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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 2011 (April 1, 2011 to March 31, 2012). The tandem
accelerator was operated over a total of 106 days and delivered 18 different ion beams to experiments in the
fields of nuclear physics, nuclear chemistry, atomic physics, solid state physics and radiation effects in
materials.

A massive earthquake, named ““The 2011 off the Pacific coast of Tohoku Earthquake™, hit us on March 11,
2011. The accelerator column withstood the earthquake with the help of quake-absorbers attached to its
bottom, and no acceleration tubes were damaged. However, thirty three column posts out of 240 had a
crack, a vacuum leak happened at the terminal ion source, and the beam line of the superconducting booster
lost its proper alignment. By recovering these damages as quickly as possible, we were able to open the
tandem accelerator for experiment on September 15, 2011. We would express sincere thanks for kind

support and encouragement received in this severe time.

The following are the highlights in FY 2011:

In the field of accelerator development: The NRA experiment system using the BGO detector of 3 "x3" was
installed at the H1 beam line. The energy calibration of the tandem accelerator was performed using >N+H
resonance reaction. The indication energy of the accelerator was found to be 3 keV (0.05%) higher than the

resonance energy of 6.385 MeV.

In the field of nuclear structure: In order to study the shape phase transition from vibrational (U(5)) to

128 130
f d

y-unstable (O(6)) nuclei, Coulomb excitation experiments of ~“Xe an

208

Xe beams were performed with

Pb target. De-excitation y-rays of *?*Xe and *°Xe were observed eight and six, respectively.

In the field of nuclear reactions: Surrogate reaction method was used to determine the neutron-induced
fission cross sections of “°U having a half-life of 23.5 min from the reaction of ***U(*®0, *°0) °U". This
method was studied to determine the capture cross sections.

In the field of nuclear chemistry: %

Lr atoms were successfully ionized and mass-separated using a newly
designed surface ionization source at the JAEA-ISOL,which allows us to gain the 1st ionization potential of
Lr. Radiotracers produced at the tandem accelerator were used to determine the detector efficiency for the
measurement of radioisotope, ***

Plant.

I, discharged by the accident of the Fukushima Daiichi Nuclear Power

In the field of nuclear theory: The evolution of the shell structure is studied in a full 1Aw shell model

framework. Considering the tensor force of the nuclear force, the location of 0gg, orbit in calcium isotopes
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was evaluated and the 3" excitation energy was calculated. It reproduces well experimental trends.
Furthermore, a new phenomenological relation between Q-values and half-lives of alpha decay was
presented. This formula estimates two or three times longer half-lives and closer to experimental ones than

those of the Viola-Seaborg formula, which is one of conventional formulae, in the superheavy mass region.

In the field of atomic physics and solid-state physics: Equilibrium and non-equilibrium charge state
distributions were measured for 2 MeV/u C% (q=2-6) projectile ions penetrating through 0.9-200 pg/cm?
thick carbon films. For C*>" projectile ions, all the measured charge fractions except for C®* charge

fraction showed maxima as a function of film thickness in the non-equilibrium region.

In the field of radiation effects in materials: In order to realize mass-production of the
evanescent-field-coupled waveguide-mode (EFC-WM) sensor, large area irradiation setup is developed at
the beamline of the tandem accelerator. As a result, wide irradiation with a width of 50 mm was achieved.
lon-irradiated single crystalline Ba(FeqsMng5)O3.5thin films showed close correlation between the lattice
constant and the saturation magnetization. The observed correlation has the same trend observed for the
thermally treated samples with different oxygen deficiencies, suggesting that the magnetic property of this
material is determined by the irradiation-induced oxygen deficiencies.

7@ ]&Zz«

Tetsuro ISHII, Deputy Director, Department of Research Reactor and Tandem Accelerator
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CHAPTER 1
Accelerator Operation and Development
1.1  Operation and usage of tandem accelerator and booster

1.2 Re-alignment of superconducting booster
1.3 Development of the hydrogen analysis technique using the *>N-NRA method
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1.1 Operation and usage of tandem accelerator and booster

A. Osa’, Y. Tsukihashi®, S. Hanashima®, S. Abe®, T. Ishii*, N. Ishizaki®, H. Tayama', M. Matsuda’,
T. Nakanoya®, H. Kabumoto®, M. Nakamura®, K. Kutsukake®, Y. Otokawa® and T. Asozu*

First half of FY2011, we buckled down to repair the tandem accelerator from damages of “The 2011 off the
Pacific coast of Tohoku Earthquake” on March 11, 2011. The tandem accelerator was opened for
experiment on September 15, 2011.1t was operated for experiments from September 15, 2011 to December
14, 2011, and from February 13, 2012 to March 31, 2012. The total operation time of the tandem
accelerator for FY2011 (from April 1, 2011 to March 31, 2012) was 106 days and 18 different beams were
delivered for experiments. The experimental proposal and the usage of the beam times for FY2011 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 3 Nuclear physics 38 35.8
Collaboration proposals 17 Nuclear chemistry 31 29.2
Number of experiments proposed 33 Atomic and materials sciences 22 20.8
Total number of scientists participating in research Accelerator development 15 14.2
from outside 60 total 106 100
in-house 131
Number of institutions presented 24

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,
carbon, nitrogen, oxygen and rare gases were ionized and extracted from in-terminal ECR ion source. The
ECR ion source was used as much as 48% of all the beam time.

The superconducting booster was operated for a total of 9 days to boost the energies of 4 different beams
from the tandem accelerator, as is summarized in Table 3. These beams were used for experiments of
nuclear physics and accelerator development.

1 Japan Atomic Energy Agency (JAEA)
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Fig.1 Distribution of terminal voltages. Fig.2 Distribution of beam species

accelerated for experiments.

Table 3. Boosted ion beams for experiments.

Beam species Boosted energies Beam time
(MeV) (days)
2Ky 288 1
25xe 548 3
G 550 3
HXe 816, 884, 952, 1020 2

25
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1.2 Re-alignment of superconducting booster

H. Kabumoto®, N. Ishizaki', M. Matsuda®, S. Takeuchi®, T. Yoshida?, K. Yamaguchi? and R. Nukaga®

The beam-line of superconducting booster lost its proper alignment because of “The 2011 off the pacific
coast of Tohoku Earthquake”. In the moment of the earthquake occurred, fortunately both of the
superconducting booster and helium refrigerator were not operated, so there was no serious damage in the
booster facility. However, this earthquake made the level difference about 10 mm at the joint of the
buildings. Figure 1 shows the schematic layout of the tandem and booster building. The building of
superconducting booster was extended from the tandem accelerator building in 1992. We had already
measured the alignment of superconducting booster in 2010, it has turned out that the booster building has
been sagging down a little at the joint of the two buildings. This earthquake made the level difference much
bigger. It was difficult to accelerate the beams by superconducting booster, thus we carried out the
re-alignment.

The superconducting booster consisted of 40 acceleration resonator and 10 cryostat vessels, each cryostat
contained 4 resonators (Fig.3). For the alignment of vertical direction, we jacked up the cryostats so that it
became proper position. Figure 2 shows the vertical position of cryostats before and after the alignment.
The quantities of jack-up were about 8 mm at the cryostat No.1, and 3 mm at the cryostat No.10. For the
alignment of horizontal direction, ‘the alignment metal fittings” were attached to the beam-line flange of
cryostats, and we adjusted the horizontal position by using of optical theodolite. Moreover, we also carried
out the adjustment of vertical position of the valve-boxes of helium refrigerator, because it was necessary to
attach transfer-line of liquid helium to the upper part of cryostats.

The two heavyweight electromagnets moved 30-40 mm because of the earthquake. One was the energy
analyzing electromagnet (BM B4-1, Weight: 14 ton), another was the target-line switching electromagnet
(BM B4-2, Weight: 21ton). The anchor bolts for fixing to the floor concrete were broken by movement of
the electromagnets, so we made the new anchor bolts around the mount of electromagnets. The vacuum
chambers of the electromagnets also moved with the steel yokes together, and it pressed the beam-line
bellows by the side of the down stream of beam-line (Fig.4). One of them caused the vacuum break, we
changed the broken bellows to new one. And more, the one of jack-assemblies of the electromagnet (BM
B4-2) was broken. Although the electromagnet did not fall down, it was impossible to alignment of the
electromagnet because the adjustment-screw was torn off. We repaired the jack-assembly after removing it
from the electromagnet. After finished the alignment of all accelerator components (cryostat vessels,
electromagnetic quadruples, electromagnetic steerers, beam profile monitors, apertures, and etc), we
checked the beam-pass without acceleration in October. The experiments of using the superconducting
booster started in November, which could accelerate the beams satisfactorily up to the present.
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Fig. 1 Schematic layout of the tandem and booster building.
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Fig. 3 Schematic view of cryostats of the
superconducting booster. The back side
of this picture is joint of the buildings.

Fig.4 The bellow pressed by the vacuum
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vacuum break.
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1.3 Development of the hydrogen analysis technique using the >N-NRA method

M. Matsuda®, A. Asozu® and M. Sataka®

The NRA (Nuclear Reaction Analysis) experiment system using the BGO detector of 3 "x3" was installed
at the H1 beam line. This NRA system uses >N+H or **F+H reaction. The distance from a measurement
sample to the detector surface is 17 mm or 29 mm, when a detector is put on 0-degree or 90-degree to a
beam axis. According to GEANT4 simulation, the detection efficiency of the photo peak in each position is
6.93% and 4.48% to the gamma ray of 4.43 MeV. The detection efficiency of the energy more than Double
escape energy is 11.7% and 7.59% [1]. The energy calibration of the tandem accelerator was performed
using °N+H resonance reaction. The acceleration voltage of the accelerator was changed at 1 keV step
from 6.37 to 6.40 MV, and hydrogen of the water molecule which adsorbed to Ti surface was measured.
Measuring time of one energy point was about 8 minutes, including the change time of beam energy. The
obtained NRA data is shown in Fig. 1. The indication energy of the accelerator was 3 keV (0.05%) higher
than the resonance energy of 6.385 MeV. The FWHM of resonance peak was 12 keV. The doppler effect by
vibration of a hydrogen atom causes an energy spread of about 10 keV.

2000 5

212
z |2 Ti(H)
- -1 - =]
L ]
S |
1500 - P
] ] ?ﬁ
: 1
3 ¥
S 1000 - ¢ | ®
g | -
# — %
= [ SRR,
= - [
o 5004 .
, s -
] ¥ *
| o i y " ™
} alg
0 ....,ﬁ'......,....,....,....“,'....,...,1
636 637 638 639 640 641 642 643 644

"N beam energy [MeV]

Fig. 1 N nuclear reaction profile data for Ti sample.
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The measurement result of an aluminized polyester film is shown in Fig. 2. Hydrogen of the water adsorbed
on the surface and hydrogen inside polyester were observed. The thickness of aluminum was estimated
from the width of an area of low gamma ray yield near 6.41MeV. The estimated thickness was about 43 nm.
The result of the thickness measurement by the RBS method was 40 nm, and obtained the almost same

result.
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Fig. 2 The raw data for a hydrogen profile of an aluminized polyester film.

The polyimide film was irradiated with *°N of the energy of 6.5 MeV for the quantification test of hydrogen
concentration. The yields of the gamma ray estimated by assuming the resonance width of a reaction to be
10 keV were about 30% of simulation results. It is better to use a standard specimen for quantification of

hydrogen concentration.
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2.1 Coulomb Excitation Experiment of *#1%%Xe

M. Koizumi, Y. Toh!, M. Oshima’, A. Kimura®, Y. Hatsukawa', K. Furutaka®, H. Harada', F. Kitatani’,
S. Nakamura®, M. Sugawara® and E. Ideguchi®

Stable Xe isotopes gradually change their properties from a y-unstable character (A ~ 124) to a vibrational
one (A = 134) [1]. The change is considered as a shape phase transition from O(6) to U(5) symmetry, in
terms of dynamic symmetry of the IBM. Theoretical calculations suggested that the E(5) critical point of
the shape phase transition would 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
understand the change of the nuclear properties. As for **Xe, which is considered to be a y-unstable nuclei,
no B(E2) of the ground and 2," band has been measured except for B(E2: 2," — 0,"). Quadrupole moments
of low-lying states of *?#*3Xe have not been measured yet.

Coulomb excitation is a useful method for measurements of B(E2)s and quadrupole moments near the
ground states of nuclei [4,5]. Our systematic study of stable nuclei with A ~ 70 revealed nuclear properties
and their changes [6-13]. To obtain electromagnetic properties of ?****Xe isotopes, we have started
Coulomb excitation experiments.

Coulomb excitation experiments of “®Pb(***Xe, y) and **Pb(**Xe, y) were carried out with 550-MeV
130%e and 548-MeV '?®Xe beams; both beam energies are below each of the Coulomb barrier. The beam
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Fig. 1. Doppler-corrected spectra obtained in the 22Pb(*®Xe, y) and 2°®Pb(***Xe, y) experiments.
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130

currents of *®Xe and **Xe beams were approximately 0.03 pnA and 0.5 pnA, respectively. The low beam

current of ***Xe was probably due to the low pressure of the Xe gas supply of the terminal ion source. The

f 2%%pb foils were approximately 0.9 um (1 mg/cm?). A y-ray detector array, GEMINI-II

target thicknesses o
[14,15], and a position sensitive particle detector array, LUNA [16], were used to measure de-excitation y
rays and scattering angles of the incident particles, respectively. Approximately, 0.6 10° and 1.9 10’

particle-y coincidence events were obtained in the 22Pb(*®*Xe, y) and ?*®Pb(***Xe, y) experiments.

The position data of LUNA were used for the corrections of Doppler shift of observed y-ray energies.
Figure 1 shows Doppler-corrected y spectra, for example. ***Xe was excited up to the 8," and the 4," state,
the excitation energy of which is 2512 keV and 1603 keV, respectively. Totally, eight de-excitation y rays
were observed in the experiment. As for 130% e, the nucleus was excited up to the 6, and the 4," state, the
excitation energy of which is 1944 keV and 1880 ke V. Six de-excitation y rays were observed.

Coulomb excitation probabilities are determined by experimental conditions: such as interacting particles,
incident energy, scattering angles, and electro-magnetic transition probabilities of the nuclei of interest.
Yields of observed v rays, therefore, change as the scattering angle varies. By fitting the observed y—ray
yields for each scattering angle, B(E2) values and quadrupole moments are deduced. The analysis of the
experiments with a x> minimum search code, GOSIA, is in progress.

References

[1] R.F. Casten and P.V. Brentano, Phys. Lett. 152 (1985) 22.

[2] D.L. Zhang and Y.X. Liu, Chin. Phys. Lett. 20 (2003) 1028-1030.

[3] R. Fossin, D. Bonatsos and G.A. Lalazissis, Phys. Rev. C73 (2006) 044310.

[4] K. Alder and A. Winther, Coulomb Excitation (Academic, New York, 1966).

[5] K. Alder and A. Winther, Electromagnetic Excitation (North Holland, Amsterdam, 1975).

[6] Y. Toh et al., J. Phys. G 27 (2001) 1475-1480.

[7]Y. Toh et al., Eur. Phys. J. A9 (2000) 353-356.

[8] A. Osa et al., Phys. Lett. B 546 (2002) 48-54.

[9] M. Zielinska et al., Nucl. Phys. A 712 (2002) 3-13.

[10] M. Koizumi et al., Eur. Phys. J. A 18 (2003) 87-92.

[11] M. Sugawara et al., Eur. Phys. J. A 16 (2003) 409-414.

[12] M. Koizumi et al., Nucl. Phys. A 736 (2003) 46-58.

[13] T. Hayakawa et al., Phys. Rev. C 67 (2003) 064310.

[14] K. Furuno et al., Nucl. Instrum. Methods Phys. Res. A 421 (1999) 211; M. Oshima et al., J. Radioanal.
Nucl. Chem. 278 (2008) 257-262.

[15] M.Oshima et al., J. Radioanal. Nucl. Chem., 278 (2008) 257-262.

[16] Y. Toh et al., Rev. Sci. Inst. 73 (2002) 47-50.

-12 -



JAEA-Review 2013-002

CHAPTER 3

Nuclear Reaction

3.1
3.2
3.3
3.4

3.5
3.6

Fission of proton-rich mercury nuclei populated by fusion reaction
Measurement of fission cross section for °U(n,f) using surrogate reaction method
Surrogate ratio method for determination of (n,y) cross sections
Measurement of grazing angles of “**Xe+**pt

at energy region around Coulomb barrier
Fission fragment anisotropy in heavy-ion-induced fission of actinide nuclei
Measurement of branching ratio of ?Ne (a, v) * Mg / ?Ne (0, n) *’Mg reactions

-13 -



This is a blank page.




JAEA-Review 2013-002

3.1 Fission of proton-rich mercury nuclei populated by fusion reaction

A. Andreyev?, K. Nishio?, J. Benlliure®, M.Caamano®, X.Derkx", L. Guys®, FP.Hepberger®, B.Kindler®,
J. Lane®,V. Liberati®, B. Lommel®, H. Makii®, S. Mitsuoka?, T. Nagayama?®, 1. Nishinaka®, S. Ohta?, T.
Ohtsuki’, K. Sandhu®,P. Van Dupen®, M. Veselsky® and Y. Wakabayashi?

Our collaborative program started from the study of low-energy fission of proton-rich nucleus *°*Hg [1].

The fission of &

180

Hg was studied by populating its excited states by the p*/EC decay of the parent nucleus

TI. The excitation energy of **

Hg is less than 10 MeV from the constrain of the Q-value, thus the shell
effects are preserved. We measured the fission fragment mass distributions for ***Hg at the ISOLDE mass
separator at CERN (Geneva). Based on the typical understanding of the fission process from the typical
actinide fissions of the N/Z~1.5-1.6 nuclei, the *®Hg should split into two equal fragments **zr +*zr,
since the zirconium-90 has the closed neutron shell of N=50. The result was, however, unexpected.

100
d

Mercury-180 splits dominantly into fission fragments around ®¥Kr an Ru and shows asymmetric mass

distribution. The results imply that there is a new region of asymmetric fission in the proton-rich nuclei.

At the JAEA tandem facility, we also performed fission studies at relatively higher excitation energies
populated by heavy-ion induced fusion reactions. Advantage of this approach is that by choosing different
combinations of projectile and target nucleus, wider variety of fissioning nuclei can be populated, allowing
us to study systematic behavior of fission properties along the Chart of Nuclei. Moreover, by changing the
beam energy, we can study the excitation energy dependence of the fission fragment mass distribution, and
thus the transition from the low-energy fission influenced by the shell effects to the higher-energy fission
dominated by the liquid-drop behavior would be studied. We have carried out the fusion-fission

experiments in the reactions of *®4CAr+!441%%gy_,180184190.194 4,

* at the bombarding energies
corresponding to the excitation energies of E*= 35 — 100 MeV. In this report, mass and total kinetic energy

(TKE) distributions for *®Hg ( E*=34 MeV ) and **Hg (E*=50 MeV) will be shown.

Exeriment was carried out using Ar beams suppled by the tandem accelerator. The thin target foils were
made by evaorating the samarium fluoride materials and condensating it on a thin carbon foil (36 pg/cm?)
with a thickness ~70pg/cm?. Enrichment for ***Sm and *>*Sm targets are 93.8 % and 98.9 %, resectiely. The
targets were made at the target laboratory of GSI, Darmstadt. Fission fragments are detected by using a
position-sensitive multi-wire proportional counter (MWPC) with active area of 200mm(H) x
120mm(V) [2]. Two MWPCs were mounted at 71° relative to the beam direction, and the distance
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from the target to the center of the MWPC was set 211 mm.

Figure 1 shows the results of mass and TKE distributions for the fissions of *®Hg" (E*=34MeV) and
904" (E*=57MeV), produced by the reactions of *Ar+*Sm (E.m=126MeV) and *Ar+*'Sm
(Ec.m=128MeV), respectively. The mass distributions are well reproduced by asymmetric fission centered
at A_/Ay= 79/101 and 82/108 for **°Hg” and **°Hg”, respectively, where A_and Ay stand for the light and
heavy fragment mass. The fission of *®Hg" gives almost the same mass asymmetry as observed in the
B*/EC-delayed fission of *®TI (A_/Ay = 80/100), meaning that the mass asymmetry does not change at the
higher excitation energy. The fusion-fission data can be used to study the island (or peninsula) for the
asymmetric fission in the proton rich nuclei. As the bombarding energies for the two reactions are nearly
the same, the angular momentum brought to the systems of *°Hg” and *°Hg” (in other words - the
rotational energy of the fissioning systems) is nearly the same. The additional 23 MeV excitation energy to
the compound nucleus does not wash out the effects of the shells in the fission process. The phenomenon
forms contrast to the fission of typical actinide nuclei of around N/Z=1.5 - 1.6, where the mass asymmetry
in low energy changes to symmetry with excitation energy.

In the fission of *®Hg", the average TKE is 131.7MeV. The value is nearly the same as the */EC-delayed
fission of Tl  (134MeV) [1]. The standard deviation of 11.7 MeV for the TKE distribution is larger than
that for the B*/EC-delayed fission (5.6 MeV) [1]. The TKE is nearly equal to the Coulomb energy at the
scission point. It means that the higher temperature of the fission system does not change the average
distance between the charge centers at the instant of nuclear rupture, but the temperature changes
fluctuation of the distance.

*Ar +'“sm = "Hg' *Ar + '¥8m = "*Hg’
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Fig. 1 Fission fragment mass and TKE distributions for the fusion-fission of “Ar+*Sm and
*®Ar+1>'Sm. The arrows in the TKE spectra are the values from the Viola formula [3].

References

[1] A. Andreyev et al., Phys. Rev. Lett., 105, 252102 (2010).
[2] K. Nishio et al., Phys. Rev. C 77, 064607 (2008).

[3] V.E. Viola, Jr., Nucl. Data, Sect. A 1, 391 (1966).

-16 -



JAEA-Review 2013-002

3.2 Measurement of fission cross section for 2°U(n,f)
using surrogate reaction method

K. Nishio®, T. Nagayama®?, I. Nishinaka®, S. Mitsuoka®, H. Makii*, Y. Wakabayashi', S. Ohta®,
K. Furutaka®, K. Tsukada®, M. Asail, S. Chiba®®, T. Ishii and T. Ohtsuki®

Neutron-induced fission cross-sections are important for the design of nuclear reactors. The next generation
nuclear reactor is designed to have a high neutron energy spectrum to make an efficient production of
burnable isotopes and to transmute long-lived minor actinides. To simulate the criticality and the power
response of such reactors, nuclear data for short-lived minor actinides as well as long-lived ones are needed.
Some of the data is practically impossible to obtain using a neutron source. To obtain these data, so called
‘surrogate reaction method’ is proposed [1,2]. In this approach, a compound nucleus same as the one
produced by neutron capture is populated by heavy-ion induced nucleon-transfer reactions and the decay
probability to fission is determined. We have carried out an experiment to obtain the fission cross sections
for 2°U(n,f) (the half-life of **U is 23 min), Gyasemn, With the surrogate ratio method, where the cross
sections were obtained by referring the well known cross sections for 235U(n,f), Ouzas(n,n- We have chosen
the tranfer-reaction *U(**0,°0)*°U” as the surrogate of n+***U, and the fission probability of *°U”,
Puaaos, has been determined. Similarly, the reaction 2°U(*®0,’0)**U" was used as a surrogate of n+?*U to
determine the fission probability Py,ss+. Thus, we obtained the cross sectioins for 2°U(n,f) as,

Ou239(nf) =Ou23s(n.f) (Pu2ao= / Puzse)- 1)

The experiment was carried out using an *°0 beam (162MeV) supplied by the tandem accelerator. The
uranium targets (***U and 2**U) were made by electrically depositing natural or enriched uramium materials
on thin nickel foils. Projectile-like nuclei produced by the transfer reaction were identified by silicon AE-E
detectors mounted on the forward angle from the target to cover the angles from 22° to 38° with respect to
the beam direction. The AE detector has a 75 um thickness and is made by an ion implantaion technique.
An annular type Si-strip detector was used for the E detector to measure the residual energy. Oxygen
isotopes of %0 were clearly separated on the AE-E spectrum, and the particle energy was
determined with the resolution of about 0.9 MeV (FWHM). Fission fragments are detected using
position-sensitive multi-wire proportional counters (MWPCs) with active area of 200 mm(H)x400
mm(V). The design for the MWPC is based on the one in [3], but the active area was 3.3 times larger.
Four MWPCs were mounted at a distance 200 mm from the target. Fission probability at an excitation
energy, E*, was determined by the number of coincidence events between fission fragments and
projectile-like nucleus for the specific transfer channel normalized by the singles events for the
projectile-like nucleus. The reference data of Guzss(,r was taken from ENDF/B-VII.

Figure 1 shows the preliminary result of the fission cross sections for 2°U(n,f). In the spectrum, structures
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associated with the first and second chance fissions are seen at the neutron energies of E, =6.5 MeV and
13.5MeV. In the surrogate ratio method using the reactions of *0+*>2%y, different transfer channels and
reference data can be used to obtain the same cross sections of “*U(n,f). Such an attempt is in progress.

| 239U(n f)

0 75015 20
E. (MeV)

Fig. 1 Neutron-induced fission cross sections for 2°U determined by the surrogate ration method. The
cross sections are plotted as a function of neutron energy.

References

[1] J.E. Escher et al., Rev. Mod. Phys. 84, (2012) 353-397.
[2] S. Chiba et al., Phys. Rev. C 81, (2010) 044604.

[3] K. Nishio et al., Phys. Rev. C 77, (2008) 064607.

-18 -



JAEA-Review 2013-002

3.3 Surrogate ratio method for determination of (n,y) cross sections

H. Makii’, T. Ishii®, S. Ota®, Y. Wakabayashi?, M. Asai*, K. Furutaka®, K. Nishio®, S. Mitsuoka’,
I. Nishinaka" and S. Chiba®

Neutron-capture [(n,y)] cross sections of unstable nuclei play an important role in the stellar
nucleosynthesis [1]. However, measurements of the (n,y) cross sections of unstable nuclei at the stellar
temperature range (KT ~ 8 ~ 90 keV) are very difficult. The main difficulties are due to a sample
preparation and/or radioactivity of the sample. These difficulties can be overcome with the surrogate
method, which aims at determining reaction cross sections for compound-nuclear reaction on the basis of
the assumption that the formation and decay of a compound nucleus are independent of each other [2].
However, the decay branching ratio of the (n,y) process is sensitive to the spin and parity values of the
decaying compound nuclei [2], and they are probably different between the neutron-induced reaction and
the surrogate reaction. Recently, Chiba and Iwamoto found that the difference of the spin and parity
distributions between the neutron-induced and the surrogate reaction can be compensated if the surrogate
ratio method (SRM) [3] is applied. The SRM can yield neutron cross sections with reasonable accuracies if
(1) the weak Weisscopf-Ewing condition defined in ref. [3] is satisfied, (2) the spin and parity distributions
in two compound nuclei populated by two surrogate reactions used in the SRM are equivalent, and (3) the
maximum spin populated by the surrogate reactions is not too large (less than 10 hbar). Although these
conditions have been verified theoretically [3-5], the feasibility of the SRM has not been demonstrated
experimentally for determination of (n,y) cross sections. Hence, we have prepared experimental apparatus
for the SRM to determine (n,y) cross sections and measured deexcitation y-rays in compound nuclei
produced by the multinucleon transfer reactions, such as (**0, *°O) reaction, using a 0.9 mg/cm? **°Gd
target deposited on 1.1 um aluminum foils and 153 MeV *#0 beam.

In this study, we used two anti-Compton LaBr3(Ce) spectrometers to measure y-rays from the populated
compound nuclei, and a Si AE-E detector to detect outgoing particles from multinucleon transfer reactions.
The anti-Compton LaBrs(Ce) spectrometer consists of a central LaBr;(Ce) detector with a diameter of
101.6 mm and a length of 127 mm, and an annular BGO detector with a thickness of 25.4 mm and a length
of 254 mm. For the Si AE-E detector, we used four surface-barrier type Si detectors with a thickness of 65
um and a diameter of 20 mm, and an annular Si detector with an inside diameter of 48 mm, an outside
diameter of 96 mm, and a thickness of 300 um as the AE and E detector, respectively.

Figure 1 shows an E-AE plot for outgoing particles measured by the Si AE-E detector. The particles are
clearly separated according to the mass number as well as the atomic number; various isotopes of O, F, N,
and C were observed, which correspond to the populations of series of Gd, Eu, Th, and Dy isotopes as
compound nuclei. This demonstrates that the surrogate method using multinucleon transfer reactions with
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heavy-ion projectiles has an advantage to obtain experimental data corresponding to a wide variety of
reactions in one experimental setup.

Figure 2 shows deexcitation y-rays in **’Gd obtained by setting a gate on *°O particles with the kinetic
energies corresponding to the excitation energies of °’Gd between 3 and 14 MeV. Continuum y rays up to
about 8 MeV are due to deexcitation of highly excited state in **’Gd populated by the (0, *°0) reaction.
The decay branching ratio of the (n,y) process at the excitation energy E, can be determined from the ratio
of the number of y-rays in coincidence with *°0 particles No.,(Ex) to the number of ‘°O particles No(Ex).
The No.,(Ex) can be obtained from the y-ray spectrum in coincidence with %0 particles by using the
weighting function technique [6], which requires complete knowledge of the response functions for the
LaBr3(Ce) spectrometers for a broad range of y-ray energies. These have been determined experimentally
using standard y-ray sources of ®Co and ®Y, and y rays from *Al(p,y)?®Si measured at E, = 0.992 and
2.046 MeV, as is the case of the Nal(TI) spectrometer [7]. For unmeasured y-ray energies, the response
functions of the LaBr3;(Ce) spectrometers are deduced by the Monte-Carlo code, GEANT4 [8]. This work
remains to be done.
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Fig. 1 E-AE plot of scattered particles measured by Fig. 2 y-ray spectrum in coincidence with **0
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Si AE-E detector in the reaction of 153-MeV O particles with kinetic energies corresponding to the
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beam with ~Gd target. excitation energies of *’Gd between 3 and 14

MeV.
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3.4 Measurement of grazing angles of **Xe+'*pt
at energy region around Coulomb barrier

Y.X. Watanabe®, H. Miyatake®, S.C. Jeong®, H. Ishiyama®, Y. Hirayama®,
S. Mitsuoka®, K. Nishio®, Y. Wakabayashi?, H. Makii? and I. Nishinaka®

We are now carrying a project to measure lifetimes of neutron-rich nuclei around a neutron magic number
of 126 [1], which are considered to be progenitors of a peak around mass number of 195 in the abundance
of nuclides, produced by the rapid neutron capture process (r-process) in the universe. The lifetimes of
those nuclei are key parameters to determine astrophysical environment for the r-process. Although we will

1%8pt in our

produce those neutron-rich nuclei by using multi-nucleon transfer (MNT) reactions of ***Xe+
project, mechanisms of those reactions are not fully understood to give adequate estimation of the
production yields. To improve the estimation, we have performed an experiment by using the spectrometer
VAMOS [2] at GANIL for determination of the cross sections of the MNT reactions. In performing the
experiment, the angle of the spectrometer should have been carefully set for efficient collection of the
reaction products, since the MNT reactions are considered to be prominent in the scattering around the
grazing angle. Therefore, in advance, we have measured angular distributions of the elastic scattering
including low-lying inelastic channels at angles around the grazing angle with several energies near the

Coulomb barrier for the reaction system of ***Xe+'*pt in the JAEA tandem facility.

The experimental setup is shown in Fig. 1. The

ERO__1 @ FC (0 = §mm') [ 8502 @ -3

"*Pt target with thickness of 1.6 mg/cm’ was [ C m d Py
irradiated by the *®Xe beam accelerated to above | *sso s i @ o MO L e

the Coulomb barrier by the tandem accelerator
and the super-conducting booster accelerator.
Scattered particles were detected by two silicon
telescopes located at 40 degrees and 60 degrees
respect to the beam axis. The telescope consists
of a slit with 10 mm vertical opening, a
single-sided strip detector (SSSD) with 16
horizontal segments in the area of 50x50 mm?,
and a solid state detector (SSD) with area of
50x50 mm? and thickness of 325 um. The distances between the target and the slit, the SSSD and the SSD
are 129 (128) mm, 130.5 mm and 133.5 mm, respectively, subtending angles from 30 (50) degrees to 50
(70) degrees for the telescope at the angle of 40 (60) degrees. The thickness of the SSSD is 20 um and 61
um for the detector at the angle of 40 and 60 degrees, respectively. The measurements are performed at 5
points of energies in the laboratory system: 6, 6.5, 7, 7.5 and 8 MeV/A. At the highest three energies,

Fig. 1 Experimental setup.
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measurements are also performed at the setup where the distance between the target and the telescope at the
angle of 40 degrees is 60 mm shorter in order to cover a wider range of angles from 22 degrees to 58
degrees. For the normalization of the elastic scattering cross sections, two SSD’s with thickness of 100 um
are located at the angle of 20 degrees in both sides of the beam axis with collimators of 2 mm diameters at
the distance of 131.5 mm from the target.

The scattered particles penetrate the SSSD and reach the SSD for the telescope at the angle of 40 degrees,
although they stopped at the SSSD for the other. Fig. 2 shows correlation between the energy loss through
the SSSD (AE) and the sum of energies deposited in the SSSD and the SSD for the telescope at the angle of
40 degrees by using the beam energy of 8 MeV/A. The one-dimensional energy spectrum is shown in Fig. 3.
The elastic scattering events, including low-lying inelastic channels, are counted by fitting a peak at the
higher energy with a Gaussian function and subtracting from it the contribution of damped collision fitted
with a Gaussian function.
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Fig. 2 Correlation between AE and energy in one

segment of SSSD at 40 degrees for beam energy
of 8 MeV/A.

Energy (MeV)

Fig. 3 Energy spectrum in one segment of SSSD
at 40 degrees for beam energy of 8 MeV/A.

Fig. 4 shows the measured angular distributions of the elastic

scattering normalized by the Rutherford scattering. At the 141
energy of 8 MeV/A, the cross sections decrease steeply around 1.2% * # ﬁ H ::M::
the angle of 30 degrees, indicating that the contribution of i %H %H HH +
MNT reactions are increasing around the angle and that it is &% os:— % %# + H
proper to set the spectrometer there for the MNT reaction 0.6;— + § } + +
measurements with beam energy of 8 MeV/A. 0.4~ ty | }

ool ** ¢D ¢¢O y +++
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Angle (degree)

[1] S.C. Jeong et al., KISS: KEK isotope separation system

for B-decay spectroscopy, KEK Report 2010-2 (2010).
[2] S. Pullanhiotan et al., Nucl. Instrum. Methods Phys. Res.,

A593 (2008) 343-352.

Fig. 4 Angular distributions of the
elastic scattering normalized by the
Rutherford scattering.
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3.5 Fission fragment anisotropy in heavy-ion-induced fission of actinide nuclei

I. Nishinaka®, M. Tanikawa?, K. Nishio®, H. Makii', S. Mitsuoka®, Y. Wakabayashi' and A. Yokoyama®

Fission fragment angular distribution in light-ion-induced fission is successfully explained by the standard
saddle point model [1]. However, in heavy-ion-induced fission of actinides at near-barrier energies, it has
been found that fission fragment anisotropy becomes anomalously high compared with that expected from
the standard saddle point model [2, 3]. This anomaly of fission fragment anisotropy was thought to
originate from non-equilibrium fission. The pre-equilibrium K-states model suggests that fission fragment
anisotropy in heavy-ion-induced fission of actinides is governed by the entrance channel mass asymmetry
o=(Ac-Ap)/(AtAyp) [4, 5], where A; and A, refer to mass numbers of target and projectile nuclei, respectively.
A limited number of experiments have been carried out to study the effect of different entrance channels
leading to the same compound nucleus, 22Cf (**0+%*?Th and 2C+?*U) [6] and **Bk (**N+*’Th and
1B+2%°Y) [7]. In order to study the effect of fission fragment anisotropy on entrance channels we measured
fission fragment angular distributions in the reactions of *Ne+***Th (o =0.827), *°0+**U (0. =0.874) and
2C+2%2Py (0. =0.906)[8], populating the same compound nucleus **Fm. As shown in Fig.1, the anisotropy
for 2Ne+?Th with the smallest entrance channel mass asymmetry a=0.827 is larger than those for
%0+%8y and **C+**?Pu. However, the uncertainty of the anisotropy is rather large especially for
2Ne+%*2Th because of the low statistics. In order to make quantitative understanding, it is important to
obtain data with small uncertainty. Therefore, we have carried out the measurement for the *Ne+?*?Th
reaction to obtain more statistics. Analysis of data is still in progress.
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Fig. 1 Results of the fission fragment
anisotropy for **0+*®U  (solid circles),
2C+2%2py (open squares) and ?Ne+**?Th
(open circles) as a function of the
excitation energy of the compound
nucleus ‘Fm.
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3.6 Measurement of branching ratio of ?Ne (a, 7) Mg / ?Ne (a, n) Mg reactions

S. Otal, H. Makii®, T. Ishii*, K. Nishio', S. Mitsuoka®, I. Nishinaka® and S. Chiba*?

About half of the elemental abundances between Fe and Bi have been thought to have their origins in
s-process (slow neutron-capture) which proceeds during stellar He burning stage [1]. While the reaction
Ne (a,n) **Mg is considered to be the dominant neutron source for the s-process in massive stars with M >
8 M, (solar mass), the competing ?Ne (a.y) *Mg reaction also may have considerable strength and
significantly suppress the neutron production. A branching ratio of the two reactions and resonance states in
o + ?Ne reaction at E, = 400 — 1000 keV should be experimentally determined with good accuracy.
Presently, ambiguity of the resonance state at E, ~ 11.3 MeV (E, ~ 830 keV) such as level and strength has
been one of the largest concerns for s-process study due to its expected significant role in the neutron
production. In this work, we aimed to investigate the resonance.

Experiments were performed using 110 MeV *Ne beam of JAEA-Tokai tandem accelerator. °Li (**Ne,
**Mg) d o-transfer reaction has been employed since a direct a-capture experiment is extremely difficult
because of the high Coulomb barrier for low energy o-particles. Some past experiments using “’Ne (°Li, d)
Mg reaction obtained important information about resonance spectrum of *Mg, but insufficient energy
resolution and background deuteron from compound nuclei reaction kept them from solving the 11.3 MeV
resonance clearly enough [2, 3]. Therefore, we attempted to remove contribution from the background
deuteron by coincidence detection of *°Mg and deuteron with high energy-resolution Si AE-E detector.

®Li,CO; (95% enriched) target (~ 20 ug/cm?) with C foil (20 pg/cm?) was exposed to the 10 pnA ?Ne beam
which was focused to 1 mm. Focusing the beam size was essentially important process to suppress the
angular acceptance for deuteron which limits the energy resolution of spectrum. We had successively
realized it with two Ta slits (¢ = 1 and 1.5 mm, respectively) placed in front of the target. Each set of four
AE-E detectors was set at 6 = 3° (for Mg) and -130° (for d) with respect to beam direction (in laboratory
frame) as shown in Fig. 1. This set up realizes the coincidence measurement of the reaction at 0., = 25°.

Fig. 2 shows the E-AE cross plot of observed particles with one of the detectors at 6 = -130°. It enables us
to easily identify deuteron from other particles and the energy resolution was measured to 65 keV (AE+E
total) from 2**Am o source test performed just after the beam irradiation. Fig. 3 shows the E-AE cross plot
of observed particles with one of the detectors at 6 = 3°. Charge identification of the detected particles can
be possible, but mass separation is unfortunately not enough. In the figure, the coincident events with the
deuterons were plotted together. It is obvious that we succeeded in detecting the expected Mg-d coincident
events. In next experiment, we are planning to improve the energy resolution of the detector systems and
statistics to obtain the resonance information of E, ~ 11.3 MeV from the deuteron spectrum.
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Fig. 1 Schematic view of the experimental set up.
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Fig. 2 E-AE cross plot of observed particles
with one of the detectors at 6 = -130°. Light
green color shows high count rate.
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CHAPTER 4

Nuclear Chemistry

4.1

4.2

4.3

4.4
4.5

First successful ionization of Lr applying an ISOL-technique

with an improved surface-ionization type ion-source
Studies on isothermal chromatographic behavior

of volatile compounds of Hf isotopes with various half-lives
Production and utilization of radioactive astatine isotopes using lithium ion beams
Production of medical radio isotope, *™Tc. (I1)
Measurement of radioisotopes on soil in Ibaraki prefecture

-7 -



This is a blank page.




JAEA-Review 2013-002

4.1 First successful ionization of Lr applying an ISOL-technique with an improved
surface-ionization type ion-source

N. Sato’, T.K. Sato’, M. Asai', K. Tsukada®, A. Toyoshima®, K. Ooe!, Y. Kaneya'?, Y. Nagame®,
V! Y g
S. Ichikawa®, M. Schadel*, A. Osa®, T. Stora* and J.V. Kratz*®

Study of the heaviest elements is an interesting and challenging subject in the field of nuclear chemistry.
One of the most sensitive atomic properties to changes in the electronic structure is the first ionization
potential (IP) which provides direct information on the stability of valence electrons in an atom. The
ground-state electronic configuration of the last actinide, lawrencium (Lr) is predicted to be 5f**7s?7p. This
is different from that of the lanthanide homolog Lu, 4f**6s°5d because the 7p orbital of Lr is stabilized
below the 6d orbital by strong relativistic effects. The weakly-bound outermost electron results in a
significantly low IP of Lr as compared with its neighboring heavy actinides [1]. Due to the low production
rates and short half-lives, properties of the heaviest elements must be measured on an atom-at-a-time scale.
To determine the IP of Lr based on the surface ionization efficiency measurement, we have improved our
surface-ionization type ion-source [2]. In this study, using the ion-source system, we successfully measured
the a-particles from ionized and mass-separated “*°Lr. To compare the ionization efficiency of Lr with Lu,
the ionization of Lu was also performed at the same experimental condition.

Figure 1 shows a schematic view of the experimental setup including a photo of the improved ion-source.
The ®*°Lr isotope (half-life, T1, = 27 s) was produced in the ?**#*%?*!Cf(*B, xn) reaction. The 185 ug/cm?
thick Cf target of a 2.3 mm diameter was prepared by electrodeposition onto a 1.85 mg/cm? Be backing foil.
The isotopic composition of the Cf target was 2*°Cf (63%), 2°°Cf (12%) and, **Cf (25%). The Dy target of
a 230 pg/cm? thick was set downstream of the Cf target to produce the **®*™9Lu isotope (T1, = 6.7/5.5 min)
in the *?Dy("'B, 5n) reaction. The average intensity of the 'B** beam was 0.35 particle-uA. The *B*
beam with 67.9 MeV from the JAEA tandem accelerator passed through a 1.83 mg/cm? HAVAR vacum
window, 0.09 mg/cm® He cooling gas, and the Be backing foil before entering the target material. The beam
energy in the middle of the Cf target was 63.0 MeV. At this energy, the excitation function shows the
maximum cross section for the *°Lr synthesis [3]. Nuclear reaction products recoiling out of the target
were then transported with a He/Cdl, gas-jet system to the ion-source. The helium flow rate was 1.4 L/min.
The ionizer made of a tantalum tube was heated by radiant heat and by thermal electron bombardment from
surrounding tungsten filaments. The inner surface of the ionizer was covered with a Re foil of 50 um
thickness. To optimize the temperature distribution along the ionizer, we newly installed two filaments in a
series (Fig. 1). One filament heated the gas-jet inlet area of the ionizer and the other one did the exit part.

lonized nuclides were accelerated by an electrical potential of 30 kV and were mass-separated with an
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Isotope Separator On-Line (ISOL). The mass-separated ions were then implanted in thin polyethylene
terephthalate foils of 0.12 mg/cm? thickness and 20 mm diameter of the rotating wheel a-particle detection
system (MANON). After collection for 10 s, the wheel was stepped at 10-s intervals to successively place
the implanted sample between 7-pairs of Si PIN photodiodes for a-particle detection. Energy calibration
was performed with standard *Am and ***Cm sources and by making use of a-emitting by-products
synthesized, e.g., *'Ho and #*Fr.

An a-particle spectrum from mass-separated ions with mass number of 256 is shown in Fig. 2 (a). The
a-energy spectrum clearly shows o particles from the decay of *°Lr and its granddaughter nucleus, 22Fm
(Ty2 = 25.39 h). Figure 2 (b) indicates the decay chain fed from #*°Lr. The ionization efficiency of Lr on the
Re surface was determined to be 42% at the input power to the ion-source of 880 W. The ionization
efficiency of Lu was 20% at the same input power. The present result shows that Lr is easier to be desorbed
and ionized than Lu, suggesting that the IP of Lr would be lower than that of Lu.

Filaments (W) lonizer (Ta)
249Cf 256Lr ;

1B \ ° o '
—_— J—;- ........... :...ﬁ

- ISOL
\‘.ﬂ

| capillary i Si detectors
He + Cdl, :

Gas-jet transport

v
Production yield meas.

Fig. 1. Schematic view of the experimental setup including a photo of the surface ionizer with two
filaments.
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Fig. 2(a). Measured a-particle spectrum of mass-separated ions with mass number of 256. (b) Decay
chain fed from #®Lr.
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4.2 Studies on isothermal chromatographic behavior
of volatile compounds of Hf isotopes with various half-lives

S. Goto®, T. Kojima!, T. Tomitsuka®, M. Murakami*, H. Kudo®,
K. Tsukada®, M. Asai?, T.K. Sato?, A. Toyoshima?, K. Ooe?, Y. Kanaya’ and Y. Nagame?

In order to clarify chemical properties of superheavy elements, a technique of a gas phase chemical
separation has been applied to the chemistry experiments because it allows separating species of interest
continuously and rapidly. Adsorption enthalpies of volatile compounds can be determined from their
adsorption-desorption processes on a surface of gas chromatograph column. In this study, to confirm a
model of an isothermal chromatography under our experimental condition, we investigated gas
chromatographic behavior of volatile chloride compounds of Hf isotopes with various half-lives for the
study of Rf.

Hafnium isotopes, “*Hf (Ty, = 76 s), *®*HFf (Ty, = 6.8 min), and *’Hf (Ty, = 2.05 min), were produced in
the ™Eu(**F, xn) reaction at the JAEA tandem accelerator facility. To compare with previous results, *Zr
(Tyz = 7.9 min) were also produced in the "™Ga(*°F, xn) reaction. The Eu was electrodeposited with the
thickness of 0.1 mg-cm™ on 2.26 mg-cm™2 Be foil, and the Ga target was prepared with 0.38 mg-cm™ using
Ar sputtering on 2.16 mg-cm™ Be foil.

carbon cluster
+

The *F"* beam energy was 122 MeV, and  reaction products

the intensity was about 3 pA. Nuclear

. (02)
reaction products were transported to the — 1HCI -

& J reclustering

gas chromatographic apparatus with L onamber

. . =
attaching on a carbon cluster in a He f_lﬂ
carrier gas flow. The schematic view of e ton part rescon gt~ Isohrmalcoumn ke L,
the apparatus is shown in Fig. 1. The

glasswopl

carbon cluster was produced by the DC to pump for collection
pulse discharge between carbon electrodes. I
The carbon also removes oxygen existing
in the system which forms nonvolatile H v
oxychlorides of Zr and Hf. The to pump o pump

transported products were collected on
quartz wool plugged in a quartz tube Fig. 1 Schematic view of the experimental setup.

where a reactive HCI gas was added to form volatile chloride compounds. The formed volatile compounds
were then fed into an isothermal chromatographic quartz column (~2 m length) directly connected to the
tube. The flow rate of He carrier gas was 0.8 L min™, the reaction temperature was 1000 °C, and the

pressure at the reaction part was about 150 kPa. The compounds of Zr and Hf through the column were
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re-transported attaching on a KCI cluster in a N, carrier gas flow, and collected on glass wool plugged in a
glass tube for y-rays measurement to examine the yields of these elements which passed through the
column. The passed-through yields for Zr and Hf were obtained as a function of the temperature of the
isothermal column.

The chromatograms are shown in Fig. 2. At lower than 350

100 . , ; :
. . E s ge" -
°C, the yields were about 30% for all nuclides. It seems that 28 1 HE (76 o) Lt .
2 - E
these yields are due to the carbon cluster leaked from the gg " TYPPTYIRIR Po 3
quartz plug unexpectedly. In the cases of *Zr and '*°Hf, the 0oL
[ 166 min) ot ]
temperatures to which their yields rise were about 350 °C, 28 oS min o =
and these isothermal chromatographic behaviors were very 2 %8{ seevenes,”’ E
similar with the previous report [1]. According to the model > 0 — : : i ]
& 80 F-157Hf (2.05 min) i -
of the ideal isothermal chromatography, a relative yield is -3 601 . =
. . . . ~ 40 C ®ee0®e ... ~
decided by a retention time of a volatile compound. 20F oo | *0e | -
. — 0 : ' '
Therefore, the more the half-life of a nuclide is short, the 80 £z 7o min) | ' ﬂii,;::' E
more a chromatogram should appear at higher temperature Zgz —_— s -
C a8 " s8Sg ]
side. However, the chromatograms of *®Hf and "®'Hf are 00 L
200 300 400 500

similar with that of '®Hf. This behavior which is not
i i i Column temperature / °C
explained with the model described above may be

ascribable to a reaction chromatography [2]. In order to Fig. 2 Isothermal chromatograms of the
investigate in more detail, an analyzing of the results is compound of *Zr and ***1°"Hf,

Now in progress.
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4.3 Production and utilization of radioactive astatine isotopes using lithium ion beams

I. Nishinaka®, A. Yokoyama?, K. Washiyama?, R. Amano?, N. Yamada?, E. Maeda?, K. Li?,
N. S. Ishioka®, K. Hashimoto®, S. Watanabe®, A. Toyoshima® and H. Makii*

An o radioactive nuclide ?"'At with a half-life of 7.2 h is a prospective candidate for utilization in
radioimmunotherapy. In general, At is produced through bombardment of a bismuth target with 28 MeV
helium ions in the *Bi(a,2n)?*At reaction because of the high yield required for therapeutic purpose [1].
However, the nuclear reactions using lithium ion beams, ®’Li+Pb and ®’Li+?*Bi, provide the possible
production routes of #!At. Excitation functions have been extensively measured for the ®'Li+ 2*Bi
reactions to study the reaction mechanism involving complete fusion and breakup reaction of weakly bound
nuclei ®"Li [2-4]. For "Li+""Ph, however, only reports on production of astatine isotopes 2"?°At have been

available [5, 6]. In our previous work [6], excitation functions of 2%%%

At were measured by y-ray
spectrometry but that of **At was not able to be measured due to low probability of y-emission from the
nuclide. In this work, therefore, we have measured excitation functions of °*?!At in the reaction of 29-57

MeV ‘Li+"Pb by o- and y-ray spectrometry.

Lead targets with thickness of 0.78-1.47 mg/cm® were prepared by vacuum evaporation onto a backing
sheet of 2.7 or 5.4 mg/cm? aluminum. Each target was sandwiched between the backing and a catcher sheet
of 2.7 or 5.4 mg/cm? aluminum. Irradiation was carried out with 'Li** beams of 50 and 60 MeV from the 20

MV tandem accelerator at JAEA-Tokai. Cross sections of 298210

At were determined by y-ray spectrometry.
Details of irradiation and y-ray spectrometry are described in [6]. After y-ray spectrometry for 2®?!°At, a
dry-chemistry method was carried out to determine the cross sections of #*!At as follows. The sample used
for y-ray spectrometry which consists of the bismuth target on the backing sheet and the catcher sheet was
placed in a test tube with length of 18 cm and outer diameter of 18 mm. After sealing the test tube with
DURA SEAL™, a third of the portion from the bottom of the test tube was inserted into a furnace. Astatine
was distilled at 650°C for 15-40 min. The test tube was taken out from the furnace and was cooled to room
temperature. After opening the test tube and taking out the sample from it, the test tube was rinsed with 1.8
ml of ethanol, water, or diisopropyl ether. A portion of 5-20 ul from this solution including astatine was
deposited on a silver sheet with thickness of 0.2 mm and was evaporated to determine the amount of

activity of 20921

At by a- and y-ray spectrometry. An o particle energy spectrum of a deposition on a silver
sheet from ethanol solution is shown in Fig. 1. The a-decay from At with a branching of 41.8% occurs
by a-emission of 5870 keV, while the EC decay from At with a branching of 58.2% leads to o-emission
of 7450 keV from #'%Po with a short half-life of 516 ms and an a-branching of 100%. Overall recovery

yields of astatine were approximately 65% for ethanol and water; approximately 25% for diisopropy! ether.

The excitation functions of astatine isotopes in the "Li+™Pb (***Pb 1.4%, “°Pb 24.1%, **’Pb 22.1%, and
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208

Pb 52.4%) reaction are shown in Fig. 2. Lines show the cross sections of 2®?*At isotopes calculated by

the HIVAP code [7]; A statistical model calculation by the HIVAP was independently carried out with the
input parameters which systematically well reproduced a large number of experimental fusion-evaporation

cross sections in the similar heavy ion reactions without

adjusting the input parameters to fit the present

experimental data [8]. It should be noted that the calculation rather well reproduces the present
experimental data. Slightly larger deviations of experimental data from the calculation are observed at
higher incident energies, indicating the effect of breakup reaction of 'Li.
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Fig. 1 o particle energy spectrum of a
deposition on Ag from ethanol solution,
produced in the 43 MeV 'Li+™Pb reaction.
The measurement with a Si surface barrier
detector was carried out for 27 min. after 19 h
from the end of irradiation.
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4.4 Production of medical radio isotope, *™Tc. (11)

Y. Hatsukawa®, K. Hashimoto!, K. Tsukada®, T. Sato}, M. Asai', T. Kin,
A. Toyoshima® and Y. Nagai*

Technetium-99m is used in radioactive isotope medical tests, for example as a radioactive tracer that
medical equipment can detect in the human body. It is well suited to the role because it emits readily
detectable 141 keV gamma rays, and its half-life is 6.01 hours (meaning that about 94% of it decays to

%MT¢ in 24 hours). There are at least 31 commonly used radiopharmaceuticals based on %™

Tc for imaging
and functional studies of the brain, myocardium, thyroid, lungs, liver, gallbladder, kidneys, skeleton, blood,
and tumors. However, technetium isotopes with longer half-life and higher energy gamma-ray emitting are
required for new medical research. Technetium-95m is a candidate for this porpose.

%MTc which emits some gamma rays around 800 keV was produced by the *Mo(p,n)*"Tc

In this study,
reaction. About 300-700 miligrams of "™MoQ; targets were irradiated with 15 MeV proton beam for 7
hours. Averaged current was 1.2 pA. After a week cooling time, about 700-1000 kBq of *™Tc were
extracted from the irradiated MoOs target after a chemical separation. The chemical purification process
used in this study is described in a former report [1].

d 95m:

Using purifie Tc, two kinds of labeled compounds, *™Tc-MDP (methylene diphosphate) and

%MTc-DTPA (diethylenetriamine pentaacetic acid), were synthesized. In order to examine quality of the
labeled compounds obtained in this study, thin-layer chromatography (TLC) method was carried out. A spot
of solution of the labeled compound was placed near a short side of a TLC plate, and the plate stood with
the short side down in a solvent. Two kinds of solvents, Methyl ethyl ketone (MEK) and physiological
saline, were used. After about 10 min dipping time, the TLC plates were dried and taken autoradiography
images using imaging plates for 12 hours. Images of *™Tc-MDP and ®™Tc-DTPA are shown in Fig. 1. In
the saline solvent, both spots of **™Tc-MDP and *™Tc-DTPA are moved to near the front lines. The other
hand, at the case of MEK solvent, the both spots stayed at the origin points. These results suggest that the

both compounds were labeled well with high radiochemical purity.

Reference
[1] Y. Hatsukawa et al., JAEA-Review 2011-040 (2012) 52-53.

1 Japan Atomic Energy Agency (JAEA)
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95mTc-MDP Spot position Solvent front

Direction of solvent movement

95mTc-DTPA

MEK

Saline

Fig 1. Autoradiography images form *™Tc-MDP and ®™Tc-DTPA. MEK or physiological saline was used
as solvents.
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4.5 Measurement of radioisotopes on soil in Ibaraki prefecture discharged by the
accident of the Fukushima Daiichi Nuclear Power Plant

T.K. Sato!, Y. Kaneya', M. Asai', K. Tsukada®, A. Toyoshima®, N. Sato®, K. Ooe', Y. Miyamoto®,
K. Yasuda®, K. Ninomiya™?, M. Matsuda’, S. Mitsuoka®, H. Ishiyama® and Y. Nagame®

The accident of the Fukushima Daiichi Nuclear Power Plant discharged a huge amount of radioisotopes,
and part of them were deposited on the ground surface in the extensive region of east Japan. To investigate
the deposition densities of radioisotopes and their geographical distributions, the Japanese government in
collaboration with a few hundreds of researchers in universities and associations performed detailed
measurements of radioisotopes deposited on soil over the whole area of Fukushima prefecture [1].
Independent of this work, we carried out measurements of radioisotopes in soil samples collected in the
north and east area of Ibaraki prefecture and in the east area of Tochigi prefecture, which not only
complemented the above assessment, but also revealed a detailed distribution of short-lived **!I from
Fukushima through Ibaraki prefecture.

Soil samplings were done on May 21-22, 2011 in Ibaraki prefecture, and on June 22, 2011 in Tochigi
prefecture. We inserted a plastic cup with an inner diameter of 48 mm on the ground surface, and took soil
with a depth of about 5 cm. Three samples were taken at each sampling position, and a total of 246 samples
were collected at 82 sampling positions. Radioactivities in the soil samples were measured using four Ge
detectors at the JAEA tandem accelerator facility. Figure 1 shows a typical y-ray spectrum for a soil sample.
Gamma rays associated with the p~ decay of ****3’Cs and **'1 were clearly observed. To measure y-ray
detection efficiencies of Ge detectors for *****’Cs and **1 in soil samples, we made standard soil samples
containing ***Cs, **'Cs, ™Hf, and %Zr. Solutions containing these isotopes were prepared using
commercially available **Cs and **’Cs solutions, and using *°Hf and ®Zr produced in the *”*Lu(p,n)*"°Hf
and %Y (p,2n)®Zr reactions with the JAEA tandem accelerator. A small part of the solution was precisely
pipetted and admixed with soil to make the standard soil sample. Another small part of the solution was
pipetted on a Ta disk and evaporated to dryness to make a point source which was used to determine the
radioactivity concentration of the solution. The ***Cs and ™*’Cs radioactivities in soil samples were
calculated through a direct comparison of y-ray count rates between soil samples and the standard ones.
That of **!1 was derived from the 364 keV y-ray count rate and its detection efficiency. The efficiency
calibration curve determined by using the ***Cs, *¥'Cs, "Hf, and ®zr standard soils is shown in Fig. 2,
where the efficiencies for the y rays in the decay of **Cs and *"°Hf were corrected for cascade summing.

Figure 3 shows contour maps of deposition densities [Ba/m?] of *'Cs and **'I. A map of **Cs is omitted
because it is similar to that of **'Cs. The high deposition density of *****’Cs is found at the border among
Fukushima, Ibaraki, and Tochigi prefecture, and at the north part of Tochigi prefecture. On the other hand,

! Japan Atomic Energy Agency
2 Osaka University
*KEK
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the distribution of **!I obviously differs from that of ****3’Cs. The highly contaminated area is found near

the Pacific coast around the border of Fukushima and Ibaraki prefecture. The detailed distribution of **I in
Ibaraki prefecture is also clarified.
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Fig. 1. Typical y-ray spectrum of soil samples. Fig. 2. Full-energy peak efficiency curve and
Gamma rays associated with the B~ decay of total efficiency curve for soil samples
134137¢s and 1 are clearly observed. determined by using ****'Cs, "Hf, and ®zr

standard soil samples.
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Fig. 3. Contour maps of deposition densities [Ba/m?] of *¥'Cs and '*!I. Disintegration rates are
decay-corrected to 0:00 on May 21, 2011. Closed circles indicate the sampling positions. Open circles
indicate the sampling positions where **!| was not observed.

Reference
[1] http://radioactivity.mext.go.jp/old/ja/distribution_map_around_FukushimaNPP(2011) / (in Japanese).
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CHAPTER 5

Nuclear Theory
5.1 Location of the neutron gy, orbit in neutron-rich calcium isotopes
5.2 Dynamical approach to heavy-ion induced fission

using actinide target nuclei at energies around the Coulomb barrier
5.3  Phenomenological formula for alpha-decay half-lives
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5.1 Location of the neutron gy, orbit in neutron-rich calcium isotopes

Y. Utsuno?, T. Otsuka?, N. Shimizu?, T. Mizusaki® and M. Honma*

The evolution of the shell structure in exotic nuclei (i.e., nuclei far from stability) is one of the current
interests in this field. Although conventional mean-field models give rather gradual evolution of the
single-particle shell gaps, some experimental evidences have appeared which indicate that more drastic
change of the shell structure occurs than the ones that the conventional mean-field models predict [1].
Recently, it has been demonstrated that an unusual evolution of the Is splitting is caused by the tensor force
[2] that had been missing in the conventional mean-field models, which also accounts for the experimental
result of Ref. [1]. Following the tensor-force driven shell evolution, a large neutron Is splitting at a proton
LS closed configuration decreases toward a jj closed configuration with the proton number. In the case of
Z=20-28 region, the neutron Is splitting should be the largest at calcium isotopes. In fact, it is well known
that the Ofs;, orbit is located very high at *°Ca and comes close to 1ps, at >’Ni. Although it is also predicted
that 0gg/, should be close to the pf orbits in calcium isotopes, there is no direct information on the location
of Oggy, as a nearly pure single-particle state. Note that the Ogg,, orbit plays a dominant role in causing a
new island of deformation region around chromium isotopes with N~40.

The aim of the present study is to unambiguously extract the location of the 0gg,, orbit in calcium isotopes
from comparison between theory and experiment. Since states strongly affected by Oge, are expected to
appear as strongly correlated states, a theoretical model in which the correlation is appropriately treated is
required. We use the shell model for this purpose.

In order to describe unnatural parity states, a full 1a® shell-model calculation is performed in the sd-pf-sdg
single-particle space. Namely, the unnatural parity state is described as nucleon excitation either from the
sd shell to the pf shell or from the pf shell to the sdg shell. The effective interaction used here is a natural
extension of the one used in the sd-pf shell calculation [3]. The two-body matrix elements of the sd-pf shell
part are the same as that of Ref. [3] and the remaining matrix elements are calculated with the function
form given in Ref. [3]. The single-particle energies of the sd and pf orbits are also the same as Ref. [3]. The
shell gap between the pf shell and the sdg shell is the only free parameter in this study. This energy gap is
determined so that the 9/2*; state of *'Ti can be exactly reproduced because this state is known to have a
large fraction of the neutron 0gg,, single-particle state.

Using the effective interaction thus fixed, we calculate the energy levels of neutron-rich calcium isotopes
systematically, and examine the states which the 0gg, orbit plays a decisive role. We focus on the
systematics of the 37, state. In Fig. 1 (a), the excitation energies of the 37, states are compared between

! Japan Atomic Energy Agency (JAEA)
2 University of Tokyo

¥ Senshu University

* University of Aizu

-41 -



JAEA-Review 2013-002

theory and experiment. In order to clarify the
importance of the contribution of the 0gg, orbit,
we carry out shell-model calculations without
the nucleon excitation from the pf shell to the
sdg shell and also calculations without the
excitation of a nucleon from the sd shell to the pf
shell. Probabilities of the nucleon excitation to
the sdg shell in the calculated 3, states are also
shown in Fig. 1 (b).

It is clearly seen that while the 37, state is
predominantly described as a proton excitation
from the sd shell to the pf shell up to N=28, the
neutron excitation to the sdg shell plays a crucial
role beyond N=28 in locating the 37, state at the
correct excitation energy. This is consistent with
the result of Ref. [4] displaying the 37; state
located much higher than experimental position
in the sd-pf shell calculation without the
contribution of the 0gg, orbit. The Ogg,, orbit in
neutron-rich  calcium  isotopes are thus
determined to lie only ~2 MeV higher than the
0Ofsj, orbit. This result confirms strong change of
the Is splitting due to the tensor force.

References
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Fig. 1 (a) Excitation energies of the 3°; states
compared between theory (lines) and experiment
(symbols). The solid line denotes the full lhw
calculation, and the dashed and dot-dashed lines stand
for calculations without the excitation from the pf to
sdg shell and without the excitation from the sd to pf
shell, respectively. (b) Probabilities of the nucleon
excitation to the sdg shell in the calculated 37, states.
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5.2 Dynamical approach to heavy-ion induced fission using actinide target nuclei
at energies around the Coulomb barrier

Y. Aritomo’, K. Hagino? S. Chiba® and K. Nishio®

The synthesis of superheavy elements has been carried out using heavy-ion fusion reactions between stable
nuclei. In order to describe heavy-ion fusion reactions around the Coulomb barrier with an actinide target
nucleus, we developed a new dynamical model, in which the effects of static nuclear deformation of a
target nucleus are taken into account by considering all the orientation angles of the symmetry axis of the
target nucleus [1]. The orientation effects are included both in the barrier penetration process and in the
evolution of the nuclear shape. The former process is described with the coupled-channels model (CC) [2].
After the nuclear contact point, we switch to the dynamical calculation starting at the touching point
assuming a nose-to-nose configuration. In the dynamical calculation, we employ the fluctuation-dissipation
model with a Langevin equation. We calculate the trajectories on the time-dependent unified potential
energy surface. By analyzing the trajectories, different types of fission can be separated, that is,
fusion-fission (FF) and quasi-fission process (QF) [1]. With this model, the calculation could be extended
to energies below the Coulomb barrier for the first time.

Recently the mass distribution of fission fragments (MDFF) and the fission cross sections (cfiss) for the
36345 305j + 238 reactions were measured by the JAEA group [3]. Using this model, we analyze the
experimental data for MDFF in the reaction of *°S+?*®U at several incident energies around the Coulomb
barrier. The dashed-dot curve in Fig.1(a) shows the calculated capture cross sections based on the
coupled-channels model for the reaction *S + ?*®U as a function of the incident energy. The experimental
data are taken from Ref.[3]. One can see that this calculation reproduces the measured cross sections down
to the lowest incident energy below the Bass barrier (Vgass= 158.8 MeV). The solid curve in Fig.1(a) shows
the fusion cross section of,s obtained by the new model with CC and the Langevin equation. The dashed
line shown in Fig. 1(a) denotes the cross section oan+2, Which is derived from the yield of the fission
fragments whose mass number is located within +20 around the symmetric fission Acnj. Notice that the
fusion cross sections oy are significantly smaller than oaps20. This indicates that the mass symmetric
fission does not necessarily originate from the compound-nucleus state. With the new approach, by
considering the nuclear shapes at the contact configuration for each orientation, we can obtain the cross
sections also below the Bass barrier region.

The results for the MDFF for the reaction of **S+2**U are compared with the experimental data [3] in Fig.1
(b) at seven incident energies from E.,=148.0 (E'=31.5) MeV to E.,=176.0 (E'=61.5) MeV (see the
histograms). At high incident energies, the mass distribution has a Gaussian-like shape centered at the
symmetric mass division, whereas the mass-asymmetric fission fragments dominate at low incident

! Japan Atomic Energy Agency (JAEA)
2 Tohoku University
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energies. The mass-asymmetric fission produces nuclei in the vicinity of the doubly-closed shell nuclei,
2%8ph and "®Ni. The trend of the experimental data, i.e., the incident energy dependence of MDFF, is well
reproduced by the calculation. The mass-asymmetry with Ay= 200 at sub-barrier energies is also well
reproduced. In Fig. 1(b) we also plot the fusion-fission events by the filled histograms. Apparently, the
compound-nucleus fission has a mass-symmetric shape, and the observed mass-asymmetric fission
dominated at the low incident energies is classified as QF. The strong energy dependence of the MDFF can
be understood in terms of the orientation effect on the fusion and QF. The collision on the polar side has a
large probability to disintegrate as QF, whereas the collision on the equatorial side has a larger fusion
probability. The calculation also suggests that the measured mass-symmetric fission fragment has another
origin than the compound nucleus fission. Such an event is defined as a deep quasi-fission process (DQF).

The reproduction of the experimental MDFF in this model can be the ground to support the calculated
fusion probability. Furthermore, the generalized formula proposed in this model has a potential to simulate
any kind of heavy-ion induced reactions in the approaching phase, such as a nucleon-transfer reaction, and
to predict cross sections for the production of new nuclei.
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Fig. 1 (a) Excitation functions of oz, Gans20 and ors for the *S+2*U reaction. The experimental
data of ofgs are denoted by the circles [3]. (b) Mass distributions of fission fragments. The
experimental data and the calculated results are denoted by the circles [3] and the histograms,
respectively. The shaded areas show the calculated fusion-fission events.
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5.3 Phenomenological formula for alpha-decay half-lives

H. Koura®

A phenomenological formula is presented for the partial half-life from the Q value for o decay. It is
constructed in a conventional way by considering the penetrability of a charged particle in a spherical
Coulomb potential. We derive a phenomenological formula for the Gamow penetration factor based on
fixed physical constants. We employ the Coulomb potential for a point change for the penetration
potential. However, this may be unsuitable because actual nuclear radii are finite and the nuclear potential
reduces the total potential. To correct for this, we perform a Taylor expansion of the potential and discard
higher-order terms of the expansion. The magnitude of these higher-order terms is determined by
minimizing the RMS deviation from the experimental data. The partial half-life for charged particle
emission is then expressed by

log,, T, (s)=

-
P
!

3

T IR 1(RY
b —=20—+-| — -+ |log,, e—log,, N—log,,(log,,¢), (1
> b 3(;{7] 10 10 10( 10) 1)

+dy is the radius from the inner region where the penetration begins and

1/3

where R=riAp
2
b=Z,Ze" /(475,0,) is the radius where the penetration ends. Here, the centrifugal potential and

even-odd hindrance factor appeared in the original paper [1] are removed in this report. Table 1 shows
RMS deviations for selected higher-order terms.  They converge at about the fourth-order term and above.
The numerical integration is below the cut-off when third- and higher-order terms are included. Based on
the convergence and the number of parameters, we accepted terms up to the fourth order. \We obtain the
following expression that contain numerical values derived from physical constants:

) H—4 . - i IA—4 o IA—4 3212 . }
log,, 7,,(s)=1.7195, | ——Z, / /O, (MeV) = 1.2901, | —— fRZ, +0.07466, [ ——R™ ~/ ZE 0, MeV)
A A A
(2)
o A-4 3512 32 ) 32 o
+0.005499 | ——R™ =/ Z] (Qa(Me\-)) —log,, N -0.159175,
A

where dy=2.0 (fm) and N=-21.4577, as shown in Table 1. These two values of adjustable parameters are
well consistent with physical quantities: d, is consistent with the size of an a particle, and 10™ gives a
reasonable order of magnitude of the product of the collision frequency of an o particle and the formation
probability, 10%, in contrast with those of conventional models such as the Viola-Seaborg formula which
gives ~10* [2]. The root-mean-square deviation from experimental partial half-lives for 153 even-even
nuclei is 0.344 (in logyo), which corresponds to 2.2 times or 1/2.2. Figure 1 shows Q values, partial
half-lives, and differences between calculation and experimental results for even-even nuclei.

! Japan Atomic Energy Agency (JAEA)
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Recent experiments have succeeded in synthesizing superheavy nuclei. Of the decay modes that have
been measured, alpha decay data provides the most information about the properties of nuclei, which is
especially useful when identifying a nuclide. Figure 2 shows half-lives of alpha decay chains of selected
superheavy nuclei. The half-lives we obtained are two or three times larger than those given by the
Viola-Seaborg formula in this mass region. However, these data have a low statistical significance and
these half-lives may not be partial half-lives because the branching ratio is mainly not obtained
experimentally; our results are close to experimentally measured half-lives.
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Fig. 1 Decay Q values, Q, partial

half-lives, Ty, (in logi), and Fig. 2 Alpha decay chains for selected nuclei
differences of half-lives obtained in the superheavy mass region,

using Eq. (2) and experimental

data for even-even nuclei.

Table 1. RMS deviation from experimental even-even nuclei when higher-order terms in the
phenomenological expression are ignored. For example, 2" in the number of term column indicates that
the first and the second terms up to fzx/ﬁ in Equation (1) are taken. Two parameters in this table are
adjusted to minimize the RMS deviation from the experimental half-lives of even-even nuclei from the 0*
ground state to the 0" ground-state decay.

number of nurmerical
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terms integrals
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- 10[{10(1‘ coll * Pfor:u)
RMS doev. 3.7097 0.4824 (.3475 0.3437 0.3436 0.3436 |... 0.37367
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CHAPTER 6

Atomic Physics and Solid State Physics

6.1  Charge state distribution of carbon ions after penetration of C-foil targets (11)
6.2  Effective charge of high-energy heavy ions in WOz and W
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6.1 Charge state distribution of carbon ions after penetration of C-foil targets (1)

M. Imail, M. Sataka?, K. Kawatsura>*, K. Takahiro®,
K. Komaki®, K. Nishio® and H. Shibata®

Charge state is one of the most important aspects for ion interactions with matter, and affects various
processes, such as electron capture, ionization, and excitation of projectile and target electrons, as well as
consequent phenomena such as energy deposition into the target, i.e., stopping of projectiles. Projectile
charge state and its evolution are therefore essential to the study of the penetration of swift ions in matter
and the data of charge-state distributions for various collision systems after exiting solid targets have been
supplied [1], although the charge-state distribution changes somewhat upon exiting the target foil. As has
been presented in the previous annual reports [2, 3], we have measured the exit charge state distributions
for penetrations of S°* — S™* jons through C-foil targets of 0.9 — 200 ug/cm? in thickness and performed
calculations by an ETACHA code [4] to succeed in reproducing the experimental results, although
ETACHA has been designed for higher energy region (>10 MeV/u) [5]. In this report, results of our
extensive measurements for carbon projectiles, between C** and C®, which are essential to precise
estimation of deposited energy for heavy-ion cancer therapy, are presented with ETACHA calculations.

The experiments were performed at the LIR1-3 beam line of the 20UR Tandem Accelerator Facility. A
beam of 2.0 MeV/u (24 MeV) C* ion was provided from the Tandem Accelerator within an energy
accuracy of 0.1%, and post-stripper C-foil of ~20 pug/cm? was used to produce higher charge states. The C**
(q = 2-6) ion beam was directed into a self-support carbon foil targets of 0.9 — 10 and 54 — 200 pg/cm? in
thickness for non-equilibrium and equilibrium charge distribution measurements, respectively. 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 10°° Pa, respectively, to practically eliminate background
charge-exchange collisions with residual gas, which was confirmed by measurements with no foil targets.
Measured charge state evolution for 2.0 MeV/u C** — C®* ion incidences after penetration through C-foil
targets are plotted in Fig. 1 with calculations by the ETACHA code. The measured equilibrium mean charge
state and distribution width were 5.58 and 0.57, respectively, whereas ETACHA predicts a bit higher
equilibrium mean charge 5.71 and a bit narrow distribution width 0.51. For the projectiles with charge
states lower than the equilibrium mean charge, i.e., for C*°* projectile ions, all the measured charge
fractions except for C®* showed similar dependence on target thickness that the fractions increase to show
maxima in the non-equilibrium region and turn to decrease to the equilibrium values. This trend can be
explained by a difference of collision cross sections or collision rates of consecutive single-charge transfers
as for the sulfur projectile ions [5] and has been reproduced by the ETACHA code as seen in the figure.
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Fig. 1 Charge state evolution for 2.0 MeV/u C** — C®* ion incidences after penetration through
C-foil targets. Full squares with solid eye-guides are experimental results, whereas dashed
curves denote calculation by an ETACHA code.
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6.2 Effective charge of high-energy heavy ions in WO3; and W

N. Matsunami®, M. Sataka® and S. Okayasu®

The electronic stopping power (S¢) and effective charge are important for understanding material
modifications by high-energy heavy ions. We have observed that the electronic sputtering yields of WO;
and CusN films depend on the incident charge of heavy ions [1, 2]. There are two issues; the equilibrium
charge state and evolution of the charge along the ion path. No data of charge state are available, except for
carbon films [3, 4]. In this study, Rutherford backscattering spectrum (RBS) of WO3; and W films have
been measured for 90 MeV Ni*® and 60 MeV Ar*’ ions and the effective charge (Q.7) of these ions has been
evaluated, assuming that S is proportional to the square of the charge.

WO; and W films were prepared by a method described in [1]. Film thickness was evaluated from the
full-width of RBS spectra using the surface approximation (estimated error < a few %) with the electronic
stopping power [5] (nuclear stopping is negligibly small) and the density of 1.87x10% and 6.3x10% W cm™
for WO3 and W. The energy resolution was obtained to be 810 and 480 keV for 90 MeV Ni and 60 MeV Ar
ions by using thin Au film (~ 3 nm) on Si sample. The corresponding depth resolution for WO; is 54 and 40
nm.

RBS spectra of WO;3; are shown in Figs. 1 and 2. Reduction of the film thickness was observed and the
sputtering yield is evaluated to be 40 and 23 for 90 MeV Ni*® and 60 MeV Ar*’, in reasonable agreement
with 69 and 31 derived from 1.8 MeV He" RBS before and after the heavy ion impact. However, these
sputtering yields are much smaller than those in [1]. The ion fluence in this measurement is ~10™ cm?, far
larger than ~10* cm in [1] and this could be a reason of the discrepancy. The film thickness corrected for
the sputtering are summarized in Table 1. Firstly, one sees that the film thickness derived from heavy-ion
RBS well agrees with that from He™-ion RBS, confirming validity of the electronic stopping power.

The effective charge (Qe) of heavy ions is evaluated using SH.:QefZSp at the same energy per nucleon, Sy
and S, being the electronic stopping powers of heavy ions and protons. Here, the effective charge of
protons equals to 1 (high energy region). Furthermore, it is assumed that the effective charge reaches
equilibrium at the depth much smaller than the film thickness. The obtained effective charge is given in
Table 1. The effective charge seems to be independent of target, since the oxygen contribution to Sy, is
comparable with that of W. As given in Table 2, Q¢ in C appears to be the same as that in W and WO;.
This can be understood that the ion velocity is larger by an order of magnitude than the Fermi velocity of
electrons in solid target [5], resulting in target independence. Qe is compared with the mean charge (Qmg)
in C at equilibrium [3]. It is found that Q¢ is somewhat smaller (more remarkable for lower energy and
heavier ion) than the mean charge. Validity that Q. =1 for proton with lower energy and Q*-dependence of
the electronic stopping are to be examined, noticing that Q.4 (square root of the second moments of the
charged fraction [3]) is evaluated to be the same as Q. Further studies are under consideration, i.e., RBS
with optimized scattering geometry, e. g., smaller scattering angle to minimize the energy loss of the
outward path length, and thinner films for evolution of the effective charge.

1 Division of Energy Science, EcoTopia Science Institute, Nagoya University
2 Japan Atomic Energy Agency (JAEA)
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Table 1 A summary of RBS for incident energy (E) at normal incidence and the scattering angle (0s). Sy
and S; are the electronic stopping powers of inward and outward path, KE the energy of the scattered ions at
the sample surface ( k the kinematic factor), L the thickness of the films and L derived using 1.8 MeV He"
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ions is given in the parenthesis. Q; and Q.. are the effective charge for E and kE.

lons E Sample 0s S; S, kE L Qer Qer2
(MeV) (deg.) (keV/nm) (MeV) (nm)

BN 90  WOyMgO 150 128 9.685 2653  410(415) 1555  9.61

BN 90 WIAI 150 240 1658 26,53 128 (130) 1555  9.63

YA’ 60  WOy/MgO 165 7.61 7.39 2515 405(396) 1186  9.12

“Ar’ 60 W /MgO 165 142 130 2515 101(100) 11.86 9.13

Table 2 Effective charge (Qer) and equilibrium mean charge (Qmg) in C for the ions with the same energy

per nucleon as in Table 1, taken after [3].

lons E(MeV) E/u(MeV/u) Qet Qmg Qmq / Qef
®Ni 90 1.552 15.55 19.4 1.25
®Ni  26.53 0.4572 9.60 14.1 1.47
“Ar 60 15 11.85 13 1.1
“OAr 2515 0.629 9.11 10.5 1.15
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Fig. 1 RBS spectrum of 90 MeV Ni*® ions for
WO; on MgO. Leading and trailing edges of

CHANNEL NUMBER

the spectrum are indicated by vertical lines.
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7.1 Dependence of ion-track size on the electronic stopping power
in ion-irradiated UO,

N. Ishikawa®, T. Sonoda?, T. Sawabe? and M. Sataka®

Uranium dioxide (UO,) fuels in light water reactors are subjected to various high-energy particles. Not only
neutrons but also high-energy fission fragments play an important role in radiation damage process. Since
fission fragments have high kinetic energy of about 70~100-MeV, they create radiation damages in UO,
oxide fuels. Since the radiation damage due to such high-energy heavy particles is dominantly created via
high-density electronic energy deposition, the damage creation process is complicated. In order to
understand the process, it is useful to utilize high-energy ion accelerator by which the energy deposition
density and ion-fluence can be varied in precisely controlled manner.

One of the intriguing characteristics of the radiation damages due to high-energy ion irradiation in UO, is
the formation of continuous ion tracks along the ion-paths. If the electronic stopping power (S¢) is
sufficiently high, the ion-track in nanometer size is created [1-2]. It should be noted here that the ion-tracks
created for ion-irradiated UO, are not amorphized [1], and it is expected that the Se-dependence of the
ion-track size for amorphized ion-tracks as in ion-irradiated Y3FesO;, [3] and that for non-amorphized ones
as in ion-irradiated UO, may be different. The thermal spike models proposed by Szenes [4] and
Toulemonde [5] can account for the S.-dependence of ion-track size for amorphized ion-tracks, but it is not
obvious that those models are automatically applicable for non-amorphized ion-track size. In the present
study, various high-energy ions were irradiated to natural UO,, and the obtained data of S.-dependence of
ion-track size is compared with the ion-track size predicted based on the thermal spike model in order to
examine the formation process of non-amorphized ion-tracks.

The UO, specimens for transmission electron microscope (TEM) were microsampled using the focused ion
beam (FIB) technique. The irradiating ions were 310-MeV Au?"*,150-MeV Au*"*, 210-MeV Xe***,
210-MeV Xe'™, 150-MeV Xe?’*, 100-MeV Xe”*, and 100-MeV Zr'®*. By these ions, S, can be varied
from 19.7 to 42.5 keV/nm. These ions were irradiated at room temperature. The ion-tracks created in
irradiated specimens were observed by TEM. The electronic stopping power necessary for the analysis is
calculated by SRIM 2008-code.

The examples of the observed ion-tracks are shown in Fig.1, where we find that the ion-tracks created by
100-MeV Xe are smaller than those created by 310-MeV Au. The dependence of ion-track size on S, is
shown in Fig.2. The ion-track size monotonically increases as increasing Se. The velocity effect is usually
observed for amorphized ion-tracks of various materials [3], while it is not observed in ion-irradiated UO,
as the present result shows. The absence of the velocity effect may be a unique characteristic of

1 Japan Atomic Energy Agency (JAEA)
2 Central Research Institute of Electric Power Industry (CRIEPI)
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non-amorphized ion-tracks of UO,.

The important finding is that there is a discrepancy between experimental data and theoretical prediction.
All of the observed ion-track size data are smaller than the predicted values. The reason for this
discrepancy is not clear at this moment, but it may be related to the difference between amorphized and
non-amorphized ion-tracks. One of the possible explanations is that the non-amorphized ion-track may be
melted in the early stage of local heating, but the liquid phase just recovers its crystal structure during the
cooling stage. This assumes that the melted zone is not quenched as a whole during cooling process but is
partially recrystalized, so that only the central part of the ion-track is observed as a consequence. In order to
test this hypothesis it should be investigated in detail whether the recrystallized region, if any, has left any
trace of crystal structure change around the observed ion-tracks.

Part of the present work was supported by KAKENHI (21360474).
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7.2 Preliminary Evaluation of High Energy lon Irradiation Effects
on Electrical Resistivity of ceramics

N. Okubo?, N. Ishikawa®, M. Sataka® and S. Jitsukawa®

Functional ceramics including Al,O3 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 primary knock-on atom (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 with a peak at 14.1 MeV, the electrical conductivity change by
high energy ion irradiation is preliminarily evaluated.

The specimen configuration and the electric circuit for electrical conductivity measurement during high
energy ion irradiation are shown in Fig. 1. Irradiation of 160 MeV Xe ions was conducted at the central part
of thin specimen. 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 under 0.1 mm. 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; therefore, 160 MeV Xe ions were preliminary used for Al,O3
and also SiC.
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Fig. 1 Specimen configuration and electric circuit for measurements under ion irradiation
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Figure 2 shows correlation between the measured currents and the applied voltages (current-voltage
characteristics) for SiC before and after irradiation at room temperature. Before irradiation, the correlation
was confirmed to be ohmic by using new specimen holder and dimpled specimen. The total ion irradiation
dose was about 2x10™* ions/cm?.

SiC 160MeV-Xe

—*—Beafore irrad

=== After irrad

Fig.2 Correlation between the measured current and the applied voltage for SiC before, and
after ion irradiation at room temperature.

The next step is to measure the electrical conductivity by using the specimen enough thinned by both
dimple grinding and ion milling. Then, the electrical conductivity affected 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 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 microstructural evaluation of irradiated specimen will be conducted next year.
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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 metal nanoparticles (NPs) embedded in silica glass (SiO,) are irradiated by swift heavy
ions (SHI), elongation of the NPs, i.e., the deformation from spheres to rods along the ion beam direction,
is induced [1]. While the elongation mechanism is still under debate, one of the well-mentioned ones is the
interplay of in-plane stress due to the ion hammering effect and transient melting of NPs due to the thermal
spike effect.

If the melting of NPs is essential, i.e., if the elongation is mainly induced during the molten phase, larger
elongation could be expected for NPs with a lower melting point (MP). To evaluate this proposition, we
have compared under the same irradiation conditions the elongation behaviors of Zn NPs (MP = 420°C) [2]
and of V NPs (MP = 1890°C) [3], which have

largely diff MP h other. isingl ' J . ! ! !
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Xe'** ions up to a fluence of 5.0 x 10" jons/cm?. The elongation behaviors of the NPs were evaluated by
XTEM at an acceleration voltage of 200 kV.

The major and minor dimensions (dmajor and dminor) Of both the NPs before and after irradiation of 5.0 x 10"
Xelcm? were plotted in Fig. 1. Before the irradiation, both Zn and \V NPs were approximately spherical in
shape, as seen by the distribution of the data points on the diagonal lines indicating the relationship dmajor =
dminor- After the irradiation, larger NPs deviated from this relationship, becoming elongated, while the
smaller NPs maintained the existing relationship, remaining approximately spherical in shape. This
behavior, i.e., the existence of a minimum size threshold for elongation, was firstly speculated by
D’Orleans et al. [1] but clearly established by Ridgway’s group [4]. The NPs larger than the threshold size
expand their major dimensions with increasing fluence, and consequently the minor dimensions decrease
due to a restriction of the volume conservation. However, the minor dimensions cannot become smaller
than the threshold value [4, 5], while the reason has not been clarified. Consequently, the minor dimensions
Ominor OF the NPs larger than the threshold size finally saturate around the threshold value. In the plot of
Armajor VS dminor, the slope of the data line higher than the threshold size gradually decreased with the fluence,
and finally becomes zero. It should be noted again that NPs smaller than the threshold size keep the
diagonal relationship diajor = Aiminor, €Ven after the irradiation of 5.0 x 10™ ions/cm’.

In both the cases of V and Zn NPs at the fluence of 5.0 x 10" Xe/cm?, almost the same slopes remain larger
than the threshold size as shown in Fig. 1, indicating that both the NPs have not come to the saturated state.
Since both types of the NPs show almost the same (dmajor VS dmmor) distribution and since they have not
reached the saturation state, we conclude that V NPs show roughly comparable elongation to that of Zn
NPs. This is surprising because the melting points of both the NPs are largely different (420°C for Zn and
1890°C for V).
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7.4 Swift heavy ion irradiation effect on structural and magnetic properties
for epitaxial Ba(FepsMngs)Os3.5 thin films

R. Shinoda®, T. Matsui', N. Ishikawa? and A. Iwase!

We have revealed so far that single crystalline Ba(FeqsMngs5)Os.5(BFMO) thin films, which are synthesized
on (001)SrTiO3(STO) are ferromagnetic insulators at room temperature [1]. It has also been reported that
the amount of oxygen deficiencies of the BFMO thin films plays a dominant role in determining these
natures of the films. On the other hand, we have shown that the 200 MeV Xe'**
displaces oxygen atoms and produces their Frenkel pairs (O vacancies and interstitials) in CeO, through the

ion irradiation effectively

high density electronic excitation [2]. Such selective displacements of oxygen atoms can be explained as
due to the thermal spike phenomenon which is correlated with the swift heavy ion induced electron
excitation process [3]. Consequently, the swift heavy ion irradiation possibly becomes a potential method
for the quantitative control of the oxygen vacancies in oxides.

BFMO thin films with a thickness of 60 nm were synthesized on (001)STO by a pulsed laser deposition
method. For reference, the sample without introducing oxygen gas in the deposition process is also
synthesized (named as O mTorr film, hereafter). The lattice constant was estimated by means of the x-ray
diffraction. The magnetic properties were investigated by using a SQUID magnetometer. Then, four

14+

samples were irradiated with 200 MeV Xe™" ions by using a high energy ion accelerator at JAEA-Tokai.

The Xe™* ions completely passed through the samples, because the 200 MeV Xe™** ion range (12.62 pum) is
much larger than the BFMO films thickness (60 nm). The irradiation was performed at room temperature

and the ion fluences were 1x10, 3x10%, 1x10™ and 3x10™ /cm? for the four samples.

The BFMO film samples are named as sample 1 to sample 4. The values of lattice constant, ¢, before and
after the irradiation for the four samples are shown in Fig. 1. The c increases due to the ion irradiation. The
values of saturation magnetization, Mg, are shown in Fig. 2 for the irradiated four samples. The value of M,
significantly decreases by the ion irradiation. What is interesting here is that the degree of the data
variability for the ¢ and the M after the irradiation is definitely smaller than that before irradiation.
Especially, the value of Mg seems to converge on the value for the 0 mTorr sample by the ion irradiation,
irrespective of the initial M value. The behavior of the ¢ and the Mg by the ion irradiation can qualitatively
be explained if oxygen deficiencies are induced by the ion irradiation. Our previous work [1] has shown
that the oxygen deficiency causes the change in the valence state of Fe and Mn, and the decrease in the M.
Specifically speaking, with the increase in oxygen deficiency, the amount of Fe** and Mn*" decreases and
then the total amount of Fe**(d®)-0%-Mn**(d®) ferromagnetic super-exchange coupling decreases. On the
other hand, the lattice constants become larger than those for the unirradiated samples, which are consistent
with the knowledge for oxide materials that the lattice generally expands with increasing the amount of the

! Osaka Prefecture University
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oxygen deficiency. Therefore, the changes in the Mg and ¢ due to the irradiation are ascribed to the increase
in oxygen deficiencies. Here, it should be worth calculating the deposit energy density through the swift
heavy ion irradiation process. When the 200 MeV Xe** ions pass through the BFMO films, the calculation
by SRIM2008 code shows that the electronic stopping power, Se, and the nuclear stopping power, Sn, are
43.1 MeV/(mg/cm?) and 0.166 MeV/(mg/cm?), respectively. Therefore, for the irradiation with 200 MeV
Xe" ions, the energy deposition into the sample through the electronic excitation is a dominant process.
The present result can temporarily be explained that the thermal spike causes the oxygen deficiency.

Figure 3 shows the relationship between ¢ and M; 4.10 —

for the samples in the present experiment as well as = % :’:;Z?:ﬁm

the samples oxygen deficiency of which is controlled E 4084 —

by the partial oxygen pressure during the thermal E

treatment [1]. As can be seen in the figure, an =

obvious correlation can be seen between the two o 4.06-
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This result suggests again that the ion irradiation Fig. 1 ¢ for the irradiated four samples
induces the oxygen deficiencies in the samples. before and after irradiation.
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7.5 Nano-fabrication on Ag-Zeolite using high energy heavy ion radiation

S. Okayasu® and Y. Sasaki’

High energy electron irradiations (200keV or higher) on zeolites containing silber ions (Ag-zeolites) cause
the structural changes. The crystal structure becomes amorphous, and thus an ordered clusters of silver
atoms are found in the amorphous regions [1]. This phenomena can be considered that an electric charge
transfer from the structure to an absorbed Ag+ ion due to the destruction of the crystal by the irradiation. In
combination of the phenomena and high energy heavy ion irradiation techniques, we expected formations
of silver clusters aligned along the ion tracks as a new technique of nano cluster fabrication. By analyzing
high resolution TEM images of the microstructures of Ag-zeolites irradiated 200MeV-Au ions (1x10*
ions/cm?), we verified the formations of ordered tracks of silver clusters (fig.1). We are now investigating
the dependence of electric stopping power Se for the track formations.

Au-200MeV [

Ag clustars

Fig.1 Aligned silver clusters formed along 200MeV-Au ion irradiation tracks.
Round shadows in this figure are considered as precipitated phases during the TEM observations.

Crystal structures of zeolites are considered to be stable. However, irradiations may cause instability of the
crystal structures. The stability of the crystal structure of zeolites against irradiations will be investigated in
addition to the research for formation mechanism of the clusters in the future.
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7.6 Application of high-aspect-ratio nanoholes formed by
etching of latent tracks for sensors

M. Fujimaki®, M. Sataka® and M. Matsuda?

Highly-sensitive molecular detection sensors are required in various fields of application. We have
developed an evanescent-field-coupled waveguide-mode (EFC-WM) sensor [1] and a monolithic sensing
plate consisting of a SiO, glass substrate and a thin single crystalline Si layer, whose surface is thermally
oxidized to form a SiO, glass waveguide for the EFC-WM sensor [2]. Figures 1(a) and 1(b) are a schematic
showing of the setup of the sensor and a photograph of a prototype of the sensor, respectively. The sensing
plate illuminated under the Kretschmann configuration operates as a sensor that is capable of detecting
modifications in the dielectric environment near the waveguide surface with superior sensitivity by
measuring change in reflectivity [1].

We have reported that the sensitivity of the EFC-WM sensor can be enhanced by perforating the waveguide
layer [2]. For the perforation, selective etching of latent tracks formed in the waveguide layer by swift
heavy ion irradiation is used. In the present research, to realize the mass-production of the perforated
sensing plate, we tried to establish an ion irradiation process that can irradiate heavy ions in large area
uniformly.

The beam line that we used was the line L2 of the 20 MV tandem accelerator at JAEA-Tokai. The ions used
were 200 MeV Xe ions. The ion beam was made to be wide in the X direction by scanning it using an
electromagnet (IDX Corporation) and by irradiating it to a sample through an Al foil diffuser having a
thickness of 0.8 um. As for the sample to be irradiated, the monolithic sensing plate that had a layered
structure of 84-nm Si and 480-nm SiO; on a 1.2-mm-thick SiO, substrate was used. The size of the sensing
plate was 25X 25 mm and two plates were placed on a sample holder side by side as shown in Fig. 2(a).
The irradiated plates were then perforated by soaking them in a 4.8% aqueous solution of HF for 2 min.
The resulting nano holes were observed by scanning electron microscopy (SEM; Hitachi
High-Technologies, S4800).

Figure 2(b) shows SEM images of the perforated waveguides at positions marked by dots in Fig. 2(a). In
each sample, positions a, b and ¢ are 2 mm from the left side, the center, and 2 mm from the right side of
the plate, respectively. The densities of the nano holes formed in the waveguides, which correspond to the
fluence of the ions, are summarized in Table 1. The result indicates that a wide irradiation with a width of
50 mm was achieved. By taking the duct diameter into account, the width of 50 mm was almost the
maximum that we expected. However, the uniformity of the irradiation was poor, where the fluence at the
position of Sample 1-a was 7 times smaller than that of Sample 2-b. This is due to the narrow scanning

! National Institute of Advanced Industrial Science and Technology (AIST)
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width by the electromagnet and the short distance between the electromagnet and the target. In order to
obtain much uniform irradiation, we will install a high power electromagnet in a future. In the present
research, since the scanning width was small, we used the Al foil diffuser to obtain a wide ion beam.

However, to reduce ununiformity due to an overlap of a scanned beam, it might be desirable that a narrow
beam is scanned widely. Accordingly, we will try irradiation without the diffuser.

(a) (b)

Polarizer

Sensing plate

Ohptical fiber

Collimator lens

Pri=m i )
Collecting lens Spectrophotometer

Fig. 1 Schematic showing the setup of the sensor (a) and photograph of
the prototype of the sensor (b).

(a)

(b)
25mm 25mm
T Sample1-a Sample 1-b Sample1-c
25mm - - - -
sample 1 | Sample2
Sample2-a Sample 2-b Sample 2-c

Fig. 2 (a) Alignment of the sample plates on the sample holder. The dots

a, b and c indicate the positions where the SEM images were obtained.
(b) SEM images obtained on Sample 1 and Sample 2.

.
o
-

Table 1. Densities of the nano holes formed in the waveguide layers.

Positions 1-a 1-b 1-¢c 2-a 2-b 2—-c
holes/umz 4.4 5.3 27.4 30.5 32.0 12.6
References

[1] M. Fujimaki et al., Microelectron. Eng. 84 (2007) 1685.
[2] M. Fujimaki et al., Opt. Express 16 (2008) 6408.

-65 -



JAEA-Review 2013-002

7.7 Influence of multiple angled columnar defects
on flux pinning properties in YBCO thin films

T. Sueyoshi®, T. Nishimura®, T. Fujiyoshi®, F. Mitsugi*, T. Ikegami® and N. Ishikawa®

For the development of second generation “coated conductors” using REBa,CuzO, (REBCO, RE: Rare
Earth element) films, further improvement of the in-field critical current density J. has been indispensable
to the operation with lower electric power losses. Line-like crystalline defects (LDs) such as columnar
defects (CDs) formed by the heavy-ion irradiation are most effective to immobilize flux lines in REBCO
even at a high temperature. In addition, the LDs are effective not only for the large enhancement of the
in-filed J. but also for the reduction of the anisotropy of J. which is one of the serious problems of the
applications of superconductors [1]. In order to further improve the flux pinning using the LDs, it is
significantly important to discern what configuration of LDs is the most effective for the flux pinning in
REBCO. In addition, it is necessary to elucidate the influence of the dispersion in the LD directions on the
angular dependence of J. for the purpose of the reduction of the anisotropy of J.. In this work, we study the
influence of multiple angled CDs on flux pinning properties, where three controlled splay configurations of
CDs were installed by heavy-ion irradiation in YBCO thin films: a parallel configuration of CDs, two
bimodal splay configurations, and a trimodal one. In particular, it is expected that the introduction of CDs
along the mid-direction of crossed CDs contributes to assist the splay effect and the more reduction of the
anisotropy of J. for the trimodal splay configurations.

The samples investigated in this work were c-axis oriented YBCO thin films by pulsed laser deposition
(PLD) technique on SrTiO; substrates. The CDs were produced by irradiating the samples at room
temperature with 200 MeV Xe ions at the tandem accelerator of JAEA in Tokai, Japan. To install the
multiple angled CDs, the incident ion beam was always directed perpendicular to the bridge of sample and
was tilted off the c-axis by &: all CDs are parallel to the c-axis (parallel CD configuration); crossed CDs
inclined at + 10° or + 45° relative to the c-axis (bimodal splay configuration); crossed CDs at 0° or + 45°
relative to the c-axis (trimodal splay configuration). In all cases, the total area density of CDs corresponds
to B, = 3 T. For the bimodal or trimodal splay configuration, the density of CDs in each direction is divided
equally. Table 1 lists the specifications of the samples in this study. The transport properties were measured
using a four-probe method. The transport current was applied in the direction perpendicular to the magnetic
field, the c-axis, and CDs at all times. The value of J. was defined by a criterion of electrical field,
1 uVicm.

Figure 1 shows the angular dependences of J. and n-value for B = 1 T. The n-values are extracted from
linear fits to empirical relation E ~ J" in the range of 10 ~ 10~ V//m. The n-value is known to be equal to
Uy / kgT, where Uy is the pinning potential energy [2]. Of three controlled splay configurations of CDs, the
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Table 1. Sample in this work.

Sample Configuration of CDs é By [T] Teo [K]
Pa06 parallel 6° 3 87.90
Bi10 bimodal +10° 3 87.92
Bi45 bimodal +45° 3 87.60
Tr45 trimodal 0°, +45° 3 88.03

trimodal one is particularly interesting because both J. and n-value of Tr45 exhibit a single broad peak in
contrast with Bi45 and the excellent performance over the entire angular range at B = 1 T. For the trimodal
configuration, there are more choices to effectively pin the flux lines in any direction of applied magnetic
field: one parallel family of CDs aligned around the direction of applied magnetic field not only captures
flux lines over a considerable portion of its length, but also contributes to suppress the kink sliding along
CDs inclined at large angles to applied magnetic field; the other two CD families inclining at large angles,
on the other hand, would act as assistant PCs to inhibit the expansion of double kinks. Therefore, it seems
that each of three parallel families of CDs plays a different role in the flux pinning, i.e. one parallel family
of CDs aligned around the direction of applied magnetic field directly pin the flux lines, while the other two
families of CDs act as the assist PCs. This might be also a kind of the combination effects of hybrid
artificial PCs [3, 4] rather than a simple sum of pinning forces of the three parallel CD families.

J. [10° A/m?]

n -value

Fig. 1 Angular dependences of (a) J. and (b) n-value at 77.3 KforB=1T.
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8.1 Accelerator Operation and Development
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24th Meeting for Tandem Accelerator and their Associated Technologies, Nara, Nara Women’s Univ.(July.
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8.2 Nuclear Structure
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(May 29-Jun. 3, 2011).

M. Asai, H. Haba, K. Tsukada, N. Sato, Y. Kasamatsu, D. Kaji, K. Morimoto, K. Morita, T. K. Sato,

A. Toyoshima, Y. Ishii, R. Takahashi, Y. Nagame, T. Ishii, I. Nishinaka, Y. Kojima and T. Ichikawa
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M. Asai, H. Haba, N. Sato, Y. Kasamatsu, D. Kaji, K. Morimoto, K. Morita, Y. Shima, M. Shibata,
K. Tsukada, T. K. Sato, A. Toyoshima, T. Ishii and Y. Nagame

High-resolution « fine-structure spectroscopy for studying nuclear structure of heavy nuclei

55th Symposium on Radiochemistry, Nagano, Japan (Sep. 20-22, 2011).

M. Asai, K. Tsukada, Y. Kasamatsu, A. Toyoshima, T. K. Sato, Y. Nagame, N. Sato and T. Ishii

Energies of the first excited 2+ states in even-even actinide nuclei
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8.3 Nuclear Reaction
Journal/Proceedings

I. Sugai, Y. Takeda, H. Kawakami, N. Ohta, H. Makii and H. Miyatake
Adhesion improvement of HIVIPP *2C targets on Au backings
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Production of ?°Sg in the 2**Cm(**Ne,5n)?**Sg reaction and decay properties of two isomeric states in °°Sg
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Isomeric states in “*No and **Fm
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Measurement of the *?C(a, )0 reaction at TRIAC
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(Nov. 14-17, 2011).
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Study for fission properties and evaporation residue measurement in the heavy-ion induced reactions using
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T. Nagayama, K. Nishio, S. Chiba, S. Mitsuoka, I. Nishinaka, H. Makii, K. Furutaka, Y. Wakabayashi and
T. Ishii

Development of silicon AE-E detector for the surrogate reaction study
2012 Annual Meeting of the Atomic Energy Society of Japan, (Mar.13-21, 2012).

I. Nishinaka, M. Tanikawa, K. Nishio, H. Makii, S. Mitsuoka, Y. Wakabayashi and A. Yokoyama

Fission fragment anisotropy in heavy-ion-induced fission of actinides Il
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Precise measurements of projectile charge-changing cross sections for intermediate energy heavy ions
using CR-39 plastic nuclear track detectors
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Experimental project for production of neutron-rich nuclei by multinucleon transfer reaction (KISS project)
YIPQS Long-term workshop Dynamics and Correlation in Exotic Nuclei (DCEN2011), Kyoto, Japan (Sep.
20-Oct. 28, 2011).
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8.4 Nuclear Chemistry
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