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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 2018 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 2018 is described.



1. Reasearch in Radiation Physics and Detector Development
1.1 Measurement of the excitation function of *°Zr(a,n)’’Mo for an alternative production

source of medical radioisotopes

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

'KEK, ’KURNS, QST

To assess the feasibility of an innovative medical *Mo/**™Tc production route using a low-energy
accelerator, we measured the excitation function of the *°Zr(a,n)*’Mo reaction in the energy range
from 11 to 23 MeV using a 24 MeV o beam. The present results showed higher values than past data
in the peak region, although both data were almost identical above 17 MeV. The production rate of
%Mo from a **Zr target with incident energies of o particles below 23 MeV was also estimated using

the measured excitation function.

Published as J. Radioanal. Nucl. Chem., 318 (2018) 569-573.

1.2 Measurements and FLUKA simulations of bismuth and aluminum activation at the CERN

shielding benchmark facility (CSBF)

E. Iliopoulou'?, R. Froeschl', M. Brugger', S. Roesler!, A. Infantino!, N. Nakao®, T. Sanami*, T.

Kajimoto®, A. Siountas?, P. Bamidis’

' CERN, 2 Univ. of Thessaloniki, > Shimizu Corp. * KEK, 3 Hiroshima Univ.

The CERN High Energy AcceleRator Mixed field facility (CHARM) is located in the CERN PS East
Experimental Area. The facility receives a pulsed proton beam from the CERN PS with a beam
momentum of 24 GeV/c with 5x10'" pps with a pulse length of 350 ms and with a maximum
average beam intensity of 6.6x10'° pps. The shielding of the CHARM facility also includes the
CERN Shielding Benchmark Facility (CSBF) situated laterally above the target. This facility
consists of 80 cm of cast iron and 360 cm of concrete with barite concrete in some places. Activation
samples of bismuth and aluminum were placed in the CSBF and in the CHARM access corridor in
July 2015. Monte Carlo simulations with the FLUKA code have been performed to estimate the
specific production yields for these samples. The results estimated by FLUKA Monte Carlo

simulations are compared to activation measurements of these samples. The comparison between



FLUKA simulations and the measured values from gamma spectrometry gives an agreement better

than a factor of 2.

Published as Nucl. Instrum. Methods Phys. Res., Sect. A 885 (2018) 79-85.

1.3 Neutron energy spectrum measurement using an NE213 scintillator at CHARM

T. Kajimoto!, T. Sanami?, N. Nakao®, R. Froeschl*, S. Roesler*, E. Iliopoulou*>, A. Infantino?,
M. Brugger?, E. J. Lee®, N. Shigyo®, M. Hagiwara?, H. Yashima’, H. Yamazaki?, K. Tanaka',
S. Endo!

! Hiroshima Univ., > KEK, * Shimizu Corp. * CERN, > Univ. of Thessaloniki, ¢ Kyushu Univ.,
"KURNS

To establish a methodology for neutron spectrum measurement at the CERN High energy
AcceleRator Mixed field facility (CHARM), neutron spectra were measured using an NE213
scintillator on top of the CHARM roof shielding where is the CERN Shielding Benchmark Facility
(CSBF). The spectra were derived as fluences into the scintillator by the unfolding method using an
iterative Bayesian algorithm. The methodology was verified based on the agreement of two spectra
measured for different positions and directions of incident neutrons by changing the detector
orientation. Since the spectra on the roof-top were obtained within a reasonable beam-time, this
methodology is suitable for measuring the spectrum when there is less shielding material. Thus,
experimental data for neutron transition can be obtained as a function of shielding thickness using

this facility.

Published as Nucl. Instrum. Methods Phys. Res., Sect. B 429 (2018) 27-33.

1.4 Measurement for accurate extrapolation in 4nf—y coincidence counting method using

plastic scintillator

Y. Unno?, T. Sanami2, S. Sasaki2, M. Hagiwara2, A. Yunoki!

'AIST, ?’KEK



Absolute measurement by the 4znp-y coincidence counting method was conducted by two
photomultipliers facing across a plastic scintillator to be focused on B ray counting efficiency. The
detector was held with a through-hole-type Nal(Tl) detector. The results include absolutely
determined activity and its uncertainty especially about extrapolation. A comparison between the

obtained and known activities showed agreement within their uncertainties.

Published as Appl. Radiat. Isot. 134 (2018) 302-306.

1.5 Quantitative estimation of exposure inhomogeneity in terms of eye lens and extremity

monitoring for radiation workers in the nuclear industry

H. Yoshitomi!, M. Kowatari!, M. HagiwaraZ2, S. Nagaguro?, H. NakamuraZ

JAEA, *KEK

To manage the equivalent doses for radiation workers, exposure inhomogeneity is an important
factor in the decision-making process related to protection measures and additional monitoring. Our
previous study proposed the methodology to evaluate the inhomogeneity of exposure quantitatively.
In this study, we applied proposed method to five different types of actual exposure situations
encountered in the nuclear industry. Two of them were conventionally characterized as
homogeneous exposure, and the other three were conventionally characterized as inhomogeneous
exposure. The evaluation of homogeneity exposure was conducted using Monte Carlo calculations
with two simplified models, which were then verified with phantom experiments. Consequently, all
of the evaluations reproduced the experimental results, implying that our proposed method would be
applicable for actual work conditions in the nuclear industry. Furthermore, the two presumed
homogeneous exposure situations were found to be rather inhomogeneous because of the
contribution of positrons and the limited source region. The results also show that the worker’s
posture has an impact on the inhomogeneity rather than the energy of incident radiation in nuclear
works. The investigation also implies that obtaining the information on the most probable posture of
the exposed worker, as well as the existence of the weakly penetrating radiation such as P+ ray as a

main source of exposure would be the key for more precise estimation.

Published as Radiation Protection Dosimetry 184(2019)179-188.



1.6 Measurement and calculation of thermal neutrons induced by the 24 GeV/c proton

bombardment of a thick copper target

T. Oyama', M. Hagiwara', T. Sanami', H. Yashima?, N. Nakao®, E. J. Lee*, E. Iliopoulou®*,

R. Froeschl’, A. Infantino’, S. Roesler’

' KEK, 2 KURNS, * Shimizu Corp. * Kyushu Univ., > CERN, ¢ Univ. of Thessaloniki,

The CERN High-Energy AcceleRator Mixed field (CHARM) facility provides a secondary particle
field, produced by irradiating a thick target with 24 GeV/c protons supplied by the proton
synchrotron. In order to investigate the thermalization process of secondary neutrons in the CHARM
facility, we measured the thermal neutrons using the gold foil activation method. Bare and
Cd-covered gold foils were placed at 35 positions to deduce the thermal neutron distribution in the
CHARM facility. The '’ Au(n, y)!*®Au reaction rates and thermal neutron fluxes measured in this
study were compared with the Monte Carlo simulation codes, PHITS, FLUKA, and MARS. The
comparison between the measured and simulated values gives an agreement better than a factor of
two. Besides, we investigated the simple empirical formula to estimate a thermal neutron flux in the
accelerator room, ¢n=CQ/S, where Q is the neutron source intensity and S is the total surface area
of a room. The coefficient C estimated in this study did not significantly depend on the incident

proton beam energy.

Published as Nucl. Instrum. Methods Phys. Res., Sect. B 434 (2018) 29-36.

1.7 Measurements of the alpha-induced activation cross sections for Cu

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

'KURNS, % KEK, °NIRS

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 activation
cross section are very scarce for heavy ions which were required for decommissioning of accelerator
facilities such as tandem accelerator and cyclotron. We therefore irradiated a Cu target with 101.9
MeV alpha beam to obtain excitation functions of residual radionuclides in Cu, which is a main
element of accelerator components. Irradiation experiment was performed at cyclotron facility

(NIRS-930), National Institutes for Quantum and Radiological Science and Technology, Japan. The



Cu target was composed of a stack of 15 mm x 15 mm x 0.03 mm natural Cu foils. The natural Al
(0.05 mm) and Ti (0.04 mm) foils were inserted to the Cu target as a monitor. The total thickness of
Cu target was thicker than the range of projectile alpha-beam. The targets were irradiated both for a
shorter irradiation (15 minutes, 70 nA) and a longer irradiation (5 hours, 80 nA). After irradiation,
gamma-rays were measured with a HPGe detector. The production rates of radionuclides in Cu
samples are determined by a gamma-ray spectroscopy. The excitation functions of residual
radionuclides in the Cu samples by taking into account the projectile energy degradation in the target
are estimated. In this conference, we will present these experimental cross section data, combined

with other experimental data and calculations.

Presented at the 11th. International Conference on Methods and Applications of Radioanalytical
Chemistry (MARC XI) .

1.8 Spectrum measurement down to 1 MeV/u particles with hydrogen-identification using

Bragg curve counter

Y. Yamaguchi!, T. Sanami® and Y. Uozumi'

'Kyuhu Univ., 2KEK

We have developed a low threshold detector consisting of Bragg curve counter (BCC) and two
built-in solid-state detectors (SSDs) to measure spectra of low energy charged particles emitted by
nuclear reactions. Since the BCC, ionization chamber offers advantages of self particle identification
capability and a few un m-thick entrance window, the threshold energy less than 1 MeV/u is
expected with particle identification. The detector is tested using 70 MeV protons for measurement
of double-differential cross sections (DDXs)of charged particle production. Protons produced down
to 1 MeV have been identified and resultant DDXs for proton production have been obtained down

to 1.5 MeV.

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

Uses (ISRD2018).

1.9 Cross comparison on neutron spectra obtained by time-of-flight and unfolding methods

with liquid organic scintillator

E. Lee!, N. Shigyo!, T. Sanami?, T. Kajimoto®, and N. Matsufuji*
'Kyushu Univ., 2KEK, *Hiroshima Univ., QST



The consistency of neutron energy spectra with a liquid organic scintillator derived from unfolding
light output and those using the time-of-flight (TOF) method were studied by measuring neutron
production double-differential cross sections for 100- and 290-MeV/nucleon 2!Si ion beams on
silicon targets at Heavy lon Medical Accelerator in Chiba, National Institute of Radiological
Sciences. For neutron spectra ranging between 10 and 300 MeV, the unfolding results were
consistent with the experimental results obtained using the TOF method. Both energy spectra were

compared with those obtained with the PHITS Monte Carlo code.

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

Uses (ISRD2018).)

1.10 Reproduction of neutron fluence by unfolding method with an NE213 scintillator

T. Kajimoto!, T. Sanami?, N. Nakao®, R. Froeschl®, S. Roesler*, E. Iliopoulou*, A. Infantino*, M.
Brugger®, K. Tanaka', and A. Endo'
"Hiroshima Univ., 2KEK, *Shimizu Corp., “CERN

The reproduction of neutron fluence derived by the unfolding method was confirmed by simulating
an experiment at Cern High energy AcceleRator Mixed field facility (CHARM). Fluences on an
NE213 scintillator located at positions surrounded with shields were calculated using PHITS. A
neutron light output spectrum and response matrix were calculated according to the calculated
fluence. Furthermore, response matrices with simple distributions of neutron incident position and
direction on the scintillator were also prepared because a response matrix with guessed distributions
is used in measurements. In spite of using response matrices with different distributions, the
unfolded fluence agreed with each other, unless the distribution was focused on a position. The
agreement of the fluences enables us to measure the fluence at various positions even though the
distributions are experimentally unknown. Finally, experimental fluences were obtained under the

same conditions, and were compared with the simulation results.

Published as Nucl. Instrum. Methods Phys. Res., Sect. A 906 (2018) 141-149.

1.11 Measurement of scintillation and ionization in helium mixed with xenon

A. Takeuchi!, K. Saito!?, Y. Kishimoto', T. Oyama?, and T. Sanami'-?
ISokendai, 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 at Proceedings of the Second International Symposium on Radiation Detectors and Their

Uses (ISRD2018).

1.12 The effects of impurities on the ionization yield in helium

A. Takeuchi!, K. Saito!?, Y. Kishimoto', T. Oyama?, and T. Sanami'-?
ISokendai, 2KEK

The experimental determination of the ionization yield in helium is affected by impurities due to the
Penning effect. The excited helium atom He" ionizes the impurity atom or molecule in the collision,
which increases the ionization yield as additional ion pairs are generated. To enable measurements
not affected by the impurities, it is important to maintain a high gas purity during measurement as
the impurities are continuously released from the surface of an ionization chamber. In this study, we
investigated two purification methods namely, the gas flow and purifier, to measure the ionization
yield in helium. High purity gas was supplied to a chamber continuously in the gas flow method,
which can inhibit the impurities from increasing. The purifier method employed a purifier containing
Zr-Ba-Fe getters. The chamber was connected to a purifier to achieve continuous gas purification.
Measurements were performed under a pressure of 40 kPa in helium.

The variation in the ionization yield in helium was measured over time. The ionization yield in
helium increased over time, and finally settled at a constant value. The increase in the ionization
yield was lower when using a purifier, as the purification process reduces the impurities. The change
in the ionization yield over time in the case of gas flow also showed a similar trend to when using a
purifier. Thus, this indicates that the gas flow method can also prevent the impurities from increasing

in the chamber.

Presented at the 33th. Workshop on Radiation Detectors and Their Uses.



1.13 Development of Position Sensitive Tissue Equivalent Proportional Chamber "PS-TEPC" :
Derivation of LET distribution in the ISS

Y. Kishimoto', S. Sasaki', K. Takahashi', K. Saito', K. Terasawa?, K. Miuchi®, N. Ikeda* D
Masuda®,
A. Nagamatsu®, M. Katsuta®, Y. Matsumura*, H. Matsumoto*, K. Mori*, T. Tanimori®>, H. Kubo®,
Y. Uchihori®, H. Kitamura®
'KEK, %Keio Univ., *’Kobe Univ., *JAXA, *Kyoto Univ., *QST

PS-TEPC was launched by HTV-6 from Tanegashima Space Center on December 9th, 2016 and
installed in the Japanese Experiment Module “Kibo” on the International Space Station. After
starting up the system, configuring parameters and performing initial tests, we started an
experimental operation from December 28th, 2016. This presentation focuses the derivation of the
LET distribution, which is important to the evaluate dose equivalent. The method of corrections
using simulations with the detailed response of the detector unit and the obtained LET distribution

will be presented.

Presented at the 79th JSAP Autumn Meeting, Nagoya, Japan.

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’
'Sokendai *’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).



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

2.1 Studies on Total Beta Measurements at Fukushima Daiichi Nuclear Power Station of Tokyo

Electric Power Company with egs5

H. Hirayama
KEK
Total beta measurements at Fukushima Daiichi Nuclear Power Station of Tokyo Electric Power
Company (TEPCO) were studied using the egsS Monte Carlo code. Number of B-rays from various
calibration sources emitted to 2 © direction, B-ray counts rates by the low background gas-flow
counter (LBC) were calculated for calibration sources, imitation sources. Detector efficiencies
obtained using these calculated values were compared with measured ones by TEPCO. Total beta
values for imitation sources were compared between measurement and calculation to study
dependence for radionuclide to get detector response, for imitation source radionuclides and the
thickness of LBC wall. Self-absorption effects inside source were also studied using measured count

rates from KCl.

Published as Jpn. J. Health Phys., 53(2018)294-302.

2.2 Calculation of Gross Beta Conversion Coefficient for Nuclide Necessary to Consider at

Fukushima Daiichi Nuclear Power Station of Tokyo Electric Power Company with egs5

H. Hirayama
KEK
A gross-beta activity measurement method is used at the Fukushima Daiichi Nuclear Power Station
of Tokyo Electric Power Company to confirm that sample water does not contain B-emitting nuclides
other than the target nuclide. For measurement, a low background gas flow counter manufactured by
Hitachi Ltd., having a very thin detector window of 0.5 mg/cm?, is used. When the target nuclides
are *°Sr/”’Y and '¥Cs, it is confirmed by actual measurement and calculation using egs5 that the
conversion factor from the radioactivity concentration to the gross-beta value can be evaluated as
approximately 1. However, since the conversion factor depends on the spectrum of B-rays and the
number of B-rays emitted per decay, such treatment can not always be performed even if the same
LBC is used. In particular, if it is used for the purpose of confirming that it does not contain B-rays
emitting nuclide other than the measurement target nuclide, it is necessary to use an appropriate

conversion factor from the concentration for each target nuclide to gross-beta values. The nuclide

-10 -



targeted in the ALPS-treated water also includes a short half-life progeny nuclide generated by decay
of the long half-life nuclide, and it is not practical to obtain a conversion factor by actual
measurement. Therefore, the conversion factor of all target nuclides from the radiation concentration
to the gross-beta value was calculated using the electronic cascade Monte Carlo calculation code

egsS.

Published as KEK Internal 2018-6, January (2019).

2.3 Studies on Personal Dosimeter for f-ray 3 mm Dose Equivalent with egs5 code

H. Hirayama
KEK

ICRP has issued a new recommendation to “lower the worker's lens equivalent dose limit to 20
mSv/year (< 50 mSv/year) on a S-year basis”. A “personal dosimeter for 3 millimeter dose
equivalent” using TLD (LiF) has been developed for medical workers involved in IVR, etc. mainly
in Europe. The target dose is X-rays, not studied for B-rays. Regarding radiation protection of the
crystalline lens by B-rays, in the section related to the nuclear facilities in the report of the Research
Specialist Committee of the Japan Heath Physics Society, following proposal is described; “As an
issue unique to Japan, we engaged in emergency work at the TEPCO Fukushima Daiichi Nuclear
Power Station (1F). There is exposure to the lens of the workers. The work of dismantling and
decommissioning is planned from now on, and the work in the radiation field which becomes more
complicated and relatively high dose is also expected.” As described in the report of the Japan
Health Physics Society, “Establishing a more accurate method for evaluating the dose of the lens that
is not overly conservative and appropriately reflecting the shielding effect of the full mask face etc”
is mandatory. The “individual dosimeter for measurement of 3 milimeter dose equivalent by p-ray"
is one of the important issues. Regarding the measurement of B-ray dose equivalent to 3 mm in the
field using a radiation source, two research results have been published from Japan Atomic Energy
Agency. Although studies of personal dosimeters based on measurements are important, their
properties are easier to understand in the calculations. In this report, based on this kind of situation,
using electromagnetic cascade Monte Carlo calculation code egs5, 3 mm dose equivalent by p-ray

for ®°Y B-ray, which is the main source of lens exposure by p-ray at 1F, is estimated.

Published as KEK Report 2018-2, October (2018).
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2.4 Skyshine Calculation due to y-rays from Radionuclides Distributed Uniformly inside

Operation Floor of Unit-1 of Fukushima Daiichi Nuclear Power Station with egs5 code

H. Hirayama
KEK

TEPCO is examining "Estimate of the progress of the accident at Unit 1 based on the air dose rate
monitoring data, linking with the progress of the accident" until 8:00 am on March 12. The air
absorbed dose rates near the main gate, around MP-7 and MP-8, which were background levels at 4
o'clock on March 12, began to rise from the measurement after 4 o'clock, and became almost
constant from 7 o'clock. As this tendency was not seen in monitoring posts in Fukushima Prefecture
outside the site, the air dose rate in the site was determined to be due to direct and skyshine by
radionuclides accumulated on the Unit 1 operation floor. The calculation by MCNPS is carried out,
and it is put out that it is consistent with the measured value of air absorbed dose rate if 0.43% of
iodine and cesium, 2.37% of noble gas, 0.22% of antimony and tellurium in the inventory are
transferred to the operation floor. In this study, the dose rate by skyshine due to the radionuclide
filled in the operation floor was calculated using egs5 in a different geometry from the calculated

one of TEPCO, and compared with the calculated result of TEPCO.

Published as KEK Report 2018-3, March (2019).

2.5 Production of Scattered Radiation Contribution Measurement Device with Position
Information
H. Hirayama'?, K. Kondo'?, S. Suzuki?, K. Iwanaga’ and Y. Tanimura®

'KEK, *Nuclear Regulation Authority, *Japan Atomic Energy

Cs-137 is the main source at Fukushima Daiichi Nuclear Power Station. However, it is known that
the portions of scattered photons are high at many places. It is presumed that the situation is similar
in the reactor building as well. Grasping the portion of scattered photons is important for decreasing
radiation exposure. From such a point of view, we have produced a device that can record the
portion of scattered photon of 200 keV or less with the position information by walking even in
places where GPS signals can not be received. Outline of the device and examples of the

measurement result was given.

Presented at Annual Meeting 2019 of Atomic Energy Society of Japan.

-12 -



2.6 Intercomparison of Particle Production (3)
H. Hirayama'? and T. Sanami'

'KEK, >Nuclear Regulation Authority

In accordance with the discussion at SATIF13, we propose the same intercomparison problems of
neutron production from thick targets. There were large difference than our expectation in the
intercomparison at SATIF-13 between Geant4, MARS and PHITS. Results by using FLUKA and
MCNP will be included in this intercomparison as desired at SATIF-13. At SATIF14, we will present
comparison between major Monte Carlo codes concerning neutron production with high energy

protons.

Presented at SATIF-14, Gyeongju, Korea, 30 Oct- 2 Nov (2018).

2.7 Dark Current and Radiation of KEK Accelerator Tube

H. Iwase'!, H. Ego?, S. Matsumoto?, N. Toge?, Y. Namito' and H. Hirayama!
'KEK Radiation Science Center, 2’KEK Accelerator

Secondary radiations induced by dark current from a single unit of the KEK-Linac accelator tube are
measured and calculated. An S-band accelerator tube, which has about 2 m length with the
accelerating gradient of 20 MV/m, is operated in a test room for a baking-out (and the tube will be
placed back in the KEK-Linac). The room has 50 cm-thick concrete walls, but the radiation levels
are not satisfactory low at the sides. Additional shields are required to reduce the secondary
radiations, however, the source term of the shielding calculation, i.e., the dark current energies,
directions and intensities are unclear. In this study, a model of dark current beam acceleration is
developed for the purpose to predict the induced secondary radiation calculation by comparing with
radiation measurements performed inside and outside the room. It is confirmed that the model, in
which electrons uniformly generated on a surface of innermost (inner radius of the disks) along the

tube will be accelerated in a uniform electric field, shows good agreement.

Presented at SATIF-14, Gyeongju, Korea, 30 Oct- 2 Nov (2018).
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3. Radiation Protection Study in Accelerator Facilities

3.1 Establishment of measurement and evaluation procedure of activated materials for

decommissioning of accelerator facilities

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

In order to make a plan for decommissioning of accelerator facility, we proposed the three important

key points, such as (1) the defining of activated area of accelerator room and parts of accelerator

components, (2) the standard procedure for the evaluation of actvation levels and (3) the manual for

the decommissioning work.

(M

@

3

As the research target of this year, four facilities of electrostatic type acceleretors were selected
such as 1.7MV tandem accelerator of Kobe Univ., 4.5MV dynamitron of Tohoku Univ., 6MV
tandem of Univ of Tsukuba and 20MV tandem of JAEA, Tokai. As neutrons are major souce of
activation of surrounding materials, Au foils, TLD and CR-39 were used for neutron detection
during operarion of accelerators. After irradiation, Surface dose and induced activity after
operation were measured by survey meter and gamma-ray spectrometer, respectively. As the
results, activation was very low except for target, slit and beam pipe. Neutron flux on the wall,
floor and accelerator tank was 10** cm™s 'during operation.

As the model facility, the cyclotron 14acilities of the Advanced Medical and Pharmaceutical
Research Center, Ishikawa pref., and National Cerebral and Cardiovascular Center was selected.
At the former facility, we tried to perform the evaluation scheme of residual activity in the
concrte wall and floor by using the in-situ gamma-ray spectrometry and several types of survey
meter. We also evaluated the suitable shield thickness for detector. At the latter facility, we
measure the neutron flux in the cyclotron vault during the production of '8F and ''C by proton
and deuteron irradiation, respectively. And we also obtained the concrete core samples and
measure depth profiles of residual activity.

In order to grasp the activity profiles on accelerator magnets, three types of imaging detectors
such as mask method, Compton method and collimeter method were compared.

In order to discuss and make the manual for the decommsionig work, we organized

the editorial committee.
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3.2 Simplified method for determining residual specific activity in activated concrete of a

PET-cyclotron room using a survey meter

H. Matsumura', G. Yoshida', A. Toyoda!, K. Masumoto', K. Nishikawa',
T. Nakabayashi?, Y. Miyazaki®, T. Miura!, H. Nakamura' and K. Bessho!
'KEK, 2Japan Environment Research Co., Ltd.,

3The Medical and Pharmacological Research Center Foundation

An in situ method to determine the specific activity in concrete structures using a survey meter was
established in this study for decommissioning accelerator rooms. This method is much simpler than
the conventional sampling method that requires core boring. A survey meter (T-SP2, TAC Inc.,
Japan) was customized and equipped with a small detector probe, whose size allowed the design of a
light-weight Pb shield. For dose rate measurement, a Pb shield thickness of 4.5 cm was enough to
shield ambient y-rays, and its weight (16 kg) was low enough for the device to be carried by a human.
A calibration curve was obtained to quickly and easily convert the net contact dose rate on concrete
into the specific activity in a PET cyclotron room. The specific activity detection limit for this device
was lower than the clearance limit of '>Eu and ®’Co in activated materials. Therefore, this method
can be used for separating non-activated concrete from activated concrete during decommissioning.
A general correction factor for the slope of the calibration curve was also obtained for use at other

accelerator facilities.

Presented at 13th International Symposium on Nuclear and Environmental Radiochemical Analysis:

ERAI3, Cambridge, United Kingdom, September 17-20, 2018.

3.3 Investigation of neutron-fluence measurement methods for estimating neutron-induced

activity in an electrostatic accelerator room

H. Nakamura', H. Matsumura', G. Yoshida!, A. Toyoda',
K. Masumoto', T. Miura!, K. Sasa® and T. Moriguchi’
'KEK, *Univ. of Tsukuba

Three methods to detect neutrons emitted around an electrostatic accelerator were examined. These
were gold foil activation, thermoluminescent dosimeters (TLDs), and CR-39. The gold-foil
activation method was effective in the measurement of the cyclotron. In the case of electrostatic
accelerators, a greater amount of fast neutrons and a smaller amount of thermal neutrons were

observed compared to cyclotron accelerators. Therefore, the cadmium ratio became nearly one and
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the error in thermal neutron flux calculation became large. The CR-39 detectors were apparently
unable to measure thermal neutrons well, because some tracks were also generated by fast neutrons
in the thermal-neutron detection side of CR-39. In the case of TLD, as it is not sensitive to fast
neutrons, it is not affected by them, but in some cases it cannot conduct measurements propely under

the influence of high dose rate of gamma rays.

Presented at 13th International Symposium on Nuclear and Environmental Radiochemical Analysis:

ERA13, Cambridge, United Kingdom, September 17-20, 2018.

3.4 Quantitative evaluation of radioactivity in concrete at PET cyclotron facility with simple

and nondestructive measurement

A. Toyoda!, H. Matsumura', K. Masumoto!, G. Yoshida!, T. Miura',
H. Nakamura', K. Bessho!, T. Nakabayashi? and G. Horitsugi’
'KEK, 2Japan Environment Research Co., Ltd., *Osaka Univ.

Accelerator operations often generate neutrons that may activate concrete in the accelerator room.
When accelerators are decommissioned, the concrete will remain as radioactive waste. However,
only those parts of the concrete containing a large number of neutrons will actually be radioactive.
Therefore, it is very important to determine where and how many neutrons are generated during
accelerator operation. We used gold foils to obtain this information in positron emission tomography
(PET) cyclotron facilities. We obtained concrete core samples from a PET cyclotron to determine the
amount of radioactivity contained in concrete. We obtained the operational parameters (particle,
radioactive product, current, and operation time) of the PET cyclotron facility and estimated the
radioactivity generated in concrete using the operational parameters and gold foil results. A

comparison of the estimated and core sampling measurement results showed good agreement.

Presented at 13th International Symposium on Nuclear and Environmental Radiochemical Analysis:

ERA13, Cambridge, United Kingdom, September 17-20, 2018.
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3.5 Evaluation of different gamma ray imaging techniques for visualization of induced activity

in accelerator magnets

G. Yoshida, A. Toyoda, H. Matsumura, K. Masumoto, T. Miura, H. Nakamura and 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, for simplifying 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, but 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
correctly, though they could not detect the total absorption peaks of the 1173 and 1333 keV photons
from ®°Co. Additionally, the device was affected by gamma rays from the surroundings as a result of

insufficient radiation shielding.

Presented at 13th International Symposium on Nuclear and Environmental Radiochemical Analysis:

ERAI3, Cambridge, United Kingdom, September 17-20, 2018.

3.6 Radioactivity generated in low activated concrete by operation of the proton synchrotron

accelerators in J-PARC

K. Nishikawa'#, K. Bessho'**, M. Hagiwara', T. Miura', S. Sekimoto?, H. Yashima?,
H. Yamazaki'*, H. Nakamura'#, M. J. Shirakata'*, A. Kanai®

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

24Na is one of the most dominant radionuclides involved in y-ray exposures on radiation workers
approaching inside the accelerator tunnel for the maintenance immediately after the beam stop, and
22Na generated in the concrete shield should be addressed from the perspective of decommissioning
of accelerator facilities. 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 large beam-loss points, low-activation concrete, which has a low Na content compared with
an ordinary concrete, was adopted in the facility-design stage of J-PARC, to reduce **Na and **Na

production.
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The radioactive concentrations of **Na were measured using a high-purity Ge detector and were
compared at two locations, where ordinary concrete (Na content: 1.3%) and low-activation concrete
(Na content: 0.035%) were used, respectively. For these locations, the dominant beam loss is
occurred by 400 MeV protons, and the neutron spectra corresponding to the beam loss were
estimated to be similar. The concentrations of ’Na in ordinary concrete and low-activation concrete
were determined to be 2.9x10 Bg/g and 6.2x107 Bg/g, respectively. The effect of reducing **Na
production by adopting low-activation concrete was demonstrated for the first time at high-energy

accelerator facilities.

Presented at Japanese Society of Radiation Safety Management 17th Annual Meeting.

3.7 Study of the radiation damage effect on titanium metastable beta alloy by high intensity

proton beam

T. Ishida"'°, E. Wakai'"!!, M. Hagiwara"'?, S. Makimura'-!°, M. Tada!, D. M. Asner?, A. Casella?,
A. Devaraj?, D. Edwards?, R. Prabhakaran?, D. Senor?, M. Hartz*®, S. Bhadra*, A. Fiorentini*,
M. Cadabeschi’, J. Martin®, A. Konaka®, A. Marino’, A. Atherthon®, C. J. Densham®,

M. Fitton®, K. Ammigan’, P. Hurh®

1J-PARC, PNNL, *Kavli IPMU, *York Univ., >Univ. of Toronto, “TRIUMF, "Univ. of Colorado
Boulder, 8STFC RAL, 9Fermilab, OKEK, ""JAEA

A foil of a metastable B Titanium alloy Ti-15V-3Cr-3Sn-3Al was irradiated at the J-PARC neutrino
experimental facility with 1.4 x 10%° 30 GeV protons at low temperature (100-130 °C at most), and
microstructural characterization and hardness testing were conducted as an initial study on the
radiation damage effects of Titanium alloy by the high energy proton beam exposure. Expected
radiation damage at the beam center is about 0.06—0.12 displacement per atom. A high density
(>102 m™) of a nanometer-sized precipitate was observed by TEM studies, which would be
identified as martensite a-phase and athermal w-phase formed during the solution-treatment process
to fabricate metastable B alloy. They did not appear to change substantially after irradiation with
protons. In the irradiated specimen, we could not identify an obvious signature of radiation damage
distributed along the proton beam profile. Very small, nanometer-scale black dots were present at a
low density in the most highly irradiated region, and may be small dislocation loops formed during
irradiation. The micro-indentation test indicated that the radiation exposure led to tiny increase in
Vickers micro-hardness of AHV =20 at beam center. Atom probe tomography reveals compositional

fluctuations that reach a maximum amplitude of 10 at% Ti within a space of <5 nm both before and
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after irradiation, which may also indicate presence of rich precipitates. These experimental results
suggest this specific B alloy may exhibit radiation damage resistance due to the existence of a high
density of nano-scale precipitates, but further studies with higher exposure are required to explore

this possibility.

Published as Nuclear Materials and Energy 15 (2018) 169-174.

3.8 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'2, H. Watanabe'?, K. Nishikawa'-2,
R. Kurasaki'?, R. Muto'?, K. Saito'?, Y. Kasugai'*
1J-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 y-emitting nuclides are
detected in the helium gas in beam-operation conditions. 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 various nuclides. The results indicate that C, N, O,
F, Ne, Ar and Hg nuclides are selectively released to gas phase reflecting their elemental volatility.
The rates released to gaseous phase were analogous for C, N, O, Ne and Ar nuclides. On the other
hand, corresponding rates for F-20 and those for 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 target
and window surfaces. 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.

Presented at the 14" PHITS Workshop.
Published as Proceedings of the 19" Workshop on Environmental Radioactivity.
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4. Nuclear Chemistry and Radiochemistry

4.1 Development of muonic atom beam extraction system and first evaluation by intense

negative muon beam of J-PARC MUSE

G. Yoshida!, K. Ninomiya?, M. Inagaki’, M. Toyoda?, J. Aoki,
N. Kawamura!, Y. Miyake' and A. Shinohara?
'KEK, *Osaka Univ.

A negative muon strongly shields the positive charge of a nucleus in a muonic atom; thus, the
properties of a muonic Z atom are expected to be similar to those of the Z-1 atom. However, slight
differences between the muonic Z atom and Z-1 atom were found in the X-ray energy range.
Nevertheless, the chemical properties of a muonic atom, such as electron arrangement, have not been
investigated in detail. Initially, to examine the chemical properties of muonic atoms, we established a
muonic atom beam extraction system with static electronic field. The system is similar to the time of
flight mass spectrometer (TOF-MS). We optimized the mass resolution of the system by laser
ablation, and then evaluated the yield of muonic atom beam and background noises by using the
muon beam in the Japan Proton Accelerator Research Complex (J-PARC). In this paper, the signals
were found to be too small to determine the event from the muonic atom beam; an improvement of

muonic atom extraction mechanism will solve this problem.

Published in JPS Conf. Proc 21, 011046 (2018).

4.2 Muon transfer rates from muonic hydrogen atoms to gaseous benzene and cyclohexane

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

The chemical effect of the muon transfer process from muonic hydrogen atom was examined for
benzene and cyclohexane under low pressure gaseous conditions. The muon transfer rates were
investigated by measuring the resulting muonic X-rays resulting from muon irradiation of hydrogen
and neon gas mixtures. The muon transfer rates to benzene and cyclohexane carbon atoms were
very similar in the gaseous state. The results differed from previous results obtained for muon and
pion transfer rates to benzene and cyclohexane under high density liquid conditions. It was

concluded that the difference originated from the atomic muon state of the muonic hydrogen atoms
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with a large radius.

Published in Journal of Nuclear and Radiochemical Sciences 18, 5—-8 (2018).

4.3 Further examination for the chemical environmental effect in muon transfer by using low

pressure gaseous carbon sulfide samples

G. Yoshida
KEK

We have studied the chemical effect of muonic atom formation using low pressure gaseous carbon
oxides and sulfides (CO, CO», COS, and CS;) and their hydrogen mixture system, by analyzing
muonic X-ray spectra. In muon transfer process, because the muon transferred to deep binding state,
the muonic X-rays originated from n>5 states were not observed for carbon, and from n>6 states
were not observed for oxygen. A precise spectrum was obtained for H,+CS; with high intensity and
high quality negative muon beam of MUSE, MLF. Transition series from pS-Kq to pS-Ko (n=9 to 1)

could be determined from the spectrum.

Presented at Progress Report of J-PARC/MUSE in 2017, Tokai, Ibaraki, Japan, July 4-5, 2018.

4.4 Optimization of heating conditions in metal heating experiment using a high-frequency

induction furnace system

Y. Oki', T. Miura? and H. Matsumura?
! Institute for Integrated Radiation and Nuclear Science, Kyoto Univ., ’KEK

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 the
metallic target or the highly radioactive nuclear fuel. The particle size of the aerosols is very
important information to clarify their formation mechanism. We have developed a new
high-frequency induction furnace system for simulation of the radioactive aerosol release in
accidents. The furnace system consists of the quartz induction heating furnace and a low-pressure
impactor to analyze the size of the aerosol particles. Highly pure carbon crucibles were used for
melting of the metal samples; however, aerosol generation was observed during heating at high

temperature from the crucible itself. In this work in 2018 pre-treatment conditions for the crucibles
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were optimized to minimize the aerosol generation in blank baking of the crucibles. Nearly
aerosol-free condition in the furnace was achieved up to 1,800 °C by the pre-baking treatment for the

crucible under vacuum and pure argon gas.
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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' and K.Masumoto®

'Fukushima Prefectural Inland Water Fisheries Experimental Station
nstitute of Environmental Radioactivity at Fukushima Univ.

SKEK

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 and upper-streams “Okura and Kokura Rivers” and a down-stream
“Nagase River”) and Ukedo River system (including Ogaki Dam and 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.

Published as the Proceedings of the 19th Workshop on Environmental Radioactivity
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5.2 The Variation of Atmospheric Radioactive Caesium Concentration from Fukushima
Dai-ichi Nuclear Power Plant Accident in Tsukuba and litate, and Factors Controlling Its

High Concentration Events

T.Doi!, M.Takagi?, A. Tanaka*, M. Kanno*, Y. Dokiya*,
Y. Tao* and K. Masumoto®
! National Institute for Environmental Studies, Material Cycles and Waste Management Research,
’National Institute for Environmental Studie, Fukushima Branch
3National Institute for Environmental Studies, Environmental Measurement and Analysis
‘Resurrection of Fukushima
‘KEK

Radiocaesium (**Cs+!*’Cs) concentrations in surface air of Tsukuba (Ibaraki prefecture) and litate
(Fukushima prefecture) about one year after Fukushima Dai-ichi Nuclear Power Plant (FDNPP)
accident were levels of 10° Bq m™ and 10 Bq m™, respectively. The atmospheric radiocaesium at
two sites of litate occasionally showed high concentrations due to resuspension of soil particles
accompanied with strong wind and operation of local decontamination. A marked high concentration
event on August 2013 seems to occur due to the removal of the debris at FDNPP. The activity
median aerodynamic diameters of **Cs and '3’Cs bearing particles were larger than 1.2 um.
Radiocaesium-bearing aerosols with particle size of larger than 1 pm may partly be reached into the
alveoli by respiration, although they will be excreted from lung thereafter. It is thought that the
influence of annual internal radiation exposure by inhalation estimated from the atmospheric

concentrations of radiocaesium was low.

Published in RADIOISOTOPES, 68(2019)83—104.
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