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PPREFACE

The Radiation Science Center is concerned with the management of both radiation and chemical
safety in KEK. The Chemical Safety Control Office was positioned under the Director General, and
renamed to the Environmental Safety Office, and is in charge of the publication of the environmental
report. This Office is responsible for the management of environment at KEK in addition to the

chemical security of the laboratory.

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 our activities including awards, name of outside

committees we are engaged in, workshops and symposia, publications, and funds we got.

In FY2009, several members in our center moved to the Tokai site from Tsukuba site. The radiation
safety system in the J-PARC was extensively developed especially for the Neutrino Facility. In
Tsukuba, it is planned to start to upgrade the KEK B-Factory in 2010. So residual radioactivity in the
rings was measured in 2009. Development of a radiation safety design was commenced also for our
future project, the compact-ERL. We hope that the activity report is useful for all people who are

working in the field of the safety of accelerator facilities.

Syuichi Ban
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 current status of these research

activities carried out in fiscal year 2009 are described.



1. Research in Radiation Physics and Detector Development

1.1 Scintillation Mechanism in Helium Mixed with Xenon

K. Saitol, S. Sasakil, H. Tawaral, T. Sanami' and E. Shibamura®

'KEK, *Saitama Prefectual University

Scintillation photons in helium more than atmospheric pressure, where the most part of exited
helium forms an excited helium dimer, lie in the VUV region (60-100 nm) and have long decay
times (10 ps). We have been testing the exchange of luminescence origin from helium to xenon by
adding a small amount of xenon to helium. The reasons we selected xenon are that a decay time of
an excited xenon dimer is fastest (about 99 ns) among rare gases and its peak wavelength in
luminescence spectra of that is about 173 nm. Scintillation properties of helium mixed with xenon,
such as luminescence spectra, time profile and scintillation yield are measured to acquire knowledge
of scintillation mechanism in He/Xe. Since ionization yields are important to understand energy loss

processes of radiation, those in He/Xe are measured simultaneously with scintillation yields.

This study is supported by “the scientific research fund from the Ministry of Education, Science &
Culture in Japan”.

Presented at 2009 IEEE Nuclear Science Symposium, Orlando, Florida, USA.

1.2 Development of Current Readout Type Neutron Monitor for Burst Neutron
Field

K. Iijima, T. Sanami, M. Hagiwara, K. Saito, and S. Sasaki
KEK

A current readout type neutron monitor was developed for the measurement of dose rate of burst
neutrons generated due to beam loss of an accelerator within a short time. This neutron monitor
consists of a commercially available neutron proportional counter, a 6.5 cm thick polyethylene
moderator and a newly developed charge integrate circuit. The monitor was tested under
mono-energetic neutron standard fields (En=8keV~15MeV) in comparison with a conventional pulse
readout type monitor. These two different readout type monitors show identical energy response in
this energy range. The current readout monitor was able to measure neutron dose up to 4.5 mSv/h

without count loss when pulse readout type monitor failed due to count loss. The contribution from



gamma-ray to measured dose rate was 5-10 % of the actual dose rate of the gamma-ray.

Presented at Fifth International Symposium on Radiation Safety and Detection Technology
(ISORD-5), Kitakyushu International Conference Center, Kitakyushu, Japan, July 15-17, 2009.

1.3 Wi-values in Several Inorganic Scintillation Crystals for Gamma-rays

Shinichi Sasaki®", Hiroko Tawara®, Kiwamu Saito®, Eido Shibamura®

“High Energy Accelerator Research Organization (KEK), Oho 1-1, Tsukuba, Ibaraki 3050801, Japan

bSaita Prefectural University, koshigaya, Saitama 343-8250, Japan.

To understand path ways of radiation energy to luminescence or to properly compare scintillation
yields among various scintillators, it is appropriate to use a quantity related to efficiency of
scintillation such as an average energy to produce one scintillation photon, W,. However, it is
normally difficult to measure an absolute number of photons emitted in a scintillator by radiation,
because the collection efficiency of photons at any photo-detector is difficult to be obtained
experimentally. In addition, the conversion efficiency of photon-to-electron at the detector is not
determined rigorously without considering reflection of photons incident to detector's surfaces or
windows. Especially, the collection efficiency depends strongly on behavior of photons penetrating
in a crystal and windows, reflection properties of reflective walls and windows, and optical matching
between a crystal and a detector such as a photomultiplier tube (PMT). Many measurements to
determine W have been so far made, but there are few studies in which these efficiency affected to
the determination of W are reasonably taken into consideration.

Recently, we made the determinations of Wy in Nal(Tl) and CsI(Tl) crystals for gamma rays by
measuring absolute numbers of photoelectrons using PMT as a photo-diode, in which a simulation
program was developed to evaluate photon transport in a PMT-crystal system. In the program, all
considerable processes from the generation of a photon till its termination, including a process due to
photons reflected at PMT surface and returned to a crystal, were traced. We also measured the
reflectivity and the conversion efficiency of photon-to-electron at a PMT photocathode as a function
of angles of photons incident to PMT photocathode, and obtained accurate collection efficiency and
actual conversion efficiency by using these data. The values of W for Nal(Tl) and CsI(TI) crystals
were determined to be 15.0 eV and 13.3 eV, respectively, and are in good agreement with the
theoretical values presented recently by Doke et.al. Using the simulation program mentioned above,
we could explain successfully the factors affecting energy resolutions.

The determination of Wy in inorganic crystals other than Nal(Tl) and CsI(TI), such as LSO, BGO,



GSO, CWO and so on, were diligently performed using the above method.

This study was partly supported by “the scientific research fund from the Ministry of Education,
Science & Culture in Japan”.
Presented at 10" International Conference of Inorganic Scintillators and Their Application

(Scint2009) (Lotte hotel Jeju, Jeju, Korea, June 8-12, 2009).

1.4 The Average Energies to Produce an Ion-pair (W-values) for Heavy Charged
Particles in Gases

S. Sasaki, T. Sanami, H. Tawara, K. Iijima, K. Saito, T. Murakami'

KEK, 'NIRS

The determination of W, an average energy to produce an ion pair, for heavy ions in gases at
atmospheric pressures has been made using heavy-ion beams from an accelerator. The values of W
were measured for He*", and C®" jons (<6MeV/n) in propane-base tissue-equivalent gases of the
pressures of 500 to 760 Torr as a function of the energy of ions. For C°®* ions, the energy dependence
of W was clearly observed, while W for He*" ions was approximately constant over a wide rage of
the energy. The differential values of W (w) were also measured for C** (<6MeV/n and 100MeV/n)
and Ar'®" jons (100MeV/n) and are almost equal to the value of W for He*".

This study was partly supported by “the scientific research fund from the Ministry of Education,
Science & Culture in Japan”.

Presented at 2009 IEEE Nuclear Science Symposium, (Orlando, Florida, USA, October 25-31,
2009).

1.5 Development of Position-sensitive Tissue Equivalent Proportional Chamber

(PS-TEPC) for Space Dosimetry

S. Sasaki, K. Saito, H. Tawara, K. Takahashi, T. Dokel, K. Miuchiz, T. Komiyama3, H. Matsumoto® R
N. Higashio3, Y. Uchihori* and K. Terasawa’ ,

KEK, "Waseda Univ, 2Ky0t0 Univ., 3JAXA, 4N]RS, and °Keio Univ.

In radiation dosimetry, radiation effects on human body are evaluated using the dose equivalent H,



defined as a product of the absorbed dose D and the quality factor Q given as a function of a linear
energy transfer (LET). In space, there exist many kinds of radiations such as galactic cosmic rays
and their secondary particles. Charged particles (protons and heavy ions) and neutrons are
considered as main components contributing to radiation doses in space. LET of these radiations
distributes from 0.2 to 600 keV/um. From these, it is essential to measure directly LET of radiation
for evaluation of H in space. A Tissue Equivalent Proportional Counter (TEPC) has been used by the
NASA group as a standard space dosimeter, which is a simple gas proportional counter made of
tissue equivalent plastics and filled with tissue equivalent gas. Since no position information is given
in TEPC, the assumption that LET is equal to a lineal energy (the deposited energy divided by the
mean chord length of the detector) is normally used to achieve a real time measurement. Obviously
the lineal energy does not represent LET accurately. The dose equivalent obtained using TEPC is
reported to be more than twice that measured with the real LET spectrometer such as RRMD-III.
RRMD-III, however, is not consisted of tissue equivalent materials, and has smaller detection view
(<42%) and no sensitivity for neutron. The ideal real-time detector should have the following
properties: (1) position sensitivity, (2) made of tissue equivalent materials, and (3) wide detection
view (~4m).

We are developing a new dosimeter in space, Position Sensitive Tissue Equivalent Chamber
(PS-TEPC), which is designed as a time projection chamber (TPC) using a micro-pixel chamber
(p-PIC) so as to measure the energy deposition and the track length of radiation simultaneously. The
u-PIC consists of a double-sided printed circuit board (PCB). The anode and the cathode strip
electrodes are orthogonally arranged with a pitch of 400um on the both side of 100um thick
polyimide insulator. Pixel-like anode pillars of 50um diameter are formed at the center of each
cathode opening through the insulator. Due to an electrical field between the anode and the cathode,
a gas gain of ~10" is obtained without any additional gas multiplication devices. In this study, we
aim to demonstrate feasibility of PS-TEPC, to design and to complete the prototype of PS-TEPC
usable in space. Our final goal is to establish the dosimetric system in space using PS-TEPC.

The feasibility of PS-TEPC was examined from the results obtained for a large TPC with 100x100
mm’ p-PIC using heavy-ion beams from Heavy Ion Medical Accelerator in Chiba (HIMAC) in
National Institute of Radiological Sciences (NIRS). The TPC was filled with Ar+10%C;Hg or tissue
equivalent gases (C;Hg+ 39.6%CO, + 5.4%N;and CHy + 32.5%CO; + 3.2%N,), and irradiated with
C* (400MeV/n). Si'*" (800MeV/n). and Fe*®* (500MeV/n). As a result, The beam profiles obtained
from tracking data demonstrated well with the actual shapes of the beams, and data of 3-dimensional
tracks for each particle was obtained successfully. The deposited energy of the particle alone the
track was also successful measured. The LET obtained from these data was in good agreement with
the calculated value.

To develop a prototype of PS-TEPC used in space, we designed newly the p-PIC with a size of



26x26 mm’, and manufactured a small-type TPC (effective detection volume; 26x26x50 mm’)
constructed with tissue equivalent materials such as A-150 plastic and acrylic acid resin. By
connecting two electrodes neighboring each other in this u-PIC, the readouts of 32x32 channels are
maintained. Despite the position resolution becomes worse (about 800pm), this makes it possible to
simplify the readout circuits. The TPC was designed so as to be separate from its readout circuit
systems. We have tested this prototype by measuring the LET distributions in propane-base tissue
equivalent gas for He*" (230MeV/n), C®* (400MeV/n), Si'** (800MeV/n), and Fe*® (500MeV/n) in
HIMAC. The measured LET distributions were in good agreement with the calculated values. In
the final form, a preamplifier system is directly attached to u-PIC readouts in the detector unit to
achieve good signal-to-noise ratios. The other circuits such as signal processing, data analysis and
data transmission to the ground are installed together into the control unit. The outer size and the
weight of the detector unit are expected to be within 80x80x100 mm’® and 3kg, respectively. The

present status of PS-TEPC were given in detail at the international/domestic conferences.

This study was partly supported by “Joint Development Research at High Energy Accelerator
Research Organization(KEK) .
Presented at 2009 IEEE Nuclear Science Symposium, Orlando, Florida, USA, and 12th Vienna

Conference on Instrumentation - VCI 2010, Vienna Austria.

1.6 Microdosimetry for heavy ion beams using a wall-less tissue equvalent

proportional counter

S.Tsudal, T.Satol, D.Satohl, F.Takahashil, A.Endol, S.Sasakiz, Y.Namitoz, H.Iwasez,
S.Banz, and M.Takada3,
1) JAEA 2) KEK 3) NIRS

Detailed energy deposition and track structure is basic information for understanding of biological
effects of energetic heavy ion beams. To estimate relative biological effectiveness, RBE, as a
function of deposit energy, lineal energy, y, can be an appropriate physical index because it can treat
each energy deposition by a single event and secondary high-energetic electrons that deposit energy
apart from heavy ion tracks.

In the present work, using a wall-less tissue equivalent proportional counter, TEPC, y distributions
for energetic heavy ions such as 290 MeV/u carbon beam have been measured in order to verify a
biological dose calculation model incorporated in the PHTIS code. The wall-less TEPC has a

cylindrical detection whose height and diameter are both 1 mm, made of a tungsten anode wire and a



stainless cathode wire. The inside of the wall-less TEPC was filled with a propane-based
tissue-equivalent gas at a pressure of 4.0 x 104 Pa. The gas pressure condition corresponds to a 0.72
m diameter site. A lineal energy distribution was obtained in the wall-less TEPC irradiated by 500
MeV/u argon ions and the dose-mean lineal energy was evaluated. It is found that the value obtained
by the wall-less TEPC is about 50 ~ 60 % of the LET of the argon ion in water and much smaller

than that measured by a TEPC whose detection part is surrounded by a tissue equivalent plastic.

Presented at 15th International Symposium on Microdosimetry, (25-30 Oct 2009, Verona Italy).

1.7 Development of thick-foil and fine-pitch GEMs with a laser etching technique

T. Tamagawa™°, A. Hayato™", F. Asami®®, K. Abe™", S. Iwamoto™°, S. Nakamura™",
A. Harayama, T. Iwahashi®®, S. Konami®°, H. Hamagaki®, Y.L. Yamaguchi®,
H. Tawara’ and K. Makishima®®
“RIKEN, "Department of Physics, Tokyo University of Science, “Department of Physics, Tokai
University, ‘Department of Physics, Saitama University, “Center for Nuclear Study (CNS),
University of Tokyo, KEK, $Department of Physics, University of Tokyo.

We have produced thick-foil and fine-pitch gas electron multipliers (GEMs) using a laser etching
technique. To improve production yield we have employed a new material, liquid crystal polymer,
instead of polyimide as an insulator layer. The effective gain of the thick-foil GEM with a hole pitch
of 140 um a hole diameter of 70 pum, and a thickness of 100 pum reached a value of 10* at an applied
voltage of 720 V. The measured effective gain of the thick-foil and fine-pitch GEM (80 pum pitch, 40
um diameter, and 100 um thick) was similar to that of the thick-foil GEM The gain stability over 3 h
of operation was about 0.5%. We scanned hole pitches and hole diameters with a high-speed
wide-area scanning device in KEK. The distribution of hole diameters across the GEM was
homogeneous with a standard deviation of about 3%. Gain mapping across the GEM showed a good

uniformity with a standard deviation of about 4%.

Published in Nucl. Instr. Meth. B608, 390-396 (2009).



1.8 Temperature and Pressure Conditions for the Appropriate Performance of
Charge and Mass Resolutions in Balloon-borne CR-39 Track Detector for the
Heavy Cosmic Rays

S. Kodaira®, N. Yasuda®, H. Tawara’, K. Ogura’, T. Doke’, N. Hasebe® and T. Yamauchi®
“Fundamental Technology Center, National Institute of Radiological Sciences, "Radiation Science
Center, High Energy Accelerator Organization, “College of Industrial Technology, Nihon University,
Research Institute for Science and Engineering, Waseda University,

‘Graduate School of Maritime Sciences.

We experimentally determined the suitable conditions of temperature and air pressure for measuring
charge and mass compositions of heavy cosmic rays using CR-39 track detectors during
long-duration, high-altitude balloon flights. The experiments were carried out utilizing Fe ion beams
from Heavy Ion Medical Accelerator (HIMAC). As the experimental results, sensitivity depended on
temperature and air pressure. During balloon flight, care must be taken to keep the temperature and

air pressure of CR-39 detectors within acceptable limits.

Published in Nucl. Instr. Meth. B267, 1817-1822 (2009).

1.9 Measurement of fragment production DDX of 72 and 144 MeV 2C beam

induced reaction on carbon using Bragg Curve Counter

T. Sanami et.al

KEK

Double differential cross section (DDX) data of fragment production for 72 (6 MeV/nucleon) and
144 MeV (12 MeV/nucleon) “C beam induced reaction on carbon were measured using a Bragg
Curve Counter (BCC). The DDX data were obtained for fragments of He, Li, Be, B, C, N and O at
30 degree emission angle. Theoretical calculation using PHITS code with QMD-+GEM model
represents the DDX well except for components from reactions of direct process and o particle

clustering process.

Published as Proceedings of Nuclear data symposium (2009).



1.10 Shielding Experiments at High Energy Accelerators of Fermilab(I), - Dose
Rate Around High Intensity Muon Beam —

T. Sanami et.al

KEK

JASMIN - Japanese and American Study of Muon Interaction and Neutron detection - a program
for studies of shielding and irradiation effect around high energy accelerators has been started since
2007 using high energy proton accelerators located in Fermi National Accelerator Laboratory
(FNAL) as a collaboration of JAPAN and FNAL. The series of the presentations entitled “Shielding
experiments at high energy accelerators of Fermilab” describes the part of the results of this
collaboration regarding transport of secondary particles, neutron and muon, from 120 GeV proton
induced reactions through experimental data and simulation. In this paper, behavior and associated
radiation dose of high energy muons in tens of meter thick rock are measured using OSLs, CR39s,
TLDs and an ionization chamber. The doses for the same geometrical condition of the experiment
are calculated using multi-particle Monte Carlo simulation code, MARS, to check its predictive
power for muon transport and the dose. From this comparison, consistency between the experiment
and calculation is confirmed in 60 m thick rock. The calculation enables to separate contributions of
each particle to the dose. The result shows considerable amount of the contribution to the dose from
electrons, photons and neutrons from electro-magnetic cascade due to interaction of high energy

muon.

Published in Proceedings of ISORDS.

1.11 A Bragg curve counter with an internal production target for the
measurement of the double-differential cross-section of fragment production

induced by neutrons at energies of tens of MeV

T. Sanami T. Sanami, M. Hagiwara, T. Oishi, M. Hosokawa, S. Kamada, Su. Tanaka, Y. Iwamoto,
H. Nakashima, M. Baba:
KEK

A Bragg curve counter equipped with an internal production target was developed for the
measurements of double-differential cross-sections of fragment production induced by neutrons at

energies of tens of MeV. The internal target permitted a large detection solid angle and thus the



registration of processes at low production rates. In this specific geometry, the detection solid angle
depends on the emission angle and the range of the particle. Therefore the energy, atomic number,
and angle of trajectory of the particle have to be taken into account for the determination of the solid
angle. For the selection of events with tracks confined within a defined cylindrical volume around
the detector axis, a segmented anode was applied. The double-differential cross-sections for
neutron-induced production of lithium, beryllium, and boron fragments from a carbon target were
measured at 0° for 65 MeV neutrons. The results are in good agreement with theoretical calculation

using PHITS code with GEM and ISOBAR model.

Published in Nucl. Instru. and Meth. A610 11 (2009) 660-668.

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

2.1 Neutron Spectrum Measurements in Intense Pulsed Neutron Fields of The
120-GeV Proton Facility Using A Current Bonner Sphere Technique
Masayuki HAGIWARA'"", Toshiya SANAMI', Yosuke IWAMOTO?, Hiroyuki ARAKAWA?,
Nobuhiro SHIGYO?, Nikolai MOKHOV*, Anthony LEVELING", David BOEHNLEIN", Vaziri

KAMRAN?, Takashi NAKAMURA™®, Koji OISHI®, Hideo HIRAYAMA', Hiroshi NAKASHIMA?,
Yukio SAKAMOTO? and members of JASMIN corroboration

IHigh Energy Accelerator Research Organization, 2Japan Atomic Energy Agency,
3Kyushu University, *Fermilab, > Tohoku University, Shimizu Corporation,

Neutron energy spectra behind iron and concree shields have been measured at the anti-proton
production target station in Fermi National Accelerator Laboratory to provide shielding benchmark
data of neutrons produced from 120-GeV proton induced reaction. To measure neutron spectra in the
radiation bursts accompanied by the injection of intense pulsed proton beam into the target, we have
developed a current readout technique of a multi-moderator spectrometer. We employed a pair of
BF; proportional counters filled with different '°B isotope enrichment gases, "“BF; (18%
enrichment) and '’BF; (96% enrichment) and used them as current readout ionization chambers to
avoid signal pile-up problem. The spectrometer is aimed to discriminate neutrons from other
particles such as y-rays and muons incoming in short bursts by subtracting results of the "'BF;
counter from that of the '°BF; counter. The neutron spectrum obtained with the present technique is
generally consistent with results of neutron-induced activation measurements.

Presented at Fifth International Symposium on Radiation Safety and Detection Technology
(ISORD-5), Kitakyushu International Conference Center, Kitakyushu, Japan, July 15-17, 2009.

-10 -



2.2 Experimental Studies on Deuteron-induced Activation Reactions in IFMIF

Accelerator Structural Elements

Masayuki Hagiwara ", Toshiro Itoga', Mamoru Baba ', Md. Shuza Uddin ', Masayoshi Sugimoto®
! Cyclotron and Radioisotope Center, Tohoku University,
’Radiation Science Center, High Energy Accelerator Research Organization (KEK)
3Japan Atomic Energy Agency

In order to improve the quality of deuteron-induced activation data required for the safety design of
the IFMIF (International Fusion Materials Irradiation Facility), we have measured (1) the activation
nat

Li(d,x)'Be in the deuteron-energy range from 7 to 39 MeV and (2) the production
rates of radioactive nuclides in thick targets for ™Li(d,x)'Be, "C(d,x)'Be, and ’Al(d,x)'Be, **Na,

cross-section of

**Na reactions at 40 MeV using the AVF cyclotron of Tohoku University. We have also estimated
the production rates of these nuclides in the thick targets below 40 MeV using the cross-sections
obtained in this study.

The present data compared favorably with other experimental data, IAEA-recommended data, and
the data obtained using the recent nuclear reaction code TALYS and the activation code IRACM,
which is based on the ALICE-F code. Some calculation results showed marked disagreement with

the experimental data.

Presented at 14th International Conference on Fusion Reactor Materials (ICFRM-14), Sapporo

Convention Center, Sapporo, Japan, September 7-12, 2009.

2.3 Experimental Studies of Neutron Emission Spectra in Li(d,xn) Reactions for
IFMIF

Masayuki Hagiwara'?, Toshiro Itoga', Takuji Oishi', Mamoru Baba'
Cyclotron and Radioisotope Center, Tohoku University
? Radiation Science Center, High Energy Accelerator Research Organization (KEK),

. .. . t
To improve the accuracy of the neutron emission data in the ™

Li(d,xn) reaction, which will be used
as the neutron source in the International Fusion Materials Irradiation Facility (IFMIF), we measured
the double-differential neutron emission cross-sections (DDXs) of the d-Li reaction at 25 MeV at the
cyclotron facility of Tohoku University. The DDXs were measured at ten laboratory angles between

0° and 110° by the time-of-flight method, using a beam-swinger system and a well-collimated

- 11 -



neutron flight channel. We used a two-gain method to obtain over most of the energy range of
secondary neutrons and reveal the shape of the overall emission spectra including the breakup peak
of incident deuterons near half the incidence energy, and several peaks in the high-energy tail due to
stripping reactions. The experimental results compared favorably with those obtained using the

extended Serber model.

Presented at 14th International Conference on Fusion Reactor Materials (ICFRM-14), Sapporo

Convention Center, Sapporo, Japan, September 7-12, 2009.

2.4 Measurement of Neutron Yields from Thick Targets Bombarded with 18 MeV
Protons

M. Hagiwara ?, T. Sanami ?, Y. Iwamoto *, N. Matsuda”, Y. Sakamoto *, Y. Nakane ©,
H. Nakashima ©, K. Masumoto® , Y. Uwamino ¥ and H. Kaneko ©
% Radiation Science Center, KEK, ” Division of Environment and Radiation Sciences, NSED, JAEA,
9 Safety Division, J-PARC, JAEA, ” RIKEN, ¢ TAARI, JAEA

Nuclear data on neutron production is important to estimate the shield design and clearance of
low-energy proton accelerator for medical use such as and a neutron source of an accelerator based
Boron Neutron Capture Therapy (BNCT). The data is however very scarce in the energy range from
10 MeV to 20 MeV protons of which most cyclotrons use for production of radiopharmaceuticals in
PET. Thus, we have measured double-differential thick target neutron yields (TTY) on proton- and
deuteron-induced reaction of the accelerator structural elements in the energy range from 10 MeV to
20 MeV. In the present experiments, TTY for the *Be, ™C, ™N, *’Al, "Cu and "'Ta(p, xn)
reactions induced by 18 MeV proton were measured. The 9Be(p,n) reaction is one of possible
neutron sources used in an accelerator-based BNCT. Carbon, aluminum, copper and tantalum are
very popular elements for beam-dumps, beam-lines and beam-collimators used in accelerators.

The experiment was carried out at the Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA) facility, Japan atomic energy agency (JAEA) with the K=110 AVF cyclotron.
TTY were measured by a time-of-flight (TOF) technique with four NE213 scintillators set at a
position of 2.0 m from the target for eight laboratory angles between 15- and 150-deg. The detector
efficiency was calculated by a Monte Carlo code SCINFUL-R, and the detector bias was set about
1.5 MeV. Neutron events were separated from gamma-ray events by the pulse-shape-discrimination
(PSD) technique. The measured TTYs were compared with MCNP calculations with the LA150
data library. The calculated TTYs with LA150 generally show good agreements with the measured
data.

Presented at Japan atomic energy conference, September 16-18, 2009.
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2.5 Shielding Benchmark Experiment For Hundreds Of MeV Quasi-monoenergetic
Neutrons

M. Hagiwaral, H. Iwasel, Y. Kiriharaz, H. Yashima® Y. Iwamoto4, D. Satoh4, Y. Nakane4, H.
Nakashima4, T. Nakamura’ , H. Nakashima4, Y. Sakam0t04, A. Tamii® and K. Hatanaka®
"High Energy Accelerator Research Organization (KEK),
’The Graduate University for Advanced Studies,
3Ky0to University,
4Japan Atomic Energy Agency,
3 Shimizu Corporation, Tohoku University,

SResearch Center of Nuclear Physics, Osaka University

A shielding benchmark experiment has been performed to obtain the spectra of neutrons penetrating
10- to 100-cm-thick iron and 25- to 300-cm-thick concrete shields and investigate the accuracy of
various calculation codes using a 137, 244, 387 MeV quasi-monoenergetic neutron source. The
source neutrons are produced from a 1.0-cm-thick lithium target bombarded with 140, 246, 389
MeV protons, respectively, and the energy spectra are measured with the time-of-flight method
using a NE213 organic liquid scintillator. The neutrons emitted in the forward direction were
collimated with a 150-cm-thick iron collimator with 10 x 12 cm aperture. Time-of-flight and
unfolding methods are applied to obtain the energy spectra behind the shield for the peak energy
region and continuous energy region, respectively. Monte Carlo calculations with PHITS and
MCNPX are compared with the measured data. The comparison shows that the calculated spectra

are in good agreement with the measured spectra.

Presented at Japan atomic energy conference, March 26-28, 2010.

2.6 Depth Profile of Radioactivity Induced in The Thick Concrete Shield in EP-1
Beam-line at The 12-GeV Proton Synchrotron Facility, KEK

N. Kinoshita, H. Matsumura, K. Bessho, A. Toyoda, K. Masumoto, Y. Matsushi', K. Sasa',
T. Takahashil, S. Miharal, T. Okil, M. Matsumural, Y. Tosakil, K. Suekil,
M. Tamari', Y. Nagashima'
KEK, "Univ. Tsukuba

Evaluation of radioactivity induced in concrete shield is very important for the decommissioning
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process of high-energy and high intensity accelerator facility. We obtained15 core samples from
concrete shield along 12 GeV proton beam-line (EP1 beam-line, KEK) and sliced in appropriate
thickness. Specific activity of g-ray emitters of nuclear spallation products and thermal neutron
capture products and b-ray emitters such as “H, *C and *°Cl in concrete shield were determined.
Depth profile of activity of each nuclide in 6-m-thick concrete obtained along the beam lines were
compared with each other, to discuss the direction and energy of secondary particle by the data of

induced nuclear reactions.

Published in Nuclear Technology 168(2009)694-699.

2.7 RCNP Neutron Shielding Experiment

H. Iwasel, M. Hagiwaraz, Y. Iwamotoz, D. Satohz, H. Yashima3, T. Matsumoto4,
. Nishiyama4, A. Masuda4, H. Harano4, T. Satoz, Y. Nakanez, T. Itogas, C. Theisé,
E. Feldbaumeré, L. Jaegerhoferé, C. Pioch7, V. Mares7, Y. Sakamotoz,

H. Nakashimaz, A. Tamiig, and T. Nakamura®
"KEK,? JAEA, * Kyoto Univ., * AIST,” Riken, ® CERN, ’ GSF Helmholtz Miinchen,
¥ RCNP Osaka Univ., ° Tohoku Univ.

Neutron energy spectra and dosis behind different thick shielding materials were measured using
different neutron detectors at RCNP using quasi-mono energy incident neutrons of 250 and 400
MeV for the purpose to obtain data of neutron scattering and to study neutron shielding in this

energy region.

Presented at the SATIF-10 meeting (2-4 Jun. 2010).

2.8 Upgrading The General Purpose Monte Carlo Code PHITS
H. Iwasel, K. Niitaz, Y. Namitol, Y. Iwamoto3, N. Matsuda® , T. Sato’ ,Y. Sakamoto® , H.
Nakashima’, and H. Hiarayama'

'KEK, °RIST, >JAEA

KEK radiation science center is responsible for updating the electron-photon shower, high-energy

reactions, and some of heavy ion reactions in the PHITS (Particle and Heavy lon Transport code
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System) collaboration. EGS5 the standard electron-photon interaction code, which is developed at

KEK radiation science center, and PHITS will be combined.

2.9 Study of Heavy Ion Total Reaction Cross Section Model

H. Iwase, A, Kohama, K. lida, K. Oyamatsu, K. Niita
KEK, RIKEN, Kochi Univ. Aichi Shoutoku Univ., RIST

Total reaction cross section is one of the key parameter in Monte Carlo codes since it is in principle
the mean-free-path of the radiation and decides the collision position in matter. Several
nucleus-nucleus total cross reaction section models exist but they show some discrepancies. The
Kurotama model by Kohama et al. is a promising model on nucleus-nucleus total reaction cross

section. We study on nucleus radii, the total cross sections, and the sensitivity to MC results.

2.10 Improvement of EGSS code

2.10.1 Monte Carlo Simulation of Tabata's Electron Backscattering Experiments

Y.Kiriharal, Y.Namito2, H.Iwase2, and H.Hirayama2
1)The Graduate University for Advanced Studies 2)KEK

Electron backscattering coefficients, m, obtained from several targets in the MeV range were
calculated by using electron-photon Monte Carlo transport calculation codes, i.e., EGS5 and ITS 3.0.
These calculated values were compared with those obtained from the electron backscattering
experiment performed by Tabata using an ionization chamber (Phys. Rev. 162 (1967) 336). We
found that Tabata’s estimation of the multiplication factor of the ionization chamber, f, had a
non-negligible error. Then, we calculated the ionization chamber output, I, which is a product of n
and f. The ratios of I between the experimental and the calculated values were within 1.5 and 1.3 for
the EGS5 code and the ITS 3.0 code, respectively. The ratios of 1 between the experimental and the
calculated values were within 2.4 and 1.5 for the EGS5 code and the ITS 3.0 code, respectively. The
differences between the experimental and the calculated values of I and ) are large for low-Z targets
(Be and C). Here, the ratios obtained by using the ITS 3.0 code are closer to unity than those
obtained by using the EGSS5 code. The reason of this is the fact that the calculated value obtained by

using the ITS 3.0 code is underestimated for low-Z targets; this underestimation can, in turn, be
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attributed to the use of the default value of the number of steps in the electron transport algorithm in

the ITS 3.0 code.

Published in Nucl. Instrum. and Meth. Accepted. (KEK Preprint 2009-39).

2.10.2 Incorporation of Landau-Pomeranchuk-Migdal effect and dielectric

suppression in EGSS code

Y Kiriharal, Y.Namito2 and H.Hirayama2
1)The Graduate University for Advanced Studies 2)(KEK)

We incorporated the Landau--Pomeranchuk--Migdal (LPM) effect and the dielectric suppression
effect for bremsstrahlung and the LPM effect for pair production in the EGS5 code. To verify the
validity of the EGS5 code with the LPM plus dielectric cross section for bremsstrahlung, we
compared the bremsstrahlung spectrum calculated using this code with that obtained considering the
LPM effect. The values calculated using the EGS5 code reproduced the experimental value of the
LPM eftect well.

Published in Nucl. Instrum and Meth. Accepted. (KEK Preprint 2010-2).

3. Radiation Protection Study in Accelerator Facilities

3.1. Activation of Air and Water in the electron linear accelerator facility for
medical use.

K. Masumoto, H. Nakamura, A. Toyoda, K. Takahashi, K. Iijima, K. Kosako', K. Oishi'
KEK, 'Shimizu Co.

About 900 of electron linear accelerators have been used for the X-ray treatment in hospitals in
Japan. Although the radiation shielding of neutron has been carefully considered so far, activation of
air and water caused by X-rays and neutrons has not been evaluated. In order to construct a new
regulation of activation issue in the law of radiation safety, it is very important to collect the data of
various types of activation and classify the activation level based on the results of measurement and

calculation. In this work, we selected the 10 and 15 MeV linear electron accelerator facility. After
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water fantom was irradiated by X-rays and measured the residual radioactivity. During irradiation,
aerosols were collected by HEPA filters using air samplers in the irradiation room and maze. After
irradiation, air samples were also collected by in the irradiation chamber, irradiation room and maze.
Each radioactivity of collected samples were measured by lonization Chamber, GM survey meter,
Nal survy meter, Gamma-ray spectrometer and so on. The neutron flux and distribution were
measured by activation detector, TLD and CR-39. The results were compared with Monte Carlo
method using MCNP code. By the detailed input of shielding condition surrounding a target,
calculated results of X-ray and neutron dose are almost good agreement with the measured data.
Although the measured data of radioactivity in air was higher than the calculated value, obtained

results were much lower than the activity limit of air and water controlled by the law.

3.2. Activation of air and water in the particle accelerator facility for medical use.

K. Masumoto, H. Nakamura, A. Toyoda, M. Hagiwara, N. Suzuki, F. Nobuhara, K. Takahashi
KEK, Tokyo Nuclear Service Co., Dokkyo Medical Univ.

Recently, the particle accelerator has been used as the powerful tool of cancer therapy. Protons and
heavy ions are accelerated by synchrotron or cyclotron. Almost similar measurement as medical
electron accelerator facility was performed in Univ. of Tsukuba, NIRS and Shizuoka Cancer Center.

Neutron dose obtained by CR-39 is higher than that by TLD and inconsistent with the calculated
value. Therefore, the effect of secondary particle such as proton might be considered in dose rate
evaluation of CR-39. The measured data of radioactivity in air was higher than the calculated value
as in the case of electron linear accelerator. Obtained results were much lower than the activity limit

in air and water regulated by the law.

4. Nuclear Chemistry and Radiochemistry

4.1 Measurement of high-energy neutrons penetrating a thick iron shield from the
antiproton production target by Au activation method

H. Matsumural, N. Kinoshital, Y. Kasugaiz, N. Matsudaz, H. Yashima3, S. Sekimot03, H. Iwasel,
A. Toyodal, N. Mokhov4, A. Leveling4, D. Boehnlein4, K. Vazi1i4, L. Gary4, S. Wayne4,
K. Oishis, Y. Sakamotoz, and H. Nakashima®
'KEK, 2Japan Atomic Energy Agency, jKyoto University Research Reactor Institute,
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*Fermi National Accelerator Laboratory, *Shimizu Corporation

In an antiproton production (Pbar) target station of the Fermi National Accelerator Laboratory
(FNAL), the secondary particles produced by bombarding a target with 120-GeV protons are
shielded by a thick iron shield. In order to obtain experimental data on high-energy neutron transport
at >100-GeV-proton accelerator facilities, we indirectly measured >100-MeV neutrons at the outside
of the iron shield in the Pbar target station. The measurement was performed by using the Au
activation method coupled with a low-background y-ray counting system. As an indicator for the
neutron flux, we determined the production rates of 8 spallation nuclides (196Au, 188Pt, 189Ir, 185 Os,
175 Hf, 173 Lu, mLu, and 169Yb) in the Au activation detector. The measured production rates were
compared with the theoretical production rates calculated using PHITS as shown in Fig.1. We
proved that the Au activation method can serve as a powerful tool for indirect measurements of
>100-MeV neutrons that play a vital role in neutron transport. These results will be important for

clarifying the problems in theoretical calculations of high-energy neutron transport.

107 e e

1 0-33

Production rates
[/Au atom/primary proton]
=

1077

B Experiment
0 PHITS

1038 b b b
160 170 180 190 200

Product mass number, 4,

Fig. 1. Measured production rates (closed squares) and production rates calculated using PHITS (open
squres) in the Au activation detector as a function of product mass number. The solid line and the dotted
line indicate straight lines obtained by the least square fits to the measured and calculated production rates,

respectively.
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4.2 Activity measurements of radionuclides associated with colloids in
cooling-waters in FNAL

H. Matsumura', Y. Kasugaiz, N. Matsudaz, H. Yashima® , S. Sekimoto3, H. Iwase', A. Toyodal,
N. Mokhov4, A. Leveling4, D. Boehnlein4, K. Vazili4, L. Gary4, S. Wayne4, K. Oishis,
Y. Sakamotoz, and H. Nakashima®
'KEK, ZJapan Atomic Energy Agency, j'Kyoto University Research Reactor Institute,

*Fermi National Accelerator Laboratory, *Shimizu Corporation

Chemical properties of radionuclides are important for radiation safety at accelerator facilities that
highly produce activity. Therefore, we investigated into observable radionuclides (What?), activities
of radionuclides (How much?), and chemical species of the radionuclides (Colloid or non-colloid?)
in cooling-waters at a real accelerator facility. In FNAL, cooling-waters were collected from
cooling-water systems for collection lens, pulse magnet, and dump of Pbar and absorber of NuMI.
Radioactivities of various radionuclides (Be-7, Co-56, Co-57, Co-58, Co-60, Mn-54, Mn-52, Zn-65,
K-43, and Na-24) could be determined in the cooling waters by gamma-ray spectrometry.
Furthermore, we determined activities of the radionuclides associated with colloids by using an
ultrafiltration technique. Formation rates of colloids associated with Be-7 were different among the
cooling-waters. In particular, large portion of Be-7 forms colloid in Absorber cooling-water.
Behavior of Be-7 is different from others. It was found that small colloids carry most of

radioisotopes or chemical species of most of radioisotopes are ions in cooling-waters of Pbar.

00—y —

B 7 —8—NuMI Absorber
(S —O—AP0 Collection Lens |q

—@—AP0 Pulse Magnet
——AP0 Dump

Rates of activity collected on filter (%)
T
1

Ll ol
0'11 10 100

Pore-size of filter (nm)

Fig.1 Rates of activity of Be-7 collected on filter.
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4.3 Measurement of Radioactive Aerosol in High-energy Proton Target Station at

Fermilab

Shun Sekimoto', Hiroshi Yashima', Naoyuki Osada', Yuichi Oki', Seiichi Shibata',
Hiroshi Matsumuraz, Akihiro Toyodaz, Koji Oishi3, Norihiro Matsuda4, Yoshimi Kasugai4,
Yukio Sakamoto®, Hiroshi Nakashima®, Anthony Leveling’, Gary Lautenschlager’,
David J. Boehnleins, Kamran, Vaziris, Nikolai Mokhov®

'KUR, °KEK, *Shimizu Corporation, *JAEA, "FNAL

In Anti-proton target station (APO) in Fermi National Accelerator Laboratory, the Inconel target is
irradiated by ultra-high energy protons at 120 GeV. In the air around the target, radionuclides are
produced by bombarding air-composed nuclei with particles secondarily produced in the target.
Furthermore, various radionuclides produced in the target are emitted into the air. These
radionuclides are associated with aerosols formed by radiation effect in the air. For control of
radioactive air and internal exposure, it is important to understand the behavior of the radioactive
aerosols in the target room. Therefore, in this work, we separated radioactive aerosols collected from
the target room of APO into several samples according to particle size by using the impactor method,
and determined radioactivity of various nuclides in the samples by gamma-ray spectrometry.
Consequently, we could obtain size distribution of aerosols associated with each nuclide. It was
found that the size distribution of radioactive aerosols depends on nuclide. Based on the results, the
behavior and the formation mechanism of radioactive aerosols in the target room will be considered

in detail.

5. Environmental and Analytical Chemistry at Accelerators

5.1 Chemical Analyses of Colloidal Species Formed in Various Cooling-waters at

Accelerator Facilities

K. Bessho, H. Monjushiro, M. Taira, M. Sato, M. Sawabe, A. Komiya
KEK

Colloidal species formed in cooling-waters at accelerators had been analyzed by various analytical
techniques. In the cooling-waters for electromagnets at J-PARC MR facility, X-ray diffraction
analyses clarified that dominant colloidal species were copper oxides (CuO or Cu,O), which were

formed by corrosion of copper tubing material. Furthermore, the size fraction of copper oxides
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colloids were determined by chemical analyses (AAS or ICP-AES) combined with ultrafiltration

techniques.

5.2 Effect of Intense Radiation on Corrosion of Metals and Colloid Formation in
Water

K. Bessho, H. Matsumura, Y. Okil, S. Sekimoto', K. Masumoto
KEK, Kyoto Universityl

Corrosion of metals and colloid formation in water were investigated under intense radiation fields.
Pure water samples sealed into the metal containers (Cu, Fe, Al) were irradiated by bremsstrahlung
generated by a 30 MeV electron beam striking a Ta target assembly. High concentrations of metal
elements were transferred to the water phase, and creation of particles was clearly observed. The
particle-size profiles are dependent on the metal materials. The results suggest that the irradiation of
high-energy photons

promotes the corrosion of metal surfaces and the generation and growth of colloidal species in water.
A similar behavior was observed for Cu metal particles dispersed in water irradiated by several doses

of gamma-rays from a ° Co radiation source.

5.3 Adsorption Behavior of Be(II) on Copper Oxide Colloid in Water

K. Bessho, S. Shimada', S. Katsutal, H. Monjushiro
KEK, Chiba Universityl

Adsorption of Be(II) ions on CuO colloids was investigated by placing the model of 'Be in the
cooling-water for electromagnets. Aqueous Be(Il) solution was mixed with CuO nanoparticles, and
the adsorption behavior of Be(Il) on CuO was quantitatively examined. The detailed analysis of
adsorption data measured as a function of pH confirmed that Be(II) adsorbs on CuO particles by a
complex formation with —OH groups terminated in at the CuO surface according to the following
equation.

n>S-OH + Be*" & (>S-OnBe®™ +nH" (n=1-4) S:Solid (CuO) surface.
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