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PREFACE

This annual report covers researches carried out at University of Tsukuba Tandem
Accelerator Complex (UTTAC) during the fiscal year 2016 (1 April 2016 ~ 31 March
2017). The topics include not only accelerator-based researches using the 6MV Pelletron,
1 MV Tandetron, and 1MV Cockcroft-Walton accelerators, but also radioisotope-based

researches including positron annihilation spectroscopy and Méssbauer spectroscopy.

September 30, 2017
Editors






Long and dark years finally ended!

Construction of a new horizontal-type 6 MV Pelletron tandem accelerator was started immediately
after the previous accelerator was lost suddenly by the 2011 earthquake. It was completed in 2014,
however, it took two more years for legal procedures and the setup of experimental apparatus. Indeed, the

experimental use of the accelerator was started in March 2016. The long and dark five years finally

ended. Photos below were taken at the opening ceremony and the celebration party, 1 July 2016.
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1.
ACCELERATOR AND RELATED FACILITIES






1.1 Accelerator operation 2016
K. Sasa, S. Ishii, H. Oshima, Y. Tajima, T. Takahashi, Y. Yamato, D. Sekiba, T. Moriguchi, A. Uedono

In the fiscal year (FY) 2016, we operated and maintained the 1 MV Tandetron accelerator, the 6 MV
Pelletron tandem accelerator, and the apparatus utilizing radio-isotopes. The total service time of UTTAC

in this FY was 174 days (4,176 hours).

1 MV Tandetron accelerator

The 1 MV Tandetron accelerator has two types of negative ion sources and four beam lines. In FY 2016,
the operating time and the experimental beam time of the Tandetron were 594.3 and 262.1 hours,
respectively. The Tandetron had 73 working days for beam experiments. Totally, 66 research programs
were carried out and 538 researchers used the Tandetron. Figure 1 shows the percentage of accelerated

ions. Figure 2 shows the percentage of research fields for the Tandetron.
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Fig. 1. Percentage of accelerated ions for the Fig. 2. Percentage of research fields for the 1
1 MV Tandetron accelerator in FY 2016. MYV Tandetron accelerator in FY 2016.

6 MV Pelletron tandem accelerator

For the 6 MV Pelletron tandem accelerator, routine beam delivery and experiments were started on
March 1 2016 [2]. We had no trouble in operating the accelerator until just before the end of 2016. At the
end of 2016, however, a malfunction occurred in the foil changer which replaces carbon stripper-foils at
the accelerator terminal. After urgent repair of the foil changer, the accelerator was back into good
condition on January 2017.

In FY 2016, the operating time and the experimental beam time of the Pelletron were 1867 and 1496.4
hours, respectively. The Pelletron had 154 working days for beam experiments. Totally, 95 research

programs were carried out and 614 researchers used the Pelletron. Figure 3 shows the beam time



histogram with respect to the terminal voltage. Figures 4 and 5 show the percentages of accelerated ions
and of research fields, respectively, for the Pelletron. The operating time with the maximum terminal
voltage of 6 MV occupied 37% of all the beam time. Two thirds of the beam time was used for AMS
studies. In AMS, radionuclides of '*C, **Cl, *Ca and '*I were accelerated during most of the operating

hours.
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Fig. 3. Beam time histogram as a function of the terminal voltage for the 6 MV
Pelletron tandem accelerator in FY 2016.
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Fig. 4. Percentage of accelerated ions for the 6 MV Fig. 5. Percentage of research fields for the 6 MV
Pelletron tandem accelerator in FY 2016. Pelletron tandem accelerator in FY 2016.
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[1] K. Sasa et al., Nucl. Instr. Meth. B 361 (2015) 124.
[2] K. Sasa et al., UTTAC Annual Report 2015, UTTAC-85 (2016) 1.



1.2 Development of the Lamb-shift polarized ion source

T. Moriguchi, Y. Yamato, A. Ozawa, S. Suzuki, M. Amano, D. Kamioka

The reconstruction of the Lamb-shift polarized ion source (PIS), which was damaged seriously by the
Great East Japan Earthquake, was mostly finished [1]. We therefore began to generate polarized beams. A
spin filter (SF), which is one of the devices constituting PIS, is of significance for the nuclear polarization
[2]. SF was designed to provide (1) a uniform magnetic field parallel to the beam axis, (2) a 1610 MHz
radio-frequency (RF) electric field parallel to the beam, and (3) a static electric field perpendicular to the
beam. In order to produce the polarized beam, it is necessary to adjust these parameters of SF properly. In
this fiscal year, we tuned the magnetic field and the RF electric field of SF, and tried to generate polarized
proton and deuteron beams.

Firstly, we measured the magnetic field parallel to the beam axis against electric current supplied for
the electromagnet. Prior to the measurements, a Hall probe (DTM-151, Group3 Technology Ltd.) mounted
on an axial holder was installed into the center of the beam axis inside SF after removing an argon gas
chamber, which are located just downstream of SF. Figure 1 shows the results. The finite magnetic field
seen at 0 A is induced by other coils for the correction of the fringing field. Except for this external field,
the good linearity between the magnetic field and electric current is confirmed.

Next, we measured oscillation frequency for the RF electric field and a resonance frequency of SF.
The oscillation frequency was measured using the spectrum analyzer (MS2721B, Anritsu) which was
connected between the output of the power supply and the input of the RF electric field of SF. The
oscillation frequency thus obtained is 1610 MHz, as is expected. The resonance frequency of SF was
measured by a network analyzer (8753ET, Agilent). For stabilization of SF, the power supply was turned
on 25 hours before this measurement. In order to investigate the shift of the resonance frequency due to
change in the temperature of SF, we measured again in two hours after the power supply was turned off.
The results are shown in Fig. 2. The resonance frequency of SF was 1609.475 MHz which is shifted from
the oscillation frequency of 1610 MHz. After the power supply was turned off, the resonance frequency
was shifted towards the oscillation frequency, possibly by self-cooling of SF.

Then, we performed a test for generating the polarized beam. In order to prevent the shift of the
resonance frequency, two large-sized air fans were used to cool SF. The beam current was measured by the
Faraday cup (FC-PIS) located downstream of PIS. Figure 3 shows the measured beam current as a
function of the magnetic field of SF. Actually, the negative current was measured because negatively
charged proton or deuteron were extracted from PIS. For proton, we found two resonance peaks around
540 and 605 G, which correspond to the nuclear spin magnetic quantum number m; = +1/2 and —1/2,
respectively. The polarization of m; = +1/2 peak was about 80% by using a quenching method. For
deuteron, we found three resonance peaks around 565, 575 and 585 G, which correspond to m; = +1, 0 and
—1, respectively. These resonance peaks for proton and deuteron were not observed without cooling of SF.
For generation of the polarized beam from PIS, it is important to control the temperature of SF so as to

adjust the resonance frequency of SF to the oscillation frequency of the power supply. As the next step, we



will improve the cooling system of SF and measure the polarization at the end of the experimental beam
course by using a polarimeter via a nuclear reaction.

We acknowledge the technical support of Drs. Y. Tagishi and M. Tomizawa. We would like to thank
NIHON KOSHUHA Co., Ltd. staff for measurements of the oscillation and resonance frequencies.
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1.3 Development of an ion microbeam scanning system in the 6 MV tan-
dem accelerator facility

A. Yamazaki, K. Sasa, S. Ishii, M. Kurosawa, S. Tomita, H. Naramoto, M. Sataka, H. Kudo, A. Uedono

Light trace elements in structural materials sensitively affect materials’ properties. Many researchers
have paid much attention to microstructural analysis of the relevant elements. Ion beam can provide
various elemental analyses in materials. Combining ion beam focusing and scanning techniques, we can
obtain spatial distribution of elements.

The ion microbeam system has been constructed in 2016 at UTTAC [1]. Schematic view of the ion
microbeam line is shown in Fig. 1. This system will be mainly used for analysis of light elements in

structural materials, based on various interaction processes of incident ions with the elements.
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Fig. 1. Schematic view of the ion microbeam line of the 6 MV tandem accelerator facility (lengh is
indicated in mm). A new large target chamber is shown at the end of the microbeam line.

Particle induced X-ray emission (PIXE) has been widely used for analysis of trace elements. For
X-ray measurements, a silicon drift detector (SDD) with a thin front window has been installed, and a
superconducting tunnel junction (STJ) array detector [2, 3] will be installed for sensitive PIXE analyses
of light elements.

Analysis of hydrogen in materials is of both academic and practical importance because hydrogen
plays an important role for determining the mechanical properties of materials. The PIXE method is not
applicable to hydrogen analysis because of no characteristic X-ray emission from hydrogen. Hydrogen
can be detected using ion beams by applying nuclear reaction analysis (NRA) or elastic recoil detection
analysis (ERDA). To support these techniques, a large target chamber has been installed. This is designed
for multi-purpose analysis; to utilize not only SDD and STJ detector but also a BGO detector for NRA.
Furthermore, a silicon surface barrier detector was set up for elastic recoil detection analysis (ERDA) .

Figure 2 shows a top view of the new chamber. It is 240 mm in inner diameter and 228 mm in height.
The SDD and STJ detector are placed at 135° and at —90° relative to the beam direction, respectively. A
PIN photodiode which is used for estimating the diameter of a focused ion beam by scattering transmission
ion microscopy (STIM) is installed at 0° port with a Faraday cup. BGO detector for NRA can be installed
at the same port in replace of the photodiode and Faraday cup assembly. Silicon surface barrier detectors
for ERDA and RBS can also be installed in the chamber.
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Fig. 2. Top view of the new target chamber and arrangement of the detectors.

Samples are fixed on the three-dimensional positioning stage. The horizontal and vertical positioning
ranges are 15 mm and 50 mm, respectively. It can also move along the beam axis within 10 mm to set the
surface of the sample at the center of the chamber. A digital microscope is fixed on the chamber to view
the sample normally through a mirror which is positioned on the beam axis and is held obliquely at 45°.

Ion beam transport and focusing were carried out mainly with 6 MeV protons. Figure 3 shows an
example of STIM images of a copper fine grid (1000 lines per inch, 6 ym grid width) which was obtained

by scanning of focused protons. The estimated beam diameter is 2 yum.

Fig. 3. STIM image of the copper fine grid (1000 lines per inch) using a 6 MeV proton beam.

References
[1] A. Yamazaki et al., Nucl. Instrum. Methods B 404 (2017) 92.
[2] M. Ukibe et al., X-ray Spectrom. 40 (2011)297.

[3] S. Shiki et al., J. Low Temp. Phys. 167 (2012) 748.



14 Characteristics of irradiation-test chamber for semiconductor devices

M. Sataka, K. Sasa, H. Naramoto, H. Kudo

Single-event phenomena in microelectronics devices are caused in the space environment by high
energy particles which impinge on the sensitive regions of the devices [1,2]. In recent years, there has
been increasing attention in the possible use of commercial electronic devices for space applications. It is
also noted that even on the ground the microelectronic devices are susceptible from secondary cosmic rays
that are induced by primary neutrons, and from alpha emitters such as U and Th contaminants within chip
packaging materials.

The new irradiation-test chamber dedicated for semiconductor devices was installed in a beam course
of the 6 MeV tandem accelerator at UTTAC in 2015. This chamber consists of main and sub chambers
which are differentially evacuated by two turbo molecular pumps. The base pressures are 2x107° Pa and
1x10° Pa, respectively. The overview of the irradiation-test chamber is shown in Fig. 1. On the upstream
side, installed is the beam handling sub chamber containing slits, aperture, foils, and a Faraday cup. The
main chamber is about 1000 mm in diameter and about 750 mm in height. In the beam shutter system, two
linear motion feedthroughs and the target stage are built together. The liner motion feedthrough covers a
distance of 150mm with the resolution of 0.01mm. The target stage, on which a sample holder up to so
called A5 size (140mmx210mm) can be mounted, enables four different movements (two independent
translations and two independent rotations). These are controlled by the driver-handling system

implemented in the LabVIEW environment.

Fig. 1. Overall view of the irradiation-test chamber for semiconductor devices.



The details of sample setting are shown in Fig. 2. The specification of target stage is summarized in
Table 1. This test chamber will be also useful for various kind of ion irradiation on materials since the
basic mechanisms required for the controlled irradiation experiments are already built in this chamber. We
have also introduced an ion beam scanning system for uniform irradiation with various intensity levels

from faint to intense ion beam.

Fig. 2. Inside view of the main chamber, showing the target stage and the goniometer system.

Table 1. Specification of the goniometer system for target stage control.

x-travel +74 mm
y-travel +105mm
O-rotation +30 ~—90 degree

¢-rotation  +90 degree

References
[1] M. Komatsu et al., this annual report 5.1 (2017).
[2] A. Maru et al., this annual report 5.2 (2017).



1.5  Approach to possible maximum energies of high Z ions accelerated by
the 6 MV tandem accelerator

M. Sataka, K. Sasa, H. Naramoto, T. Takahashi, H. Kudo

A tandem-type accelerator can provide many kinds of ion species with wide energy ranges, compared
with a single-stage electrostatic accelerator. Because of such wide variety of ion beams, tandem
accelerators have been used for comprehensive studies of electronic excitation processes in materials.
Furthermore, tandem accelerators allow irradiation-tolerance tests under wide experimental parameters of
electronic devices to be operated in space. At the present stage of the irradiation-test experiments at
UTTAC, we need a systematic data base concerning the maximum energies of high Z elements which are
obtained from the 6 MV tandem accelerator.

We have measured the beam current distribution of accelerated ions as a function of ion charge,
employing Ar gas as the charge stripper. Figure 1 shows the beam current distribution of iodine ions at the
terminal voltage of 6 MV. The beam current is maximal at the ion charge of 6, and it decreases drastically
as the ion charge increases. In a critical use of the 6 MV tandem accelerator, an I'*" beam of the highest

energy 90 MeV is available'. Similar data were obtained for He, O, F, Si, Cl, Ni, Br, Ag, and Au.
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Fig. 1. Beam current distribution of iodine ions accelerated by the 6 MV
tandem accelerator at the terminal voltage of 6 MV.

Table 1 summarizes the availability of tested ion species. In this table, ion charge, ion energy and ion
current range are listed. There appear some uncertainties in the data for acceleration of highly charged ions of
Br, Ag and Au. This is mainly due to electron loading, however it can be fixed after some improvement. Similar
data base for B and C will be complemented soon, and the tests for medium heavy ions such as Cl, Ni, and Br

will be easily performed using a foil stripper at the high voltage terminal of the accelerator.

1 Calculated as (14+1)x6=90 (MeV).



Table 1. Availability of the ion species at the terminal voltage of 6 MV: O:>1nA, A: <InA.

Charge |Energy Ion Species

state | (MeV) | He 0 F Si Cl Ni | Br Ag I Au
14 90 A O A
13 84 A A O A
12 78 A O O O O
11 72 OO 1O 1O O
10 66 OO 1O 1O O
9 60 Ol 0101010
8 54 Ol A 1Ol O 101010
7 48 OO 1O 1O 1010
6 42 OHHONNON NONNONNON NG
5 36 OHHONNON HON NONNON NGO
4 30 O 1O 101010
3 24 O O O
2 18] O O
1 12 O

10




2.
NUCLEAR AND ATOMIC PHYSICS






2.1 Production of unstable nuclei by proton-capture reactions with a Si
target

A. Ozawa, T. Moriguchi, M. Amano, D. Kamioka, S. Suzuki

We are attempting to produce polarized unstable nuclei by proton-capture reactions with polarized
proton beams in the aim of measuring nuclear moments of unstable nuclei. Up to now we have tried to
produce unstable nuclei by proton-capture reactions using Mg and Si targets in 1 MV Tandetron [1]. From
the yray measurement with the Ge detector, it was confirmed that unstable nuclei Al (71, = 7.1 s) and
9P (T2 = 150 s) could be produced for each target [1]. In FY2016, we shifted to 6MV tandem accelerator,
which began to operate in March 2016, and started an experiment there.

In FY2016 we performed an experiment using a non-polarized proton beam. The proton beam
accelerated to 3 MeV by a 6 MV tandem accelerator was irradiated on a 0.5 mm thick Si target placed in a
chamber located in the A6 course. The proton beam induces the proton-capture reactions including
resonant reactions until it stops in the Si target. Natural Si has three stable isotopes (**Si: 92.2%, *’Si:
4.7%, *°Si: 3.1%). Among *°P, *°P, and *'P, that can be produced by the proton-capture reactions in the Si
target, P (T1» = 4.1 s) and *°P are unstable nuclei with # decays. In order to measure f rays associated

with the f decays, two plastic scintillators were
1000 | : : : : :

located on top of the target (plastic thicknesses
1 mm and 2 mm, respectively). We identified
the coincidence signals of the two scintillators
as the f rays. Figure 1 shows the time spectrum
4 of f rays observed after irradiation of the
100 ; proton beam (its intensity about 50 nA) for 100

seconds. Fast and slow components of the

Counts/channel

decay were observed. The fitting results
assuming half-lives of *°P and **P are shown by

a solid line in Fig. 1. The f# ray amounts of P

0 100 200 300 400 500 600 and *P evaluated from the fitting results were
Time (sec) ~0.12 cps/nA and ~0.30 cps/nA, respectively.

Fig. 1 Time spectrum of f rays in 3 MeV proton In the future, we will use the polarized proton
beam with a Si target. The solid line is the fitting  beam to measure the nuclear polarization of the
result assuming half-life of *’P and *°P. produced unstable nuclei (*°P, *°P and so on),
and furthermore perform experiments with the

target containing Mg to evaluate the production amount of *Al and its nuclear polarization. If significant

nuclear polarization is observed, nuclear moment measurements for *°P and A1 will be carried out.

Reference
[1] T. Matsumoto et al., UTTAC Annual Report 2015 (2016) 11.
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2.2 Thequalification test of sulfur targets for intense beam irradiation

S. Kimura, A. Ozawa, T. Moriguchi, H. MiyatakgY. Hirayamd, Y.X. Watanabé& M. Mukai, M. Oyaizd

Nuclear masses in the vicinity of thé = Z line are crucial to determine the rapid-proton capture
process (rp-process) pathway, which drives an explosive astronomical phenomenon called type | X-ray
burst. Unfortunately, the masses of key nuclei intheprocess have not been measured experimentally
yet with the required precision, in particular the mass evaluatiéfS# has been highly desired.

The mass measurement $Be by using the SHE-mass facility, which consists of a multireflection
time-of-flight mass spectrograph [1] coupled with a gas-filled recoil ion separator GARIS-II [2] has been
planned. In order to produc€Se, a fusion-evaporation reactidts (3°Ar, 2n)f¢Se will be employed. A
production cross-section 8fSe via this reaction is estimated to €70 nb, therefore sulfur targets that
are applicable to intens€Ar beam irradiation are required. The Mp@rgets prepared by a spray coating
technique [3] on Ti backing foils are adopted as the sulfur targets.,MaSlarge sulfur composition ratio
and is chemically stable, but its stability to intense beam irradiation is still unclear. Thus there is a need to
confirm an irradiation tolerance of the Mpfrgets.

A 40.6 MeV 35CI®* beam, with average intensity of 20 pnA, was provided by the 6 MV tandem
electrostatic accelerator at University of Tsukuba. The experimental setup in the scattering chamber of A7
course is shown in Fig. 1. A M8'S, target on 3um Ti backing foil was mounted on a target ladder. A
target thickness was 0.8 mg/émA Si detector and af**Am a-source were installed diagonally across
the target ladder.

Measurementwere performed by repeating the following procedure: irradiation oft¢* beam
is carried out in a certain period of time and, subsequently, the thickness8itarget is measured via
an energy spectrum af-particles fed from thé*2Am source. Figure 2 shows the measured peak energy

150
@ ] ) ~ uop Tibacking
Si detector n =
/ @ (Ofpogle) 8 130 |
Target . _g
— ladder Ti &
. 5 120 = L L
8 MoS; on Ti § " L
110 |
o-source (2'Am)
I 100 1 1 1 1 1
. 0 200 400 600 800 1000 1200
3>Cl beam Charge (1C)
Fig. 2. Peak energy shift of ther-particles.
Fig. 1. (a) Schematic view of the experimental Red dashed line shows the peak position of the
setup. (b) Photograph of the target ladder. a-particles passed only through the Ti backing

foil.

Iwako Nuclear Science Center (WNSC), Institute of Particle and Nuclear Study (IPNS), High Energy Accelerator Organiza-
tion (KEK), Wako 351-0198, Japan
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shift of the a-particle which passed through the M, target. In Fig. 2, no significant peak shift is
observed for the beam irradiation up+£01200uC; it indicates that the beam irradiation does not affect
the stability of the M8®'S, target. Total measurement time was calculated to be 3 hr and a 30 cm diameter
rotating target wheel [4] will be used in the SHE-mass facility. The present test corresponds to a 28 hr
irradiation with 1 juA beam.

Thuswe confirmed that there is no problem in the stability of Ma&gets under the intense beam
irradiation.

References

[1] P. Schury et al., Nucl. Instr. Meth. Phys. Res. B 335 (2014) 39.
[2] D. Kaji et al., Nucl. Instr. Meth. Phys. Res. B 317 (2013) 311.
[3] J. P. Greene and C. J. Lister, Nucl. Instr. Meth. Phys. Res. A 480 (2002) 79.
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2.3 Test experiment for the isotope analysis of sulfuric acids generated in
atmospheric air by proton irradiation

Y. Nakai', Y. Shiina, N. Yamamoto, K. Sasa, S. Tomita

Gas-phase particle formation following irradiation of ionizing particles is one of major processes in a
gas involving chemical species, such as water, sulfuric acid, volatile organic compound, which can be
condensed depending on atmospheric pressure and temperature. Especially, it has been known that sulfuric
acid enhances generation of small droplets by ionizing radiation [1, 2]. In this case, sulfuric acid is
considered to be formed mainly through an oxidation of SO,. However, the detailed mechanism of SO,
oxidation by irradiation of ionizing particles has not been identified yet although some indications have
been proposed [3].

To investigate the mechanism of SO, oxidation, Ishino et al. [4] performed isotope analysis of oxygen
and sulfur in sulfuric acid and sulfate mainly contained in nano-droplets generated in humidified gases
irradiated with a 1.8 MeV proton beam. Measured A’O values were roughly consistent with the
mechanism for SO, oxidation suggested in previous studies [3, 5]. On the other hand, the values of A*S in
this study are quite different from those of already-known major reactions for atmospheric sulfate
production [3, 6]. This discrepancy has not been resolved yet. One of possible reasons is that the protons
lost all the kinetic energies and were fully stopped in the target gases. Just before being stopped in the gas,
the electronic stopping power for the protons is increased. Thus, high ion density and different proportion
of excited products might induce more complex chemical reactions.

We plan to perform oxygen and sulfur isotope analysis of sulfuric acid (and sulfate) produced in
irradiation of a 12 MeV proton beam using 6 MV Pelletron tandem accelerator at UTTAC. Since 12 MeV
protons have the range of 1.57 m in the atmosphere of 1 atm, use of an irradiation chamber of 25 cm in
length allows us to avoid complexity caused by the stopping of the beam within the gas. As the first step in
this year, we performed measurements of SO, consumptions as functions of an SO, mixing ratio and a
beam current to find suitable experimental conditions for isotope analysis of sulfuric acid. Figure 1 shows
the setup for the test experiment, which consists of a humidified sample-gas generator, an irradiation
chamber, a monitor of the sample gas pressure, and a monitor of the SO, concentration. A wet air was
generated by bubbling pure air in ultra-pure water. The sample gas was produced by mixing the wet air
with a dry air of the same purity. The total flow rate of the sample gas was maintained at 2 SLM (Standard
Liters per Minute) using mass flow controllers. A part of gas flow downstream of the irradiation chamber
was introduced to the SO, concentration meter.

In this test experiment, we found that the SO, consumptions increase with not only higher SO, mixing
ratio, but also higher beam current. For high beam current, the SO, consumptions are saturated and the

saturation beam current becomes higher for higher SO, mixing ratio.

' RIKEN Nishina Center
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Fig. 1. Schematic drawing of the experimental setup.
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3.
ACCELERATOR MASS SPECTROMETRY






3.1 Operation of the Tsukuba 6 MV multi-nuclide AMS system for the year
2016

K. Sasa, T. Takahashi, T. Matsunaka, S. Hosoya, M. Matsumura, H. Shen, M. Honda, Y. Ota, K. Matsuo,
A. Sakaguchi, K. Sueki

A new horizontal-type 6 MV Pelletron tandem accelerator (model 18SDH-2 Pelletron, NEC, USA) was
installed at the University of Tsukuba in March 2014 [1]. After 2 years of construction and preparation, the
first test on multi-nuclide AMS has been performed in March 2016. The rare particle detection system on
the 6 MV Pelletron tandem accelerator (Tsukuba 6 MV multi-nuclide AMS system) was designed and
constructed for high-sensitivity detections of "Be, 'C, *Al, *°Cl, *'Ca, and '¥’I, and was also expected to
measure other radioisotopes of **Si and *Sr. The background of the system for '*C measurements using
the 4+ charge state and the terminal voltage Vr= 5.0 MV was reached down to "*C/"°C = 2.4 x107'°. In
addition, we successfully detected '’Be, *°Al, *°Cl, *'Ca, and '*’I by the multi-nuclide AMS system in 2016.
In the case of '"Be AMS, '"BeO™ was extracted from the MC-SNICS and then accelerated with V= 6.0

400 - Absober cell  : 71.5 Torr (Ar)

Detector :75.5 Torr (P10)
350 4

3009 10Be Std. (KNBe5-1) 10Be3+
10Be/Be=2.709 X 1011
3000 Cycle ) 9.000

250

2004

1504

dE2+dE3+dE4 (ch)

100

ot i .
100 200 300 400 500
dE1 (ch)

Fig. 1. Two-dimensional spectrum of '°Be AMS measured with the five-anode AE-E gas ionization detector.

Table 1. Performance of rare particle detections by the multi-nuclide AMS system.

lsotopes II)Be 14C 26Al 36Cl MCE[ 1291
Half-life (yr) 1.36x10° 5,730 7.17x10° 3.01x10° 1.03x10° 1.57x10
Stable isotapes 9Be IZC, 13C Z7Al BSCL 37C1 AOCa, 42Ca, 43Ca, 44Ca ]271
Isobars IOB 7Liz, IZCHz, 13CH’ ]4N ZﬁMg SGAI”, 363 41K ]29)(e
Chemical form BeO Graphite, CO, ALOs AgCl CaF, Agl
Sample size (mg) 0.5 0.1-1 2 1 10 2
Injected ion BeO~ C Al Ccr CaFs I
Typical ion current (pA) 5 ('BeO) 10-50 (*C) 02 (Al 10 (Fcn 05 (*CaFy) 5 ()
Terminal Voltage (MV) 6.0 5.0 6.0 6.0 6.0 5.0
Detected ion (Stripper) ""Be*" (gas) et (gas) AP (gas) SCI** (foil) Hca® (foil) 215 (gas)
Beam Energy (MeV) 20.3 25.0 36.0 54.0 32.5 30.0
Transmission (%) 15 40 25 10 8 10
Measure/Known (%) 80 - 75 70 50 90
Precision (%) 2 0.20'(402?3121; °) 2 2 3 1
Background (atom ratio) <2x107" 2 loilb,l(s(}raphite) <1x107 <3x107" <3x107" <2x107"
< 5x10" (COy)
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MV. As a result, 20.3 MeV Be’* was detected by a five-anode AE-E gas ionization detector. Isobaric
interference of '’B was eliminated by an absorber cell in front of the detector. Figure 1 shows a two
dimensional spectrum of '"Be AMS for a standard of '’Be/Be = 2.709 x 107" The background of '’Be
AMS is lower than 2 x 107", Table 1 summarizes the performance of rare particle detections by the
multi-nuclide AMS system.

We measured 1,120 samples in total by the multi-nuclide AMS system in the period from March 2016
to March 2017. Figure 2 shows a breakdown by types of measured nuclides. Figure 3 shows
monthly-measured nuclides from March 2016 to March 2017. '*I was measured most frequently in the
fiscal year 2016 in order to investigate the radiative contamination of "*'I from the Fukushima Daiichi

Nuclear Power Plant accident.

Nuclides | Number
'""Be 13
"“c 321
N 30
°Cl1 184
*!'Ca 88
1291 484
Total 1120
Ca-41
8%
Fig. 2. Breakdown of measured nuclides by the multi-nuclide AMS system
in the fiscal year 2016.
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Fig. 3. Breakdown of monthly-measured nuclides by the multi-nuclide AMS
system from March 2016 to March 2017.
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3.2  **Cl AMS measurements with the 6 MV tandem accelerator

S. Hosoya, K. Sasa, T. Takahashi, T. Matsunaka, M. Matsumura, H. Shen, K. Sueki

%8ClI (ty, = 3.0 x 10° yr) is a long-lived radionuclide and mainly used to determine the exposure age of
meteorites and to study the land-forming process. In addition, it has been used as an environmental tracer
in groundwater [1] and ice core studies [2]. However, *CI AMS measurement is interfered by an isobar
%S, In AMS, *°Cl is separated from other ions using mass analyzing magnets and electrostatic energy
analyzer. However, the isobar **S has the same analyzing trajectory as for *°Cl because both of them have
the same mass and energy. This causes the interference noted above. Therefore, it is necessary to separate
these isobars by the difference of energy loss in the gas ionization detector. Also, in order to achieve
highly sensitive AMS measurements sulfur contents must be minimized in sample materials. We try
several methods to reduce the influence of *°S and achieve the low-background AMS system.

The sulfur ions are mainly generated within the ion source if Cs beams irradiate the metal surface of
the sample holder on which an AMS sample is fixed. Therefore, the amount of sulfur ion depends on
material and dimension of the sample holder. We 10°4
investigated the relation between various sample

holders and the amount of sulfur ion. Figure 1 shows %\ 10 1
comparison of sulfur counts for various conditions of “‘g /4/
two sample holders S-1 and S-2, which are made of “-:—“
Cu. The diameters of the surfaces of S-1 and S-2 are E
3 and 7 mm, respectively. Ta and AgBr are used as o _
. . . = )
backing materials which cover the surfaces of the 2 i

holders. The results show that the smaller-sized S-1

generates larger amount of sulfur ions, probably 10— | | : : :
) CuPlain Cu+AgBr Al+Ta = Cut+Ta Cu+AgBr
because the metal surface is more exposed to the Cs (S-) (S (82) (52 (S2)
beam. From this result, it is concluded that the Fig.1. Comparison of sulfur counts due to differences
with sample holder materials. Sulfur counts

sample holder S-2 + AgBr backing is the most
normalized with **CI beam current.

suitable choice for **ClI AMS measurements.

Probably, the reason why sulfur decreases for AgBr Charge state distribution 6MV Cl
100 ¢ Atomic Data and Nucl. Data
backing is that sulfur is removed during the - " bl 34 (1986 357
. . . ‘E [ [ ] # UTTAC 6MV 36C1-AMS
purification process of producing AgBr. = . f
For CI/S isobar separation at the 6 MV terminal 5 '° - .
o
voltage, we determined optimum conditions of the &
2 =
five-anode gas AE-E detector [3], using the Monte ey
Carlo simulation code [4]. We also considered o4 (’Chmgjsmx o 10

chlorine charge state distribution at 6 MeV energy,
which is shown in. Fig. 2.  While CI"* has the

|8+

Fig.2. Charge state distribution of Cl at 6 MeV.

Carbon foil of 4.8 ug/cm? is used as a stripper foil.

highest beam current, we selected CI*™ because the
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spectrum separation becomes greater than for CI™*, as will ~ Table 1. Separation ability M’ for CI™ and
be discussed later. Indeed, the beam current is not an CI®",

important factor under the present conditions of **Cl ~ 15 dE1+dE2 dE4 +dE5
— 20 pwA. The CI/S isobar separation is represented by the ~ CI' meas. 1.249 0.580
separation ability M’ [3]. The values of M’ for CI"* and CI** CI* meas. 1421 0.675

separation, listed in Table 1, clearly show better CI/S isobar

separation for CI** than for CI”. Figure 3 shows the histogram of *CI** obtained from the AMS

measurement. Since at dE3 the *CI** spectrum still overlaps with the *°S®*

spectrum., we gated on
2c using dE3 signal.

After such attempts, the detection sensitivity of *CI/Cl reached as low as ~ 3 x 10, This value is
the highest performance in Japanese AMS facilities. Further refinement of the AMS system is needed to

achieve higher sensitivity realized so far by several foreign facilities.

*CI* AMS measurement
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Fig.3. dE1 + dE2 vs. dE4 +dE5 spectrum after gating dE3 signal on the

gas ionization detector for the sample with **CI/Cl ratio of 1.000 x10™.
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3.3 3CY/CI and **Cl inventory in surface soils near the Fukushima Dai-ichi
Nuclear Power Plant

Y. Ohta, K. Sueki, K. Sasa, T. Takahashi, S. Hosoya, M. Matsumura

On March 11, 2011, the Great East Japan Earthquake caused the Fukushima Dai-ichi Nuclear Power
Plant (FDNPP) accident. In consequence, a large amount of radionuclides were released into environment.
Most of the radionuclides released in this accident were from **°U in the nuclear fuels. On the other hand,
radioisotopes that had their origins in coolant or nuclear reactor materials were also discharged. One of
them is **Cl.

36Cl in this case is generated by **CI (n, y) **Cl, where **Cl is contained in the coolant as impurities. At
the time of the accident, therefore, **Cl surely existed in the coolant. However, there is one published
article only which reports on the emission of **Cl in FDNPP accident. This is probably because *°Cl in
environmental samples can only be measured by accelerator mass spectrometry (AMS) which is usually
interfered with *°S, an isobar of **Cl. For this reason, *°C1 AMS requires a lot of chemical treatments.

In Japan, there are two AMS facilities that can measure *C1; University of Tsukuba Tandem
Accelerator Complex (UTTAC) and Micro Analysis Laboratory, Tandem Accelerator, The University of
Tokyo (MALT). Miyake et al. measured *°Cl in surface soils around FDNPP by AMS system in MALT
and relatively high *°Cl/Cl ratios were detected [1]. However, their results have large errors of £20—-59%
and only 10 samples have been measured so far. Accordingly, measurements of more samples with smaller
errors are necessary to discuss the release of *°Cl in detail.

For samples in the present study, surface soils with a thickness of 5 cm were collected at 10
locations to the northwest of FDNPP from June 12 to August 1, 2013. The sample preparation scheme was
designed by referring to Tamari [2], Amano [3], and Bastviken et al. [4]. The soil samples were dried at
60°C, sieved through 2 mm mesh and grinded using a mortar and pestle. The 20-40 g soil in 50 mL
centrifuge tubes were subsequently frozen at —18°C and thawed at 60°C to destruct microbial cells.
Adding 0.01 M HNOs; (3 times the amount of soil) to 50 ml centrifuge tubes, the tubes were sonicated for
3 hours, centrifuged at 2000 rpm for 15 minutes and then the supernatants were pipetted to plastic bottles.
Same extraction was repeated four times and all extracts were mixed. Activated carbon of 1-2 g was
added to the extracts in order to remove organic sulfur and also extractable organic chlorine (Clyrgex).
Meanwhile, non-extractable organic chlorine (Cl,,) and chlorine in mineral (Cly;,) remained in the soil. In
the extracts, only inorganic chlorine (Cliyore) existed. After shaking over 3 hours, the extracts were filtered
through a 0.2 pum filter. After 10 mL aliquot was transferred to plastic bottles in order to measure stable
chlorine with ion chromatography, 0-200 L carrier prepared from halite (°CI/Cl = 3.52x107'*) was added
to a filtrates. After adding 30% H,O, (half the amount of soil) to filtrates and standing for 3 hours because
of organic matter decomposition, 3 M NHj; (0.15 times amount of soil) were added and stood for 3 hours
to precipitate metal impurity as hydroxide. After filtration, the filtrates were concentrated to about 10 mL
by hot plate at 80°C.

Concentrated solutions were acidified by 13 M HNOs and excess 0.3 M AgNO; were added. After
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centrifugation (2000 rpm, 15 minutes), supernatants were removed and precipitates were dissolved in 3 M
NH; (2 mL). 0.05 M Na,COs (2 mL) and then saturated Ba(NOj3), (1 mL) were added in the solutions and
BaCO; and BaSO, were coprecipitated and filtered through a 0.2 pm filter. Such BaCO; method, named
by Tamari [2], enables effective removal of SO, by coprecipitating in [Ba*"]/[CO5*]=2.5-7.0. In this
work, the BaCO; method was repeated three times although only 0.05 M Na,CO; were added at the
second and the third time (respectively 1.4 mL and 0.9 mL) using remains of Ba®" at the first time. After
reprecipitation of AgCl by adding 13 M HNO; and excess 0.3 M AgNO;, AgCl were redissolved by 3 M
NH; (2 mL) and 0.05 M Na,CO; (2 mL) in order to remove Ba*" as an interference element of ionization
at MC-SNICS (Multi Cathode-Source of Negative lons by Cesium Sputtering). After filtering through a
0.2 pm filter, AgCl was reprecipitated and washed for three times with ultrapure water and twice with
99.5% C,HsOH. After drying at 110°C, the AgCl sample was used for AMS measurement of *°Cl.
Measurement results of *°Cl are summarized in Table 1. Before FDNPP accident, CI/CI ratios
varied in the range 0.09—1.14 (x10™'?) and the mean value was 0.46 x 107> around FDNPP [5]. However,
extremely higher *°C1/Cl ratios are observed at NM-7 and NM-15. Furthermore, *°Cl inventory at NM-17
is as large as those of NM-7 and NM-15. Consequently, the release of **Cl in FDNPP accident is evident
and influence of the accident is recognized at 3 locations as far as 8 km away from FDNPP. At other
locations of 8-28 km from FDNPP, there was little influence of FDNPP accident. The release of**Cl seems

noticeable only around FDNPP. Further investigation is required to discuss the details.

Table 1. Summary of **Cl measurement results

Clinore Distance from the

Sal:;pol tl ne concentration 36(C>1</ ?(l)ff;)l © 36?i§(:/1g\;1ty Sézlng;/enri())ry FDNPP
(ppm) (km)

NM-1 14.8 1.63%£0.02 29.6x£0.4 1.04=%0.02 28.77
NM-2 8.39 2.69+0.04 27.5+0.4 0.781+0.012 25.39
NM-5 5.59 1.49%0.02 10.2%0.1 0.389+0.005 13.36
NM-7 15.6 6.65+0.07 1271 3.96£0.05 7.92
NM-9 16.7 0.138+0.007 2.81+0.14 0.132+0.006 8.07
NM-10 32.6 0.438%£0.007 17.4%0.3 0.642£0.011 9.43
NM-11 16.9 0.964£0.014 19.9%£0.3 0.810%£0.012 10.94
NM-13 26.7 1.10%0.01 357+0.4 1.3940.02 8.35
NM-15 8.10 6.860.07 67.8£0.6 2.93%+0.03 7.56
NM-17 427 1.92+0.01 99.8+0.7 3.52+0.02 8.12

References

[1]Y. Miyake et al., Nucl. Instr. Meth. Phys. Res. B 361 (2015) 627.

[2] M. Tamari, Master’s thesis, University of Tsukuba 2009 (in Japanese).
[3] T. Amano, Master’s thesis, University of Tsukuba 2011 (in Japanese).
[4] D. Bastviken et al., Geochimica et Cosmochimica Acta 71 (2007) 3182.
[5] R. Seki et al., Nucl. Instr. Meth. Phys. Res. B 259 (2007) 486.

21



3.4 Determination of I-129 in radioactive particles by AMS

K. Matsuo, K. Sueki, T. Matsunaka, M. Matsumura, K. Sasa, T. Takahashi, S. Hosoya, A. Sakaguchi,
M. Honda, R. Inaba, Y. Satou'

In March 2011, radioactive particles were emitted into the environment from FDNPP [1]. The
particles contain various radionuclides that were produced in nuclear reactors. In this AMS study, we
focused on '¥I which is a long-lived nuclide (T;, = 1.57X 10’ years) so that its amount remains
effectively unchanged since the accident. The study of I should provide information about the
behavior of short-lived *'T which is also emitted at that time and is very serious for the environment.
We tried to understand how iodine was incorporated into radioactive particles by determining the
amount of '*°I in the particles.

The four sample particles were picked from the dust which was collected at the site 2 km away to
the north-north west from FDNPP. lodine species were extracted from the particles after the three steps
of pretreatment of the samples, as follows.

The first step was to wash the particles by Milli-Q water. One particle with 5 mL of Milli-Q water
was put in a centrifugation tube and washed in the ultrasonic cleaner (AS ONE, US-4R) for 30 minutes
before the wash liquid was filtrated through 0.2 pm filter.

The second step was extraction by 25% tetramethylammonium hydroxide (TMAH) aqueous
solution (TAMACHEMICALS, TAMAPURE-AA). The particle after the first step was put in the vessel
for the microwave digestion apparatus (BERGHOF, speedwave4) with 5 mL of TMAH aq. After
entering the vessel into the machine, the particle was irradiated by microwaves at 90 W for 3 hours and
we took out the solution.

The third step was thermal hydrolysis using the tube furnace. The particle passed through the first
and second steps was placed on a ceramic boat. Subsequently, the boat was heated in the tube furnace in
which moisture-containing oxygen flowed at 990°C for 30 minutes and a solution for trapping iodine
was fitted on the discharge side of the tube with an L-shaped tube at that time. This solution was
composed of 6.1 mL of Milli-Q water, 800 puL of 25% TMAH aq. and 100 puL of 2% Na,SO; aq. After
finished heating, the whole solution including the wash liquid of the L-shaped tube made to 10 mL.
Also, blank samples were made in all the steps.

Each of the first-, second-, and third-step samples were fractionated into a half, 1/10 and 1/100,
respectively, and Nal aq. as carrier (2 mg of 1) was added to each of these samples. And then,
purification of iodine, treatment of Agl, and the AMS measurements were carried out in accordance

with the condition by Matsunaka et al. [2, 3] .
The amount of '®I was determined from the result of '*I / '¥I by Matsuzaki et al [4]. In the

reference document, the amount of '’I in the sample was determined by ICP-MS and is considered

when calculating the amount of '*’I. However, the density of iodine of the particles was estimated to be

! Japan Atomic Energy Agency (JAEA)
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under 50 ppm because iodine was undetected by the elemental analysis of BL37XU at SPring-8 [5].
Therefore, the amount of '*'I in the particle was neglected since it was much smaller than that in the
carrier. The numbers of '*I per one particle was calculated by summing up second and third steps.
Finally, we obtained the activity of '*’I, the number of atoms, the activity of '*’I and the activity ratio of
121/ ¥7Cs (Bq/Bq) per one particle on March 11, 2011.

The results are shown in Tables 1 and 2. Table 1 shows the numbers of '*’I atoms in the samples at
each step and Table 2 shows the numbers of '*I atoms, their activity, and '*1/ *’Cs (Bq/Bq) per one
particle at the time of the occurrence of the accident. It is presumed that some amounts of '*’I have
come out from the surface of particles by ultrasonic cleaning. The extraction by TMAH aq. seems to be
meaningful because 5 — 26% of the whole amounts of '*°I were extracted by this step. Furthermore, the
average of 1/ '"'Cs of the four particles (2.9 X 10°%) is smaller than that of the sampled soil [(4.3 =+
0.1)X107"] by two orders of magnitude. Therefore, it is presumed that the behavior of I and Cs
absorbed into particles is different from that of singly emitted Cs and L.

Table 1. Number of '*°I atoms in the samples at each step

Washing by Extraction by 25%

Names of particles milli-Q TMAH aq. Thermal hydrolysis
CF-01M02 5.04+0.16X10"  3.33+0.07X10° (26%)  1.24%0.06 X 10° (74%)
CF-01M06 6.91+0.59X10°  1.6410.05X10° (9%) 1.99+0.12X 10° (91%)
CF-01M08 4.11£0.13X10"  2.75+0.08X10° (23%)  9.13%0.05X 10* (77%)

CF-01M15-1 1.91+0.05x10°  5.83+0.30%X107 (5%) 1.08+0.06 X 10° (95%)

Table 2. Number of '*°I atoms, their activity, and I/ *’Cs (Bq/Bq) at the time of the accident

Names of particles Number of atoms Activity (Bq) 121/ 37Cs (Bg/Bq)
CF-01M02 1.2940.08 X 10° 1.80+0.11 X107 5.79+0.45%x107
CF-01M06 1.8740.13x10° 2.61+0.18x10°° 3.64+0.32x107°
CF-01MO08 1.1940.05x 10’ 1.66+0.08 < 10°° 1.17£+0.08x 107
CF-01M15-1 1.14%0.06 X 10° 1.60+0.08 < 10°° 1.03+0.06X 107
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3.5  Preparation of a '*I standard solution for ICP-MS/MS
M. Honda, K. Sasa, T. Takahashi, T. Matsunaka, S. Hosoya, M. Matsumura, K. Sueki

A large amount of '®I (physical half-life: 15.7 Myr) has been introduced into the terrestrial
environment through nuclear weapons’ tests, spent nuclear fuel reprocessing operations, and nuclear
accidents. The study of anthropogenic '*I is of increasing concern in Japan from the viewpoint of a
radiation risk assessment. AMS have been commonly used for the '’I analysis, but the latest triple
quadrupole ICP-MS (ICP-MS/MS) is becoming an alternative analysis. ICP-MS/MS provides a high
sample throughput and optimum way for the analysis of high-level '*I ('*1/'*I> 10~ ) which is hard to
deal with AMS [1]. Absolute ICP-MS/MS measurements require reliable standards for calibration. In this
fiscal year, the '°I/''] ratio of a home-made standard solution for ICP-MS/MS was evaluated with 6MV
AMS at UTTAC.

The '®I standard solution “tRIC-1” was prepared from a stored '*I solution (I and '*I
concentrations are 1 mg/mL and 0.448 Bg/mL, respectively) with 2% tetramethyl ammonium hydroxide
solution (Tama Chemicals). The stable iodine ('*'I) concentration in tRIC-1 was determined by
ICP-MS/MS to be 9.95 £ 0.10 ppm. A portion of 100 mL tRIC-1 was mixed with 698 mg iodine carrier
(Orion ITonplus, Thermo scientific, which has '*°I/'*'I = 1.80 x 10" [2]) and then precipitated as silver
iodide (Agl). The precipitated Agl was divided into five batches and the five targets prepared from each
batch were measured. The '?1/''I ratios were all normalized using the standard material provided by
PRIME Lab. at Purdue University (nominal value is 6.54 x 107'?). In AMS, the charge state of 5+ was
chosen for the terminal voltage of 5 MV. The '*°I/'*'I ratio in tRIC-1 was calculated from the AMS and
ICP-MS/MS results.

A good reproducibility was obtained in the '*I AMS measurements, as shown in Fig. 1. The
ratios of tRIC-1 range from (5.93 £ 0.16) x 107 to (6.40+ 0.05) x 107, The '*I/'*'I ratio is evaluated as
the averaged value for the five batches, i.e., (6.20 = 0.18) x10~°.
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Fig. 1. '"®1/'*I ratios in a home-made standard solution.
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3.6 Performance evaluation of the AMS-measurement of iodine-129 by the
6 MV tandem accelerator at University of Tsukuba

M. Matsumura, K. Sasa, T. Matsunaka, T. Takahashi, S. Hosoya, Y. Satou', K. Sueki

A multi-nuclide AMS system for "Be, "C, *Al, *°Cl, *'Ca, and '®1 is now available at UTTAC [e. g,
1, 2]. This report focuses on the performance of '*’I measurement for near-future development of the
standard reference materials of 1. The '®I measurement conditions of the accelerator were as follows;
injected ion species of I, the terminal voltage of 5.0 MV, and the analyzed ions of 30MeV I’*. Isobutane
gas of 19 Torr was used for the gas-ionization detector with an entrance window of a 1.5-um thick
polyester film. The '*’I standard reference materials, Z94-0596 and Z94-0597, named Purduel and Purdue
2, respectively, were provided by PRIME Lab., Purdue University [3, 4].

The ratios of '*I/'’I were measured in the experiments. The measured ratio for Purdue 1 is (8.29 +
0.08) x 10™'* against the consensus ratio of 8.38 x 10™'? with a precision error of 1.1% , while for Purdue 2
the measured ratio is (6.54 + 0.03) x 107" against the consensus ratio of 6.54 x 10™"" with a precision error
of 0.5%. These results thus indicate good agreement, including the precision errors, between the
measured and consensus values. Figure 1 shows consistency between the two values, which demonstrates

that the present experimental setup and the method of analysis are reasonable.
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Fig. 1. Comparison between the measured and the consensus ratios of '1/'*'I

for the '?’I standard reference materials.

Figure 2 shows dependence of the beam current and transmission of '*’I on the mixing ratio of the
Nb-powder to the target Agl of Purdue 2. We see that the maximum beam current, i.e., the optimum

mixing ratio is given at Nb:Agl=4:1, as is generally proposed. Figure 3 shows the results of blank

' Japan Atomic Energy Agency

25



measurements. ”Old lodine” provided from DeepWater corporation has the extremely low background

level of the "*I/'*'I ratio as low as 1 x 10'*. Therefore, the machine background is estimated to be as low
as on the order of 10" in the value of '*I/'*’I.

This work was supported by JSPS KAKENHI Grant Number 15H02340.
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3.7 Reconstruction of temporal variation for anthropogenic radionuclides
in the Japan Sea using a coral core sample

R. Inaba, A. Sakaguchi, T. Nomura', H. Yamano H? K. Sasaki K*, T. Watanabe®, M. Honda, K. Sasa,
T. Matsunaka, S. Hosoya, T. Takahashi, M. Matsumura, K. Sueki

Due to recent improvements in instrumentation and chemical pretreatments, lodine-129 (**I;
T1,=1.57x10" y) is increasingly being used as an oceanic circulation tracer instead of the short half-life
artificial nuclide, '*’Cs. '*I is a long-lived anthropogenic radionuclide that is introduced to the earth
surface environment, mainly by atmospheric nuclear tests and/or nuclear-related facilities. However, '*I
input history to “the miniature ocean”, the Japan Sea, has not been clarified. In this study, the input history
of 'I to the surface water of the Japan Sea has been reconstructed through measurement of '*I/'’I atom
ratios in a coral sample collected from Iki Island; the main entrance of surface water to the Japan Sea.

The coral core sample (Dipsastraea speciosa) was collected in November 2012 from a depth of 3 m at
Kurosaki, Iki Island (N33° 4822.5, E129° 40'02.9). The annual growth bands were confirmed by X-ray
imaging and Sr/Ca analysis with laser ablation (LA)-ICP-MS for coral slabs, and the coral sections were
cut into annual segments in accordance with the X-ray image and the variation of the Sr/Ca ratios. The
121/'¥"] in each annual ring was measured by AMS after appropriate sample preparation.

The '®1/'?"I atom ratios were reconstructed over a wide range of (0.145-71.3)x107'2. It was observed

that the ratio drastically increased in the

early1950s, and has high values even now.

It may be presumed that airborne '*I, 7 Baler

which is released from nuclear-related =, +—Guam

facilities, has been constantly absorbed by E ——1Iki

the surface seawater around this area. The 5: "8

recent atom ratios found in the surface é:

water of the Japan Sea are higher than 7

those of Guam [1], Baler in the 0 bees o ne® . .

Philippines [2]. Tt was also observed that 1930 1950 1970 1990 2010

the reconstructed '*°I/'*’I atom ratios show Year

different variations than for *°U/**U Fig.1. Variations of '?’I/'?’I atom ratios reconstructed from the

ratios that were constructed from the same annual rings in the coral cores from Guam [2], Baler [1] and
Iki Island (this study).

coral core sample [3].
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3.8 Radiocarbon variations since 1960 in tree rings near the Tokai nuclear
facilities in Japan

T. Matsunaka, K. Sasa, T. Takahashi, S. Hosoya, M. Matsumura, K. Sueki, Y. Satou'

Tokai area in Ibaraki Prefecture is located 1.8 km south-southwest of the Tokai Nuclear Power Plants
(Tokai NPP and Tokai-2 NPP) and 1.4 km North-Northwest of the Tokai Reprocessing Plant (Tokai RP).
To evaluate the environmental impact of the atmospheric '*C discharge from the Tokai nuclear facilities, a
80-year-old pine tree grown at Tokai area was cored and '*C in each annual ring was measured using the
AMS system at UTTAC. The terminal voltage of 5.0 MV and the charge state of 4+ were chosen for
acceleration and detection of '“C. The measurement error of the system was +0.3% for NIST-4990C
(HOx-II), and the blank levels were 0.04-0.09 pMC (55,950-63,300 yrBP) for IAEA-C1 (Marble). The
"C specific activities varied from 232.8 Bq kg ™' C to 403.3Bq kg ' C in the tree rings formed during the
period 1959-2013. The specific activities in 1967-2010 are significantly elevated compared with the
ambient background values, clearly indicating '*C discharges from the Tokai nuclear facilities during their
normal operation. The excess '*C activities of 0.48-70 Bq kg' C in 19652011, shown in Fig.1, are
positively correlated with the estimated annual '*C discharges of 0.02-2.0 TBq from Tokai NPP
(operational period: 1966—1997), Tokai-2 NPP (operational period: 1978-2010) and Tokai RP (operational
period: 1977-2007) with R* of 0.72 (n = 38), as shown in Fig.2. These activity values of < 70.0 Bq kg ' C
are corresponding to an additional annual effective dose of < 3.9 pSv via the food ingestion pathway in the

location studied.
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Fig. 1. Red circles: the variations of excess '*C activity in the Tokai tree rings. White circles: estimated annual "*C
discharge from Tokai NPP, Tokai-2 NPP, and Tokai RP [1], calculated by multiplying the '*C emission factors for NPP
[5.5 TBq W' for Magnox GCR (Tokai NPP) and 0.51 TBq W' for BWR (Tokai-2 NPP) ] [2, 3] by the annual

electrical energy output [4].
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Fig. 2. The correlation between excess '“C activity in the Tokai tree rings and estimated annual '*C
discharge from Tokai NPP, Tokai-2 NPP, and Tokai RP. The linear regression line and coefficient of

determination (RZ) are shown in the correlation diagram.
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3.9 Trial of determination of *’Ca concentration in iron meteorites by
accelerator mass spectrometry

Y. Oura®, N. Kuroiwa', M. Matsumura, S. Hosoya, T. Takahashi, K. Sasa

Cosmogenic radionuclides **Cl and *'Ca are found in meteorites, which are produced by several
nuclear reactions such as proton and secondary-neutron induced spallation reactions and neutron capture
reactions. To study irradiation histories of meteorites, accelerator mass spectrometry (AMS) for both of
the two radionuclides is required. However, the former AMS system at UTTAC allowed measurements of
only *ClI concentrations [1]. In 2016, UTTAC started operation of the new AMS system for measurements
of several radionuclides including “‘Ca. We therefore tried to determine “’Ca concentration in iron
meteorites by applying the new AMS system.

Using a radiotracer, a chemical separation procedure for Ca in iron meteorites was evaluated especially
for a pH condition in separation of Ca from Fe. The evaluation procedure was applied to two iron
meteorites, Gibeon and Campo del Cielo meteorites, in which %CI concentrations were determined by the
former AMS system at UTTAC [1]. Each piece of about 1 g was cut out from the same fragment for
previous *Cl determination. After dissolution in HNO; with Ca and ClI carriers (about 4 mg each), AgNO;
was added to precipitate AgCl. Ammonia water was added to the supernatant solution to make pH 5.4
— 5.8, and then Fe(OH); was precipitated. Then, CaC,04 was precipitated by adding (NH,4),C,O, in the
supernatant solution followed by dissolution of CaC,0O, in 6 mol/L HCI. Remained trace of Fe in this
solution was removed by anion exchange method, and then CaF, was finally obtained by adding HF to the
eluate containing Ca. The AgCI was purified in several steps. Final Ca and Cl fractions were divided into
halves, and both half portions were subjected to AMS measurement independently.

In AMS with the terminal voltage of the
tandem accelerator set to 6 MV, “*Ca’ and “°Ca’™*

in *Ca standard samples were measured for about

100

3000 sec (10x300 sec) by a gas ionization detector
and a Faraday cup, respectively. The calibration 10
curve obtained, shown in Fig. 1, demonstrates

good correlation between **Ca/**Ca count ratio and

ca/*Ca [counts/counts]

certified *'Ca/Ca atomic ratio. According to the

—

<
=]
T

calibration curve, down to about 0.5x10°* of

41

#Ca/Ca are found to be detectable at least under

the condition in this study. The results for iron

0—13 WAEEETTN | s aaaaul i aaaaas A s aaaal
meteorites are tabulated in Table 1. For Campo del 107 10;‘]2 107 10710 107
. o . L Ca/Ca [at t
Cielo meteorite, in which *Cl concentration is a/Ca [atoms/atoms]

- - - 41 -
238 + 0.01 dpmikg [1], 30— 50 counts of 40, Fig. 1. Calibration curve for ""Ca obtained by

measurement of *’Ca standard samples.
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was observed. Although the observed count of *'K was larger than that of *'Ca, *'Ca was sufficiently
discriminated from *'K on the two-dimensional spectra. Concentrations of “‘Ca for two portions of Campo
del Cielo are consistent within their uncertainties. Content of “‘Ca was estimated based on the combination
of the determined **Cl concentration and a model calculation by Ammon et al. [2]. The determined *‘Ca
concentrations in Campo del Cielo were in agreement with a range of estimated concentration, which
assures the accuracy of the present “‘Ca determination. On the contrary, **Ca concentration determined for
Gibeon meteorite, in which *CI concentration determined is 0.019 + 0.001 dpm/kg [1], is about 10 times
larger than the estimated concentration. According to the calibration curve, no count of “*Ca is estimated to
be observed for the estimated “'Ca concentration. Thus the observed *‘Ca of 2 counts is probably due to
“IK. For 1 g of iron meteorite and 2 mg of Ca carrier, the concentration down to about 0.02 dpm/kg is
found to be detectable.

Table 1. Results for iron meteorites.

Measurement | Count | Atomic *‘Ca/Ca "Ca Estimated “'Ca | Count
time [s] of “'Ca [x10™] [dpm/kg] [dpm/kg] of “K
Gibeon A 2650 2 0.57 0.38+£0.30 | 0.020-0.046 337
B 2469 0 - - 287
Campo A 2441 47 45 3.9+0.6 26-58 350
del Cielo B 2072 32 34 29+0.6 95
References
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4.
BEAM AND ISOTOPE APPLICATIONS






4.1 Probing the effect of point defects on the leakage blocking capability of
Alo.1GapoN/Si structures using a monoenergetic positron beam

A. Uedono, M. Zhao', E. Simoen'*

Vacancy-type defects in Alp1GagoN were probed using a monoenergetic positron beam. Aly1GagoN
layers with different carbon doping concentrations ([C] = 5 x 10'"-8 x 10" ¢m™) were grown on Si
substrates by metalorganic vapor phase epitaxy. The major defect species in Aly.1GagoN was determined to
be a cation vacancy (or cation vacancies) coupled with nitrogen vacancies and/or with carbon atoms at
nitrogen sites (Cns). The charge state of the vacancies was positive because of the electron transfer from
the defects to Cn-related acceptors. The defect charge state was changed from positive to neutral when the
sample was illuminated with photon energy above 1.8 eV, and this energy range agreed with yellow and
blue luminescence. For the sample with high [C], the charge transition of the vacancies under illumination
was found to be suppressed, which was attributed to the trapping of emitted electrons by Cn-related
acceptors. With increasing [C], the breakdown voltage under the reverse bias condition increased. This
was explained by the trapping of the injected electrons by the positively charged vacancies and Cn-related

acceptors. Results are shown in the following Figs. 1-8 [1].
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Fig. 8. (a) Planar averaged positron densities for
Cx, (Cn)s, and DF-GaN. The differences between
the positron densities for Cy-related defects and
DF-GaN, Ap-, are shown in (b), where the results
for Vg, (multiplied by 1/10) is also shown.
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4.2 Study of cathode shape effect on the reliability of AE-E telescope ERDA

I. Harayama, Y. Hirose', H. Matsuzaki’, D. Sekiba

The partial replacement of anions in metal oxides has been studied intensively. The continuous
control of anion composition, such as the ratio of O/N, enables us to tailor their optical, electronic and
structural properties. For these studies, we developed a beam line for AE-E telescope ERDA (elastic recoil
detection analysis) to determine the compositional ratio of O/N [1]. The developed beam line worked well
to study amorphous ZnO,N,, films [2] and epitaxial CoO,N, films [3]. Our AE-E telescope ERDA consists
of a gas ionization chamber, which measures the energy loss of recoiling particles passing through the P10
gas, and a solid state detector (SSD) for measuring their residual energies. The gas ionization chamber has
the anode, the Frisch grid and the U-shaped cathode, see Fig. 1 (a), designed by referring to the literature
on accelerator mass spectrometry [4]. In this work, we investigated influence of inhomogeneous electric
field due to the U-shaped cathode on the reliability of AE-E telescope ERDA.

Ideally, a gas ionization chamber collects all the electrons from the generated ion-electron pairs by
applying the sufficient electric field between the cathode and the Frisch grid. However, either weak or too
strong electric field can often cause a counting loss of the electrons. This is because the former allows the
recombination of the ion-electron pairs, while the latter induces the capture of electrons by the Frisch grid.
Figures 1 (a) and (b) show the electrostatic potentials calculated by SIMION. We see in Fig. 1 (a) that the
electric field is very weak at the position (B), while it is very strong at the position (C). These
heterogeneities of the electric field by the U-shaped cathode might lead to ambiguities of the signal
intensity.

To estimate the influence of the cathode shape on the experiments, we adopted the SrTiO; thick
film as a reference sample for AE-E telescope ERDA. The target was irradiated with probe ions of 38.4
MeV **CI”". The incident angle of the ions was 75° from the surface normal of the target. The recoil angle
was 30° from the incident direction of the ions. Figures 2 (a) and (b) show the two-dimensional ERDA
histograms taken by the gas ionization chamber with the U-shaped and the planar cathodes, respectively.
From Figs. 2 (a) and (b), we see that the AE intensities of the O and Cl curves measured using the
U-shaped cathode are 20% lower than those measured using the planar cathode. In both measurements, the
experimental conditions such as the P10 gas pressure and the applied voltages to the electrodes were the
same. This result implies that the electrons were partly lost with the U-shaped cathode.

Subsequently, we investigated how such an electron loss affects the quantitative analysis of
elemental compositions. If this phenomenon significantly causes the counting loss of the recoiling or
scattered particles, a major change in the design of the apparatus is necessary. Figure 3 shows energy
spectra of the recoiling O, which is reproduced from Figs. 2 (a) and (b). The data were taken under the
same beam dose. In Fig. 3, we see no significant difference between the two spectra within the statistical

uncertainty. This implies that the lower AE for the U-shaped cathode does not result from the counting
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loss of electrons, but probably from the complicated orbitals of electrons induced by the inhomogeneous
electric field.

In conclusion, the two types of cathode can be used safely so that we reconfirmed the validity of
the data previously taken with the U-shaped cathode [2, 3]. However, we should use the planar cathode to

remove the ambiguity in the experimental and analytical procedures.
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Fig. 1. Calculated electrostatic potentials in the gas ionization chambers with (a) the U-shaped
cathode, and (b) the planar cathode. The red lines indicate equipotential lines with an interval of 5V.
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4.3 Trial production of preamplifier for multi-channel SSD

K. Tsujita, Y. Sugisawa, I. Harayama, Y. Watahiki, D. Sekiba

Recently we developed a high-resolution elastic recoil detection analysis (HERDA) system at D-course
in 1MV Tandetron accelerator at UTTAC, similar to that made by Kimura’s group [1], and determined the
detection limit of the system for hydrogen using hydrogenated amorphous carbon films (a-C:H) on Si
wafers [2]. The detection limit obtained was ~3.8x10*° atoms/cm’ in a bulk, while ~1.2x10" atoms/cm” at
an interface. These values are not sensitive enough to investigate hydrogens at an interface between, for
example, Si and Si oxides. We have therefore tried to improve the sensitivity of hydrogen detection in thin
films or interfaces between semiconductors and their oxides.

The detection limit of such an apparatus is determined by the signal to noise ratio. In our HERDA
system, the noises stem mainly from the dark current in the position sensitive detector (PSD) composed of
micro-channel plate (MCP) and from the stray particles scattered from the vacuum chamber walls. To
distinguish the recoiling hydrogen from the stray particle, we have tried to use PSD composed of solid
state detectors (SSD). We used a strip-type passivated implanted planar Si (PIPS) detector with sixteen
channels provided by CANBERRA Industries. The width of the one pad of the strip is ~4 mm, so that the

total dimension of the detector is ~75 mm.
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Fig.1. (a) The circuit used in the present work, which is based on Ref. [3]. Some trivial
pass-condensers are removed from the schematics. (b) Inside of the trial product. (c) External

appearance of the trial preamplifier.

In the current HERDA system, the position signal generated from PSD is inherently the energy signal
of the detected particles. By detecting the position and energy signals simultaneously, we can pick up only
proper position signals that are in coincidence with the energy signals in a reasonable energy range. To
operate this system, we need sixteen preamplifiers. For convenience for the future extension to the

increased number of channels, we have manufactured a simple preamplifier by referring to a literature [3].
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The test of the trial preamplifier shown in Fig. 1 was performed at D-course of 1 MV Tandetron. The
target was an a-C:H film of ~200 nm thickness deposited on the Si(100) substrate by chemical vapor
deposition (CVD). The hydrogen concentration in the film was determined as ~23 at% from the
conventional ERDA carried out in the same D-course. The probe beam of 1 MeV '°O" was shaped to 1
mm x 1 mm by a double slit system. The typical beam current was 10 nA. One of the sixteen channels,
called “ch4”, around the center of the strip detector was connected to the trial preamplifier and linear
amplifier, and other channels were floated. We put a slit-like musk to work “ch4” only. The analyzer
magnet for HERDA was fixed at 274 mT to observe the hydrogens recoiling near the sample surface. In
this case, the recoil energy is 166 keV. The bias voltage of 20 V was used for the strip PIPS as well as the
normal PIPS.
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Fig. 2. The signal of recoiling hydrogen detected at “ch4” with the trial preamplifier. The
notation “N” is the scale of the linear feed-through to adjust the position of detector. The

“Main Gain” signifies the coarse gain of the linear amplifier which follows the preamplifier.

The observed signal is shown in Fig. 2. We see a single peak centered at 166 keV. Even though the
energies of the recoiling hydrogen are much smaller than that typically measured with SSD, the peak can
be separated from the electrical noises, which allows signal-processing, e.g., by an analog-digital converter.
With this preamplifier, we can remove the signals from stray particles, which apparently have too-high or
too-low energies (not clearly seen in Fig. 2, but they surely exist). In future works, we will intend to make
a lower-noise preamplifier, which can be used for a probe beam of 500 keV '°0", and a compact NIM

standard module packaging sixteen preamplifiers.
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4.4 Micro-PIXE analyses of pyrite in sea-floor sediments

M. Kurosawa, K. Hattori, K. Ikehata, K. Sasa, S. Ishii

Pyrite (FeS;) is a ubiquitous mineral in most hydrothermal ore deposits and can contain high level of
trace elements depending on the formation conditions [1-5]. Thus, the trace-element contents have been
frequently analyzed to elucidate formation processes of hydrothermal ore deposits and to use for ore
exploration [1, 2, 4, 5]. The trace-element analyses have been usually performed by employing electron
probe micro analysis (EPMA), particle-induced X-ray emission (PIXE) analysis, and laser-ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS) [1, 2, 4, 5]. In these methods, PIXE has
been often used because of the highly-sensitive, non-destructive feature and its potential for trace-element
mappings [1, 2, 4]. The common PIXE analyses in geology have focused on only trace heavy-metal
elements, while the major components, sulfur and iron, have been paid less attention due to the use of
absorbers which selectively absorb intense X-rays from Fe and S [1, 2, 4]. Lattice imperfections or
deviation from stoichiometry in pyrite, however, may provide useful information on hydrothermal
conditions of the pyrite formation. Thus, simultaneous multi-element PIXE analyses of major to trace
elements, reported here, seem to be desirable for studies on chemistries of pyrite. In such a case, intense
X-ray peaks of S and Fe, the pile-up and escape peaks possibly cause undesirable influence on the other
trace-element detections and the detection limits.

Pyrite crystals were collected from drilling core samples of thick sea-floor clay sediments near an
active hydrothermal field at Iheya-North-Knoll in the Okinawa Trough back-arc basin, Japan [6]. The
sediments consist mainly of clay minerals including Mg, Na, K, and Ca and contain small amounts of
secondary minerals formed by the hydrothermal activities; sphalerite (ZnS), galena (PbS), chalcopyrite
(CuFeS,), pyrite, gypsum (CaSO4:2H,0), anhydrite (CaSOs), and barite (BaSO4) [6]. The present pyrite
samples are a few millimeter-sized and cubic-shaped crystals with no visible inclusions of their secondary
minerals. The sample surfaces were polished and coated with a carbon film to prevent electrostatic
charging.

PIXE analyses were performed using 1MV Tandetron at UTTAC. A 0.1-0.3 nA beam of 1.92-MeV
protons was focused to a spot size ranging from 26 x 26 um? to 33 x 36 um?* on the sample using slits and
magnetic lenses. The incident beam was normal to the sample surface, and the X-ray measurement
take-off angle was 45° [7]. The characteristic X-rays excited by the incident beam were measured with the
Si(Li) X-ray-energy detector (Sirius 30+ detector; e2V Scientific Instruments, UK) with a nominal
resolution of 137 eV at 5.9 keV. A 55-um-thick Mylar film was used to attenuate the intense X-rays from
the predominant light elements and to prevent the entry into the detector of protons scattered from the
samples. The total charge was determined by integrating the target currents, and all samples were analyzed
to the total charges of 0.05—0.25 uC. Analytical points were chosen based on optical viewing using a CCD
camera mounted on the microscope. Quantification of the PIXE analyses was performed based on the
model of Kurosawa et al. [7]. Secondary fluorescence effect was corrected by the method of Reuter et al.

[8]. The corrected amounts for most of the elements were less than a few %.
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PIXE spectra of the pyrite samples consist mainly of intense K X-ray peaks from S and Fe, and their

pile-up and escape peaks, as shown in Fig. 1. There are no significant peak-overlaps between them and L

X-ray peaks from important impurities (Ag, Cd, In, Sn, and Sb) in pyrite. Element contents of S and Fe,
determined from PIXE, are 46.53-44.57 and 51.45-55.45 wt.%, respectively. This corresponds to their

atomic ratios of about 2.00:1.00 (S:Fe), indicating that
the hydrothermal activities (<500 °C) do not affect the
stoichiometry of pyrite.

A barren-type pyrite, less affected by metal-rich
fluids,

impurities (Fig. 1, upper spectrum), while fertile-type

hydrothermal shows no peaks of metal
pyrite, affected by metal-rich hydro-thermal fluids,
shows K X-ray peaks from Mn, Cu, Zn, Ga, and As
and L X-ray peaks from Ag, Sb, and Pb (Fig. 1, lower
spectrum). Thus, these metal impurities in pyrite may
be a clue to geochemical exploration of sea-floor
hydrothermal ore deposits.

For the fertile-type pyrite, it is important to
consider a possibility of invisible solid inclusions
buried in pyrite matrix. In fact, X-ray generation
depths, the depth above which 99% of the observed
X-rays of an element originate at PIXE analyses,
shown in Fig. 2, are deeper than those of EPMA. The
depths are closely associated with an X-ray
self-absorption by sample matrix, thus they depend on
the atomic number and on X-ray absorption edges of
major elements in a sample matrix.

The self-absorption and the disturbances due to
the intense major peaks and their pile-up and escape
peaks also may affect the lower detection limits of
trace elements in pyrite. In common PIXE analyses,
the detection limits for light elements increase with
decreasing atomic numbers because of rise of the
X-ray absorption coefficients, while those for heavy
elements increase with increasing atomic numbers
because of decline of ionization cross sections by the
incident proton [7]. As a result, the relationship
between detection limits and atomic numbers tends to
demonstrate a smooth U-shaped curve [7].

The present relationship, however, is a modified
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Fig. 1. PIXE spectra of pyrite in sea-floor sediments;
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U-shaped curve as a result of the enhanced detection
limits for several elements, as shown in Fig. 3. For K
X-rays, transition metal elements with atomic
numbers of 21-27 exhibit relatively high detection
limits affected by tails and overlaps of intense
pile-up and escape peaks of S and Fe. For L X-rays,
platinum group elements with atomic numbers of
4446 display extremely high detection limits
affected by X-ray absorption at an absorption edge
of S. The enhanced detection limits for elements
with atomic numbers of 55-71 (Cs, Ba, and REEs)
and 72-80 (e.g., Hf, Ta, and Au) are due to
interferences by intense escape and pile-up peaks of
Fe.

In summary, the present PIXE analyses

demonstrate that the analytical condition using a
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Fig. 3. Detection limits of the present PIXE
analyses of pyrite with an integrated charge of 0.25

C. Circles and squares indicate detection limits for

measurements of K and L X-rays, respectively.

Mylar filter is effective for sensitive detections of important impurities with atomic numbers of 47-51 (Ag,

Cd, In, Sn, and Sb) in pyrite. The analytical condition is also useful to determine precisely sulfur contents

required to investigate the stoichiometry of pyrite. In addition, use of an Al filter would be suitable to

improve the detection limits for the other elements affected by intense S and Fe and the pile-up peaks.
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4.5 Mossbauer effect of CuFe,0, spinel fine particles under external
magnetic field

H. Latiff, M. Kishimoto, S. Sharmin, H. Yanagihara, E. Kita

One of the recent approaches for enhancing magnetic anisotropy of spinel ferrites is the symmetry
reduction using lattice distortion. We have observed extraordinarily large PMA (Perpendicular Magnetic
Anisotropy) in epitaxially strained Co ferrite (CFO) (001) thin films with K, exceeding 10 Merg/cm’ by
introducing a tetragonal distortion (c/a<1) in the structure [1, 2], where the lattice distortion results from
the lattice mismatch between the substrate (MgO) and the deposited film (CFO). For an application of this
approach to the practical bulk production of permanent magnets, development of the material in the form
of nanoparticles is required, and a feasible method of introducing lattice distortion to nanoparticles is
crucial. We proposed the introduction of lattice distortion via the Jahn-Teller (JT) effect of Cu®" ions in
copper substituted Fe;O, particles. We prepared cubic and tetragonal CuFe,O, particles and analyzed the
crystal structures along with the magnetic properties. Here, we report on the applied field Mdssbauer
spectroscopy performed to analyze the site distribution of the Fe’* cations in the respective sites.

CuFe,0, particles were synthesized by coprecipitation and flux methods. Aqueous solutions containing
Cu’" and Fe’* were mixed with NaOH aqueous solution to form precipitates. The precipitates were mixed
with KBr flux, and heated at 850°C for 3 hours. The particles were then rinsed with water to remove the
flux. Finally, the particles were annealed at 900°C for 2 hours in air. The XRD patterns of the as-fluxed
and heat-treated samples are shown in Fig. 1 (top) and (bottom), respectively. For the as-fluxed particles
most of the peaks are of cubic spinel with a slight trace of peaks attributable to CuO. When the as-fluxed
particles were heated to 900°C in air, splitted peaks were observed showing the tetragonal spinel phase of
CuFe,0,.

Zero-field and 5T applied-field *’Fe Mossbauer spectra of the tetragonal CuFe,O, sample were
recorded at room temperature as shown in Fig. 2. The spectra were fitted using the program MossWinn4.0
and the fitting parameters are listed in Table 1. The zero-field (0 T) spectrum was fitted to a combination
of two magnetic sextets. The sub-spectrum with higher hyperfine field (H; ) value originates from the
Fe’" in the A sites whereas the other originates from the Fe'™ in the B sites. The applied field (5T)
spectrum gave a combination of two magnetic quadruplets, due to the reduction of the 2—5 peaks. By
applying an external field, these two sub-spectra of the A and B sites are clearly separated, providing more
precisely fitted spectra and area ratios of Fe*". The values of H,; for the A and B sites with no applied field
are 47.9 and 50.7 T, respectively, whereas the literature values are 48.1 and 50.5 T, correspondingly. Our
spectra thus show considerably good agreement with the reported values within experimental errors [3].
The non-zero values of Q.S. indicate that the sample contains a non-cubic structure, i.e. a tetragonal
structure or local distortion, which agrees with the crystal structure confirmed from the XRD pattern. The
values of .S. for the A and B sites’ sub-spectra are 0.18 mm/s and 0.29 mm/s respectively, indicating that
they originate from Fe®" ions, and not Fe*". From the fit results of the 5 T spectrum, the area populations

of the two types of Fe’* ions distributed in the A and B sites were 46.3 and 53.7%, respectively. The
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relative area ratio shows that the concentration of Fe’* ions is higher in the B sites than in the A sites. This
suggests that the structure contains anti-site defects where some of the Cu”" from the B sites are exchanged
with the Fe’" in the A sites.

The magnetic properties are summarized in Table 2. The Mg for the cubic and tetragonal CuFe,O4
samples are 25 and 26.9 emu/g, respectively. The values are in good agreement with the calculated values
M“. The slightly higher value of the experimental M is possibly due to the presence of anti-site defects,
as observed in the Mossbauer study. The coercivities of the cubic and tetragonal CuFe,O, is 130 and 870

Oe, respectively. The higher coercivity in the tetragonal sample may be due to the anisotropy induced

during the tetragonalization process.
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Table 1. Mssbauer fitting parameters of tetragonal CuFe,O, particles without external
7 Sub. | 75, e | OS | LW —Aren magnetic field (top) and with 5T external magnetic
(T) |spectrum|(mm/s)| (T) |(mm/s)|(mm/s)| (%) field (bottom).

Fe'(A)| 026 | 479 | -0.02 | 0.473 | 38.1

0 3+

Fe3+(B) 036 | 507 | -0.28 | 0.412 | 61.9 Table 2. Magnetic properties of the cubic
s e (A)| 0.19 | 52.5 | 001 | 0479 ] 463 and tetragonal CuFe,Q4 particles

Feo'(B) | 028 | 454 | -0.02 | 0.635 | 53.7 g 24P :

*Isomer shift with respect to a-Fe

Sample Hc Mg M cae.

(Oe)  (emu/g)  (emu/g)
Cubic 133 25 21
Tetra. 869 26.9
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4.6 Low temperature Mossbauer study on spherical a”-Fe 4N, core—shell
nanoparticles with high magnetic anisotropy

E. Kita, K. Shibata, Y. Sasaki, M. Kishimoto, H. Yanagihara

Fe nitrides have a variety of crystalline structures depending on the concentration of nitrogen. There
are a few ferromagnetic nitrides, which have been studied from the practical viewpoint [1]. a’-Fe 4N, has
a tetragonally distorted structure from a BCC structure, in which one of the <100> axes is elongated and
the nitrogen atoms are ordered. This substance has been studied by many people for its high saturation
magnetization; the compound also exhibits a uniaxial magnetic anisotropy due to the distorted structure,
showing promise for use in applications such as high-performance magnetic data recording tapes [2] with
core—shell type spherical nanoparticles (NPs) [3]. Recently, new permanent magnet materials that do not
require rare elements have been highly sought and a”-Fe;¢N, is a good candidate, as it has high saturation
moments and a large anisotropy constant (K,,).

The amplitude of K, is an important parameter not only for bulk applications but also for the
realization of perpendicular magnetic thin films. We have reported that K, of the core—shell a”’-Fe 4N, NP,
estimated from typical torque measurements and room temperature Mossbauer measurement, is 4.4 x 10°
erg/crn3 [4]. In order to evaluate the precise amplitude of K, the portion of a”-Fe;sN, in NP should be
carefully analyzed. We performed detailed torque measurements and re-analyzed the low-temperature
Mossbauer spectrum [5].

The core—shell o”-Fe;sN, NPs were prepared using NH; nitrification. First, Fe;O, particles with a
diameter of 18 nm underwent hydrogen reduction. Succeeding nitrification was carried out in an
atmosphere of H, and NH; [3]. Magnetically aligned samples were prepared by drying the organic solvent
of particles on the polymer films in a magnetic field parallel to the films.

Figure 1 shows the Mdssbauer spectrum of a”-Fe;sN, NPs recorded at 4.2K. We have already
evaluated the portion of the a”-Fe;¢N, by using room temperature Mossbauer data, however analysis of
data recorded at low temperature is desirable because influence of recoil absorption is less at low
temperature. It is noted that the surface oxide was in paramagnetic state at room temperature and became
almost ordered at low temperatures.

Data fitting was carried out using a commercially available program, MossWinn 4.0. Obtained
Mossbauer parameters are listed in Tablel. It was found that a paramagnetic part seen at room temperature
[4] changes into a magnetic sextet with large internal field of 486 kOe. From the amplitudes of the
hyperfine field and the LS., the part was concluded to be mainly the Fe oxide composed of Fe’™ ions.
Resulted portion of the a”’-Fe¢N, phase was 54.4 %, slightly less than that at room temperature, 56.2% [4].
It can be elucidated by the fact that the lower Debye temperature for the oxide shell part resulted in the
decrease in the observed oxide volume at room temperatures. The magnetic anisotropy energy for core—
shell a”-Fe;(N, NPs was evaluated by the rotational hysteresis loss obtained from torque measurements.
The saturation magnetization and anisotropy constant were deduced to be 234 emu/cm’ and 6.9x10°

erg/cm’, respectively [5]. These values are more precise than the previous data [4] because the accurate
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volume fraction was determined by using the low temperature Mossbauer data.
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Fig. 1 Mossbauer spectrum for the a”’-Fe 4N, aligned sample recorded at 4.2K. Solid lines show the
results of the fit, which are summarized in Table 1. Corresponding peak positions of sub-spectra are
indicated by three bars for magnetic sub-spectra of the o’-Fe;¢N, core and two bars, magnetic
sextet (M), and paramagnetic doublet (D), for the outer shell of Fe oxides (Fe-O) [5].

Table 1. Mdssbauer parameters: hyperfine field (Hyy), isomer shift (1.S.),
quadrupole split (Q.S.), and area ratio for o”’-Fe¢N, aligned nanoparticles

at4.2K [5].

Phase Site Hy; (kOe) LS. (mm/s)" Q.S (mm/s) Area (%)
4e 304 0.200 -0.313 13.8

FegN, 8h 334 0.28 0.166 25.4
4d 423 0.315 -0.162 15.2
D - 0.448 1.97 11.6

Fe-O
M 486 0.513 -0.05 34.0

"Relative to room temperature o-Fe.
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4.7 Characterization of oxide thin films with RBS technique

R. Patel, Y. Ikeda, Y. Hisamatsu, S. Sharmin, H. Yanagihara

Barium hexaferrite (BaFe;,010; BaM) is a magnetic oxide with the magnetoplumbite structure which
has a hexagonal close packed (HCP) oxygen frame-work structure [1]. BaM has unique magnetic
properties such as high uniaxial magnetic anisotropy, moderate saturation magnetization, and high Curie
temperature [2-3]. Previous studies showed that the BaM films grown by various different methods such
as, pulsed laser deposition, liquid phase epitaxy, and radio frequency sputtering have lower saturation
magnetization and squareness ratio, compared with the bulk [4-8]. The reason for this is not well
understood until now. For applied purposes, the high quality thin film growth technique is required to
achieve large magnetization comparable to the bulk. Nevertheless to say, fundamental physical properties
of a film are strongly dependent on chemical composition if the film is alloy or compound. Thus, the
purpose of this research is to understand the effect of composition on the magnetic behavior of the barium
hexaferrite (0001) thin films.

The epitaxial growth of BaM (0001) thin films was performed on an a-Al,O; (0001) substrate via
radio frequency (RF) magnetron sputtering. Stoichiometric (BaFe;,01o) target with a diameter of 68 mm
was used. The flow rate of Ar was 10 sccm; total pressure inside the sputtering chamber was maintained at
0.57 Pa. Prior to the deposition, the substrates were annealed under vacuum at the growth temperature of
800°C for 1 hour. The RF power of the sputtering process was set at either 50 or 100 W. The BaM (0001)
thin films of 101 nm thickness were deposited. The BaM (0001) thin films were post-annealed in
atmosphere at 1000 °C for 10 minutes. Compositional characterization by Rutherford backscattering
spectroscopy (RBS) was carried out using 1MV Tandetron at UTTAC.

The RBS spectra of BaM (0001) thin films for RF power of 50 and 100 W are shown in Fig 1. The
experimentally obtained composition ratios of Ba to Fe in BaM (0001) thin films are shown in Table 1.
The evaluated off-stoichiometric ratio of Ba:Fe was 1:9 (for the growth at 100 W), suggesting that some
defects exist in the hexaferrite films obtained. The crystal structure of barium hexaferrite is close-packed
layers form with four fundamental blocks, S, S*, R and R*. The S* and R* blocks can be obtained simply
through the rotation of the S and R blocks, respectively, by 180° with respect to the c-axis. A pair of either
S and R or S* and R* conserves charge neutrality and Ba ions occupy the R (or R*) block. Therefore, an
off-stoichiometric M-type hexaferrite may involve the other oxide block such as T-block. The estimated
concentration of T-block is about 23%, which affects neither magnetization nor magnetic anisotropy
because the T-block is composed of Ba**, Fe** and O ions and is magnetically compensated. The rest of S
R S* R* block influences M and K,(eff.), which are 292 emu/cm® and 2.46 Merg/cm®, respectively, and
they are close to the experimental values. Therefore, such reduction of M, and K(eff.) in BaM (0001) thin
films could be explained by the existence of the T-block.

In summary, the BaM (0001) thin films were deposited on a-Al,O; (0001) substrates by RF
magnetron sputtering. The composition study revealed that the barium to iron ratio in the deposited thin
film is variable. The effect of RF power on the composition helps us to understand the reason for the lower
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saturation magnetization.
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Fig. 1. The RBS spectra of BaM (0001) thin film with RF power of 50 W and 100 W.

Table 1. The composition ratios of Ba to Fe determined from RBS spectra.

Target RF Power (W) Ba, Feisx
BaFe;;,049 50 0.84 12.16
BaFelzolg 100 1.31 11.69
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4.8 Low temperature synthesis of highly oriented Si;Ge, (X: 0-1) on an
insulator by Al-induced layer exchange

K. Toko, T. Suemasu

A composition tunable Si;,Ge, alloy has a wide range of applications, especially to electronic and
photonic devices. We investigate the Al-induced layer exchange (ALILE) growth of amorphous Siy..Gey
on an insulator (SGOI). Figure 1 presents a schematic of the sample preparation process. Preparation of
the Al and amorphous (a-) Si;Ge, layers (each 50 nm thick) on a SiO, glass substrate was performed at
room temperature using radio frequency (RF) magnetron sputtering (base pressure: 3.0 x 10 Pa) with Ar
plasma. The RF power was set to 50 W for all of the Si, ,Ge, targets. The Ge composition x in the prepared
a-Si; ,Ge, layers was determined to be 0, 0.15, 0.3, 0.6, and 1 by Rutherford backscattering spectrometry
(RBS) employing 2.0MeV “He ions from 1MV Tandetron at UTTAC. Between the two deposition cycles,
the Al film was exposed to air for 30 min to form a native Al oxide layer as a diffusion-limiting layer [1].
The samples were then annealed at 340-450°C in a N, ambient chamber with an in-situ optical
microscope observation system until the

Wet etching
layer exchange was finished. The Al and i
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N 3SiGe T Y
HF solution (HF: 1.5%) for 1 min. ayer exchange poly.'gk-;-é----;f
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The nucleation rate n and lateral
growth velocity vy of the samples were Fig. 1. Schematic image of the sample preparation procedure.
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From the Arrhenius equation and the nucleation of Si® and Ge* and the lateral growth of SiGe? are
results from Figs. 2(a) and 2(b), we shownin (c)and (d).
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determined the activation energies of nucleation E, and lateral growth E4 and the frequency factors of
nucleation n, and lateral growth v,. Figures 2(c) and 2(d) show that both the activation energies and
frequency factors decrease with increasing Ge fraction x. These facts indicate that the lowering of the
growth temperature with increasing x arises from the reduction of the activation energies. Therefore, we
compared the growth characteristics between ALILE and SPC as follows. Figure 2(c) shows that ALILE
exhibits a lower E, than SPC [3, 4]. This is because, with ALILE, SiGe nucleates in the Al grain
boundaries at a lower interfacial energy compared with SPC, where SiGe nucleates in the amorphous SiGe
layer. Figure 2(c) also shows that E4 is almost the same for ALILE and SPC [2]. This is reasonable
considering that Eg4 corresponds to the energy required for SiGe atoms to adhere to crystalline SiGe. Figure
2(d) shows that ALILE exhibits a lower n, than SPC [3,4]. This can be explained by the lower density of
SiGe atoms in Al for ALILE than that of amorphous SiGe for SPC. Figure 2(d) also shows that ALILE
exhibits a higher vy than SPC [2]. This is because the SiGe atoms migrate faster in Al for ALILE than in
amorphous SiGe for SPC. The above discussion accounts for why ALILE can provide larger SiGe grains
at lower temperature compared with SPC.

The crystal orientation and actual grain size of the Si;Gey layers formed at low temperatures (<
400°C) were evaluated using electron backscatter diffraction (EBSD). The Si;Ge, layers were highly
(111)-oriented in the entire SiGe composition range. The (111) orientation can be explained from the
perspective of the appearance of the energetically stable plane [1]. The Si;Ge, layers had grains with
diameters of several tens of um. These actual grain sizes are smaller than the domain size observed from
optical microscopy because the domains are divided into several grains. The (111) fraction and grain size
did not depend on the SiGe composition, but correlate roughly with the growth rate. These results show
that slow annealing is a key to fabricate a highly oriented, large-grained SiGe layer regardless of the
composition. Thus, we have demonstrated SiGe layers on an insulator with a (111) orientation fraction of
over 95% and a grain size over 50 um over the entire SiGe composition range. These values are the
highest among the low temperature synthesized SGOlIs.

In conclusion, we have achieved ALILE growth of a-Si;Ge, on insulators at low temperatures (<
400°C) over the entire composition range. The ALILE provided a low nucleation frequency and high
lateral growth velocity, resulting in large Si; sGe, grains with diameters of no less than 50 pm. The area
fractions of the (111) orientation were more than 95%. The SGOI fabricated in this study is useful as
virtual substrates allowing advanced materials to be integrated on three-dimensional LSls, glass, and even
a plastic substrate.

The authors are grateful to Dr. D. Sekiba of UTTAC for RBS analyses.

References

[1] K. Toko et al., Appl. Phys. Lett. 104 (2014) 022106.
[2] K. Toko etal., Appl. Phys. Lett. 94 (2009) 192106.
[3] K. Zellama et al., J. Appl. Phys. 50 (1979) 6995.
[4] P. Germainetal., J. Appl. Phys. 50 (1979) 6986.

48



4.9  Quantitative analysis of light elements in mixed-anion compound thin
films

D. Kutsuzawa®, Y. Hirose', D. Sekiba

Recently, oxyhydrides have been intensively studied because of their unique physical and/or
chemical properties. For example, hydride (H") ions in perovskite-type ATiOH, (A = Ca, Sr, Ba) are
highly labile, which enables low-temperature anion exchange reaction, suchas H /D", H/0*, H/N®, etc.
These oxyhydrides are also expected as catalysts for synthesis of NH; [1]. A significant issue in studies on
oxyhydrides is a quantitative analysis of hydrogen amount. However, conventional techniques such as
secondary ion mass spectrometry [2], thermal desorption spectrometry [2] and Rietveld refinement of
neutron diffraction [3] have relatively low accuracy due to matrix effect, interference from coexisting
impurities, and so on. In order to resolve this problem, we focused on elastic recoil detection analysis
(ERDA), by which absolute amount of hydrogen in a film can be determined without a standard sample.
In this study, we investigated chemical composition of SrTiOsH, thin films by combination of ERDA and
Rutherford backscattering spectrometry (RBS) analysis [3].

SrTiOH, thin films were prepared by a topotactic reaction reported previously [2]: First, precursor
SrTiO; epitaxial thin films were grown on (LaAlO3)e3(SrAlysTay503)03 (100) substrate (LSAT) by pulsed
laser deposition method. Then, the obtained SrTiO; films were sealed in an evacuated silica tube with
CaH, powder, and reacted at 500°C for 24 hours in an electric furnace. The composition of the films
before and after the reaction was evaluated by ERDA and RBS with a 2.5 MeV “He beam. The incident
angle of “He was 15° from the sample surface and the detection angle for ERDA and RBS measurements
were 30° and 150°, respectively. Intensity of the spectra were normalized by dose amount of *He particles
calculated from output current of a beam chopper located upstream of the beam path.

Figure 1 shows out-of-plane 26/6 X-ray diffraction patterns of STO/LSAT(100) epitaxial films before
and after CaH, treatment. 200 diffraction peak of STO LT B B B B B A

was shifted to higher angle after the reaction, which — SITIOy/LSAT

precursor
| —— after CaH,

means out-of-plane lattice constant was shrunk by the

LSAT 400

reaction. This result suggests successful substitution of H™
for O°” in the perovskite lattice [2].

Figure 2 shows RBS spectra of the STO film after
CaH, treatment. It was difficult to determine the cation

STO 200

ratio of the film (Sr/Ti) from the spectrum, because Sr

Log intensity [arb. units]

peak from the film located at around 820 channel was

. 450 46.0 47.0 48.0
substrate. Another substrate is needed to evaluate the 26[deg.]

unclear due to overlap of Sr, La and Ta peaks from the

cation composition precisely. Fig. 1. 20/6 XRD patterns of STO/LSAT(100)
epitaxial film before and after CaH, treatment
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experimental data and black, blue, red, green and CaH, treatment.

gray lines are fitting lines of total, Sr, Ti, La and
Ta, respectively.

Figure 3 shows ERDA spectra of the films before and after CaH, treatment. A clear peak of recoiled
hydrogen was observed for the CaH,-treated film, while there is no such peak for the precursor film. Then,
hydrogen to titanium ratio, Ny/Nv;, of the film were determined from the peak area considering recoil cross
section of each element and solid angles of the detectors for ERDA and RBS systems. The determined
Nu/N+; value is 0.22, which agrees reasonably with the value reported previously (SrTiO;75Hg.25, CaH,
treatment at 530°C for 24 hours) [2].

In conclusion, we succeeded in evaluating hydrogen amount in a SrTiO.H,/LSAT(100) epitaxial
film by ERDA/RBS analysis. Our results demonstrated that these techniques are useful for composition
analysis of oxyhydrides.
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4.10 Oxygen reduction reaction catalytic site analysis by Maossbauer
spectroscopy

S. Yasuda', R. Osaka', Y. Uchibori'

Iron-nitrogen-carbon (Fe-N-C) catalyst has been drawing attention as one of alternatives to costly and
limited resources such as Pt-based catalysts for oxygen reduction reaction (ORR) on cathodes of polymer
electrolyte membrane fuel cells. Fe-N-C catalyst possesses ORR catalytic structures where a metal iron
atom is coordinated to nitrogen functionalized graphitic carbon, and the catalytic sites are supported on
conductive carbon materials. Recently, Fe-N-C coated on carbon nanotube (Fe-N-C/VA-CNT) catalyst
was produced by employing vertically aligned carbon nanotubes (VA-CNT) with a high specific surface
area (~1100 m?/g). Pyrolyzing iron(Il) phthalocyanine (FePc) molecules and VA-CNT mixed composite
easily transformed the adsorbed FePc molecules into a large number of Fe-N-C structures on the
individual VA-CNT surfaces [1]. Although the Fe-N-C/VA-CNT catalyst exhibited a high ORR activity,
there are few studies on the Fe-N-C catalytic structure on CNT. In this study, Mdssbauer spectroscopy was
employed to assess the Fe-N-C catalytic structure, and investigated the pyrolysis dependence of the
Fe-N-C catalytic structures.

Figures 1(a) and (b) show deconvoluted Mdssbauer spectra of the Fe-N-C/VA-CNT catalysts prepared
by 5 and 60 min pyrolysis time, respectively. Here, we remember previous Mossbauer studies assigned to
three Fe-N-C catalytic structures which consist of a Fe-ion coordinated by four nitrogen groups connected
to graphene structure (FeN4). They are a ferrous

b
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2010000 },

, 2000000
3 910000 1

high spin FeN4 site (Doublet 3), Fig. 1(c) shows

H
8 1990000 {

" 1 min*5 1980000

bar graphs of the five components of Fe species |
obtained from the peak deconvolution results. We (C) T T e 2
see that the fraction of iron carbide increases with ol -
increasing the pyrolysis time, while the fraction of g aof smin
the doublets decreases. The results indicate that % sof -
long pyrolysis promote decomposition of the L;? 2 ooy SOmD
r min 60min
Fe-N-C catalytic structure, resulting in production 12 5.. .
of the iron carbide nanoparticles. a-Fe FeC  y-Fe Doublet

Fig. 1. Deconvoluted Mdssbauer spectra of the
Fe-N-C/VA-CNT catalysts prepared by (a) Smin
and (b) 60 min pyrolysis time, respectively, and (c)
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4.11 Sputtering loss of Zn nanoparticles in SiO; induced by MeV Ce" ion
irradiation

H. Amekura'

Intending shape and/or size control of nanoparticles (NPs) embedded in dielectrics, Zn NPs embedded
in silica glass (SiO,) were irradiated with Ceo" ions of 2, 4, and 6 MeV in Takasaki Advanced Radiation
Research Institute, National Institute for Quantum and Radiological Science and Technology (QST).
However, we have observed highly serious sputtering loss of the NPs. The energy losses of C, cluster ions
are often estimated under the approximation of independent » monomers with the same velocity with the

incident cluster ion; i.e.,
Si(E, Ceo) = 60 Si(E/60, C)) (1)

where 1 represents e (electronic) or n (nuclear) [1]. This formula indicates that the energy loss of Cso ion
with the energy E is equivalent to 60 times the energy loss of C monomer with the energy of £/60. While
we used Cep ions of 2—-6 MeV, the corresponding monomer with the same velocity has the energy E/60 =
33-100 keV. At the beginning of this study, we expected the collisional mechanism for sputtering under

33-100 keV C monomer ion irradiation, because of the low energies. Consequently, the same were
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Fig. 1(Left). Energy dependences of electronic and nuclear energy losses (S, Sn) of Ceo ion in
crystalline SiO, were estimated from those of C monomer ion under the approximation of
independent C monomers with the same velocity. The energy losses of the C monomer were derived
from SRIM 2013 code. The irradiation experiments were carried out at the energies indicated by
arrows.

Fig. 1(Right). Fluence dependences of Zn content in the amorphous SiO, samples including Zn
nanoparticles. The samples were irradiated with Cgo" ions of 2, 4, and 6 MeV. The Zn contents were
determined by RBS.

! National Institute for Materials Science (NIMS)
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expected for 2-6 MeV Cg irradiation, because of the same velocities. Figure 1 shows the energy
dependences of the electronic and nuclear energy losses, which were calculated under the approximation
of the independent monomers with the same velocity as the incident cluster ion. Although the electronic
loss S. is predominant over the nuclear loss S, at the energies where the experiments were carried out as
indicated by arrows, the contributions of S, cannot be neglected.

While S. increases with increasing the energy, S, decreases. If the sputtering efficiency increases
(decreases) with increasing the energy, the predominant mechanism of the sputtering by Cgo ions in the
energy range of 2—6 MeV is determined as the electronic (nuclear) origin. To experimentally determine the
energy dependence of the sputtering induced by Ceo ions, the fluence dependence of the Zn content of the
samples was determined by Rutherford backscattering spectrometry (RBS). Since the Zn NPs were formed
by 60 keV Zn" ion implantation, they were formed only near the surface shallower than 70 nm. They can
act as sputtering markers.

A He" ion beam of 1.6 MeV from the 1 MV Tandetron at UTTAC was used. The beam size was 1 mm
x 1 mm. The scattering angle and the solid angle of the surface barrier detector were 150° and 0.00785 sr,
respectively. The surface normal of the sample was tilted 5° off from the beam axis towards the
backscattering direction, following the IBM geometry [2]. Each sample was irradiated to the He" dose of
420 nC. The data were analyzed using RUMP code [3] and the Zn content was determined.

The fluence dependence of the Zn content for the irradiation of 2, 4, and 6 MeV Cso' ions is shown in
Fig. 1(Reft). Although the nominal Zn content is 1.0 x 10'7 atoms/cm?, an unirradiated value estimated is
9.44 x 10'® atoms/cm?. Clear losses were observed at the fluence of 1 x 10" Cg"/cm?* or higher. The loss
was higher for higher ion energy, indicating that the electronic energy loss is the predominant process of
the sputtering induced by Cep ions of 2—6 MeV in Zn NPs embedded in SiOs.

References

[1] S. Bouneau, et al., Phys. Rev. B 65 (2002) 144106.

[2] M. Mayer, Rutherford Backscattering Spectrometry (RBS), Lecture note (2003).
http://users.ictp.it/~pub_off/lectures/Ins022/Mayer 1/Mayer 1.pdf.

[3] L.R. Doolittle, Nucl. Instrum. Methods Phys. Res. B 15 (1986) 227.

53



4.12 HR-RBS study of the rutile TiO,(110) surface

N. Nagatsuka *, K. Fukutani ', E. Noguchi, I. Harayama, D. Sekiba

Titanium dioxide (TiO,) is a model system of transition metal oxides, and its surface has received much
attention in application to a photocatalyst and a transparent conductive film. However, the surface
electronic states of TiO, are yet to be elucidated due to strong electron correlation and electron-phonon
interaction. It has been reported that structural defects dope excess electrons in TiO, exerting strong
effects on the conductivity and catalytic activity of the surface. It is also reported that the excess
electrons doped by the defects form polaronic states at the rutile (110) surface with substantial
deformation of the lattice [1]. There are three types of defects: an oxygen vacancy at the topmost surface,
an oxygen vacancy in the subsurface region and a titanium interstitial. Theoretical calculations have
indicated that these defects cause different electronic states and lattice structures [2,3]. Although a lot of
efforts have been made to clarify the electronic states associated with these defects, few experimental
studies on the lattice structure have been reported. Since the lattice structure is closely related to the
electronic state, information of the lattice deformation induced by defects is of crucial importance.

In the present study, we investigated the lattice structure of the rutile TiO,(110) surface with
high-resolution Rutherford backscattering spectroscopy (HR-RBS). The TiO,(110) surface was prepared
by repeated cycles of Ar ion sputtering and annealing in an ultra-high vacuum, and oxygen vacancies were
created by irradiation of electrons at 500 eV. HR-RBS measurements were performed with He" ions at 400
keV and the scattered ions were analyzed by a high-resolution magnetic spectrometer.

Figure 1 shows two-dimensional channel
maps for clean and electron-irradiated (ESD)
surfaces of TiO, (110) around the [100] axis
on the (010) plane. Channeling dips are
clearly observed along with the surface
peaks for both surfaces. The channeling
profile looks asymmetric, which is caused
by the structural asymmetry. Furthermore,

the channeling dip of the ESD surface at the

surface peak of Ti is slightly narrower than 3240 1 2 33 =240 1 2 3
Angle from [100] (deg.) Angle from [100] (deg.)

that of the clean surface suggesting a slight - rjg 1 2D-channel maps for clean and electron-irradiated

displacement of Ti. surfaces of rutile TiO,(110) around [100].
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4.13 Profiling of hydrogen in thick films employing transmission ERDA
technique

H. Naramoto, M. Sataka, H. Kudo, K. Yamazaki, K. Sasa, H. Oshima

In metallic materials, diffusional behaviors of hydrogen as mobile interstitials are sensitively
influenced by atomic disorders, which results in the serious deterioration of structural and/or transport
properties. In order to understand the relevant mechanisms, it is indispensable to know the spatial
distribution and the microstructure of hydrogen-disorder aggregates. There have been developed various
kinds of hydrogen detection methods employing nuclear collision processes [1]. They are mostly suitable
for the detailed depth-profiling but some additional improvements are required to obtain the
hydrogen-profile deep inside the samples.

As the first step of this study, the recoil cross sections of “He ions with *H were surveyed in the wide
energy range. Figure 1 shows the evaluated differential cross sections of the hydrogen recoil process as a
function of incident ‘He** energy E for 8

. . 2500
different recoil angles ¢ [2]. One can see the . Energy-Dependent H(a, p)'He Cross Section

with Different Recoil Angles

broad resonance nature of recoil cross sections at
the “He ion energy E~9 MeV, which is dueto the 5000 |
nuclear elastic scattering of the non-Rutherford

type. Also, the cross sections become higher for f; |
smaller ¢. These are of remarkable difference § 1900 |
from the dependences on E and ¢ in the ‘;
Rutherford case. At Ex10 MeV, for example, the 5 1000 |
recoil cross sections are as large as 350 times E

those in the Rutherford case, so that the detection

sensitivity of hydrogen is extremely enhanced. 200

Such advantage probably allows 2-demensional
hydrogen mapping by the transmission elastic

recoil detection analysis (transmission ERDA 1.0 3.0 3.0 1.0 9.0 110
. . . . ‘He Incident Energy (MeV)
[3]) combined with the micro-beam scanning _ . )
Fig. 1. Evaluated energy dependence of H(a, p) He recoil

system on the beam line of the 6MV tandem cross sections for 8 different recoil angles o.

accelerator at UTTAC [4].

In the experiments, 10 MeV “He”** was employed to perform transmission ERDA for an Al film of
thickness t=170 pm, which satisfies the condition for the incident “He?* beam to be stopped within the film.
The surface barrier detector (SBD) was placed at ¢=0°, which covers a fixed solid angle of 1.28 msr. The
estimated hydrogen-probing depth is around 40 um from the Al surface. Figure 2 shows the transmission
ERDA spectrum of recoiled hydrogen from the hydrogen-containing standard sample of Kapton (t=7.5
um)/H-charged Al (t=170 um), which was measured at ¢p=0° under the normal incidence of 10 MeV “He?".
The observed peak is reasonably in the estimated range between 3.239 and 3.688 MeV, corresponding to
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Fig. 2. Transmission ERDA spectrum under the Fig. 3. Transmission ERDA spectrum under the
normal incidence of 10 MeV “He®* to Kapton normal incidence of 10 MeV “He?* to H-charged Al
(t=7.5um) /H-charged Al (t=170um). (t=170 pm).

the back- and front-side of the Kapton film on H-charged Al, respectively. The step around 5.6 MeV is due
to the detectable limit of SBD with the depletion layer of 300 um thickness. The signal/noise ratio at the
hydrogen peak amounts to ~160 and, accordingly, sensitive detection of hydrogen can be expected in the
present measurement system. The asymmetric hydrogen peak is attributed to the energy struggling of
recoiled hydrogens in the outgoing paths and also to the energy dependence of the recoil cross section.
There still remains some background, probably resulting from the nuclear reactions of “He”* with 2’Al. For
low-noise 2D-profiling, the hydrogen signals should be collected over a larger solid angle.

Figure 3 shows the spectrum from H-charged Al (t=170 um) film measured under the same
conditions as those shown in Fig. 2. The step at 5.6 MeV is already noted earlier, while a sharp hump
around 3.8 MeV is attributed to the charged hydrogens which possibly exist as blisters near the surface of
the sample [5]. Reproducibility of the results was confirmed from the spectra measured for 7, 8 and 9
MeV “He®*. For more detailed analysis, influence of possible nuclear reactions should be investigated.

The authors are indebted to Prof. G. Itoh (Ibaraki University) for providing us hydrogen-charged
pure Al films.
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4.14 Heterogeneous carboxy group distribution across a polyamide active
layer of a ESPA2 thin-film composite reverse osmosis membrane

R. Tanaka', T. Suzuki!, M. Niinae'

State-of-the-art thin-film composite reverse osmosis (RO) membranes have a composite structure

consisting of a nonwoven polyester layer (~50-150 pm) that backs an intermediate layer of polysulfone

(~20-50 pm), which in turn supports an active layer of polyamide (< 100 nm)[1]. Among these three

layers, the performance of the membrane was mainly determined by a polyamide active layer [2].

However, due to its thin thickness and high surface roughness, it is not easy to obtain information on the

physicochemical properties of a polyamide active layer and accordingly, limited information has been

reported in the literature about the depth
heterogeneity [3]. Therefore, the objective of
this study is to measure the concentration of
deprotonated carboxy group (R-COOY) of a
polyamide active layer of ESPA2 RO
membrane (Nitto Denko Corp.) by probing
R-COO" with Ag'". This can actually be
performed by quantifying Ag in the sample
using X-ray photoelectron spectroscopy
(XPS) for very surface of the polyamide and
Rutherford  backscattering  spectrometry
(RBS) for average across the polyamide.

All solutions were prepared using
distilled deionized water with resistivity
greater than 18 MQ-cm (WA200, Yamato
Scientific Co., Ltd., Tokyo, Japan). All
reagents were purchased at guaranteed
reagent grade quality from Nacalai Tesque,
Inc. (Kyoto, Japan) or Wako Pure Chemical
Industries, Ltd. (Osaka, Japan) and used
without further purification. Saturation of
R-COO" with Ag" was performed according
to the procedures reported in the literature
[3]. The elemental composition of the
polyamide back surface was measured using

a K-Alpha™* XPS system (Thermo Fisher
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Fig. 1. RBS spectra obtained for (a) polysulfone support and virgin
ESPA2 membranes, and (b) Ag'-treated ESPA2 membranes at pH6.5
and pH10.1. The average and standard deviation in Gamma
distribution of active layer thickness were determined from the
nitrogen peak, oxygen peak, and the energy shift of the frontal peak for

sulfur.
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Scientific Inc., Waltham, MA), whereas @ Experimental data (XPS)
those for the polyamide entire layer were Modeling
Experimental data (RBS)
measured by RBS using 2MeV *He*" from @ Modeling
0.8

IMV Tandetron at University of Tsukuba.
RBS spectra obtained for (a) polysulfone

e
foN

support and virgin ESPA2 membranes, and
(c) Ag'-treated ESPA2 membranes at pH6.5
and pH10.1 are shown in Fig. 1. As shown

in Fig. 1, the peak intensity of Ag is higher
at pH10.1 than that at pH6.5, which means
more  fraction of R-COOH  was

e
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deprotonated at higher pH. The RBS spectra ‘
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were analyzed using the software SIMNRA
to obtain elemental compositions and other

physicochemical properties of active layers. Fig. 2. Concentrations of deprotonated carboxy group (R-COO) in

The concentrations of deprotonated carboxy the polyamide active layers of ESPA2 membrane as a function of

group (R-COO’) in the polyamide active

aqueous pH. Orange circles represent R-COO™ concentrations near the

layers of ESPA2 membrane as a function of active layer surface measured by XPS, and blue circles represent

aqueous pH was summarized in Fig. 2. The average R-COO concentrations in the active layer measured by RBS.

comparison of Ag profiles measured by Error bars indicate standard deviation of triplicate. Continuous lines

these two analytical methods revealed that represent the modeling results. The RBS spectra for samples indicated

the concentration of R-COO" at the surface by arrows are shown in Fig, 1.
is higher than the average value across
polyamide. This result can be interpreted that the concentration of R-COO" in polyamide active layer is

highest at the surface, and gradually decreases with distance from the surface.
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4.15 Relationship between the abrasion of DLC coated layer and its
hydrogen content

Y. Yoshida', S. Kunitsugu®

In the automobile industry, improvement of fuel consumption has become an urgent matter from the
viewpoint of the demand for reduction of global greenhouse gas emission. For improvement of fuel
consumption, it is necessary to improve such items as the heat efficiency of engine and drive wheels, or
the vehicle body weight. Above all, friction due to sliding between car parts occupies a large proportion of
energy loss, and therefore, reducing friction loss is one of the important items for improving fuel
consumption.

There are two approaches to reduce the friction loss of the sliding parts. One is to lower the stirring
resistance with low-viscosity car oils, and another is to improve the wear resistance of car parts by
applying coatings that reduce their friction coefficients. Actually, automobile industries have attempted to
reduce friction by the above two approaches, especially employing the diamond-like carbon (DLC)
coating. DLC is an amorphous carbon film with different fractions of sp® and sp® bonds, and is applied to
molds and mechanical parts because it has low friction and wear resistance.

DLC should wear when car parts slide with each other, however until now, there has been no detailed
report on the relationship between the wear and the hydrogen (H) concentration in DLC. Among the DLC
deposition methods, the cathodic arc (CA) deposition method can deposit DLC with the H concentration
of 5% or less. Furthermore, if a gas containing H is used as the plasma source, it is possible to control the
H concentration. In this work, we prepared DLC with different H-adding acetylene (C,H,) gases using
cathodic arc method and investigated their wear characteristics.

Hydrogen free DLC (ta-C; tetrahedral amorphous carbon) coatings were made on the steel disk by
means of CA method using single gas of argon (Ar) as a plasma source, as illustrated in Fig. 1. Next, in
order to make a hydrogenated DLC (ta-C:H; Hydrogenated tetrahedral amorphous carbon), we also used a
mixture gas of Ar / C,H, as a plasma source. The pressure in the chamber was fixed at 0.2 Pa and the

C,H, gas flow was varied as 0, 10, 60 sccm. Ggs (Ar and C,H,)

PN

U

The hydrogen concentrations in the DLC coating films were
determined by Elastic Recoil Detection Analysis (ERDA) and
Rutherford Backscattering Spectrometry (RBS), using 2.5 MeV *He*" \ _.

udl

obtained from the Tandetron accelerator at UTTAC. For friction and

wear tests, a SRV test system (SRV 1V, Optimol instruments) was used

with a reciprocating ball-on-disk configuration, shown in Fig. 2. We y
dropped car oil on the steel disk coated with DLC. A reciprocating —E)S_"l
+

frequency of 50.0 Hz and a sliding distance of 180 m were chosen for

Fig. 1. Schematic diagram of

the test condition. cathodic arc deposition system.
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Figures 3 and 4 show the ERDA spectrum of DLC and the correlation
of H concentration with C,H, flow rate, respectively. When single Ar gas was
used for arc discharge, the H concentration in DLC was 0.3 %. Even when

DLC was deposited using a mixed gas in which C,H, was added to Ar at 10

sccm, the H concentration remained at 0.3%. When the flow rate of C,H, was
increased to 60 sccm, the yield of ERDA spectrum increased remarkably and  pijg 2. Schematic diagram
in this case the H concentration was as high as 3.0%. of the SRV test system.

The friction and abrasion test was carried out for these DLC samples. Figure 5 shows optical
microscopic image of worn surface on DLC. Figure 6 shows the correlation between hydrogen
concentration and wear coefficient. The measured values of wear coefficient for the DLC samples are
6.6x10™"* and 2.8x10"" mm®/(Nxmm) for H concentration of 0.3%, while it is 5.7x10"" mm®/(Nxmm)
for H concentration of 3.0%.

In this study, the abrasion effect of H concentrations of only 3% or less was investigated. We will

further investigate the abrasion process by increasing the H concentration in DLC.
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Fig. 3. ERDA spectrum of DLC. Fig. 4. Correlation between hydrogen

content and C,H, flow rate.
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of worn surface on DLC. Fig. 6. correlation between hydrogen

content and wear coefficient.
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4.16 Measurement of hydrogen content in DLC films

T. Imai', T. Harigai', H. Takikawa®

Diamond-like carbon (DLC) films have amorphous structure composed of sp? hybridized and sp®
hybridized bonds. DLC films have been used widely for applications in industry because DLC films have
excellent properties such as high mechanical hardness and chemical inertness. DLC films can be classified
into four groups depending on the combinations between bonding nature and hydrogen contents: 1)
tetrahedral amorphous carbon (ta-C) films with dominant sp® bonds and less hydrogen, 2) amorphous
carbon (a-C) films with dominant sp? bonds and less hydrogen, 3) hydrogenated tetrahedral amorphous
carbon (ta-C:H) films, and 4) hydrogenated amorphous carbon (a-C:H) films.

Currently, the standardization on DLC films have been actively discussed, and "Carbon based films
-Classification and designation” has been proposed to the TC107 secretariat [1]. In the project proposal,
DLC films are classified by using the sp® bond fraction (sp*/[sp*+sp?]) and the hydrogen content obtained
from the NEXAFS and the RBS/ERDA measurements, respectively. However, it is difficult to introduce
these measurement methods as the DLC film analysis at the actual product due to high cost. Therefore, the
classification method based on optical constants measured by spectroscopic ellipsometry has been
proposed as a simpler and cheaper method [2]. In this experiment, the hydrogen content in DLC films
prepared using the T-shape filtered arc deposition (T-FAD) system is evaluated quantitatively for
verification of the classification by optical constants and other classification methods.

DLC films were fabricated on Si substrates by the T-FAD. Graphite was used as a cathode. The
species and the flow rate of introduction gas (hydrogen, ethylene, and acetylene) to a chamber and the
applied bias voltage to the substrate were changed systematically. The contents of hydrogen and carbon
were analyzed using elastic recoil detection analysis (ERDA) at a recoil angle of 30° and Rutherford
backscattering spectrometry (RBS) at a scattering angle of 150°, respectively. 2.5 MeV *He?" obtained
from 1MV Tandetron at UTTAC was used for RBS/ERDA.

Figure 1 shows RBS and ERDA spectra for a DLC (ta-C) film prepared without gas introduction.
Those for a DLC (a-C:H) film prepared with ethylene gas introduced at 20 sccm are shown in Fig. 2. In
both cases, similar RBS spectra are observed. On the other hand, ERDA spectra are different. ERDA
spectrum in Fig. 1 shows negligible hydrogen signals at 430-460 channels which are attributed to
hydrogen components of water molecules adsorbed on the surface. In contrast, hydrogen signals are
observed definitely in Fig. 2. The hydrogen content in the DLC film was determined using simulation
software SIMNRA. It was found that the hydrogen content increased with the flow rate increase of the
hydrocarbon gas. This is because the number of hydrogen atoms contributing to the film growth increase
with increasing the flow rate of the introduced gases. However, when the substrate bias voltage was
applied, the hydrogen content in the films decreased with the introduction of ethylene and acetylene gas,
and the hydrogen content increased with the introduction of hydrogen gas. The decrease of hydrogen
content with the introduction of ethylene and acetylene gas would be associated with the hydrogen-bond

! Toyohashi University of Technology
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Fig. 1. RBS (left) and ERDA (right) spectra of hydrogen-free DLC film formed without gas introduction.
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Fig. 2. RBS (left) and ERDA (right) spectra of hydrogenated DLC film formed by introducing 20 sccm of ethylene.

release by the bombardments of carbon ions and hydrocarbon ions in the near surface region under the
applied bias voltage. In the hydrogen gas introduction, it can be considered that hydrogen desorption by
ion bombardment effect was small because the average ion size was small in the chamber atmosphere.

On the proposed classification method, the films with the hydrogen content more than 5 at.% are
classified into hydrogenated DLC films (ta-C:H or a-C:H), and the films with the hydrogen content less
than 5 at % are classified into hydrogen-free DLC films (ta-C or a-C). From this experiment, we have
found that ta-C or a-C films can be formed by the hydrogen-gas introduction at a flow rate of less than 30
sccm, and that ta-C or a-C films are obtained by acetylene- or ethylene-gas introduction at a flow rate of
more than 30 sccm.

Finally, it is concluded that the hydrogen content of hydrogen-free DLC films and hydrogenated
DLC films prepared using a T-FAD method can be determined quantitatively by RBS/REDA measurement.
Based on these results, we will evaluate the classification method of DLC films by optical constants, and

will also propose other classification methods.
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BEAM IRRADIATION EFFECT






5.1 Tolerance evaluation on single event of COTS-GNSS receivers

M. Komatsu'

For launch of space rocket in Japan, the Global Navigation Satellite System (GNSS) receiver
currently plays an important role [1, 2]. On the other hand, to respond to the market needs of reducing
costs of space launchers, it is urgent to develop compact, lightweight, and inexpensive space GNSS
receivers. Currently, R&D dept. of JAXA aims to construct low-cost and high-accuracy GNSS positioning
system for space launchers, utilizing COTS (Commercial off-the-shelf)-GNSS receivers.

In this research, the SEE (Single Event Effect) immunity was evaluated for three different
COTS-GNSS receivers (A, B, C). Figure 1 shows an example of plots of linear energy transfer (LET) vs.
cross section of SEFI (Single Event Function Interrupt). The experiment was performed for three different
LETs, and the cross sections were calculated from the total fluence and the endurance time, from test start
to SEE detection. During this evaluation, a GNSS signal player GSS6425 was used to generate and input
GNSS signal for these receivers (Fig. 2), and they were kept functioning — i.e., 3D positioning state.

The form of single event varied depending on the device of GNSS receivers. It was confirmed that
Receiver A was particularly vulnerable to SEFI. Since SEFI occurred at a high frequency, the single event
upset (SEU) cross section is unable to evaluate accurately, but it is considered that the probability of its
occurrence is lower than that of SEFI. For Receiver B, it was found that SEFI and SEU occurred with
about the same probability. For receiver C, SEU occurred frequently, while SEFI did not. The single event
latch up (SEL) did not occur for any receiver. In the actual receiver system designing, information on the
form of SEE generated in each device determines the design policy in terms of what kind of backup /

redundant system is to be constructed.
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Fig. 1. LET vs. SEFI Cross Section of Receiver A. Fig. 2. Test configuration of GNSS Receiver A.
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5.2 Preliminary evaluation of single event testing for regular use of the
6 MV tandem accelerator at University of Tsukuba

A.Maru!, H. Shindou!, K. Suzuki'!, M. Sataka, K. Sasa

For electronic devices used in space, it is of technical importance to evaluate their radiation
tolerance. Influence of radiation on semiconductor devices is mainly categorized into either “single event
effect” or “total dose effect”. Tolerance of the electronic devices against these two effects must be
evaluated before using them in space. While the total dose test is generally performed by using gamma
rays from radioisotope sources, the single event test is performed by using energetic heavy ions which are
obtained from particle accelerators. In the latter case, several kinds of heavy ions having various energies
and enough projected ranges are needed because the electronic devices in space are exposed to many kinds
of energetic heavy ions.

Soon after the 6 MV Pelletron tandem accelerator was installed at University of Tsukuba in 2014,
UTTAC built the beam line with the 1-m diameter vacuum chamber, as shown in Fig. 1, for dedicated use
for beam irradiation experiments not only by internal, but also by external users. With such improved
experimental environment, JAXA has started preliminary evaluation to use this beam line for single event
testing. Figure 2 shows the species and energies of ions available at the UTTAC 6 MV tandem accelerator
[1], which allows selection of the heavy ions used for the single event testing. Before the testing, we
evaluated effective LET (Liner Energy Transfer) and projected ranges of heavy ions inside the
semiconductor devices by using SRIM (The Stopping and Range of Ions in Matter) code [2]. Under the
collaboration of JAXA and UTTAC, we introduced the beam scattering foil to form a uniformly
distributed ion beam and also installed the equipment characterizing the ion current distribution and ion

energy distribution for an accurate evaluation.
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Fig. 2. Species and energies of ions available at
Fig. 1. The beam irradiation system at UTTAC. UTTAC, reproduced from Ref. 1.

In the present work at UTTAC, the irradiation test for the device of simple 8k bit latch memory

circuits was performed using 42 MeV Si ions and 36 MeV O ions. The results can be compared directly
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with those for the same device, obtained previously at Takasaki Ion Accelerators for Advanced Radiation
Application (TTARA) facility. Figure 3 shows comparison of the single event upset (SEU) cross sections
as a function of linear energy transfer (LET), together with the Weibull fitting curve. This demonstrates
that the data taken at the two facilities are consistent and, accordingly, assures that reliable radiation

tolerance tests for electronic devices used in space can be extended at UTTAC.
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Fig. 3. SEU cross sections as a function of LET, determined from
the experiments at UTTAC and TIARA. Also shown is the Weibull

fitting curve.
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5.3 Effect of helium irradiation on tritium permeability of erbium oxide

W. Mao', N.Breton', H. Matsuzaki', T. Terai'

To limit tritium leakages in a breeding blanket of fusion reactor, a tritium permeation barrier can be
used. Erbium oxide was selected as a promising candidate with a low tritium permeability. Thus, the
purpose of this study is to understand the irradiation effect of helium ions, originating from fission of
lithium exposed to fusion-induced neutrons in the blanket, on the tritium permeability of erbium oxide [1].

To meet this objective, an erbium oxide of approximately 600 nm thickness was deposited on the
substrate with the same quality as blanket materials. After division into subsamples, halves were irradiated
to 1-3 displacement per atom (dpa) with 0.4 MeV *He" from the 1MV Cockcroft-Walton accelerator at
UTTAC. The irradiation conditions are chosen so as to meet mathematical models of lithium blanket, in
which the stopping and ranges of ions in matters (SRIM) was used for the irradiation damage calculation.
The samples were annealed at 773-973 K under hydrogen atmosphere (0.4 bar), as a safe substitute of
trittum exposure. Through the nuclear reaction analysis of hydrogen, we will be able to obtain the depth
profile of diffused hydrogen during the annealing period, from which information on the permeability for
different samples is obtainable. Influence of irradiation on the hydrogen permeation reduction capacities of
erbium oxide could be quantified for non-irradiated and irradiated samples, as shown in Figure 1. Future
experiments and analysis are now under way.

In conclusion, the rise of permeability due to the irradiation seems serious in blanket operation. In the
next stage, the permeation study will be required using tritium itself to assert the promising nature of

erbium oxide, together with the structural analysis of irradiated erbium oxide.
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Fig. 1. Irradiation dose dependence of normalized hydrogen concentration profile (C) for
samples annealed at 773 K for 12h. C, is the surface concentration of hydrogen.
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6.5 UTTAC seminars

2016

May 26 Measurement of 1st, 2nd and 3rd azimuthal anisotropy in Cu+Au collisions, Hiroshi Nakagomi

2017
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(University of Tsukuba)

Direct photon - hadron azimuthal correlation in 7 TeV pp collisions at LHC-ALICE experiment,

Kyoichiro Ito (University of Tsukuba)

High pT hadron measurement with SVTX in 200 GeV 3He+Au collisions at RHIC-PHENIX
experiment, Sakiko Kudo (University of Tsukuba)

Pi0 measurement with EMcal in 5.02 TeV pp collisions at LHC-ALICE experiment, Ryohei
Koyama (University of Tsukuba)

Multiplicity dependence of long-range azimuthal correlation in 510 GeV pp collisions at RHIC-
PHENIX experiment, Yusuke Fukuda (University of Tsukuba)

Performance of EMcal for pi0 measurement in 5.02 TeV Pb+Pb collisions at LHC-ALICE

experiment, Kazunari Matsunaga (University of Tsukuba)

Jet measurement with EMcal in 5.02 TeV Pb+Pb collisions at LHC-ALICE experiment, Byung
Chul Kim (University of Tsukuba)

New aspects of nuclear physics probed by reaction cross sections, Mitsunori Fukuda (Osaka
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Lecture on high energy ion microbeams, Dr. Geoffrey Grime (Senior Researcher, The Surrey lon

Beam Centre, University of Surrey, United Kingdom)
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6.6 Symposium

10.

11.

12.

13.

14.

15.

16.

The 29th Community Meeting on the Electrostatic Particle Accelerators
and Their Related Technologies
30 Jun— 1 July 2016
University Hall, University of Tsukuba

Welcome address : Akira Uedono (University of Tsukuba)

Welcome address : Kimikazu Sasa (University of Tsukuba)

Status Report of the Tandem Accelerator Facility at the University of Tsukuba (FY 2015) - Future
Prospects of lon Beam Applications on the Newly Started 6 MV Tandem Accelerator - : Kimikazu Sasa
(University of Tsukuba)

Status report of the NIES-TERRA : Toshiyuki Kobayashi (Center for Environmental Measurement and
Analysis, NIES)

Current status of MALT, The University of Tokyo : Chuichiro Nakano (The University Museum, The
University of Tokyo)

Current status of Compact AMS at UMUT (2015-16) : Hiromasa Ozaki (The University Museum, The
University of Tokyo)

Current status of the Single Stage AMS at AORI, The University of Tokyo : Takahiro Aze (Atmosphere
and Ocean Research Institute, The University of Tokyo)

Induction microtorn for semi-relativistic large cluster ions: Ken Takayama (High Energy Accelerator
Research Organization)

Present status of the tandem accelerator facility at Kyushu University-- Decommissioning of Hakozaki
facility and construction of Ito facility -- : Tetsuo Noro (Faculty of Science, Kyushu University)
Decommissioning of the 12UD Pelletron tandem accelerator : Tetsuaki Moriguchi (University of
Tsukuba)

A report of measurement of neutron emission in electrostatic accelerator facilities : Kazuyoshi
Masumoto (High Energy Accelerator Research Organization)

Present status of the tandem accelerator at the JAEA-AMS-TONO (2015) : Natsuko Fujiata (Tono
Geoscience Center, JAEA)

Present status of JAEA-Tokai tandem accelerator facility : Kenichi Kutsukake (Tandem Accelerator
Section, Department of Research Reactor and Tandem Accelerator, Nuclear Science Research Institute,
Japan Atomic Energy Agency)

Current status of the compact-AMS system at Paleo Labo Co., Ltd.(2016) : Shigeru Itoh (AMS Dating
Facility, Paleo Labo Co., Ltd.)

Progress report of NIRS electrostatic accelerator facility (PASTA & SPICE) : Masakazu Oikawa
(National Institute of Radiological Science, National Institute for Quantum and Radiological Science
and Technology)

Present Conditions of Tandem Accelerator in Kobe University 2016 : Akira Taniike (Graduate School

of Maritime Sciences, Accelerator Division of Center for Supports to Research and Education Activities,
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17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kobe University)

Present Status of Tohoku Microbeam System : Shigeo Matsuyama (Tohoku University)

Status of Tohoku University Dynamitoron Accelerator : Misako Miwa (Tohoku University)

Present status of YU-AMS 2015-2016 : Toru Moriya (Center for Accelerator Mass Spectrometry,
Yamagata Univ.)

Construction and trial operation of the lon Microbeam System on the 6 MV Tandem Accelerator at the
University of Tsukuba : Akiyoshi Yamazaki (Faculty of Pure and Applied Sciences, University of
Tsukuba)

Current status of tandem accelerator ion analyzing equipment at NIFS : Akimitsu Nishizawa
(Pesco Co. Ltd.)

Present status and application studies with AMS '“C system at Nagoya University (2016) : Toshio
Nakamura (Institute for Space-Earth Environmental Research, Nagoya University)

Progress report of tandem accelerator in NWU : Jyunya Karimata (Research Cooperation Division,
Nara Women’s University)

Status report of the accelerator facility at the Department of Nuclear Engineering, Kyoto University (FY
2015) : Yoshitaka Sasaki (Department of Nuclear Engineering, Kyoto University)

Current status of the accelerator facility at The Wakasa Wan Energy Research Center : Satoshi Hatori
(The Wakasa Wan Energy Research Center)

Development of the electric charge conversion model negative ion source : Hiroaki Yamada (The
Wakasa Wan Energy Research Center)

SFe gas recovery system that adds a Low-temperature adsorption : Tetsuya Odagiri (The Wakasa Wan
Energy Research Center)

Development of a Cg fullerene ion source using sublimation and electron-capture ionization : Koshiro
Nakamura (Tokyo Institute of Technology)

Startup Status of the 1.7MV Tandem Pelletron Accelerator at Tokyo City University : Naoto Hagura
(Atomic Energy Research Laboratory / Tokyo City University)

Present status of the Neutron exposure accelerator for biological effects : Noriyoshi Suya (National
Institutesfor Quantum and Radiological Science and Technology NIRS)

Construction of an AMS beam line at the Kyushu University tandem accelerator facility : Toshiya
Hataguchi (Faculty of Sciences, Kyushu University)

Conditioning of the 5-MV Electrostatic Accelerator in the JAEA-AMS-TONO : Akihiro. Matsubara
(PESCO CO., Ltd.)

Current status of CAMS system at NIES : Yumi Osonoi (Center for Global Environmental Research,
NIES)

Current status of electrostatic accelerators at TIARA : Yoshimi Hirano (Takasaki Advanced
Radiation Research Institute, QST)

Current Intensification of Fullerene lon Beam : Atsuya Chiba (Takasaki Advanced Radiation Research
Institute, QST)

The performance evaluation of the measurement of iodine-129 by the 6 MV Tandem
Accelerator at the University of Tsukuba-Looking forward to preparation of TSUKUBA 1-129
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37.

38.

39.

40.

standards for AMS- : Masumi Matsumura (Accelerator Mass Spectrometry Group , University of

Tsukuba)
Study of interference nuclide *S removal for *CI-AMS measurement : Seiji Hosoya (Accelerator

Mass Spectrometry Group , University of Tsukuba)
Development of rapid '*C-AMS using CO, gas ion source : Tetsuya Matsunaka (AMS Group, University

of Tsukuba)

Target thickness dependence of convoy electron yield observed in fast cluster ion bombardment on thin
foils : Yoko Shiina (University of Tsukuba)
Concluding remarks : Tetsuaki Moriguchi (University of Tsukuba)
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7.
THESES






Doctor theses

Isao Harayama

Master theses

Toaki Kakizaki

Shunya Sakai

Takahiro Tamura

Eri Noguchi

Undergraduate theses

Junichi Kikuda
Yuki Sugisawa
Kaoru Sako
Shusuke Hashimoto

Yuya Asai

Rui Inaba

Yuki Ota

Kazuki Matsuo

Daiki Kamioka

Development of an advanced ERDA and PIXE system for analyses of
functional films

Free volume evaluation of epoxy resin for CFRP by positron annihilation
method

Construction of light irradiation system by positron annihilation method and
characterization of GaN by light irradiation

Development of dual MCP coincidence system in high-resolution ERDA for
sensitive hydrogen analysis

Observation of oxygen vacancies and Ti interstitials on the surface of
Rutile-TiO2(110) by high-resolution RBS

Observation of He** channeling for Pd(110) by RBS
Development of strip-SSD for high-sensitivity ERDA

Free volume evaluation of resin for CFRP by positron annihilation
Defect evaluation of ion implanted Ge by positron annihilation

Development of Time Dependent Doppler Spreading Measurement System
and Defect Evaluation of GaN on Si

Temporal variation of anthropogenic '*I in the Japan Sea using a coral
core sample

Quantitative determination of **CI from soil near the Fukushima Daiichi
Nuclear Power Plant with the use of AMS

Characterization of radioactive particles derived from the Fukushima Daiichi
Nuclear Power Plant accident

Developments of time-of-flight detector using secondary electrons from thin
foil
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8.
LIST OF PERSONNEL






Tandem Accelerator Complex

A. Uedono Director, Professor
K. Sasa Associate Professor
D. Sekiba Lecturer

T. Moriguchi Assistant Professor
H. Oshima Electrical Engineer
Y. Tajima Mechanical Engineer
S. Ishii Mechanical Engineer
T. Takahashi Electrical Engineer
Y. Yamato Electrical Engineer
M. Sataka Research Fellow

M. Matsumura
M. Ohyama

S. Kuramochi
M. Satoh

I. Takada

Research Supporter

Administrative Staff (2016.4.1-2016.6.30)
Administrative Staff (2016.7.1-2017.3.31)
Administrative Staff

Administrative Staff

Research Members!

Division of Physics

A. Ozawa T. Matsunaka T. Moriguchi K. Sasa
S. Suzuki H. Shen

Division of Applied Physics

E. Kita D. Sekiba S. Sharmin S. Tomita
A. Uedono H. Yanagihara

Division of Geoscience

M. Kurosawa

Division of Chemistry

K. Sueki

A. Sakaguchi

Division of Information and Systems

T. Kameda

! The “research members” include the authors and coauthors within 5 years back from this fiscal year, as well as the
members of research projects running at UTTAC.
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Staff of Open Advanced Facilities Initiative

H. Kudo H. Naramoto M. Sataka

K. Awazu (National Institute of Advanced Industrial Science and Technology [AIST])
S. Aoki (Comprehensive Research Organization for Science and Society [CROSS])

Staff of Joint Research Projects with Other Organizations
A. Yamazaki (Cross-ministerial Strategic Innovation Promotion Program [SIP])
Y. Watahiki (Nanotech Career-up Alliance [CuPAL])

Graduate students
Graduate School of Pure and Applied Sciences

Graduate School of Life and Environmental Sciences

M. Ahmed F. Arai S. Fukuoka I. Harayama
Y. Shiina S. Kimura M. Mukai M. Honda

Y. Liu R. Patel H. Latiff Y. Hisamatsu
M. Matsumoto E. Noguchi S. Nomoto T. Tamura

R. Tomita T. Tainosho M. Amano S. Hosoya

T. Kakizaki S. Sakai N. Yamamoto N. Kuroo

T. Eguchi Y. Hosoi H. Onoda K. Tsujita
Undergraduates

D. Kamioka K. Sako K.Nakayama S. Hashimoto
J. Kikuda R. Inaba Y. Ota K. Hattori

K. Matsuo Y. Sugisawa K. Oya A. Nagata

A. Yasuda H. Watanabe

Scientific Guests and Fellows

Y. Tosaki National Institute of Advanced Industrial Science and Technology (AIST)
H. Matsumura High Energy Accelerator Research Organization (KEK)

N. Kinoshita SHIMIZU Corporation

K. Hirata National Institute of Advanced Industrial Science and Technology (AIST)
T. Omori The University of Tokyo

R. Katayama The University of Tokyo

K. Ozeki Ibaraki University

2 Also, a staff of Open Advanced Facilities Initiative
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