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This report also lists publications, meetings, personnel, committee members, cooperative
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Foreword

This report covers research and development activities with the tandem accelerator and its superconducting
booster at JAEA Tokai, for the period of FY 2013 (April 1, 2013 to March 31, 2014). The tandem
accelerator was operated over a total of 152 days and delivered 19 different ion beams to experiments in the
fields of nuclear physics, nuclear chemistry, atomic physics, solid state physics and radiation effects in
materials. Thirty-three research programs were carried out in collaboration with a total of about 100

researchers from universities and research institutes.

The following are the highlights in FY 2013:
In the field of nuclear structure: Coulomb excitation experiment of **Xe was performed to deduce B(E2)

2Fm was determined by the a decay of ***No.

values and quadrupole moments. The first excited 2+ state in
It suggests that >*Fm has the character of the double deformed-shell closure. The fluorescence from the W

atoms was observed by the on-line gas cell laser spectroscopy.

In the field of nuclear reactions: Multi-nucleon transfer induced fission was used to measure the fission
fragment mass distributions and their dependence on the excitation energy of compound nucleus. In the
reaction of '®O + **Th, it was shown that data for more than 14 actinide nuclei were obtained in a single
measurement, including new data of 2*Th and *** > %*Pa. Also, development for the measurement of
prompt neutrons has started.

211 S . .
At which is a promising a-emitter for cancer

In the field of nuclear chemistry: Medical use radioisotope
therapy were produced using a new *''Rn-*'"At generator technique, and the radiolabeling reactions of
astatinated phenylalanine were also investigated. The first Compton camera imaging picture with gamma
rays from *™Tc isotope which is produced via the "*Mo(p, n)"*T¢ reaction were successfully reported.
Fundamental researches on the chemistry of heavy- and trans-actinides were also performed, and the

further progress will be expected and give us to open up a new research field related to the heavy element

chemistry.

In the field of nuclear theory: Shell-model calculations for neutron-rich calcium and scandium isotopes are
carried out for qualifying the strength of the N=34 shell gap, and a reasonable shell gap is obtained with the
GCPF1Br interaction. Although this is a modest shell gap being close to the N=32 gap, it is much larger
than the sub-shell gaps of the nickel region that are less than 1 MeV. Furthermore, a systematic fission
barrier calculation in the superheavy nuclear mass region is carried out with the KTUY nuclear mass-model
calculation, and we find an existence of ‘peninsula’ of stability of nuclei along 228 of the number of

neutron with between 114 and 126 of the number of protons.

iii
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In the field of atomic physics and solid-state physics: A new method to improve sensitivity to lithium
diffusion coefficients is proposed. Since lithium diffusion coefficients could not be measured by the
previous method below 200°C, in the present study measurement of the lithium diffusion coefficients in
Li20-V205-Si02 (LVSO) thin film was performed at low temperature (e.g. 100°C). The detection limit for
the diffusion coefficients was improved by about two orders of magnitude in comparison to that achieved

with the previous method.

In the field of radiation effects in materials: CeO, was irradiated with Au ions in the energy range of
200-340 MeV at oblique incidence. Observation of as-irradiated samples by transmission electron
microscope (TEM) has shown that many of the hillocks are found to be spherical. It is the first time that the
crystal structure of the hillocks created for CeO, is revealed. It is found that the crystal orientation and

structure of the hillocks coincide with those of the matrix of CeO,.

ﬂ//]/ (gjﬂ' (}%,LW (L?,Gemm

Yoji MURAYAMA, D{rector,JDepartment of Research Reactor and Tandem Accelerator
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CHAPTER 1

Accelerator Operation

1.1 Operation and usage of tandem accelerator and booster
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1.1 Operation and usage of tandem accelerator and booster

A. Osal, S. Hanashimal, S. Abel, T. Ishiil, N. Ishizakil, H. Tayamal, M. Matsudal,
T. Nakanoyal, H. Kabumoto', M. Nakamural, K. Kutsukakel, Y. Otokawa' and T. Asozu'

The tandem accelerator was operated for experiments from April 1, 2013 to May 26, from June 17 to July
15, from October 7 to January 15, 2014, and from March 3 to March 31. The experiments at May 27 and 28,
2013 were terminated by the accident of J-PARC Hadron Experimental Facility. The total operation
time of the tandem accelerator for FY2013 (from April 1, 2013 to March 31, 2014) was 152
days and 19 different beams were delivered for experiments. The experimental proposal and

the usage of the beam times for FY2013 are summarized in Table 1 and Table 2, respectively.

Table 1. Experimental proposals. Table 2. Usage of beam-times
in different research fields.
Research proposals accepted Research field Beam time
by the program advisory committee: (days) (%)
In-house staff proposals 2 Nuclear physics 47 30.9
Collaboration proposals 7 Nuclear chemistry 40 26.3
Shared use proposal 9 Atomic and materials sciences 55 36.2
Number of experiments proposed 33 Accelerator development 10 6.6
Total number of scientists total 152 100
participating in research
from outside 100
in-house 50
Number of institutions presented 34

Distributions of the terminal voltages and ion species for experiments are shown in Fig.1 and
Fig.2, respectively. Half of the beams were extracted from three negative ion sources,
SNICS-2. The proton beam and multiply charged ion beams of carbon, nitrogen, oxygen and rare gases
were ionized and extracted from in-terminal ECR ion source. In addition, we succeeded at extracting

of Nickel beam by using nickerocene seed.

1 Japan Atomic Energy Agency (JAEA)
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2.1 Coulomb excitation experiment of **Xe

M. Koizumil, Y. Tohl, A. Kimural, K. Furutakal, H. Haradal, F. Kitatanil, S. Nakamura'

and M. Sugawara’

Stable Xe isotopes gradually change in their properties from a y-unstable character (A ~ 124) to a
vibrational one (A = 134) [1]. This change is considered as a shape phase transition from O(6) to U(5), in
terms of the dynamic symmetry of the IBM. Theoretical calculations suggested that the E(5) critical point
of the shape phase transition could appear at around A = 130 in Xe isotopes [2,3]. Information on
electromagnetic properties of those nuclei, such as B(E2) values and quadrupole moments, is required to

130Xe, which is considered to be a y-unstable nuclei, no

understand this change of nuclear properties. As for
B(E2) of the ground and 2," band has been measured except for B(E2: 2," — 0,"). Quadrupole moments of

low-lying states of '*’Xe have not been measured yet.

Coulomb excitation is a useful method for measuring B(E2)s and quadrupole moments in low-lying ground
states of nuclei [4,5]. Our systematic study of stable nuclei with A ~ 70 revealed nuclear properties and
their changes [6-13]. To extend our systematic study to another mass region, we have started Coulomb

o : 126-136 .
excitation experiments of Xe 1sotopes.

To measure quadrupole moments of **Xe, we applied a technique of inverse kinematics. The energy of
3%Xe beam was 370 MeV, and the beam current was approximately 0.3 pnA. Carbon foil target with a
thickness of 514 mg/cm” was used. The beam energy is below the Coulomb barrier. The experimental
apparatus consisted of a y-ray detector array, GEMINI-II [14,15], and a position sensitive particle detector
array, LUNA [16]. The scattering angles of the recoiled carbon particles were measured by LUNA, while
those of the incident particles were small enough not to hit the particle detectors. Totally, 2.3X 10’

particle-y coincidence events were collected.

Data of recoil angles were used for Doppler-shift correction of observed y-ray energies. Figure 1 shows a
Doppler-corrected y-ray spectrum. B0%e was excited up to the 4, state. De-excitation y rays of 2, — 0,"
(536.1 keV), 2, — 2" (586.0 keV), and 4,7 — 2" (668.5 keV) transitions were observed. The Coulomb
excitation probabilities change with the scattering angle. Analysis of the observed y—ray yields for each
scattering angle is in progress with a x> minimum search code, GOSIA, to deduce the matrix elements of

the relevant electromagnetic transitions.

" apan Atomic Energy Agency (JAEA)
® Chiba Institute of Technology
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Fig. 1 A Doppler-corrected spectrum obtained with a Ge detector. Three de-excitation transitions were
observed.
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2.2 Measurement of the first excited 2" state in >>*Fm

M. Asail, K. lsukadal, Y. Kasamatsuz, Y. Ishiil,A. [o oshimal, I. K. Satol, Y. Na, amel,
y g
L. Nishinaka', H. Haba® and T. Ishii'

Energy of the first excited 2” state £(2") in even-even nuclei is a good probe to explore nuclear shell
structure and deformation in the frontier of nuclear chart. In the heaviest frontier of the nuclear chart,
experimental data of E(2") are very limited because of difficulties in measuring excited states in such
nuclei; the heaviest nucleus whose E£(2") has been determined experimentally is 2ORf (Z=104) [1]. For No
(Z = 102) and Fm (Z = 100) isotopes, E(2")s have been measured only in ******No and *********Fm. Figure
1 shows experimental E(2")s of even-even actinide nuclei reported previously [1,2]. The E(2")s rapidly
decrease with increasing neutron number from the N = 126 closed shell to N = 142, and attains the minima
at between N = 142 and 152. Then, it seems to start rising from N = 152. The inverse of EQ2") is
proportional to the moment of inertia, which correlates to the degree of nuclear deformation. Nearly
constant and low E(2")s of 40—50 keV between N = 142 and 152 indicate that the deformations are well
developed in these nuclei. In addition, the moments of inertia also correlate to the pairing energy gap.
Around this actinide region, it is well known that the large neutron deformed shell gap exists at N = 152. At
the deformed shell gap, the pairing energy gap becomes small, which makes the moment of inertia large
and makes E(2") low [3]. This effect is seen in Cm isotopes [4], but is not clear in Cf, Fm, and No isotopes.
In No isotopes, E(2") significantly drops from N = 150 to N = 152, but there is no experimental data in N >
152. In Fm isotopes, experimental data exist at N =150, 154, and 156, but not at N = 152. E(2+) should also
depend on the existence of the proton deformed shell gap. The macroscopic-microscopic model
calculations predict that the large proton deformed shell gap exists at Z = 100 [5,6]. Thus, it is of great

252

interest to measure the E(2") in *’Fm, which is expected to show the character of the double

deformed-shell closure.

60_
Excited states in *°Rf, ******No, *’Fm 55:
have been observed through in-beam .
y-ray spectroscopy with a recoil-decay E 50: .
tagging technique [1]. These nuclei +§ X ]
were produced in cold fusion reactions o 45: 0 ]
using a Pb or Hg target and a *Ca or cm 104Rf
Ti projectile. Excited states in 40r ” oaCf 1
242Em have been observed through 3‘::

| | | | | | | | | |
the B~ decay of **Es. However 138 140 142 144 146 148 150 152 154 156

. . Neutron Number
these techniques cannot be applied to

252 Fig. 1 Energy of the first excited 2" states £(2") in even-even

Fm, because ordinary cold fusion
actinide nuclei reported previously [1,2].
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reactions with stable target and projectile combinations cannot produce *>*Fm, and ***Es has only 0.01% B~
decay branch. On the other hand, the o decay of »5No can populate excited states in 2P, Although the a
decay of such an even-even nucleus directly feeds the ground state of its daughter nucleus with high
intensity, a small fraction of a transitions should feed the first excited 2" state. By measuring the o-energy
difference between the transitions to the ground state and to the first excited 2* state precisely, we can
determine the £(2") of **Fm. The o decay of ***No was reported previously [7], where the £(2) of **Fm
was determined to be 47 = 5 keV. However, the +5 keV uncertainty is too large to discuss the systematics of

252

E(2") in this region. In the present experiment, we have determined the E(2") of “°Fm more precisely

through high-resolution a fine-structure spectroscopy.

The nucleus 2**No was produced in the **Cm('*C,4n)***No reaction. The beam energy was 77 MeV on
target. Reaction products recoiling out of the target were thermalized in He gas, and transported with a
He/KClI aerosol jet through a 25-m long capillary to a rotating-wheel o detection system [8]. The
transported products were deposited on a thin foil on the rotating wheel, which periodically moves the
deposited sources to two consecutive detector stations each of which was equipped with a Si detector
placed at the source-to-detector distance equivalent to the a-detection efficiency of 12%. Figure 2 shows a
measured o-energy spectrum. The o transitions to the ground state and to the first excited 2" state were
clearly observed with an a-energy resolution of 11 keV (FWHM), from which we have derived the
a-energy difference of 41.5 = 1.3 keV. Taking

account of the recoil energy correction, we have 100[- 25I6N 0 o spectrum 8446 keV ]
determined the E(27) of **Fm to be 42.1 + 1.3 80-— n i
keV. This result revealed that the E(2+) of *’Fm o) I E(2+) = —0

is lower than those of other N = 152 isotones § 60 42.1+x1.3 keV .
(*°Ct, **No, and *°Rf) as well as other Fm L\; i

isotopes, indicating the character of the double |5 40r — 2 }
deformed-shell closure. 8 20l 8405 keV i

il T P Tttt
335 3360 3370 3380 3390 3400
Channel Number

Fig. 2 a-energy spectrum of 2*No observed

in the present work.
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2.3 Development of an on-line gas cell for laser spectroscopy
of refractory elements

H. limura', F. Kitatani', M. Koizumi' and M. Miyabe1

Laser spectroscopy is widely used for precise measurements of the isotope shits in atomic spectra. From
these isotope shits, changes of the nuclear charge radii between isotopes can be deduced. For some
elements the isotope shifts have been measured not only for stable isotopes but also for unstable ones.
However, there has been no measurement for unstable isotopes of W, Re and Os, because these elements
are so refractory that they are difficult to be atomized for precise laser spectroscopy. One of the solutions to
overcome this difficulty is to catch the reaction product atoms in gas for successive laser spectroscopy. In
order to do laser spectroscopy of unstable isotopes of these elements, we have been developing an on-line

gas cell, which is similar to the one in SUNY [1]. In this report, present status of the development is given.

The schematic diagram of the on-line gas cell is shown in Fig. 1. The gas cell has a cylindrical shape with
253 mm in diameter and 216 mm in height. The Ni foil of 2.5 um in thickness separates the vacuum of the
gas cell from that of the accelerator beam line. The reaction products being recoiled out from the target are
neutralized and thermalized in rare gas, where they stay for about a second before diffusing to the wall of
the gas cell and sticking there. While the reaction products stay in the gas, they are irradiated by laser beam
from a tunable ring dye laser pumped by a CW solid-state laser. An optics system consisting of a mirror and
two lenses was used to collect the laser-induced fluorescence on to the photocathode of a photomultiplier
tube. Signal from the photomultiplier tube was counted during the laser frequency scanning. Because the
laser system is located at the same room as the on-line gas cell, it cannot be accessible while the accelerator

beam is on. Thus, the laser was controlled from other room via Ethernet.

photomul-
b tiplier tube 5d'6s6p ‘D
eam
20000 1
stopper lens
-1
Energy (Cm ) 466.0 nm 551.5 nm
accelerator reaction 10000 -
beam products 0
]
—
LM—- inner ok 0 5d'6s” °D
target mirror cell 5d'6s” "D
WI
gas cell window (Ni foil)

Fig.1 Schematic diagram of the on-line gas

cell. Laser beam penetrates the position

shown by a double circle.
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In a test experiment the ion beam of stable '**

W of about 1 pnA was injected into the gas cell directly
without setting a target and a beam stopper. In order to simulate the unstable W isotopes being produced by
the '°O(*Dy,xn) reaction, the energy of the '**W ion beam was set at 100 MeV, which, after the Ni foil,
becomes about the same energy as the recoiled unstable W isotopes. The gas cell was filled with high purity
argon gas with the pressure of 19 hPa, in which the range of W ion is estimated to be the distance between
the Ni foil window and the center of the gas cell. As the ion beam is injected into the gas cell, the collisions
between the ions and the gas atoms generate strong light, causing large background in observing the
laser-induced fluorescence. In order to reduce this background, the DC ion beam from the tandem
accelerator was chopped by using a deflector set upstream to the gas cell. The beam turned on and off with
repetition rate of 10 Hz, and the signal from the detector was counted in the period when the beam is off.

By using the chopped beam the background was reduced to about 1/50 compared to the DC beam.

We tried to observe the laser-induced fluorescence by using the transitions shown in Fig. 2. The W atoms
were excited from the metastable state at 3325 cm™ to a higher state by the laser of the wavelength of 551.5
nm, and the fluorescence from this upper state to the ground state with the wavelength of 466.0 nm was
observed. A stack of optical filters was used to reduce the background from the scatter of the laser. Owing
to these filters and the chopped ion beam, the background count became endurable level of about 4000
counts/sec. However, an apparent resonance peak of the fluorescence has yet been observed. One of the
possible reasons is that there is not enough population at the metastable state. Thus, we are now preparing
to excite the W atom from its ground state for which large population is expected. Because it is not easy to
generate the 466.0-nm laser beam with the ring dye laser, we have set up an external cavity diode laser and
recently achieved this wavelength. We are planning to confirm the resonance peak of fluorescence in stable

W isotopes by using this laser.

Reference
[1] A. Berger et al., Nucl. Instrum. Methods Phys. Res., A311 (1992) 224-329.
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3.1 Development of the JAEA Recoil Mass Separator for the study of
proton-rich nuclei around 1008

K. Nishiol, R. Grzywacz”, K. Rykaczewski3, A. Andreyev4, F.P. HeBergerS, C. Bartons,
M. Bentleys, N. Brewer3, C.J. Gross3, K. Hirose', H. Ikezoel, D. Jenkins4, B. Kindlers, K. Kolos®,
B. Lommel’, H. Makii', I. Nishinaka', R. Orlandi', R. Léguillon', S. Go?, J. Smallcombe’,
V. Truesdale® and R. Wadsworth*

The strong interest in the structure of nuclei located in the close vicinity of the nucleus '“°Sn is due to the fact
that this nucleus is the heaviest possible doubly-magic nucleus with equal neutron and proton number (N=Z=50).
The unique property of the N=Z nuclei is that protons and neutrons occupy the same shell-model orbitals. This
fact may reveal a presence of new type of pairing in nuclei — the proton-neutron (p-n) pairing, which could be
different from the well-known pairing between like nucleons (n-n and p-p). Recent experiments on nuclei near
'%8n at the facilities around the world resulted in a very impressive set of publications in journals like Nature
and Phys. Rev. Letters. The results provided first glimpses of new phenomena occurring due to pairing effects in
nuclear matter. One of them, postulated already in 1965, is the possible existence of the so-called superallowed
o decays [1]. In this case, it was expected that the preformation probability of o particle in a parent nucleus
should be strongly enhanced due to additional correlations between protons and neutrons occupying the same
orbitals. Resulting enhanced a-probability was indeed observed in '“Sn region in the recent study of
1% e—'"Te—'"'Sn decay chain by the international group [2, 3] working at Oak Ridge National Laboratory.
Other recent studies of excited states of lighter mass 2Pd (Z=N=46) provided a compelling

signature of the n-p paired phase below '*°

100

Sn [4]. Superallowed spin-flip Gamow-Teller  decay
expected to occur in  Sn [5], due to the enhanced probability of the proton-to-neutron conversion,
was observed [6] and found to be the fastest B decay seen so far. Proton and a decay studies near 1908
were also investigated in the context of astrophysical nucleosynthesis within rapid proton capture process
(rp-process) [7]. The particular topography of nuclear binding energies and resulting decay modes for nuclei

above '°Sn could lead to the rp-process termination cycle [8,9].

In view of the importance of proton-rich A~100 nuclei, we started a program of nuclear spectroscopy studies in
this region of the Chart of Nuclei by using the JAEA-Recoil Mass Separator. A variety of nuclei and phenomena
can be studied by using heavy-ion induced reactions at the JAEA tandem accelerator. In a test experiment using
nearly symmetric fusion reactions, we found a good mass separation of the transported fusion-evaporation

residues, and very low background condition was obtained.

! Japan Atomic Energy Agency (JAEA)
* University of Tennessee

3 Oak Ridge National Laboratory

* University of York

> GSI Helmholtzzentrum

,15,



JAEA-Review 2016-025

References

[1] R. D. Macfarlane and A. Siivola, Phys. Rev. Lett., 14, 114 (1965).

[2] S.N. Liddick et al, Phys. Rev. Lett. 97,082501 (2006).

[3] I. Darby et al., Phys. Rev. Lett. 105, 162502 (2010).

[4] B. Cederwall et al., Nature, 469, 68 (2011).

[5] B.A. Brown and K. Rykaczewski, Phys. Rev. C50, R2270 (1994).
[6] C.B. Hinke et al., Nature, 486, p. 341 (2012).

[7] C. Mazzocchi et al., Phys. Rev. Lett., 98, 212501 (2007).
[8] H. Schatz et al., Phys. Rev. Lett., 86, 3471 (2001).

[9]1 V. V. Elomaa et al., Phys. Rev. Lett. 102 , 252501 (2009).

,16,



JAEA-Review 2016-025

3.2 Measurement of fission fragment mass distributions of compound nuclei populated
by multi-nucleon transfer reaction in %0 + 2*Th

K. Nishio', R. Léguillon', K. Hirose', H. Makii', I. Nishinaka', O. Riccardo', T. Ishii', K. Tsukada',
M. Asail, S. Chibaz, T. Ohtsuki’ , S. Araki4, Y. Watanabe4, R. Tatsuzawas, N. Tamura® and S. Goto®

Mass distributions of fission fragments for neutron induced fissions of actinide nuclei are the important
nuclear data for atomic energy applications. In nuclear reactors with highly burned nuclear fuels and next
generation fast breeder reactors, it is necessary to consider fission of minor actinides with relatively short
half-lives. Delayed neutron yields are also one of the important data, because it will influence the reactor
response. The delayed neutron yield is sensitive to the fission fragment mass and charge distributions. In
this experimental program, we are promoting the measurement of the fission fragment mass distributions
for short-lived actinide nuclei, whose data for neutron-induced fissions are practically impossible to take.
We use multi-nucleon transfer reactions to populate the excited compound nuclei using an '*O beam and an
available actinide target. We can also produce fission data for neutron-rich nuclei, which cannot be
accessed by fusion reaction.

Fission properties of excited compound nuclei populated in the multi-nucleon transfer reaction '*O + **Th
were measured. The experiment was carried out at the JAEA tandem accelerator. Energy of the '*O beam
was 157.0 MeV. Projectile-like nucleus produced in multi-nucleon transfer reaction was identified using

silicon AE-E detectors, and its energy was measured to

assign the excitation energy of the compound nucleus. > - 233Ti—1 1
Two  fission  fragments  were  detected by 40 T 1
position-sensitive ~ multiwire-proportional counters 30 | A g
(MWPCs). Time difference between the two MWPCs § 20 éo
was recorded. Fission fragment masses were determined :;D N N
with the kinematic consideration by refereeing the % 10 ] '
velocity and the direction of recoiled fissioning nuclei 5 20 '
which were determined by detecting the projectile-like g 40 2
nucleus. & 2°
30 1 15
Example of the preliminary fission data is shown in | .
Fig. 1, where fission events of Th" and **Th" are 20 5
plotted on the plane of fragment mass and excitation 10 0

energy of the fissioning nucleus. Similar data for other
Th, Pa, and U isotopes will be obtained.

50 100 150 200
Fragment Mass (u)

Fig 1. Fission events plotted on the plane of
fragment mass and excitation energy of
compound nucleus. Data for *****Th" are
shown.
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3.3 Measurements of a branching ratio of 2N e(a,y)ZGMg/zzNe(a,n)stg reactions

S. Ota', H. Makii', T. Ishii', C. Angell', S. Chiba?, I. Nishinaka', K. Nishio' and S. Mitsuoka'

In the He-burning phase of massive stars, the 22Ne(oc,n)zSMg reaction is considered to be a main neutron
source driving the synthesis of nuclides in the A=60-90 mass range during the s process [1]. A variety of
attempts to experimentally determine the rate for this reaction at the Gamow window corresponding to s
process temperatures (T = 0.2-0.3 GK) have been made either through direct 22Ne(oc,n)stg measurements
[e.g., 3-6] or indirect measurements by such as **Ne(°Li,d)**Mg reactions [3, 4]. However, direct
measurements have been hindered by the small cross section due to the Coulomb barrier and the resonances at
E, < 830 keV have not been identified with this method. The indirect measurements have identified many
low-energy resonances, but unambiguous determination of the resonance parameters such as J*, I, I', T, and
I',in 26Mg produced by o + Ne has remained a longstanding problem especially for resonances near the
Gamow peak. Of these uncertainties, the ratio of I', and I', to determine the branching ratio of n and y
emission channels plays an important role in obtaining the neutron yield for the s process. The *Ne(o,y)**Mg
reaction (Q=10.615 MeV), which competes with the 22Ne(oc,n)zSMg reaction (open above the excitation
energy of “*Mg, E,=11.093 MeV), may be of considerable strength and could significantly suppress neutron
production during He burning (E,=10.9-11.5 MeV). To address this problem, we studied the *Li(**Ne,”*Mg)d
o-transfer reaction in this work. Because both the a and **Ne have ground states with J™=0", the o-transfer
reaction preferentially populates natural parity states in “°Mg. This helps to enable studies of the
astrophysically relevant natural parity states in 26Mg. Furthermore, the inverse kinematics approach enables us

to determine I', / I', by direct measurements of the ratio of *Mg and **Mg.

Si AE-E detectors are used for particle identification for both the recoils and ejectiles. For the detection of Mg
ions (downstream of the target), we used 20 um thick surface-barrier detectors backed by 300 pm thick PIN
diode detectors. For the detection of deuterons (upstream of the target), we used 75 um thick ion-implanted
detector backed by 300 um thick PIN diode detectors. Total energy resolution for determining deuteron
energies in the experiment was 200-300 keV. We performed an experiment using a 110 MeV **Ne beam from
the JAEA-Tokai 20 MV Tandem accelerator. A ®Li-enriched (99%) lithium fluoride (LiF) target with a
thickness of 25 pg/cm” was prepared on a graphite backing foil (20 pg/cm®) so that the energy loss of the **Ne
beam and deuterons in those materials will be negligibly small. The beam bombarded the target at an intensity
of 10 pnA for 50 hours. For both of the upstream and the downstream detectors, four Si AE-E telescopes were
used, placed at Ocyr = 40° (Or48 deuteron = -108.0°, 041, = 4.6°). The angles were chosen as a compromise
between enhancing the reaction yield and reducing the contribution from elastic scattering of the “*Ne beam.
To limit the scattering angle spread of deuterons, we placed slits with an aperture of $=1.5 mm in front of the
downstream detectors and used a tightly focused beam spot (¢=1 mm). The energies of deuterons were

. . . 26 .. .
measured to determine excitation energies of “" Mg and the background events such as indirect reaction were

! Japan Atomic Energy Agency (JAEA)
? Tokyo Institute of Technology
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minimized to be negligibly small in the data by requiring the coincidence detection of Mg ions and deuterons,

which was achieved due to the clear particle identification of Mg from other elements such as Ne [5].

Fig. 1 (a) shows the deuteron spectrum obtained by the experiment. Those deuterons were measured in
coincidence with the Mg ions in the forward-angle telescopes. Details of the coincidence detection can be
found in [5]. Unfortunately, no clear resonance structure could be confirmed compared to the spectrum
obtained in [3] which was measured at almost the same CM angle (O, ~ 29°), or to the spectrum simulated
based on our experimental condition such as statistics and energy resolution of telescopes (Fig. 1 (b)). This is
primarily because of the insufficient energy resolution. Although the best resolution of our detectors give
60-80 keV [5], our new measurement system with a new chamber and vacuum pumping system limited the
resolution > 200 keV. Incomplete alignment of the detector system with regard to the beam also might cause
the widespread spectrum compared to the simulation. Despite this difficulty, we could still determine whether
the expected statistics could be obtained. Although each resonance peak was not identified, we compared the
integrated yields from the region corresponding to E,=10.5-12.1 MeV (i.e., 8.4-9.7 MeV in deuteron energy)
to the yield calculated from the cross sections obtained by the normal kinematics experiment [3]. Our results
gave 30-45% of the calculated yield. This may be because of incomplete alignment of the detector system.
Currently, we study causes of electromagnetic noises that caused the poor energy resolution and discuss our

experimental results for a further study.
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Fig. 1 (a) Deuteron spectrum obtained by coincidence detection with Mg in the preliminary test (Ocy =
40°). (b) A simulated spectrum based on our experimental condition (i.e., assuming 300 keV resolution + 50
keV contribution from angle uncertainties). Yields for individual resonance followed. Note lower and higher
energy states than E,=10.5-12.1 MeV (8.4-9.7 MeV in deuteron energy) were not considered due to the lack
of previous data.
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3.4 Benchmark experiment of the surrogate ratio method
to determine neutron capture cross-sections

S.Yan', Z. Li', Y. Wang', J. Su', Y. Li', K. Nishio® H. Makii’, K. Hirose” and R. Orlandi’

The origin of elements heavier than iron is believed to be of slow and rapid neutron capture processes, and
a large number of neutron-capture [(n, y)] reactions of unstable nuclei are intensely involved [1]. However,
the (n, y) cross-sections are quite hard to be measured directly because of difficulties in manufacture of
radioactive samples. The difficulties can be overcome with surrogate ratio method (SRM) [2], which is a
variation of the surrogate method [3]. The SRM can yield neutron cross-sections with reasonable accuracies
if (1) the weak Weisscopf-Ewing condition defined in Ref. [4] is satisfied, (2) the maximum spin populated
by the surrogate reactions is not too large (less than 10 #), and (3) the spin and parity distributions in two
compound nuclei produced by two surrogate reactions used in the SRM are equivalent. Here condition (1)
has been verified by a statistical model calculation [4]. On the other hand, the conditions (2) and (3) were
just assumed in Ref. [4]. In the present study, an (‘*0, '®0) two-neutron transfer reaction is employed to

check the conditions (2) and (3) for the determination of (n,y) cross-sections.

The experiment was carried out at JAEA-Tokai tandem accelerator facility. *°Zr and **Zr targets (isotopic
enrichment of *°Zr and **Zr are 99.4% and 94.6%, respectively) were bombarded by a 117 MeV '*O beam.
Outgoing particles were detected by the Si AE-E detector system, which is comprised of Si AE detectors in
a bowl shape and a Micron S1 type E Si detector, and

2300

y-rays emitted from residual nuclei were measured by )
w

two LaBr3;(Ce) scintillators with a diameter of 101.6
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The data analysis to determine the decay branching . . i .
Fig. 1 AE-E spectrum for outgoing particles in

the reaction of 117 MeV '*O beam and *°Zr
target.

ratio iS now in progress.
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3.5 Fragment mass distribution measurement in 10g+192:193:196 A y reactions

K. Hirosel, J .Smallcombez, AN. Andreyevl’z, K. Nishiol, I Nishinakal, H. Makiil,
R. Orlandi', T. Ohtsuki® and I. Tsekhanovich *

A fission fragment mass distribution (FFMD) is one of the important properties of the nuclear fission

resulting from the motion of a compound system on a potential energy surface given as a sum of the liquid

drop potential and the shell-correction energy. In general, FFMDs
for heavier nuclei than, say Ac, have two independent modes,
symmetric and asymmetric fissions. It is known that the average
mass of the heavy fragments in the asymmetric fission is Ag~140u
at the low excitation energies, which is attributed to the magic
numbers of Z=50 and N=82 or a deformed neutron shell of
N~88[1].
Recently, Andreyev et al. have measured FFMD of the
post-B-decay daughter nucleus '**Hg[2]. It was expected that this
nucleus would lead to two *°Zr fragments since it has magic N=50
and semi-magic Z=40 which is also shown by the potential energy
surface[3](Fig.1). However the fission of 180Hg showed the
asymmetric mass split (Fig.2). This new type of asymmetric fission
shows the importance of the dynamical understanding, i.e., how
the system moves on the potential surface. A theoretical model in
which the time evolution of the fissioning system is treated as
Brownian shape motion on five-dimensional potential energy
surface shows an approximate agreement with the asymmetric
fission of '®°Hg[4]. This model also predicts asymmetric fissions

for many nuclei with Z<82. The purpose of this study is to see the

predictability of this model by measuring FFMDs in the
fusion-fission reactions.The experiment has been performed at
JAEA-tandem accelerator facility. For the Au isotopes produced in
'°B+W, FFMDs are also predicted as asymmetric fission.

About 100-um thick '**!%+1%

foils(50ug thickness) were irradiated with '°B beam. As shown in

W targets sputtered on carbon

Fig.3, two fission fragments(FFs) after the fusion reaction were
detected
counterscMWPCs). FFMDs were deduced from the time

in coincidence using two multi-wire proportional
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difference between two FFs and the directions of each FF.

Figure 4 shows the folding angle distributions between two FFs in the '’B+'"**W reactions at the incident
beam energies of 47.0, 55.5, 61.5 and 71.8MeV, respectively. The red dashed lines are the calculated
folding angle assuming the fusion-fission reaction using the total kinetic energy from the Viola’s
systematics[5]. The agreement with the measured distribution means that the fissioning nucleus is '**Au.

IBLI86W targets are also agree with the fusion-fission

The folding angle distributions obtained using
assumption.

The obtained FFMDs of "“*'**'% Ay are shown in Fig.5 where the excitation energies of the compound
nuclei are written in right-upper in each panel. It was found that all of the measured FFMD show the

symmetric fission in the excitation energy range from 41 to 69MeV.
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3.6 Production of fission isomers by heavy-ion transfer reactions
in the sub-barrier energy region

T. Ishii', H. Makii', K. Nishio', I. Nishinaka', M. Asai' and A. Makishima®

We have tried to produce fission isomers using the heavy-ion transfer reactions in the sub-barrier energy
region. In this energy region, a projectile collides with a deformed nucleus at the tip of a long axis because
of its lower Coulomb barrier energy. Because fission isomers have super deformed shapes, the heavy-ion

collision in line with a long axis of the target nucleus may enhance the production of fission isomers.

We have searched a ***™Pu fission isomer, with Ty, = 3.5 ns, produced by the 3 8U(180, 14C) reaction with
the incident energies of 77.8, 82.1, 87.5, and 94.0 MeV. The thickness of the uranium target was 80 pg/cm’,
electrodeposited on a Ni foil. The schematic view of experimental setup is shown in Fig. 1. Two sets of Si
AE-E detectors were set at 168 = 7 degrees; the Si AE detectors are 20 um in thickness and 20 mm in
diameter. Two sets of multi wired proportional counters (MWPCs) were set at 90 + 30 degrees. The beam
size at the target position was collimated within 3 mm in diameter. The target was covered with a
cylindrical shield with a 6 mm inner diameter and 7 mm in length. The cylindrical shield stops fission
fragments emitted at the target position. Only fission fragments from a fission isomer, which flies into the
forward direction with a velocity of p~0.01, are detected by MWPCs. We have checked that projectile-like
fragments can be measured by the Si AE-E detectors (Fig. 2) and that fission fragments can be measured by
MWPCs using a uranium target without the cylindrical shield. However, no fission events from fission

isomers were observed.
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Fig. 1 Schematic view of experimental setup for  Fig. 2 E-AE plot of scattered particles measured by

search of fission isomers produced in the heavy-ion a Si AE-E detector placed backwards in the

transfer reaction in the sub-barrier energy region. reaction of a 87.5-MeV 'O beam with a **U
target.
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4.1 Synthesis and comparison of astatinated and iodinated amino acid derivatives for
the preparation of astatinated peptide

H. Suzuki', K. Hashimoto', 1. Nishinaka', Sh. Watanabe', I. Sasaki' and N. S. Ishioka'

Alpha emitting radionuclides have been of interest for several decades as candidates for radiotherapy due to
their high cytotoxicity against living cells. *''At (half-life: 7.21 h) is one of the most attractive alpha
emitters because its half-life is long enough to accumulate in target tissues and its a-particle energy (5870
keV and 7450 keV from *''Po) is appropriate for therapy [1]. Biologically active peptides have been
employed as a targeting molecule for the delivery of radionuclides to target cells in Peptide Receptor
Radionuclide Therapy (PRRT) [2,3]. The goal of this study is to prepare an astatinated biologically active
peptide for PRRT. Electrophilic destannylation has been exhibited to rapidly substitute astatine for a
stannyl group with high yield and under mild conditions [4]. Therefore, astatine labeled peptides will be
easily prepared in the presence of peptides containing a stannylated amino acid residue. We have
demonstrated synthesis of an astatinated phenylalanine from the stannylated precursor via electrophilic
destannylation as a feasible technique. In this study, more detailed studies were carried out to optimize
radiolabeling conditions of electrophilic destannylation. We prepared astatinated phenylalanine under
various radiolabeling conditions. Radioiodine has been applied for a variety of peptides. Since the chemical
properties of astatine are similar to iodine, the closest homologue of astatine, reported iodinated peptides
might be able to apply for astatinated peptides [5]. In this study, the radiolabeling reactions of astatinated

phenylalanine were compared with iodinated phenylalanine.

Astatine was produced by irradiating a "Pb target (1.2 mg/cm” thickness) with "Li beam (45 MeV, 138 nA
current) via the "Pb("Li, xn)At reaction. Iodine was also produced similarly via the "Sn(’Li, xn)I reaction.
At and I isotopes were isolated from the irradiated target using dry distillation as previously described [6].
N-Boc-p-tributylstannylphenylalanine methyl ester was synthesized by procedures reported previously [7].
N-Boc-p-radiohalogenatedphenylalanine methyl esters were obtained by procedures as follows; to a
solution containing 10 pL of 0.1, 1 or 10 mg/mL of the stannylated phenylalanine in ethanol was added 90
pL of 1% acetic acid/ethanol containing At or I. Then, 10 pL of 10 mg/mL of chloramine-T (CAT) in
ethanol was added (Scheme 1). The mixture was stirred at room temperature for 5 min. The reaction was
stopped by adding 10 pL of 10 mg/mL of sodium metabisulfite in H;O. The same experiments without
either acetic acid or CAT, or without both acetic acid and CAT were also carried out. The desired
compound was confirmed by thin layer chromatography (TLC). A 5 uL of a portion of the reactant was
spotted 2 cm from the bottom of a silica gel TLC plate. The plates were developed by
dichloromethane/methanol solution (20/1, v/v). After drying, the plates were exposed to the imaging plate
for 24 hours, and whereby the distribution of radioactivity on the plates was visualized by the Bioimaging
Analyzer System (BAS). The labeling yield was calculated from the measured radioactivity of each spot
obtained by the BAS.

! Japan Atomic Energy Agency (JAEA)
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Radiochemical yields of astatination depended on the volume of the stannylated phenylalanine (Table 1).
While radiochemical yields of iodination reached a plateau level at 1 mg/mL of precursor, astatination
required higher concentration of precursors to obtain sufficient radiochemical yield. The reactions without
CAT and acetic acid decreased radiochemical yields of astatination, which suggested both reagents played
important roles to facilitate astatination. Although the radiochemical yield of astatination was lower than
that of iodination, astatinated phenylalanine was successfully synthesized in 73% radiochemical yield in the
presence of 10 mg/mL of the precursor. On the base of studies described herein, we are planning to

synthesize an astatinated peptide via electrophilic destannylation.

0 0
o~ CAT, Radiohalogens o~
HN 10 - HN
Bu,Sn NBoc EtOH-1% Af:OH, X N Boc
r.t., 5 min
X=Atorl

Scheme 1. Reaction scheme of radiohalogenated phenylalanine.

Table 1. Radiochemical yields of each conditions (+ means addition and -means no addition).

Phenylalanine . ) . Radiochemical Radiochemical
derivative (mg/mL) | T (Oxidant) Acetic acid yield of At (%) yield of I (%)

0.1 + 23.8+4.1 64.6+6.9

1 + 64.4+6.3 78.44+9.5

10 + 73.1£6.8 78.4+9.9
10 - + 43.44+8.3 76.3£12.1
10 + - 51.7+6.8 71.1£22.2
10 - - 9.3+£5.3 49.3+£24.1
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4.2 Measurement of 'Li-induced reaction cross sections of **’Bi
for development of a 2Rn-At generator

E. Maedal, A. Yokoyamaz, T. Taniguchil, K. Washiyarna3 and . Nishinaka®

One of the radioisotope applications attracting much attention in recent years is “Radionuclide therapy”,
which is the treatment of cancer by administering tumor specific carrier molecules labeled with
radionuclide to the human body. Highly energetic a-particles are expected to suppress tumor cell growth
efficiently without damaging to surrounding tissues because of their short path lengths in tissues (<100 pum).
Among o radionuclides, *'' At has drawn attention as a promising ca-emitter due to its half-life of 7.2 h and
due to its chemical property as a halogen like *'I which has already been applied to radionuclide therapy.
However, its half-life makes it difficult to use at hospitals away from the isotope production facility. We
therefore focused on the *''Rn-*"'At generator technology to use *''At in distant place by milking a
disintegration product from *''Rn as a parent nuclide. In the transient equilibrium of *''Rn-*""At both
activities decay with the parent’s half life of 14.7 h. The generator technology enables us to transport *'' At
over approximately twice the distances. In the "Li+*”Bi reaction the production cross sections of 2"Rn via
Sn evaporation channel, 209Bi(7Li, 5n)2“Rn, have been measured [1,2]. There is, however, no report on
reliable production cross sections of *'®Rn and *'’At via 6n and p+5n evaporation channels, **Bi(’Li,
6n)*'’Rn and *Bi ('Li, p5n) *'°At, respectively. Both nuclides *'°Rn and *'°At are precursors to *'°Po, a
noteworthy radiotoxic nuclide due to its accumulation in human bone and its alpha radioactivity of 138
days in half-life. Therefore it is very important to acquire these excitation functions for the application to
the radionuclide therapy. We have performed measurements on the excitation functions of *''Rn, *'°Rn and
219At in the *”Bi+’Li reaction to establish the *''Rn-*'' At generator technology.

Targets of *’Bi were prepared by vacuum deposition on aluminum foil of high purity (99.999%). Stacks of

1 *”Bi targets were irradiated with 60 MeV 'Li beam with a current of 50-70 pnA from the

severa
JAEA-Tokai tandem accelerator. We obtained the production cross-sections for *''Rn, '°Rn and *'°At by
the non-destructive gamma measurement with a HPGe detector. The cross section for *'’Rn decaying into
2%po was obtained from the yield of ***Po. The independent yield of *'’At was obtained by discriminating

the contribution from its precursor ©Rn.

In Fig.1 are shown the observed "Li+*"Bi excitation functions with reported data [1] and cross sections

predicted by the statistical model calculation (HIVAP code) coupled with the CCDEF code [3]. The cross

211

sections for ©'Rn in the present study tend to be slightly higher than those in the report [1], where the

production of *''Rn might be underestimated because of its loss during the chemical procedures including
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dry distillation from an irradiated target. In contrast, in the measurements of the present study, loss of the
product is not likely to happen because of the non-destructive measurement. Independent cross sections of
1% and *'°At in the present study largely deviate from the sum of cross sections of *'°Rn and *'’At in Ref.
[1]. The reason of this large deviation is not clear but the cross section of **Po produced through o-decay
of >'°Rn with a probability of 96% reliably provides that of *'’Rn in the present study. We obtained both the
independent cross sections of '°Rn and *'°At for the first time.

Observed cross sections of *''Rn and *'’Rn produced via 209Bi(7Li, 5n)2“Rn and 209Bi(7Li, 6n)210Rn,
respectively, tend to be less than theoretical values, although the discrepancy between the values becomes
smaller as the incident energy increases. On the other hand, observed values of *'°At obviously exceed the
theoretical values for **Bi ("Li, p5n)*'°At. A weakly bound "Li nucleus is easily decomposed to *“He and
*H nuclei [2]. Such break-up reaction possibly leads to an incomplete fusion-evaporation reaction similar to
209Bi(4He, 3n)2 19At. It should be noted that the statistical model calculation [3] doesn’t involve incomplete
fusion following break-up. Thus, the contribution of break-up will result in the discrepancy of the
calculations from experimental data. In the production of 210At, the result suggests that the break-up
reaction of 'Li on **Bi plays a crucial role. However, it does not significantly affect the production of the

. . . 210 . . . 211
radiotoxic nuclide “ "Po since its cross sections are much smaller than those of ©° Rn.

1000
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g
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Fig.1 Excitation functions for 2I'Rn, 2'Rn, and ?'°At in the 'Li+**Bi reaction. Solid marks are the cross
section measured in the present study, open marks those measured by Meyer et al. for >''Rn and the sum of
21%Rn and *"°At [1], and lines those calculated by the statistical model calculation [3].
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4.3 Production of *>™

Te for compton camera imaging
Y. Hatsukawal, K. Hashimotol, K. Tsukadal, T.K. Satol, M. Asail, A. Toyoshimal, Y. Nagail,
T. Tanimoriz, S. Sonodaz, S. Kabuki3, H. Saji4 and H. Kimura®

In this study, *>"Tc isotope was produced via the "*Mo(p, n)’”™Tc reaction at the Tandem accelerator. *°™Tc
produced in the MoQO; target was separated and purified by the method according to previous study [1].
Irradiated proton beam currents were monitored with Faraday cup connected to a current integrator, and

95m

averaged beam currents were 1.2 pA. After a few weeks cooling time, about 500 kBq of "~"Tc were

extracted from the irradiated MoOj; target after a chemical separation procedure.

A Compton camera imaging of gamma ray form ™

Tc was taken by the ETCC (electron tracking Compton
camera) which is developed by the Prof. Tanimori’s group at Kyoto University [2-7]. The ETCC consists
of two detector parts. A gamma ray is scattered in the first detector which is a micro-time projection
chamber (u-TPC) [8,9]. The pu-TPC can catch the 3D recoil electron track [14]. The scattered gamma ray is
caught by the second detector which composed of pixel scintillator arrays. The ETCC can construct the
gamma-ray direction event by event, using information from the electron track and absorption point of the
scattered gamma ray. In this imaging study, an intensity of *>™Tc is 170 kBq contained in ¢10mm plastic

vial was used as a radiation source which was placed at 10cm away from top of camera head.

Using the ETCC at Kyoto University, we have succeeded in imaging the PMT¢ for 204 keV, and the
tentative imaging result is shown in Fig. 1. The energy window of the ETCC is 170 — 230 keV, and number
of accepted gamma ray events is 311 events. Also this image was reconstructed by an iterative
reconstruction technique which is maximum likelihood expectation maximization (MLEM) method using
list-mode data [10]. The obtained image taken by the ETCC is distributed about ¢$30mm diameter. A higher
position sensitivity image can be reconstructed by more careful data analysis event by event. And become
more high energy, spatial resolution of the ETCC will be better because of Compton scattering phenomena.

This is the first Compton camera imaging picture with gamma rays from *°™Tc isotope.

From results of this study, we show the possibility of new diagnostic tests using the Compton camera

imaging with *™Tc-labelled compounds instead of the SPECT imaging with *™Tc. In the future, *°Tc is

95m,

more suitable for actual diagnostic test for human body than ~"Tc because of their half-lives.
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170-230 keV

311 events
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Fig.1 Compton camera imaging obtained from **™Tc contained in a 10 mm diameter vial.
Energy window is 170 -230 keV. From accepted 311 gamma ray events, this image was
reconstructed by an interactive reconstruction technique. White circle shows size of 10 mm

diameter vial. Most of events were found within 30 mm diameter.
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4.4 Medical Radioisotope Production with Accelerator Neutrons by Deuterons

K. Tsukadal, N. Satol, M. Asail, TK. Sato' and Y. Nagai1

We are proposing a new system for the generation of medical radioisotopes with accelerator neutrons by
deuterons [1], especially the production of Mo (T2 = 66 h), Oy (Ty, = 64 h), Cu (T2 = 61.8 h), and
%4Cu (Ty, = 12.7 h). The most common diagnostic radioisotope, >’ "Tc (T = 6 h), has been obtained from
Mo (T, = 66 h) which has been produced mostly by the fission reaction of highly enriched *°U in
research reactors around the world. A recent shortage of Mo worldwide triggered discussions on the

d *™Tc production methods with reactors and accelerators have

supply of Mo, and a number of *’Mo an
been investigated. The positron emitting radioisotope **Cu and P-ray emitting radioisotope “’Cu are
promising radionuclides suitable for labeling many radiopharmaceuticals for PET imaging and for treating
small distant metastases in radioimmunotherapy, respectively. Their generally adopted production routes
are “Ni(p,n)**Cu and **Zn(p,2p)*'Cu, respectively. However the use of “’Cu for clinical researches has
been limited due to the difficulty in obtaining sufficient quantities. *°Y-ibritumomab tiuxetan (Zevarin®), a
radiopharmaceutical agent, a pure -ray emitter with a maximum energy of 2.28 MeV, has been used for
cancer therapy. *°Y is obtained from *°Sr (7, = 28.8 y), which is produced by the fission reaction of **°U.
In our study, we investigated a potential of accelerator neutrons to produce 99M0, 64Cu, Cu and *°Y [2,3,4],
and we were successfully produced the isotopes which irradiated by accelerator neutrons obtained by the
nat

C(d,n) using 40 MeV deuterons provided from TIARA cyclotron. In this study, we investigated to obtain

an excitation function of the productions by the 9OZr(n,x) reaction.

10°
* 5 © 89 s
5 b 2 =3 Zn (78.4 h)
1 0 g '{n E 8 90.
~ o E Zn(n,2n)
S
10*
B2
S.n3
=1
310
(@]

10°F ™Y (319 h)-

rnp) ¥MSr (2.81 h)*
10k OZn(n,cr)
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Energy (keV)
Fig. 1 A y-ray spectrum of the *°ZrO, sample irradiated with neutrons,

which were obtained by the "'C(d,n) using 30 MeV deuterons. It was taken 5
hours after the end of irradiation.

Enriched *°Zr oxide samples with a radius of 10 mm and a weight of about 200 mg were irradiated with
neutrons, which were obtained by the "*C (d,n) using 12 - 30 MeV deuterons provided from the JAEA

' Japan Atomic Energy Agency (JAEA)
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tandem accelerator. These samples were placed

nat

at 9 mm between the " C target and the sample =~ ——————

position in the air. After a bombardment we

o
o

measured a y-ray spectrum of the reaction

products produced by the *°Zr(n,x) reaction

o
~

with a HPGe detector. In Fig. 1, we show a
y-ray spectrum from the decay of **™Y (at 203,
408, and 682 keV) which was produced with
Y via the *Zr(n,p) reaction, ¥Zr (909 keV)
and *"™Sr (389 keV). The activity of the pure

B-ray emitter *°Y is estimated from the

o
w

o
N

Radioactivity / Bq

observed activity of *™Y by a literature value

[5]. The excitation functions of 9my 8975 and

Q

‘,I +90mY
I

g B 89
estimated *°Y were shown in Fig.2. Since the E I Zr
[ 1 -@— 90Y

activity of *’Y was found to be comparable to 10° ]
that of impurity nuclide *Zr (T, =78.4 h), *°Y ‘ T
will be separated from *Zr by using an 0 5 10 15 20 25 30 35 40
ion-exchange separation method and purified. Deuteron Energy / MeV

The present results demonstrate that the  Fig. 2 Observed excitation functions of the

. 90my, 89 90 90
medical radioisotopes, Y, can be produced by ~ productions, "7Y, “Zr, and Y, by the "Zr(n,x)
reaction .

nat

using fast neutrons from the ™'C (d,n) reaction.
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4.5 Batch reduction and extraction experiments of Mo and W
for a future reduction experiment of seaborgium (Sg)

A. Toyoshimal, S. Miyashitaz, K. Ooe’ , M. Asail, M. F. Attallah4, N. Goto3, N. S. Gupta4, H. Habas,

M. Huang'’, M. Kaneko?, J. Kanaya®, Y. Kaneya'®, Y. Kasamatsu’, Y. Kitatsuji', Y. Kitayama®, K. Koga®,
Y. Komoris’7, T. Koyama3, J.V. Kratzg, H. V. Lerum4, Y. Oshimi3, V. Pershinam, D. Sat03, T. K. Satol,
Y. Shigekawa7, A. Shinohara7, A. Tanaka3, K. Tsukadal, S. Tsuto’ ,A. Vasconl, T. Yokokita7, A. Yokoyamag,
J. P. Omtvedt*, Y. Nagame' and M. Schidel"'°

Seaborgium (Sg) is expected to be redox-active similar to its lighter group-6 homologs, Mo and W.
Theoretical calculation shows that seaborgium (Sg) can be reduced from the most stable hexavalent state
Sg(VI) to, e.g., the tetravalent one [1]. In such reduction reactions, electrons occupy the vacant valence 6d
orbital of the Sg(VI) ion. The redox potential of the Sg(IV)/Sg(VI) couple, therefore, provides information

on the stability of the 6d orbital which is influenced by increasingly strong relativistic effects.

Because of low production rates of 26Sa’ng (a and b show two different states) in the 248Cm(22Ne, 5n)
reaction and their short half-lives (77,,) of 8.5 s and 14.4 s [2], only single atoms of Sg are present during an
experiment. This means that standard electrochemical techniques are not applicable to a reduction study of
Sg. Our idea is to observe the reduction of single Sg ions by differences in the solvent extraction behavior
between non-reduced Sg(VI) and reduced Sg(IV) species after electrolytic reduction;non-reduced Sg(IV)
species are extracted into an organic phase while reduced Sg(VI) remain in an aqueous phase and vice
versa. In the present study, we examined the extraction and reduction behavior of carrier-free Mo and W
radioisotopes to search for extraction conditions under which chemical species in two different oxidation

states are separated.

The radioisotopes %MMo (T1,=6.9 h) and 176w (T2 = 2.5 h) were produced in the 89Y(7Li, 3n)93mMo and
SLu(’Li, 6n)' "W reactions, respectively, at the JAEA tandem accelerator. Reaction products transported
by a He/KCl gas-jet method at a gas flow rate of 1.5 L/min were deposited on a small plastic piece for 3
min. These were then dissolved with 220 pL of aqueous solution and were introduced into a sample injector.
The injected products were then fed into a flow electrolytic column (FEC) [3] at a flow rate of 1.0 mL/min

for 1 min. The applied potential was between -1.4 and 0.4 V vs. a Ag/AgCl reference electrode in 1.0 M
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LiCl. After the effluent from the column electrode was collected in a plastic vial, 700 uL of the solution
was pipetted to another plastic tube to which the same volume of 0.2 M TOA dissolved in toluene had been
added. After shaking using a Vortex mixer for 1 min, the mixed sample was centrifuged for 30 s. From both
phases, 500 pL aliquots were transferred into two vials. These two samples were then subjected to y-ray
spectrometry with a Ge detector. The distribution ratio (D) was determined as D = (Aorg / Vorg) / (Aaq / Vaq)
where A4, and 4,4 are the radioactivities in organic and aqueous phases, respectively, and Vo, and V4 are
the volumes of organic and aqueous phases, respectively. We also measured the eluted total amounts of Mo
and W from the FEC to determine their chemical yields. The effluent from the FEC at a flow rate of 1.0
mL/min was collected a plastic vial in for 1 min. This sample was measured by y-ray spectrometry with a
Ge detector.

As an example, extraction behaviors of %"\Mo and '"°W from 0.1 M H,SO4/0.1 M HCIO, into 0.2 M TOA
are shown in Fig. 1 as a function of the applied potential of the FEC. The D value of *™Mo largely
decreases for potentials lower than -0.2 V, indicating a successful reduction and separation of Mo. On the
other hand, the D values of '"°W do not show any clear variation. This means that W was not reduced under
the examined conditions. Figure 2 shows the eluted amounts of **™Mo and '°W from a FEC in 0.1 M
H,S04/0.1 M HCIO4. The eluted amount of *™Mo suddenly drops at -0.4 V, while that of '"°W  gradually
decreases with a decrease of the potential. This suggests that Mo (strongly) and W (weakly) are
electrodeposited as metals or oxides on a carbon fiber electrode at the corresponding potentials. This
unexpected deposition constitutes a serious problem for our future on-line reduction experiments of Sg,
yielding very low chemical yields. In the near future, therefore, we will further examine the deposition and
extraction behavior of Mo and W using different aqueous solutions such as pure H,SO, and higher acid

concentrations to avoid deposition on the electrode.
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Fig. 1 Distribution ratios (D) of Mo and W Fig. 2 Eluted amounts of Mo and W from a
in the extraction from 0.1 M H,SO4/HCIO4 flow electrolytic column (FEC) as a function
as a function of applied potential of a FEC. of applied potential.
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4.6 Measurement of overall efficiencies of short-lived lanthanide isotopes with surface
ionization ion-source coupled to Cdl, gas-jet transport system

T. K. Satol, M. Asail, N. Satol, Y. Kaneyal’z, K. Tsukadal, A. Toyoshimal, K. Oo¢’ , S. Miyashita4, A. Osal,
M. Schéidell, Y. Nagamel, S. Ichikawal’s, T. Stora® and J. V. Kratz’

The first ionization potential (IP), one of the fundamental physical and chemical properties of an element,
of heavy actinides with Z > 100 has not been determined experimentally. The reason for this is because
elements with Z > 100, which have short half-lives and which are synthesized at accelerators in heavy-ion
reactions with low production rates, are only available in non-weighable quantities down to the
one-atom-at-a-time scale. These conditions call for a novel experimental approach different from a well
established method like resonance ionization mass spectrometry (RIMS) [1]. In order to determine IP

values of the heaviest actinides which have not

been investigated so far, we have developed a | Aerosol generator | Mass flow
Aerosol
surface ionization type ion-source for an = 00”“0"”
. . ‘ﬁ——
innovative IP measurement method based on a He gas
surface ionization process [2, 3]. We report here
Teflon capillary| Buffer
on the absolute efficiency of various short-lived
lanthanide isotopes with the ion-source coupled to Reaction products
. attached to aerosols
the He/Cdl, gas-jet system.
As shown in Fig.1, the experimental setup consists Water-cooled
beam stopper
of an aerosol generator, a target recoil chamber, a —| Target  [Target recoil chamber]
gas-jet system with a switch to direct the products
either to a surface ionization ion-source installed | 'Surface ionization ion source
in the JAEA-ISOL system, or to an aerosol Exiraction
electrode
particle collector for a direct catch of the s Skimmer Filament(1) /
as Tow
transported activity. Nuclear reaction products switch ﬁl beam
s
produced in the bombardment of a target by an ion @ Mass
. separatior

beam delivered from the JAEA tandem accelerator 0 Ionizer
are recoiling from the target and are stopped in He Filament(2)
gas which is loaded with Cdl, aerosol particles.
All products attached to aerosol particles are

) ) [ Aerosol particle collector]
swept out of the recoil chamber with the He gas > Glass

flow and are transported to the ion-source. Then, fiber filter

Fig.1 Schematic diagram of experimental setup.
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the nuclear reaction products are ionized on the surface by a surface ionization process and are extracted by
an extraction electrode. An ionizer of the ion-source was made from tantalum (Ta) with the inner wall lined
with a 50 pm thick rhenium (Re) foil; the ionization process takes place on the Re metal surface. Ionized
products are accelerated with 30 kV, mass-separated with a mass resolution of M/AM ~ 900, and implanted
into an aluminized Mylar tape of a tape transport system installed at the exit of the ISOL set-up. The
collected ions were measured by y-ray spectroscopy with a HP-Ge detector. The absolute efficiency of the
entire system is defined as the ratio of the amount of mass-separated isotope to that produced in the target
recoil chamber. For efficiency measurements of short-lived isotopes produced in nuclear reactions, various
lanthanide isotopes and one rubidium isotope were used as shown in Table 1. Lanthanide isotopes were
produced with "'B beams in reactions with mixed targets of **Ce/'*'Pr/***Tb and "*Nd/"*Sm/'*Tb and a
2Dy target, while *"Rb was synthesized in reactions of "Ge with ''B. Production yields of each isotope
were evaluated from the amount of the isotope observed at the aerosol particle collector based on the
absolute efficiency with the He/Cdl, transportation at a He flow rate of 1.8 L min" and a temperature of
290°C of the Cdl, material, 27 = 10 %.

All efficiencies are summarized in Table 1. Statistical errors in the y-ray measurement and systematic errors
from the gas-jet transport and the HP-Ge detectors are included in overall errors in the value of efficiency.
The present system has been already applied to ionization experiments of short-lived lawrencium (Lr,
7=103) isotope, **°Lr produced in a **Cf + ''B reaction [2].

Table 1. Overall efficiencies of various lanthanide isotopes and *’Rb with the present surface ionization

ion-source coupled with the He/Cdl, transport system.

Isotope Ty Efficiency/%
%Rb 34 26+5
e ] 1.223/2.59 min 16+3
168mig 1y 6.7/5.5 min 5+1
5Ho 3.10 min 6+1
3gm 66 s 15+3
140mp 5.95 min 12+2
8 Th 2.20 min 3+1
1%yp 9.9 min 4+1
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CHAPTER 5

Nuclear Theory

5.1  New magic number N=34 from the energy levels of neutron-rich Ca and Sc isotopes

5.2 Fission barrier height by the spherical-basis method
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5.1 New magic number N=34 from the energy levels of neutron-rich Ca and Sc isotopes

Y. Utsunol, M. Honmaz, T. Otsuka® , T. Togashi3 , N. Shimizu® and T. Mizusaki®

The modification of nuclear magic numbers is one of the most attractive subjects in the physics of exotic
nuclei. In light nuclei, the conventional magic numbers N=8, 20, 28 are known to disappear in neutron-rich
regions (for a review, see [1] for instance), whereas a new magic number N=16 appears [2,3]. The
appearance of the N=16 magic number is attributed to sharp decrease of the neutron d3,, orbit as a function
of the proton number [4], suggesting considerable evolution of the shell structure in going from normal to
exotic nuclei. The mechanism of shell evolution is of great interest in this field. The origin of the
appearance of the N=16 magic number has been proposed to be strong spin-isospin dependence of the
effective interaction [5] for more than a decade, and it has also been predicted that this mechanism gives
rise to a new N=34 magic number in Ca isotopes. Since then, the N=34 magic number has been investigated
by a number of experiments, but its existence has been questioned because no signs of this magic number
were found for the neighboring isotopes of >*Ca. Finally, a direct measurement of the first excited state in

>4Ca has been performed very recently, giving a clear evidence for the existence of the N=34 magic number

[6].

In this study, we have carried out shell-model calculations for neutron-rich Ca and Sc isotopes, aiming at
quantifying the strength of the N=34 shell gap and at demonstrating a consistent description of those energy
levels. In Figs. 1 and 2, we compare the energy levels among three different shell-model interactions,
GXPF1A [7], GXPFIB [8] and GXPFI1Br [6], with different N=32 and 34 shell gaps. The GXPF1Br
interaction is modified from the GXPF1B interaction by fine-tuning the N=34 shell gap so as to give a good
2", energy level in **Ca. Figures 1 and 2 indicates that not only this energy level but also many other states
are improved by this single adjustment, including the 9/2", state in *'Ca, the 5/27; state in >Ca, and the 17,
in **Sc. Those states have a large neutron f, component according to shell-model calculations, and thus
being very sensitive to the N=34 shell gap which is separated between the p;, and fs, orbits. As a result, it
turns out that the GXPF1Br interaction is a reasonable shell-model interaction for describing this region.
The strength of the N=34 shell gap is extracted to be about 2.5 MeV from the GXPF1Br interaction.
Although this is a modest shell gap being close to the N=32 gap, it is much larger than the sub-shell gaps of
the Ni region that are less than 1 MeV. Moreover, the order of the neutron fs;, and p,,, orbits changes in
going from Ni and Ca. This sharp change in neutron shell structure is considered to be due to cooperation
of the tensor and central forces [9], both of which favor the fs), orbit rather than the p;/, orbit while protons
occupy the f7, orbit. Hence, the N=34 magicity suddenly disappears once the valence protons occupy the

2, orbit, as observed in Sc and Ti isotopes.

'y apan Atomic Energy Agency (JAEA)
* University of Aizu

3 University of Tokyo

* Senshu University
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5.2 Fission barrier height by the spherical-basis method

H. Koura'

A new method of estimating fission barrier heights is presented in which potential energy surfaces are
calculated by using the spherical-basis method. This method is based on an idea of configuration mixing
of various spherical states for deformed nuclei, and gave a ground-state nuclear-mass calculation our group
presented [1,2]. Under this assumption, the nuclear shell energy with deformations can be expressed as a

weighted sum of spherical shell energies, and the weights are obtained from geometric shapes.

Figure 1 shows calculated fission barrier heights for symmetric shapes in the heavy and superheavy nuclear
mass region ranging from 76 to 148 of proton number, Z, and from 120 to 270 of neutron number, N.
Known nuclei are indicated by small black squares. In this figure, some isolated ‘islands’ in regions of
neutron-deficient heavy and superheavy mass can be seen. The island in the lighter-mass region is found
along N =126 with Z~ 114 and 126. This island is caused by a result of the strong shell closure of N = 126
and Z=114 and 126, and the barrier heights of these nuclei are over 8 MeV. However, long-lived nuclei in
this region are unexpected because this region is far outside the proton drip line as shown this figure.
Because of existence of the N=126 shell closure, the fission barriers of the neutron-deficient nuclei near N
~ 126 are enhanced, compared to the macroscopic estimation, and some nuclei such as Uranium (Z=92)

and Plutonium (Z=94) isotopes would be expected to have rather longer half-lives.
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Fig. 1 Fission-barrier height in the heavy and superheavy mass region. Proton and neutron drip lines

120 =28

from the KTUY mass formula [2] are shown as solid lines. Known nuclides are also shown, as small
black squares. Nuclei for which fission events were measured to occur at a rate of 10% or more are
shown as open squares. These are in the region Z = 110 and N =~ 168, as shown in the figure.
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The island along N = 184 with Z between approximately 114 and 126 is expected to be an island of stability
in the superheavy mass region. Calculated barrier heights are over 8 MeV. The adopted nuclear
potential in this work results in doubly magic spherical single-particle levels for ***F1 (Z = 114) and *'°[126]
[3]. The predicted proton shell gap of 114 for **Fl and that of 126 for *'°[126] are comparable (actually
the gap of 126 is slightly larger than that of 114), and this property results in the creation of an island.

In the much heavier region, a peninsula appeared along N = 228 with Z between 114 and 126. This
enhanced region is due to the strong shell gap of N = 228, and the reason why a well-defined island is not

formed is that the nucleus **'[

126] is not a doubly magic nucleus in this nuclear potential (see Ref. [3]). The
barrier height of this nucleus is obtained as 6.59 MeV, comparable with those of the known actinides.
Furthermore, this nucleus is estimated to be -stable [19]. Therefore, we can expect that this nucleus has a

comparatively long half-life.
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Fig. 2 0, deformation parameter at the fission saddle point.

Figure 2 shows the deformation parameter a, at the saddle point. In the known actinide region (90 < Z
<103 and 120 < N < 160), a distinct border of a, ~ 0.4 lies along Z = 90-92. For higher Z nuclei in the

known actinide region, o, deformations of the saddle point are approximately 0.2—0.3.
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CHAPTER 6

Atomic Physics and Solid State Physics

6.1  Development for nanoscale lithium diffusion tracing method

in Li ion battery material using "Li radioactive tracer
6.2  Charge state distribution of tungsten ions after penetration of C-foil targets (II)
6.3  Coster Kronig electrons from excited C¢ " ions produced in the transmission

through thin carbon foils
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6.1 Development for nanoscale lithium diffusion tracing method in Li ion battery
material using 8Li radioactive tracer

H. Ishiyamal, S.C. Jeongl, Y. X. Watanabel, Y. Hirayamal, N. Imail, H. Miyatakel, A. Osaz, Y. Otokawaz,
M. Matsudaz, H. Makii®, T. K. Satoz, A. Nakao®, Y. H. Kim4, M. Mukai’ and S. Kimura®

The diffusion of lithium in materials used in secondary Li-ion batteries is a key factor that determines the
rate at which a battery can be charged and discharged. We have developed an in-situ lithium diffusion
tracing method using a short-lived radioactive ion beam of *Li and successfully applied it to measure
diffusion coefficients in Li ionic conductor (e.g. [1]). This method is sensitive to the diffusion over the
micrometer scale and the lower limit of the diffusion coefficients (D) obtained by this method is on the
order of 10" cm?%/s [2]. On the other hand, the diffusion coefficient of Li in LiCoO,, which is used as
positive electrode material in most Li secondary batteries, has been measured using various methods
indirectly. However, the values were scatter over values from 10% to 5X 10 cm?/s [3-5]. It is desirable to
directly measure the diffusion coefficients using the improved method which has the nanoscale sensitivity
for the lithium diffusion. We have proposed a new method by detecting a particles emitted from decayed
¥Li at a small angle relative to a sample surface that is irradiated with a low-energy (the order of keV) *Li
beam, by which the detection limit can be improved to order of 10" cm%/s, corresponding to several 10
nm/s diffusion. The detailed concept of our proposed method for nanoscale diffusion measurements is

given in ref [6].

200 \
——0.1 -1 s (Nor.)
In order to experimentally present such high . —_4-665
sensitivity by our new method, we have started an 150 - lo high gate
experimental program at the tandem facility of JAEA. E
A low-energy (8 keV) *Li beam has been provided by ; 100 |
an isotope separator on-line (ISOL) at the tandem =
facility. In this case, the implantation depth can be set &
to several tens of nm from a sample surface. The 50 -
implantation depth profile after several seconds will
show a significant amount of broadening as compared 0 ‘ ‘
0 50 100 150 200

with the as-implanted depth profile even for nanoscale
o Energy (channel)
level diffusion. As the sample, we selected a
400-nm-thick Li;0-V,05-Si0; (LVSO) thin film. The

diffusion coefficient of an LVSO sample could not be

Fig. 1 Measured time-dependent energy

spectra of a particles using LVSO at
measured below 200°C by the previous method [2]. 130°C.
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Therefore, we have tried to measure the lithium diffusion coefficients at first in the thin LVSO film at the
temperatures lower than 200°C. Three Si detectors were set at 0 = 10° to the sample surface with the solid
angle of 2X 10™. The path length of the detected o particles in the sample increases by a factor of d/sin 6
with respect to the depth (d) from the sample surface, thereby leading to a larger change in the measured
energy spectrum for the a particles than that measured along the implantation direction. The ¥Li beam was

periodically implanted into the sample (1.6 s for beam on and 5 s for beam off) with the intensity of about

10° pps.
.
@ Lowgate
X . —— Simulation, D =0.92 10-1! cm?/s
Figure 1 shows energy spectra of o particles measured for O Highgate L
. . . X —— Simulation, D =0.92X 10-1! cm?/s
different time durations, i.e. from 0.1 to 1 s and from 4 to +

6.6 s, respectively, for LVSO thin film at 130°C. As can be
seen in Fig. 2, the later energy spectrum shows an obvious

shift to lower energies with an increase of time, which

comes from the ®Li diffusion into deeper side of the sample

as discussed in ref [6].

0 1 2 3 4 5 6

In order to trace such temporal evolutions, we investigated Time (s)

the time evolution of a particle yields within appropriate Fig. 2 Time-dependent yields of

energy regions, namely low gate and high gate, as shown energy-gated o particles for LVSO film at

in Fig. 1. Figure 2 shows time-dependent yields of 100°C . normalized with those for Pt

energy-gated o particles for LVSO sample at 100C. In sample The results, best simulated with a

diffusion coefficient of 0.92X 107" cm?/s

are also shown.

order to remove the trivial time dependence of the half-life
time of "Li, the yields, represented by ‘Ratio’ as a function
of time, were normalized by those obtained measured
using Pt foil, on which no diffusion effect was observed. As a result of the comparison of the simulation [6]
as shown in Fig. 2, the diffusion coefficient was obtained as 9.2 X 10™? cm%/s at 100°C, demonstrating that
the present method has a sensitivity to lithium diffusion coefficients down to orders of 10™'? cm®/s. The
detection limit for the diffusion coefficients was improved, by about two orders of magnitude, in
comparison to that achieved with our previous method. For further investigations, measurements of lithium

diffusion coefficients in various electrode materials of Li secondary batteries are under progress.
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6.2 Charge state distribution of tungsten ions after penetration of C-foil targets (II)

M. Imail, M. Satakaz, M. Matsudaz, S. Okayasuz,
K. Kawatsura®, K. Takahiro®, K. Komaki’, K. Nishio? and H. Shibata'

When (even single) fast heavy-ion in MeV/u energy range irradiates a solid target, a unique
characteristic-features, which cannot be brought about by any other means like photon or electron impacts,
take effects by accumulation of several consecutive elastic and inelastic collision processes between
projectile ion and target atoms. It is known for fast heavy-ion irradiation that the electronic stopping power,
caused by the inelastic processes, is larger than the atomic (elastic) stopping power by more than three
orders of magnitude. As a total range of fast heavy ions is longer than 10 um, such electronic excitation
effects span from the solid surface into inside the material and those features play effective roles in material
modification. Each inelastic collision process is strongly affected by energy, charge state, electronic state
and so on of the projectile ions, whereas our previous measurements [1-3] using sulfur and carbon
projectile ions have made it clear that the difference between collision frequency, i.e., collision cross
sections for K- and L-shell electron processes exert an effect on charge and electronic state evolution. Fast
tungsten ions are often used for material modification. Since they still wear quite number of electrons
during solid penetration, charge and electronic state evolution of the projectile and secondary ion
production and transport are important aspects to understand the basics of the material modification. The
present measurement is a part of our joint research project of “Basic processes of fast heavy-ion irradiation
into solid and material property modification” and is devoted to the study of charge state distribution of 1.0
MeV/u W' (¢ = 15-30) projectile ions before and after the equilibrium through C-foil penetration.

As has been presented in the previous annual reports [4-11], we have measured the exit charge state

S'%* jons through C-foil targets of 0.9 — 200 pg/cm? in thickness and

distributions for penetrations of S —
performed calculations by an ETACHA code [12, 13] to succeed in reproducing the experimental results,
although ETACHA has been designed for higher energy region (>10 MeV/u) [1-3]. In this report, results of
our new measurements for tungsten projectiles are presented.

The experiments were performed at the LIR1-3 beam line of the 20UR Tandem Accelerator Facility. A
beam of 1.0 MeV/u (184 MeV) AW or W' jons was provided from the Tandem Accelerator within
an energy accuracy of 0.1%, which was sufficient to separate the W isotopes, and post-stripper C-foil of
about 20 pg/cm” was used to produce higher charge states up to 30+. The W?" ion beam was directed into
self-supported carbon foils of 4.6 — 20 pg/cm? in thickness. The charge states after foil penetration were
measured using the heavy ion magnetic spectrometer ENMA and a position-sensitive gas chamber detector.
The vacuum condition inside the collision chamber and the spectrometer were maintained below 10~ and
107 Pa, respectively, to practically climinate background charge-exchange collisions with residual gas,

which was confirmed by measurements with no foils.
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Measured charge state distributions for 1.0 MeV/u W' and W**" ion incidence after penetration through
4.6, 9.9, and 20 ug/cm2 C-foil targets are plotted in Fig. 1. The charge state distributions for W incidence
through 9.9 and 20 pg/cm” targets fully coincide showing that the charge-equilibrium has been established.
The equilibrium mean charge state g = quF (¢) and distribution width d = [Zq(q—i)z F (q):r/2 ,
where F(g) denotes the fraction for charge state g, are 31.4 and 2.30~2.31, respectively, whereas the only
available data from literature [14] predicts smaller mean charge state. Mean charge states of the measured
charge state distribution increase to the equilibrium value as the target thickness grows for both W'>* and
W3 incidence, but the distribution for W'** incidence at 9.9 ug/cm2 does not establish equilibrium, whose

distribution width decreases to 2.28 as the target thickness grows from 4.6 pg/cm’.

W15+ incident through C-foil W30+ incident through C-foil

+4.6 4 g/cm2
1E-1 s S = P i " +9.9 yg/om2 |

e ////‘7 \R*\\\ / N\\\\ ©-20 ¢t g/cm2
R W X

20 25 30 35 40 45 20 25 30 35 40 45
Charge State Charge State

Fig. 1 Charge state distribution for 1.0 MeV/u W' and W**" jon incidence after penetration
through 4.6, 9.9 and 20 pg/cm’ C-foils.
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6.3 Coster Kronig electrons from excited C’" ions produced in the transmission
through thin carbon foils

S. Tomita', R. Kinoshita', Y. Shiinal, K. Sasal, M. Satakal, M. Matsudaz, M. Imai® and K. Kawatsura®

Strong reduction of secondary electron yield for fast cluster injection is one of interesting subject to study,
because of strong violation of the relation, Ye = LSe, where Ye is secondary electron yield, Se is
electronic stopping power, and the parameter L is material parameter [1, 2]. We think that the behavior of
scattered electron produced by projectile ion inside material must be crucial to understand the special
cluster effect. Zero degree electron spectroscopy is one of the well-known techniques to investigate the
behavior of the electrons inside material produced by the transmission of swift ions. Especially, we focus on
the Coster Kronig electrons which correspond to the number of excited states formed by capturing electrons
at emergence from target material. Since the radius of excited electron become comparable with the inter
atomic distance between constituent atoms of the cluster after passage of thin carbon foil, thus, the cluster
effect on the formation of such excited states is interesting to measure. We plan to make comparison of the
yields of Coster Kronig electrons between atomic and molecular injection case. In this report, we present

the spectrum of Coster Kronig electrons from C?" ions.

Experiments were conducted at the tandem accelerator of the Japan Atomic Energy Agency, Tokai. C*
ions were produced by ECR ion source from benzene gas. The ion source was located on the high voltage
terminal of the tandem accelerator. The ions were extracted by potential difference of 10 kV and injected to
the normal acceleration beam line by a 90° magnet. The mass selected ions, using a 180° magnet on the
high voltage terminal, were injected to the acceleration tubes. The kinetic energy of C* ion used for
current experiment was 3.5 MeV. The accelerated ions were mass selected again by a 90° bending magnet
and transported to the experimental chamber. The experimental apparatus used for the present experiment is
described elsewhere in detail [3]. The ions were injected on the target of a thin carbon foil purchased from
Arizona Carbon Foil Co. Inc.. The nominal thickness was 4.8 pug/cm2. On the downstream of the target, 45°
tandem parallel-plate spectrometer was placed at zero degrees with respect to the direction of projectile ion
beam. The resolution of the spectrometer is 3.2% without the deceleration of the electrons before entrance

of second analyzer.

The obtained energy spectrum for 3.5 MeV C” is shown in Fig.1. The electron energy refers to the

projectile rest frame. Electrons emitted in forward and backward are shown together. In both spectra, the
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peak positions correspond well to each other. The discrepancy at low energies is due to field ionization
which takes place at the entrance of electrostatic analyzer. The transition energies can be estimated with
value of quantum defect using

E =DE- Q2Ry/(n - m) (1)
where N is the principal quantum number, Q the charge number of the atomic core seen by the Rydberg
electron, M, the quantum defect calculated by Theodosiou et al. [4] and Ry the Rydberg energy. The
energy difference DE between 2s and 2p states was taken from NIST [5]. The peaks, which correspond
to the Coster Kronig transition from 1s*2pnl to 1s*2sel, are clearly observed for n = 56,7. The
assignment of peaks around 1 and 2 eV is not clear so far, these might be contribution from 1s*2s2pnl states.

The comparison with C; at the same velocity will be performed in the following experiments.
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Fig. 1 Energy spectrum of zero degree electrons induced by the irradiation of 3.5 MeV C*ions through
4.8 ug/cm? carbon foil. The electron energy refers to the projectile rest frame. Electron emitted in
forward (blue) and backward (red) are shown together. The vertical lines indicate the estimates
obtained with Eq. 1 (see text).
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Radiation Effects in Materials
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7.1 Nanosphere formation of CeO; irradiated with high-energy heavy ions

N. Ishikawal, N. Okubol, T. Sonodaz, T. Sawabe” and M. Sasase’

When an oxide is irradiated with ions with high-energy heavy ions, modified columnar area called
ion-tracks are often created. Inside the ion-track, the crystalline structure is modified or the density is
different from the matrix. Because of these features, ion-tracks can be visualized by a transmission

electron microscope (TEM).

It is already known that in CeO, irradiated with high-energy heavy ions ion-tracks are formed. According
to the previous literatures[1,2], the ion-track in ion-irradiated CeO, is not amorphized and its crystal
structure is maintained but somehow modified from the original lattice structure. There have been many
studies that suggest oxygen is deficient inside the ion-track[3,4]. Recently, it has been found by the
high-resolution TEM study that the signal intensity of the Ce cation column is reduced[5]. It is important
to know how and where Ce and O atoms are displaced, because it is closely related to the ion-track
formation mechanism. One of the methods to elucidate the mechanism is to investigate the surface swelling,
because it is probably related to the cooling process of the transiently excited hot atoms inside the
ion-tracks.  Unfortunately, there is no literature concerning the surface morphology as long as
ion-irradiated CeO, is concerned. In this paper, we report for the first time that in ion-irradiated CeO,

nanospheres are formed at the surface of CeO, sample.

The samples for TEM were picked up from sintered polycrystalline CeO, and thinned by focused ion beam
(FIB) method. They were irradiated with 200 MeV Au at room temperature. One of the samples is
irradiated from the direction normal to the sample surface. Figure 1 shows the bright field images of
ion-irradiated CeO, which was irradiated from the direction normal to sample surface and was tilted in the
microscope. The ion-tracks can be imaged with off-focus condition, while they cannot be imaged clearly by
bright field image mode with focused condition. The image of ion-tracks becoming black or white depends
on whether the observation condition is over-focus or under-focus. At both ends of the ion-tracks, circular

contrasts are observed. Their size is larger than the width of the ion-tracks.

In order to clarify whether the circular contrasts are actually spherical objects, another sample was
irradiated from inclined direction (45 degree) relative to the sample surface. Figure 2 shows the objects
observed at the crack faces of ion-irradiated CeO, are mostly spherical. Ion-tracks are also observed, and
nanospheres are found at the end of the ion-tracks. They are observed at both crack faces indicating that
nanospheres are created not only at the irradiated front face but also at the rear face where ions exit.
Nanosphere formation has never been taken into consideration when, for example, molecular dynamics

simulation of ion-track formation process has been performed. Formation of nanospheres may be an
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important clue to elucidate the thermal history of the local region near ion-tracks.

Fig. 1 Bright field image of ion-tracks for CeO; irradiated with 200 MeV Au. The sample is tilted
in the microscope. (a) The image is taken in under-focus condition.(b) The image is taken in
over-focus condition.

Fig. 2 Bright field image of nanospheres
created at the crack faces of irradiated
Ce0,. The sample was irradiated from the
inclined direction of 45 degrees. The
white arrow indicates the direction
parallel to the observed ion-tracks.

References

[1] T. Sonoda et al., Nucl. Instrum. Methods Phys. Res., B 250 (2006) 254- 258.
[2] K. Yasuda et al., Nucl. Instrum. Methods Phys. Res., B 314 (2013) 185-190.
[3] K. Ohhara et al., Nucl. Instrum. Methods Phys. Res., B267 (2009) 973-975.
[4] H. Ohno et al., Nucl. Instrum. Methods Phys. Res., B 266 (2008) 3013-3017.
[5] S. Takaki et al., Nucl. Instrum. Methods Phys. Res., B 326 (2014) 140-144.

_56_



JAEA-Review 2016-025

7.2 Ton track structure in CeQ; irradiated with swift heavy ions

S. Takakil, K. Yasudal, S. Matsumural, N. Ishikawa®> and M. Matsuda’

Irradiation by fission products (FPs) induces most crucial radiation damage in nuclear fuel and
transmutation target materials. High-density electronic excitation caused by FPs is known to form
continuous ion tracks in oxide ceramics. High-resolution scanning transmission electron microscopy
(STEM) observation of ion tracks formed in CeO, under 200 MeV Xe ion irradiation has indicated that the
atomic density at the core region of ion tracks is decreased, and that the oxygen sublattice at the core
damage region of ion tracks is significantly disordered [1]. This report aims to clarify the effect of
electronic stopping power, S, on the structure of ion tracks in CeQ,. Swift heavy ions were irradiated to
CeO; with energies ranging from 70 to 340 MeV and transmission electron microscopy (TEM) was applied

to the irradiated specimens.

Polycrystalline CeO, specimens were fabricated by sintering in air and those specimens were irradiated
with swift heavy ions to energies ranging from 70 to 340 MeV at an ambient temperature at the Tandem
accelerator facility in JAEA-Tokai. The electronic stopping power (S.) of 70 MeV Xe, 100 MeV Kr, 200
MeV Xe and 340 MeV Au ions at surface region of CeO, specimen was calculated by SRIM code to be 17,
19, 27 and 39 keV/nm, respectively. Irradiated specimens were prepared to be thin-foils by using Ar-ion
milling for plan-view observations. Microstructure observations were performed with bright-field (BF) and
weak-beam dark-field (WBDF) TEM imaging technique at accelerating voltage 200 kV.

Figure 1 shows BF plane-view images in CeO, irradiated with 100 MeV Kr ions to a fluence of 1x10'
ions/cm?, taken with different focus conditions, which illustrates damage regions of ion tracks. Distinct
white dot-contrast with about 2 nm in diameter is observed with an under-focus condition (Fig. 1(d)),
whereas those regions were observed as black dot-contrast with over-focus conditions (Fig. 1(b), (c¢)). Such
reverse of contrast dependent on the focus conditions indicates that the damage regions are observed as
Fresnel-contrast. The cause of Fresnel contrast is attributed to the decrease in the atomic density at the core
damage region [1]. The areal density of this Fresnel-contrast was evaluated to be 1x10'* / cm?, which is
about 2.5 times larger than the areal density of ion tracks in CeO, irradiated with 210 MeV Xe ions to the
same fluence of 1x10'* ions/cm” [2]. The higher saturated areal density of 100 MeV Kr ions at high fluence
suggests that the influence region induced by an incident ion is smaller than the one caused by 210 MeV Xe

ions.

Figure 2(a) shows an inclined view of WBDF image in CeQ, irradiated with 100 MeV Kr ions to a fluence
of 1x10' ions/cm®, which illustrates ion tracks as a continuous bar contrast along the path of penetrating
ions. Effective thickness excitation contour of the matrix is also seen in Fig. 2 (a). Fig. 2 (b) is the

magnified image of the indicated region in Fig. 2 (a). These contrast of ion tracks in Fig. 2 (b) is observed
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rather vaguely compared to the ones observed in CeO, irradiated with 200 MeV Xe ions [1]. This result as
well as the different saturation density between 100 MeV Kr and 200 MeV Xe ions suggest that the

structure of the core damage region of ion tracks is different between these irradiation conditions.

a.justfocus b.+0.5um c.+20um d.-0.5um

20 nm
Figure 1 BF plan-view images obtained from core damage region ion tracks in CeO; irradiated with 100
MeV Kr ions to a fluence of 1x10" ions/cmz, taken in different focus conditions.

Ithin

d

Figure 2 Weak-beam (g,5g), g = 111 dark-field image of CeO, irradiated with 100 MeV Xe ions to a
fluence of 1 x 10" ions/cm? (a). A magnified image of an area surrounded by a dashed line in Fig. 3(a) is

shown in (b).
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7.3 Shape and property control of metal nanoparticles
by swift heavy ion irradiation

H. Amekura', N. Okubo” and N. Ishikawa’

When spherical nanoparticles (NPs) embedded in silica glass (SiO,) are irradiated with swift heavy ions
(SHI), elongation of the NPs, i.e., the deformation from spheres to rods along the ion beam direction, is
induced [1]. This phenomenon has been confirmed in various metal NPs, including Au, Ag, Pt, Co, Zn, etc.,
as well as an ordered alloy of FePt, and a solid solution of Au;,Ag,. However, the elongation of
non-metallic NPs has been limited to Ge NPs. In this study, we evaluated the effects of SHI irradiation to
ZnO NPs, i.e., another species of non-metallic NPs. Shape elongation of NPs was detected by optical linear
dichroism (OLD) spectroscopy and cross-sectional transmission microscopy (XTEM). However, the
elongated NPs coexisted with non-elongated larger ZnO NPs. Electron energy loss spectroscopy with
scanning TEM (STEM-EELS) revealed that the elongated NPs consisted of Zn metal rather than ZnO. The
SHI irradiation induced the reduction of ZnO NPs to Zn NPs, and following elongation of the reduced Zn
NPs.

ZnO NPs were prepared by Zn ion implantation, followed by thermal oxidation [2]. A silica glass was
implanted with Zn ions of 60 keV to a fluence of 1.0 x 10" ions/cm®. The implanted samples were
thermally oxidized at 700°C for 1 h in flowing oxygen gas. This process induced the formation of the
two-layer structure of ZnO NPs, i.e., larger NPs on the surface and smaller NPs embedded in SiO, [2]. The
surface ZnO NPs were covered with a SiO, layer of 300 nm thick by chemical vapor deposition (CVD) at
350°C. The samples with embedded ZnO NPs were irradiated with 200MeV Xe'*" ions by using the
Tandem accelerator at the Japan Atomic Energy Agency’s Tokai Research and Development Center (JAEA,
Tokai). The SHI fluence ranged from 1.0 x 10" to 5.0 x 10" jons/cm®. The samples were irradiated with an

incident angle of 45° from the surface normal.

Figure 1(a) and (b) show XTEM images from a sample irradiated to 5.0 x 10" jons/cm’. The larger NPs
with dome-like shapes located at the upper center of Fig. 1(a) were originally the surface ZnO NPs. The
original substrate surface before CVD is clearly visible as a black horizontal line around the center of Fig.
1(a). Elongated NPs were observed approximately 50 nm deeper than the original substrate surface, where
smaller embedded ZnO NPs once existed before the irradiation. The major axes of the elongated NPs
pointed in the same direction, i.e., in the incident direction of the SHI beam at 45° from the surface normal.
A high-resolution TEM image of an elongated NP is shown in Fig. 1(b). The observed lattice fringes of a
period of 0.495 nm could not be ascribed to any ZnO diffractions but to Zn (001) diffraction.

To judge more clearly whether the elongated NPs consisted of ZnO or of Zn, we performed a composition

! National Institute for Materials Science (NIMS)
? Japan Atomic Energy Agency (JAEA)

,59,



JAEA-Review 2016-025

analysis using STEM-EELS. Figure 2(a) is a high-angle annular dark-field (HAADF) image of the area
around an elongated NP indicated by “1”. Figure 2(b) shows the element compositions (Zn, Si, and O)
detected by STEM-EELS along the line shown in Fig. 2(a). The Zn peaks appearing at positions x ~ 14 and
48 nm correspond to a nearly spherical NP and the elongated one, respectively. From the concentration
profiles of Zn, Si, and O shown in Fig. 2(b), the profile of a metallic Zn element was determined (Fig. 2(c)),
under the assumption of stoichiometric ZnO and SiO,. The result showed that the elongated NP at x ~ 48

nm and the nearly spherical NP at ~14 nm consisted of Zn metal and ZnO, respectively.

Certain portions of ZnO NPs were reduced to metallic Zn NPs by SHI irradiation. Further irradiation

induced elongation of the reduced NPs which were larger than the threshold size.

Concentration (at. %)

Position (nm)

Fig. 1. Bright-field XTEM images of ZnO Fig. 2. (a) HAADF image of an elongated NP
NPs embedded in SiO, irradiated with 200 (indicated by “1”) observed in a sample irradiated
MeV Xe'" ions to 5.0 x 10" ions/cm® In with 200 MeV Xe'*" ions to 5.0 x 10" ions/cm?. (b)
(a), NPs elongated with the irradiation are Elemental distributions of Zn, Si, and O along the

shown by arrows. Image (b) shows a line shown in (a) across the NP, as detected by
magnified image of an elongated NP. STEM-EELS. (c) Distribution of metallic Zn, as
determined under the assumption of stoichiometric
Zn0O and SiO,.
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7.4 lon irradiation effects on WN films

N. Matsunamil, T. Teramotol, S. Okayasuz, M. Sataka’ and H. Kakiuchida®

The authors have investigated electronic excitation effects on the electrical resistivity, optical absorption
and atomic structure of oxides [1] and nitrides such as CusN [2]. There are a few studies of electronic
excitation effects on nitrides. We have studied modifications of WN by high-energy ions for better

understanding of the effects on nitrides.

WN films were prepared by using a RF-magnetron sputter deposition method on C-plane-cut-Al,Os-
substrates at 425 °C with W target (99.95 % purity) and N, gas. Substrate temperature was optimized so
that the X-ray diffraction (XRD) intensity takes its maximum. The composition and film thickness were
evaluated by means of Rutherford backscattering spectroscopy (RBS) of 1.8 MeV He" ions with tables of
stopping powers [3]. It appears that unwanted oxygen is incorporated in films and the composition of
WN,O, films is obtained to be x=1.1+0.1 and y=0.4+0.1. Presence of oxygen in films was confirmed by
energy dispersive X-ray (EDX) measurements. XRD with Cu-K, shows a strong peak at the diffraction
angle of 20=37 ° and a weak peak at 20=79 ° (Fig. 1) and these peaks are assigned as hexagonal WN,
referring to JCPDS card data [4]. No peaks were observed other than WN and Al,O;. The lattice parameters
of (a- and c-axes) of as deposited films are smaller by 3 % and 0.5 % than the values in [4]. It is speculated
that smaller lattice parameter is partly due to oxygen inclusion. The peak at 26=37 °, (100) diffraction, is
concerned hereafter. For RBS, we employ the W density of Ny=5.2x10* cm™, evaluated from the lattice
parameters determined by XRD (0.2435 nm (a-axis) and 0.2815 nm (c-axis)), the composition being taken
to be WNOy 4. Thickness of films used in the present study is ~ 50 nm. The resistivity was measured by
four-terminal method and the resistivity of unirradiated film increases with decreasing the temperature from

25 to -250 °C like semiconductor. Ion irradiation was performed at room temperature.

For 100 MeV Xe ion impact on WN,Oy film, it is found that at the ion fluence of 0.3x10" cm'z, the XRD
intensity decreases to a half of that before the ion irradiation and to 1/50 at 3.7x10" cm™ (Fig. 1, upper
XRD pattern). It also appears that the a-axis lattice parameter increases with increasing the ion fluence,
reaching the maximum lattice expansion of 1.4 % at 0.7x10'> cm™ and turns to lattice compaction by 0.5 %
for further irradiation (fluence > 2x10" cm'z). For lower fluence (<1012 cm'z), lattice expansion is partly
due to lattice relaxation by ion irradiation. Influence of the atomic structure modification on the electrical
resistivity will be discussed later. A tiny diffraction peak at 26~64.5 ° (Fig. 1, upper XRD) is not due to W
neither WOs, not identified at present. The optical absorbance monotonically decreases with the optical
wavelength (200 to 2500 nm), indicating that the bandgap does not exist in the region of 0.4 — 6 eV. No
appreciable change was observed in the optical absorption by ion irradiation and neither observed in change

of the composition under ion irradiation.

! Graduate School of Engineering, Nagoya University
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The electrical resistance of unirradiated WN,Oy film is 12 kQ (0.031 Qcm), and it is found that the
resistance decreases by ion irradiation as shown in Fig. 2, also that the resistivity is nearly independent of
the film thickness, indicating insignificant contribution of surface effects. The resistance steeply decreases
by more than an order of magnitude for the ion fluence ~ 10'* cm™ (as described above, the lattice turns to
compaction at this fluence) and gradually decreases for further ion irradiation. The lowest resistance
achieved in this study is 150Q (3.8)(10"4 Qcm). Similarly, an order of magnitude reduction of the resistivity
was observed for 100 keV N ion irradiation at ~ 10'® cm™. These results indicate that the electronic
excitation plays an important role in the resistivity modification of WN,Oy film, since the fluence necessary
for the resistivity modification for 100 MeV Xe ion is smaller by three order of magnitude than for 100 keV
N ion irradiation, and the electronic stopping power is larger by the same amount for 100 MeV Xe ion,
while the nuclear stopping power is comparable for both ions (Table 1). The resistivity reduction (a factor

of 80) is much smaller than the case of CusN (eight order of magnitude) [2].

Table 1 Projected range (R;), electronic (S.) and nuclear (S,) stopping powers near surface of WNOg 4 for
100 MeV **Xe and 100 keV N ions in calculated using TRIM1997 [3].

Ions Rp(um)  Sc(keV/nm) S (keV/nm)
100 MeV Xe 4.8 38.9 0.45
100 keV N 0.065 0.59 0.16
15 T T T I E!’ T T T I T T T T I T T T T I T T T T I T i LI IIIIIII LI IIIIIII T IIIIIIII LI IIIIIII LI IIIIIII LI IIIII-
T . x i 100 MeV Xe 3.7x10"2 cm? 1oke e ]
>t Y 1110 _F ° . 100 MeV Xe -> WN 3
SO e S 5 il y :
= 10 " =3 - % ° i
% : § - unirrad. § i ° R T
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Fig. 1 XRD patterns of WN,O, as deposited film Fig. 2 Resistance of a WN,O, film vs fluence

(lower pattern) and after 100 MeV Xe ion irradiation of 100 MeV Xe ions (e).
at 5.3x10'2 cm™ (upper pattern). Peaks at 20~37 °

and =78 ° are diffraction of (100) and (102) of

hexagonal WN, and 41.7 ° c-Al,O; (006).
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7.5 High energy ion induced electrical degradation of thin SiC

N. Okubol, T. Nozawal, K. Ozawa' and N. Ishikawa'

In this report, to understand the effects of high energy primary knock-on atom (PKA) introduced by
high-energy fusion neutron irradiation, the electrical conductivity change by high energy ion irradiation is
evaluated. Radiation induced electrical degradation (RIED) of SiC was measured in the enough thin
specimens after high energy heavy ion irradiation. Functional ceramics including Al,O; and SiC are
attractive materials for a fusion demonstration power reactor (DEMO). Toward DEMO applications,
changes of the electrical conductivity of the ceramics under irradiation must be serious problems, as well as
other possible detrimental effects on the microstructure of the ceramic materials due to displacement
damage, since these properties are affected by irradiation, depending on temperature and dose rate.
Electrical resistivity measurements have been conducted using some irradiation sources such as a fusion
neutron source (FNS) and a research reactor (JRR-3) [1, 2]. Measurements with fission neutron irradiation
have been also conducted [3—5]. However, the damage levels and the PKA energy available for FNS and
JRR-3 are limited and insufficient for the DEMO design. In this report, to understand the effects of high
energy PKAs introduced by high-energy fusion neutron irradiation, the electrical conductivity change by

high energy ion irradiation is evaluated.

The specimen configuration and the electric circuit for electrical conductivity measurement were applied
from Ref. [2] to high energy ion irradiation. Irradiation of 160 MeV Xe ions was conducted at the central
part of thin specimen. The projectile range of the ions was about 10 um. To suppress the effect of leak
current at the specimen surface sensitive to surface electron migration and carbon contamination during
irradiation, the specimen with a guard ring is often applied to measure the electrical conductivity of
ceramics. Irradiation area was selected by specimen mask to cover only the center electrode and monitored
by both currents of center and guard ring. The thickness of the specimen was 50 pwm in this period (2013).
The thickness might be lower limit because of bonding the Au wire and also handling without break.
Irradiation with high-energy Xe ions has been already verified to produce surface amorphous layer, which
was caused by accumulation of ion tracks around surface region in single crystal Al,O3; by intense electron
excitation [6]; therefore, 160 MeV Xe ions were used even for SiC. Preliminary irradiation results showed
that I-V characteristics were not ohmic correlation and included defect recovering for as received thin
specimens with Pt/Ti electrodes. Then, thermal annealing at 800°C for 30 min was conducted under 1.0 X

107 Pa before irradiation to remove defects in the sputtered films of Pt and Ti.

Figure 1 shows correlation between the measured currents and the applied voltages (current-voltage
characteristics) for sintered a-SiC before and after irradiation at ambient temperature. The ion dose rate and
total dose was about 4 X 10° ions/cm’s and 7 X 10" ions/cm?, respectively. The electrical conductivity was

calculated for ohmic voltage region about 1 V. The conductivity was 4.86 X 10 S/m for before irradiation

! Japan Atomic Energy Agency(JAEA)
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and degraded to be 2.84 X 10" S/m after the irradiation. In previous reports, we showed the I-V correlation
after irradiation for thick specimens of 200 um. There was almost no degradation unlikely in this case even
for high dose irradiation of 2 X 10" jons/cm?. It suggests that the thickness of 50 pm is better for estimation
of RIED, because the order of thickness is comparable with the ion projectile range ~10 um, under which

depth the layer is modified by high PKA energy.

The next step is to measure the electrical

conductivity under the irradiation by
—o— Before Imad
using the enough thinned specimen.
Then, the electrical conductivity affected -'-;')—::E:AEZH 60
by high-energy PKA is expected to be
obtained by in-situ measurement during
irradiation. Irradiation with ion energies
ranging one to ten times as high as that -10
of the maximum PKA energy produced
by fusion neutron irradiation will be
conducted focusing on the significance
of irradiation-induced microstructural
change by intense electron excitation of
the materials. The surface morphology
?nd ) mlcrostr.uctural. evaluation of Fig. 1 Correlation between the measured current
irradiated specimen will be conducted. and the applied voltage for a-SiC before, and after

ion irradiation at ambient temperature.
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7.6 Flux pinning properties for B || c-axis and B || ab-plane
in high-7, superconductors with splayed columnar defects

T. Sueyoshi', Y. Furuki', T. Kai', T. Fujiyoshi' and N. Ishikawa®

In high-T7; superconductors, one-dimensional (1D) pinning centers (PCs), which are line-like defects such
as dislocations and columnar defects (CDs), are most effective to immobilize flux lines even at a high
temperature and a high magnetic field. One feature of the 1D PCs is to exhibit the preferential direction for
the flux pinning. To take advantage of this feature, the introduction of the 1D PCs in multiple directions is
thought of as a simple way to make the crtical current density J, fairly isotropic over a wide range of
magnetic field orientations. As for flux pinning by direction-dispersed (splayed) 1D PCs, it was
theoretically predicted that the flux pinning can be further improved at the mid direction of the dispersion
(usually at the c-axis direction) when the dispersion in 1D PC directions is slight [1]. This splay effect has
been experimentally examined, especially for a bimodal splay configuration consisting of two parallel CD
families at crossing angles & relative to the c-axis [2]. To our knowledge, however, these experiments have
been aimed at the enhancement in the J, for B || c-axis for the most part; unexpectedly, the influence of the
splayed 1D PCs on the flux pinning at another direction has not been well studied so far. In this work, we
investigate in detail the flux pinning properties of splayed CDs not only around B || c-axis but also around B
|| ab-plane for GdABCO coated conductors with CDs crossing at smaller angles produced by heavy-ion

irradiations.

The samples were cut from a 5 mm-width tape of a PLD-processed GdBCO-coated conductor deposited on
an IBAD substrate (Fujikura Ltd.). The thickness of superconducting layer was 2.2 um. The
superconducting layer was patterned in bridge geometry with about 40 pm width and 1 mm length. After
that, the samples were irradiated with 270 MeV Xe ions at the tandem accelerator of JAEA in Tokai, Japan.
To install the crossed CDs, the incident ion beam was always directed perpendicular to the bridge of sample
and was tilted off the c-axis by & in a range from £15° to £75°. It is noted that crossed CDs with & = +60°
or £75° relative to c-axis correspond to two parallel families of CDs crossing at +30° or £15° relative to the
ab-plane, in other words. In all samples, the total fluence is 2.0 x 10" ions/cm® and the samples were
irradiated to half the fluence for each irradiation direction. The transport properties were measured using a
four-probe method in evaluating the J. properties. The transport current was always applied in the direction

perpendicular to the magnetic field.

Figure 1 shows the angular dependence of J; at 77.3 K and 4 T for the irradiated samples, where @ is the
angle between the magnetic field and the c-axis of GdBCO coated conductors. For & = £15° and £75°, a
single peak remarkably emerges around B || c-axis (€ = 0°), which originates from the introduced CDs

crossing around the c-axis. As the crossing angle becomes narrow, the height of the peak around 8= 0°

! Kumamoto University
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increases and the width of the peak sharpens. These phenomena would be ascribed to the splay effect, in
which the motion of flux lines from one CD to another is suppressed by the slight dispersion in the
direction of CDs [1]. For & = £60° and £75°, on the other hand, the introduced CDs produce not a single
peak at the mid direction of two irradiation angles £& but two sharp ones just at £8 in the J.(6) properties.
Note that the value of J, rapidly declines as the direction of magnetic field approach 8= 90°, so that a dip
structure occurs instead of a peak one. At &= 90°, the J.(6) curve barely have convex curvature and the
value of J, increases with narrowing the crossing angles of CDs. Thus, the CDs in each direction seem to
work independently of one another for & = £60° and £75°, though two parallel families of CDs crossing at
+15° or £30° relative to c-axis cooperate and work as correlated PCs along the c-axis. In general, stacking
faults and intrinsic PCs are well-known to be correlated PCs at B || ab-plane [3]. By contrast, the CDs
crossing at small angles relative to the ab-plane seem to contribute to the flux pinning at B || ab-plane
somewhat, but not to induce the splay effect at B || ab-plane. The reason why the crossed CDs do not work
as the correlated PCs along the ab-plane is unknown at present. One possible reason for this phenomenon is
that the flux pinning regime is different between flux line states for B || c-axis and B || ab-plane. In high-7,
superconductors, the Josephson-vortex is created when the magnetic field is applied parallel to the ab-plane
[4]. The structure of the Josephson vortex, which does not have a normal core and is a ellipse-like shape, is
different from that of the flux lines for B || c-axis, so different behaviours from the case of B || c-axis are
expected in the Josephson-vortex system [5]. When a magnetic field is tilted away from c-axis, flux lines
are not merely tilted but a crossing lattices state, where flux lines along c-axis and Josephson vortices along
ab-plane coexists, is predicted in theory [4] and confirmed in experiments [6]. Thus, the flux lines might

not be localized and entangled on tilted CDs for B || ab-plane, in contrast to the case of B || c-axis.
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Fig. 1 Angular dependence of J; at 77.3 K and 4 T in GdBCO coated conductors with
columnar defects crossing at various angles.
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7.7 Tlon energy dependence of ferromagnetism induced
by energetic ion irradiation in CeO,

T. Kishino', N. Ishikawa’ , Y. Saitoh” and A. Iwase'

We irradiated CeO, sintered pellets with 200MeV Xe and 10MeV iodine ions. Effects of the irradiation on
their magnetic properties and lattice structure were estimated by using a SQUID magnetometer, x-ray
diffraction (XRD) and x-ray absorption spectroscopy (EXAFS). In addition to the irradiation experiments,
we studied the effect of oxygen vacancies, which was induced by high temperature annealing in a vacuum,
on the magnetic property of CeO,. In this report, we show the appearance of ferromagnetism in CeO,
pellets by the energetic heavy ion irradiation or vacuum annealing. Then, we discuss the origin of ion

irradiation induced ferromagnetism[1].

Specimens used in the present study were pure CeO, bulk pellets which were prepared by a conventional
ceramic process. They were irradiated with 200MeV Xe ions and 10MeV I ions at room temperature. The
lattice structure of the specimens was characterized using a conventional Cu-Ka x-ray diffraction (XRD).
The magnetization-external magnetic field (M-H) curves were measured at 300K using a SQUID
magnetometer. To analyze the short range order of the atomic arrangement around Ce atoms, we performed
the EXAFS (extended x-ray absorption fine structure) measurement at the beamline 27B of High Energy
Accelerator Organization (KEK). Some CeO, specimens were not irradiated but were annealed at 1273 K
for 1 hour in a vacuum of 1.0x10*Pa. We measured the XRD spectra and the M-H curves also for the

annealed specimens.

Figure 1 shows the ion-fluence dependence of the magnetic moments per unit area of CeO, specimen for
the two ion irradiations. We have to note here that the unit of the ordinate axis is emu/cm’ and not emu/cm’.
The magnetic moment for 10MeV I irradiation is much smaller than that for 200MeV Xe irradiation even at
the same ion fluence. As the energy deposition into CeO, target through the electronic excitation process is
much larger for 200MeV Xe ions than that for 10 MeV I ions, the experimental result suggests that the

electronic excitation process induces the ferromagnetic state in CeO,.

The XRD measurement shows that the lattice parameter increases with increasing ion-fluence. The EXAFS
spectra show that the coordination number of oxygen atoms around Ce atoms decreases by the ion
irradiation. Moreover, according to the result of our recent molecular dynamics (MD) simulation for the
effect of “ultra-high lattice temperature” along the ion beam path in CeO,[2], the arrangements of oxygen
atoms and cerium atoms are strongly disordered, but during the subsequent relaxation process, most of
cerium disordering recovers, and mainly oxygen vacancies remain along the ion beam path. The XRD and

EXAFS results as well as this MD simulation suggest that as a result of electronic excitation, oxygen

" Osaka Prefecture University
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vacancies are mainly produced along energetic ion path.

Figure 2 shows the effect of thermal annealing at 1273K on the magnetic property of CeO,. In the case of
vacuum annealing, as it is quite difficult to estimate the volume of the reduced region, we can hardly obtain
the magnetization value for the reduced (oxygen-deficient) region quantitatively. Therefore, in the figure,
we plotted the raw value of the magnetic moment. For comparison, the magnetic moment for the
non-reduced specimen is also shown in the figure. The figure clearly shows the appearance of the
ferromagnetic state by the vacuum annealing at 1273K. The result of the annealing experiment confirms

that oxygen vacancies play an important role in the appearance of the ferromagnetism in CeO,.
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Fig. 1 Magnetic moment per the unit area (1 Fig. 2 Magnetic moment for CeO, specimen
2 1 1 . .
cm’) for 200 MeV Xe ion and 10 MeV I'ion before and after annealing in vacuum as a
irradiated CeO, specimens as a function of function of external magnetic field.

the 1on fluence.
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7.8 Effect of nuclear stopping power on the track formation in amorphous silicon nitride

T. Kitayamal, Y. Moritaz, K. Nakajimal, M. Tsujimotol, S. Isodal, M. Mastudaz,
M. Satakaz, K. Narumiz, Y. Saitoh? and K. Kimura'

When an energetic ion passes through a material, an ion track may be produced along the ion path if the
electronic stopping power is larger than a material dependent threshold value and the diameter of the ion
tracks increases with the electronic stopping power. Recently, we have demonstrated that ion tracks in
amorphous silicon nitride (a-SiN) thin films produced by 0.36 — 5 MeV Cg ion impact can be clearly
observed using transmission electron microscopy (TEM) and high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) [1-2]. Figure 1 shows the diameter of the observed
tracks as a function of Cgy ion energy. The diameter of the observed track is almost constant from 0.36 to
5 MeV while the electronic stopping power (dashed line) increases from 7 to 25 keV/nm. Considering
that the nuclear stopping powers of these Cg ions (dot-dashed line) are comparable to the electronic
stopping power, this indicates that the nuclear stopping power plays an important role in the track
formation. In the present study, the ion tracks produced by swift heavy ions are observed in the energy
region where the electronic stopping is dominant to estimate the effect of the nuclear stopping power on the

track formation.

Self-supporting a-SiN films of 30 nm thickness were irradiated with 200 MeV Au, Kr'*" and 415 MeV Au

ions to fluences ~ 1 x 10" jons/cm®. The Au ions were incident on the sample after passing through a thin

carbon foil to achieve an equilibrium charge state. o
After the ion irradiation, TEM and HAADF-STEM 4: ' ' ' C5 ™~ SN, - 60§
observations were performed using a JEOL z _ ~
JEM-2200FS equipped with a field emission gun is K =35 g
operating at 200 kV. The samples were held at the = K =25 . 40;
specimen tilting holder with the tilt angle from -30 gz ______________ %
to 30 degrees. The images were taken by GATAN El ____________ 037
Ultrascan 1000 CCD camera with a 2k x 2k pixel. e ;'x::_‘_‘_n_q clear stopping power E
In HAADF-STEM mode, a narrow electron beam 0 - | | . o E)
converged to 0.5 nm diameter and an annular dark ’ 1000 Z%ONERG%O%W) 000 500 =

detector covering over 120 mrad were used.
Fig. 1 Observed track radius as a function of

. Cgo ion energy. Electronic and nuclear
The ion tracks were clearly observed by TEM and

HAADF-STEM for the a-SiN films irradiated with
200 and 415 MeV Au ions while no ion track was

stopping powers together with the effective
stopping power are also shown.
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the electronic stopping power. the effective stopping power.

observed for the irradiation of 200 MeV Kr'*" jons. The diameters of the tracks were derived from the
observed HAADF-STEM images. Figure 2 shows the observed track radius together with the results of
the Cqp ions as a function of the electronic stopping power. The observed track radius does not depend on
the electronic stopping power in a simple manner. Although the electronic stopping power of the Au ion
are larger than those of Cg ions, the observed track radius is smaller. Much larger discrepancy is seen for
the result of Kr ions, where no ion track was observed in spite of relatively large stopping power. These
results clearly indicate that the track formation is not governed by the electronic stopping power only.
Instead, the nuclear stopping power plays more important role. Assuming that the nuclear stopping power
S, is a factor of K more efficient than the electronic stopping power S,, the effective stopping power S, for

the track formation can be written by

Sy =8, +KxS,. )

The calculated effective stopping powers for various values of K are compared with the observed track
radius in Fig. 1. The energy dependence of the calculated effective stopping power with K = 2.5 is very
similar to that of the observed track radius, i.e. both are almost constant in the present energy region. This
suggests that the nuclear stopping power is 2.5 times more efficient for track formation compared to the
nuclear stopping power. The effective stopping powers were also calculated for Kr and Au ions using eq.
(1) with the same K value. Figure 3 shows the observed track radius as a function of the estimated
effective stopping power. Differently from Fig. 2, all data points align along the same line irrespective of
ion species. This indicates that the concept of the effective stopping power for the track formation can be

applicable over a wide range of energy and ion species.
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7.9 Clustering of exchanged cations in Zeolite using high energy heavy ion irradiation

S. Okayasu' and Y. Sasaki’

High energy heavy ion irradiations on zeolite films causes the structural changes. The crystal structure
becomes amorphous along the ion tracks due to high energy transfer from the bombarding ions to the
sample. We reported that silver compound clusters are formed 8 - 20 nm in diameter and aligned in the
amorphous regions of after the ion bombardments on a zeolite sample including exchanged Ag-cations
(Ag-zeolite). Before the ion bombardments, the included cations ( typically Na") inside zeolite are easily
exchangeable to other cations (such as Ag’, Cs”, Mn®") in water solution. After the bombardments, however,
the exchanged cations existing in zeolite are clustered along the tracks. The application based on the
technique is issued as a patent (Patent number 5505609). Figure 1 shows a cross sectional and a plain view
of TEM images for a zeolite sample including exchanged Ag-cations after heavy ion irradiation (200MeV

. 12 . 2
Au ions, fluence 1x10 “ ions/cm”).

200MeV Au ions

s
prnann

Ag-zeolite

Au-200MeV 1X10'"'ions/cm?

plane view

Fig.1 Aligned silver clusters formed along 200MeV-Au ion irradiation tracks.
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Our present interest is to find a way for an actual usage of the patent. For this purpose, we apply the
irradiation method to cesium-exchanged zeolite samples. Figure 2 shows temperature dependence of
magnetic susceptibility for zeolite-X (a kind of fuajasite, including Na" cations, un-exchanged ) and
cesium-exchanged zeolite-X ( Cs-zeolite-X, mostly Na' cations are exchanged to Cs’ ) measured by a
commercial SQUID magnetometer (MPMS-5, Quantum Design Inc.). The applied field is 1000e. For
zeolite-X, the susceptibility mostly obey the Curie-Weiss law from 2K to 300K. On the other hand, the
susceptibility of the Cs-zeolite-X shows a ferro-magnetic ordering at 30K. Considering that free cations
with magnetic moments in zeolite frameworks show para-magnetic, this magnetic ordering suggests a

strong covalent binding between Cesium cations and oxygen atoms constructing the zeolite cages.
susceptibility (emu/g)
-2
1 0 T T T I LI I T T T I LILELIL I T T

°  zeoliteX
Cs-zeolite X

I/
J

1074

-5 T
1010” 10 10°

Temperature (K)

Figure 2 Temperature dependence of magnetic susceptibility for zeolite-X and Cs-zeolite-X.

We will confirm the change of the magnetic properties of Cs-zeolite-X after irradiations.

Reference
[1] S. Okayasu et al., Solid State Comm., 73 (1990) 593-596.
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7.10 Quantitative hydrogen analysis for hydrogen-implanted sapphire
by NRA method

N. Ishikawal, M. Matsudal, N. Okubol, H. Ogawa1 and I. Toka'

In general, hydrogen can easily penetrate in a solid material and causes degradation of structural materials.
For example, metal hydride is a brittle compound which not only causes hydrogen embrittlement, but also
causes unwanted volume change of the material. Formation of zirconium hydride in cladding materials for
nuclear fuels in light water reactor is one of the problems to be solved, because absorption of hydrogen may
cause unfavorable effect on fuel performance. Therefore, it is important to elucidate the mechanism of

hydrogen diffusion and hydride formation by developing nondestructive hydrogen analysis setup.

Nuclear reaction analysis (NRA) is a very useful method to analyze hydrogen contained in a solid materials.
Hydrogen can be detected by using the reaction "N+'H->'*C+a+y which exhibits nuclear resonance at the
N beam energy of 6.385MeV. By measuring the y-ray from this resonance reaction, concentration of
hydrogen can be measured in a precise way. Major advantages of this technique is the following. Absolute
concentration of hydrogen atoms can be evaluated. The depth-profile of hydrogen can be measured with
high spatial depth resolution by varying the ion energy systematically. Nondestructive analysis is

possible.

Recently NRA setup has been developed recently in the H1 beamline of the tandem accelerator at
JAEA-Tokai, our group has started analyzing hydrogen distribution of various materials raging for example
cladding materials and oxide materials.  In this report, the result of quantitative hydrogen analysis for

hydrogen-implanted sapphire by NRA method will be presented.

The specimen for the present hydrogen analysis is prepared by irradiating sapphire (Al,Os single crystal)
with 250 keV H ions up to 1.0x10"" H/cm® at TIARA facility in JAEA-Takasaki. Depth profile of implanted
hydrogen atoms is measured by varying the energy of ’N beam from 9 to 11 MeV which corresponds to
the measurement at the depth from 1.0 to 1.8 um. The depth where hydrogen concentration is measured
corresponds to the depth where the energy of '°N reaches the resonance energy (6.385MeV). Such
calculation of depth is done by using SRIM calculation code[1]. Kapton film is also used as a reference
specimen. Kapton is one of the polyimides, and its chemical formula is (C,;H;oN,Os),. Its density is

assumed to be 1.42 g/cm’ when its hydrogen concentration is calculated.

Bismuth germanium oxide (BGO) scintillator is used for the y-ray detector, and its diameter and length are
3 inches and 3 inches, respectively. The scintillator is placed close behind the specimen holder. The relative
concentration of hydrogen can be measured in the unit of counts/Coulomb by measuring y-ray counts

divided by the incident charge of "N ions in the unit of Coulomb. Figure 1 shows the depth profile of

! Japan Atomic Energy Agency (JAEA)
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hydrogen concentration detected by NRA for hydrogen-implanted sapphire. The figure show that
hydrogen atoms are localized around 1.6pum depth. The y-ray signal averaged over the same volume
(1.0 um thick layer from 1.0 to 2.0 um depth) is 4.1x10” counts/C. According to SRIM calculation, the
concentration of hydrogen atoms averaged over the same 1.0 um thick layer (from 1.0 to 2.0 um depth) is
9.9x10% H/cm®. Therefore, the y-ray signal of 1 counts/C corresponds to hydrogen concentration of

2.4x10" H/cm®. The summary of the results are shown in Table 1.

In order to test the accuracy of the above measurement, hydrogen concentration is measured also for
Kapton film which is known to have hydrogen atoms of 2.2x10” H/cm® when assuming 1.42 g/cm’. The
y-ray signal detected for 7 MeV "N beam is 1.9x10° counts/C. Therefore, in the case of Kapton film, the
y-ray signal of 1 counts/C corresponds to hydrogen concentration of 1.3x10" H/ecm’. ~Although the ratio
of hydrogen concentration to y-ray counts for hydrogen-implanted sapphire is nearly twofold of that for
Kapton film, it can be concluded that order estimate of hydrogen concentration is possible by the present

measurement setup.

The next step is to measure spatial distribution of hydrogen absorbed in zircalloy when oxidized in high
temperature water steam. Since formation of hydride may results in hydrogen embrittlement of the fuel

cladding rod, hydrogen analysis of such oxidized cladding is an important task.

>
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L Fig.1 Depth profile of hydrogen
concentration detected by NRA method
E for sapphire which is implanted with
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Table 1. Detected y-ray, calculated hydrogen concentration, and the ratio of the two parameters.
Specimens (a) Averaged (b)Averaged H Ratio (b)/(a)
y-ray counts concentration
(counts/C) (H/cm?)
Hydrogen-implanted sapphire 4.1x10’ 9.9x10% 2.4x10"
Kapton film 1.7x10° 2.2x10% 1.3x10"
References

[1] J.F. Ziegler, Nucl. Instrum. Methods Phys. Res., B 219-220 (2004) 1027.
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8.2 Nuclear Structure
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8.3 Nuclear Reaction
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Y. Utsuno
Recent shell-model results for exotic nuclei
25th International Nuclear Physics Conference (INPC 2013), Firenze, Italy (Jun. 3-7, 2013).
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2013 Fall Meeting of the Physical Society of Japan, Kochi, Japan (Sep. 20-23, 2013).

Y. Utsuno, N. Shimizu, T. Otsuka, S. Ebata and M. Honma

Photonuclear reactions of calcium isotopes calculated with the nuclear shell model

The Fourth International Symposium on Innovative Nuclear Energy Systems (INES-4), Tokyo, Japan (Nov.
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8.6 Radiation Effects in Materials
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Nucl. Instrum. Methods Phys. Res., B326 (2014) 140-144.

N. Ishikawa, T. Sonoda, T. Sawabe, H. Sugai, M. Sataka
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Murayama
Torii
Shinoda
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Deputy Director (to Sep. 30)
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Manager of Administration Section

Department of Research Reactor and Tandem Accelerator

Tandem Accelerator Section (*General Manager)

Scientific Staff
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Makoto
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Shin-ichi
Nobuhiro
Hidekazu
Takamitsu
Hiroshi
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Ken-ichi
Yoshinori
Takuhiro
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Tayama
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Facility Radiation Control Section 1

Tsutomu Sekita
Teruhiko Takahashi
Yumi Ueno
Susumu Kinase
Akira Iwasa

Advanced Science Research Center

Sadamichi Mackawa Director
Yuichiro Nagame Deputy Director
Tomotsugu Sawai General Manager of Research Coordination

and Promotion Office

Hiroshi Ikezoe (Temporary Staff)

Advanced Science Research Center

Research Group for Reactions involving Heavy Nuclei ( * Group Leader )

Andrei Andreyev

Katsuhisa ~ Nishio

Ichiro Nishinaka

Hiroyuki  Koura

Yutaka Utsuno
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Kentaro Hirose

Riccardo Orlandi (from Nov. 1)
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Advanced Science Research Center
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Satoru Okayasu (Deputy Group Leader)
Nuclear Science and Engineering Directorate

Innovative Nuclear Science Research Group ( * Group Leader )

Hideo Harada*

Hideki limura

Mitsuo Koizumi

Kazuyoshi Furutaka

Fumito Kitatani

Shoji Nakamura

Yosuke  Toh

Atsushi  Kimura

Kaoru Hara (Senior Post Doc.)
Masumi  Oshima (Temporary Staff)

Nuclear Science and Engineering Directorate

Research Group for Radiation Materials Engineering

Noito
Nariaki

Ishikawa
Okubo

Quantum Beam Science Directorate

Neutron Imaging and Activation Analysis Group

Yuichi

Hatsukawa
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Chairman

Member

Organizer Secretary
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Tadashi
Kenji
Shigeo
Toshiaki
Hisaaki
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Hitoshi
Koichi
Tomotsugu

Hideo
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Tetsuro

Makoto

Kazumasa

Shin-ichi

Norito

Masato

Hiroshi

Asahi
Kambara
Kimura
Tomita
Kaneko
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Ideguchi
Nakada
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Sawai
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Ishii

Matsuda
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Mitsuoka
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Asai

Ikezoe

(Professor, Tokyo Institute of Technology)
(Senior Scientist, RIKEN)

(Professor, Kyoto University)

(Associate Professor, University of Tsukuba)
(Professor, Okayama University of Science)
(Professor, Niigata University)

(Associate Professor, Osaka University)
(Professor, Chiba University)

(Associate Professor, Tohoku University)
(Advanced Science Research Center, JAEA)
(Nuclear Science and Engineering Directorate,
JAEA)

(Quantum Beam Science Directorate, JAEA)
(Dep. Research Reactor and Tandem Accelerator,
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(Advanced Science Research Center, JAEA)
(Nuclear Science and Engineering Directorate,
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10.1 New Research Programs Approved in the FY2013

Title

Spokesperson & Affiliation

Shape and property control of nanoparticles by swift heavy ions *

Hiroshi Amekura

National Institute for Materials

Science (NIMS)
2. Nanostructure formation induced by swift heavy ion irradiations Satoru Okayasu
JAEA
3. Direct observation of ion tracks in amorphous thin films using | Kenji Kimura
TEM Kyoto University
4. Zero-degree electron spectroscopy with 16 MeV C," Shigeo Tomita
University of Tsukuba
5. Nuclear structure studies in the A~100 region using JAEA Recoil | Andrei Andreyev
Mass Separator — Test run for the asymmetric fusion reaction — University of York
6. Production of fission isomers by heavy-ion transfer reactions in the | Tetsuro Ishii
sub-barrier energy region JAEA
7. Proton configuration of *'Db (2) Masato Asai
JAEA
8. Development for nano-scale diffusion measurements using | Hironobu Ishiyama
radioactive *Li tracer * High Energy Accelerator
Research Organization (KEK)
9. Atomistic structure of ion tracks in ceramic compounds irradiated | Kazuhiro Yasuda
with swift heavy ions * Kyushu University
10. Searching the superallowed alpha transition in the A~100 nuclei at | Andrei Andreyev
RMS@JAEA — JAEA-RMS commissioning (2) — University of York
11. Decay data measurements for an LLFP nuclide **Zr Masato Asai
JAEA
12. Development of ''Rn/*'' At generator Ichiro Nishinaka
JAEA
13. Production of Y and “**’Cu by fast neutrons for nuclear | Kazuaki Tsukada
diagnostics JAEA
14. Study of delayed-neutron yields for accurate evaluation of kinetics | Katsuhisa Nishio
of high-burnup reactors ** JAEA

* Approved as a Common Use Program of JAEA.

** Approved as a JST Innovative Nuclear Research and Development Program entrusted to JAEA.
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