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In this study, we constructed an image reader system for two-dimensional radiation
dosimetry based on radiophotoluminescence (RPL). The reader system mainly consists of a
Peltier-cooled CMOS camera and an LED excitation source, as well as control units, and it offers
an arbitrary excitation wavelength (e.g., 365, 405, 460, 530, and 630 nm) and a wide spectral
detection range (200—1000 nm) to be used for a wide range of prototype image detectors having
different spectral features. Using the developed system, we were able to successfully obtain
X-ray projection images recorded on a commercial RPL detector [Ag-doped phosphate glass
(Ag-PG) plate] as well as custom-made prototypes of flexible imaging plates (IPs). Furthermore,
the reader system is applicable not only for RPL imaging but also for conventional optically
stimulated luminescence (OSL) imaging, which was demonstrated by using a commercial IP for
medical diagnosis.

1. Introduction

Radiophotoluminescence (RPL)() is a phenomenon in which luminescent centers are
generated in a phosphor material through interaction with ionizing radiation. The number of
luminescent centers produced is proportional to the integrated radiation dose and can generally
be read as photoluminescence (PL) intensity. Currently, it is widely used in personal dosimetry
for daily dose control.(-?)

In a successful RPL material, the generated center is so stable that it is not affected by
ambient environmental conditions such as light and temperature, as well as the excitation light
during a readout. These properties allow a highly reliable dose measurement, particularly
because it allows a signal readout multiple times, which effectively reduces statistical
measurement uncertainties and is a distinct advantage over other related techniques using, for
example, thermally stimulated luminescence (TSL),3~3 optically stimulated luminescence
(OSL),©® and scintillation.(7)
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Examples of existing phosphor materials that exhibit RPL are Ag-doped phosphate glass
(Ag-PG),®-10 C and Mg codoped aluminum oxide (Al,05:C,Mg),(""!?) lithium fluoride
(LiF),(13%) and Sm-doped inorganic compound phosphors such as SrBPOs,(1>) LiCaAlF,(1%)
KBr, 1) CsBr,('® MgF,,(19 CaF,,?” BaAIBOsF,,?) and AESO, (AE = Ca, Sr, Ba).*? However,
all of them are bulk solid phosphor materials and are not suitable for continuous dose distribution
measurement (e.g., protective clothing and gloves) in curved areas. Given this background, we
have been developing flexible dosimeters made of powdered RPL materials dispersed in resin.
(23.24) In this paper, we report on the construction and evaluation of a two-dimensional imaging
system using the RPL phenomenon for ionizing radiation, which is simple and inexpensive.

2. Materials and Methods
2.1 System configuration of image reader

Figure 1 shows the constructed reader system. Figure 1(a) reveals the appearance and Fig. 1(b)
shows the system configuration. The system consists of a Peltier-cooled CMOS camera
(2048 x 2048 pixels; CS-66UV, BITRAN Corp.), an objective lens (UV2528B, Universe Optical
Industries Co., Ltd.), an optical filter [specs vary depending on the imaging plate (IP)], an LED
disk (self-made), a dark box (self-made), a power supply (P4K36-1, Matsusada Precision Inc.), a
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Fig. 1. (Color online) Image reader system. (a) Appearance, (b) system configuration, (c) LED array disk, and
(d) control program.
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microcontroller (Arduino UNO R3, Arduino), and a computer. Following a command from the
computer, the microcontroller triggers the power supply to switch on/off the LED disk array,
which optically excites/stimulates the IP. The LED disk array is shown in Fig. 1(c), in which
several LED chips are distributed on an aluminum disk to ensure a uniform illumination of the
IP. The luminescence pattern from the IP is viewed using the camera through the optical filter,
and the image data are sent to the computer for recording. The wavelength of the LED array disk
covers 365, 405, 460, 530, and 630 nm, in which the wavelength is selected by replacing the disk
and/or by plugging the power cable to an appropriate connector. The full-width at half-maximum
of the LED spectrum is typically ~5 nm. The spectral detection range of the camera is
approximately 200—1000 nm, and the field of view is approximately 40 cm % 40 cm. The image
acquisition can be operated using the original program coded by LabVIEW, as illustrated in
Fig. 1(d).

2.2 Materials and characterization

The RPL materials used for the IPs in this study are Ag-PG and Sm-doped CaSO, ceramic
powder (Sm-CSP). Ag-PG was manufactured by AGC Techno Glass Co., Ltd., whereas Sm-CSP
was self-made via a solid-state reaction. The preparation method can be found elsewhere®> but
briefly described below. The powder reagents of CaSO4°0.5H,0 (99% and up; KOJUNDO
Chemical Laboratory) and Sm,05 (99.9%, Wako Pure Chemical Industries) were weighed to the
molecular ratio of 99.9:0.1 and then homogeneously mixed using a mortar and pestle. The
mixture was loaded in an Al,0O;5 crucible and then heated at 1200 °C for 4 h in air inside an
electric furnace (ETSS-430, Yamada Denki).

The basic RPL properties of the RPL materials were characterized using the TSL/OSL/RPL
Automated and Integrated Measurement System (TORAIMS).?9 Here, the radiation source
used was an X-ray tube (W anode, Be window, 40 kV) in which the tube current was controlled
between 0.12 and 1.2 mA to vary the dose rate between 0.83 and 8.33 mGy/s. The delivery dose
was controlled by changing the dose rate and irradiation time. For the measurement of the RPL
signal, the material sample was excited by 340 nm light provided by a Xe arc lamp (LAX-C100,
Asahi Spectra) and a band-pass optical filter (XRR0340, Asahi Spectra), and the luminescence
spectrum was measured using a fiber-coupled multichannel spectrometer (QEPro, Ocean
Optics).

3. Results and Discussion

Figure 2 shows X-ray images of the inside of an integrated circuit (IC) visualized with X-rays
utilizing the RPL of Ag-PG phosphors. It can be seen that the inside of the IC is clearly visible.
The orange emission from the outside of the IC, which is not shielded by the IC, is RPL from
Ag-PG. Figure 2(b) shows an image acquired by using the reader system developed in this study.
From the figure (arrowhead), we can see that the bonding wire goes between the lead electrode
of the IC and the chip door at the center. Since the diameter of the bonding wire is usually about
25 um, it can be seen that the spatial resolution is equal to or higher than that of a bonding wire.
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Fig. 2. (Color online) X-ray images of an IC chip recorded on Ag-PG. (a) Appearance under 365 nm excitation and
(b) image acquired by using the reader developed in this study (scale bar = 2 mm).

The two-dimensional RPL intensity distribution was read by a CMOS camera using 365 nm
excitation light through a 400 nm cut filter. X-ray irradiation was performed using an X-ray tube
(non-micro-focus, W target, 40 kV) at approximately 3 Gy.

Figure 3 shows the PL spectra from Sm-CSP phosphor samples irradiated with X-rays (250,
500, and 1000 mGy). The samples show sharp emission features peaking at 560, 595, 643, and
705 nm, regardless of radiation dose. The origin of these emission lines is attributed to the
parity-forbidden 4f-4f transitions of Sm®*. After the irradiation, however, the spectral features
change considerably. In addition to Sm3" emissions, a very strong broad emission band peaking
at 630 nm as well as multiple sharp lines across the 680—820 nm range appear in the spectrum.
From the spectral features, the former emission is assigned to the 5d—4f transitions of Sm?*,
whereas the latter is attributed to the 4f-4f transitions of Sm?*. From these observations, we
conclude that the Sm2" ion has been generated by irradiating Sm-CSP with X-rays.(>>)

To obtain two-dimensional X-ray images using Sm-CSP phosphor powder, we fabricated two
different types of prototype RPL-IPs shown in Fig. 4. The first type illustrated in Fig. 4(a) is a
flexible film type, in which Sm-CSP is embedded in a polyvinyl alcohol (PVA) matrix, whereas
the other type shown in Fig. 4(b) was fabricated by coating Sm-CSP on a plastic substrate. For
the PVA-based RPL-IP, a problem remains on how to disperse the phosphor powder uniformly.
On the other hand, Sm-CSP was coated fairly uniformly for the flexible plate-type RPL-IP.
Therefore, we used the latter type for imaging demonstration in this study. Figure 4(c) shows an
X-ray image of a paper clip acquired by using the flexible plate-type RPL-IP. The X-ray dose
was 10 Gy, and the excitation LED wavelength was 365 nm. As can be seen from the figure, the
image of the paper clip is clearly projected. As future work, we will continue to improve and
develop further a sheet RPL-IP by aiming to realize a sheet dosimeter with uniformly dispersed
or coated phosphors of A4 size.

In addition, as a supplemental feature of the image reader system constructed, X-ray imaging
was demonstrated by using a commercial OSL-IP (BAS-MS, Fuji Photo Film Co., Ltd.) in which
a Eu-doped BaFBr phosphor is used as a sensing element.2”) This IP is based on the OSL
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Fig. 3. (Color online) X-ray dose (0, 250, 500, and 1000 mGy) dependence of PL spectra of Sm-CSP.
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Fig. 4. (Color online) Prototypes of flexible RPL-IP and demonstration of X-ray imaging. (a) Flexible film type in
which Sm-CSP is embedded in a PVA matrix. (b) Flexible plate type where a plastic plate is coated with Sm-CSP. (c)
X-ray image of a paper clip acquired by using the plate-type RPL-IP (scale bar =2 cm).

phenomenon and is now widely used as an X-ray imaging medium for medical and dental
diagnoses. The OSL phenomenon®® is also an attractive luminescence phenomenon used in
radiation measurements, similarly to the RPL phenomenon. It is observed in a phosphor where
incident radiation energy is stored in the form of trapping charges generated by radiation. The
trapped charges can be reactivated by optical stimulation, and then they recombine at a
luminescent center to emit light. The emitted light intensity is proportional to the number of
trapped charges, which is proportional to the incident radiation dose; therefore, the OSL allows
us to indirectly measure the radiation dose in the form of light intensity.

Figure 5 shows X-ray images of (a) a computer mouse, (b) pocket tools in a plastic case, (c) a
credit card, and (d) a blackthroat seaperch (nodoguro) caught off the coast of the Sea of Japan in
Ishikawa Prefecture. The LED wavelength was 630 nm. All of the X-ray images are clear and
crisp, indicating that the X-ray imaging system developed in this study is also applicable for
imaging using the OSL-IP.
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Fig. 5. (Color online) X-ray images of (a) a computer mouse, (b) pocket tools in a plastic case, (c) a credit card, and
(d) a blackthroat seaperch (nodoguro) caught off the coast of the Sea of Japan in Ishikawa Prefecture. All the images
were acquired by using an OSL-IP (BAS-MS, Fuji Photo Film Co., Ltd.) and the image reader system developed in
this study (scale bar = 2 cm).

We previously reported on the measurement of a two-dimensional radiation dose distribution
using the RPL phenomenon of Ag-PG phosphor sheets and its readout system.?¥) To measure a
two-dimensional RPL image using this system, the readout system was mainly composed of an
x-y stage (A4 size), a UV LED, and a laptop computer. The image is monitored by scanning the
focused UV light on the irradiated sheet-type Ag-PG dosimeter. Therefore, this X-ray image
reading system has the following problems. (1) The readout light source is fixed, so it cannot be
used for radiation-induced phosphors other than Ag-PG phosphors. (2) It takes about three hours
to read out an image of A4 size, which is a long time to read an image. (3) The system is large
and the fabrication cost is also high. On the other hand, the image reader system developed in
this study uses a CMOS camera for image acquisition and multiple excitation light sources for
reading out the X-ray image, which eliminates all the above problems and makes the system very
easy to use. The resolution of the image obtained is the same or higher than that of the image
obtained using the previous system.

4. Conclusion

We constructed a two-dimensional RPL image reader system for passive dosimetry and then
evaluated its performance. As a result, by imaging with Ag-PG, we could obtain a high resolution
with which the writing of the IC could be transmitted clearly by using the constructed system.
Furthermore, we fabricated a flexible Sm-CSP phosphor sheet, which was found to be effective
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for measuring two-dimensional X-ray images, i.e., a two-dimensional radiation dose distribution.
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