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Graduate School of Engineering, The University of Osaka, Yamada-oka 2-1, Suita, Osaka, 565-0871, Japan

ARTICLE INFO ABSTRACT

Keywords: Boron Neutron Capture Therapy (BNCT) is a next-generation radiation therapy that utilizes the nuclear reaction
Boron neutron capture therapy (BNCT) between neutrons and boron-10 (1°B) to selectively destroy cancer cells. In the treatment field of BNCT, sec-
RPLGP o ondary gamma rays are generated from neutron capture reactions, resulting in forming of a mixed field of
i?fii‘:;:snmanon neutrons and gamma rays. Therefore, in order to accurately determine the patient’s exposure dose, it is necessary

to separately measure neutron and gamma-ray doses. To address this, our research group has proposed and been
investigating the “Shielding Filter Method”, which estimates gamma-ray doses by using two radio-
photoluminescence glass dosimeters (RPLGD), adjusting the sensitivity by covering each dosimeter with an
appropriate shielding filter, and making the difference between the measured results. In the previous study, we
first aimed to measure gamma-ray doses using a single filter in a gamma-only field. As a result, it was found that
the measured dose had a large error when the incident angle of the gamma-rays to the glass dosimeter was large.
In this study, we optimized the design by thinning the filter and adjusting the placement of filter materials, and
by adding filter covers in both ends. Consequently, the reproducibility of the air kerma coefficient within a 6.1 %
error was confirmed for the entire energy range up to 10 MeV. Furthermore, irradiation experiments using
gamma-ray standard sources were conducted and the obtained results were consistent with both the PHITS
simulation results and theoretical values within an acceptable error. Going forward, we plan to design and
manufacture two types of filters for two glasses to verify whether gamma-ray doses can be measured in a mixed
neutron and gamma-ray field.

Mixed radiation field
Dose estimation

1. Introduction n + °B-*He + "Li + 2.79 MeV (6%)
—~He + 'Li" + 2.31 MeV (94%) )}
1.1. Boron Neutron Capture Therapy "Li'=7Li + v (478 keV)

The alpha particles and ’Li nuclei produced in this reaction have an
extremely short range (approximately 4-9 pm), which allows the se-
lective destruction of cancer cells that have taken up '°B without
affecting the surrounding healthy cells [2]. Various fields of research are
being widely pursued to promote the spread of BNCT. One of the most
important challenges in this area is the development of a high-intensity
neutron source, as BNCT requires a thermal or epithermal neutron
source with a flux of about 1 x 10°n/sec/cm?. Until 2019, BNCT was
only conducted using research nuclear reactors. Recently,
accelerator-based neutron sources (ABNS) have been developed as al-
ternatives to reactors for the use in BNCT.

In recent years, Boron Neutron Capture Therapy (BNCT) has gained
attention as a new radiation therapy for cancer. In 2020, BNCT was
approved for insurance coverage in Japan for the treatment of unre-
sectable locally advanced or locally recurrent head and neck cancer [1].
BNCT is a treatment that selectively kills cancer cells by utilizing the
nuclear reaction between boron and neutrons. First, a high concentra-
tion of a'®B-based drug is accumulated in the cancer cells. Then, neu-
trons are irradiated, and the cancer cells are destroyed by alpha particles
(*He) and lithium (“Li) nuclei produced by the nuclear reaction of 10B(n,
)’Li. This reaction is represented by the following equation.
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1.2. Objectives

In radiation therapies, dose measurement for both patients and ra-
diation workers are of utmost importance. In BNCT using ABNS, high-
energy secondary gamma-rays of up to 10 MeV are generated due to
neutron capture reactions between thermal neutrons and surrounding
various materials, resulting in a mixed field of neutrons and high-energy
gamma-rays. Therefore, it is essential to accurately measure the gamma-
ray dose generated simultaneously with neutrons. However, most do-
simeters are sensitive to both neutrons and gamma-rays, making it
difficult to separate them and measure their doses.

To date, several methods have been proposed for measuring gamma-
rays in the mixed field, including thermoluminescence dosimeters (TLD)
[3,4] and twin ionization chambers [5,6]. However, each method has its
own limitations. TLDs suffer from issues like fading, which leads to in-
formation loss, and they cannot be read repeatedly. The twin ionization
chamber has poor spatial resolution because its detector is so large that
it distorts the neutron and gamma-ray field. Various other detectors
have also been explored [7-9] but measuring in the mixed field remains
a challenging and time-consuming task.

In Osaka University’s BNCT project, RPLGD (Radio-
photoluminescence Glass Dosimter) has been adopted as the dosimeter
used in the irradiation filed [10-12]. RPLGDs are made from melted
glass, which contributes to improved reproducibility and consistency in
dose reading compared to TLDs. RPLGDs also exhibit low energy
dependence of approximately 20 %, irrespective of the constituent
material, and demonstrate a fading effect of less than 5 % per year due to
the stability of radiation-induced fluorescence centers. Additionally,
they are smaller than twin ionization chambers, providing better spatial
resolution. However, since RPLGDs are sensitive to both neutrons and
gamma rays, it was impossible to separately measure gamma-ray and
neutron doses in the mixed field [13].

To address this issue, our group developed the “lead filter method”
[141, which used lead filters to estimate gamma-ray doses measured by
RPLGDs. This method takes advantage of the fact that neutrons can pass
through an appropriately thick lead shield while gamma rays are
partially blocked. However, this method was ineffective for gamma-rays
with energies above 1 MeV. Therefore, Tochitani improved the design of
the lead filter that covers the glass dosimeter, demonstrating that, when
the gamma-rays spectrum is known, the energy dependence can be
controlled up to 10 MeV [15]. Nonetheless, their method required prior
knowledge of the gamma-ray energy spectrum, and the process of
determining the optimal filter design was not standardized, relying on
trial and error. To overcome these challenges, Kamisaki proposed a
method for accurately measuring gamma-ray doses using shielding fil-
ters with several kinds of material, even when the gamma-ray energy
spectrum is unknown. Their results showed that the air dose in a
gamma-ray only field could be accurately measured regardless of the
incident photon’s energy spectrum [16]. However, the thicknesses of the
filters were not fixed to be a constant value and thick, e.g., with a
maximum thickness of 10 mm. The study finally highlighted the need for
thinner filters to reduce the effects of incident angle on the glass
dosimeter.

In this study, we aim to reduce the impact of the incident angle to the
glass by making the filter thickness uniform and thinner. We also opti-
mized the filter arrangement and fabricated a filter with a cover. The
filter was tested through gamma-ray irradiation experiments from
various angles, leading to the successful completion of the final filter
design.

2. Materials and methods
2.1. Radiophoto-luminescence glass dosimeter (RPLGD)

The radiophotoluminescence glass dosimeter (RPLGD) is an
integrating-type solid-state dosimeter ([13]; ATGC, 2014). By using
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silver-activated phosphate glass as the material, after irradiating an
RPLGD with ionizing radiation, the RPLGD emits orange fluorescence by
ultraviolet light excitation. This phenomenon is called radio-
photoluminescence (RPL), and it is known that the amount of fluores-
cence is proportional to the absorbed dose.

In this study, we used the GD-301 as the RPLGD and the Dose Ace
FGD-1000 as the readout device [17]. Fig. 1 shows a photograph of the
RPLGD we used. The GD-301 is a cylindrical element with a diameter of
1.5 mm and a length of 8.5 mm, with a readout area of 1.0 mm in
diameter and 6.0 mm in length. Its composition by weight is 31.55 % P,
51.16 % 0O, 6.12 % Al, 11.00 % Na, and 0.17 % Ag, with a density of 2.61
g/cm® and an effective atomic number of 12.039. To read the dose
measured by the GD-301, the FGD-1000 is equipped with a Laser Diode
(LD)-pumped UV solid-state laser (Explorer 349, Spectra-Physics) [18].
LD refers to a semiconductor laser, which is a device that emits laser
light by passing an electric current through a semiconductor. It is
characterized by its high coherence, as it produces light with identical
properties such as wavelength and phase. For further details on the laser,
please refer to [19].

2.2. Shielding filter

2.2.1. Principle

In this study, we propose a shielding filter method for accurately
measuring gamma-ray air dose by manipulating the response of the
RPLGD to gamma rays using various filter materials for shielding. By
adjusting the gamma-ray response to be proportional to the air kerma
coefficient a[uGy /h/(cm~2 sec!)], this method allows for precise
gamma-ray dose measurement. The definition of the filter and gamma-
ray flux for the shielding filter method in a gamma-ray field is shown in
Fig. 2. Here, the gamma-ray flux before passing through the filter is
denoted as ¢, [cm™2 sec™1] and the gamma-ray flux after passing through
the filter is denoted as ¢, [cm 2 sec!]. Note that @, ¢, and ¢, are
energy dependent as a(E), ¢,(E), #,4(E), but are omitted here for
simplicity.

The true gamma-ray air dose rate D, [uGy /h| is expressed using the
air kerma coefficient « in equation (2).

D, - / ,adE @

Next, the gamma dose D,4[uGy /h|, measured by the dosimeter, is given
by equation (3) using the response function f, [uGy /h / (cm~2 sec™!)] for
the gamma-ray flux ¢, before passing through the dosimeter filter.
Similarly, the energy dependence is omitted for f,.

Fig. 1. Photo of RPLGD and its casing.
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Fig. 2. Definition of filter and gamma flux for the shielding filter method in a
gamma-ray field.

Du = [#fd8 ®)
From equations (2) and (3), equation (4) is formally derived
[ ¢, adE
D,=2""""p ., =D 4
-~ apatn @

As shown in equation (5), by designing the filter so that the response
function f, of the filter becomes a constant multiple of the air kerma
coefficient @, n becomes constant. This allows for the calculation of the
true gamma-ray air dose in a gamma-ray field with an unknown energy
spectrum by applying the normalization factor 5 to the dosimeter’s
measured value.

a=1nf, )

We propose a method to achieve equation (5) by manipulating the
response function f, and to evaluate D, from D,, by equation (4). Now,
consider a dosimeter covered by filters made of multiple types of ma-
terials. As shown in equation (6), the response f, can be expressed as the
inner product of the response function matrix R and the material pro-
portion ratio, that is, the height ratio vector t. Here, the matrix
component R of the response function matrix R represents the absorbed
dose rate per unit flux for i-th (i = 1~m) energy and j-th (j = 1~n)
material.

fi Ri1 + Rmn t
fo=| = :

: =Rt (6)

f m le Rmn ty
where t satisfies Yt = 1. Therefore, by solving this matrix equation
with respect to t, we can theoretically design a filter that provides the
dosimeter with an arbitrarily set response f,. In this study, Bayesian
estimation was used to solve this matrix equation for t. Details of the
Bayesian estimation method described in the next section. The air kerma
coefficient & for each photon energy was taken from the values specified
by ICRP74 [20], as shown in Fig. 3 and Table 1.

2.2.2. Bayesian estimation method
The Bayesian estimation method is based on Baye’s theorem, which
is known as conditional probability. Iwasaki developed the spectrum-
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Fig. 3. Air kerma coefficients [20].
Table 1

Detailed values of the Air kerma coefficient [20].

Energy Air kerma coefficients Energy Air kerma coefficients
[MeV] [pGy/h/cm’zsec’l] [MeV] [pGy/h/cm’zsec’l]
0.03 0.721 0.4 1.89

0.04 0.429 0.5 2.38

0.05 0.323 0.6 2.84

0.06 0.289 0.8 3.69

0.07 0.298 1 4.47

0.08 0.307 2 7.55

0.1 0.371 4 12.1

0.15 0.599 6 16.1

0.2 0.856 8 20.1

0.3 1.38 10 24.0

type Bayesian estimation method, recognized as an extended interpre-
tation of Bayes’ theorem, as one of the solutions to the inverse problems
in radiation measurement [21,22]. In this study, we applied the
spectrum-type Bayesian estimation method to solve equation (5) and
finally derive t.

In the spectrum-type Bayesian estimation, the obtained posterior
probability (the estimated t) is used again as the prior probability in the
next iteration of the Bayesian estimation.

First, the response function matrix R in equation (6) is normalized as
shown in equation (7), where f; is defined as equation (8), which is the
normalization factor.

R
R. =Y 7
i f )]
fi=> Ry ®)
i=1

Here, equation (6) can be rewritten as equation (9) by using the
normalization matrix F in equation (10).

a =R Ft, 9
f %)

F= (10)
% fn

where, a is provided in Fig. 3, R’ (and R) are determined through nu-
merical calculations presented in the following section, and F is derived
from R. By solving equation (10), t can be determined, and since >t =
1, n can also be fixed. Then, the estimated effective height ratio is
defined as est = nFt, and the following equation becomes the one which
we should solve.
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a =R-est a1

To iteratively apply the Bayesian estimation method, we introduce
the estimated height ratio est*, where the superscript (k) indicates the
k-th iteration. According to Iwasaki, when the condition «; is given,

est;k“) can be expressed as follows using est;k).
R est
estj(km (0) = o 12)
Zj | Rjest;
where est;k) corresponds to the prior probability, and est](k“) corre-

sponds to the posterior probability. The subscript i means revision by «;
value. Summing all components ¢; of a, the finally equation is expressed
as follows.

m R est

(k+1
sty ) = Dt

(13)
= Z] 1Rjest; ®)

This equation forms the fundamental expression of the spectrum-
type Bayesian estimation. Consequently, after k iterations of the

Bayesian estimation, the height ratio t is obtained from est}k“) as
follows.
nt = FL.est®D) a4

The material height ratio t must be normalized using > ;t; = 1, and
the normalization factor 7 is finally obtained by summing both sides of
equation (14) as in the next equation.

n=> (F'est") (15)

2.3. Simulation

In this study, the R matrix from equation (6) was evaluated through
simulations. For the simulations, the Particle and Heavy Ion transport
code System (PHITS), developed by the Japan Atomic Energy Agency,
the Center for Computational Science, and the High Energy Accelerator
Research Organization, was used [23]. PHITS, which integrates EGS5
implementing a mode capable of accurately calculating the electro-
magnetic cascade including interactions between photons, X-rays, and
electrons, was adopted to precisely evaluate the absorbed dose.

In the simulation, filters of various thickness were irradiated with
monoenergetic gamma rays monoenergetic gamma rays to determine
the response of the RPLGD. A monoenergetic point gamma-ray source
was employed, and 20 energy bins between 0.03 and 10 MeV were
selected, as shown in Table 1. Based on this, 20 different monoenergetic
gamma rays were simulated. The filter was placed only outside the
reading area of the RPLGD as illustrated in Fig. 4. The absorbed dose in
the reading region was tallied using the [T-Deposit] of PHITS. The dis-
tance between the source and the RPLGD was set to 5 cm, ensuring the

z Thickness
! 5.0cm 1.0mm
Readout volume' RPLGD
6.0mm , 8.5mm
Point source
(0.03~10MeV) . __

Fig. 4. Simulation model for evaluating the response function matrix R
by PHITS.
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maximum incident angle of the gamma-rays was within 5 deg.

The absorbed dose calculated by [T-Deposit] is expressed in units of
[Gy/source], and to match the units with the air kerma coefficient, the
values were converted to [u Gy/h/(cm 2 sec™!)]. For evaluating the
performance of the filter in this study, the mean absolute percentage
error (MAPE), ¢, defined as in equation (16) was introduced to assess the
error with equal precision in all the energy bins. Here, A; and Z\l
represent the i-th elements of the target value vector and the measured
value vector, respectively. In this study, the target value vector A was set
as the air kerma coefficient &, and the measured value vector A was the
adjusted filter response 7f, defined in Equation (5).

1 m
,EZ

i=1

A —A;

l

(16)

Next, the effect of the irradiation angle was investigated. It is known
that the shielding material filter method is influenced by the incident
angle of irradiated gamma-ray. Therefore, simulations were conducted
for different irradiation angles on the glass dosimeter, and the impact of
the irradiation angle was verified. Fig. 5 illustrates the simulation model
in PHITS to examine the effect of irradiation angles. The gamma-ray
source condition was the same as in Fig. 4, and nine irradiation angles
from —60 deg to 60 deg in 15 deg increments were used. The index used
to evaluate the influence of irradiation angle was the mean percentage
error in equation (17).

1 A — A
= 17
—a> a7

3. Shielding filter design and irradiation experiments
3.1. Shielding filter design

3.1.1. Filter material selection

In this study, we examined whether accurate dose measurement
could be achieved by wrapping a shielding filter around a single RPLGD
in a gamma-only field to control the response. Here, we present the
results regarding the selection of materials for the filter design. For the
design of the filter we solved equation (6) to obtain t. First, we fixed
filter thickness to be 1.0 mm and created the response function matrix R
for 13 materials as shown in Table 2. Subsequently, we estimated t using
the spectrum-type Bayesian estimation method. The results of the filter
design are shown in Fig. 6 and Table 2.

Next, we arranged the filter materials in order of carbon (C), nickel
(Ni) and tungsten (W) from the bottom, as shown in Fig. 6, and con-
ducted irradiation simulation calculations using PHITS with gamma-ray
irradiation angles ranging from —60 deg to 60 deg. The results are

(0 03~ 10MeV)
5. Ocm

9/’

-

Fig. 5. Simulation system for examining the effects of irradiation angle.
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Table 2

Results of filter height ratio.
Material Height ratio
Al 0
Bi 0
C 0.2178
Fe 0
HDPE 0
Nb 0
Ni 0.4954
POM 0
PTFE 0
Sn 0
A% 0
w 0.2868
Zn 0

e R

Hright of a filter [mm)]

Fig. 6. Filter design results.

presented in Fig. 7. Based on the simulations system in Fig. 5, the irra-
diation distance and gamma-ray energy are the same as the conditions
shown in Section 2.3. The results show the average percentage error
relative to 0 deg.

From Fig. 7, it can be observed that when the irradiations angle is
negative, the response is greater compared to 0 deg, while for positive
angles, the response is smaller, This is attributed to the fact that for
negative angles, gamma-ray enter from the side of carbon (C), resulting
in a higher proportion of C and a lower proportion of tungsten (W) in the
materials through which gamma-rays pass, This leads to a decrease in
shielding performance and, consequently, an increase in RPLGD
response. On the other hand, when gamma-rays enter from positive

Nuclear Inst. and Methods in Physics Research, A 1080 (2025) 170721

angles, they come from the side of W, resulting in a higher proportion of
W and a lower proportion of C, which increases shielding performances
and decreased RPLGD response, Therefore, it can be concluded that the
response of the RPLGD to gamma-rays at version irradiation angles is
significantly influenced by the shielding performance of the two mate-
rials on the outer side of the filter.

3.1.2. Optimization of filter placement

To reduce the influence of irradiation angles, it is necessary to design
the arrangement such that the same trend is exhibited for both positive
and negative angles, while also minimizing the discrepancy compared to
0 deg. Therefore, to mitigate the contributions from oblique incidence
from the upper and lower direction, covers were placed above and below
the filter, as shown in Fig. 8. In this setup, the order of the filter materials
(C, Ni, W) was changed, and three patterns of filter configurations were
considered as presented in Fig. 8. In each pattern, the filters and the filter
overs were arranged so that gamma-rays could pass the same materials
for both positive and negative irradiation angles of gamma-rays. The
simulation results are shown in Fig. 9.

By using the filter covers, it was possible to reduce the error for
irradiation angles up to +30 deg. However, for angles of 45 and 60 deg,
the three filters exhibited significantly different errors. Examining the
values in Fig. 9 with absolute values, the CNiW filter was very close in
error to the case without a cover among three filters. This indicates that
the arrangement order of the filter materials is also important for
reducing the influence of irradiation angles. Additionally, at —45 and
—60 deg, the errors increased, inducing excessive shielding. This is likely

ECENiEW HECEHWHEHN HENECEHW

Fig. 8. Schematic diagram showing different setups with three filters and filter
covers in both ends.

30

15

Mean percentage error [%]

_30 L 1 1
-60 -45 -30 -15

0 15 30 45 60

Irradiation angle [deg]

Fig. 7. Error relative to 0 deg for each irradiation angle.
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Fig. 9. Average percentage errors for each irradiation angle when using the
filter covers in Fig. 12.

due to the placement of W, which affects shielding performances of
gamma-rays of all energies. Therefore, it is considered that high atomic
number materials should not be used for the filter cover materials.

As mentioned in section 3.1.1, the response of the RPLGD is signif-
icantly influenced by the performance of the materials on the outer side
of the filter. Furthermore, using high atomic number materials for the
filter cover results in larger errors. Taking these factors into account, the
order of materials was changed so that the atomic number decreases
from the center of the filter towards the outside, as shown in Fig. 10.

3.1.3. Materials selection for the filter cover

Based on the filter in Fig. 10, the filter cover materials were chosen
for their ease of manufacturing and availability. Specifically, C and Ni,
which are used in the current filter, were selected, along with Al and Ti,
which have atomic numbers between and farther apart from C and Ni
and are also solid materials. PHITS simulations were conducted for an-
gles ranging from —60 deg to 60 deg. The simulation results are shown
in Fig. 11. The irradiation distance and gamma-ray energy are the same
as the conditions shown in Section 2.3. The results are presented as
average percent errors relative to the 0 deg angle.

From the results, when carbon (C) was used for the filter cover, the
error was approximately 10 % compared to 0° only at angles of +60 deg,

BCHEHN BW

Fig. 10. Optimized filter placement.
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Fig. 11. Error relative to 0 deg for each irradiation angle with each filter cover.

—e—60deg(C)

~o—-60deg(C)
80

60
40
20
0
20 F

—e—60deg(Al)
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—eo—60deg(Ti)
—eo—-60deg(Ti)

—e—60deg(Ni)
—o—-60deg(Ni)

Errorfrom 0 degree [%]

-100 L .
0.01 0.1 1 10
Photon energy[MeV]

Fig. 12. Errors at +60 deg irradiation relative to 0 deg for each energy with C,
Al, Ti and Ni filter cover.

while at other angles the error remained within about 3 %, showing
good angular dependency. When nickel (Ni) or titanium (Ti) was used
for the filter cover, the error increased significantly on the negative side
across all irradiation angles. On the other hand, when aluminum (Al)
was used, the error was within 5 % for angles up to £45 deg and even at
+60 deg the maximum error was 8 %, indicating an improvement in
angular dependency compared to C. However, the vertical axis of Fig. 11
shows the average error over all energy ranges, meaning that large er-
rors at high or low energies may have canceled each other out. There-
fore, Fig. 12 shows the errors for each energy range from 0.03 to 10 MeV
when the filter cover was made of C, Al, Ti and Ni at irradiation angles of
+60 deg, compared to 0 deg. The irradiation distance and gamma-ray
energy are the same as the conditions shown in Section 2.3. From
Fig. 12, it can be seen that at all angles, errors increased in the low-
energy range of 0.03-0.06 MeV. With the C filter cover, the maximum
error was 66 % at 60 deg and 63 % at —60 deg, while the error improved
when using an Al filter cover, it still reached maximum of 43 % at 60 deg
and 41 % at —60 deg, meaning that angular dependency was not suffi-
ciently improved. Additionally, data for Ti and Ni are included in Fig. 12
for comparison, however, both show large negative errors at low energy
range of 0.03-0.06 MeV. Especially, when using the Ni filter cover, the
error in the negative direction becomes significantly large, reaching up
to 85 %. These are likely due to the atomic numbers of Ti and Ni, which
are thought to have significantly shielded low-energy gamma-rays. From
Fig. 12, it can be seen that Al has a large positive error at low energy.
While Ti shows a large negative error. Based on these observations, we
considered using a material with a higher atomic number than Al but
lower than Ti, which is also solid. Considering the choice of properties
between Al and Ti, we adopted a Ti-Al alloy. Alloys allow for the
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—e—Ti(10)AL(90) —=—Ti(20)AL(80)

—+—Ti(30)AL(70) Ti(40)Al(60)

15

Mean percentage error[%]

-60 -45 -30 -15

0 15 30 45 60

Irradiation angle[deg]

Fig. 13. Error from the 0 deg for each filter cover.

—e—Ti(10)Al(90)(60deg)
—e—Ti(10)Al(90)(-60deg)
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—e— C(-60deg)
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—e— Al(-60deg)

Errorfrom 0 degree [%]

0.01 0.1

10

Photon energy[MeV]

Fig. 14. Errors at +60 deg irradiation relative to 0 deg for each energy with Ti(10)A1(90) filter cover.

adjustment of effective atomic number and density by modifying the
composition, making them suitable as filter cover materials. To deter-
mine the optimal composition ratio, we used four validations of the filter
cover, Ti(10)Al(90), Ti(20)A1(80), Ti(30)Al(70), Ti(40)Al(60). Irradia-
tion simulations were conducted using PHITS at angles between —60
deg and 60 deg, with a source distance if 5 cm. A monoenergetic point
gamma-ray source was employed, and energies selected from 0.03 to 10
MeV, as listed in Table 1. The simulation results are shown in Fig. 13.
The reason for using a higher ratio of Al compared to Ti is that showed
better angular dependency.

From Fig. 13, it was found that Ti(10)Al(90) showed good results
with an error within 5 % for all irradiation angles. Fig. 14 shows the
error between 0 deg and +60 deg irradiation for each energy when using
a filter cover made of Ti(10)A1(90). From Fig. 14, even in the low-energy
range of 0.03-0.06 MeV, the error was smaller compared to C and Al,
with a maximum error of about —24 % at 60 deg and about —30 % at
—60 deg, indicating an improvement in angular dependence at low
energies. Fig. 15 shows a comparison of the filter response and the air
kerma coefficient when using a filter cover of Ti(10)A1(90). Addition-
ally, as a performance evaluation index for the filter, the MAPE (Mean
Percentage Error) was calculated using equation (15), which showed 6.1
%, indicating that a filter capable of reproducing the air kerma coeffi-
cient with an error within 10 % was successfully designed.

4. Experimental conditions

Filters designed based on PHITS simulations were actually produced,
and irradiation experiments were conducted. The irradiation experi-
ments used the gamma-ray standard source shown in Section 4.1, and
the experimental setup is described in Section 4.2.
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Fig. 15. Comparison result between the filter response and air kerma coeffi-
cient when the filter cover is compared of Ti(10)A1(90).
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Table 3
Characteristics of the gamma-ray sources [24].

Nuclide Intensity” Half life Gamma-ray energy  Emission ratio [
[MBq] [year] [MeV] %]
133, 0.852 10.52 0.0532 2.2
0.0796 2.6
0.081 34.1
0.276 7.2
0.303 18.3
0.356 62.1
0.384 8.9
137¢s 1 30.17 0.661 85.1
80Co 1.06 5.27 1.173 99.9
1.333 100

# At Feb. 21, 2013.
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Fig. 16. The gamma-ray standard source of 402 type [25].
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(a)Schematic diagram of the experimental setup
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4.1. Standard gamma-ray sources

In this study, the monoenergetic gamma-ray standard sources of
13%Ba, 137Cs and %°Co were used. The characteristics of the gamma-ray
sources are summarized in Table 3 [24]. The standard sources used in
this experiment are point sources with a diameter of less than 6 mm, and
the external appearance of the standard sources is depicted in Fig. 16.

4.2. Experimental setup

Fig. 17 shows (a) schematic diagram of the experimental setup at
0 deg. and (b) photo of the experiment. The area outside the reading
region of the RPLGD is covered with a filter cover. The distance from the
source to the center of the RPLGD is the same as the calculation con-
ditions for the response function matrix. Three dosimeters were placed
on a polystyrene base, and irradiation was carried out for 2-3 days.
Fig. 18 illustrates, similar to Fig. 17, the experimental setup at angles of
15 deg and 30 deg. As shown in the figure, the position of the source was
raised using polystyrene to change incident angles of gamma-rays. The
polystyrene heights of 2.5 cm and 5.0 cm were used. Also, the distances
from the source to the RPLGDs are different from the 0 deg irradiation
case in Fig. 17. In summary, the positions of the RPLGDs were adjusted
by the height of the source and the distance to the source to achieve the
desired irradiation angles. Fig. 19 provides a schematic diagram illus-
trating how to determine the height of the source and the position of the
dosimeter. The source height, dosimeter position, and irradiation dis-
tance necessary to achieve the desired irradiation angle are shown in
Table 4. In this study, irradiation experiments at 45 deg and 60 deg were
also conducted. However, as shown in Table 4, the experimental setup
differs only in the height of the source and the distance to the RPLGD
and is largely the same as that shown in Fig. 18.

25200 B HE AR

(b)Photo of actual experiment

Fig. 17. The irradiation experimental setup at a 0 deg irradiation angle.

Source

(a)Schematic diagram of the experimental setup

Filter cover Styrofoam

.

D

' o e

(b)Photo of actual experiment

Fig. 18. The irradiation experimental setup at angles of 15 deg and 30 deg.
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2.5cm
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Fig. 19. Method for determining the source height and dosimeter position.

Table 4
Source height, dosimeter position, and irradiation distance for each angle.

Angle Height of source Position of RPLGD Irradiation distance
[deg] [em] [em] [em]

0 0 5.0 5.0

15 2.5 9.3 9.7

30 2.5 4.3 5.0

45 5.0 5.0 7.1

60 5.0 2.9 5.8

5. Irradiation experiments with standard gamma-ray sources

The Ti(10)A1(90), which showed the best performance in Section
3.1.3, is difficult to obtain commercially and is therefore not suitable for
fabricating filter covers for irradiation experiments. Therefore, we
fabricated a filter cover using Ti(30)Al(70) (a commercially available
product) instead, which exhibited similarly good performance to other
combinations of Ti and Al Irradiation experiments were conducted
using the experimental setup shown in Fig. 17 and standard gamma-ray
sources (133Ba, 137Cs, 60Co). Fig. 20 shows an overview of the fabricated
filter. Fig. 21 compares the filter response and the air kerma coefficient
when using filter covers of Ti(30)Al(70) and Fig. 22 shows a comparison
of the experimental values, the simulation results with PHITS and the
theoretical values derived from the air kerma coefficient.

From Fig. 22, it can be confirmed that for all radiation sources, the
experimental errors are below 10 %, and the PHITS calculation values
and the theoretical values are in agreement within experimental error
range.

Next, to verify angular dependence, irradiation experiments were
conducted using the experimental setup shown in Fig. 18. Fig. 23 shows
a comparison between the experimental values and the simulation

HCHNi BWMNTI(30)AI(70)

Fig. 20. Designed filter with Ti(30)AI(70) filter cover.
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Fig. 21. Comparison results between the filter response and air kerma coeffi-
cient when the filter cover is composed of Ti(30)Al(70).
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Fig. 22. Comparison of absorbed dose measurement results using standard
gamma-ray sources, 133ga, 137Cs, ®0Co with PHITS simulation results and
theoretical value.
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Fig. 23. Comparison of absorbed dose measurement results using standard
gamma-ray sources, 133g,, 137¢s, %°Co with PHITS simulation results at irra-
diation angles of 15-60°..

results from PHITS, and Fig. 24 presents the derivation from 0 deg
irradiation for each standard source when using the Ti(30)Al(70) filter
cover.

From Fig. 23, it can be confirmed that for all radiation sources, the
experimental errors are below 10 %, and the PHITS calculation values
are in agreement within the experimental error range. Next, regarding
the deviation from 0 deg, Fig. 24 shows that for all sources, the deviation
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Fig. 24. The error from the O deg irradiation for each standard gamma-ray
source of Ti(30)AI(70).

from 0 deg was within 20 %, and particularly for the irradiation ex-
periments using ®°Co, which emits gamma rays above 1 MeV, the de-
viation was within 5 % at all irradiation angles.

6. Conclusion

In this study, we proposed and examined the shielding material filter
method for gamma-ray fields. Previous filter designs had shown signif-
icant errors when gamma-rays entered the RPLGD at large irradiation
angles, indicating a need for improvement in angular dependence. To
improve angular dependence, this study implemented thinning of filters,
optimizing of their arrangement, and adoption of filter covers. Through
analysis with PHITS and filter design using Bayesian estimation, as well
as irradiation experiments using gamma-ray standard sources, the
following conclusions were drawn.

1 By optimizing the thinning of the filter and its arrangement, and by
adopting a Ti-Al alloy (Ti(10)Al1(90)) for the filter cover material, it
was found that the average percentage error could be kept within 5
% when the irradiation angle was within +60 deg

2 Irradiation experiments were conducted using gamma-ray standard
sources (13*Ba, 1%7Cs, 5%Co) at 0 deg for the designed filter. The re-
sults showed that the experimental errors were below 10 %, and the
PHITS calculation values and the theoretical values are in agreement
within the experimental error range.

3 Irradiation experiments using gamma-ray standard sources (**°Ba,
137¢s, 60Co) at angles ranging from 15 to 60 deg were conducted on
the designed filter cover. For all radiation sources, the experimental
errors were below 10 %, and the PHITS calculation values and the
theoretical values were in agreement within the experimental error
range. Additionally, the ratios of absorbed doses at each angle to the
dose at irradiation angle 0 deg for each source indicated agreement
within 20 % for all three sources. Notably, in the irradiation exper-
iments using ®°Co, which emits gamma-rays above 1 MeV, the results
showed consistency within 5 % across all irradiation angles

In this study, a shielding filter method for gamma-rays was devel-
oped, designing fabricating and verifying a filter capable of accurately
measuring high-energy gamma rays. The practicality of the filter was
confirmed through experimental validation. However, we recognize that
the filter material designed in this study contains toxic substances, and
we consider that the toxicity can be mitigated by encapsulating the
entire filter. Moving forward, we plan to design and fabricate a filter
capable of accurately controlling the response to neutrons. Ultimately,
we aim to produce two types of filters to verify their applicability in
mixed neutron and gamma-ray fields.
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