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PREFACE

The Radiation Science Center is concerned with the management of both radiation and
chemical safety in KEK. In addition to the tight routine work, R&D work in this field is
conducted. The first part is the R&D activities reported in English and the second part is
the studies related to the routine work written in Japanese. The third part is the data related
to our activities including awards, name of outside committees we are engaged in,

workshops and symposia, publications, and funds we got.

In FY 2019 effort for earthquake disaster reconstruction was continued in the field of
measurement and estimation of radioactivity which was released in Fukushima Daiichi
Nuclear Power Plant Accident. This includes radioactivity measurement for samples from
Fukushima prefecture, setting up of radiation monitor, estimation of radioactivity in air

just after the accident, and talks on basic knowledge regarding radiation in schools.

Yoshihito Namito
Head, Radiation Science Center

High Energy Accelerator Research Organization
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Chapter 1  Research Activity

The feature of the research activities in the Radiation Science Center (RSC), KEK is a
wide coverage of the research fields. Radiation physics, radiation measurements,
radiochemistry, radiation chemistry, health physics, radiation shielding, nuclear
engineering, analytical chemistry and environmental science are included in the
research fields of the RSC’s staff members. The status of these research activities

carried out in fiscal year 2019 is described.



1. Research in Radiation Physics and Detector Development

1.1 Detector performance of the position-sensitive tissue-equivalent proportional chamber for

space dosimetry onboard the international space station

Y. Kishimoto', S. Sasaki', K. Takahashi', K. Saito', K. Terasawa?, K. Miuchi?,
M. Katsuta*, A. Nagamatsu®, T. Fuse*, K. Mori*, H. Kitamura’
'KEK, ?Keio Univ., *Kobe Univ., 9JAXA, QST

We investigated the performance of a flight model of the position-sensitive tissue-equivalent
proportional chamber (PS-TEPC) by irradiating with heavy-ion beams prior to launch to the
International Space Station. The flight model operated stably with an effective gas gain of 1000
under a sealed gas. This gain was almost consistent with the effective gas gain under a gas flow.
Energies of H, C, Si and Fe beams measured using the PS-TEPC flight model agreed well with
calculations using the SRIM2008 code. Energy resolutions of 9.7% and 3.8% were obtained for the
C and Fe beams, respectively. The uncertainties in dose equivalents were estimated to be better than
30% assuming both the theoretical model and best-fit function of linear energy transfer and referring
to previously reported integrated dose fractions for an actual spacecraft. These features of the flight
model satisfy the National Council on Radiation Protection and Measurements criteria for space

dosimeters.

Published as Japanese Journal of Applied Physics, 59 1 (2020)

1.2 Influence of light output calibration on neutron energy spectrum unfolding up to 300 MeV

using liquid organic scintillator

E.Lee!, N. Shigyo!, T. Kajimoto?, T. Sanami®, N. Matsufuji*, S. Izumitani!, N. Tokunaga!, M.
Kiyota'
'Kyushu Univ., 2Hiroshima Univ., *’KEK/SOKENDALI, “NIRS

The influence from uncertainty on light output calibration was studied experimentally for neutron
energy spectra up to 300 MeV obtained by an unfolding method using a liquid organic scintillator.
The neutrons were generated from the interactions of 100 and 290 MeV/u 2*Si ion beams on thick
silicon targets at a 75° direction with respect to the beam axis. The light output calibration
determined by using Compton edges of y-rays from *°Co and 2*! Am-Be sources was used for the
unfolding method. The uncertainty of the calibration points at the Compton edges was estimated to

be within 3%. Two calibration lines which connected the 3% larger light output point of the



Compton edge of the y-ray from ®’Co and that the 3% lower light output point of that from *' Am-Be
and vice versa were examined for influence on variation of calibration line. The unfolded spectra
using the two calibration lines were compared with one using the calibration line connecting light
output points of Compton edges from both y-ray sources. The comparison indicates the uncertainty
of calibration line influences the neutron light output spectrum within order of several %. The all
unfolded spectra generally reproduced one by the time-of-flight (TOF) method in the same
experiment. The difference between TOF and unfolded spectra were 17 and 8% for 100 and

290 MeV/u data, at maximum.

Published as Nucl. Instrm. Meth. B 445 26 - 33 (2019)

1.3 Low-energy-threshold detector for measuring proton spectra at several tens of MeV using

Bragg curve spectroscopy

Y. Yamaguchi!, T. Sanami?, Y. Koba®, Y. Uozumi'
'Kyushu Univ., 2KEK/SOKENDALI, *NIRS

We have developed a low-energy-threshold detector comprising a Bragg curve counter (BCC), two
silicon-surface barrier detectors, and a bismuth germanate scintillator to obtain experimental
double-differential cross section (DDX) data on (p, p’ X) reactions for incident energies of several
tens of MeV. The BCC can identify particles by itself and can do so for protons down to 1 MeV. The
developed detector is used to measure the DDXs of (p, p’ X) reactions for incident proton energies of
40 and 70 MeV at 15-150°. The minimum energy in the DDX data is 1.3 MeV, which gives spectra
of emitted particles in the whole energy range. The resultant DDXs are compared with results
calculated using intranuclear cascade plus evaporation models. Below 10 MeV, the calculation
results agree reasonably with measured data for the "'C(p, p’ x),’Al(p, p’ x),and "*Cu(p,

p’ X)reactions, but they disagree regarding energy and angular dependence for the '’ Au(p, p’ x)

reaction

Published as Nucl. Instrm. Meth. A 953 163158 (2020)

1.4 Neutron emission spectrum from gold excited with 16.6 MeV linearly polarized

monoenergetic photons

Y. Kirihara', H. Nakashima!, T. Sanami®, Y. Namito?, T. Itoga®,
S. Miyam0t04, A. Takemoto*, M. Yamaguchi4, Y. Asano’



JAEA, ’KEK/SOKENDALI, *JASRI, *Hyogo Univ., RIKEN

The neutron-emission spectrum from a !*’Au target excited with a 16.6 + 0.2 MeV, monoenergetic,
linearly polarized photon beam was measured using the time-of-flight method at the
NewSUBARU-BLO1. Two components were clearly detected in the neutron spectrum produced by
photonuclear reactions. One component [component (A)] shows an evaporation-like spectrum with
energies up to 4 MeV. The spectrum of the other component [component (B)] is shaped like a bump
and energies > 4 MeV. The intensity of the component (A) does not show any definite angular
dependence, whereas, that of the component (B) follows the relation [a+ b cos(26)] as a function of

the angle 6 between the polarization and detector directions.

Published as J.Nucl Sci.Tech. 57, 444-456 (2020)

1.5 Depth profile of radioactivity in the concrete wall of the J-PARC accelerator tunnel

K. Nishikawa' 2, K. Bessho" 2, S. Sekimoto®, H. Yashima®, M. Hagiwara'-2, M. Shirakata',
T. Miura?, K. Saito" 2, H. Yamazaki" 2, H. Nakamura' 2, A. Kanai*

'J-PARC Center, 2KEK, * KURNS, * Tokyo Nuclear Services Co., Ltd,

This study addressed the production of radioactivity in concrete walls at the J-PARC facilities. It was
found that the production of various radionuclides in concrete was largely dependent on elemental
composition of the concrete and locations of concrete in the accelerator where dominant particles
were different. The depth profiles of the radioactivity in the concrete walls were also investigated. A
depth profile of nuclides induced by thermal neutrons demonstrated that fast neutrons were
moderated and changed to thermal neutrons inside the concrete. These thermal neutrons also
contributed to the production of radionuclides by thermal neutron capture reactions. Activation
induced by high-energy muons were observed in concrete behind the hadron absorber in the
Neutrino Beam-line. The different mechanisms of radionuclides production in concrete were also

discussed.

Presented at 3rd J-PARC Symposium on Science at J-PARC (J-PARC2019)

1.6 Excitation functions for neon-induced reactions on copper up to 180 MeV

H. Yashima', M. Hagiwaraz, T. Sanami?, S. Yonai’



'KURNS, ?KEK, 3QST

The decommissioning of old accelerator facilities requires activation cross section data to estimate
the residual activities induced in the accelerator components. But experimental data of induced
activities are very scarce for low energy (lower than several tens MeV) heavy ions which were
required for decommissioning of accelerator facilities such as tandem accelerator and cyclotron. We
therefore irradiated 126, 189 MeV neon ions onto a Cu target to obtain experimental data of residual
radioactivities for low energy heavy ions. Irradiation experiments were performed at cyclotron
facility (NIRS-930), National Institutes for Quantum and Radiological Science and Technology. The
Cu targets were composed of a stack of natural Cu foils. The Cu targets were irradiated with beam
intensity from 100 to 180 nA, for irradiation time from 1 to 4 hours. The beam current on the Cu
targets were recorded with a current integrator, connected to a multichannel scaler to monitor the
fluctuations of the neon beam. After irradiation, radioactivities of produced nuclides on the Cu foils
are determined by a HPGe gamma-ray spectrometry. The excitation functions of neon-induced
reaction on the Cu foils by taking into account the projectile energy degradation in the target are

estimated.

Presented in 2nd International Conference on Radioanalytical and Nuclear Chemistry: RANC-2019,
Budapest, Hungary, May 5-10, 2019

1.7 Radioactivity of sodium-22 and sodium-24 produced in low-activation concrete used for the

accelerator tunnel in J-PARC

K. Nishikawa' 2, K. Bessho" 2, S. Sekimoto®, H. Yashima®, M. Hagiwara'- 2, M. Shirakata'?,
T. Miura?, K. Saito" 2, H. Yamazaki" 2, H. Nakamura' 2, A. Kanai*

'J-PARC Center, 2KEK, * KURNS, * Tokyo Nuclear Services Co., Ltd,

In high-energy proton accelerator facilities, secondary neutrons are produced by nuclear reactions at
beam loss points. These neutrons produce radionuclides in accelerator components, room air, and
concrete materials constituting the tunnel walls, floors, and ceilings. In general, sodium is one of the
major elements in concrete materials. It becomes a parent nuclide producing **Na (T,2: 15 h) and
2Na (Tix: 2.6 y); **Na is produced by the thermal neutron capture (n, y) reaction, whereas **Na is
produced by the fast neutron (n, 2n) reaction. Sodium-24 is the most dominant radionuclide involved
in y-ray exposures on radiation workers immediately beyond the beam stop, and *’Na must be
addressed from the perspective of decommissioning of accelerator facilities. To solve such problems,

“low-activation concrete”, which has low Na content, was developed for reducing >*Na and **Na



production. The Japan Proton Accelerator Research Complex (J-PARC) is a large research facility
using world-class high-intensity proton beams (design value; 3 GeV: 1 MW, 30 GeV: 750 kW);
hence, extremely intense neutrons are produced at beam loss points. At the areas around beam-loss
points, low-activation concrete was adopted in the facility-design stage of J-PARC, to reduce **Na
and **Na production. To study the production process of radioactivity in concrete, test concrete
samples for radioactivity measurements were installed at twelve locations in concrete walls in the
J-PARC facility. This work focused on the differences in the radioactivity produced in ordinary and
low-activation concrete, and the differences were studied using radioactivity measurement and
calculation methods. The radioactive concentrations of >’Na were measured using a high-purity Ge
detector and were compared at two locations (depth: 30-95 mm) where ordinary concrete (Na: 1.3%)
and low-activation concrete (Na: 0.035%) were used, respectively. For these locations, the dominant
beam loss corresponded to the same proton energy of 400 MeV, and the fast-neutron fluences were
estimated to be similar. The radioactive concentrations of *Na were determined, using radioactivity
measurements, to be 2.9x102 Bg/g in ordinary concrete and 6.2x10 Bg/g in low-activation
concrete. The effect of reducing **Na by adopting low-activation concrete was certified for the first
time in this work, using practical radioactivity measurements of concrete at high-energy accelerator

facilities.

Presented in 2nd International Conference on Radioanalytical and Nuclear Chemistry: RANC-2019,
Budapest, Hungary, May 5-10, 2019.

1.8 Excitation functions for alpha-induced reactions on zirconium in the 1040 MeV energy

range

M. Hagiwara', H. Yashima?, T. Sanami', S. Yonai®

'KEK, 2’KURNS, 3QST

9mTe/*Mo is one of the most important radioisotopes used in nuclear medicine for common
diagnostic imaging technologies such as single photon emission computed tomography (SPECT).
After the worldwide shortage of *™Tc/**Mo due to the long shutdowns of major nuclear research
reactors in 2009-2010, some alternate sources of *™Tc/*’Mo using accelerators have been
investigated for stable supply of **™Tc/*Mo. In this study, we focused on the production route of
%Mo via the *°Zr(a, n) Mo reaction using a low energy accelerator. In order to estimate the
production yield of *Mo and the byproduct radioisotopes, we irradiated 24.6 and 46.4 MeV alpha
particles onto stacked "'Zr targets at a cyclotron facility (NIRS-930), National Institutes for

Quantum and Radiological Science and Technology, Japan. The stack targets were composed of



natural zirconium foils (0.005 mmt) and natural titanium foils (0.005 mmt) which acted as a beam
monitor. The total target thickness was thicker than the range of projectile alpha particles to measure
the beam current on the targets. After irradiation, gamma-rays from each foil were measured with a
HPGe detector. The production rates of radionuclides as well as Mo in "Zr samples are
determined by a gamma-ray spectroscopy. The excitation function was deduced from the production
rates of radionuclides by taking into account the projectile energies on each "'Zr foil degraded in the

stacked target.

Presented in 2nd International Conference on Radioanalytical and Nuclear Chemistry: RANC-2019,
Budapest, Hungary, May 5-10, 2019.

1.9 Thermal neutron profile inside J-PARC main ring tunnel

T. Oyama, M. Hagiwara, H. Nakamura, M. J. Shirakata, S. Nagaguro, H. Yamazaki, K. Nishikawa,
T. Sanami,

KEK

To estimate the beam losses and activation in the J-PARC main ring (MR) tunnel, thermal neutron
distribution was measured using gold foil activation detectors with the Cd difference method.
Hundred pairs of bare and Cd-covered gold foils were prepared to cover the entire area of the MR
tunnel. The relative and absolute activities of the gold foils were measured using an imaging plate
and an HP-Ge detector for some reference foils, respectively. A total of 97% of the thermal neutrons
were detected in the injection section, where a beam collimation system was installed to localize the
beam loss in the MR tunnel. The thermal neutron fluxes were compared with the calculation results
from a Monte Carlo simulation code, PHITS. The calculation results were generally in good
agreement with the experimental thermal neutron flux distribution. Furthermore, we investigated a
simple empirical formula, ¢n= CQS, to estimate the thermal neutron flux in the accelerator room,
where Q is the neutron source intensity and S is the total surface area of the room. A coefficient C of
1.61 £ 0.15 was deduced in the MR tunnel, which is within the error range of the previous value
measured in the CERN CHARM facility using a 24 GeV/c proton beam despite the different
projectile energies and room shapes. The y dose rates at the same positions as the gold foils were
measured as well. A strong correlation was observed between the thermal neutron fluxes and y dose
rates with respect to the surrounding concrete types. This result suggests that the dose rate on the
concrete wall can be used to estimate the distribution of the thermal neutron fluxes and the amount

of beam loss in the MR.



Published as Nuclear Inst, and Methods in Physics Research A, 937 (2019) 98-106.

1.10 Evaluation of gamma-ray disturbing effect on readout of charged particle tracks using

fluorescent nuclear track detectors (FNTDs)

T. Hashizume'?, T. Okazaki', T. Sanami*®, M. Hagiwara>®, H. Monjushiro**, H. Hayashi', I.
Kobayashi'
"Nagase Landauer, Ltd., 2 SOKENDALI, *KEK

In this study, we aimed to identify the reasons for track misrecognition caused by gamma-rays in the
FNTD (fluorescent nuclear track detector) system. FNTDs were irradiated with fluence-controlled
241 Am alpha-particles at 0°. The irradiated FNTDs were scanned by a commercial reader to obtain
fluorescence images of uniform shape tracks and a reader-counted track density per unit area [mm2].
The track density was good agreement with manually eye-counted track density. Then, the FNTDs
irradiated with alpha-particles were additionally irradiated with *’Cs gamma-rays and scanned by
the reader in order to monitor transition of the reader-counted track density with gamma dose. Track
counting efficiency, which is defined as the reader-counted density divided by the eye-counted
density, was reliable with until 33 mSv of gamma dose with + 30% accuracy. However, with the
higher dose of gamma-rays at 95 and 242 mSy, the efficiency fluctuated over the accuracy because
of track misrecognition. To clarify the reasons for the track misrecognition, fluorescence track
images were compared before and after gamma irradiations. On the fluorescence images with
gamma-rays, the non-uniform signal caused by secondary electrons were observed (Sykora et al.,
2010a). Especially with 242 mSv of gamma dose, the non-uniform signal formed “track-like” spots.
To analyze the characteristics of the non-uniform signal, fluorescence intensity (FI) per pixel was
analyzed for track and background (BG) areas separately. The FIs at both track and BG areas showed
linearity to gamma dose. In the analysis of FI distributions, the fluctuation of FIs at BG area
increased with gamma doses while the fluctuation of FIs at track areas did not change significantly.
As a result, the difference of FI values between track and BG areas was smaller with the higher dose
of gamma-rays. This phenomenon caused the difficulty of detecting tracks under gamma-ray

exposure.

Published as Radiation Measurements, 122 (2019) 22-28.



1.11 Characterization of diamond detector for neutron dosimetry in harsh radiation

environments

M. Hagiwara'?, X. Xu?, M. Jauhar Kholili* and M. Tanaka'-?
'KEK, 2SOKENDAI

Mixed radiation fields (neutrons, y-rays and so on) are present in many environments including
nuclear power plants, nuclear reprocessing facilities, particle accelerators and in medical nuclear
facilities. Especially, neutrons and y-rays composing these fields are required to be monitored in
order to characterize the radiological environments and to avoid the workers from excessive
radiation exposure. However, in some harsh environments associated with Fukushima Daiichi
nuclear power plant (NPP) after the accident in 2011 and state-of-art high-intensity accelerators such
as SuperKEKB, J-PARC and LHC, the real-time monitoring of neutrons and y-rays in their caves,
that gives diagnostic information in the systems, can be challenging, because extremely-high levels
of background events. In 2018, we launched a Japan-collaborative project (RIDERS: Remote
Inspection of Debris under Extreme Radiation by Diamond Sensor Integrated with SONAR
Systems) to develop a prototype of submerged remotely operated vehicle (ROV) integrated with a
neutron detector and sonars in collaboration with Japanese experts from the High Energy Accelerator
Research Organization (KEK), the National Institute Material Science (NIMS) and the National
Maritime Research Institute (NMRI), targeting the localization and characterization of the fuel debris
at NPP on site. For the neutron detector, a thin diamond detector coated by a neutron convertor is
selected, because it could measure neutron events associated with the debris apart from huge y-ray
events by '*’Cs widely-dispersed throughout the primary containment vessel (PCV).

We started the feasibility study with the commercially-available CVD diamond detectors (B6-C by
CIVIDEC) with thickness of 0.025 and 0.14 mm. B6-C was developed for the measurement of
thermal neutrons putting a 95% enriched 6LiF neutron convertor with 1.9 pm thickness on the one
side of the detector. To investigate essential characteristics of the diamond device, the CCE and
transient signal is measured using a mixed a-source ('**Gd, **' Am, **Cm) inside a metal vacuum
chamber at room temperature. The CCE measurement is conducted by connecting the SMA
connector to a CAEN A1422 Charge Sensitive Amplifier (CSA). The long-tail signal from CSA is
shorten with a CAEN N968 shaping amplifier with an output of Gaussian signals. The analog output
signals from the shaper are converted to digital signals by MCA 8000D. The MCA software
distributes the digital data to histogram in certain bin related to the energy of the incoming particle.
The distribution of histogram reflects the energy resolution of the detector. Next, we irradiated the
diamond detectors with y-rays of '*’Cs and ®®Co and measured the energy deposition distributions to

estimate the sensitivities for y-rays. Besides, we simulated the response of diamond detectors for

-9-



y-rays by using the PHITS code for comparison.

Presented in JSPS-CNRS diamond detector workshop, Akita, Japan, October 29-November 1, 2019.

1.12 Measurement of scintillation and ionization in helium mixed with xenon

A. Takeuchi', K. Saito'?, Y. Kishimoto', T. Oyama'?, and T. Sanami'~
'Sokendai, 2KEK

We precisely measured the scintillation time profiles, scintillation yield, and ionization yields of
He/Xe mixture to investigate the basic properties of the gas mixture for the anticipation for
developing neutron detector with *He/Xe mixture. The observed rise and decay times of scintillation
depend on partial pressure of He and Xe. Various mixture of He/Xe are tested, and the scintillation
yields saturated when the concentration of Xe exceeds 10%. The measurements of ionization yields

show to correspond with the theoretical values.

Published as Proceedings of the Second International Symposium on Radiation Detectors and Their

Uses (ISRD2018) , JPS conference proceedings 24 (2019) 011006.

1.13 Impurity effect on ionization yield in helium by alpha-particles

A. Takeuchi', K. Saito'?, Y. Kishimoto'?, T. Oyama'?, and T. Sanami'~
'Sokendai, 2KEK

The ionization efficiency is characterized by W-value, which is defined as the average energy
required to produce an ion pair by a charged particle in gases. W-value has been measured in many
gases and these results have reproducibility. However, the various experimental results of W-value
in Helium (42.2-46.0 eV) are shown by many researchers. It is assumed that one of causes of the
different results is due to the Penning effect. The excited helium atom ionizes the impurities atom or
molecule in Helium by the collision, which results in the increase of ionization yield because of the
production of additional ion pairs. To measure ionization yield without the influence of impurities, it
is important to keep purity of the gas high during measurement because impurities are released from
a measurement chamber continuously. We applied two types of purifiers: Ni compound and
Zr-Ba-Fe getters. Water vapor pressure in a helium as impurities was measured using a dew point
meter. The ionization yield has been measured with a gridded ionization chamber. Americium-241

was used as a-particles source. We measured a variation of ionization yield and water vapor pressure

-10 -



in helium simultaneously. In the case of using purifier, the ionization yield and the water vapor
pressure increased with time, finally it became a constant value. The increasing of ionization yield
with purification was less than without one. That is due to inhibiting from increasing impurities by
purification. We obtained W-value in Helium by making clear an association of the ionization yields

with the impurity concentration.

Presented in 2019 IEEE Nuclear Science Symposium and Medical Imaging Conference, Manchester,
UK, October 26 — November 2, 2019.

1.14 Some Properties of Plastic Scintillators to Construct a LET Spectrometer

Ngan N. T. Tran!, S. Sasaki'?, T. Sanami'-?, Y. Kishimoto', and E. Shibamura®
'ISOKENDALI, ?KEK, *Waseda Univ.

The properties of plastic scintillators as candidate materials for constructing a dosimeter based on
LET spectrometry are studied. In order to obtain LET, it is necessary to determine the deposited
energy and the trajectory of the incident radiation. For determining the deposited energy, energy
resolution is an important factor which must be evaluated. In this study, the energy resolution of
plastic scintillators EJ-200, EJ-212, and EJ-252 are determined based on the results of electron
response and the absolute light yield. Additionally, in the progress of determining the trajectory of
radiations, we examine the relationship between the incidence positions of radiation in the plastic

scintillator and signals from the photomultiplier tube.

Published as Proceedings of the Second International Symposium on Radiation Detectors and Their

Uses (ISRD2018), JPS conference proceedings 24 (2019) 011008.

-11 -



2. Experimental Technology and Monte Carlo Simulation Related to Radiation Shielding

2.1 Comparison of simulations by EGS5 and PENELOPE 2014

Y. Morishita', Y. Kirihara?, M. Shimizu!, Y. Namito® and H. Hirayama®
TAIST, 2JAEA, ’KEK

Monte-Carlo (MC) simulation is a key item which constitutes radiation standards such as absorbed
dose, kerma or exposure, and its validity is crucial because the main part of uncertainties of these
standards is governed by the MC results. The validity can be tested through a comparison between
quantities measured actually and simulated by the MC code and/or between quantities simulated by

several different MC codes. In this study, we compared the simulations by EGS5 and PENELOPE.

Presented at 2nd International Conference on Monte Carlo Techniques for Medical Applications

(MCMA 2019).

2.2 Parallel Monte Carlo implementation of EGSS5 with MPI (EGS5-MPI) for large-scale

radiation transport simulation

M. Shimizu!, Y. Morishita!, Y. Namito? and H. Hirayama’
'AIST, 2KEK

Monte Carlo (MC) simulation is in great importance for radiation protection and dosimetry. To
calculate large-scale radiation transport simulation, many MC codes support parallel calculation
techniques; Multi-Processing (MP), Message Passive Interface (MPI) and GPU acceleration, etc. In
our previous study, we developed a parallelization package, “EGS5-MPI”, for Electron Gamma
Shower ver. 5 (EGSS), to generate phase space data of a high-energy photon beam from a clinical
linac. The EGS5-MPI provided subroutines for random seed management and environment variables.
However, the EGS5-MPI often causes a file 10 error, when each MPI process called the HATCH
subroutine with the USEGSD option. Because the HATCH subroutine generates a large-size file to
calculate electron multiple scattering with Goudsmit-Saunderson Ditribution (GSD) model. In the
present study, the EGS5-MPI was revised so that only root process calls the HATCH subroutine, to
avoid the file 10 error. Furthermore, we demonstrated the MC simulation of a high-energy electron
beam from a clinical linac with the USEGSD option. The MC simulation successfully carried out the
cluster machine without any errors. Total histories and elapsed time were about 1.2x10'® histories
and 11.5 hours, respectively. The calculation and experimental results of the PDD distribution agreed

with each other. The EGS5-MPI was revised to avoid the file IO error. The EGS5-MPI is a very
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powerful tool for the EGSS parallelization on desktop PCs and large-scale cluster machines more

than 1,000 processes. The EGS5-MPI is distributed by the EGS5-MPI homepage.

Presented at 2nd International Conference on Monte Carlo Techniques for Medical Applications

(MCMA 2019).

2.3 Radiation Dose Evaluation on Shielding Vest Wearing Exposure Experiments

H. Kawano', K.Hozumi’?, A. Tsurumaki', H. Hirayama?, Y. Namito?, H. Ohashi', Y. Sakamoto'
Y

'ATOX, ?’KEK

In the high dose environments such as Fukushima Daiichi Nuclear Power Station, shielding vests
composed of heavy metals of lead and/or tungsten are used for the dose reduction. Although
gamma-ray exposure tests were made by manufactures using the materials of shielding vest, dose
reduction effect have not been surveyed systematically by the experiments when workers wear the
shielding vest. So exposure tests by two type photon sources, *’Cs and X-ray generator, were done
using water phantom covered with shielding vest. The experiments were simulated by Monte Carlo

code, and photon energy dependence of dose reduction effect was surveyed.

Presented at 19th International Conference on Solid State Dosimetry (SSD 19)

2.4 y-ray and B-ray Spectrum Data for egs5 based on ICRP-107

H. Hirayama', T. Hashizume'** and Y. Namito'-

'KEK, 2SOKENDALI, *Nagase-Landauer Co.

In ICRP-107, the data from most radionuclides that are in need of dose assessment have been
published as “Nuclear Decay Data for Dosimetric Calculations”. These data include, the B-ray
spectrum data, data on energy and emission number of y-rays and internal conversion electrons data.
The ICRP 107 is a database of 1252 nuclides of 97 elements. In the case of y-rays, data on y-rays
with an emission rate per decay of 0.01% or more and characteristic X rays are included. The
spectral data for B-rays contains the number of B-rays emitted along with the corresponding energy
per decay. The energy bin is not equally spaced, but the low energy part with high emission is finely
set. The internal conversion electrons data contains the kinetic energy of the electrons and the
number of emissions per decay.

In this study, y-ray data, B-ray spectrum data and internal conversion electron data created for egs5
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using the ICRP Report are presented, with the method of using them in egs5.

Published as KEK Report 2019-1 (2019).
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3. Radiation Protection Study in Accelerator Facilities

3.1 Evaluation of different gamma-ray imaging techniques for visualisation of induced activity

in accelerator magnets

G. Yoshida, A. Toyoda, H. Matsumura, K. Masumoto, T. Miura, H. Nakamura, K. Bessho
KEK

Activated accelerator magnets were measured with three different types of commercially available
gamma-ray imaging devices (pinhole, Compton scattering, and masked type) and the results were
compared to simplify a distinction between activated/non-activated areas in the magnet during the
decommissioning of an accelerator facility. In general, an activated magnet includes °°Co and emits
gamma rays over 1 MeV; however, current devices are not designed to detect such high-energy
photons. Our results showed that two devices could identify the location of highly activated areas,
although they could not detect the total absorption peaks of the 1173 and 1333 keV photons from

60C o

Published in Environmental Radiochemical Analysis VI, 191-203 (2019).

3.2 Investigation for activation of accelerators at various synchrotron radiation facilities in

Japan

G. Yoshida!, H. Matsumura', K. Masumoto', H. Nakamura', A. Toyoda', T. Miura', K. Hayashi?, .
Ishioka®, H. Hanaki*
I KEK, 2 IMS, ? RIKEN, * JASRI

We have investigated typical synchrotron radiation facilities in Japan. The investigated facilities and
maximum acceleration energy are follows: Spring-8 (8 GeV), KEK PF (2.5 GeV), UVSOR (750
MeV), HiSOR (700 MeV), and SR-center (575 MeV). Ambient neutron flux during accelerator
operation is evaluated by using various dosimeters. Contact dose-rate measurement with a Nal survey
meter and gamma-ray spectrometry with a LaBrs scintillation detector was conducted for the beam
line components, after the accelerator operation. In all facilities, activation level was quite low. Whole
beam-line tunnels made of concrete were not activated and no radionuclides were detected except
natural nuclides. Also, almost beam-line components were not and/or low activated. Especially, no
places exceeded the background level with dose-rate measurement in SR-center. Whereas some
components such as RF-cavity, beam-profile monitor, and flexible tube joint were strongly activated,

and nuclides made by (y, n) reaction such as >'Cr, **Mn, and >’Ni were identified. *’Co which is a
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daughter nuclide of °’Ni was also detected in the same place.

Presented at 10th International Workshop on Radiation Safety at Synchrotron Radiation Sources
(RadSynch19), Lund, Sweden, May 22-24, 2019.

3.3 Nondestructive high-sensitivity measurement method for activation estimation in

accelerator room concrete

H. Matsumura', G. Yoshida', A. Toyoda', K. Masumoto', H. Nakamura', T. Miura', K. Nishikawa',
K. Bessho!, K. Sasa?, T. Moriguchi?, F. Nobuhara®, Y. Nagashima®
"' KEK, 2 Univ. Tsukuba, > TNS

This study establishes a method for easily and quickly estimating the specific activity produced in
the concrete walls and floors of accelerator rooms during long periods of accelerator operation, for
advanced zoning of activated/non-activated areas in planning the decommissioning of an accelerator.
We propose a new, highly sensitive method for nondestructively estimating the specific activity in
concrete that can be applied to activation zoning. In this method, instead of direct determination of
the specific activities of important long-half-life radionuclides for decommissioning, such as '**Eu
and ®°Co, we determine the specific activities of short-half-life radionuclides, >*Na and **Mn, in situ.
The specific activities of >*Na and *Mn and accelerator operation history yield the specific activities
of 1?Eu and *Co for the advance zoning of activated/non-activated concrete. This method is a

powerful long-term prediction tool for concrete activation.

Presented at 10th International Symposium on Radiation Safety and Detection Technology
(ISORD-10), Taiyuan, China, July 16-19, 2019.

3.4 In-situ evaluation for activated concrete in the accelerator facility with scintillation type

gamma-ray spectrometer

G. Yoshida!, H. Matsumura', K. Nishikawa', A. Toyoda!, Y. Miyazaki®, K. Masumoto', H.
Nakamura', T. Miura'

"' KEK, ? The Medical and Pharmacological Research Center Foundation
The assessment of activated concrete is particularly difficult during the decommissioning of an

accelerator facility. Destructive analysis by core boring is the only method of investigating the activity

of concrete material. To address this problem, an in-situ and nondestructive analysis method was
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developed to determine y-ray-emitting nuclides and their specific activities in the concrete walls and
floor by using a portable germanium semiconductor detector. In this work, we examined a substitute
for Ge detector to establish a simpler and more convenient method. As candidates, we focused on
some scintillation type spectrometers, and the possibility of a substitute for a Ge detector was
examined by both simulation and experiment. The detection limits were roughly estimated through
Monte Carlo simulation for various scintillation crystals, and it was found that 1.5-inch LaBr3;, CeBrs3,
and Srl, could distinguish the clearance level. It was confirmed that the 1.5-inch LaBrs could
reproduce the calibration curve of the Ge detector in the experiment. The required thickness and length
of the radiation shield for suppressing the background radiation during the measurement was also

determined for the convenience of an actual decommissioning work.

Presented at 10th International Symposium on Radiation Safety and Detection Technology
(ISORD-10), Taiyuan, China, July 16-19, 2019.

3.5 Prediction of specific activity in concrete of accelerator facilities for long-term operation

using the Na-24 measurement method

H. Matsumura', G. Yoshida', A. Toyoda!, K. Masumoto', H. Nakamura', K. Nishikawa', T. Miura',
K. Bessho!, H. Tsuchida?, M. Matsuda®, A. Taniike*, J. Ishioka®, H. Hanaki®, K. Hayashi’, M.
Sawada®

' KEK, % Kyoto Univ., > JAEA, * Kobe Univ., > RIKEN, ¢ JASRI, 7 IMS, ® Hiroshima Univ.

The advanced zoning of activated/non-activated concrete in accelerator facilities is very important
for planning the decommissioning of an accelerator. In a previous study, we found that long-half-life
radionuclides, such as Eu-152 and Co-60, should be considered when decommissioning concrete.
However, a method that directly measures Eu-152 and Co-60 has some difficulties. Therefore, in a
previous work, we proposed a method to nondestructively predict the specific activity of Eu-152 +
Co-60 in concrete for long-term operation. This method is based on the specific activity
determination of a short-half-life radionuclide, Na-24, instead of Eu-152 and Co-60. In this study,
this method was applied to predict the Eu-152 + Co-60 specific activity in the concrete floor at
various facilities of electrostatic accelerators and synchrotron radiation sources. The concrete in the
investigated facilities was found to be non-activated because the predicted specific activities of

Eu-152 + Co-60 were much lower than the Japanese clearance limit.

Presented at 5th International Workshop on Accelerator Radiation Induced Activation (ARIAI19),
Dacejeon, Korea, September 23-25, 2019.
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3.6 Verification of applying the current gamma-ray imaging techniques for discrimination of

accelerator magnet activation

G. Yoshida, A. Toyoda, H. Matsumura, K. Masumoto, H. Nakamura, T. Miura, K. Nishikawa, K.
Bessho
KEK

Gamma-ray imaging technique that rapidly prevailed in Japan after Fukushima Dai-ichi Nuclear
Power Plant accident is expected to be powerful tool for detection of activated area and generated
nuclides on an accelerator magnet. Although, **Co which emits high energy (1173, and 1333 keV)
photons is principal nuclides for activated magnet, most of current techniques aim detection of '*’Cs
which emits 662 keV photon. Moreover, strong radiations from beam lines disturb to identify the
source location. In this study, we experimentally investigated the effectiveness of current imaging
technique for the identification of activated areas and generated nuclides in the accelerator magnet,
with representative commercially available devices. Fundamental studies by using the magnet moved
from the beamline to the low-background environment were conducted, then measurements at the

actual beamline were conducted to investigate the effects under high background environment.

Presented at 5th International Workshop on Accelerator Radiation Induced Activation (ARIAI9),
Daejeon, Korea, September 23-25, 2019..

3.7 Systematic investigation of trace elements in the concrete of accelerator room by neutron

activation analysis

G. Yoshida', K. Nishikawa', H. Nakamura', H. Yashima?, S. Sekimoto?®, T. Miura!, K. Masumoto', A.
Toyoda', H. Matsumura', Y. Miyazaki®
' KEK, ? Kyoto Univ., * The Medical and Pharmacological Research Center Foundation

The assessment of activation of concrete material in an accelerator facility is particularly difficult
during the decommissioning work, since the destructive analysis by core boring is the only method of
investigating that. To address this problem, we had developed a breakthrough method to estimate the
activity of ®*Co and '**Eu in activated concrete in the accelerator facility from the contact dose rate
measurement with a survey meter. This method strongly depends on the concentrations of cobalt and
europium which is trace elements in a concrete. From the viewpoint of practical use, the variation of

trace elements concentration in the concrete must be understood. We analyzed cobalt and europium
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concentrations in concrete samples of some accelerator facilities in Japan with neutron activation

analysis which suitable for trace element analysis of ppm order and compared the result.

Presented at 15th International Conference on Modern Trends in Activation Analysis (MTAA-15),
Mumbai, India, November 17-22, 2019.

3.8 Determination of elements concentration for accurate assessment of induced activity

produced in accelerator concrete tunnel

G. Yoshida'!, K. Nishikawa!, Y. Sakaki', Y. Morikawa', M. Inagaki?, S. Sekimoto?, T. Miura', A.
Toyoda', H. Matsumura', K. Masumoto'

' KEK, % Kyoto Univ.

We analysed trace element concentrations in concrete samples of some accelerator facilities in Japan
with neutron activation analysis which suitable for trace element analysis of ppm order and compared
the result. Total 89 of core concrete samples collected from 8 facilities were prepared as irradiation
samples. Each core sample were grounded to 100 um mesh particle size by a ball mill. Two igneous
rocks (JA-1, JG-3) were employed as references and prepared in the same way. For analysis of
short-lived nuclides generated by neutron irradiation, 40 samples were irradiated at Pn-3 with 1 MW
during 10 s, and measured with a Ge detector immediately after irradiation. All samples including the
above 40 samples were irradiated at Pn-2 with 5 MW during 3000 s, and measured with a Ge detector
after short lived nuclides were attenuated. From the gamma-ray spectra of the samples, total 26

radionuclides generated by neutron capture reaction were identified.

The experiment was performed at KUR:31056

3.9 Evaluation of Activated Area in the Electrostatic Accelerator Facilities

K. Masumoto', H. Matsumura', T. Miura', G. Yoshida', A. Toyoda', H. Nakamura', K. Bessho',
T. Nakabayashi?, F. Nobuhara®, K. Sasa®*, T. Moriguchi*, H. Tsuchida®, S. Matsuyama®,

M. Matsuda’, A. Taniike®
' KEK, % JER, 3 TNS, # Univ. Tsukuba, > Kyoto Univ., ® Tohoku Univ., ” JAEA, ® Kobe Univ.

In Japan, more than 100 electrostatic accelerators have been used in various scientific fields, such as
nuclear, material, environmental, and archaeological sciences by using charged particles. As the
beam energies and beam currents of almost all these accelerators are low, it is expected that activated

area is limited and induced activity is very low. In spite, it is necessary to clarify the activated area or
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parts in case of decommissioning of facilities. Especially, the evaluation of neutron activation of
surrounding materials is important. This duty is very troublesome for all facilities. Then, we studied
the evaluation methodology of activated/non-activated area and try to clear the activated area for
electrostatic accelerator facilities during operation in advance.

In case of these accelerators, the accelerated particles cannot penetrate outside of accelerator.
Therefore, the activation of surrounding materials is caused by neutrons produced secondary. By the
preliminary study using CR-39 for neutron monitor, four accelerators observed neutron emission
were choosed for this work as shown in Table 1 along with the irradiation conditions. Three kinds of
neutron detectors such as CR-39, activation detectors using Au foils, and TLD are set around
accelerator components and inside accelerator room during operation. Before and after experiments,
a Nal(TI) scintillation survey meter and LaBr3 gamma-ray spectrometer are mainly used to detect
surface dose rate, activated area, and radioactive nuclides. Floor concrete under the target was also
measured by a Ge-detector to detect the nuclides induced in concrete after the end of experiment. In
order to estimate the behavior of neutrons, we used the Monte Carlo calculation code, PHITS (v.
2.88) for neutron transport calculation and DCHAIN-SP (v. 2004) for activation calculation in case
of proton and deuteron irradiation for seven target materials such as Li, Be, Cu, Ta and so on.

At the beam sorting section of JAEA tandem accelerator, thermal neutron flux was the order of 103
cm-2-s-1. At the other three facilities, thermal neutron fluxes on the floor and wall of the accelerator
room were the order of 102 cm-2-s-1 during experiment. It was found that the activation of beam
monitors, slits, target, and their surroundings were activated. But it was confirmed that the estimated
activity of 60Co in accelerator tanks and that of 60Co and 152Eu on building concrete of four

facilities will be negligible in case of decommissioning of these facilities

Table 1. Selected electrostatic accelerators and irradiation condition

Particles, Energy,
Institute Type Current Target
1 | Kobe Univ, 1.7MV, tandem d, 3MeV, 0.25 nA Be
2 | Tohoku Univ. 4.5MV, single end | p, 2.5, 3MeV,5 pA Li, Cu
3 | Univ. Tsukuba | 6MV, tandem p, 5,12 MeV, 1 pA SUS, Ta
4| JAEA 20MYV, tandem p, 30 MeV, 0.25 pA SUS

Presented at 10th International Symposium on Radiation Safety and Detection Technology
(ISORD-10), Taiyuan, China, July 16-19, 2019.

-20 -



3.10 Evaluation of Activated Areas in the Particle Radiotherapy Facilities

K. Masumoto', H. Matsumura', G. Yoshida', A. Toyoda', H. Nakamura', K. Nishikawa', T. Miura',

K. Bessho!, T. Nakabayashi?, F. Nobuhara?®, S. Yonai*, T. Sakai’, H. Souda®
'KEK, 2 JER, 3 TNS, # NIRS, * Univ. Tsukuba , *‘Gumma Univ.

Recently, number of particle radiotherapy hospitals is increasing in Japan. Accelerators for several
hundred MeV proton and/or carbon beam irradiation are used. In case of decommissioning these
facilities, it is important to estimate the radioactivity induced in the accelerator room. hree types of
accelerator facilities, such as proton acceleration by cyclotron, proton acceleration by synchrotron
and carbon acceleration by synchrotron acceleration, were selected for the survey of activation under
their routine operation conditions. Then, the induced activity caused by charged particles and
secondary neutrons was measured on the accelerator and its surrounding areas in order to evaluate
the activated/non-activated area.

First of all, we set the three types of neutron monitors, such as track detector CR-39, TLD and Au
foils, inside the accelerator room and on the beam line during operation. Then, surface dose rate and
induced activity were measured in order to confirm the activated area on accelerator, beam line,
surrounding materials, and floor and wall of accelerator room. Moreover, we compared the
monitored neutron flux with the calculated value derived using the Monte Carlo simulation using
PHITS code.

In case of carbon acceleration, neutron fluxes obtained by the measurement of **Na activity in floor
concrete of accelerator room were the order of 10 cm™-s™!, and induced activity of beam lines were
very low. In case of proton acceleration by synchrotron, several parts of accelerators were activated.
Neutron fluxes inside the accelerator room during operation were almost 1 x 10 cm?-s"' and
maximum flux of 1.1 x 10? cm?-s! was observed under the electrostatic degrader. In case of proton
acceleration by cyclotron, beam loss was mainly occurred at the deflector for beam extraction and
the energy degrader outside of cyclotron. Then the maximum neutron flux of 1.1 x 10° cm?'s”! was
obtained around the degrader. Then, residual activity in the cyclotron and the degrader was high. In
this irradiation condition, we have to consider the activation of floor concrete under the degrader.
Recently, beam current for treatment was reduced, because the spot scanning method was developed
for irradiation. In order to reduce activation of accelerator room, a neutron shield surrounding of the

degrader and an improvement of beam transport technique are also important.

Presented at 5th International Workshop on Accelerator Radiation Induced Activation (ARIAI9),
Daejeon, Korea, September 23-25, 201..
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3.11 Analysis of the radionuclides produced in the circulating helium gas for inspecting the

gold target installed in the J-PARC Hadron Experimental Facility

K. Bessho'?, M. Hagiwara'?, H. Watanabe'*?, K. Nishikawa'*?,
R. Kurasaki'?, R. Muto'?, K. Saito'?, Y. Kasugai'*, H. Yamazaki'*?
'J-PARC Center, ’KEK, *JAEA

At the J-PARC Hadron Experimental Facility, a gold target bombarded with proton beam is placed in
a hermetic chamber, which is filled with circulating helium gas. Various radionuclides are produced
in the gold target and beam windows during beam operations. Some of the radionuclides, such as
C-10, N-16, O-14, O-19, O-20, F-20, Ne-23, Ne-24, S-37, Ar-41, Hg-191m, Hg-192, Hg-193m,
Hg-195 and Hg-195m, are transferred to the helium gas circulating through the target chamber and
detected by an HPGe detector installed in the gas circulation loop. The behavior of the radionuclides
has been studied by measuring radioactivity in the helium gas and by calculating radionuclide
productions in the solid components.

Detected activity in gas phase and calculated activity produced in the solid components were
obtained for various nuclides, and the rates released to gaseous phase was compared for detected
nuclides. The results indicate that C, N, O, F, Ne, Ar and Hg nuclides are selectively released to gas
phase, whereas dominant nuclides produced in the target and beam windows, such as Au, Sc, and Al
nuclides, are not detected in gas phase. The rates released to gaseous phase were analogous for C, N,
O, Ne and Ar nuclides. On the other hand, corresponding rates for those of F and Hg nuclides were
smaller compared to those of C, N, O, Ne, Ar nuclides, which suggest that F and Hg nuclides tend to
remain partially on the solid components. It is possible that these characteristics are related with
fluoride formation on the metal surface and low volatility for Hg nuclides depending on the target
temperature. These results demonstrate that transformation of radionuclides in the gas phase and

their behaviors are highly dependent on the types of elements forming them.

Presented at the 3rd J-PARC Symposium (J-PARC2019)
Published as JPS Conf. Proc. (2020), accepted
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4. Nuclear Chemistry and Radiochemistry

4.1 Initial quantum levels of captured muons in CO, CO;, and COS

G. Yoshida!, K. Ninomiya?, M. Inagaki?, W. Higemoto®, P. Strasser', N. Kawamura', K. Shimomura',
Y. Miyake', T. Miura', M.K. Kubo*, and A. Shinohara?
'KEK, *Osaka Univ., *JAEA, ‘ICU

The role of valence electrons for the muon capture process by molecules is experimentally
investigated with the aid of cascade calculations. Low-momentum muons are introduced to gas
targets of CO, CO,, and COS below atmospheric pressure. The initial states of captured muons are
determined from the measured muonic X-ray structure of the Lyman and Balmer series. We propose
that the lone pair electrons in the carbon atom of CO significantly contribute to the capture of a

muon with large angular momenta.

Published in J. Radioanal. Nucl. Chem. 320, 283-289 (2019).

4.2 An Aerosol Emission Experiment from Molten Radioactive Metals Using

a High-Frequency Induction Furnace System

Y. Oki!, T. Miura? K. Nishikawa?, H. Nakamura?, A. Toyoda?, H. Matsumura?,
G. Yoshida?, K. Bessho? and K. Masumoto®
! Institute for Integrated Radiation and Nuclear Science, Kyoto University (KURNS) ; > KEK

In this work, an aerosol emission experiment was performed for radioactive metal samples using
a new furnace system. The size distribution was analyzed for the aerosol particles released from the
molten metals. The furnace system consists of a vertical-type quartz tube furnace
using high-frequency induction heating and a low-pressure impactor for size analysis. Highly-pure
carbon crucibles were used for melting of the metal samples. They were carefully baked under
vacuum and pure argon gas in advance in order to suppress interference due to particle generation
from the blank crucibles. Continuing from the previous year, the pre-baking conditions were
optimized to minimize the particle generation. Nearly aerosol-free condition in the furnace was
achieved up to 1,800 C. A series of metal melting and aerosol generation tests were carried out for a
few kinds of metal samples including radioactive metals in 2019.

Radioactive aerosols were released to the environment in both accidents of the J-PARC in 2013
and Fukushima Daiichi Nuclear Power Plant (FDNPP). The release occurred due to melting

of a metallic target or a highly radioactive nuclear fuel. We conducted this work to clarify the
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behavior and formation mechanism of the radioactive particles formed from the metals at high

temperature.

Presented at the 21° Workshop on Environmental Radioactivity, Tsukuba, March, 2020.
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5. Research related to Accident of Fukushima Daiichi Nuclear Powere Station

5.1 Differences of radiocesium concentrations in masu salmon inhabiting lakes and rivers

within the same river systems in Fukushima Prefecture

K. Takasaki', W. Teramoto', T. Wada?, H. Nakakubo!, T. Sohtome', T. Fujita!, K. Masumoto®

"Fukushima Prefectural Inland Water Fisheries Experimental Station

2 Fukushima Univ., *KEK

To promote precise prediction of radiocesium contamination in freshwater fish in Fukushima
Prefecture, temporal changes in radiocesium ('**Cs and '*’Cs) concentrations of masu salmon
inhabiting lakes and rivers connected within the same river systems were analyzed in two river
systems with different contamination levels.We chose two river systems: Aga River system
(including Lake Akimoto, upper-streams “Okura and Kokura Rivers”, and a down-stream “Nagase
River”) and Ukedo River system (including Ogaki Dam, upper-streams “Shiobide and Koideya
River, and a down-stream “Kayatsuka Bridge”). Radiocesium concentrations of masu salmon in each
river system were compiled and analyzed. Radiocesium data of Aga River system were obtained
from monitoring inspections by Fukushima Prefecture during fiscal years 2011-2018, while those of
Ukedo River system were obtained by our own surveys conducted during fiscal years 2013-2018.
Results revealed that radiocesium concentrations in masu salmon inhabiting rivers did not
necessarily show higher values as compared with those in lakes. Radiocesium concentrations of
masu salmon in rivers were higher than in a lake in Aga River systems. In Ukedo River system,
radiocesium concentrations in masu salmon were higher in two rivers as compared with those in a

lake, but were lower in one river.
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