weight of 3.000 g. The weighed powders were thoroughly mixed using an agate mortar and
a pestle. The mixed powder was then calcined in an electric furnace at 900 °C for 3 h in an air
atmosphere. The heating rate was approximately 15 °C/min, and the sample was cooled naturally
in the furnace. After calcining, the resulting product was ground again and pressed into pellets
(I cm diameter) by applying a uniaxial pressure of 20 MPa for 20 min using a press machine
(Mini-Lab-Press, Labnect Co., Ltd.) without the use of binders. Finally, the pellets were sintered
at 900 °C for 1 h in an air atmosphere with a heating rate of 15 °C/min, followed by furnace
cooling.

2.2 Methods

The crystal structure of the synthesized samples was determined by X-ray diffraction (XRD)
analysis using a diffractometer (MiniFlex600, Rigaku). PL excitation and emission spectra were
measured using a spectrofluorometer (FP-8550, JASCO Corporation). Emission spectra (4,, =
230 nm; 260-500 nm) and excitation spectra (4,,, = 300 nm; 200280 nm) were recorded with
excitation/emission bandwidths of 2.5 nm and a 1 nm step size. Reflection spectra were
measured with ~45° illumination and normal (0°) collection using a fiber-coupled reflection
probe (RPH-1, Ocean Optics), as shown in Fig. 1. Incident light from a xenon lamp (E7536,
Hamamatsu) was delivered to the sample via an optical fiber and adaptor (A11096, Hamamatsu),
and the specularly reflected light was collected through a fiber and analyzed with a spectrometer
(QEPro, Ocean Optics). To ensure the stability of the excitation source, the xenon lamp was
warmed up for approximately 1 h before the measurements. Polytetrafluoroethylene (PTFE;
WS-1, Ocean Optic) was used as the reflectance standard. Each sample spectrum was normalized
to the PTFE spectrum, and the relative reflectance loss C(4) at wavelength 1 was calculated
using the following equation.

light-tight enclosure

Sample
Reflection probe (RPH-1) , 7
To computer |
Xenon lamp (E7536) 4;,"
Fiber adopter Incident ligV l Reflected light
(A11096)

Fig. 1.  (Color online) Schematic of the reflection spectra measurement setup.
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Here, Ry,ppie(4) and Rprpp(4) denote the measured reflectance of the sample and the PTFE
reference, respectively. To investigate the radiation-induced effects, the samples were irradiated
with X-rays using an X-ray generator (G511VL-D, Canon Anelva) operated at a tube voltage of
40 kV. The irradiation dose, ranging from 0.01 mGy to 100 Gy, was controlled by adjusting the
tube current (10—100 pA), irradiation time, and distance. Dose calibration was performed using
an ionization chamber (TN31013, PTW) and an electrometer (EMF521A, EMF Japan). After
X-ray irradiation, the changes in the PL and reflection spectra were measured under the same
conditions as mentioned above.

3. Results and Discussion

Figure 2 shows the powder XRD patterns of the Ag-doped NaCaPO, ceramic samples with
the reference pattern of NaCaPO, from the Inorganic Crystal Structure Database (ICSD). In
every sample, the NaCaPO, phase is dominant, confirming that the target crystal structure has
essentially been obtained. On the other hand, faint extra reflections are observed near 26 = ~30°,
which can be reasonably assigned to Na,CaP,0, (ICSD No. 89468)*) and Ag;PO, (ICSD No.
14000).4? These traces suggest that the solid solubility of Ag on the Ca site in the solid state
reaction route is limited.

Figure 3(a) shows the normalized PL excitation and emission spectra of the Ag-doped
NaCaPO, ceramic samples. Focusing first on the ultraviolet emission bands, all samples exhibit
characteristic broad emission bands centered at ~280 and ~300 nm under 230 nm excitation.
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Fig.2. (Color online) Powder XRD patterns of the Ag-doped NaCaPO, ceramic samples together with the
reference pattern of NaCaPO, (ICSD No. 35629). The right panel shows an enlarged view at 26 = 28-31°.



Sensors and Materials, Vol. 38, No. 2 (2026) 613

i j I
= A m:300 nm  Aex: 230 nm 1 ! !
= 2
s- ‘ : Lyl 3 B iy n
e = I
2 = L
=1 ,Q ] \
12) — ! )
g S 20 ! o= 01%Ag
E > i Vo e 0.3% Ag
_1 N T 1.0% Ag
i § ,'p;qu% { --0== 2.0% Ag
& R=R [ R Sy --%-= 3.0% Ag i
3 2 | R, %,
E i .V 8y
5 A 3.0% Ag | 5
Z N S _

j ! \‘ | , l , A O v e

200 300 400 500 300 400 500
Wavelength [nm] Wavelength [nm]

(@) (b)

Fig. 3. (Color online) (a) Normalized PL excitation and emission spectra and (b) PL emission spectra of Ag-doped
NaCaPO, ceramic samples. Excitation wavelength for emission spectra and monitored wavelength for excitation
spectra are 230 and 300 nm, respectively.

Emission near 300 nm is generally associated with Ag" ions.(1743-45) The apparent double-peak
structure of the UV emission can be reasonably explained by two contributions: (i) emissions
from Ag" centers occupying at least two distinct local environments within NaCaPO,, and (ii)
the presence of an absorption band near ~280 nm that overlaps the emission envelope and yields
an apparent splitting. These two effects are not mutually exclusive. The contribution of case (ii)
is further addressed in the reflection spectra section. The relative intensities of these bands
depend on the Ag concentration: in the 0.3 and 1.0% Ag-doped samples, the 300 nm band is
predominant, whereas in the 0.1, 2.0, and 3.0% Ag-doped samples, the 280 nm band dominates.
In concert with this trend, the excitation spectra show that the ~230 nm excitation band is
predominant for the 0.3 and 1.0% Ag-doped samples. In contrast, the ~220 nm excitation band is
predominant for the other compositions. Accordingly, the 300 nm emission is preferentially
excited via the ~230 nm band, whereas the 280 nm emission is preferentially excited via the ~220
nm band. In addition to these ultraviolet bands, a broad emission band is observed around 430
nm. According to previous studies, this emission can be attributed to isolated Ag’ and/or
Ag,".33:46-%9) Figure 3(b) shows the PL emission intensities of all Ag-doped NaCaPO, ceramic
samples under 230 nm excitation. The highest PL intensity was observed for the 1.0% Ag-doped
sample, whereas samples with higher concentrations exhibited significantly weaker emission.
The decrease in emission intensity is plausibly attributable to concentration quenching and/or to
the clustering-induced depletion of Ag® centers accompanied by enhanced self-absorption.
These observations indicate that changes in Ag concentration primarily affect the 300 nm
emission component, and its optimum Ag content for maximizing the PL intensity is around
1.0%.

Figure 4 presents the evolution of the PL spectra of all Ag-doped NaCaPO, ceramic samples
as the X-ray dose was swept from 0.1 mGy to 10 Gy. Across all samples, the main emission band
shows a slight increase in intensity in the low-dose range (<~100 mGy), whereas at higher doses
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Fig. 4. (Color online) PL spectra of NaCaPO, ceramic samples with Ag concentrations of (a) 0.1%, (b) 0.3%, (c)

1.0%, (d) 2.0%, and (e) 3.0%, recorded after X-ray irradiation over the range of 0.1 mGy—10 Gy.
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(>~1 QGy), the trend reverses and the intensities decrease. The increase of ~300 nm emission
suggests that holes generated by X-ray irradiation are captured by Ag’, oxidizing it to Ag™.
Accordingly, the observed increase in PL intensity suggests the occurrence of RPL in these
compositions. By contrast, the decrease in luminescence at higher doses can be attributed to
concentration quenching as the population of RPL centers (Ag") grows and/or to additional
absorption associated with surface plasmon resonance (SPR) arising from the progressive
aggregation of Ag? into clusters.

Figures 5(a)—5(e) show the changes in the reflection spectra of Ag-doped NaCaPO, ceramic
samples as the X-ray dose is varied. In the following, we denote the relative reflectance loss at
wavelength 4 and irradiation dose D as C(4, D), with C(4, D) corresponding to the unirradiated
state (D = 0 Gy). In all the samples before X-ray irradiation, absorption bands are observed at
~250 and 400 nm. The ~250 nm feature has been reported for Ag clusters such as [Ag,]**,0-52)
and may contribute to the apparent splitting of the ultraviolet PL band noted above. In contrast,
the ~400 nm band is characteristic of the SPR of Ag nanoparticles.®%-3-59) The intensities of
both bands tend to increase with Ag content; in highly doped samples, this likely reflects the
partial aggregation of Ag during the synthesis process, yielding a larger nanoparticle population.
Upon X-ray irradiation, both absorption intensities continue to increase. The ~400 nm band
shows the largest change, indicating the radiation-induced reduction of Ag" to Ag® and the
subsequent formation of Ag nanoparticles. In highly Ag-doped samples, the incremental change
is smaller, likely because nanoparticles are already abundant from the synthesis process. These
results indicate that the present samples exhibit a clear radiochromic response. Figure 5(f) shows
the dose dependence of the radiation-induced reflectance change AC(D) (radiochromic response).
Here, AC(D) denotes the reflectance change integrated over the wavelength range of 300-500
nm, obtained from the wavelength-dependent radiation-induced reflectance change AC(Z, D),
which is defined as

AC(A,D)=C(A,D)-C(A,D,) . ©)

In all the samples, AC(D) increases with irradiation dose above approximately 1 Gy. Notably, the
0.3% Ag-doped sample exhibits the most favorable behavior for the dosimeter, showing a
monotonic increase in absorption over a broad range from ~1 mGy to 100 Gy without obvious
saturation. For context, commercial radiochromic dosimeters report lower detectable doses on
the order of ~0.2 Gy for Gafchromic EBT3 (radiotherapy range),5>) ~1-200 mGy for Gafchromic
XR-QA2 (diagnostic range),0®) and ~0.1 Gy for representative PRESAGE formulations.®”) Thus,
the 0.3% Ag-doped NaCaPO, ceramic appears to be a promising radiochromic material that
exhibits mGy-level sensitivity while maintaining a wide dynamic range under X-ray irradiation.

Figure 6 shows the dose dependences of the integrated PL intensity change Alp; and the
radiochromic response AC(D) for the 0.3% Ag-doped sample. Here, Alp; is defined as the
difference between the integrated PL intensity over the wavelength range (260—500 nm) at a
given dose and that of the unirradiated sample (0 Gy). The Alp; values show a slight increase
with irradiation dose in the low-dose region (<100 mGy), mainly owing to the contribution of the
RPL phenomenon. When the dose exceeds about 1 Gy, however, the radiation-induced formation
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(Color online) Reflection spectra of NaCaPO, ceramics with Ag concentrations of (a) 0.1%, (b) 0.3%, (c)

1.0%, (d) 2.0%, and (e) 3.0% recorded after X-ray irradiation over the range of 0.01 mGy—-100 Gy. (f) Integrated
radiation-induced reflectance change AC(D) plotted as a function of irradiation X-ray dose.
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Fig. 6. (Color online) Dose-response curves for PL response Alp; (circles, left axis) and radiochromic response
AC(D) (crosses, right axis) for the 0.3% Ag-doped sample.

of Ag clusters and nanoparticles becomes dominant, and Ag* centers are progressively
incorporated into these non-emissive species. Consequently, the number of PL-active Ag®
centers decreases and Alp; is reduced, resulting in a non-monotonic dose dependence. In
contrast, AC(D) (crosses), which arises from the surface plasmon resonance of Ag nanoparticles,
increases monotonically from 1 mGy to 100 Gy, consistent with the progressive growth and
accumulation of Ag nanoparticles already in the low-dose region. Thus, although both signals
arise from radiation-induced changes in Ag species, AC(D) exhibits a much simpler and more
monotonic dose dependence than the PL response.

4. Conclusions

Ag-doped NaCaPO, ceramics were synthesized and investigated for their X-ray response.
Under X-ray irradiation, Ag-doped NaCaPO, ceramics exhibit signatures consistent with both
the RPL and the radiochromic response. In particular, the radiochromic behavior is pronounced:
the radiation-induced reflectance change AC(D) over 300—500 nm increases monotonically with
irradiation dose. The SPR band at ~400 nm showed the largest change and indicated dose-
dependent nanoparticle formation and aggregation. Among the synthesized samples, the 0.3%
Ag-doped ceramic exhibited a broad dynamic range from ~1 mGy to 100 Gy, demonstrating
excellent performance as a radiochromic material. Whether the predominance of the
radiochromic response under X-ray irradiation is an intrinsic property of the material or a
secondary effect associated with Ca-site substitution, such as contributions from minor
secondary crystalline phases, remains to be clarified and will be investigated further.
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