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PREFACE

This annual report covers researches carried out at University of Tsukuba Tandem
Accelerator Complex (UTTAC) during the fiscal year 2020 (1 April 2020 ~ 31 March
2021). The topics include not only accelerator-based researches using the 6MV Pelletron
and IMV Tandetron accelerators, but also radioisotope-based researches employing
positron annihilation spectroscopy and Mdssbauer spectroscopy. Notably, the activity in
research and education in FY2020 was seriously influenced by COVID-19. To our regret,
we had no visitors of high school students in FY2020. We hope such undesired situation
will be resolved sooner or later.

September 1, 2021
Editorial board

Graduate students performing experiments using the 6MV tandem accelerator.

Experimenters at UTTAC are obliged to wear masks until COVID-19 is gone.
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1.
ACCELERATOR AND RELATED FACILITIES

Control area of the UTTAC 6 MV tandem accelerator






1.1 Accelerator operation FY2020

K. Sasa, S. Ishii, Y. Tajima, T. Takahashi, Y. Yamato, M. Matsumura, T. Moriguchi

The University of Tsukuba, Tandem Accelerator Complex (UTTAC) is promoting the maintenance and
operation of a combined tandem accelerator facility consisting of the 6MV Pelletron tandem accelerator and
the 1MV Tandetron accelerator for cooperative researches both inside and outside the University. The
accelerator operations were suspended from April 16th to May 17th, 2020, in response to the state of
emergency for the COVID-19 infection. UTTAC has undertaken a variety of countermeasures to prevent
the spread of COVID-19. However, some outside users refrained from accelerator experiments in fiscal
2020. The operating time of the 6MV Pelletron tandem accelerator decreased by about 28% compared to
fiscal 2019 [1].

We renewed one monitoring post for neutrons in June, 2020. In addition, a chiller for cooling water was
replaced by a new one in August, 2020. We had a periodic inspection for the radiation facility in the
Radiation Hazard Prevention Act once 5 years in December, 2020. The terminal potential stabilizer (TPS)
for the 6MV Pelletron tandem accelerator was broken in March, 2021. We repaired an electronic circuit in
the TPS before FY2021 started.

1 MV Tandetron accelerator

The 1MV Tandetron accelerator has 2 negative ion sources and 4 beamlines. The operating time and the
experimental beam time of the 1 MV Tandetron accelerator were 491.5 and 191.9 hours, respectively, during
the total service time in fiscal 2020. The total number of operation days was 51. A total of 26 research
programs was carried out and a total of 117 researchers used the 1 MV Tandetron accelerator. Figures 1 and
2 show classification of the accelerated ions and of the experimental purposes, respectively. This accelerator

was maximally used for the biomedical research which occupied 41% of the beam time.
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Fig. 1. Accelerated ions by the 1MV Tandetron Fig. 2. Purpose of use of the 1MV Tandetron

accelerator in fiscal 2020. accelerator in fiscal 2020.



6 MV Pelletron tandem accelerator

The 6MV Pelletron tandem accelerator has 5 negative ion sources and 12 beamlines. The operating time

and the experimental beam time of the 6 MV Pelletron tandem accelerator were 1054.5 and 811.4 hours,

respectively, during the total service time in fiscal 2020. The total number of operation days was 100. A total

of 44 research programs was carried out and a total of 295 researchers used the 6MV Pelletron tandem

accelerator. Figure 3 shows the beam time histogram with respect to the terminal voltage. Figures 4 and 5

show classification of the accelerated ions and of the experimental purposes, respectively. The operating
time at terminal voltages of 5 and 6 MV accounted for 84% of all the beam time. A deuteron beam was
accelerated by the 6MV Pelletron tandem accelerator for the first time. This accelerator was used most often

for AMS which occupied 49.3% of the beam time.
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Fig. 3. Beam time histogram as a function of the terminal voltage for the 6MV

Pelletron tandem accelerator in fiscal 2020.
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1.2 Current distribution measurement of accelerated ions from the 6MV
tandem accelerator

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

Acceleration tests of ion beams obtained from the 6MV tandem accelerator at UTTAC have been
continued [1-4]. The experimental data of the highest energies of available ions is indispensable for radiation
resistance tests of semiconductors used in space. While only weak beams are needed in the radiation
resistance tests, the beam intensity is also important for ion beam modification of materials or micro-beam
analysis of environmental samples.

In this fiscal year, Sc ion was newly tested, while Cl and Ti data were updated. We have measured beam
currents of the accelerated ions as a function of the ion charge at an acceleration voltage of 1, 3, and 6 MV.
Figure 1 shows the beam current distributions of Sc ion as a function of the ion charge at the maximum
terminal voltage of 6 MV. Argon gas and a carbon foil were used as the strippers at the 6 MV terminal. The
gas pressure was about 5 uPa, and the thickness of the carbon foil was about 5 pug/cm?® The ion current

distribution for the foil stripper shifts to higher charge state by about 3 than for the gas stripper.
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Fig. 1. Beam current distribution of Sc ions at the terminal voltage of 6 MV. Gas and
foil strippers were used in the high voltage terminal.

We have tested negative molecular ion injection towards the high voltage terminal. In this year Sc and
Ti were tested. For injection of molecular ions, the accelerated ion energy cannot be determined only by the
terminal voltage and the ion charge after acceleration. The maximum acceleration energies obtained in this
test using the foil stripper are 76.4 and 77.9 MeV for Sc and Ti ions, respectively.

Table 1 shows the beam current distributions of Sc and Ti ions, together with N, Al, Ca, Mo and W ions

investigated previously. Table 2 shows the ion charges and maximum energies obtained for injection of



negative atomic ion at the terminal voltage of 6 MV, which have been accumulated from 2016 to 2020.

Table 1. Beam current distributions for molecular ion injection at the terminal voltage of 6
MYV, which have been accumulated since 2016. The measured beam intensity is shown by the

symbols: o: > 1nA, A: <InA. The data shown in red were obtained using the foil stripper.
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Table 2. Summary of the acceleration tests from 2016 to 2020 for negative atomic ion injection at the
terminal voltage of 6 MV. The measured beam intensities are shown by the symbols: 0: > InA, A: <InA.
The data shown in red were obtained using the foil stripper.
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1.3 Measurement of air dose rate with proton and deuteron beams
T. Moriguchi, M. Matsumura, K. Sasa, S. Ishii, T. Takahashi, Y. Yamato

In accelerator facilities, it is necessary to manage the air dose rate during beam irradiation. In partic-
ular, care must be taken for accelerating proton or deuteron by the 6 MV Pelletron tandem accelerator at
UTTAC because air dose rates during their irradiation are much higher than those of other ion species.
The reason is that the maximum beam energy per nucleon is realized for proton, while the binding energy
of deuteron is small compared with that of other nuclei. From the point of the radiation safety, we have
measured air dose rates during acceleration of proton and deuteron since last FY. The details of measure-
ment are described in Ref. [1]. As shown in Fig. 1, air dose rates were measured by three pairs of area
monitors for gamma-ray (DAM-102, Hitachi Ltd.) and neutron (DAM-251, Hitachi Ltd.). Tantalum (Ta)
and carbon (C) were used as beam stoppers. Carbon stopper C1 shown in Fig. 1 is located inside the

shielding wall at 425 mm from the wall surface in the vertical line room.
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Fig. 1. Layout of the 6 MV Pelletron tandem accelerator facility. Solid arrows indicate the positions
of beam stoppers: tantalum (Tal, Ta2, and Ta3) and carbon (C1 and C2). Dashed arrows indicate the
positions of three pairs of area monitors for gamma-ray and neutron (Monitor-1, Monitor-2, and Monitor-
3).




Figure 2 shows the measured air dose rates as a function of beam energy during irradiation of the beam
stoppers with proton and deuteron beams, together with the last FY’s results. Note that the beam current is
approximately 300 nA for proton and 30 nA for deuteron which are equal to one-tenth of the certificated
limitation. As shown in Fig. 2 (b), air dose rates of both gamma-ray and neutron for the tantalum stopper
are lower than those for the carbon stopper except for that of neutron during proton irradiation at 10 and
12 MeV. This result suggests that carbon is an effective stopper for proton beam to reduce air dose rate of
neutron. When the 12 MeV proton beam impinges on the carbon stopper inside the shielding wall (C1),
the air dose rates measured by Monitor-2 are several uSv/h for both gamma-ray and neutron. For carbon
stopper during deuteron irradiation, the dip around 10 MeV is seen in both gamma-ray and neutron, but
the reason for this is not clear at the moment. We will continue to measure the air dose rate and improve

the management system for radiation safety at UTTAC.
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Fig. 2. Air dose rates of gamma-ray (upper panels) and neutron (lower panels) measured by (a) Monitor-1,
(b) Monitor-2, and (c) Monitor-3. These results were obtained by the nearest area monitor to the irradiated
stopper. Blue and red symbols represent the results for proton (H) of approximately 300 nA and deuteron
(D) of approximately 30 nA, respectively. Circles and crosses represent the results for tantalum (Tal, Ta2,
and Ta3) and carbon (C2) stoppers, respectively. Note that backgrounds were already subtracted.
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2.
NUCLEAR AND ATOMIC PHYSICS

Setup for measurements of nuclear magnetic moment






2.1 Measurement of the sign of nuclear moment for unstable nucleus *P by
using rotating magnetic field

A. Ozawa, K. Tomita, T. Moriguchi, Y. Yamato, N. Kaname, M. Hayashi, A. Yano

We developed rotating magnetic field system to determine the sign of nuclear magnetic moments (U’s)
for unstable nuclei [1]. In FY2020, we have succeeded in determining the sign of u for P (I"=1/2"). Up to
now, although the absolute value of U for the nucleus is determined (|u|=1.2349(3)), the sign of | is unknown
[2]. In this report, we briefly present the result.

Our rotating magnetic field system is shown in Fig. 1 in Ref. [3]. In the present work, instead of the phase
shifter, variable cable delay was applied. The direction of rotating magnetic field is defined by the direction
of the static magnetic field (Ho) as shown in Ref. [1]. If NMR asymmetry disappears by applying right-
circularly RF field, the sign of W is positive [3]. In the present work, the polarized P was produced by using
a 12 MeV polarized proton beam and a 0.5 mm thick Si target (p-High) [4, 5]. We applied Hy=1.647 kG. In
this case, Larmor frequency of p for *P is about 3.1 MHz, corresponding to about 320 ns revolution time.
In the rotating magnetic field system, we fixed the
two RF fields to 3.10+0.05 MHz. and measured the - . . . ' . .
NMR asymmetry by changing the cable delay. 3| . i
Observed cable delay dependence of the NMR ° e * °
asymmetry is shown in Fig. 1. Experimental NMR

asymmetry disappears at around 50 ns delay. In the
offline measurement, by using pick-up coils, we

confirmed that when 80 ns delay is applied, right-

Asymmetry (%)

circularly RF field is produced. Although there is i 1
slight difference of the delay between online and Or ]

offline results, the present results show that the I °

sign of p for #°P is positive. The positive sign is -1 L . L L | . !
0 20 40 60 80 100 120

Cable delay (ns)

consistent with prediction by the Schmidt value
(U=+2.7926 n.m.) for the nucleus (odd Z, /=0).

In further studies, we will apply the present Fig. 1. Observed cable delay dependence of NMR

asymmetry. Grey region shows the NMR asymmetry

tem to determination of the sign of p for th
system 1o determination ot the sign of ptorthe o, © ¢ RF field.

nuclei, for which only absolute values are known.
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2.2 Astudy of p + ""Sireaction by the 6 MV tandem accelerator

A. Yano, A. Ozawa, T. Moriguchi, Y. Yamato, K. Tomita, N. Kaname, M. Hayashi

It is important to measure nuclear magnetic moments (W) since they reflect the nuclear shell structure.
In particular, if 1 in the pair of mirror nuclei are measured, we can calculate their expectation values of
angular momentums. Our group has been measuring [ of *°P, which is self-mirror nucleus (N=Z), by using
the nuclear magnetic resonance method observing B-ray emission asymmetry (B-NMR). In this FY, to
optimize experimental conditions of B-NMR, we measured the energy and target dependences of yield and
B-NMR effect for ’P. Since the proton number of *’P is the same as that of *°P, hyperfine interaction of *’P
with target is equal to that of *°P.

Experimental setup is similar to that of

the previous B-NMR measurement [1]. In 100000 | EE‘, £
order to confirm the production of *P, we 3530;;
irradiated a 0.5 mm thick wafer of Si with a E

12 MeV polarized proton beam. Figure 1 =

shows the typical time spectrum of counted %

B-ray. Solid lines indicate fitting results 8 10000 |

taking into account the life times of *°P, *°P,

and *’Al. These results imply that the

production of ’P is confirmed in this study.

150 200

Time [s]

100
By integrating the spectra for the nuclei, we
deduced the yields of the nuclei. Fig. 1. Typical time spectrum of the observed pB-ray.
The beam energy dependences of yields

for 2P and *°P via p + ""'Si reaction are

shown in Fig. 2. The yield of B-ray in Fig. 2

100000 °

is normalized by the beam current. The yield

of P increases as the beam energy increases 10000 |1 .

from 6 to 12 MeV. This result suggests that
12 MeV polarized proton is suitable for the [B-

1000 |
NMR measurements for *°P.
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° 29p

shown
of
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Fig. 2. Yields of ?°P and *°P as a function of polarized

proton energy.



NMR effect.

To make a suitable choice of Si-containing
target, B-NMR effect measurements of P were
performed with Si, SiO; and SiC. These
materials contain ""Si and are crystalline
structures. Considering a difference in
symmetry of crystal structure, we prepared two
kinds of SiO; crystals. One has a Z-cut surface
which is expressed as (0 0 0 1) in Miller index,
meaning that its surface is perpendicular to Z
axis of the crystal structure. Another has an X-
cut (2 —1 —1 0) surface perpendicular to X axis.
We observed large B-NMR effect of ?’P only for
Si. In this viewpoint, using a Si target is

appropriate for B-NMR measurements of *°P.

Asymmetry [%]
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Fig. 3. Measured asymmetry of 2P B-NMR as a

function of the beam energy.

It is reported that B-NMR effect with a Si target is influenced by the electric field gradient in the lattice

of Si crystal [2]. We need to consider this effect in future experiments.

References

[1]7A. Ozawa et al., UTTAC Annual Report 2017, UTTAC-87 (2018) 7.
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2.3 Production of high intensity spin polarized O for materials science
applications

M. Mihara', Y. Otani', Y. Kimura', M. Fukuda', K. Matsuta', H. Ishiyama?, T. Moriguchi, K. Tomita,
A. Yano, A. Ozawa

Solid oxide fuel cells (SOFC) are attracting much attention as clean energy systems with potential to
generate a large amount of energy [1]. The 'O (I = 5/2) nuclear magnetic resonance (NMR) is an important
method for investigating the oxygen ion conductivity in SOFC materials [2]. However, the natural
abundance of the '’O isotope is only 0.038%, which becomes a bottleneck of '’O NMR studies, because
expensive samples enriched with '’O are required to detect NMR signals. In this situation, a short-lived
unstable nucleus YO (71, = 26.9 s, I = 5/2) is one of the alternative oxygen NMR probes to the stable '"O
nucleus. The B-ray detected NMR (B-NMR) technique using short-lived radioisotopes has been applied to
various materials science studies. The B-NMR of YO in the SOFC materials does not require enriched
samples, which will significantly reduce the cost and process of preparing samples. Previously, spin
polarization of '?O in the low energy nuclear reaction '*O (d, p) '°O has been studied [3] and then, the nuclear
magnetic dipole («) and electric quadrupole (Q) moments have been precisely determined [4]. In the present
study, we have tried to produce spin polarized '?O via the inverse kinematics reaction d ('*0, '?O) p, in order
to utilize 'O as an oxygen NMR probe nucleus for the study of SOFC materials.

The experiment was performed at the A7 course of the UTTAC facility. The experimental setup is shown
in Fig. 1. A 30-MeV '®0* beam provided by the 6-MV tandem accelerator impinged on a deuterium
absorbed Ti (TiD; ; x ~ 1) foil with a thickness of 1 um. The O nuclei were produced through the d ('*0,
°0) p reaction and implanted into a catcher sample CaO or TiO,. The emerging angle of '°O was selected
to be about 5° where the maximum spin polarization of about 3% is expected from the previous study on
the %0 (d, p) 'O reaction [3]. The sample within a cylindrical vacuum chamber was placed inside a Halbach
array permanent magnet (SuperMagnetMan HB0080) which generates a magnetic field B ~ 0.5 T. The

Halbach magnet has a doughnut
RF coil

shape with the outer and inner

diameters of 84 mmand 40 mm, -~ T Tl

respectively, and the thickness of
25 mm. The spot size of the
collimated 'O ions was about Plastic scintillating fiber

4x10 mm? at the sample position
B=05T

where the field inhomogeneity

. Halbach array
)
became a few %. A radio permanent magnet

frequency (rf) coil was also set ) )
) ) Fig. 1. Experimental setup.
in the vacuum chamber to induce

! Department of Physics, Osaka University
2 RIKEN Nishina Center for Accelerator-Based Science
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NMR. Two sets of B-ray counter telescopes were
placed between the chamber and the inner space of
the magnet. Each telescope consists of two layers of
a plastic scintillation fiber (Kuraray SCSF78-
1.00mm-D) array, which was optically connected to
a 16 ch multi pixel photon counter (MPPC) array
(Hamamatsu C13368-3050EA-16) through optical
fiber.

Figure 2 shows a typical B-ray time spectrum
after irradiation of the '*O*" beam with an intensity
of 400 nA. The spectrum is well explained by the
halflife of O with Ti» = 26.9 s [5]. The p-NMR

TOO e

100 £ " 5

Coutnts

0 50 100 150 200 250
t(s)
Fig. 2. B-ray time spectrum from a catcher material
after irradiation of a 30-MeV 30 beam on a TiD,
target.

measurement was performed by applying an rf field with the frequencies at around 2.4 MHz, the Larmor

frequency at B = 0.52 T which is the calibrated value at the center of the magnet. However, no significant

resonance was observed. Although the reason is not clear, the following two points should be considered.

One is the misalignment of the sample along the beam axis, which might have caused mismatch of the NMR

condition. The other is the capture of unpolarized electron(s) in the target, which reduces nuclear spin

polarization during flight due to the hyperfine interaction. We are planning further measurements after

improvement of the setup by adding a guiding field and a tilted foil stack to maintain and enhance ""O

nuclear polarization.
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24 Performance test of low-pressure MWDC with 1/3-cell staggered
layers

S. Y. Matsumoto' 2, A. Sakaue?, K. ItahashiZ, T. Moriguchi, T. NishiZ, R. Sekiyalvz, R. Tsujil, T. Uesaka?
K. Yako?, J. Zenihiro'

In December 2020, we conducted a performance test of a new low-pressure multi-wire drift chamber
(MWDC) using proton beams to evaluate tracking resolution, efficiency and the stability under a high-rate
beam condition.

The MWDC has been developed mainly for two experiments at RIBF, RIKEN, search for double
Gamow-Teller giant resonance (DGTGR) via (IZC, 2Be (O}L)) reaction [1] and systematic high-precision
spectroscopy of pionic atoms (piAF) via (d , 3He) reaction [2]. In these experiments, the MWDC (i) should
have high position resolution with good tracking efficiency for the precise spectroscopy, and (ii) should
work under high rate background condition (an order of MHz triton in the DGTGR experiment and proton
in the piAF experiment).

For these purposes, we developed new MWDCs with two features, namely low gas-pressure oper-
ation in the vacuum and novel plane configuration. The former feature is important in terms of sup-
pression of the multiple scattering of the incident particles in the detector materials [3] and the latter
contributes to achieve homogeneity of the spectral resolution by the 1/3-cell staggered three-layer struc-
tures (XX’ X(0°), UU’U”(430°), VV’V”(—=30°)). A typical MWDC is known to exhibit a non-negligible
inhomogeneity in the spectra originating from an analytic bias in the proximity of wires [4, 5]. For each
set of layers in the new MWDCs, we use two of the three layers by neglecting the one where the trajectory

is closest to a wire.

Va-cuum Plastic
Window MWDC  Scintillator
Kapton

10 mmt
125 pumt

21 1 1
182 134 120 134 95

Fig. 1. Detector setup on the A7 beam line in UTTAC.

We performed the test experiment in 2.0 days at the A7 course in UTTAC, by using primary proton

beams of 12 MeV/u. The beam was detected and identified by a plastic scintillator at the downstream of

I Department of Physics, Kyoto University
2RIKEN
3Center for Nuclear Study, University of Tokyo
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the MWDCs as shown in Fig. 1. MWDC was operated with pure isobutane gas at 10 — 30 kPa.

The stability test of the MWDCs was conducted with around 10 kHz proton beams. This condition is
comparable with the expected background in terms of the space charge effect. Under this severe condition,
we verified that the detection efficiency does not change by more than a few percent.

From the above results, we found that the new MWDCs show satisfactory performance for our exper-

iments.
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2.5 Measurement of convoy electron yield for atomic ions
S. Tomita, R. Suganuma, G. Kawasaki, S. Hatada

The main mechanism of radiation effects by fast charged particles is the energy transfer through the
ionization of target materials, which leads to temperature increase along the trajectory of the incident
particles. There is also a radiation effect through the chemical reaction caused by radicals which are
produced by ionization of target materials and also by thermalized electrons. The radicals could play an
essential role in the radiation effect, especially on a biological target, since Boudaiffa et al. [1] reported
experimental results that show the resonant formation of the DNA strand break below 20 eV. Therefore, the
energy distribution of low-energy scattered electrons could be crucial to understand the biological radiation
effects. In the target material, such scattered electrons interact with the projectile ion [2-4]. Thus the energy
distribution of scattered electrons is affected by the projectile ions. Such an effect would be most significant
for the convoy electrons that are a part of secondary electrons emitted towards zero degrees with the same
velocity as the projectile ions. To investigate the interactions of electrons with projectiles inside the target
material, we plan to measure convoy electron yield for various ion beams. For this purpose, we have
developed a zero-degree electron spectroscopy apparatus at a beamline of 1 MV Tandetron accelerator at
UTTAC.

The schematic diagram of the experimental setup is shown in Fig. 1. An electrostatic energy analyzer
located downstream of the thin target foil determines the kinetic energy of the electrons emitted towards
zero degrees. Since the trajectories of analyzed electrons are affected by geomagnetism, we have built tri-
axial square Helmholtz coils to generate a uniform magnetic field. A typical energy spectrum of secondary
electrons is shown in Fig. 2. The apparent peak of convoy electron is observed at 160 eV which is equal to
the kinetic energy of electron with the same velocity as the projectile ion of 0.29 MeV H'. In Fig. 3, the
electron yield at the peak position is shown in a two-dimensional plot as a function of the electric current
on the square Helmholtz coil in the X (horizontal) and y (vertical) directions. The magnetic field at the
maximum value of the convoy electron yields corresponds to the spatial position where geomagnetism is
eliminated with the tri-axial square Helmholtz coil. We plan to measure convoy electron yields with this

apparatus for various ion beams, including cluster ion beams.

Energy analyzer
(4E/E=3.3%)

Target
>

e
/ e Faraday cup
el v /.,

ﬂi‘ </ - e ]

Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. Typical energy spectrum of convoy electrons from thin carbon foil of 4.9
ug/cm? for an incident beam of 0.29 MeV H'.
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Fig. 3. The 2-dimensional plot of the yield of convoy electrons as a function of
electric currents of horizontal (/ ) and vertical (/ . ) magnet coils.
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3.1 Performance report of the Tsukuba 6 MV multi-nuclide AMS system in
fiscal 2020

K. Sasa, T. Takahashi, M. Matsumura

The Tsukuba 6 MV multi-nuclide AMS system was operated for a total of 39 days and 400.4 hours in

fiscal 2020. We measured 406 samples in total dealing with rare radionuclides such as *°Cl and '*I shown
in Table 1. Figure 1 shows monthly-measured rare nuclides from April 2020 to March 2021.
Table 1. Number of measured *°C1 and '’I samples in fiscal 2020.
Item Reagent & blank Standard samples | Unknown samples Total
samples
Cl-36 9 7 13 29
1-129 71 53 253 377
Sub total 80 60 266 406
90
80
uCl-36 m=I-129
70
g 60
2
& 50
o
e 40
2 g h
20 g g
10 8 §
0
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Change in month

Fig. 1. Monthly-measured nuclides by the multi-nuclide AMS system from April 2020 to March 2021.

3CI-AMS

In fiscal 2020, *°ClI analysis was applied for tracing cosmic ray events remaining in the ice-core. The
DF2 ice-core samples were obtained from the DF station (77°19°S, 39°42’E, 3810 m above sea level) at
Antarctica in 2007 [1]. The depth of interest was 239.5-242.0 m, corresponding to an age of 5494 BCE (+11
y/—15 y) to 5407 BCE (+11 y/—18 y) for the 5480 BCE cosmic ray event [2]. The ice-core was cut into 2.5-
cm lengths. The average weight of each sample was 27 g. We merged five chlorine-fraction samples in order
to resolve the **Cl analysis to 4-5 years, and spiked 2 mg of Cl carrier (NaCl supplied by Fisher Scientific,
USA) for each sample. The chlorine fraction (cation-exchange eluate) was converted to AgCl for **Cl
analysis. After the sulfur reduction, the dried AgCl was pressed into a copper cathode with an AgBr backing

prepared under acid-aged conditions [3]. We measured *°C1/C1 background and ice-core samples with a total
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of 13 unknown samples under a beam condition of **CI*" with 54.0 MeV (using a carbon foil stripper). The
background ratios of *°C1/Cl ~ 3 x 10~ were achieved with AgCl blank samples for **Cl AMS. The average
concentration of ice-core samples was (0.97 + 1.4) x 10* (atoms/g). As the result, there is no increase of *°Cl

concentrations in peak amplitude around the age of 5460 BCE.

1291_AMS
The negative iodine ions (I") were extracted from an Agl sample and accelerated to 5 MeV in the first
stage of the tandem accelerator and exchanged to the positive ions (I°*) in an Ar gas cell for '*I-AMS. After
further acceleration to 30 MeV, '*I°* was separated by high-resolution electric and magnetic analyzers
before detection of the ion with a gas ionization detector. We used S-Purdue (294-0597) and S-Purdue?2
(Z94-0596) reference materials (‘*’1/'?' ratios of 8.38 x 1072 and 6.54 x 107'") [4] as standards for
normalization at UTTAC. The background ratios as low as '"*I/"*' ~ 2 x 10~'* were achieved constantly
with Agl chemical blank samples in fiscal 2020.
1] was mainly measured at the AMS system in order to investigate the radioactive contamination in
surface soils, water samples, and dissolved matters in river at Fukushima, and to trace the oceanic circulation

with a total of 377 samples in fiscal 2020.
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3.2  Measurements of '*I in the Cooling Pond, Chernobyl
K. Nishizuka, A. Sakaguchi, V. Kanivetz', K. Sasa, T. Takahashi, M. Matsumura, S. Yamasaki, K. Sueki

An estimated amount of radionuclides in excess of 2000 TBq was accumulated in the Cooling Pond
(CP) of the Chernobyl Nuclear Power Plant as a result of the nuclear accident [1]. The source of water for
this pond is the Pripyat River, which runs just east of the CP and is geographically lower than the CP. Even
after the reactors were closed, the water level in the pond was maintained by continuous pumping of water
from the river so as to prevent environmental releases/dispersion of radionuclides due to the lowering of the
water level in the cooling pond. However, the water level of the pond has been decreasing since 2014 as a
result of the cessation of pumping caused by the deterioration of the political situation and of the
warming/drying of the climate. In this study, we focused on the measurement of '*’I amount in the pond,
which has not yet been evaluated. We also studied methods to accurately and precisely measure the total
iodine concentrations in environmental water samples.

Water samples were collected in 2018-2020 at the sites

N, NW, W, SW and S in the CP at some depths (Fig. 1). The PQ 2'2 e N

collected water and pore water samples from the sediments .*
were filtered through a 0.45 um pore size filter, and a few 5=
grams of each sample was sub-sampled for ion
chromatography to determine the levels of dissolved major TN ne
cations and anions. Dissolved '*’Cs was quantified with a Ge
semiconductor detector, and *°Sr was chemically separated
and its progeny *°Y was quantified with a liquid scintillation

counter. For the measurement of inorganic '*I,

target
samples were prepared as Agl precipitates after purification PO 113
of the iodine using an appropriate amount of sample water.
The '?1/'*'I atom ratios in the samples were measured by the
AMS system at UTTAC, and the '*’I concentrations were
measured by ICP-MS (Agilent 8800) using 'Re as an 2 km g
internal standard. As a preliminary experiment for the Fig. 1. Sampling locations
determination of ‘total iodine’ in natural water samples,
including inorganic iodine and organic iodine, we determined recovery rates of I', 103 and organic-I (y-
globulin) in trap-solutions obtained from the pyrohydrolysis method. In these experiments, a standard 105
solution was prepared from the I~ standard solution, using radioactive iodine '*°I as a tracer.

The '°1/'*'I ratios were obtained in the range of (1-5) X 10~". These values are two orders of magnitude
higher than that of general environmental water (10~°). The depth distribution of '*I concentration in the

water column became higher at deeper layers of the pond (Fig. 2). In fact, '*’I concentrations in the pore

! Ukrainian Hydrometeorological Institute
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water of the bottom sediments were one order of magnitude higher than those in the pond water, indicating
that radioactive iodine may be being supplied to the pond water from the sediments.

The pyrohydrolysis method was applied to three iodine species, i.e., I7, IO37, and organic-I, to investigate
a suitable method for total iodine determination, and their recoveries were 87.2+7.0, 82.8+4 and 135+14.3%,
respectively. Considering the composition of iodine species in environmental water, the recoveries and
variations obtained in this study are unacceptable. Further studies are needed to find an appropriate method
for bulk iodine measurements. We must also synthesize the organic iodine using '*I as a tracer since there
is no organic iodine standard that satisfies the accuracy of iodine concentration measurements by ICP-MS,

whereby it is possible to confirm the recovery rates of organic iodine in water samples.

1291 [x1019 atoms/L]
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=
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9

Fig. 2. Depth profile of '?°I (atoms/L) at point N

Reference
[1] TAEA-TECDOC-1886, IAEA Vienna (2019) P28.
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3.3 Surface distribution of iodine-129 in the Okhotsk Sea

T. Matsunaka', S. Nagao', M. Inoue', Y. Taniuchi?, H. Kasai?, T. Takahashi, M. Matsumura, K. Sueki,
K. Sasa

The investigation of water dynamics change in the East Asian marginal seas such as the Sea of Japan
and Okhotsk Sea caused by the recent global warming is essential for forecasting the response of ocean
circulation with climate change. Anthropogenic '*’I (T, = 15.7 million years) produced from the thermal
neutron fission, is dominated by release from nuclear fuel reprocessing plants in the Europe and supplied at
the Okhotsk Sea via atmospheric deposition and surface runoff. To illuminate the availability of '*°I as a
tracer of surface circulation in the Okhotsk Sea, we investigated the horizontal distribution of '*°I in 2018.

The dissolved '*I in surface water in the Okhotsk Sea varied from 15.0+0.7 to 26.6+0.8 nBq L', and
was negatively correlated with water temperature (Fig. 1B, R* = 0.67) and salinity (Fig. 1C, R* = 0.68). This
water temperature and salinity-dependent distributions revealed that the dissolved '*I in the area was
controlled by mixing of water mass from the Okhotsk Sea surface seawater with cold and lower salinity and
the Soya warm current from the Sea of Japan with warm and higher salinity. '*°I is considered to be a tracer

for the front of the Okhotsk Sea surface water.
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Fig. 1. Surface distribution of '?°I in the southern Okhotsk Sea in 2018 (A). The correlations between
1291 activities in surface seawater and water temperature (B) and salinity (C). The linear regression lines
and coefficients of determination (R?) are shown in the correlation diagrams.

! Kanazawa University
2 Japan Fisheries Research and Education Agency

20



34 The Performance of Iodine-129 AMS measurements at the University of
Tsukuba (FY 2020)

M. Matsumura, K. Sasa, T. Takahashi, A. Sakaguchi, T. Matsunaka', K. Sueki

Continuing from 2017, we have reported that the performance of '’ measurement by accelerator mass
spectrometry (AMS) for the development of the standard reference materials (STD) of '%°I in the near future.
Details of the '*I AMS measurements are described in the references [1-3].

From April 2020 to March 2021, we measured 257 samples of '?°I, the details of which are shown in
Fig. 1. The test samples were chosen from natural environment such as sea, rain, river water, and soil. Figure
2 shows the measured values of carrier-reagent blanks. The machine background is estimated to be on the
order of 107" in the '%°I/'?"] ratio, which is sufficiently lower than the background level of the ratio of 2 x
107!* for ”Old Iodine” provided from Deep Water company, USA. However, sometimes, the measured
129]/127] values in blanks ranged over ten times higher than 2 x 1074, One of the causes for this might be the
memory effect. The rise in blank values in 2018 and 2019 is most likely caused by this memory effect,

however, the memory effect has been prevented by measurement schemes since 2020.

—_ @
Blank g 100 - e
19% X R
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=
2
=1
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0 T T T T 1
0 20 40 60 80 100
Fig. 1. Details of measured '*1 Run Number (2016/4-2021/3)
by the AMS system in fiscal 2020. Fig. 2. 12°I/'"] ratios in blanks.

In FY 2020, we have measured the certified materials. The results of measurement for Standard
Reference Material 3230, Level I and Level 1I, provided from the National Institute of Standards and
Technology (NIST, USA) are shown in Fig. 3. They were normalized by using Purdue-2 STD (Z94-0596)
with an '21/'?'] ratio of 6.54 x 107! [4] (the value was revised in 2014 [5]), which was provided by the
Purdue Rare Isotope Measurement Laboratory (PRIME Lab) at Purdue University, USA. The nominal
1291/127] ratios are (4.920 + 0.062) x 107'% and (0.985 + 0.012) x 1072, for NIST 3230- Level I and Level II,
respectively. The two samples after sputter-cleaning for 1 or 5 min. were measured in each run. The measured
values of Level I are 10% lower than the nominal one. The resulting ratio and standard deviation (1o) of the
precision are (4.361 £ 0.058) x 107° (1.3%) and (0.909 £ 0.065) x 107'% (7.1%), respectively.

This work was supported in part by JSPS KAKENHI Grant Number 20H01173.

! Kanazawa University
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NIST 3230 I((4.920+0.062)x101%) normalized by Purdue2(65.40)
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Fig. 3. Measured '*°I/'?'] ratios of NIST 3230-STD. The error bars attached to

measured points represent counting statistics.
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3.5  Assessing of iodine-129 in the chemical sample preparation rooms for

AMS

M. Matsumura, K. Sasa, T. Takahashi, A. Sakaguchi, T. Matsunaka', K. Sueki

The workspace used to prepare samples for accelerator mass spectrometry (AMS) tends to become

gradually contaminated through the chemical treatment of samples with high '®I concentrations. Such

contamination may lead to overestimated '*°I in AMS analyses. Thus, we have continued assessing of

129I

in the chemical sample preparation rooms for AMS. From 2013 to 2014, environmental '*I from atmosphere

was continuously monitored in the sample preparation rooms in the buildings of UTTAC and CRiED (the

Center for Research in Isotopes and Environmental
Dynamics, University of Tsukuba) [1, 2].

From 2017 to 2021, we measured I from
atmosphere annually in the rooms C108, C209, and
C304 at UTTAC, and also in the Non-RI, RI, and ICP-
MS rooms at CRiED. The experimental procedure was
similar to the previous case [1, 2], except that we used a
different carrier reagent ”Old lodine” provided from
Deep Water company, USA, with an '*I/'?'I ratio of 2 x
107", As seen in Fig. 1, the stable (‘*’I) contamination
rates of less than 1 [ng (nanogram) cm™ day™'] from the
atmosphere are rather constant in all the rooms, except
for the ICP-MS room during November-December
2019. Furthermore, the '*°I contamination rates strongly
depend on the sample-preparation history of the rooms.
The levels of '*'I and '*’I contamination rates and the
1291/127] ratio are almost the same as or less than the
previous values except for the C209-room in March
2019 [1, 2].

This work was supported inpart by JSPS
KAKENHI Grant Numbers 20H01173.

References

[1] M. Matsumura et al., UTTAC Annual Report 2014,
UTTAC-84 (2015) 20.

[2] M. Matsumura et al., Anal. Sci. 36 (2020) 631.
DOI: 10.2116/analsci.20SBNO0S5

1 . .
Kanazawa University

23

I (atoms cm™ day'l)

129

I (ng cm™ day'l)

127

I ratio in the iodine trap solution

129y 127
I

;
10 g T T T T 3
. i ICP-MS room
_______________ o
10” FBack ° & E
F ground 8 .RIL.room.]
I - & 1
5
10 g . 5
C C304%., w-~~  Non-RI roomf
4 ™
10 E T Eocoood-----aC108
3 ——8C209
10° I | | | |
1 F
RI room
@ o,
10k closs. 2
C304 02333 2277
C209 g
1072
10_55 T | | | 3
F ICP-IE‘/IS room 3
)i o, - ]
107 S o 3
FBack ® B o $RI roomy
Laround. /'V\\\\ ) .z Non:-RI
1079 Lesoa, FOOML - 3
FY 2098 A ) ]
4 clos TR ]
107 3 \:i’/’"_:’ 3
10—9- | | |
2017 2019 2019 2021
4/3-4/25 3/11-4/1 11/20-12/11 1/5-1/26
Sampling period

Fig. 1. Variation of the measured '*I and '

contamination rates and '*°I/'%’I ratio from
atmosphere.



3.6  Depth profiles of '*I in soil derived from the Fukushima Dai-ichi Nuclear
Power Plant

Y. Gao, A. Sakaguchi, K. Sasa, M. Matsumura, T. Takahashi, H. Yokoyama, Y. Ota, K. Sueki

A large amount of anthropogenic '*I (T = 1.57x107 year) was released into the environment due to
the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) disaster in March 2011. The anthropogenic '*I of
relatively single source and a short mixing time is one of the useful radioisotopes for the environmental
assessment around nuclear fuel reprocessing plants. Therefore, it is important to investigate the depth
distribution of radioactive '*’I in the environment near the FDNPP area.

In the '*1I studies related to the FDNPP accident, the workers have reported '*’I depth profiles at upland
field, empty lot, and ground level in Fukushima [1]. However, their observations of change in the depth
distribution have been limited to one sampling point for less than a year [2]. A long-term change of the '*’I
distribution at a fixed point in the surrounding area of FDNPP remains unclear. In the present study, we
investigate such relatively long-term migration behavior of '*1I.

To estimate the mobility of trace long-lived radionuclide '*I in soil originating from the FDNPP accident,
it is necessary to compare the depth profiles for different years. We have collected 30-cm-long soil cores at
Namie-machi, Fukushima on June 12, 2013, and September 10, 2017 [3]. Before use for AMS, it was
vacuum-freeze-dried and grinded using a mortar and pestle [3].

For the homogenized soil of 0.5 g, iodine was extracted by pyrohydrolysis with 0.5 g V205 [4]. Iodine
thus obtained was purified by solvent extraction and then it was precipitated as Agl. The isotope ratio '*°1/'%'1
was measured by the AMS system at UTTAC. The '*’I concentration in the trap solvent obtained by
pyrohydrolysis was measured with the inductively coupled plasma-mass spectrometer (ICP-MS, Agilent
8800). The deposition amounts of '°I in the soil cores were calculated using '*'I concentration obtained from
ICP-MS and '*°I/**'] ratio obtained from AMS.

Figure 1 shows the depth profiles of '*’I deposition amount in soil cores collected from Namie-machi,
Fukushima on June 12, 2013, and September 10, 2017. In 2017. The deposition amount of the 0-9 cm
(corresponding to 0 to ~70 kgm™ mass depth) soil cores decreases sharply with increasing depth, while the
deposition amount of 9-30 cm does not depend on depth. These characteristics are basically consistent with
the results of soil core measurement in 2013. However, the accumulation at 0-30 cm is generally lower than
that of 2013 soil core.

The background level for the deposition amount of 2013 soil cores at a depth of 9-30 cm is about 4.95
x10~ mBq m™, while that for 2017 soil cores at a depth of 9-30 c¢m is about 2.31x10™* mBq m?, as are
shown by the vertical lines in Fig. 1. Even considering this difference in the background, the deposition
amount of '*I in the 0—~30 cm surface soil shows an overall decreasing trend after 4 years. The different
backgrounds may be due to the distance of tens of meters between the locations where the samples were
collected.

Fig. 2 shows the fractions of the cumulative inventory above a certain depth to the total inventory as
plotted for '*I of 2013 and 2017 soil cores. In 2013, 82.9% of the FDNPP-derived '’I was present with the
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top 22.7 kg m™, 98.2% of the FDNPP-derived '*’I was present with the top 49.5 kg m™. In 2017, 82.1% of
the FDNPP-derived '*’I was present with the top 27.05 kg m™, 98.3% of the FDNPP-derived '*I was present
with the top 49.6 kg m™. This indicates that the FDNPP-derived radioiodine remains in the same penetration
depth between 2013 and 2017.

Deposition amounts (mBq m2)
1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00

O T T T TTTT70 ]; T TWTTTI0 T T T TTTTI00 T T ||||||]° T T TTTITIT
_ sot . > 2013soil
£ e
g 100 ° 2017soil
< i °
a |
150 » 2013background
© o
= 2
200 » ¢ 2017background
250

Fig. 1. Mass depth distributions of *’I deposition amount in soil cores collected from Namie-machi,
Fukushima on June 12, 2013, and September 10, 2017. Estimated background values are shown by the
vertical dotted lines.
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Fig. 2. The fractions of the cumulative inventory for the FDNPP %I after subtracting the '*°I background.

References

[1] M. Honda et al., Applied Geochem. 85 (2017) 169.

[2] M. Honda et al., J. Environ. Radioact. 146 (2015) 35.

[3]Y. Ota et al., UTTAC Annual Report 2018, UTTAC-88 (2019) 21.
[4] Y. Muramatsu et al., Quat. Geochronol. 3 (2008) 291.

25



4.
ION-BEAM APPLICATIONS

4

RF ion source providing a He micro-beam






4.1 In-operand lithium depth profiling by use of NRA
Y. Sugisawa, S. Kobayashil, N. Kishi, R. Shimizu"?%, T. Hitosugil, D. Sekiba

All-solid-state Li-ion batteries are expected as those in the next generation, which can be applied to
various industrial products. Several solid electrolytes with high performance have been reported [1].
However, they still have some problems to be solved for practical applications [2]. In-situ observation of
Li-ion migration during the battery operation is required to solve such problems. Nuclear reaction analysis
(NRA) using 'Li(p, o)*He is one of the direct methods for quantitative depth profiling of lithium and/or Li-
ion in solid materials [3, 4]. This technique can also reduce the radiation damage of samples due to the lower
energy deposition of a beam of protons than that of relatively heavier ions used for elastic recoil detection
analysis (ERDA). These features of NRA are suitable for operand Li depth profiling over the whole battery
stack in a single measurement. In our present study, we observed a test stack similar to the practical one
under the charging and discharging conditions. We confirmed that our NRA system can visualize the
transportation of Li in the sample. Furthermore, we determined  (a) - surface normal
the upper limit of the beam current, which does not induce h
dielectric breakdown of the solid electrolyte. et

NRA and Rutherford backscattering spectrometry (RBS)

were performed using 1 MV Tandetron at UTTAC. In the

experiment, a 1.5 MeV "H" ion beam was incident on the sample emitted o particles e
and backscattered H ions

at an angle of 0, = 40° with respect to the surface normal, as shown

(b) i
{ (A) toward FC

in Fig. 1(a). The emitted o particles and backscattered H ions [f

were detected by a solid-state detector at an angle of 6. = 150°.

The beam size of 1 x 1 mm? was shaped with a slit system. Figure

1(b) shows the schematic of the sample. The sample consists of a /

stacked layer of Li (1 um)/LisPO4 (1 m)/Au (100 nm) deposited 4™ { || Li (negative electrode)
. . . L Li,PO, (electrolyte)

on a SizN4 substrate of 100 nm thickness. The incident beam  particles | Au (collector)

and H ions e
enters the backside of the sample to observe the Au/LizPO4 (solid e Si;N,sub

electrolyte) interface with a better depth resolution. Since Fig. 1. Schematics of (a) the experi-
dielectric breakdown of the electrolyte occurred for the beam Mmental arrangement and (b) the sample.

current greater than 50 nA, we maintained the beam current less than 30 nA during the measurements. In
this study, three measurements were performed: after charging, discharging, and recharging in the sample
by changing the potential of the Au layer relative to the Li layer. We applied the potential voltage of +5 V
for charging and to +0.1 V for discharging. The voltage was held during each measurement. It is expected
that some fraction of Li is transported from the Li (negative electrode) layer to the Au layer in the discharging
process, and reverse transportation occurs in the charging process. In addition, we note that an unexpected

formation of Au-Li alloy in the Au layer is observed in the discharging process.
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Figure 2 shows the energy spectra of RBS and NRA. Because of the high energy (~8 MeV) of the o
particles emitted in the 'Li(p, or)*He reaction, we can observe both the RBS and NRA spectra separately.
The spectra obtained under the charging with +5 V (1), discharging with +0.1 V, and recharging with +5 V
(2) conditions are shown by the blue, red, and green lines, respectively. The inset of Fig. 2 shows the NRA
spectra which consist of three energy ranges corresponding to the Li, LisPO4, and Au layers, as indicated by
the broken lines. Comparison of the NRA spectra obtained at +5 V (1) and +0.1 V signifies the Li
transportation from the Li layer to the Au layer. Subsequently, the Li concentrations in the Li layer and Au-
Li layer are not fully recovered even under the condition at +5 V (2) for the recharging process. This result
implies that significant amounts of Li ions diffuse into the Au layer and remain stable, thereby forming the
Au-Li alloy.

In the RBS spectra, the assignment of each feature or contour to each element is given in Fig. 2. The
spectra essentially unchanged during the charging/discharging process, except that the Au peak became
wider and lower after discharging. This change also supports the stable formation of Au-Li alloy, as
mentioned above. The amounts of charge transfer through the sample during discharging and recharging
was 28.8 and —17.3 mC, respectively. This reduction of charge transfer agrees with the result of NRA and
RBS qualitatively. The difference might be interpreted in terms of the remaining Li ion in the Au layer.

In conclusion, we confirmed that the NRA system allows measurements under operation of the all-solid-
states Li-ion battery and visualize the Li transportation during the charging/discharging process. In near
future, we investigate the cross-section of "Li(p, o)*He reaction in detail by ourselves. Then we will make

quantitative discussion on the results obtained in the present work.
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Fig. 2. RBS and NRA spectra measured for the Li/LizPO4/Au stack fabricated on a thin SizN4 substrate.
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4.2 Scanning microbeam PIXE analysis of silica glass particles released from
the FDNPP

K. Sueki, T. Nakamura, S. Ishii, K. Sasa, S. Tomita, M. Sataka, H. Naramoto, H. Kudo

Due to the Fukushima Daiichi Nuclear Power Station (FDNPS) accident in March 2011, a large amount
of radioactive substances was released into the environment. Among the released substances, there are
particles of smaller than 1 mm diameter, called radioactive particles. It is known that radioactive particles
are glassy, insoluble in water, and contain radioactive cesium as a radiation source [1]. Radioactive particles
are roughly classified into two types, Type A and Type B, according to their size and the '**Cs/"*’Cs activity
ratios before nuclear decay, i.e., the corrected ratios back to March 11, 2011 [1]. Type A particles derived
from Units 2 or 3 of FDNPS are spherical with a diameter of about 1-10 um, having very high specific
activity and the **Cs/"*’Cs activity ratios of about 1.0—1.1. On the other hand, Type B particles derived from
Unit 1 are of an amorphous shape with a diameter of 10 pm—1 mm, having the '**Cs/"*’Cs activity ratios of
about 0.93 and specific activity smaller than that of Type A particles. In previous studies, Cs L-X rays can
be observed in Type A particles by scanning electron microscope (SEM/EDS) analysis equipped with an
energy dispersive X-ray analyzer, and distribution information of Cs in the particles has been obtained. On
the other hand, Type B particles do not contain Cs with a sufficient concentration observable by SEM/EDS
analysis, hence detailed distribution information in the particles is hard to obtain.

PIXE is useful to measure heavy elements that cannot be observed by SEM/EDS. In a previous work,
heavy elements (Zn, Sr, Zr, Ba and Pb) in radioactive particles were observed by PIXE using 1MV Tandetron
[2]. In the present study, in order to obtain information on the element distribution in Type B particles we
have applied particle induced X-ray emission method (PIXE) using the microbeam course of the 6 MV
tandem accelerator at the University of Tsukuba.

The samples were irradiated with a 4 MeV proton beam focused to a size of 3—4 pm square, and the
generated characteristic X-rays were measured by a cadmium telluride (CdTe) detector. The CdTe detector
allowed to measure KX-rays of the elements of interest due to the relatively high detection efficiency of X-
rays from 5 keV up to 100 keV, and to obtain information on the element distribution in the radioactive
particles. The standard glass (NIST SRM1412a) was irradiated with a 4 MeV proton microbeam focused to
a size of 4 um square, and the generated characteristic X-rays were used for the energy calibration and the
sensitivity evaluation. The X-ray sensitivity was sufficient for Zn (3.10 wt%) and Sr (3.42 wt%), but was
almost at the detection limit for Ba (0.102 wt%).

Figure 1 shows the results of PEXE spectra for the two radioactive particles (particles T47 and R008)
actually released in the FDNPS accident. In the spectra, we see Sr, Zr, Ba K-X rays and Pb L-X rays that
could not be detected by SEM / EDS analysis. However, it is found that the target Cs spectrum is below the
detection limit in terms of the detection efficiency of the CdTe detector. Figures 2 and 3 show elemental
mapping for particle T47 in the area of 400 um square and for particle RO08 in the area of 250 um square,
respectively. Elemental mapping of Sr and Pb could be obtained for both particles, while for Ba the S/N

ratio was too low to obtain elemental mapping. It is found from the mapping that the heavy elements of Sr
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and Pb are relatively uniformly distributed in the particles.
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Fig. 1. PIXE spectra of radioactive particles.

Fig. 3. PIXE images of particle R00S.
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4.3 Depth resolution of transmission ERDA with 8 MeV He for observation of
H in solids

H. Kudo, H. Naramoto, M. Sataka, S. Ishii, K. Sasa, S. Tomita

Refinement of elastic recoil detection analysis with transmission layout (T-ERDA) is required to obtain
detailed knowledge about the state or behavior of hydrogen in matter [1]. For this purpose, depth resolution
of hydrogen analysis by T-ERDA has been studied by an experimental approach extended from the
previously reported work [2]. As a result, we have identified the main factor determining the depth resolution
of T-ERDA [3, 4].

In the present experiments, Al foils and PPS [polyphenylene sulfide (C¢H4S)n] films were stacked and
used for test samples. The thicknesses of the Al foils are 5, 10, 15, 20, 50, 65, 70, 75 and 80 um, and the
PPS thickness is 1.354+0.05 um, which is thin enough to use as an H marker. The sample names and structures
are summarized in Table 1. The experimental setup and procedure are similar to the previous case [1]. A Si
surface-barrier particle detector for energy analysis of H was set on the ion-beam axis and a sample was
placed in front of the detector. The target-detector distance was 14 mm. The angular range of acceptance of
the detector, being expressed as 0 to ¢m polar angle with respect to the beam axis, was adjusted by attaching
a circular aperture in front of the detector. In the present experiments, we have chosen ¢m = 4.1° for narrow
and 11.1° for wide tacceptance conditions, respectively. These are typical conditions chosen to obtain

sufficient count rate of recoil H for a wide range of H concentration.

Table 1. Names and structures of samples for T-ERDA

Sample name Structure

S-1 PPS on AI(50 um)

S-2 AI(10 um) on PPS on AlI(50 um)
S-3 Al(20 um) on PPS on Al(50 um)
S-4 PPS on AI(80 um)

S-5 Al(5 um) on PPS on Al(75 um)
S-6 Al(10 um) on PPS on AI(70 um)
S-7 AI(15 um) on PPS on Al(65 um)

Figure 1 shows energy spectra of H measured under the narrow acceptance conditions (¢pm= 4.1°) for S-
1 to S-3 samples. For convenience of analysis, the yields have been scaled to have the same peak height as
of S-1. We see sharp peaks originating from H in the PPS film. The three peaks are slightly asymmetric,
which can be recognized by the larger number of plots (equally spaced with respect to H energy) on the left
side than on the right side, indicating the existence of low-energy tails. The peak energies can be accounted
for with the depth scales indicated in Fig. 1. For the three cases, however, we see slight shift of the peak
energy to the low-energy side from the scale. Such peak shift arises from the finite thickness of the PPS film.
Since for both the incident He and recoil H, the ratio of PPS to Al stopping power is 0.64, the effective
thickness of PPS measured on the Al depth scale is 1.35 x 0:64 = 0:86 um. Accordingly, we may expect the
peak shift equal to the half thickness of 0.43 um and thereby the observed peak shifts can be explained. In
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Fig. 2, the dashed curve shows the calculated spectrum by TRIM code for 0-degree recoil of H starting from
the surface of 50-um thick Al. The peak energy of 4.31 MeV by TRIM coincides with the origin of the depth
scale. About 60% of the experimental FWHM value of 0.130 MeV corresponds to the TRIM value of 0.081
MeV which is due to energy straggling.

Figure 2 shows energy spectra of H measured under wide acceptance conditions (¢, =11.1°) for S-4 to
S-7 samples, in which H yields are shown for the same number of incident He. Low-energy tails are more
discernible than those in Fig. 1. We also see low-energy shift of the H peak from the depth scale, which is
due to the PPS thickness. In Fig. 2, the dashed curve shows the calculated spectrum by TRIM for 0-degree
recoil of H starting from the surface of 80-um thick Al. Again, the peak energy of 3.77 MeV by TRIM

coincides with the origin of the depth scale.
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Fig. 1. T-ERDA spectra of H measured for S-1 to S-3  Fig. 2. T-ERDA spectra of H measured for S-4 to S-7
samples with the narrow acceptance of ¢m = 4.1°.  samples with the wide acceptance of ¢m = 11.1°. The
The calculated spectrum using TRIM for 0-degree  calculated spectrum using TRIM for 0-degree recoil
recoil is also shown for comparison of the peak widths.  is also shown for comparison of the peak widths.

From the analysis of the experimental data, we have found that the main degrading factor for the depth
resolution is the energy straggling of H in Al for narrow acceptance conditions of the detector. As the
acceptance angle of the detector increases, the low-energy side of recoil H spectrum extends to form a tail,
while the sharp high-energy side remains unchanged. It follows that the depth resolution is degraded by the
enhanced FWHM value of the deformed triangular spectrum as a result of the extended low-energy side.
However, the spectrum shape having a long tail cannot be fully characterized only by its FWHM value. The
contrast of 3D image like those reported previously [1] might be more suitably understood with the
sharpness of high-energy edge of the image rather than with the FWHM value. Thus, the depth resolution

should be properly defined, depending on the observed image of interest.
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5.1 Behaviors of vacancies in Mg-implanted GaN during ultra-high-pressure
annealing studied by a monoenergetic positron beam

A. Uedono, H. Sakurai'?, T. Narita’, K. Sierakowski*, M. Bockowski'*, J. Suda!, S. Ishibashi’, S. F.
Chichibu'®, T. Kach!

The GaN-based vertical power devices require embedded p-type regions to suppress the electric field
spreading near the edges of junctions, which is effective for obtaining high breakdown voltages [1]. Ion
implantation is a common technique for selective p-type doping, but it is well known that the removal of
implantation induced defects is difficult compared with that for Si or SiC [2]. In the present study, we used
a monoenergetic positron beam to study the annealing behaviors of vacancy-type defects in Mg-implanted
GaN with ultra-high-pressure annealing (UHPA) process [3].

Mg" ions were implanted into the samples to obtain 300-nm-deep box profiles with Mg concentrations
[Mg] of 1x10" ¢cm™ at room temperature. The energies of Mg" ions were 30, 70, 150, and 300 keV, and the
corresponding dosages were 2x10", 5x10", 1x10', and 3x10" cm™, respectively. The samples were
annealed at temperatures between 1000°C and 1480°C (5 min) under a N pressure of 1 GPa using a high-

nitrogen-pressure solution system.

Figure 1 shows the values of S parameter of Mg- 052?)?%”55"}’33”5?” deptf of posiirons (nm)
implanted GaN before and after UHPA as a function of Mg-implanted GaN + UHPA

incident positron energy E. For the unimplanted sample,
the S value at £>20 keV is close to S for defect-free GaN.

For the as-implanted sample and ones annealed at 1000—

S parameter

1200°C, the S values are larger than S for defect-free
GaN, which can be attributed to the trapping of positrons

by vacancy-type defects.

Positron energy (keV)

The solid curves in Fig. 1 are fits to the experimental

data. In the fitting, the region sampled by positrons was Fig. 1.5 parameter as function of incident

positron energy for Mg-implanted GaN before

divided into three or four blocks. Derived depth and after UHPA.

distributions of S are shown in Fig. 2. Figure 3(a) and (b)
shows the depth distributions of Mg and H measured by SIMS, respectively.

The incorporation of H can be attributed to unintentional moisture in the UHPA chamber. No difference
in the Mg distributions for the as-implanted sample and the samples annealed at 1000—-1200°C is observed.
After annealing at 1300°C, Mg starts to diffuse toward the inside of the samples. The Mg distribution for
the sample annealed at 1400°C is identical to that for the sample annealed at 1480°C.
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Fig. 3. Depth distributions of Mg and H for Mg-
implanted GaN measured by SIMS.

In Fig. 2, for the as-implanted sample and the sample annealed at 1100°C, the position of the first and
second blocks with a high S value (£ 500 nm) agrees with the box profile of Mg. This can be attributed to
the high [Mg] in this region and a resultant high total deposited energy of Mg that was used to substitute
atoms. A damaged region was introduced up to the depth of 900-1300 nm, and this region is deeper than
the block profile of Mg. This is due to the introduction of defects by Mg implanted below 300 nm and the
high sensitivity of positrons to vacancy-type defects. The incorporation of H is observed after annealing at
1000°C, where the H concentration is high in the region corresponding to the Mg box profile (< 300 nm),
and it rapidly decreases below 300 nm. The observed box profile of H is unlikely explainable assuming the
diffusion model with a constant source at the surface. Thus, the major cause of the box-shape H distribution
could be attributed to the trapping at vacancy-type defects. After 1100°C annealing, H atoms start to diffuse
toward the bulk, and as a result, the H concentration in the subsurface region decreases. A further decrease
in the H concentration is observed in the subsurface region after annealing at 1200°C. For this sample, the
H concentration in the region between 500 nm and 900 nm remains high, and this region reasonably agrees
with the second block (400—1100 nm) in the depth distribution of S. This can be attributed to the trapping
of H by vacancy-type defects in the deep defect rich region and to a resultant suppression of the out-diffusion
of H toward the surface. Above 1400°C annealing, both the depth distribution and the concentration of Mg
almost coincide with those of H, respectively. In this temperature range, because of the decrease in the
vacancy concentration (Fig. 2), the number of Mg atoms at the Ga sites increases, and as a result, the

interaction between Mgg. and H is likely to enhance the incorporation of H in the sample.
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5.2 Versatile sample cooling system for Mossbauer spectroscopy using a
closed-cycle refrigerator

E. Kita, S. Ishii, Y. Tajima, T. Takahashi, Y. Yamato, T. Uchida, H. Yanagihara

Temperature dependence of Mossbauer spectra generally gives us important and useful information on
physical and magnetic properties of materials. In particular, for magnetic properties, magnetic transition
temperature is essential physical quantity related to magnetic interaction. Additionally, Mdssbauer
spectroscopy (MS) is sensitive not only to a ferromagnetic order but also to an antiferromagnetic order. For
low temperature measurements, we have used a bath-type cryostat, for which fixed temperature
measurements at liquid nitrogen and helium are easily carried out, however, it is rather difficult to obtain an
arbitrary temperature lower than ambient temperature. Closed-cycle refrigerators have been widely used for
the measurement apparatuses due to the convenient utility and handling. Usual closed-cycle refrigerators
generate considerable vibration resulting from mechanical motions during its operation. MS is a sensitive
measurement to such vibration because its frequency is close to the energy modulation frequency. Anti-
vibration refrigerators have been developed and some of them are commercially available. We used a
refrigerator equipped by Iwatani Cryogenics and built up the sample cooling system.

The refrigerator includes a He condensation chamber cooled by a two-stage cooling system. A sample
stage is attached outside of the He condensation chamber which is mechanically isolated from the cold head
to avoid the direct transfer of vibration of cold head, as seen in Fig. 1. The sample stage is made of oxygen-

free high purity copper and is finally Au-plated as seen in Fig. 2.
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Fig. 1. Illustration of the sample stage with a Pb sample Fig. 2. Photo of the sample stage (Au
holder, two thermal shields and an outer vacuum jacket. plated).

To avoid heat transfer from the outside into the sample, two radiation shields were prepared. The first
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shield made of a Cu cylinder was set close to the sample and is depicted in Fig. 1 by the blue broken line.
The 2nd one was set between the 1st shield and the outer vacuum jacket of the refrigerator. Windows for
both thermal shields were covered with an Fe-free high purity Al foil with 20 um in thickness. These
radiation shields are essentially important to achieve low temperature. The lowest temperature of 2.49 K has
been obtained.

Influence of vibrations caused by motions of a cold head, a compressor and an evacuation pump for a
vacuum space was examined by measuring an o-Fe foil. The line width slightly increased by the operation
of the cryostat system from 0.26 to 0.29 mm/s (FWHM). The sample temperature was controlled by a
temperature controller, Lakeshore 335. To control remotely, a LabVIEW driver was used. An example of

temperature curve during cooling is seen in Fig. 3.
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5.3 Mossbauer study of frozen magnetic fluid, Resovist
E. Kita, R. Onodera', M. Kishimoto, H. Yanagihara

Magnetic nanoparticles (MNPs) have been developed for novel applications in addition to their
conventional applications. Recently, bio-medical application has been widely spread for such as a medical
field of therapy and diagnostics, including MNP hyperthermia, drug delivery and contrast agencies for
magnetic resonance imaging (MRI). The contrast agency for MRI has already been in practical use and
commercially available. For these bio-medical applications, MNPs must be infused into human body,
therefore MNPs are usually used in a form of magnetic fluid in which MNPs are stably suspended in solvent.
Magnetic property of magnetic fluid is well described by superparamagnetism due to a time dependent
magnetization behavior against an external magnetic field, so called as relaxation phenomena. Major
relaxation mechanisms in the magnetic fluid are categorized in two mechanisms; one is Brown mechanism
originated by the motion of magnetic particles in liquid and the other is Néel mechanism in which thermal
relaxation of magnetization in a small particle is responsible. Total magnetic relaxation characterized by
relaxation time of 1T is composed of these two mechanisms whose characteristic times are g and 1, i.e.,

1 1 1

T T8 TN

To understand the role of two mechanisms, separation of 1 and 1 is essential and usually immobilized
nanoperticles have been measured to determine magnetic relaxation time, t~. MOssbauer spectroscopy (MS)
has a measuring time as fast as 10~ s and information on relaxation can be obtained with changing the
sample temperature. For this purpose, we cooled down the MS sample to immobilize NPs instead of adding
agar into the solvent. A commercially available magnetic fluid (Resovist, product of Fujifilm RI Pharma)
was used for MS measurements, which was composed of a water-based suspension of carboxydextran-
coated superparamagnetic iron oxide NPs.

Figure 1 shows the dimension of a liquid sample container for an MS measurement and Fig. 2 shows a

15

25

19

Fig. 1. Illustration of a sample container for
liquid samples. Fig. 2. Photograph of the sample container and the

sample of Resovist.

"National Institute of Technology, Ibaraki College
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photograph of the container made of an Al plate with a thickness of 3mm. Magnetic fluid was sealed with

PET thin plates from both sides using an adhesive (Scotch Premier Gold Super Multi-Purpose Glue 2, 3M)

and the sample is seen in Fig. 2.

The sample was cooled down with a
closed-cycle refrigerator and the lowest
temperature was 2.5 K [1]. Mdssbauer spectra
were recorded below the freezing point of the
solvent, around 273 K.

Figure 3 shows Maossbauer spectra at
different temperatures. At the lowest
temperature of 2.5 K, the spectrum was fitted
with Mdssbauer parameters of maghemite (y-
Fe;0;) and the parameters are listed in Table
1. A flat base line is observed between each
absorption peak suggesting that magnetic
ordering without an influence of magnetic
relaxation is realized. On the other hand, the
spectra recorded above 100 K are influenced
by the magnetic relaxation; the outer peak
positions are not much moved, however, the
line widths are significantly broadened.
Additionally, a peak around the center grows
with elevating temperature. These features are
understandable by the magnetic relaxation at
Fe atom. Blume-Tjon two state magnetic
relaxation model [2] has been commonly used
to analyze MS with relaxation and we
performed fitting by using a commercially
available fitting program of MossWinn4.0.
The fitting taking into account of relaxation
rate on the spectrum recorded at 200 K

resulted in two relaxation components with

relaxation times of 5.7x107° s and 1.2x107" s.
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Fig. 3. Mossbauer spectra of Resovist recorded at
temperatures between 2.5 K and 250 K.
Table 1. Mdssbauer parameters from fitting of the
spectrum recorded at 2.5K.
Site Hhf (kOe) | IS* (mm//s) | Area ratio (%)
A 509.7 0.535 44.8
B 530.0 0.492 55.2

*IS : with respect to a-Fe at RT

These ranges of relaxation times will be useful to understand superparamagnetism of NPs together with

other magnetic measurements reflecting their relaxation phenomena.
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54 Mossbauer study of Co and Mn substituted ferrite fine particles
D. Hirose, M. Kishimoto, E. Kita, H. Yanagihara

Acicular ferrite fine particles (FPs) have been developed as magnetic pigments for data storages such
as magnetic recording tapes and floppy disks [1]. Additionally, the usage of fine/nano-particles has been
extended to various purposes, such as bio-medical fields. For these, control of magnetic properties like
saturation magnetization and anisotropy energy is still important as well as the control of size and shape of
particles. Many studies have been carried out for this purpose and the effects of additional/substitutional
3d elements to ferrites on the basic magnetic properties have been well investigated. We have studied
Mn and Co substitution to acicular Fe3O4 FPs to find a new root to produce Mn and Co ferrites FPs.
Maossbauer spectroscopy was performed to understand a magnetic state of Fe atoms.

Acicular Fe;0,4 FPs with a coercive force of 370 Oe and a saturation magnetization of 78 emu/g were
used as a starting material. The starting material was dissolved in a solution of water and polyethylene
glycol including substitution elements (M) ions of Co>* and Mn?* ions. The mixture was treated through
a hydrothermal method by using an autoclave. The precipitates were washed out with water and samples
were obtained by drying them at 60 °C. Nominal concentrations of substitution elements of Co and Mn
were Co : Fe =60 : 40 and Mn : Fe =59 : 41, respectively. The dimension of products slightly increased
from that of the starting material, 190 nm in length and 24 nm in diameter, through the reaction.

Mossabauer spectra were recorded with a constant acceleration mode in a velocity range of 412 mm/s.

Table 1. Summary of M substituted Fe304, (M)Fe3O4, FP samples and Mdssbauer measurements.

Sample Element (M) Concentration (M:Fe) Sample ID Ts Measurement ID

(Co)Fe304 Co 60 : 40 GIHS RT E117
2.6 K D259
(Mn)Fe304 Mn 59:41 F1CIH1 RT E118
26K D257

Table 2. Fitting parameters for Co and Mn substituted acicular ferrite fine particles.

Sample Ts(K)  Sub-spectrum IS (mm/s) QS (mm/s) LW (mm/s) Hpe(T) Area (%)

Magnetic 1 0.373 - 0.387 50.9 24.7

RT Magnetic 2 0.302 - 0.435 49.3 49.5

(Co)Fe304 Magnetic3  0.532 - 0.929 45.6 25.8
Magnetic 1~ 0.497 - 0.476 53.6 45.0

2.6 Magnetic2  0.393 - 0.442 51.2 45.7

Magnetic3  0.843 —0.224 1.195 47.2 9.3

Magnetic1  0.311 - 0.355 50.1 19.2

RT Magnetic 2 0.286 - 0.420 48.9 38.3

(Mn)Fe304 Magnetic 3*  0.582 - (0.8) 45.5% 42.5
Magnetic 1~ 0.493 —0.023 0.482 52.6 45.7

2.6 Magnetic 2 0.425 —0.010 0.566 50.6 45.0

Magnetic3  0.854 —0.141 1.067 45.6 9.30

*fitted with distributed Hys
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Fig. 1. Mossbauer spectra of Co substituted Fe304, (Co)Fe3zO4, and Mn substituted Fe3O4, (Mn)Fe304,
acicular FPs. Spectra for (Co)Fe3O4 FPs recorded at (a) room temperature and (b) 2.6 K are shown. Panels
(c) and (d) display spectra for (Mn)Fe3O4 FPs recorded at room temperature and 2.6 K, respectively.
Results of fitting are also displayed by solid lines for a total fitting curve (red) and sub-spectra (blue, green
and brown).

Sample temperatures (7g) were room temperature and 2.6 K. Low temperature was achieved with a refrig-
erator cryostat [2]. Experimental condition is listed in Table 1. Data were fitted to a combination of three
magnetic sextets for all spectra at different temperatures by the use of a commercially available fitting
program, MossWinn 4.0. Mossbauer parameters of isomer shift (1S), quadrupole splitting (QS), line width
(LW) and hyperfine field (H},¢) were obtained for each spectrum and are summarized in Table 2.

Figure 1 shows Mdssbauer spectra of Co and Mn substituted ferrite fine particles recorded at room
temperature and 2.6 K. Data are plotted with black + marks and fitting results are displayed by solid lines.
It is reported that Fe*>* ions at the spinel A site show narrow line width compared with that of B site. For
Co substituted FezOq4, the spectrum differs slightly from that of stoichiometric CoFe;O4. By comparing
the spectrum at 2.6 K with the result in reference [3], the sub-spectrum with narrower LW originates from
A site and one with broader LW from B site. The area ratios of two sites are almost equal. The spectrum
for Mn substituted Fe304 recorded at RT shows high area ratio of a small Hy ¢ component with a little large
IS, which may suggest the presence of Fe>* ions on B site [4]. This means that the amount of substituted

Mn is not high and the sample still retains properties of Fe3Oy4.
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5.5 Maossbauer spectroscopy of antiferromagnetic FeMnMo alloys

F. Higashi, H. Tanimoto, E. Kita

The atomic distance in crystals increases by thermally excited lattice vibrations (thermal expansion).
Due to the thermal expansion, the elastic modulus decreases with the increase in temperature. In magnetic
materials, the atomic distance is normally increased along the magnetization direction (magnetostriction).
When the temperature rises near the magnetic phase transition temperature, the magnetostriction becomes
weaker and the atomic distance decreases with increasing temperature. Metallic materials with the
temperature insensitive mechanical properties showing nearly zero thermal expansion or constant elastic
modulus are known as Invar or Elinvar alloys. FeNi based alloys have been commercially used as Invar or
Elinvar alloys. However, the magnetic structure of ferromagnetic alloys is sensitive to the external magnetic
field and the Invar and Elinvar properties of FeNi based alloys are spoiled under magnetic field. Recently,
antiferromagnetic FeMn alloys have attracted attention as new Invar or Elinvar alloys. Masumoto et al. [1,
2]. reported that FeMn alloys show the good Invar and Elinvar properties by adding 3d or 4d element. We
also found that FeMnMo alloys show the good Elinvar property. In the present study, the effect of Mo
addition on the antiferromagnetic property of FeMn alloys was investigated using Mdssbauer spectroscopy.

FeMnMo alloy ingots with different concentrations were prepared using the arc furnace and the ingot

was sliced into thin plates. The sliced plates were cold rolled and annealed, and then chemically polished.

These plates of ~0.2 mm thickness, 16 mm length, 1.00
and 3 mm width were used for the dynamic Young’s
modulus and X-ray diffraction measurements. A 5

mm square piece was cut out from the plates and 0-90;

thinned to about 0.02 mm by mechanical polishing

with emery papers and chemical etching.
Figure 1 shows the Mdssbauer spectra of the

FeMnMo alloys with different compositions. For

FeMn alloy system, it was reported that with the Mn 25.1Mn0.4Mo

; Vin0.4Mo
1.00 —T——

content above 26% the antiferromagnetic y-phase

Relative Transmission

becomes thermally stable [3]. Quasistable e-phase

tends to be formed in FeMn alloys with the Mn 0.90

content below 24% or by cold rolling. The 0.80 ]
. . . 24.9Mn2.2Mo
paramagnetic and quasistable €-phase considerably I R R AP SRR N

-2 -1 0 1 2
Velocity [mm/s]

appears in the Mdossbauer spectrum of Fe-25.7Mn

alloy in Fig. 1. Probably, the present annealing after

cold rolling was not enough for transformation of e- Fig. 1. Mbssbaure spectra of FeMnMo alloys at

hase £ d by cold roll hase. By addi room temperature. The observed data were fitted by
phase formed by cold rolling to y-phase. By adding a two components of a sextet (antiferromagnetic y-
few wt% Mo to FeMn alloy, the fractional ratio of e- phase, broken line) and a singlet (paramagnetic -

phase is suppressed compared with the alloy without  phase, dotted and broken lines).
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Mo, suggesting that Mo also acts as the y-phase stabilizer element like Mn. In contrast, the results of
magnetization measurements revealed that the effect of Mo on the magnetic properties is opposite to that of
Mn. The compositional control of Mn and Mo addition is very important for the Elinvar property at around
room temperature. Toward the application to modification of Elinvar alloys, further studies on the magnetic

properties as well as the texture are now in progress.
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6.
BEAM IRRADIATION EFFECT
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A sample of semiconductor device for radiation-tolerance test






6.1 Consumer LoRa device radiation resistance evaluation toward space
application

T. Kameda, T. Okamoto

We evaluated radiation resistance of the consumer LoRa communication device, Sparkfun LoRa Gate-
way 1-Channel shown in Fig. 1, which is a major issue when applying this device to the special space
environment of radiation exposure, and vacuum [1, 2]. The reason for selecting Sparkfun LoRa Gateway
1-Channel is that it is available in Japan at a low price and is easy to do development using the Arduino
IDE. The Sparkfun LoRa Gateway 1-Channel has two semiconductor elements: the ESP32, an ultra-low
power consumption IC, and the RFM95W, a 915MHz L.oRa modem.

The 6MV tandem accelerator at UTTAC is equipped with L2 beam line designed for evaluation of
radiation resistance. At this beamline, the Single Event Latchup (SEL) resistance of each semiconductor
device was evaluated by measuring the current consumption during heavy ion irradiation shown in Tablel.
ESP32 was irradiated with three kinds of heavy-ion particles (Cl, F, and C), and RFM95W was irradiated
with two kinds of heavy-ion particles (Cl and F).

Table 1. Parameters for the evaluation test

Ion Charge Energy Range in silicon LET
[MeV] [um] [MeV/(mg/cm?)]

Cl 7+ 48 14.2 17.3

F 5+ 24 14.3 7.2

C 3+ 24 24.5 3.6

Fig. 1. Sparkfun LoRa Gate-
way 1-Channel

In ESP32, SEL occurred with Cl and F, but not with C. The relationship between the inversion cross
section, obtained from the present measurements, and LET is shown in Fig. 2.

From the viewpoint of reliability engineering, the cross section was determined as if it had occurred
once even when the number of SEL occurrences was zero. Because the threshold LET of ESP32 is less
than 10MeV/(mg/cm?). more detailed experiments with protons are needed for space use.

In RFM95W, no SEL occurred with all kinds of heavy ion particles, therefore RFM95W might have
high resistance to SEL. Receiving probability during heavy-ion particle irradiation is shown in Figs. 3 and
4. As seen in Figs. 3 and 4, irradiation of heavy-ion particles reduces the reception rate and, accordingly,

further appropriate measurements are needed.
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6.2 Study on microalgae mutagenesis with ’N-resonant nuclear reaction
I. Suzuki, T. Yang, T. Ikeda, K. Sasa, S. Ishii, K. Tomita', Y. Iwata'

The genetic improvement through random mutagenesis, which is optimized in terms of the dose of
mutagen such as effective heavy ion beams as well as typical UV-light, X-ray, gamma ray, and also such
chemical agent as ethyl-methane sulfonate, is exempted from the regulation of the genetically modified
organisms (GMO). There is still strong resistance in industry to the improvement through GMO to develop
more desirable strains with high productivity. However, it is hard to identify the genetic mutation in terms
of the dose of mutagen before selecting the mutants, much less to induce a genetic mutation expressing the
target phenotypic trait in microalgae. The authors have proposed *’N('H, a;7)"*C resonant nuclear reaction
("’ N-RNR) mutagenesis, which mutates the target genes of microalgae using the ’N('H, a,y)"*C resonant
nuclear reaction [1, 2]. Nitrogen atoms commonly form chemical bonding in DNA, in which seven nitrogen
atoms are contained in every pair of adenine and thymine (AT pair) and eight nitrogen atoms in every pair
of guanine and cytosine (GC pair). Substituting every nitrogen atom in DNA with a stable nitrogen isotope
>N enriched higher than 98% in abundance, we can obtain DNA labeled with '*N isotope ('’N_DNA).
Proton irradiation to '"N_DNA induces the ’N('H, o,1y)'?C resonant nuclear reaction at a resonant energy of
0.897 MeV, and the compound nucleus '°O” subsequently produces secondary heavy ions of a (‘He*") and
12C%, which cause high-density electronic excitation of molecules near the target '°N inside "N _DNA.
Resultantly, ’N-specific mutagenesis to DNA is possibly realized since the density of electronic excitation
by the secondary ions is 26 times higher than that of the direct electronic excitation by protons at the resonant
energy. The ""’N-RNR mutagenesis has an advantage exceeding heavy ion irradiation of the conventional
random mutagenesis, where a whole cell is exposed to high-density excitation. The 4.43 MeV gamma-rays
emitted from '"N('H, a;y)*C RNR are monitored from the outside of the vacuum irradiation system, which

enables to accurately evaluate genetic mutation taken 2.80

s ] ) o 260 ! Concentration of >N plasmid
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absorbance spectra of pUC4-KIXX, which is a 828
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absorbance, possibly occurs by denaturation of the Fig. 1. Optical absorbance spectra of pUC4-KIXX
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strands [3]. Radiation damage of plasmid
Ft 1. 1T rTJlTrJr&@ & r 7 T " 7TrOrr7TrTrTrTTTrTa T

The radiation effects of proton 0.902_ o 5N pUCH-KIXX

irradiation on the '*N-labeled (98% 0.80F ™ Natural pUC4-KIXX
enriched) pUC4-KIXX and the )

natural (0.364% "N in abundance) 0.70

C [ ]
pUC4-KIXX have been investigated § 0.60F 3
by measuring 260 nm absorbance. = 0 50:_ 3
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0.897 MeV wusing the 1 MV 0.20 _I-? _______________________________________________ _
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“N("H, a17)"?C RNR were detected Fig. 2. Absorbance of the 'SN-labeled and natural pUC4-KIXX

. . T plasmids. Intense hyperchromicity of absorbance appears more
with a BGO (BisGe;On) scintillation significantly in the '*N-labeled plasmids.
detector.

Figure 2 shows the optical absorbance of pUC4-KIXX as a function of the proton dose. Hyperchromicity
is observed throughout doses from 0.5 to 10 pC. In the lower dose range, the absorbance of both the '’N-
labeled and natural plasmids take the same values and monotonically increase. With increasing the dose
higher than 2.5 uC, the absorbance of the natural plasmid decreases, while the absorbance of the '*N-labeled
plasmid still increases up to 5 uC and then decreases. Intense hyperchromicity of absorbance appears more
significantly in the '"N-labeled plasmids, which suffer radiobiological damage by the ""N('H, a;y)'*C RNR.
The denaturation of double-strand DNA into single strands is one of the possible factors of hyperchromicity,
and the decrease in the absorbance indicates damage of the molecular structures of nucleic acids.

In conclusion, the authors clarified the denaturation of '’N-labeled pUC4-KIXX plasmid DNA induced
by the ""N('H, 0,7)"?C RNR. Intense hyperchromicity in the 260 nm absorbance appears more significantly
in the '*N-labeled plasmid DNA.
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7.2 Reviews and books
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T. Kachi, “Behaviors of vacancy-type defects in Mg-implanted GaN during ultra-high-pressure
annealing studied by using a monoenergetic positron beam”, SPIE Photonics West, OPTO, San
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FEBAE, BB i, MIFETR, Egger Werner, Hugenschmidt Christoph, Dickmann Marcel,

PEERIEE], “BoE - YEIIC K D GaN FEA 12 L 7= TEOS-SiOs D ZERR O f > 55 81 [A]
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T. Kasuya, K. Shima, K. Shojiki, K. Uesugi, K. Kojima, A. Uedono, H. Miyake, S. F. Chichibu,
“Cathodoluminescence studies of AIN epilayers grown by MOVPE on sputtered AIN templates
annealed at high temperature”, 8th Asian Conf. Cryst. Growth and Cryst. Tech., On-line (Mar. 1-3,
2021).

A. Uedono, K. Shojiki, K. Uesugi, S. F. Chichibu, S. Ishibashi, M. Dickmann, W. Egger, C.
Hugenschmidt, H. Miyake, “Vacancies in AIN deposited by radio-frequency sputtering and MOVPE
studied by positron annihilation spectroscopy”, 8th Asian Conf. Cryst. Growth and Cryst. Tech., On
line (Mar. 1-3, 2021).

M. Sumiya, Y. Takahara, A. Alghamdi, G. Andersson, A. Uedono, Y. Imanaka, “Growth of
Al:Ga;..N/In,Ga;.,N hetero structure on AIN/sapphire templates”, 8th Asian Conf. Cryst. Growth and
Cryst. Tech., On-line (Mar. 1-3, 2021).

BB, ROBE, RO, miFEb b, KFRE, SRR PP OBBRE—A Y FO
FFaBlE”, HARMETS 2020 FERE, T 74 Bl (2020429 A 14-17 H).

S. Tomita, Y. Shiina, R. Suganuma, M. Matsuda, M. Imai, M. Sataka, K. Sasa, “The threshold foil
thickness for the disappearance of the vicinage effect on the convoy-electron yield”, # 21 [a] A 4
VU= A X AR - REOWIT L W BAIRFER, SBAETIRF ¢ LS 2, Bag
EFX T DONAT Y y NIERBRE (2020 4 12 A 4-5 R).

H R, BAAI, “Fe-Mn RECHRIES G OIEAE - BEBIIC K DML L = U o/ —4f
PE?. 2020 4 H AR B P WEEE S, 40 71 UBfE (202049 H 17 H).
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26.
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28.

29.

30.

31.

32.

33.
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PR 2021 4F H ARG R PR FWRES, 4074 BE (2021453 A 18 H).

BB, =23, ZHEE, BN, Ke &, A, 8BF 8 BRI HEE,
HAER, EHET, ®FEM0, THE—, RILUFBH, RIEEZ, 509100 F50 F—A5
U7 A Za7H 'Be & *Cl O@ENREEHIEIC L 5 BC5480 HEFHMA N> N ORAE”, #
81 [H M HL Sk TRl i S, A T 4 B (202049 A 8-11 H).

KRAMEAN, FESHE, FrHfF, tHBR, &HECR, # A, FHIE—, SRHE%E, Vi
B3, IWHE, THEIU, FEE—, RiE—H, 2% 5, “Co/ 7AX—AFE—LH
FHZ K2 SiREMEEDZE, 581 EIG B F S EFERES, 4 74 »BilfE (2020
9 H 8-11 H).

fEONFN, EE 5, R HZE, °ClI OIS E ESOITICRT DI EREA S OfE
FIEORKFY, & 81 [ MBS HRE S, 4 74 B (2020 49 A 8-11 H).

fEONFN, A BR, & 8, KRBL, HEER—, BN FHE, RO, UK KRE
KT DA ES R OBURSRE”, AT A B 17 B H AINEEGSFEES (2020 49
H 2-4 ).

BIEBER, B A, A3 § “SHEERSOREROEMTO= 7L, HARIEMEES
2020 FAER, AT A B (2020 49 H 16-17 R).

IR Rk, AZERISAS, R SE, TRRANRD, BRI, THKSER, —AZKER, T e
[EA Li MR O A 7 0 B — ABIE°, AARRIEZEFRFINREITS, T 74 M
B (2020 4F 11 A 19-21 H).

N. Oishi, Y. Murao, N. Nitta, H. Tsuchida, S. Tomita, K. Sasa, K. Hirata, H. Shibata, Y. Hirano, K.
Yamada, A. Chiba, Y. Saitoh, K. Narumi, Y. Hoshino, “Energy dependence of nanostructure
formation by fast Ceo cluster ion beam on Si”, &5 21 [A] [ F > ' — A2 X A Em - S OfEAT
LU | BERIRRGES, REBREFIR R v 8K, BB L A A v DA T Y v FIBER
BAfE (2020 4 12 A 4-5 A).

e RN, LIREREE, AF HR, EHEOR, AmIERE WA PR, TR OB, e
~A 7 —LNEEICBIT AL ILERREST OO DA L B — LG0T AT A7, 2021 4
5% 68 [ B SR FINGEE S, 4 74 B (2021 423 H 16-29 R).

Wpiligest, ks, fadigth, FRE—-, W Af, “frERERIINCBT 5 HKEEO P

DZEE), 5 7 [ B R FER T REM TR R SR, 27 v &S LE
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35.

36.
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7.4

2021.

2021.

2021.

2021.

(2021 43 A 18 H).

BRr WU ERR, AU BR, BHARCK, AsIERE, fATE, LR O o,
ﬂeﬂtﬁé/\ “vA 7 —LAh PIXE |2 X DMEEH IR 13 EIT SR U 7o U YRR T
JLRATIIE”, 22 8] [EREEHUNEE) MFES, A0 T4 VB (2021 423 A 10-12 H).

IAARFIIR, P BT, BRECE, g RAR, WG, RS, W PR, gkt =,
RIATHORRS, ZFRDEH, "@RE A PEFIR A0« ZEHATE 7 —7 7 —ERILIBEREE
BRO T2 OF MWDC DOBHZE”, H ARMEL 25 76 FHFEIR KRS, 4 74 Bl
(2021 =3 A 13 H).

AR R, =R, R, mEDIE, RAeEEL, &l oo, RINEF], BOikEH
ARG, VERRIRAD, mERTnRk, KEERE, EfEILSE, B HEESZ A, BT, ROEH,
ANREH, AN PERE oSy NERFI AT 2 U T2/ B-NMR 25 1E OB ¥, Fn
2%&@@%"%@%@%% [ A R 2 T2 0 LR GE VIL) , 42T A B
fie (2021 41 A 15 R).

ARHTFS T, =R, FA 05k, wEeiE, ReERE, i oo, RIIEF], ¥ 0ikFH
AR, VEREURAD, mdEAnEk, KEE OB, EifEILE, BEESA, BNE, RO,
ANRC B, ARG, ERRE <oy ANERFIRGA A T2 VR B-NMR %5 1& 0 B %,
HAMBLSEEE 76 BIEER KRS, 40 T A B (2021 453 H 12-15 H).

UTTAC seminars

1.13 Search for baryon bound state by correlation function measurement using A and =
particles in /syy = 200 GeV Au+Au collision at RHIC-STAR experiment, Moe Isshiki
(University of Tsukuba)

1.13 Verification of nuclear theoretical model and extraction of optimum parameters using
unified framework (JETSCAPE) that describes high-energy nuclear collision events,
Naoto Ito (University of Tsukuba)

1.13 Measurements of global polarization of Lambda hyperons in AutAu collisions at /syy =
3.0,7.2,54.4 GeV with RHIC-STAR experiment, Kosuke Okubo (University of Tsukuba)

1. 13 Centrality determination with the Event Plane Detector and measurements of higher order

cumulants of net-proton distributions in Au+Au collisions at +/syy = 27 GeV from
STAR, Yuri Sato (University of Tsukuba)
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2021.

2021.

2021.

2021.

2021.

2021.

.13

.15

.15

.15

.15

.15

Measurement of the sign of nuclear moment for unstable nuclei ’P, Al by using rotating

magnetic field, Keisuke Tomita (University of Tsukuba)

Measurement of electron v2 from bottom quark in Pb-Pb collisions at 5.02 TeV at LHC-
ALICE experiment, Yuku Sudo (University of Tsukuba)

Performance evaluation of Multi-gap Resistive Plate Chamber (MRPC) for time-of-flight
detector in J-PARC E16 experiment and development of new MRPC, Kosuke Tsukui

(University of Tsukuba)

Centrality determination using Event Plane Detector in +/syy = 27 GeV Au-Au
collisions at RHIC-STAR experiment, Ryoma Nakazato (University of Tsukuba)

Measurement of Full Jet using track detectors and electromagnetic calorimeters in p-p
collision at 13TeV at LHC-ALICE experiment, Keisuke Yasaki (University of Tsukuba)

Measurements of directed flow in /syy = 19.7 GeV Au-Au collision at RHIC-STAR

experiment, Taichi Ichisawa (University of Tsukuba)
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Master theses

Keisuke Tomita

Sota Yamada

Fumiya Higashi

Masato Inoue

Ryuta Yaguchi

Yuhki Takahara

Yuhta Kurosaki

Undergraduate theses

Takehiro Okamoto

Mika Hayashi

Asahi Yano

Ginga Kawasaki

Souta Hatada

Measurement of the sign of nuclear moment for unstable nuclei *°P, Al by
using rotating magnetic field (ARG & FIH U o R ER 2P, Al D
KRR e — A v b DFFEHIE)

Magnetic Properties and Synthesis of Ferrite Nanoparticles with an Acicular
Core-shell Structure (k2 7/ = MEEERF DA R L7 =T 4 b
T 2RI DA AL & R

Texture, Elasticity and Magnetism of Fe-Mn Based Ternary Elinvar Alloys
(FeMn % 3 Je R U N —54 DFEGR & e K U PR RRME)

Analysis of Vacancy-type Defects in BN Using Positron Annihilation
Spectroscopy (31U % FiT \\ 1= BN 0 Z2 #L7  fa 0 24T

Analysis of Vacancy-type Defects in CuMn Using Positron Annihilation
Spectroscopy (58 T-THIIEIZ & D CuMn PNZEFLA K ifa O RFAff)

Fabrication of AlGaN/GaN Hetero-structure on AIN Template for GaN-
HEMT Device Application (GaN-HEMT 7 /34 A |Z[A]F 12 AIN 7 > 7
L— b I AlGaN/GaN ~7 i o )

Study of Influential Factors of High-Temperature Annealing on Electrode/n-
type AIN Interface Structure (i=iiiaZVALIRIZ X 28/ n . AIN St
EA~D BB D HE5E)

ASSESSING THE FEASIBILITY OF A LOW ORBIT LORA RELAY
SATELLITE ({X#/i& LoRa W2 D7 ¢+ — B U 7 ¢ 5Hi)

Measurements of ejectile particles from arc plasma deposition source

(7 —2 7T X= 7AW b O SR ORIE)

Study of P + "2'Si reaction in UTTAC 6MV tandem accelerator (UTTAC
6MV & v 7 LT D P+ "SI SR OF5E)

Depth and lateral resolution of transmission ERDA analysis for the three
dimensional distribution of hydrogen in aluminum (i ERDA % >

72 AL 3 IRTEAKR R 53T D 53 R RERTAT)
Development of two-dimensional data acquisition system of time of flight

and pulse height using FPGA (FPGA 7~ — N % 7= AT IRE -5 1 2
WIGEHAIS 27 N DBRHE)
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Tsukasa Nakamura

Akane Taira

Element distributions of radioactive particles emitted in the Fukushima
Daiichi Nuclear Power Plant accident by microbeam PIXE (A 7 &2 &
— A PIXE (T K 28 5505 — 7 /13 EAT il Tl S 7o e ok
T DI A RE)

Fabrication of Ionization Chamber for TOF-E telescope ERDA (TOF-E
telescope ERDA H 5 HEF O HAE)
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Department of Physics
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