RIKEN
Accelerator
Progress Report
vol.

46

BOOK & CDｰROM
独立行政法人理化学研究所 仁科加速器研究センター

RIKEN Nishina Center for Accelerator-Based Science

RIKEN Accelerator Progress Report
vol.

46

独立行政法人理化学研究所 仁科加速器研究センター
RIKEN Nishina Center for Accelerator-Based Science
Wako, Saitama, 351-0198 JAPAN

Chairperson of the Editorial Committee

O. Kamigaito
Editorial Committee

T. Abe
H. Haba
T. Ichihara
N. Inabe
T. Isobe
Y. Matsuo
H. Okuno
T. Tada
T. Tamagawa
M. Wada
K. Yazaki
J. Zenihiro
H. Ishiyama

T. Doi
E. Hiyama
T. Ikeda
K. Ishida
A. Kohama
K. Morimoto
H. Otsu
K. Takahashi
K. Tanaka
Y. Watanabe
S. Yokkaichi
T. Gunji

E. Isogai
Y. Sakata

T. Okayasu

All rights reserved. This report or any part thereof may not be reproduced in any from
(including photo static or microfilm form) without written permission from the publisher.
All reports are written on authors’ responsibility and thus the editors are not liable for the
contents of the report.

GRAVURE & HIGHLIGHTS OF THE YEAR
K. Morita et al. · ·························································································································································

i

New result in the production and decay of an isotope, 278113, of the 113th element
Y. Ichikawa et al. ·······················································································································································

ii

Production of spin-controlled rare isotope beams
H. Imao et al. ·····························································································································································

iv

Recirculating He-gas stripper for high-intensity uranium beam

N. Fukunishi et al. ·····················································································································································

v

Bending power upgrade for fRC
D. Kameda et al. ························································································································································
Observation of 18 new microsecond isomers produced by the in-flight fission of 345 MeV/nucleon

U

D. Steppenbeck et al. ·················································································································································
53

vi

238

vii

54

In-beam γ-ray spectroscopy of Ca and Ca
H. Suzuki et al. ··························································································································································

viii

New-isotope search and production-cross-section measurement for neutron-deficient nuclei
by using projectile fragmentation of 345-MeV/nucleon 124Xe beam
Z. Xu et al. ·································································································································································

ix

78

A β -decay study of neutron-rich nuclei in the vicinity of Ni
G. Lorusso et al. · ·······················································································································································
Beta-decay spectroscopy below the doubly magic

Sn

T. Furukawa et al. ······················································································································································
Observation of Zeeman resonances of

x

132

xi

84,85

Rb with OROCHI

Y. Ito et al. · ································································································································································

xii

First online mass measurement with MRTOF mass spectrograph
M. Wakasugi et al. ·····················································································································································
First electron scattering off

132

xiii

Xe under the ERIS-SCRIT scheme

Y. Yamaguchi et al. ····················································································································································

xiv

Present status of the rare-RI ring construction
W. Horiuchi et al. · ·····················································································································································
Glauber-model analysis of total reaction cross sections for neutron-rich nuclei
with Skyrme-Hartree-Fock densities

xv

K. Hashimoto and T. Morita ………………………………………………………… xvi
Y. Akiba et al. ····························································································································································
Nucleus from string theory

xvi

PHENIX
siliconetvertex
tracker (VTX)
M. Creutz
al. ………………………………………………………………………
xvii
H. Oide et al. · ····························································································································································
Aoki phases in the lattice Gross-Neveu model with flavored mass terms

xviii

±

±

of al.
W ……………………………………………………………………
Measurement
of AL et
→ µ at forward rapidity with PHENIX
Y. Higurashi
xviii
Y. Ma et al. · ·······························································································································································
Results for RIKEN superconducting electron cyclotron resonance ion

xix

source with 28 GHz microwave
Towards understanding Kaon-induced mystery: current status and developments regarding J-PARC K1.8BR spectrometer
H. Hasebe et al. ……………………………………………………………………… xix
xx
T. Aoyama et al. ·························································································································································
Development of carbon nanotube and sputter-deposition carbon foil for
All QED contributions
to lepton
g – 2 up to tenth order
stripping uranium
beams
et al. ………………………………………………………………………… xx
xxi
P. GublerS.
et Wang
al. ···························································································································································
Luminosity
SCRIT
Electron
Facility
QuarkoniaAchieved
spectral functions
in hotatmatter:
a study
basedScattering
on QCD sum
rules and the maximum entropy method

J. Sugiyama
et al. ……………………………………………………………………… xxi
I. Kawasaki
et al. ·······················································································································································

xxii

Diffusive
behavior
of garnet-type
compounds
Superconducting
properties
of LaPt
μ SR
3Si studied by
S. WennerY.etYasui
al. ··························································································································································
et al. ………………………………………………………………………… xxii

xxiii

Screening
of heteromorphic
self-incompatibility genes in buckwheat by
on Al–Mg–Si
alloys
μ SR experiments

using heavy-ion beam irradiation
M. Yokobori et al. …………………………………………………………………… xxiii

Y. Hayashi et al. ·························································································································································
High yield mutants of rice induced by C-ion beam irradiation

Ion beam technology used to create sake yeasts

« Selection process of gravure and highlights »
Gravure and highlights will be selected by two- steps process. In the first step, referee will
recommend manuscript for gravure or highlight. With the above recommendation, the editors will
then give secondary recommendation.
After the following 1 and 2 are comprehensively considered, the editor-in-chief will draft a
manuscript idea which will be thoroughly discussed by the editors for the final decision:
1. Approval based on the editor's judgment as an expert/non-expert in the field ( thereby agreeing
with the referee's recommendation )
2. Additional recommendation based on the editor's expertise.

xxiv

I. PREFACE

RIKEN Accel. Prog. Rep. 46 (2013)

GRAVURE OF THE YEAR

New result in the production and decay of an isotope,
113th element†

278

113, of the

K. Morita, K. Morimoto, D. Kaji, H. Haba, K. Ozeki, Y. Kudou, T. Sumita, Y. Wakabayashi, A. Yoneda,
K. Tanaka, S. Yamaki, R. Sakai, K. Akiyama, S. Goto,∗1 H. Hasebe, M. Huang, T. Huang, E. Ideguchi,∗2
Y. Kasamatsu,∗3 K. Katori, Y. Kariya, H. Kikunaga, H. Koura, H. Kudo,∗1 A. Mashiko, K. Mayama,
S. Mitsuoka,∗4 T. Moriya, M. Murakami, H. Murayama, S. Namai, A. Ozawa, N. Sato,∗4 K. Sueki,
M. Takeyama, F. Tokanai, T. Yamaguchi, and A. Yoshida
In the experimental program aiming at conﬁrming
the existence of an isotope of the 113th element, i.e.,
278
113, produced in the 209 Bi + 70 Zn → 278 113 + n
reaction, we previously observed two convincing candidate events, both consisting of four consecutive αdecays followed by a spontaneous ﬁssion (SF) immediately after the implantation of a heavy particle in the
semiconductor detector under a low-background condition of typically 5 s−1 .1,2) We assigned the decay events
to those originating from the primary products 278 113
and the sequential decays 278 113 (α1 ) → 274 Rg (Z =
111) (α2 ) → 270 Mt (Z = 109) (α3 ) → 266 Bh (Z = 107)
(α4 ) → 262 Db (Z = 105)(SF).1,2) These assignments
were based on the fact that the chains were connected
to the known sequential α-decays of 266 Bh and 262 Db
as daughters of 278 113.3,4) In the continuation of our
research program, we observed a new decay chain consisting of six consecutive α-decays, i.e., 278 113 (α1 ) →
274
Rg (α2 ) → 270 Mt (α3 ) → 266 Bh (α4 ) → 262 Db (α5 )
→ 258 Lr (Z = 103) (α6 ) → 254 Md (Z = 101), which
allowed an unambiguous determination of the atomic
number (Z) and mass number (A) of 278 113. Note
that the α-decay branching ratio of 262 Db is 67%, a
fact that led us to search for the α-decay of 262 Db in
the present study.
The relevant series of experiments was performed
at the RIKEN Nishina Center for Accelerator Based
Science starting from September 5, 2003, and was tentatively completed on August 18, 2012. The net irradiation time was 553 days with a 1.35×1020 beam dose
in total. The ﬁrst and second events obtained in 2003–
2004 and 2005–2006 were published in refs. 1 and 2,
respectively.
A 70 Zn beam was extracted from the RIKEN Linear
Accelerator. Other experimental details are described
in the original article.
The α-decay mode was ﬁrst observed for the ﬁfth
decay in the third (present) chain, while the modes
observed in the ﬁrst and second decay chains were of
the SF decay type. The observed α-energy of Eα =
8.63±0.06 MeV is in good agreement with the adopted
values for 262 Db: Eα = 8.450±0.020 MeV (Iα = 75%),
†
∗1
∗2
∗3
∗4

8.530±0.020 MeV (16%), and 8.670±0.020 MeV (9%).
5)
The mean life obtained from the three decays (1 αdecay and 2 SFs) is 56+77
−21 s, which corresponds to the
half-life of T1/2 = 39+53
−14 s. The obtained T1/2 value
is also in good agreement with the adopted value of
T1/2 = 34 ± 4 s.5)
In the present decay chain, the sixth α-decay (α6 ) of
Eα = 8.66 ± 0.06 MeV was also observed with a decay
time of 3.78 s, which corresponds to T1/2 = 2.6+12
−1.1 s.
These decay properties are in good agreement with the
adopted properties for the α-decay daughter of 262 Db;
258
Lr: 8.565 ± 0.025MeV (20%), 8.595 ± 0.010 MeV
(46%), 8.621 ± 0.010 MeV (25%), and 8.654 ± 0.010
5)
MeV (9%); T1/2 = 3.92+0.35
−0.42 s; and bα = 97.5%.
278
274
270
The α-decay energies of
113,
Rg,
Mt, and
266
Bh show some discrepancies among the three chains.
However, the observation in the rather widely distributed decay energies of the decay chains of odd-odd
nuclei, for example, starting from 272 Rg,6) is a natural feature caused by the decays to the many excited
states in their daughters, and caused by the possible
summing eﬀect of the α-energy with a conversion electron or γ-ray energy, which is emitted simultaneously
with the α-decay inside the detector.
Therefore, we could conclusively assign the sixth decay to that of 258 Lr. Consequently, we could unambiguously assign the third decay chain to 278 113 →
274
Rg → 270 Mt → 266 Bh → 262 Db → 258 Lr → 254 Md.
The total beam dose was 1.35×1020 . Combining all
three events, the production cross section of 278 113 was
−39
determined to be 22+20
cm2 ) with a
−13 fb (fb = 10
1σ error. The error includes only a statistical one. To
deduce the cross section, the values of the transmission
of the GARIS and the eﬀective target thickness used
were 0.8 and 450 µg/cm2 , respectively.
In conclusion, the isotope of the 113th element, i.e.,
278
113, was produced in the 209 Bi(70 Zn, n)278 113 reaction and was unambiguously identiﬁed by the strong
connection to the well-known daughter nuclides 266 Bh,
262
Db, and 258 Lr.
References
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Production of spin-controlled rare isotope beams†
Y. Ichikawa, H. Ueno, Y. Ishii, T. Furukawa, A. Yoshimi, D. Kameda, H. Watanabe, N. Aoi, K. Asahi,
D. L. Balabanski, R. Chevrier,∗1 J. M. Daugas,∗1 N. Fukuda, G. Georgiev,∗2 H. Hayashi, H. Iijima, N. Inabe,
T. Inoue, M. Ishihara, T. Kubo, T. Nanao, T. Ohnishi, K. Suzuki, M. Tsuchiya, H. Takeda, and
M. M. Rajabali∗3
The ability to control spin in a quantum system is
a powerful tool in physics research, which holds true
in the case of rare isotope (RI) beam experiments. It
has been revealed that spin-oriented RI beams can be
produced in the projectile fragmentation (PF) reaction1) . The study showed a unique relation between
the spin orientation and the direction of the removed
momentum of the nucleons abraded off through the reaction, suggesting that spin alignment is produced as
a function of fragment momenta. Based on this technique, studies on nuclear structure through measurements of the nuclear moment have progressed. However, the spin orientation thus produced in the PF reaction tends to be partially or completely attenuated
in cases where the RIs of interest need to be produced
by removing a large number of nucleons from the projectile. Consequently, significant magnitudes of spin
orientation have been obtained only in the vicinity
of nuclear species for which a high-intensity primary
beam is available. In this work, a novel technique, with
which highly spin-aligned RI beams can be produced in
a promising scheme independently of the mass difference between a projectile and a fragment, has been proposed, and the scheme involves a two-step PF method
along with a technique of dispersion matching.
In the present method, a nucleus of interest is produced in the second PF reaction by one-nucleon removal from a secondary-beam particle so that the spin
alignment can be high owing to the simplicity of the
reaction1) . The idea of dispersion matching2,3) is combined with the two-step PF. By placing a secondary
target in a momentum-dispersive focal plane and a
momentum slit in the double-achromatic focal plane
downstream, events with the same momentum change
in the second PF reaction, which forms a decisive factor of the produced spin alignment, can be selected.
The important point of this technique is that the reaction products that acquire equal amounts of momentum change at the second PF reaction are focused onto
the same position in the double-achromatic focal plane.
The application of this technique to PF-induced spin
alignment can prevent loss of spin alignment owing to
cancellation of opposite contributions from the higher
and lower momentum components.
The validity of the method was demonstrated with
BigRIPS4) at RIBF5) . The experimental scheme is
†
∗1
∗2
∗3

Dipole magnet
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Slit
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Secondary target (Al)

am
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Primary target (Be)

Fig. 1. Experimental scheme of the present method to produce 32 Al from 48 Ca via 33 Al at BigRIPS. The second
PF reaction takes place at F5.

shown in Fig 1. In the first reaction at F0, 33 Al
was produced by a PF reaction of a 345-MeV/nucleon
48
Ca beam incident on a Be target with a thickness of
1.85 g/cm2 , chosen to provide the maximum production yield for the secondary 33 Al beam. The secondary
33
Al beam was introduced to a second wedge-shaped
aluminum target with a mean thickness of 2.70 g/cm2 ,
placed in the momentum-dispersive focal plane F5.
The 32 Al nuclei, including those in the isomeric state
32m
Al6) , were produced through a PF reaction resulting in the removal of one neutron from 33 Al. The 32 Al
beam was subsequently transported to F7, whereby the
momentum dispersion between F5 to F7 was tuned to
be with the same magnitude and opposite sign as that
from F0 to F5 so as to cancel out the momentum dispersion from the site of the first PF reaction to F7.
The slit at F7 was used to select a region of momentum change at the second PF within ±0.15% about
the center of the distribution.
The 32m Al beam was sent to an experimental apparatus placed in a focal plane after F7 for the timedifferential perturbed angular distribution (TDPAD)
measurement. 32m Al was implanted into a Cu crystal
with a thickness of 3.0 mm and an area of 30 × 30 mm2 ,
located between poles of a dipole magnet providing a
static magnetic field B0 of 0.259 T. The de-excitation
γ rays emitted from 32m Al were detected with four Ge
detectors located at distances of 7.0 cm from the stopper and at angles of ±45◦ and ±135◦ with respect to
the beam axis. The time-zero triggers for the TDPAD
measurement were provided by signals from a beam-

Condensed from the article in Nature Phys. 8, 918 (2012)
CEA, DAM, DIF, France
CSNSM, IN2P3-CNRS, France
Institute voor Kern- en Stralingsfysica, KU Leuven, Belgium
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Fig. 2. R(t) ratio evaluated according to Eq. 1. The solid
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Fig. 3. Nuclear chart indicating “accessible nuclei.” The
criterion of accessibility is that the RI of interest is producible with its spin aligned and with the production
yield sufficiently large in order to determine the g-factor
with a 5σ confidence level in a one-day beam time.

was measured to be less than 0.8% in 2σ confidence
level. The figure of merit (FOM) for the production
of such spin-aligned RI beams is defined to be proportional to the yield and the square of the degree of
alignment. Yield of 32m Al at the final focal plane were
0.54(5) kcps and 0.87(6) kcps for the two-step and the
single-step PF measurements, respectively. A primary
beam whose intensity was deliberately attenuated by a
factor of 1/100 was used in order to avoid saturation in
the counting rate at the data acquisition system in the
single-step PF measurement. Here, the FOM was compared based on the actual effectiveness without correction for the attenuation, in which the resulting FOM
for the present method was found to be more than 50
times greater than that of the conventional method
employing single-step PF reaction.
Figure 3 shows the result of numerical simulations
for the accessibility of unstable nuclei, in terms of spin
alignment, via the two-step and the single-step PF
methods. In this simulation, primary beams are restricted to the typical species available with high intensity at RIBF5) . The present method is expected to
enable us to substantially broaden the accessible scope
of spin-aligned RI beams. Such an ability to control
spin, when applied to state-of-the-art RI beams, is expected to provide unprecedented opportunities for research on the nuclear structure of species situated outside the traditional region of the nuclear chart.

(1)

where N13 (t) and N24 (t) are the sums of the photopeak count rates at the two pairs of Ge detectors placed
diagonally to each other, and  denotes a correction
factor for the detection efficiency. Theoretically, the
R(t) ratio is expressed as a function of t as
R(t) =

Stable
Stablenuclei
nuclei

Neutron
Neutronnumber
numberNN

particle counter of a plastic scintillator with a thickness of 0.1 mm placed upstream of the stopper. The
TDPAD apparatus enabled us to determine the degree of spin alignment by observing the changes in the
anisotropy of the de-excitation γ rays, emitted from
spin-aligned 32m Al in synchronization with the spin
precession under the external magnetic field.
The degree of spin alignment in 32m Al was determined from a ratio R(t), defined as
R(t) =

86
86Kr
Kr

18
18O
O

(2)

in terms of the rank-two anisotropy parameter A22 =
AB2 F2 , where A denotes the degree of spin alignment,
B2 is the statistical tensor for complete alignment, and
F2 is the radiation parameter. α is the initial phase
of R(t). The Larmor frequency ωL is given by ωL =
gµN B0 /h̄, where g is the g-factor of 32m Al in units of
the nuclear magneton µN .
The time variations N13 (t) and N24 (t) of the intensities for the 222-keV γ rays, emitted from the isomeric
state 32m Al, were obtained with detectors pairs Ge 1 3 and Ge 2 - 4, respectively. The R(t) ratio, evaluated
according to Eq. 1, is shown in Fig. 2. From the least
χ2 fitting to the experimental R(t) ratio, according to
Eq. 2, the degree of spin alignment was determined to
be A = 8(1)%.
A supplementary experiment was also carried out
in order to compare the performance of the present
method with that of the conventional single-step
method, where 32 Al was directly produced in a PF
reaction of a 48 Ca beam on a 4-mm thick Be target at
F0. In this measurement, the degree of spin alignment

References
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4)
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Recirculating He-gas stripper for high-intensity uranium beam
H. Imao, H. Okuno, H. Kuboki, O. Kamigaito, H. Hasebe, N. Fukunishi, Y. Watanabe,
M. Fujimaki, T. Maie, T. Dantsuka, M. Komiyama, K. Kumagai, K. Yamada, T. Watanabe,
M. Kase, and Y. Yano
Intensity upgrade of uranium beams is one of the
main concerns at the RIKEN Radioactive Isotope
Beam Factory (RIBF). A new injector, RILAC2, which
includes a 28-GHz superconducting electron cyclotron
resonance ion source1) , has been successfully developed and became fully operational in ﬁscal year 2011.
To further accelerate the uranium beams generated by
this powerful injector, one of the highest priorities is to
explore a new electron stripping method for the “destructive beams”. Due to the high energy loss of uranium beams around 10 MeV/u (e.g., three thousand
times larger than protons with the same energy), the
lifetime problem of the conventional carbon-foil stripper was a principal bottleneck for the intensity upgrade in the present acceleration scheme. Developing the stripper for high-intensity uranium beams is a
global challenge faced by other big heavy-ion projects
such as the FAIR at GSI (Germany) and the FRIB
at MSU/ANL (USA). In the present study, we developed a recirculating He-gas stripper characterized by
basically inﬁnite lifetime even for the irradiation of the
world’s most intense uranium beams at the RIBF.
Charge strippers using helium gas simultaneously
provide durability, uniform thickness, and a high
charge state equilibrium of the low-atomic number (Z)
gas2,3) . The major technical challenges for our system
were the windowless accumulation3) of thick He gas
(≤ 1 mg/cm2 ) with large beam aperture diameters (≥
φ10mm) and high-ﬂow recirculation (∼200 L/min) of
pure He gas with low gas consumption rates (≤ ∼1%).
The purity of the recirculating He gas, cHe , should
be suﬃcient compared with the cross-section ratio for
electron capture, σHe /σimp ∼ZHe 4.2 /Zimp 4.2 . All requirements were fulﬁlled by using an unprecedented
scheme with a powerful multistage mechanical booster
pump (MBP) array consisting of four foreline MBPs
and three back MBPs with a total nominal pumping
speed of 11,900 m3 /h. The system is designed to recirculate He gas with an eﬃciency of 99.5% and to reduce
the pressure by nine orders of magnitude from the target pressure of ∼10 kPa to the beamline vacuum of
∼10−5 Pa with ﬁve-stage diﬀerential pumping systems
including the MBP array.
The system was successfully installed at the A02 site
in the RRC room. We veriﬁed that the basic performance was achieved in oﬄine tests. Since April 2012,
a series of beam irradiation tests was also performed.
We conﬁrmed that there is no evidence of target impurities, and no problems occurred when it was used with
U35+ beams injected at 11 MeV/u with the intensity

of up to 0.3 pµA . After the commissioning, the system was actually operated in user runs this fall with
beam intensities of more than 1 pµA for the ﬁrst time
(Fig. 1). Electron-stripped U64+ beams were stably
delivered to subsequent accelerators without any deterioration of the system for six weeks. The conversion
eﬃciencies for U64+ with a typical operational target
thickness of 0.6 mg/cm2 are as high as 23% owing to
the electron shell eﬀect in the charge-exchange reactions. The temperature increase in the water-cooled
tube oriﬁces was tolerable (≤150◦ C) with the transmission eﬃciency reaching about 80%. The reduction
in the target density along the beam path owing to the
heat load was not found to be large.
The new He gas stripper, which removed the primary
bottleneck in the high-intensity uranium acceleration,
and the success of some other remarkable accelerator
upgrade performed in this year at the RIBF (e.g., ion
source, high-power beam dump, K700-fRC, and 2nd
rotating Be stripper) brought a tenfold increase in the
average output intensity of the uranium beams compared to the previous year. Further sophistication of
this new acceleration scheme for greater uranium beam
intensities is in progress.

Charge exchange here
from RRC
He gas

U35+

U64+
to fRC
MBP array

Fig. 1. Cross sectional view of the He gas stripper and picture of glowing 1-pµA uranium beams.
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Bending power upgrade for fRC
N. Fukunishi, M. Fujimaki, K. Kumagai, M. Kobayashi-Komiyama, and T. Maie
marized in Ref. 5).
The manufacture of these devices was successfully
completed at the end of FY2011. The installations
were executed in the ﬁrst three months of FY2012 intervening the tightly scheduled accelerator operations
providing beams to users. The magnetic ﬁeld measurements, in which we measured magnetic ﬁelds with various excitation currents but only along the centerline
of each sector magnet, were also performed in a similar
way. It is very challenging to skip the two-dimensional
magnetic ﬁeld mapping for big cyclotrons but we have
experience doing this in the beam commissioning of
the fRC in 2006. A one-night acceleration test for the
238 65+
U
ions, using the upgraded fRC, was done from
14 - 15 July 2012. The 238 U65+ ions were successfully
extracted from the fRC with a transmission eﬃciency
of 80%.

The RIKEN ﬁxed-frequency Ring Cyclotron1) (fRC)
has been used as the third-stage accelerator in the
ﬁxed-energy acceleration mode of RIBF, which accelerates 345-MeV/nucleon xenon and uranium beams2) .
The fRC was originally designed to accelerate 238 U73+
ions using a 0.6-mg/cm2 -thick carbon foil stripper at
10.8 MeV/nucleon, just after the acceleration of the
Riken Ring Cyclotron. Immediately after the start of
beam commissioning of the fRC in 2006, we recognized
that insuﬃcient thickness uniformity in the used carbon foils produced a larger momentum spread than
that accepted in the fRC. Hence, we decided to reduce the carbon foil thickness to 0.3 mg/cm2 with a
small modiﬁcation of the injection radius of the fRC.
The most probable charge state is 71+ in this case.
This modiﬁcation resulted in a satisfactory transmission eﬃciency of the uranium beams, i.e., 90%, which
is close to the design value. One problem to be ﬁxed
is the short lifetime of each carbon foil used. It is
about 12 hours for a uranium beam having an intensity of 15 pnA, which corresponds to 1% of the beam
intensity expected after the scheduled intensity upgrade of RIBF, in which the new injector RILAC23)
is constructed. To overcome the short lifetime problem, a helium-gas stripper system has been developed
recently4) . The most probable charge state expected
for the helium gas stripper was 65+. Hence, the bending power of the fRC should be increased since it was
limited to 238 U69+ ions.
In the design studies that started in May 2011 and
completed in early July 2011, we made it clear that the
following upgrades were necessary to realize 238 U65+
acceleration in the fRC. The power supplies exciting
the fRC sector magnets should be upgraded since their
operating currents were estimated to be at the 830 A
level, well beyond the capacity of the original power
supply (650 A). In addition, several original injection
and extraction apparatuses used in the fRC were also
insuﬃcient in their maximum magnetic rigidities. Devices to be upgraded were the injection bending magnet, the magnetic inﬂection channel II and its power
supply, and the extraction bending magnet. All these
were newly constructed except for the extraction bending magnet, for which a replacement of its iron cores
was suﬃcient to generate the required magnetic rigidity. A drawback of the new iron cores is a non-uniform
magnetic ﬁeld distribution, but it remains acceptable.
Finally, two new beam steering magnets should be introduced in the beam injection line crossing the north
valley chamber in order to compensate for the much
stronger stray magnetic ﬁelds expected in 238 U65+ acceleration compared to those experienced in 238 U71+
acceleration. The details of the design studies are sum-

Fig. 1. Isochronous magnetic fields of the fRC.

Meanwhile, the newly developed helium gas stripper
demonstrated that the stripping eﬃciency was higher
(23%) for 238 U64+ than for 238 U65+ (15%) owing to
the atomic shell eﬀect of the uranium ion4) . Therefore,
we tried to accelerate the 64+ ions utilizing a design
margin of one of the new power supplies. This was performed on 28 October, during the beam tuning time
for the uranium beam service, scheduled in November and December 2012. The result was satisfactory.
The obtained isochronous magnetic ﬁelds are shown in
Fig. 1 for both the 64+ and 65+ uranium ions compared with the 71+ ions. Other quantities such as the
transmission eﬃciency and the acceleration turn patterns exhibited no fRC performance decrement after
the completion of the upgrade.
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Observation of 18 new microsecond isomers produced by the in-flight
fission of 345 MeV/nucleon 238 U†
D. Kameda, T. Kubo, T. Ohnishi, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake, N. Fukuda, H. Takeda,
K. Tanaka, N. Inabe, Y. Yanagisawa, Y. Gono, H. Watanabe, H. Otsu, H. Baba, T. Ichihara, Y. Yamaguchi,
M. Takechi, S. Nishimura, H. Ueno, A. Yoshimi, H. Sakurai, T. Motobayashi, T. Nakao,∗1 Y. Mizoi,
M. Matsushita,∗2 K. Ieki, N. Kobayashi, K. Tanaka,∗3 Y. Kawada,∗3 N. Tanaka,∗3 S. Deguchi,∗3 Y. Satou,
Y. Kondo, T. Nakamura, K. Yoshinaga, C. Ishii,∗4 H. Yoshii,∗4 Y. Miyashita,∗4 N. Uematsu,∗4 Y. Shiraki,∗4
T. Sumikama, J. Chiba,∗4 E. Ideguchi,∗5 A. Saito,∗5 T. Yamaguchi, I. Hachiuma,∗6 T. Suzuki,∗6
T. Moriguchi,∗7 A. Ozawa, T. Ohtsubo,∗8 M. A. Famiano, H. Geissel, A. S. Nettleton,∗9 O. B. Tarasov,
D. Bazin, B. M. Sherrill, S. L. Manikonda, and J. A. Nolen
In-ﬂight ﬁssion with a high-energy 238 U beam provides the eﬃcient means to produce neutron-rich nuclei
far from stability over a wide range of the atomic number (Z) ranging from 30 to 60. To exploit this unparalleled advantage, we conducted comprehensive searches
for new isotopes and isomers among neutron-rich nuclei with Z varying from 30 to 50 produced by the
in-ﬂight ﬁssion of a 238 U beam at 345 MeV/nucleon
at RIBF. We separated and identiﬁed ﬁssion fragments by making full use of the BigRIPS separator1) which allows the eﬃcient collection and separation as well as the particle identiﬁcation of the fragments in ﬂight. Isomeric γ-rays were detected by three
clover-type HPGe detectors after ion implantation in
an aluminum stopper at the focal plane. As a result we could unambiguously identify 45 new neutronrich isotopes from Mn to Ba.2) At the same time
we discovered 18 new isomers: 59m Ti, 90m As, 92m Se,
93m
Se, 94m Br, 95m Br, 96m Br, 97m Rb, 108m Nb, 109m Mo,
117m
Ru, 119m Ru, 120m Rh, 122m Rh, 121m Pd, 124m Pd,
124m
Ag, and 126m Ag. Here, we brieﬂy report on the
new isomers.
Figure 1 shows all of the isomers observed in the
present work as well as new isotopes in the nuclear
chart. In general, new isomers are mainly observed
around the mid-shell region between double closedshell nuclei, 78 Ni and 132 Sn. This region is known to be
a deformed region in which dramatic shape transitions
occur. Intensive studies have been made in this region
using conventional means with ﬁssion sources such as
252
Cf since 1970s.3,4) The present results allow further
expansion of the study of neutron-rich exotic nuclei beyond the limits of the conventional means. A wealth of
spectroscopic information obtained in this work such
as of half-lives, γ-ray energies, γ-ray relative intensi†
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9

ties, and γγ coincidences allows us to study the level
schemes and isomerism in a highly systematic manner.

Fig. 1. Nuclear chart showing the isomers observed in the
present work. (The neutron-deficient nuclei are omitted.)

We divided the mid-shell region into three parts with
N ∼ 60, 68, and 75. At N ∼ 60, a sudden onset of
the large deformation with the shape coexistence of
spherical and prolate deformed shapes is known to occur. We proposed that 95m Br, 97m Rb, and 98m Rb are
shape isomers generated due to such shape coexistence.
At N ∼ 68, a variety of nuclear shapes, e.g., prolate,
oblate, triaxial, and tetrahedral shapes as well as their
coexistence are predicted to emerge. They are involved
in the appearance of the isomers such as 108m Nb and
109m
Mo. At N ∼ 75, we observed several new isomers
such as 119m Ru in this unexplored region. The systematic appearance of isomers is similar to the case
of N ∼ 60. The systematics of two neutron separation energies predicted by the ETFSI-Q mass model5)
exhibit the humps at N ∼ 75 that are highly similar
to those observed at N ∼ 60. From these similarities,
we speculate that these new isomers are generated by
shape coexistence in a new deformed region.

Condensed from the article in Phys. Rev. C 86, 054319
(2012).
Department of Physics, The University of Tokyo
Department of Physics, Rikkyo University
Department of Physics, Tokyo Institute of Technology
Department of Physics, Tokyo University of Science
Center for Nuclear Study, The University of Tokyo
Department of Physics, Saitama University
Institute of Physics, University of Tsukuba
Department of Physics, Niigata University
NSCL, Michigan State University

References
1)
2)
3)
4)
5)

- vi -

T. Kubo et al.: Prog. Theor. Exp. Phys. 03C003 (2012).
T. Ohnishi et al.: J. Phys. Soc. Jpn. 79, 073201 (2010).
E. Cheifetz et al.: Phys. Rev. Lett. 25, 38 (1970).
M. Epherre et al.:Phys. Rev. C 19, 1504 (1979).
J. M. Pearson et al.:Phys. Lett. B 387, 455 (1996).

RIKEN Accel. Prog. Rep. 46 (2013)

HIGHLIGHTS OF THE YEAR

In-beam γ-ray spectroscopy of

53

Ca and

54

Ca

D. Steppenbeck,∗1 S. Takeuchi, N. Aoi, P. Doornenbal, M. Matsushita,∗1 H. Wang, H. Baba, N. Fukuda, S. Go,
J. Lee, K. Matsui, S. Michimasa,∗1 T. Motobayashi, D. Nishimura, H. Sakurai, Y. Shiga, P.-A. Söderström,
T. Sumikama, H. Suzuki, R. Taniuchi, J. J. Valiente-Dobón,∗2 and K. Yoneda
Over recent years, the evolution of nuclear shell
structure in exotic, neutron-rich nuclei has attracted
much attention on both the experimental and theoretical fronts. In the neutron-rich f p shell, the onset of a new subshell closure at N = 32 was highlighted by structural characteristics along the Ca1) ,
Ti2,3) and Cr4,5) isotopic chains, a feature that is reproduced well by several shell-model effective interactions,
such as the GXPF1A6) and KB3G7) Hamiltonians. In
the framework of the theoretical studies by Otsuka et
al.8) , the onset of the N = 32 subshell closure results
as a direct consequence of a sizable νp3/2 − νp1/2 gap,
which presents itself as the νf5/2 orbital shifts up in
energy relative to the νp3/2 − νp1/2 spin-orbit partners
due to a weakening of the attractive proton-neutron
πf7/2 − νf5/2 interaction as protons are removed from
the πf7/2 orbital. One further important manifestation of the GXPF1A Hamiltonian is the prediction of
a subshell gap at N = 34, which becomes significant if
the νf5/2 orbital lies sufficiently high in energy above
the νp1/2 orbital. In fact, it has already been shown
that no N = 34 subshell gap exists along the Ti3,9)
and Cr4,5) isotopic chains, and, therefore, the size of
the energy gap in 54 Ca is an important structural characteristic that requires experimental input. Moreover,
the single-particle states of 53 Ca may also reflect the
nature of the N = 34 closure.
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In the present work, the structures of 53 Ca and 54 Ca
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Fig. 1. Particle identification (A/q) for the Ca isotopic
chain measured with the ZeroDegree spectrometer.

∗1

1000

the Radioactive Isotope Beam Factory to address this
issue. A primary beam of 70 Zn at 345 MeV/u was
delivered to the BigRIPS separator, where a radioactive beam containing 55 Sc and 56 Ti was produced and
delivered to a 10-mm-thick Be reaction target located
at the 8th focal plane. The DALI2 array was used to
measure γ-ray transitions from excited nuclear states
populated via nucleon knockout reactions. The reaction products were identified with the ZeroDegree
spectrometer using standard Bρ-T -∆E techniques; the
particle identification for Ca isotopes is presented in
Fig. 1. Several new γ rays have been identified in the
present work for 53 Ca and 54 Ca. The spectrum for
53
Ca is displayed in Fig. 2 as an example of the quality
of the data. The 1753-keV transition is reported here
for the first time, while the line at 2227 keV is consistent in energy with a transition previously observed
in a β-decay study10) . The results of the present work
provide the first direct interpretation of the strength
of the N = 34 subshell closure.
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Fig. 2. (Colour) Doppler-corrected γ-ray spectrum for
53
Ca. The short-blue dashed lines are GEANT4 simulations.
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New-isotope search and production-cross-section measurement for
neutron-deﬁcient nuclei by using projectile fragmentation of
345-MeV/nucleon 124 Xe beam
H. Suzuki, T. Kubo, N. Inabe, N. Fukuda, H. Takeda, D. Kameda, K. Yoshida, K. Kusaka, K. Tanaka,
Y. Yanagisawa, M. Ohtake, H. Sato, Y. Shimizu, H. Baba, M. Kurokawa, N. Iwasa, K. Ieki, S. Momota,
D. Nishimura, S. Go, D. J. Morrissey, D. P. Bazin, A. Chiba, Y. Ohkoda, E. Ideguchi,∗1 R. Yokoyama,∗1
T. Fujii, D. Murai, H. Nishibata, M. Lewitowicz,∗2 G. DeFrance,∗2 I. Celikovic,∗2 and K. Steiger∗3
In December 2011, we performed new-isotope search
and production-cross-section measurement for highly
neutron-deﬁcient nuclei, which were produced by the
projectile fragmentation of a primary beam of 124 Xe
at 345 MeV/u using the BigRIPS separator1) . The
primary beam with an intensity of around 8 pnA was
impinged on a 4-mm-thick Be target. Particle identiﬁcation was performed in the second stage of the BigRIPS separator on the basis of the measured time of
ﬂight, energy loss, and magnetic rigidity.

45

new

known

44

mission was evaluated using the LISE++ with version
9.4.80. Figure 2 shows the obtained cross sections for
Mo to Sb isotopes. The error bars are for the statistical and the couting method of the yield. The
solid lines show the calculated value of EPAX3.013) .
The production yield and cross section of 100 Sn are
(1.1 ± 0.2) × 10−4 cps/pnA and (7.4 ± 1.7) × 10−1 pb,
respectively. These experimental values are one-order
of magnitude smaller than the values calculated with
EPAX3.01. The discrepancy between the experimental data and the calculated values becomes signiﬁcantly
large in very neutron-deﬁcient region, whereas it is relatively small around near stable region.
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Fig. 1. Two-dimensional plots of Z vs.
isotope-search setting (Preliminary).
are the new isotopes.

A/Q for newRu and 82 Mo

We searched for the new isotopes near the protondrip line around the atomic numbers Z = 40∼55. Figure 1 shows a two-dimensional plot of Z versus massto-charge ratio (A/Q) of the Nb-Pd setting2) . The
solid lines indicate the limit of known isotopes. The
new isotopes 86 Ru and 82 Mo are clearly identiﬁed on
the left side of the limit lines. The relative root-meansquare Z and A/Q resolution are typically 0.40% and
0.061%, respectively.
We measured the production cross sections of the
neuton-deﬁcient isotopes including 100 Sn. The trans∗1
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Fig. 2. Measured production cross section with the
EPAX3.01 calculation (Preliminary).

Further analysis is now in progress. We are analyzing the momentum distribution of the fragments. They
have a longer tail of the low-momentum side than that
of the high-momentum side. The shape of such a lowmomentum tail is important in estimating the purity
of RI beams in the neutron-deﬁcient region.
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A β-decay study of neutron-rich nuclei in the vicinity of

78

Ni

Z. Xu, S. Nishimura, G. Lorusso, P. Doornenbal, T. Sumikama, P.-A. Söderström, H. Watanabe,
H. Baba, F. Browne, G. Gey, T. Isobe, P. John,∗1 H. S. Jung, Z. Li,∗2 K. Matsui,
D. Mengoni,∗1 D. R. Napoli,∗3 M. Niikura, H. Nishibata, A. Odahara,∗4 E. Şahin,∗5
H. Sakurai, G. I. Stefan,∗6 J. Taprogge, Zs. Vajta, J. Wu, A. Yagi, K. Yoshinaga,
and all the EURICA collaborators.
A β-decay experiment of neutron-rich nuclei around
Ni was performed as part of the EURICA campaign
at the Radioactive Isotope Beam Factory (RIBF) at
RIKEN in the end of 2012. The experiment aimed
at exploring new isomers, half-lives, and β-decay spectroscopy of nuclei in the vicinity of the doubly magic
78
Ni. The results from this experiment serve as a
benchmark for various theoretical models in the region
far from stability.
The experiment used a high intensity 238 U beam
from the RIBF facility with an energy of 345 MeV/u.
The secondary beam was produced by in-flight fission
of 238 U in a 3 mm-thick Be target and separated at
BigRIPS.1) An event-by-event particle-identification
(PID) was carried out at BigRIPS together with the
ZeroDegree spectrometer, to obtain the atomic number
Z and mass-to-charge ratio A/Q for fragments passing through the beam line. The resulting PID plot is
shown as Z vs. A/Q in Fig. 1. An average beam intensity of 5 pnA was achieved during the 7.5 days of
beam time, from which ∼4000 78 Ni implantations were
identified in the online data analysis.
A highly segmented silicon stopper array, WAS3ABi
(wide-range active silicon strip stopper array for β
and ion),2) was placed at the F11 focal plane for the
implantation of heavy ions transported through the
ZeroDegree. Eight layers of silicon strip detectors
(DSSSD) were mounted inside the WAS3ABi chamber to fully cover the range of nuclei of interest in the
secondary beam. Each silicon detector had a thickness
of 1 mm and an active area of 60 × 40 mm2 , which segmented into 60 strips horizontally on the front side and
40 strips vertically on the back side. β-decay events
detected by DSSSD, were associated with heavy-ion
implantation within a time correlation window of 5
seconds as well as a three-dimensional position correlation window of 3 × 3 × 3 pixels. The EURICA γ-ray
detectors array was mounted around WAS3ABi with
84 HPGe crystals arranged into 12 clusters. The γray detection efficiency for a 1 MeV γ-ray was measured to be around 8% with the γ source put inside
the WAS3ABi chamber. A energy resolution of about
2.7 keV for the 1.3 MeV γ-ray was achieved before the
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Fig. 1. Particle-identification plot from the present experiment. The half-lives of the nuclei listed on the right
side of red dotted line was measured for the first time
in this work.

experiment.
The offline data analysis is still on-going. Halflives of the nuclei located on the right side of the
red dotted line in Fig. 1 have been measured for the
first time, allowing for systematic studies and comparisons between different mass models and theoretical calculations around 78 Ni. It is also of great importance to study the low-lying states of odd Cu isotopes, because states with large collectivities as well as
strong monopole migration have been experimentally
observed in odd-mass Cu nuclides at N > 40.3) This
has been interpreted as strong evidence of the erosion
of the Z = 28 shell closure in this mass region. Level
schemes of odd Cu isotopes built from the new data
set will largely extend beyond the present knowledge of
the evolution of the nuclear shell structure approaching
78
Ni.
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Beta-decay spectroscopy below the doubly magic

132

Sn

G. Lorusso, H. Watanabe, S. Nishimura, Z.Y. Xu, H. Baba, F. Browne P. Doornenbal, G. Gey, T. Isobe,
H.S. Jung, Y.K. Kwon,∗1 Z. Li,∗2 K. Moschner, H. Nishibata, A. Odahara,∗3 H. Sakurai, G. Simpson,∗4
P.-A. Söderström, T. Sumikama, J. Taprogge, Z. Vajta, J. Wu, A. Yagi, K. Yoshinaga, and the EURICA
collaboration
The shell structure at N = 82 plays a crucial role
for the rapid neutron capture (r-) process. For example, it determines the shape of the large A ∼130 peak
in the solar system abundance pattern, and aﬀects
the timescale of the r-process as well as the amount
of neutrons available for ﬁssion1) . However, below
Z = 50, as the proton orbit g9/2 is progressively emptied, all proton-neutron interactions become important
and could modify the ordering of neutron orbits. The
increasing surface diﬀuseness for large N/Z also modiﬁes the energy of the orbits. Therefore, the evolution
of the N = 82 gap is impossible to predict at present,
and the prediction of neutron separation energies, halflives, and neutron capture cross sections are unreliable,
making the location and duration of the r-process uncertain. Clearly, more experimental data are needed
to constrain the N = 82 shell structure and provide
r-process calculations with experimental input.
To address these open questions, we have performed
a decay-spectroscopy experiment at the RIBF facility
in a very neutron-rich region below 132 Sn. The recent
beam development at RIBF, along with the installation
of the EUROBALL γ-ray detector has made this region
accessible to decay-spectroscopy experiments. This region is not accessible in any other laboratory. The
experiment was part of the EURICA uranium beam
campaign in 2012.
In our experiment, the nuclei of interest were produced by ﬁssion of a 345A ∼-MeV 238 U primary beam
colliding with a 9 Be target. Beam puriﬁcation was
provided by the BigRIPS fragment Separator. The
fragments of interest were unambiguously identiﬁed,
and their following β decays were recorded by the
WAS3ABi2) silicon stopper in conjunction with EURICA. Implantations were correlated with their subsequent β decays on the basis of position and time, enabling measurement of half-lives, β-delayed γ rays, and
γ rays from the deexcitation of implanted microsecond
isomers.
With three BigRIPS settings, we were able access
very neutron-rich isotopes for more than 15 elements
from Zr to Sn, measuring more than 30 new half-lives,
including the two new r-process waiting points: 128 Pd
and 127 Rh (see Fig. 1). New microsecond isomers were
also identiﬁed. This large set of data will provide direct input for r-process calculations, new insights in
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Fig. 1. Particle identification spectrum of nuclei transmitted throught the fragment separator BigRIPS. Red line
indicate the limit of known half-lives previous to this
experiment.

the nuclear structure in this region, and will improve
parametrization of mass formula, invaluable to model
r-process nucleo-synthesis.
References
1) G. Martinez-Pinedo et al.: NUSTAR-THEORY-12 The
role of fission in the r-process (2008).
2) S. Nishimura et al.: WAS3ABi in RIKEN Accel. Prog.
Rep. 46 (2013).
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Observation of Zeeman resonances of

84,85

Rb with OROCHI

T. Furukawa, T. Wakui, X.F. Yang, K. Imamura, T. Fujita, Y. Yamaguchi, H. Tetsuka, Y. Tsutsui, Y. Mitsuya,
Y. Ichikawa, Y. Ishibashi, N. Yoshida, H. Shirai, Y. Ebara, M. Hayasaka, S. Arai, S. Muramoto, A. Hatakeyama,
M. Wada, T. Sonoda, Y. Ito, T. Kobayashi,∗1 S. Nishimura, M. Nishimura, Y. Kondo, K. Yoneda, S. Kubono,
Y. Ohshiro,∗2 H. Ueno, T. Shinozuka, ∗3 T. Shimoda, ∗4 K. Asahi, and Y. Matsuo
laser wavelength was tuned to the D1 absorption line
of Rb atoms in He II (780 nm). The LIF photons
from the laser-excited 84,85 Rb atoms were collected,
wavelength-separated, and then detected with a photo
detection system2) . We apply a radio frequency wave
(1 MHz) using a set of coils (“RF coils” in Fig.1-a)
to the optically-pumped atoms by sweeping the magnetic ﬁeld strength, and performed the laser-rf double
resonance to observe the Zeeman splitting energies.
Figure 1-b) shows the time evolution of the observed
photon intensity from 84 Rb atoms with sweeping the
magnetic ﬁeld strength. The horizontal axis indicates
the variation in the applied ﬁeld strength: B0 = 3.4
Gauss at time t=500 ms gradually decreased to 0
Gauss at t=625 ms, and increased again to 3.4 Gauss at
t=750 ms. We observed the laser-rf double resonance
signals at t =580 ms and 670 ms, both corresponding
to the same magnetic ﬁeld strength. Note that the
large peak at t=625 ms is the peak of B0 =0
From the Zeeman resonance frequencies, we successfully deduced the nuclear spin values of 84,85 Rb. The
beam intensity of the introduced Rb isotopes is typically 104 ― 105 ions/s in both experiments. The typical yield required for OROCHI is estimated to be 103
ions/s with the present setup. This required yield is
dominantly limited by the background counts on the
photon detector owing to huge stray laser light. We
plan to reduce the required yield to as small as 10
ions/s after the improvement of the setup through reduction of the stray laser light.

“OROCHI (Optical Radioisotope atom Observation
in Condensed Helium as Ion-catcher)” is a new laser
spectroscopy technique for low-yield exotic radioisotopes. In the OROCHI, we use superﬂuid helium
(He II) as a stopping material for energetic RI beams
produced in the projectile-fragment separators. The
RI atoms stopped are subjected to in-situ laser spectroscopy in He II. The energetic ion beams introduced
into He II can be stopped and trapped eﬀectively because of the high stopping eﬃciency and small convection ﬂow of He II. Thus, we can use most of the produced RIs for measurements. Furthermore, the characteristic features of the atoms immersed in He II1) ,
such as blue-shift and broadened absorption spectra
because of the pressure of the surrounding helium liquid, enables us to reduce the detection of background
photons originating from stray laser light.
Thus far, we have demonstrated successfully the feasibility of OROCHI to deduce the nuclear spins and
moments with stable Rb, Cs, Ag, and Au isotopes
introduced into He II by laser sputtering of sample
materials1) . In parallel to the oﬀ-line development,
on-line experiments with accelerated beams of 85 Rb
and 87 Rb ions (energy: both 66 MeV/u) have been
performed. Recently, we have observed Zeeman resonances of introduced Rb isotopes for not only the
primary 85 Rb (ground state, I π =5/2− ) but also the
radioactive 84 Rb (ground state, I π =2− ) and 84m Rb
(isomer state, I π =6− ) produced by the projectile fragmentation. In this paper, we report on the on-line
experiment for measuring Zeeman resonances of Rb
isotopes.
Figure 1-a) shows a schematic of our experimental
setup in a superﬂuid helium cryostat. The 84,85 Rb
beams from RIPS separator were injected into the
cryostat ﬁlled in He II, respectively. In front of the
cryostat, the injected 84,85 Rb were energy-degraded
with two aluminum foils of various thickness for adjusting the stopping range in He II, and the number of
injected ions were counted one by one with a plastic
scintillator. Magnetic ﬁeld of 0―5 Gauss are applied
to the stopping position of 84,85 Rb with a set of coils
(“B0 coils” in Fig.1-a). The stopped Rb atoms were
subjected to an irradiation of a CW pumping laser
light (Ti:Sapphire laser; power: 100 mW; spot size: ϕ2
mm) and then optically pumped and polarized. The
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Fig. 1. a) Schematic of the experimental setup inside the
cryostat. b) Laser-RF double resonance spectrum of
84
Rb. We can see the resonance peak at t=570 ms and
680 ms beside of the large peak of B0 =0 at 625 ms (see
text).
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First online mass measurement with MRTOF mass spectrograph
Y. Ito, P. Schury, M. Wada, S. Naimi, T. Sonoda, H. Mita, F. Arai, A. Takamine, K. Okada, H. Wollnik,
and A. Ozawa
2

Mass measurements of exotic nuclei, providing direct
measure of the nuclear binding energy, are invaluable
for nuclear structure and nuclear astrophysics. They
require fast measurement time and high eﬃciency, because of their typically short lifetimes (T1/2 < 100 ms)
and low production yields. As reported previously1) ,
there is great potential for using a multi-reﬂection
time-of-ﬂight mass spectrograph (MRTOF) for precision measurements of heavy, short-lived nuclei.
Recently, we performed the online commissioning
experiment of MRTOF with unstable nucleus 8 Li, produced at RIPS and converted to a low-energy ion beam
by the prototype SLOWRI, which was previously used
for laser spectroscopy of Be isotopes2) . Prior to being analyzed by the MRTOF, ions were prepared in a
sequential pair of buﬀer gas-ﬁlled rf ion traps3) .
Ideally, an isobaric doublet measurement would be
performed to determine the mass from the time-ofﬂight (ToF). In the case of 8 Li+ , however, the only
14
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ToF = 7,996,961(1) ns
FWHM = 27 ns
Rm ~ 148,000
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3

(

t8
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+ 2m12 ·

t8 (t8 − t12 )
· t0 .
t312

(2)

From Eq. 2, this 8 Li+ measurement truly represents a worst-case scenario for the MRTOF because of
the large fractional mass diﬀerence between 8 Li+ and
12 +
C , which would not occur in any measurement of
heavy nuclei. The systematic error from t0 is maximal
in this case. For measurement near A/q ∼ 100 using a
neighboring mass numbered reference, the systematic
error would be reduced by an order of magnitude; for
an isobaric reference, it would be negligibly small.
Despite this worst-case scenario, we achieve mass
precision competitive with conventional PTMS of
short-lived nuclei, but with shorter observation times.
We have veriﬁed the accuracy of the technique online.
For short-lived, heavy nuclei such as trans-uranium nuclei and nuclei important to r-process nucleosynthesis,
we believe this new method will truly be a boon. We
plan to begin measurements of trans-uranium elements
and of r-process nuclei in FY2013.

10

-5

2

(1)

In practice, constant time oﬀset, measured to be t0
= 199.0(1.3) ns, was subtracted from each ToF data
prior to application of Eq. 1. Figure 1 shows the mass
deviations of each 8 Li+ . In addition to the statistical
uncertainties, δt0 = 10 ns was added as the systematic uncertainty, considering 1.3 ns uncertainty and the
estimated propagation time to pick up the switching
noise in the t0 measurement. The weighted average
deviation of 8 Li+ was found to be ∆m = 1.8(4.9) keV,
corresponding to a relative mass uncertainty of δm/m
= 6.6×10−7 . To conﬁrm this method, the masses of
7 +
Li and 9 Be+ were similarly measured and found to
deviate from known values by ∆m = 4.3(5.0) keV and
∆m = 4.2(5.1) keV, respectively.
An expansion of Eq. (1) up to the 1st order in
(t0 /t12 ), with t0 accounted for, yields

m = 1.8(4.9) keV
m/m = 6.6 x 10-7

15

MMRTOF - Mlit (keV)

16

m8 = (t8 /t12 ) · m12 .

4

Measurement #

Fig. 1. Typical time-of-flight spectrum with a fit for 8 Li+
after 880 laps in the MRTOF (left) and the mass deviations from the literature value for each measurements (right). The green band shows the uncertainty of
weighted averaged mass deviation. The mass resolving
power, weighted mass deviation and mass precision are
described in figures.

isobaric reference available was 4 He+
2 , the rate of which
was too small to use as reference, so 12 C+ was used as
a reference. Typical ToF spectra for 8 Li+ is shown in
Fig. 1. The spectrum of 8 Li+ were each accumulated
for 600 s, while 12 C+ only required 50 s. In order to
properly take the tail into account, a Gaussian with
exponential tail ﬁtting function was used4) . To compensate for ToF drift caused by slight voltage drifts,
measurements of 8 Li+ interleaved those of 12 C+ . The
ToF of 12 C+ , t12 , was determined by linear interpolation of 12 C+ ToFs, before and after each 8 Li+ measurement. In principle, the relationship
of the mass
√
to the ToF is given by t = a m + t0 , where t0 is a
constant time oﬀset. If t0 ≪ t, the mass of 8 Li+ can
be calculated as

References
1) P. Schury et al.: RIKEN Accel. Prog. Rep. 44, 166
(2011).
2) M. Wada et al.: Phys. Rev. Lett. 101, 212502 (2008).
3) Y. Ito et al.: RIKEN Accel. Prog. Rep. 45, 149 (2012).
4) M. Koskelo et al.: Comp. Phys. Commun. 24, 11 (1981).
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First electron scattering oﬀ

132

Xe under the ERIS-SCRIT scheme

M. Wakasugi, T. Ohnishi, S. Wang, M. Togasaki, A. Ogawara, T. Amagai, T. Miyamoto,
Y. Shimakura, K. Yanagi, T. Adachi, A.Enomoto, T. Yamaguchi, T. Hori, M. Hara,
S. Ichikawa, K. Kurita, T. Tamae, and T. Suda
The SCRIT electron scattering facility1) is now under construction at RIBF in Nishina Center. The
SCRIT device inserted in the electron storage ring
(SR2) was connected to an ISOL system involving an
RI target ion source, ERIS (Electron-beam-driven RI
separator for SCRIT). Commissioning of the ERIS has
been successfully curried out using stable Xe isotopes
in last year.2) We conducted electron scattering experiments for 132 Xe isotope supplied by the ERIS in this
year. In these experiments, ion-trapping properties in
the SCRIT has been investigated and elastically scattered electrons from 132 Xe have been measured.
A pulsed 132 Xe ion beams containing N0 ∼ 108
ions/pulse with the duration of 300 µs was produced
by beam chopping after mass separation in the ERIS.
They were injected and trapped for appropriate trapping time in the SCRIT. Trapped ions were ejected
form the SCRIT and transported to an analyzer to
measure the number of total charge, Q, and the charge
state distribution. On the other hand, the number
of ions, Ncoll , participating in collision with electron
beam was measure by an electron beam loss monitor,
which consists of a couple of plastic scintillators placed
downstream of the SCRIT and is used as an online
luminosity monitor. Observables Q and Ncoll are expressed by Q = q̄t N0 and Ncoll = t 0 N0 , respectively,
where is q̄ an average charge state, t is a trapping efﬁciency, and 0 is a geometrical overlap factor between
the 132 Xe ion cloud and the electron beam. Assuming
q̄ ∼ 1 for short trapping time (∼45 ms), t is obtained
from measured Q and N0 . Since the collision luminosity, L, the beam cross-section, a, and the electron
beam current, I, were measured, Ncoll is determined
from the relation L = Ncoll I/a.

about 4 × 1026 /(cm2 s) as shown in Fig. 2 (a). The
luminosity decays and the typical lifetime was τ =1.2 s
(see Fig. 2 (b)). We found in this measurement that
these trapping properties strongly depend on the electron beam instability,3) which is controllable by tuning an RF cavity condition. This suggests that there is
possibility to control trapping properties by controlling
beam instability.

Fig. 1. Trapping eﬃciency t (closed symbols) and overlap factor 0 (open symbols) as functions of the beam
current.

Fig. 3. Angular distribution of elastic scattering events.

Figure 1 shows the deduced trapping eﬃciency and
the overlap factor as a function of the current. Most
of injected ions, roughly 90%, were trapped and the
overlap factor was about 15% at over 200 mA of the
current. In this time the luminosity was reached to

Fig. 2. The collision luminosity (a) and the decay of the
luminosity (b).

At the current of 200 mA and the energy of 150
MeV for electron beams, we measured elastically scattered electrons from the 132 Xe trapped in the SCRIT.
Electron detector is combination of a drift chamber
and two calorie meters (CsI and BaF2 crystal arrays).
Scattering angle is covered from 25–45 degrees, and
the solid angle is about 17 msr. We observed about
200 events of elastic scattering in a measurement for
4 hours. Preliminary obtained angular distribution of
the elastic events is shown in Fig. 3. They are well
agreement with cross section curve calculated using
DRAPHA.4) Here we could conﬁrm averaged luminosity during measurement to be about 4 × 1026 /(cm2 s).

References
1) M. Wakasugi et al., Phys. Rev. Lett. 100, 164801
(2008).
2) T. Ohnishi et al., in this report.
3) R. Ogawara et al., in this report.
4) B. Dreper, DRAPHA, a phase-shift calculation code for
elastic electron scattering.
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Present status of the rare-RI ring construction
Y. Yamaguchi, M. Wakasugi, Y. Abe, T. Fujinawa, M. Kase, M. Komiyama, K. Kumagai, T.Maie, D. Nagae,
J. Ohnishi, A. Ozawa, F. Suzaki, T. Uesaka, Y. Watanabe, T. Yamaguchi, H. Yamasawa, Y. Yanagisawa,
J. Zenihiro, and Y. Yano
Construction of the rare-RI ring started in the beginnng of April 2012. We report on its present status.
We first began construction of the infrastructure. Installation of an overhead traveling crane with transfer
bridges1) was finished at the end of September 2012.
Installation of a large stage was necessary to keep the
beam level the same as SHARAQ. Construction of this
stage, the height of which is 3.3 m, was completed at
the end of November 2012. An AC power system2) , the
capacity of which is 3.2 MVA, was installed at the end
of December 2012. Base line/point measurements and
leveling for alignment of the devices were completed
at the middle of January 2013. Installation of a water cooling system3) and a compressed air system was
completed at the end of January 2013. Figure 1 shows
the infrastructure at the K4 room. The construction
of these infrastructures proceeded smoothly.
Recently, we decided the final placement of the injection line, the septums, the kicker, and the ring, as
shown in Fig. 2. The injection line consists of ten
quadrupole magnets and one dipole magnet with about
15.7 degrees bend. Two quadrupole magnets are located in the E20 room to transport a particle from the
SHARAQ efficiently. The septum, which is operated as
a DC magnet, is divided into two magnets (septum1
and septum2) to reduce the load exerted on it. The
bending angles of septum1 and septum2 are 12.7 and
5.3 degrees, respectively. After passing septum magnets, a particle is injected into the ring from outside
(x = 90 mm). The phase advance from the septum
end to the kicker center is about 3π/2. The injected
particle is transported to the kicker with a betatron
oscillation, and it is then kicked into the equilibrium
ring orbit. The kicker is also used for extraction4) ,

Stage
h=3.3m

Septum

Injection line
SHARAQ

Septum
Kicker

K4

E20

rare-RI

Fig. 2. Final placement of the injection line, septums,
kicker, and ring.

Table 1. Specifications for the ring.
Circumference: 60.3507 m
Momentum acceptance: ±0.5%
Revolution frequency (200 MeV/u): 2.82 MHz
Transition γtr : 1.2147
Tune: Qx 1.25, Qy 0.82
Max. β function: βx 9.2 m, βy 12.2 m
Dispersion of straight section: 66.9 mm/%

and the specifications of the septum for extraction are
the same as those for injection. The ring consists of
six magnetic sectors, and each magnetic sector consists of four dipole magnets. Some specifications for
the ring are summarized in Table 1. This dipole is
a rectangular bending magnet with a radially homogeneous magnetic field. We install ten trim coils in
the two outer dipoles among the four dipoles in each
magnetic sector to form a precise isochrnous magnetic
field in the ring. According to our simulations, we can
adjust an isochronism to within 3 × 10−6 for a momentum acceptance of ±0.5%5) . The installation of the
magnets, vacuum chambers, and power supplies will
be completed by the end of March 2013.
References
1)
2)
3)
4)
5)

Fig. 1. Photograph of the completed infrastructure.
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Glauber-model analysis of total reaction cross sections for
neutron-rich nuclei with Skyrme-Hartree-Fock densities†
W. Horiuchi, T. Inakura,∗1 T. Nakatsukasa, and Y. Suzuki
Advances in measurements of unstable nuclei have
been providing information on exotic nuclei toward the
neutron and proton driplines. Recently, total reaction
or interaction cross sections were measured in pf -shell
region1)2) . They exhibit interesting trends that indicate on exotic structure, for example, halos, skins, deformations etc., as the driplines are approached. Here,
we focus on the nuclear deformation. If the intrinsic wave function shows some deformation, the nuclear
radius becomes eﬀectively large because the groundstate wave function is expressed as a superposition of
the intrinsic wave functions with diﬀerent orientations.
Since the total reaction cross sections are closely related to the nuclear radius, it is interesting to investigate the relationship with the nuclear deformation.
In this work, we systematically analysed the total
reaction cross sections, on a 12 C target, of unstable nuclei in the sd- and pf -shell region, focusing on nuclear
size properties, especially radius and deformation, and
their relationship with the cross section. We employ
the Glauber model, which is widely used for analysing
high energy nuclear reactions. In order to describe exotic deformations, input densities are generated from
the wave functions obtained by the Skyrme-HartreeFock Method in a fully three-dimensional coordinate
space. Both structure and reaction models employed
here have no adjustable parameter.
Figure 1 presents the quadrupole deformation parameters β of Ne isotopes obtained from the HartreeFock solutions. The positive (negative) values of β indicate prolate (oblate) deformations. Beyond N = 16,
we ﬁnd a signiﬁcant diﬀerence in the magnitude of
β, between two types of interactions employed here,
SkM* and SLy4. In the SkM* calculation, the deformation parameter β is positive and rapidly increases
for N > 18. On the other hand, SLy4 predicts nearly
spherical ground states (weakly oblate) for N > 20 and
changes its shape into prolate for N > 20. The value
of |β| is always larger in SkM* for 18 < N < 24.
This corresponds well with the observation of different behavior in the calculated total reaction cross
sections of Ne isotopes incident on a 12 C target at 240
A MeV, shown in Figure 2, as a function of neutron
number N . The agreement with recent data2) is very
good. The slope of the curve in the ﬁgure changes at
N = 14. The cross section increases gradually from
N = 10 to 14 and shows a rapid rise above N = 14.
The kink behavior can be explained by the onset of the
†
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Fig. 1. Quadrupole deformation parameter β of Ne isotopes
calculated with the SkM∗ and SLy4 interactions.
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Fig. 2. Total reaction cross sections of Ne isotopes on a
12
C target at 240 AMeV. Experimental data are the
interaction cross sections taken from Ref.2) .

deformation at N > 20, while the kink at N = 14 is
due to the occupation of the s1/2 orbitals at N > 14.
The cross sections coincide again at N = 24, so do the
predicted β values.
A similar trend in the total reaction cross sections is
expected for Mg isotopes whose deformation behavior
is similar to that of Ne isotopes. In Ref.3) , we presented
analysis for Mg isotopes as well as Si and S isotopes.
The systematic measurements of σR (σI ) for a long
chain of isotopes may reveal the enhancement of the
nuclear size, which can be a signature of the nuclear
deformation.
References
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PHENIX silicon vertex tracker (VTX)
Y. Akiba, R. Akimoto, H. Asano, S. Bathe, S. Baumgart, K. Boyle, J. Bryslawskyj,∗1 C-H. Chen, L. Ding,∗2
A. Enokizono, S. Esumi,∗3 T. Hachiya, S. Horiuchi,∗3 J. Koster, K. Kurita,∗4 M. Kurosawa, A. Lebedev,∗2
M. McCumber,∗5 H. Nakagomi,∗3 R. Nouicer, C. Ogilvie,∗2 H. Sako, S. Sato, A. Shaver,∗2 M. Shimomura,
M. Stepanov,∗6 A. Taketani, M. Wysocki,∗7 and the PHENIX VTX group

Fig. 1. A photograph of a half of the VTX detector. Left:
side view. Right: Beam view.

We have constructed a silicon vertex tracker (VTX)
for the PHENIX experiment at RHIC. The primary
purpose of the detector is to carry out precise measurements of heavy-quark (charm and beauty quarks)
production in A + A, p(d) + A, and polarized p + p
collisions. The detector was jointly funded by RIKEN
and the US-DOE.
The main topics in physics that can be studied using
the VTX are as follows.
• Probing Quark Gluon Plasma (QGP) formed in
collision of heavy nuclei such as Au+Au.
◦ Energy loss of heavy quarks (charm and bottom quarks) in QGP
◦ Elliptic ﬂow of heavy quarks in QGP
◦ Open charm and bottom production
◦ Medium-induced modiﬁcation of jets

Fig. 2. A mechanical design drawing of the VTX

• Nucleon structure in nuclei

◦ Gluon shadowing over a broad x range

These measurements will be key measurements of
RHIC programs in the next several years, for studying both QGP and the proton structure.
The VTX was constructed and was installed in
PHENIX by the end of 2010. Fig. 1 shows a photograph of the VTX detector, and Fig. 2 is a corresponding mechanical drawing of the detector. The detector
consists of four layers of silicon detectors. The inner
two layers are pixel detectors (approximately 3.93M
channels of 50µm ×425µm pixels) and the outer two
layers are strip detectors (approximately 344K channels of 80µm × 30mm strips).
The detector was successfully commissioned during

• Study of the structure of the proton, in particular,
that related to gluons.
◦ Determination of gluon polarization ∆G(x)
from heavy-quark measurements
◦ Determination of ∆G(x) from γ-jet measurements
◦ Measurement of transverse spin asymmetry
AN of charm and bottom production
∗1
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∗3
∗4
∗5
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∗7
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Fig. 3. Event display of VTX for a Au+Au collision.
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Fig. 4. DCA distribution of electrons for 2 < pT < 2.5
√
GeV/c in Au+Au collisions at sN N = 200GeV.

the 500 GeV p + p run in RUN11 of RHIC. Subsequently, we collected 5 billion Au+Au events in
RUN11. In RUN12, we obtained approximately 11/pb
of p+p data at 510 GeV, 3/pb of p+p data at 200 GeV,
110/µb ( 6/pb of N + N ) of U+U at 193 GeV, and
2.9/nb ( 36/pb of N + N ) of Cu+Au at 200 GeV,
within the VTX acceptance. Fig. 3 shows an event
display of Au+Au collisions measured by the VTX detector.
We have developed the analysis code of the VTX1) .
A stand-alone tracking code for the VTX is used to reconstruct the collision vertex with high precision. Simulation studies show that a vertex position resolution
of approximately 20 µm can be achieved.
One of the most important data analysis tasks is the
precise alignment of the detector ladders2) . A track
from the PHENIX central arms is associated with the
hits in VTX detectors, and the distance of closest approach (DCA) between the track and the collision vertex is measured. A DCA resolution of approximately
80 µm in the X-Y plane is achieved for pT > 1 GeV/c
for the RUN11 Au+Au data.
We have obtained several preliminary results of the
VTX analysis in RUN11 Au+Au data and RUN12 p+p
data at 200 GeV. By conﬁrming a central arm track
with hits in the VTX, we can eliminate the background
of fake-high pT tracks caused by decay-in-ﬂight and
photon conversions. This signiﬁcantly improves the
measurement of high pT particles3) .
The main physics goal of the VTX detector is to
measure nuclear modiﬁcation factor RAA and the elliptic ﬂow v2 of charm and bottom decay electrons separately in Au+Au collisions. Fig. 4 show the DCA
distribution of electrons. The curves in the ﬁgure represents the decomposed contribution of charm, bottom, photonic background, and other sources. We have
statistically separated electrons from bottom decays

Fig. 5. (b → e)/(b → e + c → e) ratio in p + p at
200GeV.

√

s =

Fig. 6. Elliptic ﬂow strength v2 of charm decay electrons
in 10-60% centrality of Au+Au collisions.

(b → e) and charm decays (c → e) from the diﬀerence
of their DCA distributions. Fig. 5 show the fraction
of (b → e)/(b → e + c → e) in p + p4) . We have also
obtained the ﬁrst results of the v2 of charm decay electrons5) . These results were presented in Quark Matter
2012 international conference6) in August 2012. We
are working to ﬁnalize these results for publication.
References
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Measurement of AL of W ± → µ± at forward rapidity with PHENIX
H. Oide, N. Amano, Y. Fukao, T. Iguri, Y. Imazu, M. Kim, T. Mibe, H. Murakami, T. Murakami, J. Murata,
I. Nakagawa, K.R. Nakamura, S. Park, J. Seele, R. Seidl, N. Saito, K. Tanida, I. Yoon, K. Watanabe, and
S. Yamashita
Production of W ± bosons in longitudinally polarized p + p collisions is a parity-violating process, and
it produces ﬁnite longitudinal single spin asymmetry
AL . Measurement of AL allows to probe sea quark
polarized parton distribution functions (PDFs), and
it has an advantage over existing semi-inclusive deep
inelastic scattering (SIDIS) experiments for probing
sea quark polarized PDFs in that the experimental result does not need to be interpreted with assumption
of fragmentation functions. In the PHENIX experiment, W ± → µ± at forward rapidity is accessible as
well as W ± → e± at mid-rapidity. In 2011, we obtained
longitudinally polarized p + p collision data at
√
s = 500 GeV of about 25 pb−1 in total with operating a new muon trigger system1) . This is the ﬁrst set
of data that enables measurement of the cross section
and AL of W ± → µ±√
. The statistics will be improved
up to ∼ 300 pb−1 at s = 510 GeV.
The signal of W ± → µ± events is to have a single reconstructed track in the event. According to the
simulation, W ± → µ± is the dominant muon production process in pµT  15 GeV/c. The Z → µ± process, which has O(10 %) contribution compared to
W ± → µ± , is an irreducible non-zero AL process,
and we also select this process as the signal. Other
irreducible muon production background processes are
open heavy ﬂavor (charm and bottom), quarkonia,
and Drell-Yan (γ ∗ ). The dominant background events
come from pT  3 GeV/c charged hadrons. Even
though they are low pT , there are small chances that
they leave a high-pT -like trajectory owing to the decay
in the muon tracker volume. Because of the huge production cross section of charged hadrons, these events
are ∼ 100 times larger background in pT  15 GeV/c
compared to the W ± → µ± signal, without applying
serious signal selection. The strategy of signal selection requires the consistency of high-pT muons in various tracking parameters related with multiple scattering of particles with detector materials, quality of
the track reconstruction (χ2 ), bending of the track in
the tracker, matching of the track with the collision
vertex, and the timing of the track2) . We determined
the cut threshold to keep 90% of the W ± → µ± signal in pµT  10 GeV/c for each tracking variable using
PYTHIA event generator and the full detector simulation. The remaining number of events for each pµT bin
is corrected by signal acceptance and eﬃciency to obtain pµT spectrum. The signal-to-background (S/BG)
ratio was estimated by comparing the obtained pµT
spectrum with the simulated W ± + Z → µ± spectrum

in the NLO level. We conservatively assigned ×0.5 ×2.0 S/BG ratio uncertainty for the preliminary AL
calculation. Figure 1 shows the preliminary result of
AL of muons from W ± /Z in 18 < pµT < 60 GeV/c.
The current uncertainty of AL is dominated by statistics, and thus far, the impact on sea quark polarized
PDFs is not signiﬁcant.
Toward the ﬁnal result of the 2011 data, studies of
crosschecks of signal eﬃciency, more eﬃcient signal selection, and cross section measurement using likelihood
ﬁtting (which does not depend on the cross section prediction with event generator simulation) are ongoing.
A paper reporting the ﬁnal analysis result including
the above improvements is forthcoming.

Fig. 1. Preliminary result of AL of muons from W + /Z
(above) and W − /Z (below) for 2011 data.
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Towards understanding Kaon-induced mystery: current status and
developments regarding J-PARC K1.8BR spectrometer†
Y. Ma, H. Ohnishi, Y. Sada, F. Sakuma, M. Tokuda
tion of π, K, p and d particles can be seen. The resolution of the CDS was estimated from the invariant mass
distribution of the Λ hyperon via the Λ → π − +p decay
channel. A Gaussian resolution of σ ∼ 3.5 MeV/c2 has
been obtained, which fully satisfies the designed value.
An important feature of the current spectrometer is
its ability to detect forward neutrons via the time-offlight (TOF) method. The TOF spectrum obtained between a starting counter (T0) and the neutron counter
is shown in Fig.3. A σ value of ∼150 ps corresponding
to 9MeV/c2 missing mass resolution has been obtained
whereas the designed value is ≤10 MeV/c2 .
To summarize, the J-PARC K1.8BR spectrometer
was tested during an engineering run in 2012. A satisfactory performance was obtained, and the spectrometer is currently operationally ready to under go a production run.

There are certain long-remaining puzzles regarding
the hadron system containing K− meson. Some particularly interesting topics concern the possible existence of the K− N deeply bound state and the properties of the Λ(1405) baryon. In order to address these
questions, a carefully designed spectrometer has been
constructed at the J-PARC K1.8BR beam line, where
certain approved experiments (E15, E31, and E17) are
to be carried out in order to understand the mystery
induced by K− meson. The details of these experiments are provided in the corresponding proposals and
the full paper1) . The present report focuses on the
progress made last year in the commissioning of the
K1.8BR spectrometer.
The secondary beam line, K1.8BR, is located in
the Hadron Hall of the J-PARC 50-GeV proton synchrotron (PS) facility, which can provide various secondary beams with momentum up to 1.2 GeV/c. The
schematic of the K1.8BR spectrometer is shown in
Fig.1. The beam particles are measured and analyzed
with the beam-line spectrometer located upstream of
the target before its bombardment. A momentum resolution of ∼ 1% has been achieved. The charged products from the reaction between the beam particles and
target are measured using the cylindrical detector system (CDS) consisting of a solenoid magnet, a cylindrical drift chamber, and scintillators. The forward-flying
neutrons are detected using a neutron counter (NC)
constructed with plastic scintillators.
An engineering run to confirm the general performance of the spectrometer was carried out in June
2012. The results of particle identification with CDS
tracking analysis are shown in Fig.2. A clear separa-

Fig. 2. Particle identification results.

Fig. 3. Time of flight from neutron counter.
Fig. 1. Layout of K1.8BR spectrometer.
†
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All QED contributions to lepton g−2 up to tenth order
T. Aoyama, M. Hayakawa, T. Kinoshita, and M. Nio
The anomalous magnetic moment of the electron,
called g −2, plays a central role in testing the validity
of quantum electrodynamics (QED). Now that we have
succeeded in obtaining all QED contributions up to the
tenth order of the perturbation theory, it becomes the
most stringent test ever in physics.
A Harvard team measured the electron anomaly
ae = (g−2)/21)
ae (HV) = 1 159 652 180.73 (0.28) × 10−12
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Fig. 1. Feynman diagrams contributing to the tenth-order
lepton g−2. Typical diagrams from 32 gauge-invariant
sets are shown.

reported.5–7) The result for the ﬁnal set, setV, consisting of 6354 diagrams, has been obtained recently.8)
The contribution from the eighth order has been reexamined and improved. All these achievements lead
Eq. (3) and (4). As a byproduct, we evaluated all QED
contributions to the muon g−2 up to the tenth order.8)
It now has a suﬃciently small uncertainty to be ready
for the new experiments of muon g−2 at J-PARC and
fermilab.

(2)

(3)

which includes small but non-negligible hadronic and
weak contributions. The uncertainties come from the
calculated eighth-order QED term, the tenth-order
QED term, the hadronic term, and the ﬁne-structure
constant, Eq. (2), from left to right. The theory,
Eq. (3), is thus in good agreement with the experiment, Eq. (1), proving that QED is accurate even at
this very high precision.
An alternative test of QED is to compare α of (2)
with the value of α determined from the experiment
and theory of g−2:
α−1 (ae ) = 137.035 999 173 (7)(5)(2)(34),

I(c)

V

With this α the theoretical prediction of ae becomes
ae (th) = 1 159 652 181.78
(6)(4)(2)(77) × 10−12 ,

I(b)

(1)

with astonishing precision. The QED contributions to
ae depend on the ﬁne-structure constant α, the coupling constant of QED, and the lepton-mass ratios between the electron and muon and between the electron and tau-lepton.3) The value of α we used is determined by the measurement of h/mRb , the ratio of the
Planck constant, and the mass of the Rb atom, combined with the very precisely known Rydberg constant
and mRb /me 2,3) :
α−1 (Rb) = 137.035 999 049 (90) .

I(a)
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(4)

where the uncertainties come from the eighth-order
QED term, the tenth-order term, the hadronic term,
and the measurement of ae (HV), respectively. The
ﬁne-structure constant α is believed to be a universal
constant. It is interesting to see what happens when
the uncertainties of α−1 (ae ) and α−1 (Rb) are further
improved.
There are 12672 vertex Feynman diagrams that contribute to the tenth-order g−2. They are divided into
32 gauge-invariant sets, as shown in Fig. 1. The contributions from the 17 sets, I(a–f), II(a,b), II(f), VI(a–
c), VI(e,f), and VI(i–k), were determined previously.4)
The additional 14 sets have been also evaluated and
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Quarkonia spectral functions in hot matter: a study based on QCD
sum rules and the maximum entropy method†
P. Gubler, K. Suzuki,∗1 K. Morita, and M. Oka
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The study of quarkonia in hot matter has, since the
initially presented ideas1) , evolved into a ﬁeld with diverse activities in both experiment and theory. In particular, through the heavy-ion collision experiments at
RHIC and LHC, a large amount of experimental data
on quarkonium production in various reactions is now
available, which can be compared with theoretical expectations. This task, however, has been identiﬁed as a
very complex one, because a large number of competing eﬀects need to be taken into account to describe
the experimental results. The most basic inputs for
these calculations are the quarkonia spectral functions,
which include all the physically relevant information of
the quarkonium states as well as their behavior at a ﬁnite temperature.
A useful approach for capturing information on
quarkonia spectral functions at both zero and ﬁnite
temperature is the QCD sum rules method. This
method exploits the analytic properties of the twopoint function of operators to derive certain integrals
over the hadronic spectral functions (the “sum rules”),
which, via the operator product expansion (OPE), can
be related to a combination of perturbatively calculable quantities and non-perturbative condensates, containing information on the QCD vacuum. In the case
of the quarkonia channels considered here, these are
gluonic condensates, the most important one being the
gluon condensate of mass dimension 4.
Recently, it has become possible to use the MEM
technique to analyze QCD sum rules,2) which allows
the most probable form of the spectral function from
the OPE to be extracted without the need to use a speciﬁc functional form. This approach has since been applied to both charmonium3) and bottomonium4) channels and to summarize these results is the main goal of
this article.
Let us ﬁrst discuss the results of the charmonium
channels. They are shown in the left-side plot in Fig.
1. By ﬁrst focussing on the spectral functions at zero
temperature, it is seen that clear peaks are generated,
which represent the lowest state of each channel. The
positions of these peaks reproduce the experimental
values with a precision of about 50 MeV.
At ﬁnite temperature, we observe that the lowest
peaks of all channels vanish slightly above the critical
temperature Tc . The origin of this melting eﬀect is a
sudden change in the gluonic condensates around Tc ,
which can be related to the deconﬁnement transition
of the gluonic matter.
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Fig. 1. Left (right) plot: Charmonium (bottomonium)
spectral functions at zero and finite temperature in the
pseudoscalar (top) and vector (bottom) channels, respectively.

Next, let us focus on the results for bottomonium.
These are given in the right-side plot in Fig. 1. Here,
as for charmonium, clear peaks are observed for each
channel at zero temperature. At ﬁnite temperature,
the bottomonium states are modiﬁed more gradually
than their charmonium counterparts, which is in agreement with phenomenological expectations. Concretely,
the spectral functions still exhibit a clear peak at
T = 2.0 Tc which starts to dissolve at about 2.5 Tc . The
reason for the robustness of the bottomonium states
can be traced back to the fact that the gluon condensate terms in the OPE are proportional to 1/m4h ,
with mh being the quark mass. These are the driving
terms for quarkonium melting and are therefore relatively suppressed for the bottomonium sum rules.
In summary, by combining the techniques of QCD
sum rules and MEM, we have extracted the spectral
functions from the OPE. As a result, it is found that
the charmonium ground states dissolve into the continuum already existing at temperatures around Tc , while
the bottomonium states are more stable and survive up
to about 2.5 Tc .
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Superconducting properties of LaPt3 Si studied by µSR
I. Kawasaki, I. Watanabe, H. Amitsuka,∗1 K. Kunimori,∗2 H. Tanida, and Y. Ōnuki∗3,∗4
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Fig. 1. Zero-ﬁeld-µSR spectra measured at 60 and 870 mK.
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Since the discovery of the ﬁrst heavy fermion noncentrosymmetric superconductor CePt3 Si,1) there has
been considerable interest in superconductors that lack
inversion symmetry. The superconducting (SC) order
parameters in these superconductors cannot be classiﬁed in terms of parity, and the coexistence of spinsinglet and spin-triplet states is allowed.2) Therefore,
unconventional SC properties are expected.
LaPt3 Si (Tsc =0.65 K), which is isostructural with
CePt3 Si, shows no sign of magnetic order or strong
electronic correlation, and thus, it is expected to be an
ideal system to study the eﬀect of the lack of inversion symmetry on the SC state.1) A recent Josephsoneﬀect study revealed an anomalous magnetic ﬁeld dependence of the Josephson critical current that differs from the conventional Fraunhofer pattern and that
breaks the time reversal symmetry.3) This suggests
that LaPt3 Si cannot be classiﬁed as a conventional swave superconductor.
In the present study, we performed zero-ﬁeld and
transverse-ﬁeld µSR experiments on polycrystalline
samples of LaPt3 Si to investigate their SC properties.
The µSR experiments were carried out at the RIKENRAL Muon Facility in the UK, where an intense pulsed
muon beam is available.
Figure 1 shows the zero-ﬁeld-µSR spectra measured
at 60 and 870 mK, which are well below and above Tsc ,
respectively. These spectra were well ﬁt by the following function: P (t) = A0 e−λt GKT (t) + Abg , where A0
is the initial asymmetry at t=0, λ is the electronic relaxation rate, and Abg is the background signal. The
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Fig. 2. Maximum entropy spectra of transverse-ﬁeld-µSR
data measured in a ﬁeld of 40 Oe.

function GKT is the Gaussian Kubo-Toyabe relaxation
function. As shown in Fig. 1, the observed relaxation
spectra do not show any noticeable change below Tsc
within the experimental accuracy, indicating that time
reversal symmetry is conserved within the experimental accuracy of the µSR spectroscopy technique.
The transverse-ﬁeld-µSR experiments were performed at a ﬁeld of 40 Oe under ﬁeld-cooled conditions. To analyze the spectra, we performed a Fourier
transform using the maximum entropy technique; the
obtained ﬁeld distributions are shown in Fig. 2. In the
high temperature, the spectra consist of a single peak.
In contrast, in the low temperature range, where the
sample is in the SC state, two additional components
appear. These components are reminiscent of the intermediate state in a type-I superconductor4,5) . The
component appearing in the lower ﬁeld region arises
from the Meissner state, and the higher ﬁeld peak is attributed to the normal state of the sample. Therefore,
this result suggests that LaPt3 Si has a type-I character.
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µSR experiments on Al–Mg–Si alloys†
S. Wenner,∗1 K. Matsuda, K. Nishimura, T. Matsuzaki, D. Tomono, F. L. Pratt, C. D. Marioara,∗2
and R. Holmestad∗1
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Al–Mg–Si alloys are used extensively as structural
materials due to their formability, mechanical strength,
and corrosion resistance. They are heat-treatable,
meaning that diffusion-controlled phase transformations are responsible for the most important hardening mechanisms. To enable substitutional diffusion in the Al matrix, a high concentration of vacancies is required. Mg–Si–vacancy clustering is the first
step of the precipitation of hardening phases and happens even during storage at room temperature (RT).
Muon spin methods are very sensitive to vacancies and
can yield information about the environments around
them.
We have applied muon spin relaxation to samples
of Al–Mg–Si alloys with industrially relevant compositions and heat treatments. All samples were given
a solution heat treatment (SHT) at 575◦ C for 1 hour
before quenching and further heat treatments. Muon
spin relaxation functions were measured at temperatures from 20 K to 300 K (achieved by helium cryostat
cooling), as the kinetics of muons inside aluminium is
heavily temperature-dependent.
To understand what factors influence the shapes of
the relaxation functions, we simulate the muon kinetics
with a Monte Carlo (MC) algorithm. The simulation
includes muon trapping by defects, similar to improved
Kubo–Toyabe methods.1,2) Simulated relaxation functions are fitted to experimental ones, using physical
quantities as fitting parameters. The resulting temperature variation of the muon trapping rate is shown
for five selected samples in Fig. 1. We focus on the
effects of RT storage in this report.
Muons are trapped by different defects at different
temperatures, specifically defects of lower concentration at higher temperatures. The pure Al peak at 5–
40 K has been observed earlier, for Al with 42 and 70
ppm Mn3) and Al with 117 ppm Ag.4) Its height was
found to increase with the concentration of the trace
elements. A peak is present at the same location in
the alloy curves, showing muon trapping by Mg and
Si atoms in solid solution. A saturation point is likely
reached as the peak does not change upon altering the
Mg and Si content.
Samples straight from quenching should include
more vacancies than RT stored samples. In the 1.6%
Mg2 Si samples, the only difference seen after RT stor-
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Fig. 1. Muon trapping rates for Al–Mg–Si alloys. The samples are either room temperature (RT) stored for many
days (d) or as quenched (AQ) after SHT.

age is a decreased trapping at the highest temperatures. By in situ µSR studies of pure Al, vacancies were confirmed to trap muons at temperatures
around 300 K.5) While the as-quenched 1.6% Mg2 Si
and ≈1.4% MgSi samples have almost identical muon
kinetics, differences appear after RT storage. The
muon trapping rate is lower for ≈1.4% MgSi in the
range 140–240 K. The trapping site for this region
is most likely also a vacancy, itself trapped in a beginning Mg–Si cluster. From the higher trapping in
1.6% Mg2 Si, we find either that (i) vacancies are more
strongly bound in Mg-rich clusters than Mg-Si balanced ones, preventing their escape from the material,
or (ii) muons are more strongly bound in vacancies
with Mg-rich environments.
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High yield mutants of rice induced by C-ion beam irradiation
Y. Hayashi, R. Morita, H. Tokairin, S. Kogure, K. Ichinose, T. Wakana, T. Sato,∗1 and T. Abe
Rice is a staple food for a majority of populations
around the world. Increase in crop production is necessary to respond the global population growth. Development of high yield rice potentially contributes as
the solution to the food problems faced by the world.
Grain yield is one of the most important agricultural
factors in the productivity of rice. We report on the
high yield mutants of rice showing a tall phenotype
with higher number of spikelets induced by C-ion beam
irradiation (Fig. 1).
The imbibition seeds of rice (Oryza sativa L. cv.
Nipponbare) were exposed to C-ions accelerated to 135
MeV/nucleon. M1 plants were grown in a paddy ﬁeld
and M2 seeds were harvested separately from each M1
plant. Two tall mutants, 14-45 and 40-L, were isolated
in the paddy ﬁeld research. Then, 14-45 was selected
from the M2 populations of 20 Gy (37.4 keV/µm), and
40-L was selected from the M3 populations of 40 Gy
(22.5 keV/µm). In M2 generation, 40-L was segregated into the dwarf and wild-type phenotypes. The
M3 population, which was segregated into the dwarf,
wild type, and tall phenotypes, was derived from M2
having the dwarf phenotype.
We conducted a yield survey for the tall mutant lines
at the research paddy ﬁeld of Tohoku University in
Miyagi prefecture in 2011. Nipponbare was used as
a control. There were 49 plants of each line, grown in
one plot with 3 replications. To avoid the border eﬀect,
25 plants from the inner plot (1.44 m2 ) were collected.
We measured the yield components (panicle number,
panicle weight, panicle length, spikelet number, seed
fertility, grain weight); plant height, and number of
rachis branches per panicle. Most yield components
were measured from the panicles on the main culms.
Results in terms of the plant height, yield, and components are presented in Tables 1 and 2. Speciﬁcally,
14-45 and 40-L showed a high plant height, about 1.2
times that of Nipponbare. Further, 14-45 and 40-L
showed a high number of spikelets due to the high number of rachis branches per panicle and high number of
spikelets per rachis branch (Table 1). Even though the
seed fertility and grain weight of these mutant lines
were relatively low, the grain yields per area were

higher than Nipponbare (Table 2). As for the result of
the yield survey in the saline paddy ﬁeld conducted in
2010, there was no diﬀerence in the decrease ratio of
the yield arising from the salinity stress between 14-45
and Nipponbare. However, 14-45 maintained higher
yield than Nipponbare or other salt tolerant mutants
in the saline paddy ﬁeld.1)
Our results indicate that the mutation breeding
technique using a heavy-ion beam will be more beneﬁcial for developing a high yield rice variety through
application to commercial varieties. In addition, highyield mutants could be useful resources for the identiﬁcation of quantitative trait loci (QTL) or genes affecting yield components.

Fig. 1. Panicle structure of Nipponbare, 14-45, and 40-L.

Table 1. Comparison of Plant height and panicle structure
between mutant lines and Nipponbare.

Nipponbare
14-45
40-L

Plant
height
(cm)
110.67±1.67
126.42±0.31
133.73±2.31

Rachis
branch
number
10.0±0.41
11.8±0.89
12.5±0.65

Spikelet
number
(/rachis branch)
10.0±2.69
13.1±3.90
14.0±4.16

References
1) Y. Hayashi et al.: Jpn. J. Breed., 13 (suppl. 1), 205
(2011).

Table 2. Yield and yield components of mutant lines and Nipponbare.
Panicle
number
Nipponbare
14-45
40-L

24.9±1.69
22.1±1.40
21.8±1.63

Panicle
weight
(g/panicle)
2.83±0.05
3.75±0.29
3.80±0.19

Panicle
weight
(g/plant)
55.2±2.28
61.5±0.58
65.0±2.50

Panicle
length
(cm)
19.8±0.32
21.1±0.18
22.5±0.30

Spikelet
number
(/panicle)
106.9±0.60
167.7±10.68
160.7±2.64

* Relative value of yield to Nipponbare

∗1

Graduate School of Life Sciences, Tohoku University
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Fertility
(%)
96±0.00
85±3.06
83±1.73

Grain
weight
(g/1000grains)
26.1±0.35
23.8±0.20
24.9±0.47

Yield
2

(g/m )
739.36±53.88
826.42±21.76
821.50±46.62

Relative
Yield*
1.00
1.12
1.11
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Preface
On August 12th, 2012, Morita and his collaborators

Rare RI Ring. Operating in the isochronous mode, the ring

created the third atom of element 113. This long-awaited

can be considered RIKEN’s 10th 24-sector ring cyclotron

event was finally observed as six consecutive alpha decays

since the first Japanese cyclotron was built by Dr. Nishina

connected to the well-known nuclides, unambiguous proof

in 1937. This ring does not accelerate but can measure the

that the atomic number is 113 and the mass number is 278,

mass of rare isotopes at the PPM level.

as described in “Highlights of the Year” in this volume of

We have also received supplemental funds for Slow-RI

the RIKEN Accelerator Progress Report (APR). This news

and the beam line from the Intermediate Ring Cyclotron to

was cited by hundreds of public articles worldwide. We, the

the old experimental halls. The former allows for RIs

Nishina Center, are proud of this great discovery, appreciate

produced by BigRIPS to slow down for precision

all participants engaged in this project, and hope to clinch

measurements

th

our claim to naming rights for the 113 element.

such

as

nuclear

magnetic

moment

measurements. With the latter, heavy-ion plant breeding

The Radioisotope Beam Factory (RIBF) accelerator

will become more versatile with the use of beams with a

performance was greatly improved, in particular, by

higher penetrating power. All the experimental facilities

introducing the newly developed helium-gas-filled charge

planned at the launch of the RIBF project are now either

stripper and upgrading the fixed-frequency Ring Cyclotron.

realized or fully funded.

Descriptions of both developments are also featured in

At the RIKEN-BNL Research Center, the newly

“Highlights of the Year.” With this improvement, the RIBF

installed silicon vertex detector exhibited the anisotropic

is now at the forefront of global radioisotope beam

flow of charm quarks in a quark–gluon plasma. With the

production, and many new experimental results are being

improved muon arm, the first data on the asymmetries of W

produced, as described in this APR. Moreover, hundreds of

boson decay into muons were obtained. From the RIKEN

European nuclear physicists are visiting and collaborating

RAL Muon Facility, two brand-new muon spin resonance

with the Nishina Center for the EURICA (EUroball-RIKEN

(SR) data were selected for “Highlights of the Year.”

Cluster Array) Project to perform the world’s first

By 2012, RIKEN’s five-year midterm was concluded.

measurements of gamma rays and beta rays from very rare

We have successfully completed almost everything we had

isotopes. Several experiments are being performed with

planned to accomplish during this midterm with a special

SAMURAI, which was finally energized for such

gift, element 113. As the saying goes, “Heaven helps those

experiments.

who help themselves.”

Another significant achievement of the Nishina Center
is the development of a new technique to produce

Hideto En'yo
Director,
RIKEN Nishina Center for Accelerator-Based Science

spin-controlled rare isotopes, made available thanks to the
great versatility of the BigRIPS isotope separator. The new
technology provides unprecedented opportunities for
research on the nuclear structure of species found outside
the traditional region of the nuclear chart.
Another significant event was the construction of the

-1-

II. RESEARCH ACTIVITIES I
(Nuclear-Particle Physics)

1. Nuclear Physics

Ⅱ-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 46 (2013)

New α-decay transitions of

217

U

Y. Wakabayashi, K. Nishio,∗1 S. Mitsuoka,∗1 K. Morita, K. Morimoto, D. Kaji, H. Haba, T. Sumita,
A. Yoneda, and Y. Gono
Synthesis of neutron-deficient actinide nuclei close to
the N = 126 shell closure is important for estimating
the stability of the N = 126 closed shell1) and the
limit of existence for elements with N = 126. It is also
interesting to study the structure of the actinide nuclei
with a spherical shape. Actinide nuclei with N = 126
have been produced up to uranium (218 U), and 217 U
is reported as the lightest uranium isotope produced
thus far. The investigation on the nuclei in this region
has been commenced. We chose the reaction 82 Kr +
138
Ba to produce a new isotope 216 U (N = 124) in
the fusion-evaporation reaction as the first step. The
cross section is important for evaluating cross sections
of unknown nuclei such as 220 Pu with N = 126, for
example, by using the reaction 82 Kr + 140 Ce, which
would allow us to expand the scope our study. We
have also attempted to find the isomeric states and
new transitions for these actinide nuclei to study their
nuclear properties.
An experiment using the 138 Ba + 82 Kr reaction was
performed at the RIKEN Linear Accelerator (RILAC)
facility. 82 Kr12+ beams of 384 and 397 MeV were used
to bombard a rotating 138 BaCO3 target foil having a
thickness of about 430 µg/cm2 . The corresponding
beam energies at the center of the target were 363
and 378 MeV, respectively. The bombarding energy
of 378 MeV was chosen on the basis of the largest
cross section for 216 U predicted by the code HIVAP2) .
We also used a beam energy of 363 MeV to examine
the energy dependence of the cross section for other
isotopes. 138 BaCO3 targets were prepared by sputtering 99%-enriched 138 Ba on 1.5-µm-thick aluminum
foils, and they were also covered with 65 µg/cm2 of
aluminum by sputtering. Evaporation residues (ERs)
were separated from the beam particles by a gas-filled
recoil ion separator (GARIS) and were implanted into
a position-sensitive strip detector (PSD; 58 × 58 mm2 )
at the focal plane. Two timing detectors were set in
front of the PSD to obtain the time-of-flight (TOF)
signal of the ERs. The timing information was also
used to distinguish between the α-decay event in the
PSD and recoil implantation. In this experiment, 4.3
× 1017 and 7.8 × 1016 beam doses were accumulated
at 397 MeV and 384 MeV, respectively.
The isotope identification was performed by using
an α-decay chain and recoil implantation in the PSD
with the help of known α-decay properties (energy and
lifetime) of the descendants and the position correlation between implanted ERs and subsequent α-decays.
Figure 1 shows an α-α correlation spectrum obtained
∗1

at both beam energies, 384 and 397 MeV. The decay
chain that originated from 216 U could not be identified, and the upper limit cross section was determined
to be 10 pb. Additional irradiation experiments are
necessary to study the production of 216 U.
For investigating the α decay of 217 U, three decay
energies of 8050±45, 8134±45, and 8243±45 keV with
the intensities of 16±10%, 26±13%, 58±22%, respectively, were assigned temporarily, as shown in Fig. 1,
because these values are consistent with the transition properties (intensity and energy spacing) of other
N =125 isotones. For example, 215 Th (Z=90) has the
α-decay energies of 7336±15, 7387±15, and 7520±15
keV with the intensities of 8±3%, 52±3%, and 40±3%,
respectively. In the past, four events in total were reported for 217 U, with a decay energy of 8018±11 keV
3,4)
and a half-life of 15.6+21.3
. In our result, the en−5.7 ms
ergy of 8243 keV seems to correspond to a ground-state
transition. This is different from the reported value. In
+7.3
contrast, the half-life of 23.7−4.5
ms obtained in our experiment was consistent with the reported value. Further irradiation experiments are underway, which will
help to gather more statistics and to perform the αγ coincidence measurement, which will in turn help
to identify new transitions and a new theoretical approach.
Daughter alpha energy (keV)

8050 8134
8000

8243
217

216

7500

U

Pa
217

Pa

7000
213,4

Th

6500
7500

8000
8500
Parent alpha energy (keV)

Fig. 1. An α-α correlation spectrum. The X and Y axis
denote the α-decay energy of the parent and daughter
nucleus, respectively. The time difference between implanted ERs and the parent α-decay and between the
parent and the daughter α-decays was within 100 ms
and 1 s, respectively. The horizontal and vertical position windows in the PSD were within the same strip
(∼3.6 mm width) and ±1.5 mm, respectively.

References
1) H. Koura and T. Tachibana: Butsuri (in Japanese), 60,
717 (2005).
2) W. Reisdorf and M. Schadel: Z. Phys. A343, 47 (1992).
3) O.N. Malyshev et al.: Eur. Phys. J. A8, 295 (2000).
4) A.-P. Lappänen et al.: Eur. Phys. J. A25, s01, 183
(2005).
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Production of nuclear spin polarized

31,33

Cl

T. Nagatomo,Y. Ishibashi, Y. Abe, N. Yoshida, H. Shirai, T. Suzuki, T. Niwa, S. Fukuoka, N. Inaba, S. Okada,
Y. Saito, T. Fujita, X.F. Yang, Y. Ichikawa, T. Furukawa, D. Nagae, A. Ozawa, D. Nishimura, M. Mihara,
M. Fukuda, K. Asahi, K. Matsuta, S. Momota, T. Minamisono ∗1 and H. Ueno
asymmetry change is normalized to be a product of
the asymmetry parameters A and the polarization P .
Since the asymmetry parameter of 33 Cl was estimated
as A = −0.39, the degree of the polarization of 33 Cl
was obtained as P = 4.36(38)%. The obtained polarization was quite large compared with that of nuclei produced through the similar production process,
which is typically ∼ 1%. From the results, the degree
of polarization of 31 Cl is expected be similar or more
than that of 33 Cl. It is quite interesting to understand
the mechanism of the nuclear spin polarization process
of 33 Cl. Further analyses are in progress.
In the case of 31 Cl, the contaminants in the secondary beam were unexpectedly large because the
production cross section of 31 Cl was quite small. A
measurement of the µ moment of 31 Cl under a wellseparated 31 Cl beam with an improved β-NMR detection system is under preparation.

Proton-odd nuclei located near the proton-drip line
in the sd-shell have much smaller proton-separation energies compared with stable nuclei. In particular, 31 Cl
(I π = 3/2+ ,1) T1/2 = 150 ± 25 ms) is known to have
an extremely small separation energy of 290(50) keV.
Thus, the nuclear structure of 31 Cl has attracted attention as a proton-rich loosely bound nuclear system.
Recently, we reported the µ and Q moments of protonrich nucleus 23 Al2,3) that exhibits small proton separation energy. Despite the small separation energy, no
signiﬁcant signals of the exotic structure were found in
the 23 Al structure. In the case of 31 Cl, because the valence proton is considered to be around 30 S (sub-shell
closed nucleus), 31 Cl nucleus is considered to have a
comparatively simpler conﬁguration mixing than that
of 23 Al.
The experiment was carried out by utilizing the
RIKEN Projectile Fragment Separator RIPS. Nuclear
spin-polarized 31,33 Cl nuclei were produced by the
bombardment of 32 S ions on a 2.5-mm-thick 9 Be target. The 32 S15+ beam was delivered at E = 100
MeV/nucleon at a typical intensity of ∼15 particlenA on the target. The production process, 32 S +9
Be →31,33 Cl + X, is considered as a composite process
of the pick-up and the projectile fragmentation processes. The fragments emitted at an angle from −4.9◦
to −0.8◦ with respect to the primary beam and at the
momentum below 1.00 p0 , where p0 = 14.2 GeV/c is
the peak in the distribution, were selected by RIPS. A
wedge-shaped degrader (145.2 mg/cm2 ) was used for
the momentum-loss analysis. Then, the 31,33 Cl ions
were transported to a β-NMR apparatus and were implanted into a NaCl crystal (0.5-mm-thick) together
with contaminating fragments as contaminants, which
became low energy-β-ray emitters. The production
cross sections of 31,33 Cl from 32 S were found to be signiﬁcantly smaller than that expected from the similar
processes such as 23,25 Al and 23 Ne produced from 24 Mg
and 22 Ne.
First, β-NMR measurements by means of the adiabatic fast passage method (AFP) were conducted with
33
Cl nuclei, which were purely isotope-separated. The
β-NMR spectrum of 33 Cl in NaCl at room temperature is shown in Fig. 1, together with the response
curve where the eﬀect of the frequency modulation
width of the AFP magnetic ﬁeld is shown as a dashed
line. The amplitude of the NMR signal is proportional
to the asymmetry change of β-ray emission with respect to the magnetic ﬁeld. In Fig. 1, the maximum
∗1

33Cl

in NaCl (R.T.)

Asymmetry Change

AP

No RF
FM Width

Fig. 1. Obtained NMR spectrum of
temperature.

33

Cl in NaCl at room

References
1) A. Kankainen et al.: Euro. Phys. Jour. A 27, 67 (2006).
2) A. Ozawa et al.: Phys. Rev. C 74, 021301(R) (2006).
3) T. Nagatomo et al.: Hyperﬁne Interact. 198, 103
(2010).
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Complete set of deuteron-proton elastic scattering at 294
MeV/nucleon and three nucleon force
K. Sekiguchi, Y. Wada, J. Miyazaki, T. Taguchi, U. Gebauer,∗1 M. Dozono, S. Kawase,∗2 Y. Kubota,∗2
Y. Maeda,∗3 T. Mashiko, K. Miki, S. Sakaguchi, H. Sakai, N. Sakamoto, M. Sasano, Y. Shimizu,
K. Takahashi, R. Tang,∗2 T. Uesaka, T. Wakasa,∗4 and K. Yako,2
Study of three-nucleon forces (3NFs) is important
for clarifying nuclear phenomena. The ﬁrst signature
of the 3NF was found in the binding energies of 3 H
and 3 He, and the signiﬁcance of 3NFs has recently
been pointed out in providing descriptions of discrete
states in higher mass nuclei. Study of three-nucleon
scattering at intermediate energies (E/A ∼ 200 MeV)
is a promising approach for investigating the dynamical aspects of 3NFs, such as momentum and/or spin
dependence. A previous measurement of deuteron analyzing powers for deuteron–proton elastic scattering
at 250 MeV/nucleon shows remarkably diﬀerent features from those at lower energies (E/A ∼ 100 MeV)
in comparison between the data and the rigorous numerical 3N Faddeev calculations1) . In order to obtain
a consistent understanding on the spin-dependence of
3NFs up to high momenta we have measured a complete set of deuteron analyzing powers (iT11 , T20 , T21 ,
and T22 ) for deuteron–proton (dp) elastic scattering at
294 MeV/nucleon as the second experiment with polarized deuteron beams at RIBF.
A schematic diagram of the experimental setup has
been provided in Ref. (1). First vector- and tensor- polarized deuteron beams were accelerated by the injector cyclotrons AVF and RRC up to 100 MeV/nucleon;
subsequently, they were accelerated up to 294 MeV/
nucleon by the new superconducting cyclotron SRC.
The polarization axis of each beam was rotated by using a Wien ﬁlter system prior to their acceleration3) .
Therefore, single-turn extraction of the beams from all
three cyclotrons, AVF, RRC, and SRC was required
in order to maintain the polarization amplitudes during acceleration. The typical values of the beam polarizations determined by the experiment were 80%
of the theoretical maximum values. The dp elastic
scattering was performed by using a detector system,
BigDpol, which was installed at the extraction beam
line of the SRC. Polyethylene (CH2 ) with a thickness
of 330 mg/cm2 was used as the hydrogen target. In
BigDpol, four pairs of plastic scintillators coupled with
photo-multiplier tubes were placed symmetrically in
the directions of azimuthal angles to the left, right,
up and down. Scattered deuterons and recoil protons
were detected in the kinematical coincidence condition
by each pair of detectors. The angles (θc.m. ) measured
∗1
∗2
∗3
∗4

in the center-of-mass system are in the range 40◦ –162◦ .
In the experiment, the deuteron beams were stopped
in the Faraday cup, which was installed at the focal
plane F0 of the BigRIPS spectrometer.
Angular distributions of all deuteron analyzing powers iT11 , T20 , T21 , and T22 are represented by open circles in Fig. 1. The statistical errors are also shown.
The dark (light) shaded bands in the ﬁgure represent the Faddeev calculations with (w/o) the TucsonMelbourne99 3NF4) based on modern NN potentials,
namely CDBonn6) , AV187) , and Nijmegen I and II8) .
The solid lines represent the results of the calculations
with the Urbana IX 3NF5) based on the AV18 potential. Good agreements between the data and the
calculations with the 3NFs are obtained at forward
angles given by θc.m. ≤ 120◦ ; however, at backward
angles, good agreements are not observed even when
3NFs are included. These results are highly similar to
those obtained at 250 MeV/nucleon, indicating that
some signiﬁcant components are missing in the higher
momentum transfer region.

Fig. 1. Deuteron analyzing powers iT11 , T20 , T21 , and T22
for dp elastic scattering at 294 MeV/nucleon.
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Spectroscopy of unbound oxygen isotopes using SAMURAI
Y. Kondo, T. Nakamura, N. Kobayashi, R. Tanaka, R. Minakata, S. Ogoshi, S. Nishi, D. Kanno, T. Nakashima,
N. L. Achouri,∗1 T. Aumann,∗2 H. Baba, F. Delaunay,∗1 P. Doornenbal, N. Fukuda, J. Gibelin, J. W. Hwang,
N. Inabe, T. Isobe, D. Kameda, S. Kim, T. Kobayashi, T. Kubo, S. Leblond, J. Lee, F. M. Marqués,∗1
T. Motobayashi, D. Murai, T. Murakami,∗3 K. Muto, N. Nakatsuka, A. Navin,∗4 N. A. Orr,∗1 H. Otsu, H. Sato,
Y. Satou, Y. Shimizu, H. Suzuki, K. Takahashi, H. Takeda, S. Takeuchi, Y. Togano, A. G. Tuﬀ,∗5
M. Vandebrouck,∗6 and K. Yoneda
Table 1. Energies and secondary beam intensities per 100pnA 48 Ca beam. ∆P/P denotes the momentum acceptance using BigRIPS.

The neutron-rich unbound oxygen isotopes 25 O and
O were studied in the ﬁrst experimental campaign
using a new spectrometer SAMURAI.1)
The limit of nuclear stability for neutron-rich oxygen
isotopes is 24 O (N = 16), whereas 31 F, having 6 more
neutrons, is bound. This sudden change in the drip
line has not yet been understood. A recent shell-model
study suggests that three-nucleon forces play an important role in explaining the drip line for oxygen isotopes.2) On the other hand, experimental information
on the oxygen isotopes at N > 16 is limited because of
the diﬃculty in producing extremely neutron-rich nuclei and observing unbound states. We performed an
experiment to determine the masses and decay properties of unbound states of 25 O and 26 O by the invariant
mass method using SAMURAI with intense RI beams
provided by BigRIPS. The unbound nucleus 25 O (26 O)
was produced using one- and two-proton removal reactions from 26 F (27 F) and 27 Ne (28 Ne), respectively,
on a carbon target. Unbound states of 25 O and 26 O
can be identiﬁed by the invariant mass spectrum reconstructed from the measured momentum vectors of
the outgoing 24 O fragment and neutron(s).
26

Beam
27

F
Ne
26
F
27
Ne
28

Energy
(MeV/u)
212
241
212
240

∆P/P
(%)
±3
±3
±0.6
±0.6

Intensity
(kpps/100 pnA)
0.70
10
1.8
9.4

purity
(%)
1.7
25
10
54

Figure 1 shows a schematic view of the experimental
setup. Secondary beams were produced by projectile
fragmentation of a 48 Ca primary beam at 345 MeV/u
with intensity of 110–200 pnA and separated by BigRIPS. 26 F and 27 Ne (27 F and 28 Ne) were obtained
as a cocktail beam. Energies and intensities are summarized in Table 1. Secondary beams were monitored
by plastic scintillators at the focal planes F3, F7, and
F13, a MWPC at F5, and an ionization chamber at
F13. Incident angle and position at the secondary target were measured by two MWDCs. The thickness of
the secondary carbon target was 1.8 g/cm2 .
Outgoing charged fragments were detected by
MWDCs placed at the entrance and exit of the SAMURAI dipole magnet,3) and a plastic scintillator hodoscope. Outgoing neutrons were detected by a large
neutron detector array, NEBULA.4) A γ ray detector
array DALI25) was also installed at the target area to
detect de-excitation γ rays emitted from excited outgoing charged particles.
Data analysis is currently in progress.
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Structure of the most neutron-rich isotopes of Boron and Carbon
studied via breakup and inelastic scattering at SAMURAI
T. Nakamura,∗1 N. A. Orr,∗2 Y. Kondo,∗1 J. Gibelin,∗2 N. Kobayashi,∗1 R. Tanaka,∗1 R. Minakata,∗1
S. Ogoshi,∗1 S. Nishi,∗1 D. Kanno,∗1 T. Nakashima,∗1 N. L. Achouri,∗2 T. Aumann,∗3 H. Baba, F. Delaunay,∗2
P. Doornenbal, N. Fukuda, J. W. Hwang,∗4 N. Inabe, T. Isobe, D. Kameda, S. Kim,∗4 T. Kobayashi,∗5 T. Kubo,
S. Leblond,∗2 J. Lee, F. M. Marqués,∗2 T. Motobayashi, D. Murai,∗6 T. Murakami,∗7 K. Muto,∗5
N. Nakatsuka,∗7 A. Navin,∗8 H. Otsu, H. Sato, Y. Satou,∗4 Y. Shimizu, H. Suzuki, K. Takahashi,∗5 H. Takeda,
S. Takeuchi, Y. Togano,∗9 A. G. Tuff,∗10 M. Vandebrouck,∗11 K. Yoneda
19

C and 20 N, and 22 N and 23 O has also been employed
to access 18 B and 21 C, respectively.
In the case of the Pb target, Coulomb dissociation is
privileged and, for a well developed halo with a significant s-wave valence neutron configuration, strong lowlying E1 strength should be observed. Such enhancements are sensitive to the the spatial distribution of the
valence neutrons and provide an independent means to
determine their spectroscopic configuration. In addition, as has been shown for 11 Li5) , the E1 strength
function, when constrained by the total matter radius,
may also be used to provide insight into the valence
neutrons spatial correlations, which may be compared
to those that will be deduced from the neutron-neutron
relative momenta6) .
The measurements outlined above were accomplished using the newly commissioned SAMURAI facility7) , which comprised the superconducting 7 Tm
spectrometer8) coupled to the large area neutron array NEBULA9) and the DALI2 γ-ray detector10) , and
were performed as part of the first phase of SAMURAI experiments. The setup was identical to that employed in our study of the most neutron-rich oxygen
isotopes (Figure 1 of Ref.11) ) and secondary beam intensities of up to some 100 and 20 pps of 19 B and 22 C at
∼240 MeV/nucleon were delivered by the RIBF. Preliminary analyses suggest that the main goals of the
experiments will be achieved.

The investigation of the light neutron-rich dripline
nuclei, including in particular those exhibiting halos,
has been a central theme of nuclear structure physics
over the last two decades. These studies have, however,
been limited for the most part to the He, Li and Be
isotopes. With the advent of the RIBF and intense
energetic beams of 48 Ca the path has been opened to
exploring structure of heavier neutron dripline nuclei.
In the present work a series of measurements aimed at
elucidating the structure of the two heaviest candidate
two-neutron halo systems, 19 B and 22 C1–3) , and the
associated unbound sub-systems 18 B and 21 C, the level
schemes of which are critical to the defining the 17 B-n
and 20 C-n interactions for three-body models, has been
undertaken. In addition to being of direct importance
to halo physics, 18,19 B and 21,22 C are of considerable
interest in terms of the evolution of shell-structure far
from stability as they span the N=14 and 16 sub-shell
closures below doubly-magic 22,24 O.
In order to explore the structure of 19 B and 22 C,
reactions on a light (C) and heavy (Pb) target were
investigated. In the former case, continuum states
(core+n+n) were populated via inelastic scattering
whereby it is hoped that 22 C(2+
1 ) may be located and
the corresponding transition strength determined. The
neutron unbound 18 B and 21 C will be probed through
the reconstruction of the core+n invariant mass spectra following single-neutron removal from 19 B and 22 C.
Information on the angular momentum of the removed
valence neutron will be obtained through the reconstruction of the 18 B and 21 C momentum distributions
and the core+n angular correlations4) . In a complementary manner, single and two-proton removal from
∗1
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∗4
∗5
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∗10

∗11
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France
Institut für Kernphysik, Technische Universität Darmstadt,
Germany
Department of Physics and Astronomy, Seoul National University, South Korea
Department of Physics, Tohoku University
Departiment of Physics, Rikkyo University
Department of Physics, Kyoto University
GANIL, CEA/DSM-CNRS/IN2P3, France
ExtreMe Matter Institute (EMMI) and Research Division,
GSI, Germany
Department of Physics, University of York, UK
Institut de Physique Nucléaire, Université Paris-Sud,
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Proton elastic scattering from 22O and 24O, drip-line nucleus, at RIBF
V. Lapoux,＊1 H. Otsu, S.Boissinot,＊1 H. Baba, R.J. Chen, E.C. Pollacco,＊1 Y. Blumenfeld,＊2 F. Flavigny,＊1 S. Franchoo,＊2
N. Fukuda, P. Gangnant,＊3 F. Hammache,*2 Ch. Houarner,＊3 N. Inabe, D. Kameda, J.F.Libin,＊3 C. Louchart,＊1 A. Matta,＊2
M. Matsushita, T. Motobayashi, L. Nalpas,＊1 E. Yu. Nikolskii, M. Kurata-Nishimura, A. Obertelli,＊1 T. Onishi, E. Rindel,＊2
Ph. Rosier,＊2 H.Sakurai, F. Saillant,＊3 M.Takechi, S. Takeuchi, Y. Togano, K.Yoneda, A.Yoshida and K.Yoshida
Low-lying resonances or new magic shells represent
stringent tests for the nuclear theories and their modeling of
the nuclear interaction. These last years it was shown that
several effects are playing a crucial role in the nuclear
models, for the understanding of the location of the neutron
drip-line and the spectroscopy of exotic nuclei: the
inclusion of 3-nucleon forces1), the influence of the
proton-neutron interaction2) and the continuum-coupling
treatment. In this context, the excited states of the drip-line
N=16 doubly-magic nucleus 24O and the characteristics of
the new magic shell gap2) created at N=16 between the 2s1/2
and the 1d3/2 shells were intensively investigated. 24O
having no bound excited state, various particle spectroscopy
techniques have been used. At MSU, via invariant mass
method, possible states were indicated3) above Sn =4.19 (14)
MeV, around 4.5 and 5.3 MeV, but not clearly identified.
Recently, at RIKEN, Tshoo et al. have confirmed the new
excited states4) and studied the deformation of the first 2+ to
establish the N=16 shell gap. In the same period, we used
another technique, the missing mass method, to investigate
the structure and the spectroscopy of 24O via proton elastic
and inelastic scattering.
The RIBF57 experiment was realized in the F8 area by
combining the intense RIBF beams and the state-of-the-art
particle detector array MUST25). 24O was produced in
BigRIPS6) at 263 MeV/n with unique mean intensities,
1760/s during ~7days, from the fragmentation on a Be
target of the 48Ca beam at 345 MeV/n. The (p,p’) kinematics
were obtained by the correlations of the proton energy with
the scattering angle, and the incident and outgoing particles
were identified in BigRIPS, and in the ZDS7), respectively.
The full experimental set-up was shown and explained in
Ref.8). The excitation energy spectra (Ex) were extracted.
The analysis method was checked on the (p,p’) scattering of
22
O at 262.5 MeV/n, used as reference measurement. The
Ex spectrum of 24O was deduced but the excited states were
not determined (except indications within maximum
likelihood procedure) due to the very low statistics for the
inelastic events (less than 100 counts for the whole data set)
and the large background contamination due to the triton
particles; the rate of 24O was only 2.5 % of the total beam.
For proton elastic scattering, we had enough statistics to
obtain the angular distributions for 21-24O isotopes.
＊1
＊2
＊3

Fig.1. Elastic cross sections for 24O(p,p)24O at 263 MeV/n
(exclusive data) compared to phenomenological (black curve) and
to microscopic calculations (red). The data for 22O(p,p) at 262.5
MeV/n are presented with black squares.

The 24O(p,p)24O elastic data were compared with
calculations (Fig.1) done within the optical model potential
(OMP) framework, using the ECIS06 code and KD9) global
nucleon-nucleus potential, and within G-matrix microscopic
potential formalism10). From the 21-24O(p,p) elastic data, the
matter density root mean square radii Rm can be extracted
using microscopic density-dependent optical potentials:
Rm(22O) = 3.0  0.1, Rm(24O) = 3.25  0.15 fm; full
discussions are in progress, note that the ones from
interaction cross sections11) are 2.88(6) and 3.19(13) fm,
respectively. These results constitute also a unique
benchmark to explore the characteristics of the
proton-nucleus interaction potentials around 260 MeV/n.
References

1) T. Otsuka et al., Phys. Rev. Lett. 105, 032501 (2010).
2) T. Otsuka et al., Phys. Rev. Lett. 91, 179202 (2003).
3) C.R. Hoffman et al., Phys.Lett.B 672, 17 (2009).
4) K. Tshoo et al., Phys. Rev. Lett. 109, 022501 (2012).
5) E.C. Pollacco et al., Eur. Phys. J. A 25, 287 (2005)
6) T. Kubo et al., NIM. in Phys. Res., B 204, 97 (2003).
7) T. Ohnishi et al., J. Phys. Soc. Jpn. 77, 083201 (2008).
8) V. Lapoux et al., RIKEN Accel. Prog. Report Vol 45 (2012) 7.
9) A. Koning and J. P. Delaroche, Nucl. Phys. A 713, 231 (2003).
10) H. F. Arellano et al., Phys. Rev. C 52, 301 (1995).
11) A. Ozawa,T. Suzuki, I. Tanihata,, Nucl. Phys. A693, 32 (2001).

CEA Saclay IRFU/SPhN, France
CNRS-IN2P3, IPNO, France
GANIL, France

-8-

Ⅱ-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 46 (2013)

Evidence for the significant d-wave component in the 12 Be ground
state obtained in the d(12 Be,t)11 Be reaction
E. Yu. Nikolskii, A. A. Korsheninnikov, ∗1 H. Otsu, H. Suzuki, K. Yoneda, H. Baba, K. Yamada, Y. Kondo,
N. Aoi, M. S. Golovkov,∗2 A. S. Fomichev,∗2 S. A. Krupko,∗2 M. Kurokawa, E. A. Kuzmin,∗1 I. Martel,∗3
W. Mittig,∗4 T. Motobayashi, T. Nakamura, M. Niikura, S. Nishimura, A. A. Ogloblin,∗1 P. Roussel-Chomaz,∗4
A. Sanchez-Benitez,∗3 Y. Satou, S. I. Sidorchuk,∗2 T. Suda, S. Takeuchi, K. Tanaka, G. M. Ter-Akopian,∗2
Y. Togano, and M. Yamaguchi
reaction at 100 A MeV10) and 12 C(d,3 He)11 B at 41 A
MeV11) . For the final estimation, the average cross
sections for these two sets of potentials were taken.
The estimated SF s together with ones deduced in4)
are presented in Table 1.

At present, it is established that the shell closure at
N = 8 disappears in light nuclei near the neutron drip
line. In particular, studies1,2) have revealed that the
12
Be ground state represents mixture of normal closed
shell (0p1/2 )2 configuration with significant component
of (1s0d)2 orbitals relative to the 10 Beg.s. core. However, thus far only two experiments3,4) have focused
on quantitatively measuring the spectroscopic factors
(SF s) for the corresponding configurations of valence
neutrons in 12 Beg.s. via one-neutron knockout reaction
with 12 Be. In a previous work4) , the deduced SF s
showed a large admixture of the s and d-configurations.
In our R390n experiment at RIPS, the d(8 He,3 He)7 H,
12
d( Be,3 He)11 Li, and d(8 He,t)7 He reactions were measured in order to extract information for the exotic 7 H,
11
Li, and 7 He systems5,6) . Recently, we analyzed the
data for the excitation energy spectrum of 11 Be* obtained in the same run and populated in one-neutron
pickup reaction d(12 Be,t)11 Be at E = 71A MeV and
angular range of θCM ≈ (20 –70 ). These data have been
previously reported7) . In the spectrum measured up to
E* ∼ 5 MeV, the low-energy excited states of 11 Be are
not clearly resolved owing to insufficient energy resolution, FWHM ≈ 1.7 MeV. However, we applied decomposition analysis, assuming the contribution of the
following states of 11 Be: (1/2− ) 0.32 MeV, (5/2+ ) 1.78
MeV, (3/2− ) 2.65 MeV, and some pseudo-state near
E* ≈ 3.8 MeV that could be sum of three closed levels at 3.4, 3.89, and 3.96 MeV8) . The intruder ground
state (1/2+ ) of 11 Be was not included in the analysis
because, according to DWBA calculations, the transfered momentum L = 0 should be considerably (about
5 times) suppressed at this energy and angular range.
In numerous variants of χ2 -minimization fittings the
presence of (5/2+ ) state at 1.78 MeV was manifested.
The cross sections for the states at 0.32, 1.78, and
2.65 MeV were evaluated to be 1.4 ± 0.5, 2.3 ± 0.8,
and 2.4 ± 0.8 mb/sr, respectively. We attempted to
estimate (very roughly) SF s for these states by performing DWBA cross sections calculations (the code
DWUCK59) was used) based on two sets of optical
potentials, which were determined for the 12 C(d,t)11 C
∗1
∗2
∗3
∗4

Table 1. The estimated spectroscopic factors for the lowlying excited states of 11 Be obtained in one-neutron
pickup reaction d(12 Be,t)11 Be. The errors are statistical only. The last column presents SF s extracted in4) .
11

0.00
0.32
1.78
2.65

Be*
(1/2+ )
(1/2− )
(5/2+ )
(3/2− )

< SF >
(present)
—
0.65 ± 0.24
0.41 ± 0.14
0.85 ± 0.30

SF
Pain et al.4)
0.56 ± 0.18
0.44 ± 0.08
0.48 ± 0.06
0.40 ± 0.07

In spite of the rough estimation, the extracted SF s
are in satisfactory agreement with results4) , exhibiting
additional argument for the significant admixture of
d-wave component in 12 Beg.s. and, therefore, for the
melting of the magicity at N = 8 near the drip-line.
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Well developed deformation in

42

Si†

S. Takeuchi, M. Matsushita,∗1 N. Aoi, P. Doornenbal, K. Li,∗2 T. Motobayashi, H. Scheit,∗3 D. Steppenbeck,∗1
H. Wang,∗2 H. Baba, D. Bazin, L. Càceres,∗4 H. Crawford,∗5 P. Fallon,∗5 R. Gernhäuser,∗6 J. Gibelin, S. Go,
S. Grévy,∗4 C. Hinke,∗6 C. R. Hoﬀman,∗7 R. Hughes,∗8 E. Ideguchi,∗9 D. Jenkins,∗10 N. Kobayashi, Y. Kondo,
R. Krücken,∗11 T. Le Bleis,∗6 J. Lee, G. Lee,∗12 A. Matta,∗13 S. Michimasa,∗1 T. Nakamura, S. Ota,∗1
M. Petri,∗4 T. Sako,∗12 H. Sakurai, S. Shimoura,∗1 K. Steiger,∗6 K. Takahashi,∗12 M. Takechi, Y. Togano,
R. Winkler,∗14 and K. Yoneda
A

In this work, the ﬁrst 2+ and 4+ excited states in
Si have been studied via in-beam γ-ray spectroscopy for assessing the validation of the nuclear
quadrupole collectivity in the vicinity of the proton
and neutron shell closures of Z = 14 and N = 28. Until now, the 2+
1 excitation energies have been systematically measured for lighter nuclei1–3) and, recently,
also for the 42 Si nucleus4–6) , but there have been no
data on higher excited states. Herein, we have successfully measured de-excitation γ-rays from excited
states higher than the 2+
1 state by employing nucleon
removal reactions as a means to populate these states
eﬃciently. Complementing the obtained energy levels
+
of the 4+
1 excited states with those of the 21 states,
we have demonstrated a rapid development of nuclear
deformation from N = 24 to N = 28.
The experiment was performed using intense radioactive beams of 40 S and 44 S obtained at the RIKEN
Radioactive Isotope Beam Factory. The reaction channels were identiﬁed by measuring 40,44 S beams and
38,40,42
Si outgoing particles by BigRIPS and ZeroDegree, respectively. De-excitation γ rays were detected
by the DALI2 array, which facilitates the eﬃcient analysis of the γ–γ coincidence. A prominent γ line observed with an energy of 742(8) keV in 42 Si conﬁrms
the 2+ state reported in an earlier study6) .
Among the γ lines observed in coincidence with the
2+ → 0+ transition in the 44 S to 42 Si reaction, the
most probable candidate for the transition from the
yrast 4+ state was identiﬁed, thereby leading to a
4+
1 energy of 2173(14) keV upon applying γ–γ coincidence analysis. As shown in Fig. 1, the energy ra-

36

38,40,42

†
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Fig. 1. (a) Ratios between the energies of the 2+
1 and 41
states (R4/2 ) for Si isotopes with harmonic vibration
(2.0) and rigid-body rotation (10/3). (b) Excitation
+
energies for 2+
1 (circle) and 41 (square) states. The
ﬁlled symbols indicate the results of the present study,
and solid and dashed lines represent predictions by
shell model calculations with the eﬀective interactions
of SDPF-MU7,8) and SDPF-U-MIX 9) , respectively.

+
tio R4/2 of 2.93(5) between the 2+
1 and 41 states in
42
Si is fairly close to the rigid-rotor limit, 10/3. The
38
4+
Si and 40 Si were assigned to energies of
1 states in
2239(25) and 2524(19) keV, respectively. The increase
in the R4/2 value in silicon isotopes from N = 24 to
N = 28 shows a rapid development of deformation (see
Fig. 1). Moreover, the large R4/2 value of 2.93(5) for
42
Si, which is also the largest among the known N = 28
isotones, indicates that this nucleus has the characteristic of a well-deformed rotor despite the magic numbers N = 28 and Z = 14.
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Los Alamos National Laboratory

References
1) R. W. Ibbotson et al.: Phys. Rev. Lett. 80, 2081 (1998).
2) C. M. Campbell et al.: Phys. Rev. Lett. 97, 112501
(2006).
3) C. M. Campbell et al.: Phys. Lett. B 652, 169 (2007).
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In the tin isotopes between the N = 50 and N = 82
major shell closures, the 2+
1 energies are well established and possess an almost constant value. This
is the expected behavior of semi magic nuclei in the
generalized seniority scheme. With the E2 excitation strength, the B(E2) value, the robustness of the
Z = 50 shell gap in the tin isotopes can be studied
in great detail. From seniority truncated large scale
shell model calculations, a parabolic pattern peaking
at mid-shell is expected, reflecting the number of particles (p) times holes (h) available for pair breakup1) .
In recent years, grand endeavors have been made
to obtain the B(E2) values for unstable proton-rich
tin nuclei in Coulomb excitation experiments1–4) . For
these nuclei, lifetime measurements from e.g. fusion
evaporation reactions are impracticable due to higher
lying isomeric states in the ns range. The resulting
B(E2) evolution for the tin nuclei indicated an unexpected enhancement towards the doubly-magic 100 Sn.
In order to understand the underlying mechanisms for
this enhancement, a Coulomb excitation measurement
of 104 Sn was performed. A second isotope with known
B(E2) value, 112 Sn, was also inelastically scattered
in order to extract the nuclear excitation contributions and potential from absolute cross-section measurements.
The experiment was performed at the Radioactive
Isotope Beam Factory (RIBF). A 124 Xe primary beam
was accelerated up to an energy of 345 MeV/u and
impinged on a 3 mm thick Be production target at
the F0 focus of the BigRIPS fragment separator5).
The Bρ − ∆E − Bρ method was applied to select
and purify secondary beams of 104 Sn and 112 Sn in
two subsequent measurements. Two wedge-shaped
aluminum degraders of 3 mm thickness each were inserted at the F1 and F5 dispersive focal points, respectively. Particle identification was performed with the
Bρ − ∆E−TOF method. A sample spectrum for the
104
Sn setting is shown in Fig. 1.
The secondary beams were incident on a 557 mg/cm2
Pb reaction target at energies around 150 MeV/u. In
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Fig. 1. Particle identification plot of the secondary beam
in front of the Pb reaction target. The 104 Sn isotopes
are labeled.

order to enhance the number of Sn fragments in the
fully stripped charge state, a 6 mg/cm2 thick Al foil
was placed behind the reaction target. Scattering angles were determined by two double PPACs located
1430 and 930 mm upstream of the secondary target and
one double PPAC located 890 mm downstream of the
+
secondary target. To detect γ-rays from the 2+
1 → 0gs
transitions, the reaction target was surrounded by the
DALI2 array6), consisting of 186 large-volume NaI(Tl)
detectors at center-of-crystal angles from 19 to 150 degrees. An efficiency of 14 % and an energy resolution of 6 % (FWHM) for the 1.33 MeV γ-ray of the
60
Co stationary sources was measured for the DALI2
array. Reaction products behind the secondary target
were identified by the ZeroDegree spectrometer, using
again the ∆E − Bρ−TOF method. Sufficient statistics
104
+
for the 2+
Sn and 112 Sn were
1 → 0gs transitions in
collected, allowing for absolute cross-section measurements as a function of the scattering angle. The data
is currently under analysis.
References
1)
2)
3)
4)
5)

A. Banu et al., Phys. Rev. C 72, 061305(R) (2005).
C. Vaman et al., Phys. Rev. Lett. 99, 162501 (2007).
J. Cederkäll et al., Phys. Rev. Lett. 98, 172501 (2007).
A. Ekström et al., Phys. Rev. Lett. 101, 012502 (2008).
T. Kubo et al., Prog. Theor. Exp. Phys. 2012, 03C003
(2012).
6) S. Takeuchi et al., RIKEN Acc. Prog. Rep. 36, 148
(2003).

CNS, University of Tokyo
Department of Physics, Rikkyo University
SKLNPT, Peking University
RCNP, Osaka University
CEA-Saclay, IRFU, SPhN
IFJ Pan, Cracow
CSIC Madrid
Department of Physics, University of Tokyo
Department of Physics, Tokyo University of Science
MTA ATOMKI, Debrecen

- 11 -

1

Ⅱ-1. Nuclear Physics

RIKEN Accel. Prog. Rep. 46 (2013)

In-beam γ-ray spectroscopy of
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Excited states in 38,40 Si nuclei have been studied using in-beam γ-ray spectroscopy with multi-nucleon removal reactions.1) The N = 28 isotope, 42 Si, can be
regarded as a magic nucleus in the traditional shell
model, because a large energy gap exists at N = 28
on account of the spin-orbit splitting. The enhanced
collectivity in the vicinity of 42 Si, however, has been
suggested by the recent studies,2−5) which show the
lowering of the energies of the 2+
1 state along the isotopic chain toward N = 28. In addition to such information on 2+
1 states, the systematical data on higherlying states, which may contribute valuable information on the nature of the nuclear collectivity and/or
shell evolution, are required for further understanding
the nuclear structure in this mass region.
In order to study such states, we performed multinucleon removal reactions with radioactive isotope
beams of 40 S and 44 S at RIBF. BigRIPS and the ZeroDegree spectrometer were employed to identify secondary beams and reaction products, respectively. Deexcitaion γ-rays from the reaction products were measured by the DALI2 γ-ray detector array. Owing to
the high intensity primary and secondary beams, several γ-ray lines were observed for the ﬁrst time.
The Doppler-shift corrected γ-ray energy spectra obtained for 38 Si and 40 Si are shown in Fig. 1. Two γ-ray
transitions with energies of 1168(22)- and 1284(26)keV were newly obtained for 38 Si, whereas a 1539(16)keV γ-ray line was observed for the ﬁrst time in 40 Si.
With an analysis on γ-γ coincidence and intensity for
each peak, the 1168-keV and 1539-keV γ-ray lines were
+
38
tentatively assigned to the 4+
Si
1 → 21 transitions in
40
and Si, respectively. The energy ratio between the
+
2+
1 - and 41 -state R4/2 , which reﬂects the nature of the
nuclear collectivity, were obtained to be 2.09(5) and
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Fig. 1. Doppler-shift corrected γ-ray energy spectra obtained in coincidence with (a) C(40 S,38 Si) and (b)
C(44 S,40 Si) reactions.

2.55(3) for 38 Si and 40 Si, respectively. Considering the
larger R4/2 value (2.93) obtained for 42 Si1) , these results indicate a rapid shape evolution from a spherical
shape in the N = 24 isotope 38 Si to a well-deformed
shape in the N = 28 isotope 42 Si. Further analysis
concerning γ-γ angular correlations6) and/or momentum distributions of each state are expected to help
the spin-parity assignments to the excited states.
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+
The reduced transition probability B(E2; 0+
gs → 21 )
28
for S was obtained experimentally using Coulomb
excitation at 53 MeV/nucleon.
For the Z = N nuclei, the collectivities of protons can be diﬀerent from one of neutrons due to
the neutron or proton structures. The diﬀerence of
the collectivities can be evaluated using the ratio of
the neutron transition matrix element to the proton
one (the Mn /Mp ratio)1) . Mp is related to B(E2) by
e2 Mp2 = B(E2). The Mn value can be deduced from
the Mp value in the mirror nucleus by assuming the
isospin symmetry. If collective motions of protons and
neutrons have same amplitudes, the |Mn /M p| value is
equal to N/Z. Deviation from |Mn /Mp | = N/Z corresponds to a proton or neutron dominant excitation and
should indicate a diﬀerence in the motions of protons
and neutrons.
A 28 S beam was produced from 115-MeV/nucleon
36
Ar beam and separated by RIPS. The typical 28 S intensity was 120 s−1 , which corresponds to 1.9% of the
total secondary beam intensity. A lead plate with a
thickness of 348 mg/cm2 was used as a secondary target. A scintillator array DALI2 was placed around the
target to measure de-excitation γ rays from ejectiles.
The scattering angle, ∆E, and E of the ejectiles were
measured by using a silicon telescope located downstream of the target.
A 1.5 MeV peak was observed in the γ-ray energy spectrum obtained by DALI2. The peak corresponds to the de-excitation from the known 2+
1 state
in 28 S2) . The B(E2) value of 28 S was determined to
be 181(31) e2 fm4 by analyzing the angular distribution of 28 S∗ particle by DWBA calculation3) . The
|Mn /Mp | ratio of 28 S amounts to (1.9 ± 0.2)N/Z by
taking the present result and B(E2) of mirror transition in 28 Mg4) . The ratio is signiﬁcantly larger than
N/Z indicating the hindered proton collectivity. This
hindrance can be understood if the proton collectivity
in 28 S is reduced due to the magicity at Z = 16. Figure
1 shows (a) the B(E2) values and (b) |Mn /Mp |/(N/Z)
†
∗1
∗2
∗3
∗4
∗5
∗6
∗7

Fig. 1. B(E2) (a) and the |Mn /Mp |/(N/Z) ratios (b) of
N = 12 isotones (22 Ne, 24 Mg, 26 Si) and Z = 16 isotopes.

ratios of N = 12 isotones and Z = 16 isotopes. As seen
in the ﬁgure, the neighboring N = 12 isotones have
larger B(E2) values and |Mn /Mp |/(N/Z) ∼ 1, supporting the Z = 16 magicity at 28 S. The double ratio of
30−36
S are close to unity, indicating that the hindrance
of proton collectivity does not appear in these nuclei.
The large |Mn /Mp |/(N/Z) at 38,40 S can be explained
by the neutron skin eﬀect by Z = 16 subshell closure5) .
The dotted lines in Fig. 1 show shell model predictions
with the USDB eﬀective interaction6) , which interprets
the N = 16 magicity in neutron-rich nuclei with large
s1/2 -d3/2 gap, and the Z = 16 magicity in proton-rich
nuclei is inherent in the model reﬂecting the isospin
symmetry.
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and F7, with plastic scintillators placed at F5 and F7,
and an ionization chamber placed at the end of the
ZDS (F11).
The nuclei transported through the ZDS were implanted in a Wide-range Active Silicon Strip Stopper Array of Beta Ions (WAS3ABI) β-counting system14) consisting of eight layers of double-sided siliconstrip detectors (DSSSDs) with a combined thickness
of 8×1 mm. A 14.5-mm-thick aluminum degrader was
placed upstream of the WAS3ABI chamber to implant
all the ions in the 8-layer DSSSDs. The positions of
the implanted nuclei as well as β rays from subsequent
β decays were reconstructed using the deposited energy and the position in the DSSSD. The EUroball
RIken Cluster Array (EURICA)15) was placed around
the DSSSDs to detect γ rays originating from both
the isomeric states and the β decays of the implanted
ions. EURICA consists of 12 clusters, each composed
of seven germanium crystals. The overall energy resolution is about 2.7 keV, and the total photo-peak efficiency of the array is about 7% at 1.3-MeV γ ray.
The data analysis is now in progress.

Considerable efforts have been made to experimentally reach the region in the closest vicinity of 78
28 Ni50
for studying the doubly-magic character of this very
neutron-rich nucleus. Systematic studies of the excitation energy of the first 2+ states and their reduced
transition probability have been performed on eveneven nuclei in this region, and they suggest the existence of shell gaps at Z = 28 and N = 50 in 78 Ni1–4) .
Despite this, the exact single-particle energy sequence
and its evolution towards 78 Ni are still poorly revealed
experimentally both for protons and neutrons.
Odd-mass nuclei provide unique tools for studying
the single-particle evolution. For example in Cu isotopes, the proton 1f5/2 orbital is lowered in energy as
the neutron number increases. It has been suggested
in a recent work that this orbital lies even below the
2p3/2 one present between N = 44 and N = 46, implying a diminished gap at Z = 285) . For the neutron, some reduction of the single-particle energy gap
between the 2d5/2 and 3s1/2 orbitals was deduced by
β-delayed γ-ray spectroscopy6–8) . Theoretical works
that have attempted to extrapolate the single-particle
energies at 78 Ni using different models predict different
trends of single-particle evolution9–11) .
In order to extract single-particle energies by observing low-lying states in odd-mass nuclei close to 78 Ni,
we performed a decay spectroscopy at the RIBF. Nuclei in this region were produced by in-flight fission
of a 345-MeV/nucleon 238 U beam with an intensity of
about 10 particle nA impinging on a 3-mm-thick Be
target. Fission fragments were separated with the BigRIPS fragment separator and the ZeroDegree Spectrometer (ZDS)12) . In order to reduce the background
events in the β-ray spectra13) , the total beam intensity
was kept below 100 particles per second at the end of
the ZDS by selecting high-momentum fragments using
slits at the momentum-dispersive focal plane F1. An
unambiguous particle identification was achieved on
an event-by-event basis by measuring magnetic rigidity (Bρ), time of flight (TOF), and energy loss (∆E)
of the fragment. They were measured using parallelplate avalanche counters (PPACs) placed at F3, F5,
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Data are under analysis; preliminary inclusive neutronremoval cross sections are obtained for carbon and for
hydrogen by subtraction of the carbon background.
Figure 1 shows the production of tin isotopes from incoming 104 Sn on a carbon target.

number of entries

The robustness of shell closures away from stability is still an open question for nuclear shell structure.
From this point of view, the region of 100 Sn, candidate
for double magicity at N = Z = 50 situated at the
proton drip-line, is of particular interest to study the
evolution of single-particle energies, the residual interaction and the neutron-proton interaction in this mass
region. On the experimental side, the systematics of
+
the transition probability B(E2; 0+
1 → 21 ) is shown to
present an enhancement for light Sn isotopes as compared to shell-model predictions with a 90 Zr core1–4) .
The spectroscopy of 100 Sn produced by two-neutron
removal reaction from 102 Sn could be foreseen in the
future. The knowledge of neutron-removal cross sections in the 100 Sn mass region is of prior importance
to show the feasability of such an experiment.
The present experiment was performed in July 2012
to measure neutron-removal cross sections from a beam
of 104 Sn at the Radioactive Isotope Beam Factory
(RIBF) of RIKEN. 104 Sn was produced and selected
at the BigRIPS fragment separator5) from the interaction of a primary beam of 124 Xe at 345 MeV/u with
a 3 mm thick Be production target. 104 Sn interacted
at about 150 MeV/u with a secondary target to produce 102 Sn. The reaction products were identified by
the Zero Degree Spectrometer (ZDS) whereas the secondary target was surrounded by the gamma detection setup DALI26) to perform the spectroscopy of the
residual nuclei. During the experiment, a second setting of selection of 112 Sn by BigRIPS was also used.
For the measurement of the production cross sections, identifications of the ions are requested at the
entrance and the output of the secondary target. This
is achieved by means of Bρ − ∆E − T OF method with
the use of PPACs detectors, plastic detectors and MUSIC ionization chambers for beam position, time of
flight and charge measurements, respectively. A first
identification is made between the F5 and F7 focal
planes for the incoming 104 Sn particles. The identification of the ions produced downstream the secondary
target is achieved between the F9 and F11 focal planes.
Two types of secondary targets were used during
the experiment: a carbon and a plastic target of CH2 .

106

104

50+

Sn

104

105
104

103

Sn50+

3

10

104
103

49+

Sn48+

Sn

102

102

50+

103

Sn

10
1

Sn49+

101
100

50+

Sn48+

50+

Sn

Sn

2

2.05

2.1

2.15
2.2
mass to charge ratio A/Q

Fig. 1. Projection over the mass to charge ratio of the tin
isotopes produced by 104 Sn interacting a carbon target.
Isotopes and charge states are indicated.

These first direct reaction measurements in the
vicinity of 100 Sn will be compared to state-of-the-art
Shell-Model and eikonal formalism predictions. Moreover, a setting centered on the 112 Sn isotope has been
measured and will allow us to extract the neutronremoval cross sections for this stable nucleus. They
will be compared to the ones from 104 Sn, leading to
a better understanding of the dependance of the cross
section with the separation energy value. Finally, the
gamma spectroscopy of the nuclei produced after the
secondary target will be extracted. From the spectra,
corrected with the detection efficiency of DALI2, the
exclusive cross sections for the population of the bound
excited states of 102 Sn and 103 Sn will be extracted.
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Production of 55Sc and 54Ca beams and measurement of yields and cross
sections using projectile fragmentation of 70Zn
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M. Ohtake, H. Sato, Y. Shimizu.
In July 2012, we delivered 55Sc and 54Ca beams produced
by projectile fragmentation of 70Zn of 345 MeV/u, which
was the first 70Zn beam from the SRC1). The RI beam
productions were performed by the BigRIPS separator 2)
through tuning with several settings. Herein, we report on
yields and cross sections of not only 55Sc and 54Ca but also
all isotopes produced during the BigRIPS tuning.
Table 1 lists the conditions of the BigRIPS required for
productions of 55Sc and 54Ca beams and the conditions of an
isomer tagging run using 54mSc for the confirmation of the
particle identification (PID). Magnetic rigidity (B) for
the 54Ca setting was set to obtain maximum yields but that
for the 55Sc setting was set at -1% lower than optimum
value in order to mix 56Ti. Slit widths were determined so
as to maximize the purities of 54Ca and 55Sc+56Ti. The
conditions such as B and slit widths of 54mSc were
determined so that yield of 54Sc was large and neutron rich
isotopes including 54Ca, 55Sc, and 56Ti could be seen at the
same time. A degrader at F1 was used for the separation
of RI produced at a target and that at F5 was used for
separation of contaminants produced at the F1 degrader.
We used another setting that is A/Z=2.5 run for calibration
of detectors. In the setting we didn't use degraders and set
Be 10mm target, B= 6.5559 Tm and momentum
acceptance =±0.6%.
The PID is performed using the E-TOF-B method,
which allows the event-by-event determination of the
atomic number Z and mass-to-charge ratio A/Q of fragments.
The energy loss (E) was measured by an ion chamber
(MUSIC) at F7. The time-of-flight (TOF) between F3 and
F7 was measured by using thin plastic scintillators. The
fragment trajectory (positions and angles) was measured at
F3, F5, and F7 by using PPACs in order to determine the
Bvalue of a fragment precisely.3) A delayed -ray emitted
from 54mSc was measured by four clover-type Ge detectors
at F7.
Figure 1 shows PID plots of Z vs A/Q for 55Sc and 54Ca
settings. The PID was confirmed very quickly by large
counts of the -ray from 54mSc (~1counts/min) in the isomer
tagging run. Intensity of the 54Ca beam was 1.1 pps/pnA
and the purity was 0.5%. Main contaminants were 55Sc
(6.1 pps/pnA) and 56Ti (8.4 pps/pnA) that were isotones of
54
Ca. For the 55Sc setting the intensities of 55Sc and 56Ti
were 12.5 pps (purity; 5.5%) and 140 pps/pnA (purity 61%) ,
respectively, and the main contaminant was 57V at 38.4
pps/pnA.
Cross sections were deduced using the transmission
efficiency calculated by LISE++4) for each setting. Figure
2 shows the obtained cross sections together with those
calculated with EPAX3.015). Both are found consistent

- 16 -

over all the regions, although it appears that for Ca isotopes,
measured cross sections are smaller than those calculated
with EPAX3.01.
Table 1 Summary of the experimental conditions
55

Target
Degrader (F1/F5)
B (D1) (Tm)
Momentum Acc. (%)
Slit width (mm) F2
F5
F7

54m
Ca
Sc
Be 10.0 mm
Al 5.89 mm / Al 1.40 mm
6.8371 7.0100
6.9060
±3
±3
-0.47~3
±4
±4
-25~15
±120
±120
-60~120
±10
±5
-20~18

Sc

54

Fig. 1 Z vs. A/Q plots for the 55Sc setting (left) and the
54
Ca setting (right).

Fig. 2 Obtained cross sections for several settings.
(Circle : A/Z=2.5, rectangle : isomer tagging run, triangle :
55
Sc setting, diamond : 54Ca setting). Solid line shows
cross sections calculated with EPAX3.01.
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Measurements of interaction cross sections for Na isotopes
S. Suzuki, M. Takechi, T. Ohtsubo,*1 D. Nishimura, M. Fukuda, T. Kuboki, M. Nagashima, T. Suzuki,*2
T. Yamaguchi, A. Ozawa, H. Ooishi, T. Moriguchi, T. Sumikama, H. Geissel, N. Aoi, Rui-Jiu Chen,
De-Qing Fang,*4 N. Fukuda, S. Fukuoka, H. Furuki, N. Inabe, Y. Ishibashi, T. Ito, T. Izumikawa,*5 D. Kameda,
T. Kubo, M. Lantz, C.S. Lee,*2 Yu-Gang Ma,*4 M. Mihara, S. Momota, D. Nagae, R. Nishikiori, T. Niwa,
T. Ohnishi, K. Okumura,*3 T. Ogura,*1 H. Sakurai, K. Sato, Y. Shimbara,*1 H. Suzuki, H. Takeda, S. Takeuchi, K. Tanaka,
H. Uenishi,*4 M. Winkler and Y. Yanagisawa
previous work conducted at GSI.2) Moreover, the analysis of
shell structure of neutron excess Na isotopes is currently in
progress.

Interaction cross sections (σI) for Na isotopes from the
stability line to the vicinity of the neutron drip line have
been measured at around 240 MeV/nucleon. The σI values
for 33-35Na were measured for the first time. The experiment
was carried out at BigRIPS in RIBF.
The halo and skin structures at the nuclear surface have
attracted much attention from physicists. These exotic
structures were discovered by measurements of interaction
cross sections.1.2) Furthermore, the region of neutron rich
Ne, Na, and Mg isotopes around N = 20, known as the
“island of inversion” has been extensively studied, since the
magic number vanishes in this region.3) Recently, we
measured σI for Ne isotopes, including for this region, and
we suggested the neutron halo structures of 29Ne and 31Ne 4)
from the detected enhancement in σI.
In this work, we measured σI for Na isotopes, including
nuclei located in or near the “island of inversion.” 22-35Na
secondary beams were produced through the projectile
fragmentation of a 345 MeV/nucleon 48Ca primary beam on
a Be target. We used the transmission method to measure σI.
Figure 1 shows the mass number dependence of σI for
22-35
Na isotopes on C targets. The gray line shows the
systematic one for stable nuclei.4) Enhancements in cross
sections are already observed from the systematics of stable
nuclei in lighter (A<24) and heavier (A>27) isotopes. From
the known values of the nuclear deformation number 2 of
22-31
Na, these enhancements can be mainly ascribed to
nuclear deformation. Large enhancements in heavier
isotopes (A>32) suggest that these nuclei are strongly
deformed.
From the present data, the root mean square (RMS)
nuclear matter radii <rm2>1/2 were determined by using a
Glauber-type calculation (Fig. 2). These <rm2>1/2 are almost
in agreement with the theoretical calculation performed
using the relativistic mean field model (RMF).5)
From the comparison with the RMS nuclear proton radii
<rp2>1/2, which are obtained using the RMS nuclear charge
radii <rc2>1/2,6,7) a monotonic growth of the neutron skin
thickness has been observed as the neutron number
increases in Na isotopes. Our results are consistent with the
*1
*2
*3
*4
*5

Fig. 1. The observed mass number dependence of
interaction cross sections for Na isotopes on C targets.
The open circles represent the present data and the gray
line shows the systematics for stable nuclei.4)

Fig. 2. The RMS nuclear matter radii deduced from
present data [solid circles] and the RMS proton radii
[solid triangles].6) The broken line shows the RMS proton
radii estimated using the empirical formula for the
neutron rich region.7) The open squares show the RMF
calculation values of the RMS nuclear matter radii taken
from Ref. 5.
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Production of radioactive 44Ti beam
H. Ishiyama,*1 Y.X. Watanabe,＊1 Y. Hirayama,＊1 N. Imai, *1 Y. H. Kim, *1 M. Mukai, *1 M.Oyaizu,＊1 H. Miyatake,*1
S.C. Joneg,*1 H. Yamaguchi, *2 D. Kahl, *2 T. Nakao,*2 Y. Wakabayashi, T. Hashimoto, *3 P. Lee,*4
G.W. Kim*5 and T. Komatsubara
The 44Ti (T1/2 = 59 yr) nuclide has recently been observed
as live radioactivity by -ray astronomy from the Cas A
supernova (SN) remnant. The observed 44Ti yield is larger
by a factor of 2-10 than those calculated in current SN
models. The 44Ti yield strongly depends not only on current
SN models but also on the astrophysical reaction rates in
SN nucleosynthesis. The sensitivity study for the reactions
concerned suggests that several key reactions can largely
affect the 44Ti yield, and the 44Ti(, p)47V reaction has the
highest sensitivity for the yield of 44Ti, which directly
destroys 44Ti. Although the direct measurement of 44Ti (,
p)47V cross sections was performed at the Argonne National
Laboratory1), this measurement did not cover the
astrophysically interesting energy regime. Thus, we have
proposed the direct measurement of the cross sections of
44
Ti(, p)47V in the energy regime of astrophysical interest.
Further, a compound nucleus of the 44Ti + system is 48Cr,
in which 40Ca + +  three-cluster states were predicted to
exist in almost the same energy regime of astrophysical
interest2);however these states have not thus far been
observed. These states can be accessible by the
measurement of 44Ti ( resonant elastic scatterings.
Therefore, in order to perform these measurements, we have
attempted to produce a 44Ti radioactive nuclear beam at the
CRIB.
The production reaction for 44Ti was selected to be the
3
He (42Ca, 44Ti) n reaction. The energy of the 42Ca12+
primary beam was set at 5.92 MeV/u, which is the
maximum value available at the AVF cyclotron. The
pressure of the 3He gas target with 2.5-m-thick Havar
windows was set to be 300 Torr at 90 K. The length of the
3
He gas target was 8 cm. The 44Ti beam, in principle, can be
separated from 42Ca and other contaminants by using the
in-flight technique at the CRIB. In order to measure the
intensity and purity of the 44Ti beam, an ionization chamber
(IC) and a solid-state Si detector (SSD) were placed at
F3(final focal plane) of CRIB, which can provide energy
loss (E) and residual energy (E) for particle identification.
Figure 1 shows the E‒E plots obtained from the IC +
SSD at F3. The 42Ca beam intensity was about 1 pnA. As
shown in Fig. 1(a), when the Wien filter was not on, several
contaminants, particularly 42Ca with the highest intensity,
*1

IPNS, KEK

*2

CNS, University of Tokyo

*3

RCNP, Osaka University

*4

Department of Physics, Chung-Ang University

*5

Department of Physics, Ewha Womans University,

Fig. 1 E‒E plots at F3 of CRIB. The measurements shown
in panels of (a) and (b) were obtained when the Wien filter
was off with the CRIB optical parameters at A/q = 44/17+
and E = 110 MeV, and when the filter on at A/q = 44/18+
and E = 110 MeV, respectively. In Fig. 1(a), blue, red, and
orange circles indicate 44Ti, 42-44Sc, and 42Ca with different
charge states, respectively. Particle identification was
carried out by obtaining the E differences based on the
elastic-scattered 42Ca particles and from expected possible
products from the production reaction.
were observed. When the Wien-filter was on (Fig.1(b)),
most of these contaminants were removed. As the result, the
observed intensity for 44Ti was 130–350 pps (depending on
the charge states)/1 pnA 42Ca, corresponding to 0.9–2×104
pps/70 pnA 42Ca, which is the maximum beam current for
the 3He gas target, and the beam purity was about 15%. A
44
Ti beam can now be generated with sufficient intensity to
perform the abovementioned measurements. The particle
identification for the beam contaminants can be performed
using E ‒ E(TOF) measurements, in which the E
differences between different particles are the same as in
Fig. 1 (b). After the construction of a new ionization
chamber for E measurement, which will be installed
immediately in front of a secondary target (4He), we plan to
perform the abovementioned measurements.
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Beam production of 22Mg for studying alpha-scattering at CRIB
N. N. Duy, L.H. Khiem,＊1 S. Kubono, H. Yamaguchi,＊2 D. Kahl,＊2 T. Hashimoto,＊2 S. Ota,＊2 Y. Wakabayashi,
T. Komatsubara, T. Teranishi,＊3 S. Kato,＊4 N. Iwasa, T. Yamada,＊5 Y. K. Kwon,＊6 A. Kim,＊7 Y. H. Kim,＊7
J. S. Song,＊7 J. Hu,＊8 and Y. Ito
Alpha-scattering and (α,p) reaction of the nucleus 22Mg
play important roles in explosive Hydrogen burning stage
under high temperature and high density conditions such as
X-ray bursts and type II supernovae. For nuclear structure,
the experimental information of 26Si above alpha threshold
(9.17 MeV) is very limited. And its alpha cluster structure
can be investigated via 22Mg+α. Since the 22Mg+α relates to
astrophysical aspects, such as astronomical anomalies1, 2, 3)
and nuclear structure of 26Si, it is necessary to produce a
low-energy of radioactive ion beam of 22Mg for direct
measurement the 22Mg+α system in invert-kinematics. We
produced a 22Mg to measure alpha-scattering and (α,p) of
the nucleus 22Mg at CRIB4) (Center for Nuclear Study
(CNS) low-energy RI Beam separator of the University of
Tokyo) in October, 2011.
The radioactive ions are produced via 3He(20Ne,22Mg)n
reaction by bombarding a Havar-window with a thickness
of 2.5 µm cryogenic gas target5) of 3He at 90 K with a
length along the beam axis of 80mm, with the primary
beam of 20Ne . We optimized the intensity together with
purity of 22Mg12+ beam based on pressure of production
target and current of primary beam of 20Ne10+. We tested
four production target pressures up to 180 torr and searched
the maximum yield of 22Mg12+ at the interested energy E =
3.73 MeV/u. The RI beam was firstly purified between F0
and F2 using dipole magnets and identified by beam
monitor PPAC6).
The further purification of RI beam was performed by
using the Wien Filter, achieving a high purity of 22Mg on
the experimental plane F3. Particle identification of
different species from production reaction was carried out
by time-of-flight (ToF) and energy E of particles measured
by PPACs at F2, F3.
The results show that the average intensity of 22Mg12+ at
3.73 MeV/u reaches to maximum value with the production
target 3He at 170 torr of pressure and 700 enA of 20Ne10+. In
such condition, the 22Mg12+ beam is 30% of purity and 1.2 x
103 pps of intensity on the active target at F3. The yield of
22
Mg12+ is not directly proportional to the intensity of the
primary beam. As can be seen in Fig.1, at the same pressure
of 170 torr of the gas target, although the 20Ne10+ beam
current is higher than 700 enA, the yield of 22Mg12+ goes
down. The phenomena should be caused by heating effect

on the beam axis. Since a high current beam comes through,
the gas will be expanded and density of the target along the
axis will be decreased by heating power.

Fig.1. The yield of 22Mg is as a function of the current of
20
Ne at 170 torr of target pressure.
Main contaminants are 20Ne10+ and 21Na11+, as shown in
Fig.2. The transmission of Wien Filter evaluated is 50%
with a high voltage supply of ±65 kV. It is expected that the
transmission and purity of the beam will be higher at higher
voltage7).

Fig.2. The main contaminants are only primary beam
20
Ne10+ and 21Na11+.
In general, the 22Mg12+ beam is produced successfully for
the measurement of the 22Mg +  system at CRIB. The
heating power in the gas along the beam axis affecting on
the yield of the beam should be considered. The
improvement of purity of the beam and transmission of
Wien Filter gives an opportunity for a higher yield of RI
beam production in future.
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Discovery of 14 new isotopes and 19 new isomers around neutron-rich
rare-earth isotopes produced by in-flight fission of 345 MeV/nucleon 238U
D. Kameda, T. Kubo, N. Fukuda, H. Takeda, H. Suzuki, K. Yoshida, K. Kusaka, K. Tanaka, Y. Yanagisawa, M. Ohtake,
N. Inabe, H. Sato, Y. Shimizu, H. Baba, M. Kurokawa, D. Nishimura, T. Ohnishi, N. Iwasa, A. Chiba, T. Yamada,*1
E. Ideguchi,*2 S. Go, R. Yokoyama,*2 T. Fujii, H. Nishibata, K. Ieki, D. Murai, S. Momota, Y. Sato, J. Hwang,
S. Kim, O. B. Tarasov, D. J. Morrissey, B. M. Sherrill, and G. Simpson*3
Neutron-rich nuclei with atomic number Z ranging from
57 to 71, which are called lanthanides or rare-earth isotopes,
are of interest due to their large nuclear deformation. These
nuclei are located around the double mid-shell region of the
wide open shells characterized by the conventional magic
numbers, i.e., Z = 50, 82 and neutron numbers N = 82, 126.
A particularly large deformation is expected to occur around
the double mid-shell nucleus 17066Dy104 according to the
largest value of the valence nucleon product NpNn.1)
However, experimental difficulties in the production and
identification of such neutron-rich rare-earth isotopes have
prevented us from studying the shape evolution around this
region since the first finding of the sudden onset of the large
deformation at N ~ 90.2)
To expand the frontier of accessible neutron-rich
rare-earth nuclei, we conducted a search for new isotopes
and microsecond isomers by the in-flight fission of a
345-MeV/nucleon 238U beam at the RIBF. In-flight fission
is advantageous to both separation and identification of the
products when compared with the ISOL system; fragments
are immediately emitted from a target in a narrow cone with
velocities similar to that of the projectile, regardless of the
chemical properties. This allows one to utilize the in-flight
separator for the efficient selection of the fragments as well
as carry out particle identification in flight. Moreover, the
fast physical process occurring within one microsecond
allows the sensitive detection of isomeric decay with
microsecond half-lives for the identified fragment by the
particle-γ slow correlation technique.
We separated and identified fission fragments event by
event using the BigRIPS separator. Particle identification
was made by the TOF-Bρ-∆E method for deducing the
mass-to-charge ratio A/Q and Z. Isomeric γ-rays were
detected by four clover-type HPGe detectors closely
surrounding the stack of Si detectors at the focal plane in
which fragments were implanted.3,4) Because of the
excellent resolution achieved for A/Q, we identified a total
of 14 new isotopes in the Z versus A/Q plot shown in Fig. 1;
the dashed open circles indicate the new isotopes identified,
namely, 153Ba, 154,155La, 156,157Ce, 155-160Pr, 162Nd, 164Pm,
and166Sm. At the same time we observed a total of 19 new
isomers: 158mPm, 159mPm, 161mPm, 161mSm, 162mSm, 163mEu,
164m
Eu, 162mGd, 164mGd, 165mGd, 166mGd, 165mTb, 166mTb,
167m
Tb, 168mTb, 167mDy, 169mDy, 170mDy, and 171mHo as well as
＊1
＊2
＊3

Z ~ 59
A+3
A+1

Fig. 1. Z versus A/Q PID plots of the fission fragments
produced in the 238U + Be reaction at 345 MeV/nucleon
with the Z ~ 59 setting.3)
the previously reported isomers 152mPr, 153mNd, 154mNd,
Nd, and 160mSm.
It is remarkable that the new isomers are observed in the
localized area, for instance, in N = 100 isotones such as
162m
Sm, 163mEu, and 164mGd,5) and in the Tb isotopes.6) The K
isomerism is one of the possible mechanisms for explaining
the systematic appearance of isomers in this well-deformed
region.7) The spectroscopic information obtained in this
work, such as half-lives and γ-ray relative intensities, allows
us to study the level schemes as well as the nature of
nuclear isomerism around the double mid-shell region
systematically for the first time. One of the interesting
results is the finding of the isomeric state of the double
mid-shell nucleus 170mDy. The systematic data of the
production yields of isotopes and isomers identified in the
present work are also invaluable for future experiments at
RIBF. Detailed analysis is currently in progress.
156m
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Observation of new isomers in N = 100 neutron-rich rare-earth nuclei
S. Go, D. Kameda, T. Kubo, N. Inabe, N. Fukuda, H. Takeda, H. Suzuki, K. Yoshida, K. Kusaka, K. Tanaka,
Y. Yanagisawa, M. Ohtake, H. Sato, Y. Shimizu, H. Baba, M. Kurokawa, D. Nishimura, T. Ohnishi, N. Iwasa,
A. Chiba, T. Yamada,∗2 E. Ideguchi,∗1 R. Yokoyama,∗1 T. Fujii, H. Nishibata, K. Ieki, D. Murai, S. Momota,
Y. Sato, J. Hwang, S. Kim, O. B. Tarasov, D. J. Morrissey, B. M. Sherrill, and G. Simpson,∗3

event by measuring the magnetic rigidity (Bρ), time
of ﬂight (TOF), and the energy loss (∆E) of the particles that were stopped in the stack of Si detectors.
The isomeric γ-rays were measured by four clover type
Ge detectors closely surrounding the Si stack. Figure
1 shows the delayed γ-ray spectra of N = 100 isotopes.

Neutron-rich nuclei far from stability are fascinating
since their isospin asymmetry sometimes gives rise to a
drastic change in nuclear shapes and shell structure. In
the double mid-shell regions, such as neutron-rich rareearth region, nuclei are known to be well deformed, and
K isomers are often observed systematically. Signiﬁcantly hindered transitions could occur in the situation
that the K quantum number is a good quantum number in the deformed system and the change in the K
value exceeds the transition multipolarity1) .
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Fig. 1. Delayed γ-ray spectra for 162 Sm, 163 Eu, 164 Gd. The
time gate is from 0.5 to 10 µs following ion implantation.
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We observed new isomeric decays in the neutronrich rare-earth isotopes, 162 Sm, 163 Eu, and 164 Gd,
which have 100 neutrons, by means of the isomer spectroscopy at the RIKEN RI Beam Factory. In this
experiment2,3) , the nuclei were produced by the inﬂight ﬁssion of 238 U at an energy of 345 MeV/nucleon
with a 9 Be target of 4 g/cm2 thickness. The intensity of the uranium beam was roughly 0.3 pnA. Fission
fragments were separated using the BigRIPS separator
according to the mass-to-charge ratio A/Q and energy
loss. Particle identiﬁcation was performed event by
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Yrast 6+ seniority isomers of

136,138

Sn

G.S. Simpson,∗1 A. Jungclaus,∗2 G. Gey,∗1 J. Taprogge,∗2∗3 S. Nishimura, H. Baba, S. Bönig,∗4 F. Browne,
J.-M. Daugas∗5 P. Doornenbal, F. Drouet,∗1 N. Fukuda, R. Gernhäuser,∗6 S. Ilieva,∗4 N. Inabe, H.S. Jung,
D. Kameda, T. Kröll,∗4 T. Kubo, G. Lorusso, A. Montaner-Piza,∗7 K. Moschner,∗8 D. Mücher,∗6 H. Nishibata,
A. Odahara,∗9 R. Orlandi,∗10 P.-A. Söderström, K. Steiger,∗6 T. Sumikama, H. Suzuki, H. Takeda, Z. Vajta,∗11
H. Watanabe, A. Wendt∗8 , J. Wu, Z. Xu, and A. Yagi
The even-A tin nuclei beyond N =82 are ideal candidates to make detailed tests of the predictions of
shell-model calculations, due to their semi-magic nature and proximity to the doubly magic 132 Sn. The calculated energies of the excited states of the even-even
Sn isotopes, made with diﬀerent shell-model interactions, disagree1–3) . Furthermore the role of three-body
forces is unclear here, as is the evolution of nuclear
structure in very neutron-rich regions. The isotopes
136,138
1–3)
Sn are predicted to have isomeric 6+
,
1 states
formed from the maximally aligned coupling of seniority 2, νf7/2 orbits.
Excited states in the nuclei in the area of the nuclear chart south-east of 132 Sn are almost completely
unknown. With the aim of testing shell-model predictions here, the nucleus 132 Cd has been studied for
possible isomeric states and to observe its β decay.
The ﬁssion of a 345 MeV/nucleon 238 U beam from
the RIBF facility, impinging on a 3-mm thick Be target was used to produce 132 Cd, 136,138 Sn and neighboring nuclei. The primary beam current was typically 8-10 pnA and the experiment ran for 5 days.
Isotopes with mass-to-charge values near to, and including, 132 Cd, 136,138 Sn were selected, and identiﬁed,
by the BigRIPS in-ﬂight spectrometer, before being
implanted into the WAS3ABI active stopper, situated
at the BigRIPS focal point (F11). The EURICA spectrometer, which consisted of 12 Cluster Ge detectors,
was used to detect γ rays emitted from isomeric nuclei
stopped in WAS3ABI4) . The WAS3ABI active stopper consisted of a stack of 8 double-sided, silicon-strip
detectors and sat at the center of the EURICA array.
Any γ rays detected up to a ∼100 µs after the implantation of an ion in WAS3ABI were recorded.
Excited states of the nuclei produced in the experiment, populated following β decay, can also be studied.
The high granularity of the WAS3ABI array allows a
spacial correlation between a detected β particle and
the last implanted ion in that region of the detector.
∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9

∗10
∗11








Fig. 1. Ions produced, identified and implanted into the
WAS3ABI active stopper. The plot shows the Z of
the identified fragment versus the mass-to-charge ratio
(AoQ).

This correlation means that γ rays in coincidence with
a detected β particle can be assigned to a parent nucleus.
A plot of the ions produced in this experiment are
shown in Fig. 1. The combination of the unprecedented high intensity of the primary 238 U beam and
the high eﬃciency of the detection setup, for both γrays and particles, allows detailed decay spectroscopy
in a previously unaccessible region of the chart of nuclides. A preliminary analysis of the data shows that
good candidates for isomeric cascades have been found
in 136,138 Sn. The analysis of these data is currently on
going, and includes a search for isomeric states in the
other nuclei produced in the experiment. An examination of states produced following β decay will also
be performed, along with a study of new the isotopes
produced in this experiment.
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Study of isomer and proton decays in N ≤ Z nuclei below

100

Sn

P. Boutachkov,∗1 K. Moschner,∗2 A. Blazhev,∗2 P. Davies,∗3 R. Wadsworth,∗3 F. Ameil,∗4 H. Baba, T. Bäck,∗5
M. Dewald,∗2 P. Doornenbal, T. Faestermann,∗6 A. Gengelbach∗7 J. Gerl,∗4 R. Gernhauser,∗6 S. Go,
M. Górska,∗4 H. Grawe,∗4 E. Gregor,∗1 H. Hotaka, T. Isobe, D. G. Jenkins,∗3 J. Jolie,∗2 I. Kojouharov,∗4
N. Kurz,∗4 M. Lewitowicz∗8 G. Lorusso, L. Maier,∗6 E. Merchan,∗1 F. Naqvi∗9 H. Nishibata, D. Nishimura,
S. Nishimura, N. Pietralla,∗1 H. Sakurai, H. Schaﬀner,∗4 H.S. Jung,∗11 P.-A. Söderström, K. Steiger,∗6
T. Sumikama, J. Taprogge,∗10 P. Thöle,∗2 H. Watanabe, V. Werner∗9 Z. Xu, A. Yagi, K. Yoshinaga, and Y. Zhu
In summer 2012 the ﬁrst EURICA experiment took
place. The aim of the RIBF83 experiment is to probe
further the decays of known isomers in N=Z nuclei, in
order to provide detailed tests of the shell model, as
well as search for evidence of predicted, but as yet unobserved isomers in N ≤ Z nuclei. The EURICA setup
utilizes the γ-ray eﬃciency of 12 EUROBALL HPGe
cluster detectors in close geometry and an active stopper composed of a segmented Si-array. For this experiment we used a modiﬁed version of SIMBA1) active
Si stopper for recording the implanted exotic nuclei
and their subsequent particle decays, allowing also βcalorimetry measurements. The modiﬁcations allowed
for β-calorimetry measurements of positrons emitted
in decays with Qβ ∼ 10 MeV. Prior to the experiment
the detectors were setup and calibrated. A new DAQ
for EURICA was set up, based on a multi-branch system, which uses time stamps to merge the data from
diﬀerent branches that belong to the same event.
To create the nuclei of interest, 98 In, 96 Cd and 94 Ag,
projectile fragmentation of a 345 MeV/u 124 Xe beam
on a 9 Be target was used. An identiﬁcation plot of the
nuclei separated in the BigRIPS spectrometer and implanted in the active stopper is shown in Fig. 1. The
number of implanted 98 In, 96 Cd and 94 Ag nuclei is
about 5000, 20000 and 50000, respectively. The number for 98 In is a factor of ﬁve less than expected in
the proposal. For 96 Cd and 94 Ag the diﬀerence in production is about a factor of three less than expected.
Although at the end of the beam time the primary
beam intensity grew to more than 10 pnA (assumed
in the proposal), the reduced rate in the ﬁrst days and
the more restrictive BigRIPS setting led to a reduction
in yield compared to expectations for the isotopes of
interest. All detector systems functioned well during
the experiment. An example of part of the isomeric γdecay spectrum of 96 Ag is shown in Fig. 2. The spectrum corresponds to a time range 0.1 to 20 µs after im∗1
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Fig. 1. BigRIPS identification plot.

Fig. 2. Isomer γ-decay spectrum of

96

Ag.

plantation and is background subtracted. It conﬁrms
the recently reported transitions in 96 Ag2) (strongest
transitions marked in Fig. 2) and contains ﬁve times
higher statistics compared to data from Ref.2) . This
conﬁrms the power of the EURICA setup when combined with the BigRIPS spectrometer at the RIKEN
Nishina Center.
Further data analysis is on-going to search for unknown isomeric transitions and study the particle
and particle-γ decays of the implanted nuclei. The
particle-decay study relies on an implantation-decaycorrelation procedure which maps the position where
a nucleus is implanted in the active stopper and correlates a localized subsequent particle decay with the
mapped nucleus.
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Observation of new isomers in neutron-rich deformed Tb isotopes
R. Yokoyama, ∗1 D. Kameda, T. Kubo, N. Inabe, N. Fukuda, H. Takeda, H. Suzuki, K. Yoshida, K. Kusaka,
K. Tanaka, Y. Yanagisawa, M. Ohtake, H. Sato, Y. Shimizu, H. Baba, M. Kurokawa, D. Nishimura, T. Ohnishi,
N. Iwasa, A. Chiba, T. Yamada, ∗2 E. Ideguchi, ∗1 S. Go, T. Fujii, H. Nishibata, K. Ieki, D. Murai, S. Momota,
Y. Sato, J. Hwang, S. Kim, O. B. Tarasov, D. J. Morrissey, B. M. Sherrill, and G. Simpson ∗3
In rare earth nuclei with Z = 60 − 66, it is known
that there is a sudden onset of quadrupole prolate deformation at N = 88−90.1) It is interesting to examine
how the nuclear shapes and shell structure change on
the more neutron-rich side. However, little is known
about the excited states of such neutron-rich nuclides
due to experimental diﬃculties in their production and
identiﬁcation. In-ﬂight ﬁssion of the 238 U beam at the
RI Beam Factory (RIBF) in RIKEN enables us to produce beams of highly neutron-rich isotopes with a wide
range of atomic numbers. This novel means provides
us with the rare opportunity to study neutron-rich
rare-earth nuclei far from stability, which have remain
unexamined thus far.
Neutron-rich isotopes in the Z ∼ 60 region
were investigated using the in-ﬂight ﬁssion of a 345
MeV/nucleon 238 U beam. Fission fragments were identiﬁed by measuring the time-of-ﬂight (TOF) and Bρ in
the second stage of BigRIPS and measuring the ∆E-E
by the Si stack at the last focal plane.3) The γ-rays
from the isomeric states were detected by four clovertype HPGe detectors placed around the Si stack.2)
We have systematically observed new isomers in
the neutron-rich Tb isotopes 165 Tb, 166 Tb, 167 Tb
and 168 Tb. Total numbers of beam fragments were
1.3 × 105 , 1.5 × 105 , 1.2 × 105 , and 6.0 × 104 , respectively, over a period of 58 hours. The obtained energy
spectra and decay curves are shown in Fig. 1. We have
constructed the level schemes of 165 Tb and 167 Tb from
the observed spectra and systematics of the lighter Tb
isotopes, which are shown in Fig. 2. The γ rays around
∼50 and ∼ 75 keV are tentatively assigned as the cascading γ rays of the ﬁrst and second excited states of
the ground-state rotational band, by comparing them
with those of the less neutron-rich odd-mass Tb isotopes.4,5) The strong peaks at 152.4 and 147.4 keV in
165
Tb and 167 Tb are respectively assigned as isomeric
transitions, as shown in Fig. 2. The 75.9 and 73.6
keV γ rays could be assigned as doublets from the energy sum and intensity balance. The isomeric states
may be interpreted to be one quasi-proton excitation
to the 7/2[523] or 9/2[404] orbit on the basis of our
proposed decay scheme and systematics of the lighter
Tb isotopes. Further examination is in progress.
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Fig. 1. γ-ray energy spectra for

165−168

Tb isotopes.

Fig. 2. Level schemes for 165 Tb and 167 Tb that are obtained for the first time in this study.
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Study of spin-isospin responses via exothermic charge exchange
reaction (8 He, 8 Li∗ (1+ ))
H. Miya, S. Shimoura,∗1 K. Kisamori, M. Assié,∗2 H. Baba, T. Baba, D. Beaumel, M. Dozono, T. Fujii,
N. Fukuda, S. Go, F. Hammache,∗2 E. Ideguchi,∗4 N. Inabe, M. Ito,∗5 D. Kameda, S. Kawase,∗1 T. Kawabata,∗3
M. Kobayashi,∗1 Y. Kondo, T. Kubo, Y. Kubota,∗1 C. S. Lee,∗1 Y. Maeda,∗6 H. Matsubara, S. Michimasa,∗1
K. Miki, T. Nishi, M. Kurata-Nishimura, S. Ota,∗1 H. Sakai, S. Sakaguchi, M. Sasano, H. Sato, Y. Shimizu,
H. Suzuki, A. Stolz,∗7 M. Takaki, H. Takeda, S. Takeuchi, A. Tamii,∗4 H. Tokieda,∗1 M. Tsumura, T. Uesaka,
K. Yako,∗1 Y. Yanagisawa, and R. Yokoyama,∗1
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We performed an experiment of the exothermic
charge-exchange (CE) reaction of (8 He, 8 Li∗ (1+ )) at
the RIKEN RIBF facility by using the BigRIPS, the
High-Resolution beamline, and the SHARAQ spectrometer.1) Missing mass spectra for 4 He, 12 C(8 He,
8 ∗ +
Li (1 )) at the beam energy of 190 MeV/nucleon
were measured. In this experiment, the spin-isospin
response of a spin-dipole transition occuring as the result of a radioactive isotope beam induced CE reaction was studied. In order to identify 8 Li∗ (1+ ), we
searched for the 980-keV γ-ray corresponding to the
1+ → 2+ transition in 8 Li. The coincident detection
of 8 Li and the 980-keV γ-ray can be considered clear
evidence of the occurrence of the CE reaction. In this
article, we report on the relevent experimental procedures and preliminary analysis.
Figure 1 shows the schematic view of the BigRIPS,
the High-Resolution Beamline, and the SHARAQ
spectrometer. A 8 He beam at 190 MeV/nucleon was
produced via the projectile fragmentation reaction of
the 18 O beam at 230 MeV/nucleon with a Be target at F0. The intensity of 8 He was approximately
2 × 106 cps at S0, where the secondary targets of solid
12
C and 4 He were installed. The target thicknesses of
12
C and liquid 4 He were 45 mg/cm2 and 120 mg/cm2 ,
respectively. The liquid 4 He target was constructed
with the system of CRYPTA.2) The beam trajectory
was measured by low-pressure multi-wire drift chambers3) (LP-MWDCs) in the BigRIPS and the HighResolution Beamline. The momentum of 8 He was measured at F6, which is the momentum dispersive focal plane, by using the LP-MWDCs. The scattered
8
Li was momentum analyzed with the SHARAQ spectrometer and detected by cathode readout drift chambers4) at S2. The 980-keV γ-rays emitted from 8 Li
were detected by the NaI(Tl) detector array (DALI25) )
located near the secondary target.
Figure 2 shows the momentum correlation between
8
He and 8 Li in the 12 C(8 He, 8 Li)12 B reaction measure-

F-H9 LP-MWDC × 1
F-H7LP-MWDC × 2 F3 LP-MWDC × 2
F2
F6 LP-MWDC × 1
F1
F4
F5

BigRIPS
F0 (Production Target)

Horizontal Position at S2 [mm]

Fig. 1. Schematic view of BigRIPS, High-Resolution Beamline, and SHARAQ Spectrometer.
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Fig. 2. Momentum correlation between
12
C(8 He, 8 Li)12 B.

8

He and

8

Li in

ment. The horizontal and vertical axes represent the
horizontal positions of 8 He at F6 and of 8 Li, respectively. Since the slope of the dashed line corresponds
to the correlation of the dispersions at F6 (7.2 m) and
S2 (5.8 m), the mometum spread at the S2 is canceled
by tagging the momentum at F6. Therefore, the missing mass energy can be deduced. Further analysis is
now in progress.
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Measurement of the 8 He(p, n)8 Li reaction at 200A MeV
in inverse kinematics
M. Kobayashi,∗1 K. Yako,∗1 S. Shimoura,∗1 M. Dozono, S. Kawase,∗1 K. Kisamori, Y. Kubota,∗1 C.S. Lee,∗1
S. Michimasa,∗1 H. Miya, S. Ota,∗1 M. Sasano, and M. Takaki
detectors (a plastic scintillator and MWDCs).
Figure 2 shows a preliminary spectrum of the
8
He(p, n)8 Li reaction with tagging of the Li isotopes.
Two loci are observed in this ﬁgure. The locus at
low excitation energy is most likely to be an Ex =
0.98 MeV state with B(GT) = 0.24, which has been
observed in β–decay studies. A region with a large
transition strength is observed at around Ex ∼ 9 MeV,
which probably corresponds to the Ex = 9.3 MeV
state. Further analysis is currently in progress.

It is well-known that (p, n) measurements at intermediate energies are powerful tools to study the spinisospin responses of nuclei. At RIBF, a facility for
(p, n) measurements in inverse kinematics was constructed to extend the scope of spin-isospin studies to
unstable nuclei. The ﬁrst measurement was performed
for the 12 Be(p, n) reaction at RIBF–SHARAQ in May
2011.1) In April 2012, we performed a measurement
for the 8 He(p, n)8 Li reaction as the second (p, n) measurement in inverse kinematics at RIBF. It was carried out as a parasite experiment on the missing mass
spectroscopy of the 4n system via the 4 He(8 He,8 Be)4n
reaction.2)
8
He is the heaviest of the bound He isotopes. It is
expected to be described as a ﬁve-body α + 4n system and various conﬁgurations of these neutrons are
proposed. A fundamental study on the structure of
8
He is its β–decay, where the Q-value is 10.7 MeV. In
contrast to β–decay, charge-exchange reactions, such
as (p, n) reactions, do not suﬀer from the Q-value limitation and can be used to study transitions to highly
excited states.
The setup in this experiment is shown in Fig. 1. A
primary 18 O beam of 230A MeV was used to bombard
a Be target of 20 mm thickness, yielding a secondary
8
He beam of 200A MeV by projectile fragmentation.
A typical intensity of the 8 He beam was 2 Mcps. Secondary targets of polyethylene (CH2 )n and carbon (C),
with thicknesses of 0.39 and 0.46 g/cm2 , respectively,
were employed. Runs with the C target were for evaluating the carbon contribution in the (CH2 )n target.
In this experiment, missing mass spectroscopy was
employed. The excitation energy (Ex ) of 8 Li and the
scattering angle in the center-of-mass system (θcm )
were constructed from the kinetic energy (Tn ) and
the scattering angle in the laboratory system (θlab )
of a neutron produced by the (p, n) reaction. Tn
was determined by measuring the neutron time-ofﬂight, for which the time references were taken from
the plastic scintillator placed 10 m downstream from
the secondary target and the neutron detector array
(WINDS),3) surrounding the target at a distance of
180 cm. θlab was determined by the location of the
scintillator bar in which the scattered neutron was detected.
Here, we focus on the decay channels to Li isotopes
from excited states in 8 Li. The Li isotopes were tagged
by using the energy-loss information of downstream
∗1

Fig. 1. Schematic view of the experimental setup.
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Fig. 2. Preliminary spectrum of the 8 He(p, n)8 Li reaction.
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Missing-mass spectroscopy of the 4n system by exothermic
double-charge exchange reaction 4 He(8 He, 8 Be)4n
K. Kisamori, S. Shimoura,∗1 H. Miya, M. Assie,∗2 H. Baba, T. Baba, D. Beaumel, M. Dozono, T. Fujii,
N. Fukuda, S. Go, F. Hammache,∗2 E. Ideguchi,∗4 N. Inabe, M. Ito,∗5 D. Kameda, S. Kawase,∗1 T. Kawabata,∗3
M. Kobayashi,∗1 Y. Kondo, T. Kubo, Y. Kubota,∗1 M. Kurata-Nishimura, C. S. Lee,∗1 Y. Maeda,∗6
H. Matsubara, S. Michimasa,∗1 K. Miki, T. Nishi, S. Noji,∗7 S. Ota,∗1 S. Sakaguchi, H. Sakai, Y. Sasamoto,∗1
M. Sasano, H. Sato, Y. Shimizu, A. Stolz,∗7 H. Suzuki, M. Takaki, H. Takeda, S. Takeuchi, A. Tamii,∗4
L. Tang,∗1 H. Tokieda,∗1 M. Tsumura, T. Uesaka, K. Yako,∗1 Y. Yanagisawa, and R. Yokoyama,∗1
about 1 MeV missing-mass resolution. A Cathode
Readout Drift Chamber (CRDC), which has no dead
space and large eﬀective area, was used as the detector
for two-particle tracking3) .
In the present analysis, a method for treating multihits in MWDCs under high beam rate condition was
developed in order to achieve a large yield. At focal
plane CRDC, 8 Be can identiﬁed by measuring the invariant mass of the coincident two-alpha particle with
a good signal-to-noise ratio. Figure 1 shows a track
of two-alpha particle of a candidate of the 4n event at
CRDC. We identify about a few hundreds of events as
candidates of 4n events, but still have to eliminate the
back ground.

Multi-neutron systems in nuclei have attracted considerable attention on both the experimental and theoretical fronts ever since candidates of bound tetraneutron system were reported1) . However, later theoretical papers using ab-initio calculations2) suggest
that bound tetra-neutron cannot exist.
We performed missing-mass spectroscopy of the 4n
system via the exothermic double-charge exchange reaction 4 He(8 He,8 Be)4n. The experiment was carried
out at the RI Beam Factory (RIBF) at RIKEN using
the SHARAQ spectrometer and liquid He target system. In order to produce the 4n system with a small
momentum transfer less than 20 MeV/c, the secondary
beam of 8 He having a large internal energy was used at
190 A MeV. To obtain the missing-mass spectrum, we
measured momentum of the 8 He beam with the HighResolution Beamline and momentum of two alpha particles, which were the decay products of the 8 Be ejectile, with the SHARAQ spectrometer. If the spectrum
has a resonance peak above the 4n threshold, it can
be directly compared with theoretical predictions and
information on the relevant interaction in the tetraneutron system, such as the T =3/2 three-body force,
can be obtained. Another interest is the possible correlations in sub-systems, such as di-neutron correlations
in the four-body scattering state.
A primary beam of 18 O of 230 A MeV bombarded
a target of 20-mm-thick Be at BigRIPS-F0 to produce
the 8 He secondary beam. The typical 8 He beam intensity was 2 × 106 Hz. The 8 He beam was transported in High-Resolution-Achromatic mode to a liquid He target with thickness of 120 mg/cm2 at the
SHARAQ-S0. The momentum of 8 He was measured by
Multi Wire Drift Chambers (MWDCs) at BigRIPS-F6.
The SHARAQ spectrometer was operated to have a
momentum acceptance about ±2.5% (considering momentum distribution ±0.74% of the two-alpha, and
±1% of the beam), and eﬀective solid angle 4.3 msr,
and satisfy momentum resolution 1/10000, which gives
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Fig. 1. The sample of an event snapshot. The vertical and
horizontal positions of charged particles are determined
by the center of the distribution of induced charges on
the cathode pads and by measuring the drift time of
electrons in the drift plane, respectively
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Heavy-ion double charge exchange reaction on 9 Be†

The 9 He nucleus has a large A/Z ratio of 4.5. Although it is unbound, the ﬁrst excited state of 9 He is
reported to have a remarkably narrow width at a level
of 100 keV1) . Most of the spin-parities and widths,
however, are still scarcely known.
To study neutron rich nuclei, we have developed
a new powerful probe, namely, the heavy-ion double
charge exchange (HIDCX) (18 O, 18 Ne) reaction. This
probe has noticeable advantages, i.e. (a) unstable nuclei can be investigated even by using stable nuclei for
the target and for the beam, (b) missing mass measurement enables us to observe an excitation function both
below and above the particle threshold, (c) out-going
particles of 18 Ne can be clearly identiﬁed through the
spectrometer because the 9 B nucleus is unbound, and
thus, the A/Q=9/5 is unique for 18 Ne, and (d) the
HIDCX transition rate between 18 Og.s. and 18 Neg.s.
is expected to be relatively large because of the overlapping of their wavefunctions in r-space, which arises
from the fact that they are in the super-multiplet members.
The experiment was performed at the Research
Center for Nuclear Physics (RCNP), Osaka University. A primary beam of 18 O was accelerated up to
80 MeV/nucleon with an intensity of 20 pnA. The
beam bombarded a self-supporting foil target of 9 Be
with an areal density of 5.0(1) mg/cm2 . The scattered particles were momentum-analyzed by the Grand
Raiden (GR) spectrometer.
The particle identiﬁcation to select 18 Ne was realized by using the time-of-ﬂight information between
RF from the accelerator and the triggering signals and
by using its unique A/Q value.
An excitation energy spectrum of the 9 Be(18 O,
18
Ne)9 He reaction at 0−0.6◦ is compared with that
of 12 Be(18 O, 18 Ne)12 Be reaction, as shown in Fig. 1.
Although the same experimental setup analysis procedure was applied for both 9 Be and 12 C, only continuous increment caused by quasi-free scattering are
seen in the spectrum of 9 He. There are no prominent structures. Coupled-channel calculations by the
code ECIS2) were performed, where the microscopic
form factors were obtained3) by folding the projec†
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Fig. 1. Excitation energy spectra of 9 He and
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tile and the target transition densities. The simplest
transition path assumed for the calculation is double
Gamow-Teller (GT) transitions from the 9 Be(3/2−
g.s. )
9
−
to the 9 He(1/2−
)
via
the
Li(3/2
).
The
calculag.s.
g.s.
tion indicates that the diﬀerential cross section is less
than 1 nb/sr owing to a tiny B(GT) value from the
9
9
−
Be(3/2−
g.s. ) to the Li(3/2g.s. ). Because 10 nb/sr was
the lower detection limit in the experimental condition, the cross section of the 9 Be(18 O, 18 Ne) reaction
producing 9 He was too small to be observed owing to
spatial deformation of 9 Beg.s. .4)
We have established the HIDCX (18 O, 18 Ne) reaction with a stable beam as a spectroscopic tool. As
a next step, we will propose the HIDCX (10 C, 10 Be)
reaction with an unstable beam at the RIBF using the
SHARAQ spectrometer for the search of double GT
giant resonance.
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Study of low–lying states of 12 Be via the heavy–ion double–charge
exchange 12 C(18 O, 18 Ne) reaction
M. Takaki, H. Matsubara, T. Uesaka, S. Shimoura,∗1 N. Aoi, M. Dozono, T. Fujii, T. Hashimoto,∗2
T. Kawabata,∗3 S. Kawase,∗1 K. Kisamori, C.S. Lee,∗1 J. Lee, Y. Maeda,∗4 S. Michimasa,∗1 K. Miki, H. Miya,
S. Noji,∗5 S. Ota,∗1 M. Sasano, T. Suzuki,∗2 K. Takahisa,∗2 T.L. Tang,∗1 A. Tamii,∗2 H. Tokieda,∗1 K. Yako,∗1
N. Yokota,∗3 R. Yokoyama,∗1 and J. Zenihiro
isolated peaks and obtained its angular distributions
with the HIDCX reaction at an intermediate energy. Detailed analyses for the reaction process of the
HIDCX and the conﬁguration of the two low-lying 0+
states in 12 Be are now in progress.

The neutron-rich nucleus 12 Be provides the crucial
evidence for the disappearance of the neutron magic
number N = 8. Conﬁgurations of the ground (0+
1)
12
and 0+
states
in
Be
are
of
considerable
current
in2
terest. Previous studies highlighted that the normal
(0s)4 (0p)8 “0h̄ω” conﬁguration mainly contributes to
4
6
2
the 0+
2 state, whereas the (0s) (0p) (0sd) “2h̄ω” con+
ﬁguration mainly contributes to the 01 state. However, the levels of the contribution remain a subject of
intense debate1–5) .
We measured the heavy-ion double charge exchange
(HIDCX) 12 C(18 O, 18 Ne)12 Be reaction to study the
low-lying states of 12 Be.
The advantage of the
(18 O, 18 Ne) reaction is that the transition probability
between the ground states of 18 O and 18 Ne is expected
to be large because the ground states are members of
the same super-multiplet.
The HIDCX reactionexperiment was performed by
using the Grand Raiden (GR) spectrometer at Research Center for Nuclear Study (RCNP), Osaka University. The 18 O beam with an energy of 79.6 MeV
bombarded a natural carbon target with an areal
density of 2.2(1) mg/cm2 . Scattering particles were
momentum-analyzed by the GR. We obtained the excitation energy spectrum of 12 Be and angular distributions of the cross section for the low-lying states of
12
Be within the GR acceptance of 0.0◦ –2.5◦ .
Figure 1 shows the excitation energy spectrum of
12
Be. One can ﬁnd three peaks with excitation energies of 0.0, 2.2, and 4.5 MeV, respectively. 12 Be has
three states that can contribute to the 2.2 MeV peak:
+
−
2+
1 (2.11 MeV), 02 (2.24 MeV), and 11 (2.68 MeV).
Figure 2 shows the angular distributions of diﬀerential cross sections for the 12 C(18 O, 18 Ne)12 Be reaction. The angular distributions show forward peaking
shapes for the ground state and 2.2 MeV peak. In contrast, the 4.5 MeV peak has a ﬂat shape. It has been
suggested that 12 Be has the J π = 2+ state at an excitation energy of 4.56 MeV6) . This resultsuggests that
the HIDCX reaction at an intermediate energy has a
sensitivity to multipolarities.
This experiment is the ﬁrst case that has observed
∗1
∗2
∗3
∗4
∗5

Fig. 1. Excitation energy spectrum of

12

Be.

Fig. 2. Angular distributions of diﬀerential cross sections
for the observed three peaks: the ground state (black),
the 2.2 MeV peak (red), and the 4.5 MeV peak (blue).
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Spectroscopy of single-particle states in oxygen isotopes via (p, pN )
reaction with polarized protons
S. Kawase,∗1 T. Uesaka, S. Shimoura,∗1 K. Yako,∗1 S. Ota,∗1 S. Michimasa,∗1 H. Tokieda,∗1 H. Miya,
T. L. Tang,∗1 K. Kisamori, M. Takaki, Y. Kubota,∗1 C. S. Lee,∗1 R. Yokoyama,∗1 T. Fujii, M. Kobayashi,∗1
M. Sasano, J. Zenihiro, H. Matsubara, M. Dozono, J. Lee, H. Sakai, T. Kubo, K. Yoshida, N. Inabe,
Y. Yanagisawa, H. Takeda, K. Kusaka, N. Fukuda, D. Kameda, H. Suzuki, T. Kawahara, T. Wakui,
S. Sakaguchi, T. Noro,∗2 T. Wakasa,∗2 J. Yasuda, T. Fukunaga, Y. Maeda,∗3 W. Y. Kim,∗4 S. H. Hwang,∗4
S. Stepanyan,∗4 A. Obertelli,∗5 A. Galindo-Uribarri,∗6 E. Padilla-Rodal,∗7 and D. Beaumel
The (p, pN ) reaction is an eﬀective spectoroscopic
tool to examine single-particle states. One can determine the spin-parity of single-particle states in nuclei
from the momentum dependence of the cross section
and the vector analyzing power without model dependence1) .
We performed the SHARAQ04 experiment at
RIKEN RIBF to measure single-particle spectra and to
determine spin-orbit splitting in 14,22−24 O. The beam
including oxygen isotopes was produced via the projectile fragmentation of a primary 48 Ca beam that was accelerated upto 345 MeV/u by the SRC, and then achromatically transported into the high-resolution beamline. Particle identiﬁcation was carried out by using
time of ﬂight (TOF) information between the F3-FH9
focal planes and light output information of the plastic scintillator at FH9. The beam bombarded a polarized proton target2) with a thickness of ∼100 mg/cm2
placed at the S0 focal plane of the SHARAQ beam
line. A schematic overview of the setup is shown in
Fig. 1. Two low-pressure multiwire drift chambers
(LP-MWDCs) were used to track beam particles to
determine the reaction point on the target. Two sets
of detectors were symmetrically placed on both sides
of the beamline to detect the two nucleons scattered
through the (p, pN ) reaction. For scattered protons,
two multiwire drift chambers (MWDCs) and two plastic scintillators were used to measure the scattering
angle and the TOF, respectively. For neutrons, a pair
of neutron hodoscopes consisting of 20 plastic scintillators each were used. The residual nuclei were analyzed
by the quadrupole and dipole magnets, and detected
by the plastic scintillator and the two MWDCs located
downstream of the target. In addition, a carbon target
(∼130 mg/cm2 ) was placed 15 cm downstream of the
polarized target to simulteneously evaluate the background due to the carbon contained in the polarized
target. The events in the carbon target were identiﬁed
∗1
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Fig. 1. Schematic overview of the setup of the SHARAQ04
experiment.
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Fig. 2. Separation energy spectrum for pp elastic scattering

by the hit pattern of four plastic scintillators located
right beside the carbon target. For the measurement
of polarization of the target, the data for proton beam
were also taken.
The separation energy is obtained from the scattering angles and the momenta of scattered nucleons. The
momenta of scattered particles were determined from
TOF measurements. Figure 2 shows the separation
energy spectrum for the proton beam. The peak at
0 MeV corresponds to pp elastic scattering. The background is due to accidental coincidences and also from
the proton knockout reaction in surrounding materials
and in carbon nuclei contained in the polarized target.
Gates on reaction points are not set in the analysis of
the runs with the proton beam because of the lack of
information on beam tracks. This lack of information
is due to the low eﬃciency of LP-MWDC for protons.
The analysis for oxygen isotopes is in progress.
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Resonant scattering of

22

Na + p studied by thick-target inverse
kinematic method

Y. B. Wang,∗1 S. J. Jin,∗1 J. Su,∗1 S. Q. Yan,∗1 Y. J. Li, ∗1 B. Guo,∗1 Z. H. Li, ∗1 W. P. Liu, ∗1
H. Yamaguchi,∗2 S. Kubono, D. Kahl,∗2 J. Hu, ∗2,∗3 H. S. Jung, J. Y. Moon,∗4 T. Teranishi,∗5 H. W. Wang,∗6
H. Ishiyama,∗7 N. Iwasa, and T. Komatsubara
22

through the exit window of the gas target were detected by three silicon detector telescopes. Recoil protons
were identiﬁed using the ∆E−E, and the time-of-ﬂight
information.
The excitation function of 22 Na+p elastic resonant scattering from θ0 =0◦ silicon telescope is shown in
Fig. 1.

Na is one of the most important yet debatable
cosmic γ-ray emitters. In 1972, Black found that in
Orgueuil meteorites the abundance ratio of 20 Ne/22 Ne
is less than 1.5, which is much smaller than that of 9.8
on earth, this is the so-called Ne-Extraordinary problem1) . The excessive 22 Ne abundances are commonly
explained as originated from the β + decay of 22 Na.
The relative short half-life of 22 Na(T1/2 =2.6 y) and
the delayed 1.275 MeV γ ray indicate that 22 Na may
be a very sensitive probe to the nova outburst, especially for the nearby ONe novae from the Sun2) .
In a classic nova, there are two formation modes for
the production of 22 Na depending upon the temperature3) , i .e.
Chain I: 20 Ne(p, γ)21 Na(β + )21 Ne(p, γ)22 Na,
Chain II: 20 Ne(p, γ)21 Na(p, γ)22 Mg(β + )22 Na.
While the decay of 22 Na is delayed by its T1/2 =2.6 y
half life, the 22 Na(p, γ)23 Mg reaction rates aﬀect crucially the overall 22 Na abundance in the ejected shells.
Due to the very complicated level structure of oddmass 23 Mg close to the proton threshold, large uncertainties still exist on the 22 Na(p, γ)23 Mg reaction rates
that attract intensive experimental investigations4–7) .
In this report, the resonant scattering of 22 Na+p is studied by the thick-target inverse kinematic method,
aiming to deduce the properties of relevant resonances
in the compound 23 Mg.
The experiment was carried out at the CNS
Radioactive Ion Beam (CRIB) separator8) , University
of Tokyo. The 22 Ne7+ primary beam was provided by
RIKEN AVF cyclotron with an energy of 6.0 AMeV.
The 22 Na radioactive particles were produced by the
22
Ne(p, n)22 Na reaction. Nearly 100% pure 22 Na beam
was delivered with an intensity of about 2.5×105 pps by the CRIB separator. The 22 Na beam particles
went through two Parallel Plate Avalanche Counters
(PPACs) before reaching the secondary proton target.
The timing and position information from the two PPACs were used to determine the beam velocity vector
on an event-by-event basis. The gas target chamber
has an eﬀective length of 300 mm, with the pressure
of 310±2 Torr by a ﬂow-gas system to fully stop the
22
Na particles. The lighter recoil particles coming out
∗1
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∗4
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Fig. 1. Excitation function of the
scattering.

22

Na+p elastic resonant

Three resonance-like signatures are seen at Ec.m. ∼
1.03, 1.21, and 1.34 MeV in the excitation function.
For the 22 Na+p elastic channel, there are two channel
spins of 7/2+ and 5/2+ , respectively. The largest orbital angular momentum is 1 for the measured Ec.m.
range, therefore only l = 0, 1 needs to consider in the
R-matrix analysis. One set of spin and parity assignments is shown in Fig. 1. Shell model calculation of
the 23 Mg level structure and the application of the new
results to the astrophysical 22 Na(p, γ)23 Mg reaction
rates are in progress.
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Investigation of the resonant scattering of

17

F+p

J. Hu,∗1 J.J. He,∗1 S.W. Xu,∗1 H. Yamaguchi,∗2 P. Ma,∗1 D. Kahl,∗2 J. Su,∗3 H.W. Wang,∗4 T. Nakao,∗2
Y. Wakabayashi, J.Y. Moon,∗5 T. Teranishi,∗6 H.S. Jung,∗5 T. Hashimoto,∗7 A. Chen,∗8 D. Irvine,∗8 and
S. Kubono
X-ray bursts1) are likely to be an important source
for the production of proton-rich nuclei via the high
temperature rp-process,2) and the 14 O(α, p)17 F reaction is thought to be one of the crucial stellar reactions during the ignition phase of rp-process. Thus far,
the reaction rate of this reaction remains unknown.
Therefore, the studies of this waiting-point reaction
are of great nuclear astrophysical importance to understand energy generation and nucleosynthesis in explosive stellar environments.
The 14 O(α, p)17 F reaction is mainly resonant, and
its reaction rate depends on the resonant properties of
those excited states that are above the α threshold in
the compound nucleus 18 Ne. In this work, the proton resonant properties of 18 Ne were studied by the
resonant elastic and inelastic scattering of 17 F+p resulting from a 17 F beam bombarding a thick H2 gas
target. The experimental goal was to determine the
spin-parities and proton partial widths for those states
that were above the proton threshold in 18 Ne.
The experiment was performed on CRIB.3) A 6.6
AMeV 16 O6+ primary beam with an average intensity
of 560 enA was used to bombard a liquid-nitrogencooled D2 gas target, where a secondary beam of 17 F
was produced via the 16 O(d, n)17 F reaction. The D2
gas at 120 Torr and 90 K was conﬁned to a cell with a
length of 80 mm. The cell was sealed by two Havar
foils of 2.5 µm forming the entrance and exit windows, respectively. The 17 F beam was separated by
the CRIB separator using the in-ﬂight method. The
average purity of the 17 F beams was about 98%. The
17
F beam, with a mean energy of 3.6 AMeV and an
average intensity of 2.5×105 pps, was then delivered
to F3 and used to bombard a thick H2 gas target at
which the beam was stopped. The experimental setup
is shown in Fig. 1. The H2 gas target chamber has a
semi-cylindrical shape with a radius of 300 mm. The
recoiled light particles were measured using three sets
of ∆E-E Si telescopes at averaged angles of θlab ≈ 3◦ ,
10◦ and 18◦ , respectively. Figure 2 shows the results
of the particle identiﬁcation performed using the ∆EE method, wherein the recoiled protons can be clearly
identiﬁed. The energy calibration for the silicon detec∗1
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∗7
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Fig. 2. Identification plot of the recoiled light particles.

tors was performed by using a standard triple α source.
To compensate for the pulse height defect, a secondary
proton calibration was performed using proton beams
of diﬀerent energies. In addition, at the secondary target position, an Ar gas target at 120 Torr was used in
a separate run for evaluating the background contribution. We selected Ar gas because of its high Coulomb
barrier for the 17 F + Ar interaction. The relevant data
analysis is currently in progress.
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Experiments for N/Z dependence of π + cross section in
+ CsI of 400 MeV/nucleon

129,132,136

Xe

M. Sako, T. Murakami,∗1 Y. Ichikawa,∗1 K. Ieki, Y. Ikeda,∗3 S. Imajo,∗1 T. Isobe, S. Ebesu,∗1 M. Matsushita,∗3
J. Murata, Y. Nakai, S. Nishimura, M. Nitta,∗3 H. Sakurai, R. Sameshima,∗1 E. Takada,∗2 and K. Yoshinaga
Information of the nuclear equation of state (EoS)
within a broad density range is important for understanding the physics of neutron stars. The isospindependent term in EoS, i.e., the density dependence
of the symmetry energy Esym (ρ), however, has large
model dependence in the supra-normal density region
(ρ > ρ0 , the saturation density ρ0 ∼
= 0.16f m−3 ). As
a result, the relationship between the radius and mass
of a neutron star cannot be reliably calculated. According to a transport model calculation (IBUU04)1) ,
detailed studies of the pion yield ratio, Y(π − )/Y(π + ),
in central nucleus-nucleus collisions at intermediate energies would provide signiﬁcant constraints on Esym (ρ)
in the supra-normal density region.
The IBUU04 predicts that the beam energy dependence and the system-N/Z dependence of the pion
yield ratio are strongly related to the behavior of
Esym (ρ) in the supra-normal density region. We have
already reported the beam energy dependence of the
pion ratio in In(28 Si, π ± )X reactions for beam energies of 400, 600, and 800 MeV/nucleon2) , and the
system-N/Z dependence of the pion ratio in In(28 Si,
π ± )X and In(132 Xe, π ± )X reactions for beam energies
of 400 MeV/nucleon3) . A series of experiments was
performed with a compact centrality ﬁlter and a pion
range counter (RC)4) at Heavy Ion Medical Accelerator in Chiba (HIMAC). The total number of charged
pions was estimated by using ∆Ei -∆Ej (energy deposition at each layers of RC) correlations obtained
experimentally for π + events, because we had demonstrated that π + events could be clearly identiﬁed by
the π + → µ+ + νµ decay when π + stops in one of the
elements of RC and in-ﬂight energy depositions are
same between π + and π − .
We performed systematic experiments to investigate N/Z dependence of the pion yield ratio in further detail. We measured the pion yield ratio in
CsI(129,132,136 Xe,π ± )X reaction for a beam energy of
400 MeV/nucleon at HIMAC. We conﬁgured the data
acquisition system to perform high-statistics experiments and performed measurements at 45◦ and 90◦ in
the laboratory system. We used Xe isotope beams to
avoid the Z dependence between each reaction because
the coulomb eﬀect is diﬀerent between π + and π − . We
use a CsI target whose average Z number is same as
that of Xe in order to study the reactions between sim∗1
∗2
∗3

Fig. 1. Lorentz-invariant cross section of π + as a function of
kinematic energy in the mid rapidity frame (Emidπ ) for
CsI(129,132,136 Xe,π ± )X reaction at 400 MeV/nucleon
only with statistical errors.

ilar size of nuclei.
Figure 1 shows lorentz-invariant cross section of π +
as a function of the kinematic energy of the pions in
a mid rapidity frame(Emidπ ). In the present analysis,
statistical errors are only included although we roughly
estimated systematic uncertainties as a few %. There
is no clear diﬀerence in π + production cross sections
between a series of experiments for Xe isotopes. The
cross sections at 45◦ and 90◦ show smooth distribution though there may be a bump structure at about
40 MeV for 90◦ data. We consider that measured π +
is mainly emitted from the reaction source at mid rapidity, and then, the pion ratio would also be a good
measurement to discuss Esym (ρ).
Further analysis of the pion ratio and eﬀorts to ﬁx
the systematic uncertainties are in progress.
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Feasibility study for in-gas cell laser spectroscopy of indium
T. Sonoda, H. Mita, M. Wada, H. Iimura, H. Tomita, C. Sakamoto, T. Takatsuka, Y. Adachi, F. Arai,
T. Furukawa, Y. Hirayama,∗1 H. Ishiyama,∗1 Y. Itou, S. Jeong,∗1 T. Kubo, Y. Matsuo, H. Miyatake,∗1 S. Naimi,
T. Shinozuka,∗2 P. Schury, T. Wakui, Y. Watanabe∗1
At RIKEN RIBF, RI-beams of highly exotic nuclei
are available that have the highest intensity in the
world. However, their usability is restricted to short
periods of beam time owing to high demand and limited yearly operating hours due to the electrical cost
required for accelerator operation. To bring about the
most eﬀective utilization for low-energy beam experiments in such a high-performance facility, we proposed a novel method, named PAratitic Laser IonSource(PALIS).1)
In the PALIS project, the ﬁrst program for nuclear
studies is to focus on laser spectroscopy by means of
in-gas cell, in-gas jet laser spectroscopy.2,3) During the
resonant ionization processes, the hyperﬁne splittings
as well as the isotope shifts can be measured to determine the nuclear spins, moments, and charge radii.
Thus far, we have been investigating the resolution
in the cases of the ionization inside the gas cell and
inside the super-sonic gas jet for stable Cu, Fe, and
Nb.4) The reduction of Doppler broadening can be observed in the case of the gas jet spectrum, although
it predominantly includes intrinsic broadening due to
the laser power and laser linewidth. For the improvement of the linewidth, we plan to install an injection
locked Ti:Sapphire laser with a linewidth of 20 MHz in
a PALIS laser system through collaboration with the
Mainz University in FY2013.
In the present ﬁscal year, we have performed a feasibility study by the resonance ionization spectroscopy
(RIS) of indium, which is one of candidates for PALIS
experiments.

scheme that we plan to use. This calculation assumed
the resolution of the linewidth of the laser as 2 GHz
and the production ratio of nuclear spin, N ( 92 +) / N
( 21 -), as equal to 10. From the result shown in Fig. 1,
we evaluated the hyperﬁne splittings in this ionization
scheme considering that they are suﬃciently separated,
for extracting the nuclear magnetic moment.
In order to conﬁrm the RIS of indium by experiment,
we tested the ionization for a stable isotope in a gas cell
by using the prototype PALIS system.5) The indium
atoms were evaporated by a resistance heating transfer on the titanium crucible placed in the middle of the
gas cell. They were transported by gas ﬂow to the exit
hole where the ionization occurs due to laser beam irradiation. The experimental setups and the ionization
spectrum are shown in Fig. 2. The middle peak could
not be resolved, as the intrinsic laser linewidth for the
dye laser was about 5 GHz. However, for the measurement of nuclear magnetic moment, this can be ignored
as the diﬀerence of the two side peaks is required.
Indium Ionization (A=115, I=9/2+)
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Fig. 1. The expected spectrum for indium ionization by
scanning the ﬁrst step in a calculation (left) and the
tested ionization scheme (right).
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The expected spectrum for indium ionization was
derived by a calculation involving the ionization
∗1

4.0

We performed a feasibility study of the in-gas cell
laser spectroscopy of indium for a future PALIS experiment. The expected spectra were evaluated by a
calculation and reproduced by the experiment. We
plan to start the laser spectroscopy for neutron rich
indium isotopes on day zero of the PALIS commissioning beam time.

A=1685 Hz

1=410
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Fig. 2. (a) The experimental setups and (b) ionization
spectrum by scanning the ﬁrst step excitation in the
experiment.
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Five-body resonances of 8 C using the complex scaling method†
T. Myo, Y. Kikuchi,∗1 and K. Katō,∗2
8
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Fig. 3. Pair numbers of the 0+
1,2 states of C.

of a proton-pair with spin-parity J π and the coupled
intrinsic spin S. The total pair number is six for each
state of 8 C. This quantity helps us to understand the
pair coupling behavior of four protons. Figure 3 shows
+
+
the pair numbers for 8 C (0+
1,2 ). In the 01 state, the 2
+
neutron pair is close to ﬁve and the 0 pair is almost
unity. This is obtained from a main conﬁguration of
(p3/2 )4 with the probability of 88% using CFP ( 1 and
5 for 0+ and 2+ , respectively). The 0+
2 state has almost
two 0+ proton pairs in addition to the 2+ pairs. This
is consistent with the (p3/2 )2 (p1/2 )2 conﬁguration with
a probability of 93%; this conﬁguration is decomposed
into the pairs of 0+ , 1+ and 2+ with occupations of 2,
1.5, and 2.5, respectively. It is found that in the 0+
2
state, the spin-singlet and the spin-triplet components
are equally mixed in the 0+ proton pair.

10
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4

0

Fig. 1. Energy levels of 5 Li, 6 Be, 7 B and 8 C measured from
the energy of 4 He. Units are in MeV. Black and gray
lines are theory and experiments, respectively. Small
numbers are theoretical decay widths.
†
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Fig. 2. Excitation energy spectra of mirror nuclei of A =
5, 6, 7 and 8 in the units of MeV.
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Recently, the new experiment on 8 C has been reported1) . The 8 C nucleus is known as an unbound
system beyond the proton drip-line and decays into
many-body channels of 7 B+p, 6 Be+2p, 5 Li+3p and
4
He+4p.
In this report, we present our recent study on the
resonance spectroscopy of 8 C. We employ the clusterorbital shell model of the 4 He+p+p+p+p ﬁve-body
system, and describe the many-body resonances under the correct boundary conditions by using the complex scaling method. We adopt the Hamiltonian, the
nuclear part of which reproduces the 4 He-n scattering
data and the 6 He energy2,3) . The mirror nucleus of 8 C
is 8 He, which is known as a neutron skin nucleus. It is
interesting to examine the mirror symmetry between
the protin-rich 8 C and the neutron-rich 8 He.
We show the level structures of 5 Li, 6 Be, 7 B and 8 C
in Fig. 1. It is found that the present calculations agree
with the observations and predict more energy levels.
In Fig. 2, we compare the excitation energy spectra
of proton-rich and neutron-rich sides. The good symmetry is conﬁrmed between the corresponding nuclei.
The diﬀerences of excitation energies for individual levels are less than 1 MeV.
We calculate the pair numbers of four valence protons in 8 C, which
∑ are deﬁned by the matrix element of
the operator α≤β A†J π ,S (αβ)AJ π ,S (αβ). Here, α and
β represent the single-particle orbits of protons and
A†J π ,S (AJ π ,S ) is the creation (annihilation) operator
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Tensor-optimized shell model for the Li isotopes
with a bare nucleon-nucleon interaction†
T. Myo, A. Umeya, H. Toki and K. Ikeda
16

The nucleon-nucleon (N N ) interaction has strong
tensor forces at long and intermediate distances caused
by the pion exchange, which emerges large momentum
transfer, and also strong central repulsions at short
distance caused by the quark dynamics. It is important to investigate the nuclear structure by treating
these characteristics of the N N interaction. Recently,
we can express the strong tensor correlation in a reasonable shell model space1) . We name this method
as Tensor Optimized Shell Model (TOSM), in which
the wave function is constructed with full optimization of the two particle-two hole (2p2h) states involving high momentum components induced by the tensor
interaction2) . The central Unitary Correlation Operator Method (UCOM) is used to treat the short-range
repulsion3) . We combine two methods, TOSM and
UCOM to describe nuclei using bare interaction.
We have applied TOSM+UCOM to Li isotopes. The
0p0h conﬁgurations in Li isotopes are given in the
0s + 0p space with the 0h̄ω excitations. The obtained
results using the bare AV8 N N interaction are shown
in Fig. 1. It is found that the excitation energy spectra
are obtained consistent with the experimental results.
For comparison, we show the results using the eﬀective Minnesota (MN) N N interaction, which does not
have the tensor force, in Fig. 2. The MN interaction
consists of the central and LS parts. The excitation
energy spectra using the MN interaction show quite a
large deviation from the experiment. The comparison
of the results using AV8 with those with MN makes
it clear the role of the tensor force on the energy spectra of the p-shell nuclei. From these results, we have
shown the reliability of TOSM+UCOM using the AV8
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Fig. 3. Matter radii of He and Li isotopes in fm (solid circles) with the experiments (open circles).

interaction to investigate the structures of the Li isotopes.
The matter radii of He and Li isotopes are shown
in Fig. 3 and the systematic trend agrees with the
experiments. The value of 6 Li is smaller than the experiment, which is expected to be recovered including
the asymptotic α+d clustering component in addition
to the shell model basis states in TOSM.
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Formation of light p-shell Ξ− hypernucleus via the (K − , K + ) reaction
T. Koike and E. Hiyama
Due to the lack of experimental data, little is known
about the nature of the ΞN interaction except that
it could be weakly attractive. Therefore, an experimental search of Ξ− hypernuclei via the 12 C(K − , K + )
reaction is planned at J-PARC through the E05 experiment.1) From the viewpoint of the theoretical few-body
structure calculation, Hiyama et al. have predicted the
possible existence of a Ξ− hypernuclear bound state for
several light p-shell nuclei,2) although no reaction calculation has been performed for the corresponding Ξ−
hypernuclear formation. Hence, our purpose herein is
to calculate the Ξ− hypernuclear formation spectra via
the (K − , K + ) reaction on light p-shell targets and investigate the experimental feasibility of observing the
Ξ− hypernuclear bound state.
In this paper, we present the results of the 7 Li target
case,3) which can form the 7Ξ H = Ξ− + 6 He bound state
via the (K − , K + ) reaction. The presence of the bound
state peaks in the reaction spectra strongly depends on
the Ξ− -6 He potential. In addition, since the 6 He core
nucleus has the first excited 2+ state only 1.8 MeV
above the ground 0+ state, it should be examined how
the excited core nuclear state affects the shape of the
spectrum. In order to investigate these issues, we calculate the 7 Li(K − , K + ) reaction spectrum by employing various Ξ− -6 He potentials within the framework of
the distorted wave impulse approximation (DWIA) using the [Ξ− -6 He(0+ )]-[Ξ− -6 He∗ (2+ )] coupled-channel
Green’s function approach.
Fig. 1 shows the calculated 7 Li(K − , K + ) inclusive spectra for pK − = 1.65 GeV/c and θK + = 0◦ .
Here, we use the effective Ξ− -6 He potentials in the
Woods-Saxon form, which reproduce the binding energies and widths of 7Ξ H calculated by Hiyama et al.,2)
with α + n + n + Ξ− four-body cluster model using
two types of the kf -dependent ΞN G-matrix interaction: the Nijmegen hard core model D (ND) and the
Nijmegen soft core model 04 (ESC). For each ΞN interaction, three values of the kf parameter are selected
in the unit of inverse femtometers.2) Thus, we have six
possible Ξ− -6 He potentials. In the case of ND, we can
see two peak structures for every kf number of parameters. The peaks in the E < 0 and E > 0 region correspond to the Ξ− -6 He(0+ ) and Ξ− -6 He∗ (2+ ) bound
states, respectively. The contribution to the cross section from the 6 He∗ (2+ ) core state amounts to about
1/3 of that from the 6 He(0+ ) core state. In the case of
ESC, the larger width compared to ND case makes the
peak less visible. For ESC with kf = 0.9 and 1.055,
we can recognize only one peak corresponding to the
Ξ− -6 He(0+ ) bound state. For ESC with kf = 1.3, we
observe no peak structure, although the bound states

Ξ

Ξ

Ξ

Ξ

Fig. 1. Calculated 7 Li(K − , K + ) inclusive spectra for
pK − = 1.65 GeV/c and θK + = 0◦ . The top and bottom
panels show the results corresponding to the case using
potential ND and ESC with three kf parameters, respectively. These spectra are smeared assuming 2 MeV
detector resolution.

are predicted in ref.2)
In conclusion, we can expect to observe the bound
state peak of the Ξ− hypernuclear state in the 7 Li(K − ,
K + ) inclusive spectrum, except for the ESC with kf
= 1.3 case, including the 2 MeV detector resolution.
In order to confirm the results more quantitatively, we
plan to construct the realistic folding potentials instead
of the Woods-Saxon potential used here. Further investigation in this regard is in progress.
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Channel coupling eﬀect on high-energy heavy-ion scattering
T. Furumoto and Y. Sakuragi∗1
Recent developments in experimental facilities have
enabled us to accelerate heavy ions, including unstable
isotopes, at energies over a few hundreds of MeV per
nucleon and to perform precise nuclear spectroscopy
measurements of unstable nuclei through direct nuclear reactions. In this light, we recently proposed a
microscopic nuclear reaction theory1–3) , based on the
complex G-matrix interaction, called the CEG071) .
In this report, we study the 12 C + 12 C scattering
at E/A = 100–400 MeV, and we investigate the eﬀect
of inelastic excitations to the low-lying states of 12 C
and incident energy dependence via the microscopic
coupled-channel (MCC) method using the CEG07 interaction. In the MCC method, the diagonal and coupling potentials in the coupled-channel (CC) equations
are calculated microscopically by the double folding of
the CEG07 interaction with the diagonal and transition densities of the colliding nuclei. The details regarding the method are given elsewhere3) .
12
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section decreases at large angles due to the channelcoupling eﬀect. Although the eﬀect on the cross sections appears similar at all the incident energies, the
contents of the eﬀect are very diﬀerent from each other
as discussed below.
At the lowest energy E/A = 100 MeV, the real part
of the bare folding potential in the elastic channel is
strongly attractive2,3) and the real part of the dynamical polarization potential (DPP) due to the channel
coupling is found to have a positive sign (i.e. a repulsive nature)3) . This leads to a decrease in the coherent sum of the nearside and farside scattering amplitudes accompanied by the slightly backward shift of
the crossover point (upper panel in Fig. 2). The situation is completely opposite in the case of E/A =
400 MeV, where the real part of the bare folding potential is strongly repulsive2,3) while the real part of
the DPP has a negative sign (i.e. an attractive nature)3) . In such a situation, the dominant nearside
component generated by the less repulsive potential
slightly decreases, which again leads to a decrease in
the coherent sum of the two amplitudes (lower panel in
Fig. 2). This precisely explains what we have observed
in Fig. 1 in terms of the drastic energy-dependence of
the channel-coupling eﬀects.

C elastic scattering

10

10

Fig. 2. Schematic of the relation between the potentials
and the nearside/farside components of the cross section. This ﬁgure has been reproduced from a previous
study3) .
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Fig. 1. Elastic cross sections calculated in the framework
of the MCC method. The solid and dotted curves indicate the results with and without the channel coupling
eﬀects, respectively. This ﬁgure has been reproduced
from a previous study3) .

We solve the CC equations at four incident energies and calculate the angular distributions of the
12
C + 12 C elastic cross sections as shown in Fig. 1.
A sizable channel-coupling eﬀect is clearly seen in the
elastic cross sections at all incident energies. In the
comparison of the single-channel calculation with the
CC one, we notice that the diﬀraction pattern of the
cross section slightly shifts backward and the cross
∗1
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Localized versus non-localized clustering in nuclear structure
B. Zhou, Y. Funaki, H. Horiuchi,∗1 Z. Z. Ren,∗2 G. Röpke,∗3 P. Schuck,∗4 A. Tohsaki,∗1 C. Xu,∗2 and
T. Yamada
Clustering is one of the most important features in
light nuclei. Strongly correlated nucleons can compose a cluster subunit, typically, the alpha cluster. In
the Brink model, the geometrical cluster structure can
be obtained by the energy variational method without
any a priori assumption. This description of the rigid,
crystal-like structure in the Brink picture is based on
the concept of localized clustering, which provides the
traditional understanding of the cluster structure in
nuclei.
The recently proposed THSR wave function1) , based
on the concept of non-localized clustering, is quite successful in describing the dilute gas-like states in light
nuclei. The extension of this idea to address general
cluster structures in nuclei also appears promising. In
this work, we propose a hybrid wave function that includes the Brink wave function and the THSR wave
function as special cases. As an example, we apply this
new wave function to the study of the inversion doublet bands in 20 Ne. The intrinsic hybrid wave function
can be written as,
Φ̂Ne (β, S) ∝ A [exp(−

8(r − S)2
)φ(α)φ(16 O)].
5B 2

Fig. 1. Energy curves of J π = 0+ , 1− states with different
widths of Gaussian relative wave functions in the hybrid
model

denotes the inter-cluster distance parameter. For the
ground state of 20 Ne, the minimum energy appears at
Sz = 3.0 fm. For the J π = 1− state, the optimum
position appears at Sz = 3.9 fm. The non-zero values of Sz seem to indicate that the α + 16 O structure
of 20 Ne favors localized clustering. This is just the
traditional concept of localized clustering. However,
we now have reason to believe that this argument is
misleading. The non-zero minimum point Sz simply
occurs because the width of the Gaussian wave function of the relative motion in the Brink model is fixed
to a narrow wave packet. If β is adopted as 1.8 fm
and 2.4 fm for J π = 0+ , 1− , respectively, according to
the calculated minimum positions, namely, if we use a
sufficiently broad width of the Gaussian wave packet
for describing the relative motion, then we find that
the minimum points appear at Sz = 0 as shown in
Fig. 1. This result indicates that there is no localized clustering. Further, we have demonstrated for the
J π = 0+ , 1− states in 20 Ne that the THSR wave functions at the minimum-energy points are 99.29% and
99.98% , respectively , being equivalent to the corresponding superposed Brink wave functions obtained by
GCM calculations.
In summary, the single projected THSR wave function accurately describes the inversion doublet bands
in 20 Ne. We conclude that the THSR-type wave function goes beyond the traditional Brink wave function
and that non-localized clustering is the essential characteristic of the cluster structures in nuclei.

(1)

Here, B 2 = b2 + 2β 2 , r = X 1 − X 2 . The terms X 1
and X 2 represent the center-of-mass coordinates of the
α and 16 O clusters, respectively. All calculations here
are performed with restriction to axially symmetric deformation, that is, S ≡ (0, 0, Sz ).
In this work, we adopt the same parameters as those
used in a previous work2) , that is, b is fixed at 1.46 fm
and the nuclear interaction is the Volkov No.1 force.
After making an angular momentum projection on the
intrinsic hybrid wave function, we calculate the energies as a function of the two parameters β and Sz for
the rotational bands of 20 Ne. The minimum points
appear at Sz = 0 with different values of β. This indicates that the hybrid wave function is equivalent to the
THSR wave function in the description of the inversion
doublet bands in 20 Ne.
Moreover, the competition between the two parameters β and Sz leads to Sz = 0, which is relevant to
clarify the concept of non-localized clustering in the
typical case of 20 Ne. Figure 1 shows the energy curves
of the J π = 0+ , 1− states with different values for the
width of the Gaussian wave functions in the hybrid
model. If β is fixed at 0, then the hybrid wave function becomes the Brink wave function. In this case, Sz
∗1
∗2
∗3
∗4
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Mean-field calculation including proton-neutron mixing
K. Sato, J. Dobaczewski

∗1,∗2

, T. Nakatsukasa, W. Satu�la,∗1

In this study, we have developed a new code for
mean-ﬁeld calculation on the basis of the nuclear density functional theory (DFT), including an arbitrary
mixing between protons and neutrons. This is the ﬁrst
step towards the density functional calculation including proton-neutron (p-n) pairing. The p-n pairing is
a long-standing open problem in nuclear physics, and
its possible relations to various phenomena in nuclei
have been widely discussed.1) However, in spite of the
recent impressive experimental progress and theoretical studies over the years, the understanding of the p-n
pairing is still insuﬃcient. To address this problem, we
use the nuclear DFT approach. Our ultimate aim is
to develop a DFT code including the p-n pairing and
to apply it to various phenomena. To treat the p-n
pairing within the DFT framework, one needs to generalize the quasiparticle states as mixtures of protons
and neutrons. With this consideration, isospin is not
a good quantum number for quasiparticles. In connection with this extension of quasiparticles, one also
needs to extend density functionals to those with mixing between protons and neutrons. The density functionals should be extended in such a way that they are
invariant under rotation in isospin space.2)
As the ﬁrst step towards DFT calculation including p-n pairing, we consider the Hartree-Fock (HF)
calculation without the pairing correlation, including the above-mentioned p-n mixing. We have developed a code for the p-n mixing calculation by extending the code “HFODD,”3) which solves the nuclear Skyrme-Hartree-Fock or Skyrme-Hartree-FockBogolyubov problem by using the Cartesian deformed
harmonic-oscillator basis. In this p-n mixing calculation, we have performed the so-called isocranking calculation by adding the isocranking term to the Hamiltonian:
Ĥ 

ˆ
= Ĥ − λ · T .

tems with the Coulomb interaction switched oﬀ, we
also conﬁrmed that our code is correctly implemented.
Next, we carried out calculations with the Coulomb
interaction included. For A = 14 isobars, we calculated
the energies of the well-known isobaric analogue states
(IASs) with T = 1 in 14 C, 14 N, and 14 O. We found that
the ground states of 14 C and 14 O (IASs with Tz = 1
and −1, respectively) are reproduced by normal HF
states without the p-n mixing and that the excited 0+
state of 14 N (the IAS with Tz = 0) is described well as
a state consisting of single-particle states with the p-n
mixing. In Fig. 1, we plot the energies of the IASs in
A = 48 nuclei obtained by the isocranking calculation
for 48 Cr. This ﬁgure shows that we can obtain states
with diﬀerent values of T̂ 2  and T̂z  by varying the
size and tilting angle of the isocranking frequency λ.
Note that, apart from the points at Tz = 4 and −4, the
isospin projection on the z axis is not a good quantum
number.
The isocranking calculation is a simple linear constraint method. We also implemented in our code an
improved method for optimization with constraints,
known as “the augmented Lagrange method,”4) which
is widely used in quantum chemistry. This method can
be employed, e.g., for the calculation of the excitation
energies for high-isospin states in a single nucleus, from
which we can evaluate the nuclear symmetry energy.
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Here, T is the total isospin operator. The isocranking term is analogous to that used in the standard
tilted-axis-cranking calculations for high-spin states.
By adjusting the isocranking frequency λ, we can control the size and direction of the isospin of the system.
Since the extended Skyrme energy density functionals
including the p-n mixing are invariant under rotation
in isospin space, the energy of the system should be
independent of the direction of the isospin, if there is
no Coulomb interaction. Therefore, we ﬁrst performed
isocranking calculations for A = 14 and A = 48 sys∗1
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Fig. 1. Energies of T  0, 2 and 4 states in A = 48 isobars
obtained by isocranking calculation as functions of T̂z .
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Regularized multi-reference energy density functional calculations
with new Skyrme parametrizations
K. Washiyama, P.-H. Heenen,∗1 and M. Bender∗2
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Symmetry restoration and configuration mixing via
the generator coordinate method (GCM), based on energy density functionals, are referred to as a multireference approach and have become widely used techniques for spectroscopic properties in low-energy nuclear structures.1) Recently, it has been indicated2)
that these techniques are not well-defined for standard
Skyrme energy density functionals and that multireference energy density functional calculations can
exhibit discontinuities or even divergences in the energy when one of the collective coordinates is varied.
Accordingly, a regularization procedure has been proposed to remove such spurious contributions to the energy.3) Although recent Skyrme parametrizations employ non-integer powers of the density for the densitydependent terms in energy density functionals in order
to adjust the incompressibility of symmetric infinite
nuclear matter to a realistic value, this regularization
procedure imposes integer powers of the density. At
present, only dated parametrizations such as SIII fulfill this condition.
Therefore, we have constructed new Skyrme
parametrizations4) that have integer powers of density
dependence for multi-reference energy density functional calculations with the regularization procedure.
Compared to the widely used SLy5 and the SIII, which
has integer powers of density dependence, a significant improvement in the reproduction of the experimental binding energies and charge radii for a wide
range of singly magic nuclei is observed with the new
parametrizations.4) It is shown that these constructed
Skyrme parametrizations can be used to study correlations beyond the mean field in atomic nuclei.
With our new Skyrme parametrizations, we perform
regularized multi-reference energy density functional
calculations. Our method consists of (1) self-consistent
Hartree-Fock-Bogoliubov (HFB) calculations with a
constraint on the axial mass quadrupole moment as
a generator coordinate to prepare HFB states for different deformations, (2) particle-number and angularmomentum projections for the obtained HFB states,
(3) calculations of the Hamiltonian and norm kernels
between the projected states, and (4) configuration
mixing by solving the so-called Hill-Wheeler-Griffin
equation. It is found that the regularization procedure
removes the discontinuities that appeared in the nonregularized particle-number and angular-momentum

0
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1
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Fig. 1. Excitation energy of the first 2+ state (top) and
B(E2 : 0+ → 2+ ) value (bottom) as a function of neutron number for Mg isotopes. The solid circles are the
results of regularized GCM calculations, while the solid
triangles are the experimental data.

projected deformation energy curves and that the regularization varies the energy by about 0.1 ∼ 1 MeV.
Some of spectroscopic properties determined for Mg
isotopes are shown in Fig. 1, where the first 2+ energy
and transition probability B(E2 : 0+ → 2+ ) are plotted and are compared with the available experimental
data. A good description is obtained for the B(E2)
values. However, the first 2+ energies are overestimated for all the isotopes. One of the reasons for this
discrepancy may be the fact that the time-odd terms
were neglected when calculating the Hamiltonian kernel in the multi-reference energy density functionals.
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Development of local energy density functional for description of
pairing correlations in drip-line region†
M. Yamagami, J. Margueron,∗1 H. Sagawa, and K. Hagino
It is necessary to develop an eﬀective interaction allowing one to predict the pairing properties of unstable
nuclei in order to understand the nuclear dynamics in
celestial bodies and in nuclear reactors. While extensive eﬀorts have been made toward improving local energy density functionals, one of the bottlenecks stems
from the pairing part represented by the pairing density function (PDF).
We proposed a new PDF in order to overcome the
diﬃculty that the standard PDF with isoscalar density
(ρ = ρn + ρp ) term fails to reproduce the dependence
of pairing on the mass number (A) and on the neutron excess (α = (N − Z)/A).1) Our PDF h̃τ (r) =
1
2 V0 gτ (r)ρ̃τ (r) includes the linear and quadratic terms
of the isovector density (ρ1 = ρn − ρp ), in addition to
the usual ρ term:
(
)
( )2
( )
τ3 ρ1
ρ1
ρ
gτ (r) = 1 − η0
− η1
− η2
.
ρ0
ρ0
ρ0

(all)
Fig. 1. Comparison of σtot
with SLy4, SkM*, LNS and
SkP.

Here, τ3 = 1(−1) for τ = n (p) and ρ0 = 0.16 fm−3 .
The parameters (V0 , η0 , η1 , η2 ) are determined so as
(all)
to minimize the rms deviation σtot between the experimental pairing gaps of even–even nuclei with N, Z > 8
and the results of the Hartree–Fock–Bogoliubov calculation with the particle–hole Skyrme force.2)
We found that the strong ρ dependence (η0 ≈ 0.75)
is commonly required for the Skyrme parameterizations SLy4, SkM*, LNS, and SkP (see Fig. 1). We
extracted an empirical correlation between V0 and η0
(the isoscalar part of PDF) and m∗s /m (the isoscalar
eﬀective mass of the particle-hole Skyrme force) as
|V0 | = 260.58(η0 )2 − 255.18m∗s /m + 418.59 MeV fm−3 .
The curve expressed by this relationship is shown by
(all)
dashed lines in Fig. 2. The change in σtot is less than
0.05 MeV from the minimum value, if (V0 , η0 ) satisﬁes two conditions: η0 ≥ 0.75 and |V0 | ≤ |Vvac | (the
shaded region in Fig. 2). Here, an optimization was
made to minimize the uncertainties in η1 and η2 for
each (V0 , η0 ). The pairing strength Vvac = −458.15
MeV fm−3 is determined from the neutron–neutron
scattering length of the 1 S0 channel in vacuum.2)
We also discussed the eﬀect of Coulomb force in the
pairing channel. We showed that the linear ρ1 term in
the PDF can mimic the Coulomb eﬀect in the pairing of
neutron-rich nuclei. This local density approximation
enables us to considerably reduce the computational
eﬀort.
†
∗1

Fig. 2. The optimal values of V0 at η0 = 0.25, 0.5, 0.75,
and 1.0 are shown as a function of m∗s /m. The shaded
region indicates the uncertainty of parameters. See the
text for details.

Our PDF currently best describes the global properties of pairing correlations and pairing-sensitive observables. However, it is necessary to continue the
analysis including newly obtained experimental data
for more neutron-rich nuclei and also the excited states
for the further improvement.
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Neutron-skin thickness,
pygmy dipole resonance, and E1 polarizability
S. Ebata,∗1 and T. Nakatsukasa
polarizability αD as a function of N -skin thickness,
which is deﬁned by the diﬀerence between the root
mean square radii of neutrons and protons for the Sn
isotopes. In both panels, ﬁlled circle (square) symbols
indicate the results obtained for SkM∗ (SkI3) Skyrme
eﬀective interaction. SkI3 parameter is revised to reproduce the ordering of single-particle states obtained
by the relativistic mean ﬁeld model on Pb isotopes. We
can see, in panel (a), the diﬀerent behavior of PDR ratio from N =50 (circle) to 82 (triangle) in the results
of two interactions, but also recognize the linear relations over N =82. The change in relation indicates that
the PDR reﬂects nuclear structure strongly. Further,
the emergence of a linear relation shows that the PDR
property changes from N =82. If the correlation between PDR and N -skin is robust “globally”, it should
not depend on the mass region and the interaction. In
contrast, the relation between αD and the skin is stable with respect to change in the neutron number and
the interaction. However, the interaction dependence
of the correlation in each nucleus is changing with the
increase in the neutron number.
Currently, we are investigating the cases of other isotopes and interaction. We also plan to use this method
for investigating other excitation modes.

8
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Fig. 1. (a) PDR ratio defined by Eq.(1). (b) αD defined by
Eq.(2) as a function of N -skin thickness for Sn isotopes with
N =50−90. Filled circle (square) symbols indicate results in
SkM∗ (SkI3) parameter set.

where we adopt Ec =10 MeV and ET =100 MeV in the
present calculation. The E1 polarizability αD is deﬁned using the E1 strength function as,
∫ ET
S(E1; E)
αD ≡ 2
dE.
(2)
E
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Figure 1 shows (a) the PDR ratio and (b) the E1
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Recent progress in radioactive beam facilities enables us to study unstable neutron-rich nuclei experimentally. To investigate the properties of nuclear system, we should ﬁnd the elementary modes of unstable
nuclei. The Pygmy dipole resonance (PDR) is known
as a candidate of characteristic excited states of unstable neutron-rich nuclei. They appear in low energy
region and are sometimes explained as a neutron-skin
mode. Some previous studies indicate that there is a
linear relation between PDR and neutron-skin thickness1) in isotope chains. On the other hand, it is reported that the correlation between PDR and the skin
is small from a covariance analysis2) . Furthermore,
Ref.2 indicates that the electric dipole (E1) polarizability is much more correlated to the neutron (N -)
skin than PDR. Both previous studies are investigated
in the limited region, i.e., Z < 40, with only one interaction parameter1) , and special nuclei: 132 Sn, 208 Pb2) .
In this report, we discuss our recent studies on the relation between these quantities and N -skin in neutronrich unstable nuclei.
To study excited states in wide mass region, we had
proposed the canonical-basis time-dependent HartreeFock-Bogoliubov (Cb-TDHFB) theory3) . We execute
the linear response calculations with the Cb-TDHFB
in a three-dimensional real-space. These calculations
can describe any type of deformation eﬀects on the
excited states while treating the pairing correlation in
the Bardeen-Cooper-Schrieﬀer-like approximation.
We systematically investigated of the E1 strength
for Sn isotopes from N =50 to 90 with two Skyrme parameters (SkM∗ and SkI3). We solved the Cb-TDHFB
equations in real time and computed the linear response of the nucleus. The procedure of linear response for E1 mode is the same as that in Ref.3. We
obtained the strength function S(E1; E) through the
Fourier transformation of the time-dependent expectation value of E1 operator3) . To quantify the PDR, we
used the ratio:
∫ Ec
E × S(E1; E)dE
m1 (Ec )
≡ ∫ ET
,
(1)
m1
E × S(E1; E)dE
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Correlation between neutron skin thickness and pygmy dipole
resonances
T. Inakura∗1
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Fig. 1. (a)-(c) Correlations between Spdr and ∆rnp in
68,78,84
Ni. The cross denotes a result obtained with the
original SkM∗ parameter set. Other symbols represent
results with the modified parameter set. The solid line
indicates a linear fit. Calculated correlation coefficients
are also shown. (d) Photoabsorption cross section fraction as functions of ∆rnp for even-even Ni isotopes.

linear correlation for the isotopic dependence of PDR
strength and ∆rnp , but only in restricted regions where
the neutron Fermi levels are located at the weaklybound low-ℓ shells, such as s, p, and d orbits. In Ni
isotopes, this corresponds to the region with neutron
number beyond 50, as illustrated in Fig. 1 (d). Thus,
nuclei with a strong linear correlation in the isotopic
dependence show a strong correlation in the parameter dependence as well. We confirm the same neutron
shell effect on the correlation in O and Ca isotopes.
This result suggests that the observation of PDR
could be a possible probe of the neutron skin in
neutron-rich nuclei. The present result may provide
a solution for the controversial issue on the correlation between the PDR and the neutron skin, for which
different conclusions were reported previously1,2) .

n,En <ωcut

with ωcut = 10 MeV. In Figs. 1(a)-(c), the Spdr for
Ni is shown as a function of the neutron skin
thickness. The 21 plotted points are obtained by calculating ∆rnp and Spdr with the SkM∗ functional,
and with slightly modified values of 10 Skyrme parameters. The scattered data points in Figs. 1 (a) and
(b) suggest a weak correlation in 68,78 Ni. The calculated correlation coefficients are r = 0.69 and 0.76 for
68,78
Ni, respectively. In contrast, a strong linear correlation with r = 0.94 for 84 Ni is observed in Fig. 1
(c). It is apparent that the linear correlation is qualitatively different between 68 Ni and 84 Ni.
This qualitative difference of the linear correlation
is associated with the neutron shell effect found in
our previous study3) : In Ref.3) , we found a strong
68,78,84

∗1

68

σσabs
fraction[%]
[%]
absfraction

1.0

Σ S(E1) [e2fm2]

Electric dipole (E1) excitation has been used as
an important tool for investigating a nuclear structure. The low-lying E1 excitation, which is often called
pygmy dipole resonances (PDR), is sensitive to nuclear
properties at the nuclear surface and at a low density.
Thus, the observed properties of the PDR may provide
us with information on the neutron skin or halo.
The correlation between the PDR and neutron skin
is one of the important subjects currently under dispute. If the strong correlation exists, the PDR
may constrain skin thickness ∆rnp . A calculation
by Piekarewicz with the random-phase approximation
(RPA) based on the relativistic mean-field model predicted a linear correlation for Sn isotopes1) . However,
Reinhard and Nazarewicz performed a covariance analysis investigating the parameter dependence for the
Skyrme functional models, which concluded that the
correlation between the PDR strength and ∆rnp is very
weak in 68 Ni, 132 Sn, and 208 Pb2) . It should be noted
that these conclusions, which seemed to contradict to
each other, were drawn from RPA calculations for selected nuclei.
Recently, we performed a systematic RPA calculation on the PDR for even-even nuclei3) and found significant enhancement of the PDR strength in regions
of specific neutron numbers. In this work, we perform
an analysis similar to Ref.2) to investigate the Skyrme
parameter dependence of the RPA results. The RPA
equation is solved in fully self-consistent manner using
a revised version of the RPA code in Ref.4) with the
SkM∗ parameter set.
First, we define the PDR strength as

Spdr (E1) ≡
B(E1; n)

References
1) J. Piekarewicz: Phys. Rev. C 73, 044325 (2006).
2) P.-G. Reinhard and W. Nazarewicz: Phys. Rev. C 81,
051303(R) (2010).
3) T. Inakura et al.: Phys. Rev. C 84, 021302(R) (2011).
4) T. Inakura et al.: Nucl. Phys. A 768, 61 (2006).

Department of Physics, Faculty of Science, Chiba University

44 --- 44

1

Ⅱ-2. Nuclear Physics (Theory)

RIKEN Accel. Prog. Rep. 46 (2013)

Shell-model analysis of Gamow-Teller transition strength from

56

Ni

M. Honma,∗1 T. Suzuki,∗2,∗3 and T. Otsuka,∗4,∗5
Gamow-Teller (GT) strength distribution provides
us with various important information of the nuclear
structure. Recently, the GT strength distribution was
extracted for a double-magic nucleus 56 Ni1) from (p,n)
charge-exchange reaction experiments and also for the
neighboring nucleus 55 Co2) . In addition to the astrophysical interests3) , these nuclei are of special importance from the viewpoint of the nuclear structure, because the measured data are directly related to the
property of the N = Z = 28 closed shell.
In a naive picture, the GT(−) transition from 56 Ni
to 56 Cu should be dominated by a contribution of 1p1h excitation between the fully occupied νf7/2 orbit
and the vacant πf5/2 orbit. Therefore, it is expected
that one can observe a single peak of the strength at
the corresponding excitation energy. In reality, there
should be some fragmentation of the strengths through
the mixing with various minor excited conﬁgurations.
However, it was predicted by the shell-model calculation4) using the eﬀective interaction GXPF1J5) that
the GT strength distribution in 56 Ni shows a “doublepeak” structure, and in fact such a structure was observed by the recent measurement1) .
It should be noted that the shell-model eﬀective interaction KB3G6) predicts only one prominent peak
in the GT strength distribution. In Ref.1) , this discrepancy was explained as a result of the relatively
weak spin-orbit and residual proton-neutron interactions in KB3G. This interaction successfully describes
various nuclear properties of relatively light pf -shell
nuclei. However, it predicts too high excitation energy
of the lowest 2+ state of 56 Ni, suggesting a problem in
the description of the closed-shell structure7) .
In order to analyze the diﬀerence between these two
eﬀective interactions in relation to the (f7/2 )16 core excitation, we have carried out shell-model calculations
for the GT-strength distribution by gradually changing the restriction on the amount of such core excitation. In Fig.1, the case of t = 0 corresponds to the
(f7/2 )16 closed-shell conﬁguration for the parent 56 Ni,
and in fact there is only one peak in the GT-strength
distribution. In the results with GXPF1J, as the restriction is relaxed by increasing the truncation order
t, the fragmentation of the strength becomes remarkable. The second peak appears at the level of t = 2 or
higher, and it becomes comparable to the ﬁrst one at
t = 4, where the distribution looks converged and almost unchanged up to the level of t = 6. On the other
∗1
∗2
∗3
∗4
∗5

Fig. 1. Comparison of GT strength distribution between
the shell-model results with two eﬀective interactions
GXPF1J (left) and KB3G (right). The truncation order t stands for the number of nucleons allowed to excite from the f7/2 to higher orbits p3/2 , f5/2 and p1/2 .
The discrete strengths indicated by thick vertical bars
are obtained by the prescription in Ref.8) through 100
Lanczos iterations, and they are folded by Gaussian of
σ=0.5MeV as shown with a smooth curve. No quenching factor is considered for the purpose of comparison.
A thin vertical line in each panel indicates the position of the centroid of the strength. The shell-model
results are obtained by using the eﬃcient shell-model
code MSHELL9) .

hand, in the case of KB3G, the strength distribution
shows only one peak for all truncation levels, and the
fragmentation is not signiﬁcant. Thus it is clear that
the appearance of the “double peak” structure reﬂects
the breakdown of the closed f7/2 core.
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Role of T = 0 pairing in Gamow-Teller states in N = Z nuclei†
C. L. Bai,∗1 H. Sagawa, M. Sasano, T. Uesaka, K. Hagino, H. Q. Zhang,∗2 X. Z. Zhang,∗2 and F. R. Xu,∗3
The strong attraction between nucleons is the basic
factor responsible for the pairing correlations. So far,
the pairing interaction of like-nucleons with the isovector spin-singlet (T = 1, S = 0) channel has mainly
been discussed. In fact, the attraction between protons and neutrons is even stronger in the isoscalar
spin-triplet (T = 0, S = 1) channel which gives rise
to the deuteron bound state. However the role of T
= 0 pairing is limited in nuclei because of large imbalance between neutron and proton numbers, and also
the two-body spin-orbit interaction, which breaks the
S = 1 pair more effectively than the S = 0 pair. In
this contribution, Gamow-Teller (GT) states in N =
Z nuclei with the mass number A from 48 to 64 are
studied using the Hartree-Fock-Bogoliubov + quasiparticle random phase approximation (HFB+QRPA)
with Skyrme interactionsThe isoscalar spin-triplet (T
= 0, S = 1) pairing interaction is taken into account
only in QRPA calculations, but not HFB. It is found
in the context of SU(4) symmetry in the spin-isospin
space that the GT strength of lower energy excitations
is largely enhanced by the T = 0 pairing interaction,
which works cooperatively with the T = 1 pairing interaction in the ground state. A two-peaked structure
observed recently in a (p, n) reaction on 56 Ni1) can be
considered as evidence of the role of T = 0 pairing in
the GT collective states, as is seen in Fig. 1.
The peak ratio between the GT strength of the low
energy region (below Ex = 20 MeV) and the high energy region (above Ex = 20 MeV) is plotted in Fig. 2
as a function of the mass number A. The ratio f between T = 0 and T = 1 pairing interactions is changed
from f = 0.0, 0.5, 1.0, 1.5, and 1.7. In the cases of
weak T = 0 pairing (f ≤ 1.0), the high energy peak
Bhigh (GT) is larger than the low energy one Blow (GT).
With stronger T = 0 pairing (f > 1.0), the Blow (GT)
value becomes larger and dominates the GT strength
distribution, especially in nuclei with A ≤ 56. The low
energy peak may appear as a single giant resonance
peak in the strong T = 0 pairing limit. The empirical ratio of Blow (GT) to Bhigh (GT) in 56 Ni is obtained
from the observed B(GT) strength distributions given
in Ref.1) . This empirical ratio is consistent with the
calculated ratio for the T = 0 pairing at f ∼ 1.5.

Fig. 1. (Color online) Gamow-Teller strength in 56 Ni obtained by HFB+QRPA calculations with the Skyrme
interaction SGII+Te1. The excitation energy is referred
to the ground state of 56 Ni. The T = 0 pairing interaction is included in QRPA by changing the ratio factor
f between T = 0 and T = 1 pairing interactions as f
= 0.0, 0.5, 1.0, 1.5, and 1.7. The solid lines show the
unperturbed strength without RPA correlations. The
QRPA strength is smoothed out by a Lorentzian function with a width Γ = 1 MeV.

Fig. 2. (Color online) Ratio between Gamow-Teller peaks
in the lower energy and higher energy regions as a function of the T=0 strength parameter, f , calculated with
T21 interaction. The lower energy and higher energy
regions are separated at Ex = 20 MeV. The experimental ratio in 56 Ni is obtained from observed B(GT)
strengths in the lower and higher energy regions reported in Ref.1) .
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Competition between T = 1 and T = 0 pairing in pf -shell nuclei
with N = Z
H. Sagawa, Y. Tanimura,∗1 and K. Hagino
−0.2

The isoscalar spin-triplet pairing interaction is
known to be stronger than the isovector spin-singlet
pairing interaction in the nuclear matter.Nevertheless,
the nuclei are observed to favor the spin-singlet T =
1 pairing between identical particles. A straightforward explanation for this puzzle is that most stable
nuclei have different numbers of neutrons and protons,
and thus protons and neutrons occupy different singleparticle orbits near the Fermi surface, which leads to
the inhibition of a T = 0 pair. It has been suggested
that the nuclear spin-orbit field largely suppresses the
spin-triplet pairing much more than the spin-singlet
pairing. In this paper, we study the quenching of twobody matrix elements for the T = 0 pairing interaction
in the jj coupling scheme in comparison with that for
the T = 1 pairing interaction. Especially, the effect
of spin-orbit interaction on the isoscalar spin-triplet
interaction is examined.1)
We adopt a separable form of the pairing interaction
as
 (1,0)†
(1,0)
V (T =1) = −G(T =1)
Pi,i (r, r′ )Pj,j (r, r′ ), (1)
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1
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Fig. 1. The pairing correlation energies for the lowest
(J π = 0+ , T = 1) and (J = 1+ , T =0) states with
the l = 3 and l = 1 configurations as a function of the
scaling factor f for T = 0 pairing. The strength of
the spin-singlet T = 1 pairing interaction is fixed to be
G(T =1) = 24/A MeV with a mass A = 56, whereas the
strength for the spin-triplet T = 0 pairing, G(T =0) , is
varied with the factor f multiplied by G(T =1) .

i,j

where the pair field operator is defined as

(T,S)†
Pi,j
= δli ,lj 2li + 1[a†i a†j ](T,S) ψi (r)∗ ψj (r′ )∗ , (2)

with J π = 0+ for the l = 3 case gains more binding
energy than the J π = 1+ state for the strength factor f < 1.5. In the strong T = 0 pairing case, that
is, f ≥ 1.6, the J π = 1+ state gathers more binding
energy than the lowest J π = 0+ state. These results
are largely due to the quenching of the T = 0 pairing
matrix element by the transformation coefficient from
the jj to LS coupling schemes.This quenching never
occurs for the T = 1 pairing matrix element, since the
mapping of the two-particle wave function between the
two coupling
schemes is simply implemented by the

factor j + 1/2. For the l = 1 case, the competition
between the J π = 0+ and J π = 1+ states is also seen
in Fig. 1. Because of the smaller spin-orbit splitting in
this case, the couplings among the available configurations are rather strong, and the lowest J π = 1+ state
gains more binding energy than the J π = 0+ state in
the case of f ≥ 1.4. These results are consistent with
the observed spins of N = Z odd-odd nuclei in the pf
shell, where all the ground states have the spin-parity
58
J π = 0+ , except for 58
29 Cu. The ground state of 29 Cu
π
+
has J = 1 , since the odd proton and odd neutron
mainly occupy the 2p orbits, in which the spin-orbit
splitting is expected to be much smaller than that of
1f orbits.

with a single-particle wave function ψ(r). The spintriplet T = 0 pairing is also given by a similar separable
form, V (T =0) , with a scaling factor f .
Figure 1 shows the pairing gain energies for the porbit (l = 1) and the f -orbit (l = 3) configurations as
a function of the scaling factor f for the T = 0 pairing. The energies for both the J π = 0+ state with the
isospin T = 1 and the J π = 1+ state with the isospin
T = 0 are shown in the figure. To this end, we diagonalize the pairing Hamiltonian separately for the pand f -orbit configurations in order to disentangle the
role of the pairing and the spin-orbit interactions in a
transparent way. For the l = 1 case, the (2p3/2 )2 and
(2p1/2 )2 configurations are available for the J π = 0+
state, while the (2p3/2 2p1/2 ) configuration is also available for the J π = 1+ state. In a similar manner, the
(1f7/2 )2 and (1f5/2 )2 configurations participate in the
J π = 0+ state in the l = 3 case, and the (1f7/2 1f5/2 )
configuration is also involved in the J π = 1+ state.
For constructing the Hamiltonian, we use the spinorbit splitting, parametrized as ∆εls = −Vls (l · s),
where the strength is taken to be Vls = A24
2/3 (MeV).
As one can see in Fig. 1, the lowest energy state
∗1

−0.6
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Relativistic local density approximation for Coulomb functional of
nuclei†
H.-Q. Gu,∗1 H. Liang, W. H. Long,∗1 N. Van Giai,∗2 and J. Meng
where Mp (ρp ) is the proton mass (density). The ﬁrst
and second terms correspond to the well-known Slater
approximation and the corrections for the relativistic
eﬀects, respectively.
In Fig. 1, we show the systematics of the relativistic
LDA results for the semi-magic Ca, Ni, Zr, Sn, and Pb
isotopes from the proton drip line to the neutron drip
line. The relative deviations ∆ECex of the approximate Coulomb exchange energies from the relativistic
Hartree-Fock-Bogoliubov6) (RHFB) results are deﬁned
LDA
RHFB
RHFB
as (ECex
−ECex
)/ECex
. By comparing these with
the exact Coulomb exchange energies calculated using
the RHFB theory, it is found that the relative deviations introduced by the relativistic LDA are less than
5% for these ﬁve semi-magic isotopes. In addition, the
relativistic corrections to the LDA are found to play
substantial roles in improving the results by 3% ∼ 5%.
Therefore, the relativistic LDA for the Coulomb
functional in nuclear CDFT is a very promising solution to ensure that the Coulomb terms are considered,
and the relativistic corrections to the traditional Slater
approximation are important.

The Coulomb interaction between protons is one of
the most important building blocks in atomic nuclei.
Nevertheless, its exchange term is considerably cumbersome to calculate because of the non-locality of the
corresponding mean ﬁeld. Thus far, in almost all of
the non-relativistic self-consistent Hartree-Fock calculations, the Coulomb exchange term is evaluated within a local scheme by using the Slater approximation.1)
During the past decades, the nuclear covariant density functional theory (CDFT) has received widespread
attention because it has successfully described many
nuclear phenomena. In order to retain the simplicity
of the relativistic Hartree (RH) theory, the non-local
Coulomb exchange term is usually neglected, and its eﬀects are assumed to be absorbed in the eﬀective
coupling strengths. However, in some cases neglecting
the Coulomb exchange term may yield incorrect results. One example is the isospin symmetry-breaking
corrections to superallowed β decays2) , which are crucial for testing the unitarity of the Cabibbo-KobayashiMaskawa matrix.
The density-dependent relativistic Hartree-Fock
(RHF) theory was recently developed.3) It has been
shown that the meson exchange terms play very important roles in nucleon eﬀective masses, symmetry
energies, spin and pseudospin symmetries, the shell
structure and its evolutions, deformations, spin-isospin
resonances, etc. In this framework, for the ﬁrst time,
the non-local relativistic Coulomb exchange term is accurately taken into account.
With the simplicity of the local CDFT and its success in accurately treating Coulomb terms, it is worthwhile to explore the relativistic local density approximation (LDA) for the Coulomb functional of nuclei. This may be a simple approach to implement the
missing Coulomb exchange eﬀects in the RH theory,
while retaining the merits of locality. This attempt is
further supported by the recent success in incorporating the meson exchange terms into a local equivalent
scheme.4)
Up to the next-to-leading order, the Coulomb exchange energy in the relativistic LDA is expressed as5)
RLDA
ECex
=−
†
∗1
∗2

3
4

Fig. 1. Relative deviations of Coulomb exchange energies by the relativistic (solid lines) and non-relativistic
(dashed lines) LDA for Ca, Ni, Zr, Sn, and Pb isotopes.
Traditional doubly magic nuclei are denoted with open
symbols.
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Damping of giant dipole resonance in hot rotating nuclei†
N. Dinh Dang

†

S(ω) (arb. units.)

At present, comprehensive experimental data on the
dependence of the giant dipole resonance (GDR) width
on temperature T and angular momentum J have been
accumulated for a large number of medium- and heavymass compound nuclei starting from potassium up to
lead isotopes. This systematics shows that the full
width at half maximum (FWHM) of the GDR increases significantly with T at low and moderate T ,
but it seems to saturate at high T , above T ∼ 4 –
5 MeV. At a given value of T , the GDR width also
increases with J, but this increase is noticeable only
starting from J > 25h̄ for copper and heavier isotopes.
Among the theoretical approaches to the study of
the hot GDR, the phonon damping model (PDM)1)
offers a microscopic mechanism of GDR damping via
coupling of the GDR to noncollective particle-hole (ph)
transitions, which exist already at T = 0, and particleparticle (pp) ones, which appear at T = 0 because of
the distortion of the Fermi surface. This model is able
to describe consistently both the increase in the GDR
width at low and moderate T as well as its saturation at high T by using the single-particle energies, obtained in the Woods-Saxon potentials for protons and
neutrons, and a set of three parameters, fixed at T =
0, which are the GDR energy and the ph and pp coupling constants. By including nonvanishing thermal
superfluid pairing2) , the PDM is also able to explain
a nearly constant value of the GDR width at T ≤ 1
MeV. In a recent development, the PDM was employed
to calculate the ratio η/s of the shear viscosity η to
the entropy density s directly from the GDR photoabsorption cross sections in medium and heavy spherical
nuclei at T = 0. The results obtained show that this
ratio decreases with increasing T to reach (1.3 – 4)
KSS at T = 5 MeV. The quantity KSS = h̄/(4πkB )
has been conjectured by Kovtun, Son and Starinets
(KSS) to be the lower bound for all fluids3) . A shortcoming of the PDM is that so far it does not include
the dependence on angular momentum. The present
work removes this deficiency by extending the PDM to
finite angular momentum to make the model capable of
describing the dependence of the GDR width on both
T and J. The present extension will also be applied to
examine the credibility of the preliminary analysis of
the recent data4) , according to which the GDR width
extracted at the initial temperature T ∼ 4 MeV and
J = 44h̄ of the compound nucleus seems to be smaller
than that measured at the initial T ∼ 3 MeV and J =
41h̄ in 88 Mo (Fig. 1).
The formalism is based on the description of the

(a) E* = 300 MeV
88

T = 3 MeV
2.5 MeV
_
M = 41h

Mo

E (MeV)

T = 4 MeV
3.2 MeV
_
M = 44 h

(b) E* = 450 MeV

E (MeV)

Fig. 1. GDR strength function for 88 Mo at M = 41 h̄ (a)
and M = 44 h̄ (b) predicted by the PDM in comparison
with the preliminary data from Ref.4) .

noncollective (single-particle) rotation of spherical systems. This implies that the total angular momentum
J can be aligned along the z axis, and therefore it is
completely determined by its projection M on this axis
alone. The numerical calculations were carried out for
two spherical nuclei 88 Mo and 106 Sn. The analysis of
the numerical results shows that the GDR width increases with M at a given value of T for T ≤ 3 MeV.
At higher T , the GDR width approaches a saturation
at M ≥ 60h̄ for 88 Mo and M ≥ 80h̄ for 106 Sn. However, the region of M ≥ 60h̄ goes beyond the maximum
value of M up to which the specific shear viscosity η/s
has values not smaller than the KSS lower-bound conjecture for this quantity. This maximum value of M is
found to be equal to 46h̄ and 55h̄ for 88 Mo and 106 Sn,
respectively, if the value η(0) = 0.6×10−23 MeV s fm−3
for the shear viscosity at T = 0 is used. A check by
using the KSS lower-bound conjecture for the specific
shear viscosity and the same η(0) = 0.6 × 10−23 MeV
s fm−3 also shows that the experimental data for the
GDR line shape in 88 Mo at the the initial temperature
T ∼ 4 MeV and J = 44h̄ of the compound nucleus leads
to a violation of the KSS conjecture. This calls for the
need of reanalyzing the recent experimental data reported in Ref.4) for the GDR in 88 Mo at these large
values of temperature and angular momentum (Fig.
1).
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Theoretical study of isovector spin monopole excitations by the
(p, n) and (3 He,t) reactions on 90 Zr and 208 Pb
C. L. Bai,∗1 H. Sagawa, K. Miki, M. Sasano, T. Uesaka, H. Q. Zhang,∗2 X. Z. Zhang,∗2 and F. R. Xu∗3
The isovector spin monopole (IVSM) transition1) is
one of the most important excitation modes in spinisospin channels. The transition operator of this mode
is given by r2 �σ t± . The �σ represents the Pauli spin matrices, wherea the t− and t+ indicate the isospin lowering and raising operators, respectively. Because of the
r-dependence part, the IVSM mode involves the nodenumber change of ∆n = 1 (2h̄ω), corresponding to a
“breathing” mode. Therefore, a study of the IVSM
mode can provide insight into the incompressibility of
nuclear matter with respect to spin and isospin densities.
The IVSM resonance can be observed by measuring
charge-exchange (CE) reactions at intermediate energies, if the projectiles are strongly absorbed near the
nuclear surface2) . The reaction mechanism of these CE
reactions is becoming a hot topic, because a clear identification of the IVSM was recently reported by Miki
et al. at the RIKEN RIBF3) .
In this work, we theoretically evaluate the sensitivity
of the CE (p, n) and (3 He,t) reactions at 300 MeV per
nucleon to probe the IVSM resonance. We calculate
the cross sections for the IVSM mode in 90 Zr and 208 Pb
by combining a sophisticated nuclear-structure model
with nuclear-reaction calculations. For describing nuclear structures, we employ a self-consistent HartreeFock plus random phase approximation (HF+RPA)
with eight parameter sets of Skyrme forces of the
SGII and TIJ families. The reaction calculations are
performed with a distorted wave Born approximation
using the computer code FOLD4) with the effective
nucleon-nucleon interaction at 325 MeV5) and the optical potential parameters6). Here, the wave functions
of the 3 He and t particles are taken from Ref.7) , and
those of the p and n particles are assumed to be a delta
function.
Figure 1 shows examples of the transition densities
obtained for several IVSM states in 90 Zr, having bipolar shapes with a radial node around the nuclear surface. In the (p, n) reaction, the projectiles probe almost the whole part of the transition densities, and the
scattering amplitudes are strongly canceled because of
the sign difference between the inner and outer parts
of the densities. In contrast, the 3 He and t projectiles
see the region only outside the node location, giving
the large enhancement of the IVSM cross sections in
the (3 He,t) reaction. For further quantitative analysis,
∗1
∗2
∗3

Fig. 1. Transition densities as a function of the radial coordinate for the IVSM excitations in 90 Zr, obtained from
the HF+RPA calculation with the SGII+Te1 interaction and normalized by the square root of the strength.
The r 2 is multiplied to take into account the volume
term. The vertical dot-dashed line shows the mass rootmean-square radius, corresponding to the location of
the nuclear surface. The horizontal arrows show the
region where the projectile can penetrate taking into
account the mean-free-path length estimated from the
imaginary part of the optical potential.

we will introduce the unit cross section for the IVSM
mode in the same manner as for the GT mode8) .
This work is being drafted with more detailed descriptions, and is to be submitted for publication soon.
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Nuclear Schiﬀ moments of

129

Xe induced by time-reversal violating
interactions

N. Yoshinaga and K. Higashiyama∗1
The existence of a ﬁnite permanent electric dipole
moment (EDM) of a particle or an atom indicates violation of time-reversal symmetry (T ). It implies simultaneous violations of charge conjugation (C) and
parity symmetry (P ) through the CP T invariance.
The standard model predicts tiny EDMs, which are
extremely small and cannot be detected, given the
present experimental accuracy. Thus, an experimental measurement of the EDM is one of the best probes
for physics beyond the standard model. The EDM of
a neutral atom with closed electron subshells is mainly
induced by the nuclear Schiﬀ moment, since the nuclear EDM is shielded by outside electrons owing to
the Schiﬀ theorem.1) Schiﬀ moments for various nuclei have been calculated in terms of the various mean
ﬁeld approaches. However, no study has yet been undertaken that uses from the nuclear shell model point
of view. Previously, we calculated the Schiﬀ moment
arising from the intrinsic nucleon EDM.2)
In this work, we calculate the Schiﬀ moment arising
from the P and T violating nucleon-nucleon interaction
in terms of the pair-truncated shell model.3)
The Schiﬀ moment operator may be written as4)
S=



A
5  2
1 
r ch ri ,
ei ri 2 −
10 i=1
3

Sch =

k=1

−4
3
S (k ) ( 10 g’g efm )

 1 +   1 −  1 −  P T  1 + 
Ŝz 
Vπ 
21

2k
(+)

E1

2k

21

(−)

− Ek

+ c.c.,

(2)

where V̂PT represents the isovector interaction, and Ŝz
is the third coordinate component of Ŝch . In this work,
we adopt the two-body interaction V̂PT , which is expressed as5)
V̂PT = −
where
f (r) =

1 m2π  
ḡ g (τ1z + τ2z ) (σ1 − σ2 )
16π MN

+ (τ1z − τ2z ) (σ1 + σ2 ) · rf (r),

exp(−mπ r)
mπ r 2



1+

1
mπ r



(3)

(4)

with r = r1 − r2 and r = |r|. Here, g is the strong
πN N coupling constant and ḡ  is the strong πN N constant, which breaks P and T invariance. The calcu129
lated Schiﬀ moment of the 1/2+
Xe is
1 state in
S = 3.99 × 10−4 ḡ  g e fm3 .

(5)

To identify the microscopic origin of the nuclear
Schiﬀ moment, we
the partial contribution
 1 −calculate


of the kth state 2 k , which is deﬁned by
 1 −  1 −  P T  1 + 
 1 +




2 1 Ŝch,z 2 k
2 k Vπ(I) 2 1
S(k) =
+ c.c..
(6)
(+)
(−)
E1 − Ek

(1)

 
where r2 ch is the mean squared radius of the nuclear
charge distribution, ri indicates the ith nucleon position, and ei indicates the charge with ei = e for protons and ei = 0 for neutrons. The Schiﬀ moment for
the 1/2+
1 states arising from the two-body interaction,
which breaks P and T invariance, can be calculated
through the ﬁrst-order perturbation theory as

4

In Fig. 1, the calculated values of S(k) are plotted
(−)
(+)
against the excitation energy Ek = Ek − E1 . It is
found that there are four large contributions around
Ek = 9.0 MeV, one positive and others negative.
Making use of a relation between the EDM of the
129
Xe neutral atom and the nuclear Schiﬀ moment:6)


129 
S
−17
ecm,
(7)
d
Xe = 0.38 × 10
efm3

2

(8)

we can predict the atomic EDM:


d 129 Xe = 1.9 × 10−21 ḡ  g ecm.

This will be tested in a future experiment.
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Giant dipole resonance in

201

Tl at low temperature†

N. Dinh Dang and N. Quang Hung
Many experiments have been carried out in the last
three decades to extract the giant width of the dipole
resonance (GDR) and its line shape as functions of
nuclear temperature T and angular momentum J. At
present, the well-established systematics accumulated
by measuring the γ decays of various hot compound
nuclei formed in heavy-ion fusion reactions and inelastic scattering of light particles on heavy targets has
shown that the GDR width increases with temperature T within the temperature region 1 ≤ T ≤ 3 – 4
MeV. It has also been shown that the GDR widths increase with angular momentum J becomes noticeable
only at J ≥ 27h̄ – 30h̄ in heavy nuclei, whereas its
location remains mostly unchanged as T and J vary.
Very recently, α-induced fusion reactions were used to
measure the GDR width at low temperature1,2) . The
data extracted from these latest experiments for the
GDR width in 119 Sb at 0.98 ≤ T ≤ 1.23 MeV1) are
in good agreement with the prediction by the phonon
damping model (PDM) for the GDR width in 120 Sn
when thermal pairing is included3) . These experiments
also provided the data for the GDR width in 201 Tl2) ,
which were extracted within the temperature interval
0.8 < T < 1.2 MeV. These values are significantly
smaller than the prediction by the thermal shape fluctuation model (TSFM) for the GDR width in 208 Pb
even after including the shell effect. The authors of
Ref.2) also made a comparison with the prediction by
the PDM using the results for the GDR width in 208 Pb,
where no pairing was taken into account. Because
201
Tl is an open-shell nucleus for both neutrons and
protons, an adequate comparison should be made with
the prediction within the PDM for the GDR width of
the same 201 Tl nucleus, including the effects owing to
thermal pairing of neutrons as well as protons. The
aim of the present work is to make such a prediction.
We calculated the width and strength function of the
GDR in 201 Tl at finite temperature within the framework of the quasiparticle representation of the PDM.
Thermal pairing is taken into account by using the exact treatment of pairing within the canonical ensemble.
This treatment allows us to calculate the exact equivalences to the pairing gaps for protons and neutrons in a
nucleus neighboring a proton closed-shell one. Because
of thermal fluctuations owing to the finiteness of the
system, which are inherent in the canonical ensemble
(CE), the exact CE thermal pairing gaps do not collapse at the critical temperature Tc of the superfluidnormal phase transition as in the case of infinite systems, but decrease monotonically as T increases and
†
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Fig. 1. GDR width as a function of T . The lines are PDM
results for 208 Pb and 201 Tl without pairing and including exact CE thermal pairing gap as explained in the
panel. The open and solid circles are experimental data
for 208 Pb and 201 Tl, respectively.

remain finite up to T as high as 5 MeV. The theoretical predictions within the PDM are compared with the
data of Ref. 2) . The good agreement between the PDM
predictions including thermal pairing and the experimental data (Fig. 1) is a clear demonstration of the
manifestation of the effect owing to thermal pairing,
which plays a vital role in reducing the GDR width
at low T in open-shell nuclei. Under the influence of
thermal pairing, the GDR width in 201 Tl becomes as
low as around 3.7 MeV at T = 0.8 MeV, and the width
Γ(0) of the GDR built on the ground state (T = 0) can
be as small as 3 MeV, which is smaller than the GDR
width in 208 Pb (4 MeV) at T = 0. The results obtained
in the present work as well as the previous predictions
for the GDR width in 120 Sn, where the important role
of neutron thermal pairing has been shown to reduce
the GDR width at T ≤ 1 MeV4) , confirm that, in order
to have an adequate description of GDR damping at
low T , a microscopic model needs to take into account
thermal pairing at least up to T ∼ 1.5 MeV.
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Angular momentum dependence of moments of inertia
due to Coriolis anti-pairing eﬀect†
K. Tanabe and K. Sugawara-Tanabe

†

ξ0
ξ

17 2  2 2111 2 125 −1
ξ −
× 2 + ξ ln −
, (1)
4
ξ
864
144

(I − I0 )2 = δ 2 ρJxrig ln

where ξ0 = 2Δ0 /δ with Δ0 obtained without rotation (Ωx = 0). Solving Eq. (1) with respect to ξ as a
function of I − I0 , we determine the functional dependence of Jx /Jxrig on I − I0 . We adopt ρ = 2.5 MeV−1 ,
δ = 2 MeV, Jxrig = 68 MeV−1 , and ξ0 = 1. The result
shows that Δ ∼ 0 and Jx ∼ Jxrig at around I −I0 ∼ 17.
Extending a similar treatment to the case of Δ < 1/ρ
by employing the picket-fence approximation for level
distribution, we obtain Δ ∼ 0 and Jx ∼ Jxrig at around
I − I0 ∼ 24. We show the behavior of Jx (denoted J
in the ﬁgure below) as a function of I − I0 .
70

60

J

We have demonstrated that the angular momentum
dependence (I-dependence) of the moments of inertia is essential to reproduce experimental energy levels
along triaxial, strongly deformed (TSD) bands1) .
We revisit the Coriolis anti-pairing (CAP) eﬀect2)
based on the mean-ﬁeld theory, and we derive an explicit formula for the I-dependence of the moments of
inertia. The eﬀect of the pairing gap Δ on the moments
of inertia Jx has been estimated by Bohr and Mottelson3) and by Bengtsson and Helgessen4) , and the ratio
Jx /Jxrig is expressed as a function of ξ = 2Δ/δ, where
Jxrig denotes the value of the rigid-body moments of
inertia at Δ = 0. In this estimate, the authors assume that only the large matrix elements of (jx )αβ
with common excitation energy of δ in εβ = εα + δ are
important in the cranking formula for Jx , where εα denotes the single-particle energy in the deformed ﬁeld.
Here, the x-axis is chosen as the rotational axis. On
the other hand, the CAP eﬀect was proposed by Mottelson and Valatin2) , and further perturbation treatment has been carried out by Sugawara5) together with
the blocking eﬀect for the constrained HFB (CHFB)
equation. Later, it was shown that the self-consistent
CHFB calculation indicates that the phase transition
from the super-state with a ﬁnite gap value (Δ �= 0)
to the normal state with Δ = 0 occurs gradually starting from the decrease in the gap in the unique-parity
state with a large value of j (gapless superconductor)6) .
Moreover, it has been shown that the projection of the
particle number7) or that of the angular momentum8)
prevents a rapid decrease in Δ and keeps its value ﬁnite
even in high spin states.
We consider the case of an even-mass nucleus with
axially symmetric deformation. Starting from the BCS
solution, we solve the CHFB equation with secondorder perturbation in the −Ωx Iˆx term, where the Lagrange multiplier (rotational frequency about x-axis)
Ωx is determined from the constraint for the total angular momentum operator Iˆx 5) . We estimate the Ωx dependent term in the gap equation by adopting an
approximation similar to that used in Ref.3) for the
case of Δ > 1/ρ with ρ denoting the level density in
εα -space. According to the cranking formula and the
method proposed previously3) , we relate the average
of the quantity |(jx )αβ |2 to the rigid-body moment of
inertia Jxrig . Hence, in an analytic manner, we obtain
the relation between Δ and the angular momentum I
measured from its band-head value I0 as
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We can show that similar treatment is extensively
applicable to the odd-mass nucleus, and also to the
case of triaxial deformation.
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Specific shear viscosity in hot rotating systems of paired fermions†
N. Quang Hung, N. Dinh Dang
The recent ultra relativistic Au-Au and Pb-Pb collisions at the Relativistic Heavy Ion Collider (RHIC)1)
and the Large Hadron Collider (LHC)2) have revealed
a strongly interacting matter that behaves like a nearly
perfect fluid with extremely low viscosity η. This has
generated a high interest in the study of viscosity in
various systems of strongly interacting particles. In
nuclear physics, although viscosity was theoretically
calculated and experimentally extracted in 1970s, the
calculations of the specific shear viscosity η̄ = η/s (s
is entropy volume density) in finite nuclei as a function of temperature T was reported very recently only
in two papers3) ,4) . The results of these works, which
have been carried out in two different approaches, show
that η̄ in hot nuclei at a temperature T as high as
5 MeV is actually very close to that obtained in the
strongly interacting matter discovered at RHIC and
LHC and T > 170 MeV. These works however considered only systems at finite temperature, whereas the effects of angular momentum or rotation were neglected.
How the shear viscosity changes in a hot rotating finite system is an interesting question. The goal of
present study is to study the specific shear viscosity
of finite systems of paired fermions interacting via the
monopole pairing force at finite temperature and angular momentum.
For this purpose, we employed two theoretical approaches, which has been proposed in Ref.5) and successful applied to study the pairing properties of hot
rotating nuclei. The first one is the FTBCS1, which
bases on the BCS theory at finite temperature and
angular momentum, taking into account thermal fluctuations. The second one is the FTBCS1+SCQRPA,
which is the FTBCS1 coupled to pair vibrations within
the self-consistent quasiparticle random-phase approximation (SCQRPA). The numerical calculations are
carried out for schematic models, which consist of Ω
doubly folded equidistant levels interacting via a constant monopole pairing force G with different particle
numbers N = Ω = 10, 20, and 100 as well as for several
realistic nuclei such as 20 O, 44 Ca, and 120 Sn. The results of calculations have shown that (See e.g. Fig. 1)
at a given temperature T , η̄ increases with the angular momentum M ; that is, a rotating system of paired
fermions is more viscous. In medium and heavy systems, η̄ decreases with increasing T at T ≥ 2MeV and
this feature is not affected much by angular momentum. However, in light systems, it increases with T
at the values of angular momentum M close to Mmax ,
which is defined as the limiting angular momentum for
†

each system. Thermal fluctuations and coupling to the
quasiparticle pair vibrations within the SCQRPA significantly increase η̄ for small N systems with N > 10,
whereas η̄ decreases for large N > 10 systems. All the
results of η̄ obtained within the schematic models as
well as realistic nuclei are always larger than the universal lower-bound conjecture h̄/(4πkB ) of the specific
shear viscosity6) up to T = 5 MeV. Despite being illustrated by the results of calculations within nuclei,
the present formalism can be applied to any finite system of fermions with discrete single-particle energies
interacting via a monopole pairing force.
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Fig. 1. Pairing gap ∆,
and specific shear viscosity η/s obtained for 120 Sn isotope within the FTBCS (dotted line), FTBCS1 (dashed
line), and FTBCS1 + SCQRPA (solid line) at different
values of angular momentum M . The horizontal dashed
lines in (j) − (l) denote the lower bound conjecture proposed in Ref.6) .
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Subroutine “kurotama” in PHITS
A. Kohama, K. Iida, K. Oyamatsu, H. Iwase,∗1 S. Hashimoto,∗2 and K. Niita∗3
The total reaction cross section (σR ) of nuclei is one
of the most fundamental observables that characterize
the geometrical size of nuclei. It is also important in
numerical simulations in the fields of accelerator technology, particle therapy, and space radiation, as well
as in many other fields that are related to particle and
heavy-ion transport phenomena, because, in the codes
for such simulations, one needs to estimate reaction
rates systematically by using σR for various combinations of colliding particles over a wide energy range.
The Particle and Heavy Ion Transport code System
(PHITS)1) is one of the most powerful codes designed
for such simulations. There are several semi-empirical
parameterizations of σR used in the codes. However,
since they are too empirical in that they basically express σR in powers of A1/3 with energy-dependent parameters determined in such a way so as to reproduce
available data, the application of such parameterizations to unmeasured processes is accompanied by ambiguities. Thus, the aim of this study is to illustrate a
practical formula based on systematics and motivated
by a firm physics background.
In order to systematically estimate σR for nucleus–
nucleus reactions, we apply the black-sphere (BS)cross-section formula.2) It was originally constructed
for σR of proton–nucleus reactions in the framework of
the BS approximation of nuclei, in which a nucleus is
viewed as a “black” sphere of radius “a”. In this formula, the geometrical cross section, πa2 , is expressed
as a function of the mass and neutron excess of the target nucleus and of the proton incident energy, Tp , in a
way free from any adjustable Tp -dependent parameter.
We deduce the dependence of σR on Tp from a simple
argument involving the nuclear “optical” depth for incident protons.2) This formula can be easily extended
to nucleus–nucleus reactions by using π(aP + aT )2 ,
where aP (aT ) denotes the black-sphere radius of a
projectile (target),2,3) and can reproduce the empirical data remarkably well above 100 MeV/nucleon.2,3)
Note that no Coulomb effect is included.
Due to its suitability for systematics, the BS-crosssection formula (“kurotama” in Japanese) with its extension to energies of less than 100 MeV/nucleon is
now officially incorporated into PHITS version 2.52.
This extension is performed by smoothly connecting
it with Tripathi’s formula,4) which is presently one
of the most sophisticated empirical formulae, at Ecut
= 115 MeV/nucleon. We call it “hybrid-kurotama”
and the subroutine in PHITS “kurotama”. It is to be
∗1
∗2
∗3

Fig. 1. Comparison of the BS-cross-section formula (hybrid: solid curve, original: dashed curve) with Tripathi’s formula (dash-dotted curve)4) for σR of 12 C +
12
C reactions as a function of incident kinetic energy
per nucleon. We adopt the black-sphere radius, a0 , as
2.7 fm which is obtained from the measured peak angle
of the first diffraction maximum of the proton elastic
scatterings at 800 MeV. We also plot the measured values of σR and σI cited in Ref. 3). The crosses in blue
indicate the data obtained by Takechi et al.5)

noted that the absolute values of Tripathi’s formula
are renormalized to agree with the value of hybridkurotama at Ecut . In Fig. 1, we show the comparison
of the formula values with the values of Tripathi’s formula. The hybrid-kurotama values very precisely reproduce the empirical energy dependence of σR in such
a wide energy region. In particular, they are consistent
with the latest empirical data,5) which are systematically most reliable.
The subroutine “kurotama” is to be revised by including the effect of the Coulomb dissociation relevant
for reactions between heavy nuclei.6)
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Compilation of the nuclear reaction data produced at RIBF
N. Furutachi,∗1 A. Makinaga,∗1 V. Devi,∗2 D. Ichinkhorloo,∗2 K. Katō,∗1 M. Odsuren,∗2 N. Otuka,
K. Tsubakihara,∗2 and M. Aikawa,∗1
Nuclear reaction data are essential for research and
development in nuclear physics, astrophysics, nuclear
engineering, and radiation therapy. These ﬁelds require a variety of nuclear reaction data in terms of,
e.g., energies, cross sections, and reaction particles.
The data must be compiled as a database and be accessible to nuclear data users. One such database is
the EXFOR database maintained by the International
Network of Nuclear Reaction Data Centres (NRDC)
under the auspices of the International Atomic Energy Agency (IAEA). The Hokkaido University Nuclear Reaction Data Centre (JCPRG)1) is one of the
nuclear data centers of the NRDC network, and has
contributed about 10 percent of the data on chargedparticle nuclear reactions in the EXFOR.
In addition to the collaboration of the NRDC network, the JCPRG established a collaborative research
contract with the RIKEN Nishina Center in 2010, in
order to advance the availability of the nuclear reaction data produced at RIBF. In this article, we report
on our activities in 2012, concerning the compilation
of the experimental nuclear reaction data produced at
RIBF.
To make the nuclear data produced at RIBF available to users, we have registered them in the EXFOR
database. We have identiﬁed the quality compilation
of the RIBF data and smooth transition thereof into
the database as one of the important tasks of this collaboration. We compile the data from peer-reviewed
journals. From the papers published in 2011, we found
7 papers that contain RIBF data within the compilation scope of EXFOR, and all of them have already
been registered in EXFOR. From the papers published
in 2012, 13 papers were found, and 8 papers have
been registered in EXFOR2–9) (Final update: Jan.
10, 2013). These data are available from the EXFOR
search system10) , and are easily accessed, using the accession numbers shown in Table 1. The list of RIBF
data compiled into EXFOR is also available from our
website11) with additional information. Apart from
searching the published papers, we are also accumulating information about the forthcoming RIBF data. We
participated in the 11th NP-PAC meeting, and checked
the data to be compiled into EXFOR.
To improve the quality of the database, cooperation
with authors has been advanced. We have asked authors to provide the original numerical data plotted in
each ﬁgure to ensure the accuracy of data. We have
been able to enter the original numerical data for al∗1
∗2

most all of the EXFOR entries with RIBF data. In
addition, some EXFOR entries contain data or information about data corrections that are not provided
in the papers (cf. E2368 and E2382). This information was provided by the authors. Furthermore, some
of the EXFOR entries were proofread by the authors,
and detailed descriptions of entries were corrected according to the authors’ comments.
In November 2012, we held the RIBF ULIC miniWorkshop to discuss future RIKEN-JCPRG collaborative research and its related nuclear data activities.
The compilation of electron scattering data, which is
outside our compilation scope at present, is one of the
tasks arising from the discussion. We are planning
to compile the electron scattering data obtained with
SCRIT12) , and to enter them in EXFOR as a trial.
Another topic is the compilation of nuclear reaction
data not given in the paper. Sometimes nuclear reaction data can be entered in the database, even though
they were omitted from the paper, since they were outside the purpose of that paper or unnecessary for the
discussion. We are considering the compilation of such
data through deeper collaboration with experimentalists.
Table 1. The numbers of compiled papers published in
2011 and 2012 and their accession numbers.

Entries

Total

2011
E2324 E2325
E2327 E2346
E2350 E2360
E2364
7

2012
E23682) E23693)
E23704) E23715)
E23756) E23767)
E23788) E23829)
8
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Data reconstruction and analysis framework for the PHENIX-VTX
T. Hachiya, Y. Akiba, R. Akimoto, H. Asano, S. Bathe, J. Bryslawskyj,∗1 C.-H. Chen, L. Ding,∗2 A. Enokizono,
S. Esumi,∗4 S. Horiuchi, ∗4 J. Koster, K. Kurita, ∗3 M. Kurosawa, A. Lebedev, ∗2 M. McCumber, ∗5
H. Nakagomi, ∗4 R. Nouicer, H. Sako, S. Sato, M. Shimomura, M. Stepanov, ∗8 A. Taketani, M. Wysocki, ∗9
and the PHENIX VTX group
A silicon vertex tracker (VTX)1,2) was developed as
a detector upgrade of the PHENIX experiment3) and
installed to the detector setup in December 2010. The
primary purpose of the VTX is to separate the bottom
and charm contributions by measuring the distance of
the closest approach (DCA) of the electrons from semileptonic decays of heavy quarks (bottoms and charms).
In high energy heavy ion collisions, heavy quarks are
mainly produced in the early stage of the collisions and
propagate through the hot and dense medium created
by the collisions. Therefore, they are a clean probe for
studying the property of the medium.
√
We successfully recorded the VTX data in sN N =
200 GeV Au+Au and p + p collisions in year 2011 and
2012 and analyzed them. The analysis procedure is
subdivided into the six following tasks:

ulation.
(6) The charm and bottom signals were extracted
by comparing the DCA distribution of electrons
between the data and simulation6) .
These tasks are described in more detail in the references.
We organized the analysis team composed of about
10 people to share these tasks. In order to maintain
consistency of the analysis among the team, we developed a single integrated analysis code. To do this, we
assigned a librarian who coordinate the code development and update the analysis code. This method was
very successful for sharing the analysis tasks among the
team and for quickening the analysis. In addition, the
RIKEN CCJ7) computing farm, which has a framework for high-speed scan of the data, enabled us to
scan three billion events of Au+Au collision within a
few days. Thus, we were able to optimize the analysis
cuts and develop the analysis method by scanning the
data several times and by making a feedback within a
short period of time.
We obtained the ﬁrst preliminary results of the separated charm and bottom production6) and the charm
ﬂow8) using the VTX detector. These results were presented in Quark Matter 2012 international conference.
The further analysis is in progress to ﬁnalize these results for publication.

(1) Particle tracks were reconstructed using the
VTX data together with the central arm spectrometer (CA)4) . In the reconstruction, hit positions on the VTX were connected to tracks measured in the CA to identify electrons and to measure the DCA of these electrons. The three dimensional position of the primary vertex is also
determined using the VTX.
(2) The calibration parameters such as the hot and
dead channels and the aligned positions of the
detector elements5) are determined.
(3) The stability of the detectors was studied to
maintain the quality of the data by checking
the average hit rate of the VTX, the energy to
momentum ratio measured in CA, etc., for each
short period.
(4) Photon conversion, which is the largest background source of the single electron measurement, was rejected by requiring no nearby-hits in
the VTX. Since the photon conversion produces
e+ e− pair with a small opening angle, the electron from the conversion often has an additional
nearby hit made by its conversion partner.
(5) The detector acceptance and the eﬃciency were
evaluated using the GEANT based detector sim∗1
∗2
∗3
∗4
∗5
∗6
∗7
∗8
∗9
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Measurement of Invariant Yield for Heavy Flavor electron with
Silicon Vertex Detector at RHIC-PHENIX
H. Asano, Y. Akiba, R. Akimoto, S. Baumgart, S. Bathe, J. Bryslawskyj,∗1 C-H. Chen, L. Ding,∗2 S. Esumi,∗3
T. Hachiya, S. Horiuchi,∗3 J. Koster, K. Kurita,∗4 M. Kurosawa, A. Lebedev,∗2 M. McCumber,∗6
H. Nakagomi,∗3 R. Nouicer, C. Ogilvie,∗2 H. Sako, S. Sato, M. Shimomura, M. Stepanov,∗5 A. Taketani,
M. Wysocki,∗7 and the PHENIX VTX group
fraction of background, we have obtained the invariant yield spectra of heavy ﬂavor electrons for Au+Au.
The result is shown in Fig.1, and we compared the
present spectra with published result for Minimum bias
Au+Au. Since the published result has diﬀerent pT
binning, we deﬁne a function to ﬁt the published result, and then compared the ratio of that data to the
ﬁt curve. The measured spectrum is about 10 to 20%
lower than the published one. This is because VTX
has approximately 12% radiation length, and the electron track loses its energy by about 12% on average.
Since the electron pT spectrum decreases very rapidly
with increasing pT , an eﬀective loss of electron yield is
caused.
In conclusion, we obtained the ﬁrst result of heavy
ﬂavor electron spectra. We are now trying to decompose charm and bottom yield from this result.

Heavy quark production has been studied by the
PHENIX experiment at RHIC via measurements of single electrons from semi-leptonic decays at midrapidity (|η| < 0.35). The PHENIX experiment has been upgraded by installing a Silicon Vertex Tracker (VTX),
and it obtained the ﬁrst physics data of Au+Au collision in RUN 11 (RHIC experiment performed in 2011).
The VTX has been developed for heavy ﬂavor (charm
and bottom) measurements and dedicated to the precise tracking of primary and secondary vertices.
The VTX has two advantages for heavy ﬂavor electrons measurements. First, by selecting electrons with
a distance of closest approach (DCA) to the primary
vertex larger than several hundred microns, the photonic electron background is suppressed by orders of
magnitude. Secondly, as the lifetime of mesons containing bottom quark is signiﬁcantly longer than those
containing charm quark, the detailed DCA distribution from the VTX allows separation of charm from
bottom production statistically.1)
To obtain the heavy ﬂavor electron spectrum with
VTX, we need to calculate acceptance, track reconstruction eﬃciency, and the fraction of the background
(mainly they are photon conversion electrons generated from the material).
The acceptance and track reconstruction eﬃciency,
including the tracking eﬃciency in VTX, is calculated
by a simulation. We used the same track selection cuts
in the simulation as in the real data, and we applied
hot and dead channel map that was made from real
data. In the analysis, we applied a DCA < 700 µm
for inclusive electrons. This tight DCA cut eﬀectively
requires that the primary vertex was reconstructed by
VTX. We corrected for the eﬃciency that the primary
vertex is reconstructed. This eﬃciency is 90.1% per
track for hadron and 90.7% for electrons in Minimum
Bias event.
To obtain the heavy ﬂavor electron spectrum from
the inclusive electron spectrum, we need to estimate
the fraction of conversion electrons. This fraction can
be calculated by π 0 simulation.
After correcting for the acceptance, eﬃciency, and
∗1
∗2
∗3
∗4
∗5
∗6
∗7

Fig. 1. Invariant yield of Heavy Flavor electon measured in
Min-Bias (0-93%) Au+Au compared to PHENIX published results2) .
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Measuring the Spectra of Inclusive Charged Hadrons in Au+Au
√
Collisions at sN N = 200 GeV with Silicon Vertex Tracker at
PHENIX
C.-H. Chen, Y. Akiba, R. Akimoto, H. Asano, S. Bathe, S. Baumgart, K. Boyle, J. Bryslawskyj, L. Ding,
A. Enokizono, S. Esumi, T. Hachiya, S. Horiuchi, K. Kurita, M. Kurosawa, A. Lebedev, M. McCumber,
H. Nakagomi, R. Nouicer, C. Ogilvie, H. Sako, S. Sato, A. Shaver, M. Shimomura, M. Stepanov, A. Taketani,
M. Wysocki, and PHENIX VTX group.
√
When gold nuclei collide at sN N = 200 GeV at the
Relativistic Heavy Ion Collider (RHIC) in Brookhaven
National Laboratory, the energy density is high enough
to deconﬁne the quarks within the nucleon and to create quark-gluon plasma (QGP). One way to study the
properties of QGP is to understand the interaction between quarks and the medium. The most direct way
to study the quark-QGP interaction is to study jets in
QGP. However, direct jet reconstruction is diﬃcult in
the PHENIX experiment, since the current acceptance
of PHENIX is not large enough. Instead, we can study
particles with high transverse momentum (pT ) coming
out from QGP, since most of high pT particles come
from jet fragments.
PHENIX measured the spectra of inclusive charged
hadrons. The result indicates that in most central collisions, the nuclear modiﬁcation factor RAA is 0.2 at pT
larger than 5 GeV/c 1) . This means the production of
high pT particles in QGP is suppressed by a factor of 5
compared to the case where there is no medium, known
as the ‘jet quenching’ eﬀect. PHENIX also measured
π 0 spectra up to pT = 20 GeV/c 2) , where RAA is ﬂat
between 5 to 20 GeV/c, with a slight hint of increase
in RAA at the highest pT . In order to understand the
quark energy loss mechanism, it is important to extend
the single particle spectra measurement to the highest
possible pT .
PHENIX installed and commissioned Silicon Vertex
Tracker (VTX) in the 2011 run. VTX consists of two
pixel layers and two stripixel layers, which provide excellent resolution on the position of the vertex. It
can also provide precise measurement of track position. By measuring the DCA (distance of the closest
approach) of the track and the vertex, the information can be used to separate the electrons coming from
semi-leptonic decay of heavy ﬂavor mesons from conversion electrons. This DCA distribution can also be
used to separate charged hadrons from electrons, and
to remove high pT fake tracks, which mainly arise from
conversion electrons and decay-in-ﬂight particles.
Figure 1 shows the preliminary result of the inclusive
charged hadron spectrum in minimum-bias Au+Au
collisions measured with the VTX. The result is compared with the previously published PHENIX spectrum 1) . The two measurements agree very well up
to pT = 8 GeV/c, which is the highest pT bin of the
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Fig. 1. Upper panel shows the spectrum of the inclusive charged hadron in minimum-bias Au+Au collisions
(black points). The spectrum is compared with previous measurements (red points)1) . The new measured
spectrum is fitted with a function. The ratios between
both spectra with the fitting function are plotted in the
bottom panel.

previous measurement. In order to compare these two
spectra, a function is used to ﬁt the new spectrum, and
both spectra are compared with the ﬁtted curve. The
result is shown in the bottom panel of Fig. 1, which
again shows a good agreement between the two results. The new measurement extends the pT range to
10 GeV/c, and with a larger data set, the measurement
may be signiﬁcantly extended to higher pT .
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Heavy-quark measurement using distance of closest approach analysis
R. Akimoto, Y. Akiba, H. Asano, S. Bathe, S. Baumgart, K. Boyle, J. Bryslawskyj,∗1 C.-H. Chen, L. Ding,∗2
A. Enokizono, S. Esumi,∗3 T. Hachiya, S. Horiuchi,∗3 J. Koster, K. Kurita,∗4 M. Kurosawa, A. Lebedev,∗2
M. McCumber,∗5 H. Nakagomi,∗3 R. Nouicer, C. Ogilvie,∗2 H. Sako, S. Sato, A. Shaver,∗2 M. Shimomura,
M. Stepanov,∗6 A. Taketani, M. Wysocki,∗7 and the PHENIX VTX group
They were convoluted with a Gaussian whose RMS is
equal to the DCA resolution. The templates of photonic electrons were made by single track simulation
with detector simulation. The template of tracks with
wrongly associated hits was evaluated by the XY-DCA
distribution for the tracks with large absolute values of
DCA along the Z-direction.
An isolation cut was applied to reject photonic electrons. A track was rejected by the cut if hits were
found around the hits associated to it.
Figure 1 shows bottom fractions in heavy-quark electrons as a function of transverse momentum (pT ) of
electrons
for the measured data of p + p collisions with
√
s = 200 GeV. The circles indicate the preliminary result from the DCA analysis. The triangles and stars
indicate the results evaluated by the PHENIX and the
STAR experiments, respectively, from the correlation
between electrons and hadrons from heavy-quark decay.1,2) The solid line indicates the result of FONLL
calculation at rapidity y = 0, and the dashed lines
indicate the boundaries of the error band for the calculation.3) The bars and squares denote statistical and
systematic errors, respectively. The result from the
DCA analysis is consistent with the published results.
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b→ e/(c→ e+b→ e)

Heavy quarks (charm and bottom) can be used
as suitable probes to study the interaction between
partons and the quark-gluon plasma (QGP). Heavy
quarks are created mainly by initial hard scatterings,
and thus, the changing of the four momenta when they
pass through the QGP can be clearly evaluated from
the final states. It is necessary to evaluate the changings to a variety of probes in order to determine QGP
properties since they depend on several factors such as
the equation of state or the initial condition.
The measurements of modifications for charm and
bottom quarks separately are informative. The quark
mass dependence of the modification can be evaluated from the measurements. They can be achieved
by the analysis of the distances between the tracks
and the beam collision vertex. The distance of the
closest approach (DCA) to the collision vertex is evaluated for each track in the analysis. The DCA distributions of bottomed hadrons are wider than those
of charmed hadrons since the lifetimes of bottomed
hadrons are considerably longer than those of charmed
hadrons. Therefore, the yields of charmed and bottomed hadrons can be evaluated from the difference in
their DCA distributions.
Electrons and positrons from heavy quark decay
were measured. The yields of charm and bottom
quarks were evaluated by fitting the distribution of
the DCA in the XY-planea) (XY-DCA) with the DCA
templates of all sources. Electrons and positrons are
mainly grouped into two types: non-photonic and photonic electrons. Non-photonic electrons are electrons
and positrons from weak decay and they include heavyquark electronsb) and decay of kaons. Photonic electrons are electrons and positrons from photon conversion and Dalitz decays of neutral mesons. In addition,
the signals with which hits created by other tracks are
associated are required to be evaluated.
The templates of non-photonic electrons were made
by single-track simulation without detector simulation.
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Fig. 1. Bottom fractions in heavy-quark electrons.

The bottom fraction in heavy-quark electrons was
evaluated successfully from the DCA analysis for p + p
collision data and the result is consistent with the published results. The evaluation of Au + Au collision
data is in progress.
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The XY-plane is defined as the plane perpendicular to the
beam axis and the Z-direction is defined as the direction
along the beam axis.
Electrons and positrons from heavy-quark decay are called
heavy-quark electrons.
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Flow measurement of heavy ﬂavor electrons with PHENIX VTX
M. Kurosawa, Y. Akiba, H. Asano, R. Akimoto, S. Bathe, J. Bryslawskyj,∗1 C. Chen, L. Ding,∗2 S. Esumi,∗4
T. Hachiya, S. Horiuchi,∗4 A. Lebedev,∗2 J. Koster, M. Mccumber,∗3 H. Nakagomi,∗4 R. Nouicer,
M. Shimomura, A. Taketani, M. Wysocki,∗3 and the PHENIX VTX group
cay electrons, bottom decay electrons, photon conversions and hadron backgrounds, respectively. The ratio
of each component was dependent on pT and was derived from DCA ﬁtting for each pT region. The yields
and shapes of the DCA distributions of non-HF components were derived from Monte Carlo simulations.
The bottom fraction Rb was obtained from the ﬁtting
of the DCA distribution1) .
The low production rates of bottom quarks make
the extraction of bottom decay electron v2 challenging with the current dataset, so our ﬁrst result focuses
instead on the extraction of the charm decay electron
v2 . In order to study how much v2c is aﬀected by v2b ,
we used three diﬀerent v2b values (−0.2, 0, 0.2), and included it in the systematic uncertainty. The previous
measurements2) were used for the v2γ and v2h from our
data. Figure 1 shows the pT dependence of the charm
decay electron v2 for 10−60% centrality. The obtained
charm decay electron v2 was consistent with previous
results on heavy ﬂavor v2 2) . This is not surprising
since the fraction of bottom at low pT is expected to
be small.

The silicon vertex tracker (VTX) was installed into
the PHENIX experiment in 2010, and it successfully
collected approximately 5 billion events of Au+Au col√
lisions at sN N = 200 GeV in the 2011 RHIC run. The
main function of the VTX is the separation of heavy
ﬂavor (HF) hadrons, charm and bottom, with a measurement of Distance of Closest Approach (DCA) of
single electrons from their decays.
Collective ﬂow is one of the key measurements to
study the hot and dense matter created in heavy ion
collisions, because it is related to the early evolution of
the matter. In particular, higher harmonic ﬂow measurements play an important role in constraining theoretical model calculations describing the properties
of the matter. In addition to the information from
ﬂow measurements of light ﬂavors, heavy ﬂavor measurements give us new information on the mass dependence of collective ﬂow. Heavy ﬂavors are produced in
the initial parton interactions due to those large mass
in heavy ion collisions at RHIC energies. This makes
them a clean probe to study hot and dense matter since
they experience the created matter.
The inclusive electron components include the photonic backgrounds from Dalitz decays and photon conversions, non-photonic background from hadronic decays, and non-photonic electrons from heavy ﬂavor decays. The majority of background is Dalitz decay electrons and conversion electrons that are generated in
VTX materials. Since the origins of conversions are not
the primary vertex, they preferentially produce tracks
with large DCA. Furthermore, the opening angle of
Dalitz decay and conversions is very small for high momentum tracks. Thus, the majority of conversions can
be removed by selecting tracks with |DCA| < 200 µm
and by requiring that there is no close-by hit associated with the track. By applying these cuts, 70% of
the background can be removed.
After the removal of the background, the azimuthal
anisotropy (v2 ) of inclusive electrons was measured. It
can be expressed as
v2incl−e = Rc · v2c + Rb · v2b + Rγ · v2γ + Rh · v2h

Fig. 1. pT dependence of charm decay electron v2 for
10−60% centrality. Open circled points indicate the
previous data of heavy ﬂavor v2 2) .

In future, statical uncertainty can be improved by
using remaining data and ﬁne tuning the analysis. Bottom v2 will be obtained by using more statistics.

(1)

v2incl−e , v2c , v2b , v2γ ,

and v2h are v2 of inclusive elecwhere
trons, charm decay electrons, bottom decay electrons,
photon conversions, and hadron backgrounds, respectively. Rc , Rb , Rγ , and Rh are the ratio of charm de∗1
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High pT hadron production in Au+Au collisions at

√

sN N = 200 GeV

Y. Akiba, R. Akimoto, H. Asano, S. Bathe, S. Baumgart, K. Boyle, J. Bryslawskyj∗1 C-H. Chen, L. Ding,∗2
A. Enokizono,∗3 S. Esumi,∗4 T. Hachiya, S. Horiuchi,∗4 J. Koster, K. Kurita,∗3 M. Kurosawa, A. Lebedev,∗2
M. McCumber,∗5 H. Nakagomi,∗3 R. Nouicer, C. Ogilvie,∗2 H. Sako, S. Sato,∗6 A. Shaver,∗2 M. Shimomura,
M. Stepanov,∗7 A. Taketani, M. Wysocki,∗8 and the PHENIX VTX group
One of the most signiﬁcant discoveries at RHIC has
been the suppression of high pT hadrons in central
Au+Au collisions1) . In pQCD models, the data constrains the transport coeﬃcient, q̂ 2) .
However, pQCD models underestimate the path
length dependence of energy loss3) and, when constrained by RHIC data, over-predict the energy loss
at the LHC4) . This suggests that the mechanism of
energy loss is not fully understood. More precise measurements are desirable.
Currently the best measurement at RHIC comes
from neutral pions5) . For charged hadrons, the measurement is limited by a background from photon
conversions and random tracks, both mimicking high
transverse momentum tracks.
With the recent addition of a Silicon Vertexing
Tracker (VTX)6) to PHENIX, it is possible to signiﬁcantly reject this background and to extend the
hadron measurement to higher pT . One requires tracks
to reconstruct with a small DCA (Distance of Closest
Approach) of the track projection to the primary vertex. Real tracks reconstruct with zero DCA convoluted
with the detector resolution, whereas fake tracks can
have any DCA.
Figure 1 shows the raw DCA distribution in the
transverse plane. One can see a peak around zero
DCA, which is dominated by real tracks, on top of
a background from random tracks and weak decays.
Figure 2 shows the transverse momentum distribution of tracks with and without the small-DCA requirement. At high pT , the spectrum without the DCA
requirement looks unphysically ﬂat, whereas the spectrum with the requirement continues to fall. The observed behavior suggests that the DCA requirement
successfully suppresses the background.
These plots indicate the potential of this method.
The analysis is still in progress.
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Fig. 1. Raw DCA distribution in the transverse plane. The
peak around zero DCA is dominated by real tracks. The
underlying background comes from random tracks and
weak decays. The fall-oﬀ at ± 0.4 cm is an artifact of
the tracking algorithm.

Fig. 2. Uncorrected hadron pT spectra for diﬀerent purity
cuts. At high pT , the spectrum without the DCA requirement looks unphysically ﬂat while the spectrum
with the DCA requirement continues to fall.
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PHENIX 2012 W Measurement and Fast Production Data Analysis
S. Park, N. Amano, Y. Fukao, T. Iguri, Y. Imazu, M. Kim, T. Mibe, H. Murakami, T. Murakami, J. Murata,
I. Nakagawa, K.R. Nakamura, H. Oide, J. Seele, R. Seidl, N. Saito, K. Tanida, I. Yoon, K. Watanabe, and
S. Yamashita

Rejection Power

Measuring the parity violating single spin asymmetry of W boson production in longitudinally polarized proton collisions is one of the primary goals of
the RHIC-PHENIX experiment1) . PHENIX observes
W bosons through their decays into a charged lepton
and neutrino (not detected) at the central and forward/backward rapidity region. The production is described in the hard parton collision regime, and thus,
its asymmetry measurement is sensitive to the helicity
distributions of quarks and sea quarks.
PHENIX forward muon systems have been upgraded
to achieve adequate trigger rejection power and improve backgrounds identification. New front-end electronics (MuTRG-FEE)2) for fast online tracking of
high momentum muons and Resistive Plate Chamber (RPC3) were installed in 2011. The combination
of MuTRG-FEE, Muon Identifier (MuID) and Beam
Beam Counter (BBC), so called SG1×MuID×BBC
trigger3) , was operated as a physics trigger in 2011.
However, the outcome of the analysis of 2011 data indicated that the MuID trigger efficiency drops rather significantly as the luminosity increases. This year, RPC3
was implemented instead of MuID as a new physics
trigger (SG1×RPC3×BBC). In addition to the new
trigger upgrade, Forward Vertex Detector (FVTX) is
installed and operated to improve background identification using additional tracking information. In succession to the first measurement performed in 2011,
PHENIX achieved integrated luminosity of 50 pb−1
with 52% polarization
for a proton beam at a center of
√
mass energy of s = 510 GeV in 2012. The significant
amount of statistics will come in 2013 to achieve the
integrated luminosity goal 300 of pb−1 .

# tracks / pb^-1

rejection power of SG1×MUID×BBC trigger and
SG1×RPC3×BBC trigger with respect to BBC trigger rate. The conventional SG1×MUID×BBC trigger
mix was kept in Run12 as well to check the consistency
with new RPC trigger mix samples.
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Fig. 2. The transverse momentum distribution of muon
candidates. Each color indicates different data and triggers.

Figure 2 shows that the transverse momentum distribution of muon-like samples in 2011 and 2012. As
shown in the figure, the momentum spectra of each
trigger agree with each other. Trigger efficiency was
not taken into account in Fig. 2. We expect higer
trigger efficiency and background rejection in the new
physics trigger. Further studies on the trigger efficiencies and estimation of signal to noise ratio are now
underway.
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Fig. 1. Rejection power of
SG1×RPC3×BBC trigger.
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Measurements of the mid-rapidity parity violating spin asymmetries
for W± bosons at PHENIX†
C. Gal, K. Okada, and M. Stepanov,∗1
A great deal has been learned about the proton spin
composition since the initial measurement of the contribution of the quarks to the spin of the proton. One
particular area of further interest is the contribution
¯ These pocoming from the anti-quarks (∆ūand ∆d).
larized parton helicity distributions functions (PDFs)
have been constrained so far only through semiinclusive DIS (SIDIS) measurements (see the HERMES measurements1) ). One weakness of this measurement method is the lack of prior knowledge about the
fragmentation functions (FFs), making the end result
a convolution of anti-quark PDFs and FFs. Using the
parity violating W± boson coupling to quarks and antiquarks, in polarized p+p collisions, we can circumvent
this problem altogether2) , giving us a cross-check of
the SIDIS measurements.
Following a succesful feasibility run in 2009,
PHENIX has continued the W program by performing measurements both at mid-rapidity and at forward/backward rapidities. We focus here on the midapidity measurement using the W ± → e± + X decay
channel. For this measurement the W+ (W) single
spin asymmetry is a combination of the ∆d¯ and ∆u
(∆ū and ∆d) PDFs.
The PHENIX central arm detector has been described elsewhere4) . It consists of two spectrometers
with tracking and electromagnetic calorimetry (EMCal) and covers a total area between -0.35 and 0.35
in η and ∆ϕ = 2π/2in azimuth. Due to the limited
ϕ coverage we cannot calculate a pT imbalance or detect both electron and positron from Z boson decays.
Thus we employ a similar method to the one used by
the UA1/2 experiments in the initial discovery of the
W boson. We measure a transverse momentum (pT )
spectrum and identify W decays through the typical
Jacobian peak at approximately 40 GeV /c. EMCal
clusters were matched to tracks within 0.01 rad in ϕ.
The bending of the tracks gave us the charge sign of the
particle, while the positions in the EMCal and tracking
system were used to reconstruct the primary interaction vertex. Only events that have a vertex with |z| <
30 cm were used, making sure the resulting particles
are within central arm acceptance. In order to decrease
the level of the background,
√ we use a relative isolation
cut with a cone of R = ∆η 2 + ∆ϕ2 = 0.4. We accept
only events in which the energy in the cone, excluding
the candidate electron/positron divided by the candidate electron/positron energy is smaller than 10%.
†
∗1

The isolation cut decreases the level of the background
by a factor of ≈10 for both charges. The remaining
background after all of our cuts was parametrized in
order for us to be able to properly extract the asymmetries. We do this by ﬁtting our spectrum with a power
law plus a Jacobian peak obtained from PYTHIA simulation with a full GEANT reconstruction. The resulting ﬁt together with the uncertainty band can be seen
in ﬁgure 1.

Fig. 1. Single spin asymmetry results for both W+ (left)
and W (right).

Using the spin diﬀerentiated yields in the signal region (30 to 50 GeV /c) we have calculated the single
spin asymmetries. The result for 2011, 2009 and the
combination can be seen in ﬁgure 1. The deviation of
the W+ asymmetry result from the theoretical cuves
while still not statistically signiﬁcant, would bring new
constraints on the leading theories in the ﬁeld if it remains with improved statistics.
In 2011 we have continued our midrapidity W program with more data than in 2009 and with better
proton beam polarization. We developed new analysis tools to deal with a new detector conﬁguration as
well as to optimize our cuts. With the data already
collected in 2011 and 2012 (≈ 46pb1 ), and with an
expected large dataset in 2013 (≈ 160pb1 ) we will be
able to have signiﬁcant constraints on the polarized
anti-quark PDFs.
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Longitudinal double spin asymmetry of electrons from heavy flavor
√
decays in polarized p + p collisions at s = 200 GeV†
K.R. Nakamura
For understanding of the proton spin structure, the
PHENIX experiment at Brookhaven National Laboratory performs polarized p + p collisions to study the
gluon polarization in the proton. Determination of the
gluon polarization distribution in the small Bjorken x
region, x∼10−2 , is essential to reduce the current uncertainty on the total gluon polarization. To access the
gluon polarization in such small Bjorken x, we performed the world’s ﬁrst measurement of double spin
asymmetry of electrons from decays of hadrons containing heavy ﬂavor quarks (heavy ﬂavor electrons).
Figure 1 shows the measured double spin asymmetry. A constraint of the gluon polarization can be
obtained from the measured spin asymmetry through
a comparison with spin asymmetries calculated under
various gluon polarization assumptions. The partonic
interaction of the heavy ﬂavor electron production has
the following features: (1) gluon-gluon scattering is
the dominant process in the heavy ﬂavor production,
and (2) the heavy ﬂavor electrons are primarily produced by charm quarks. Therefore, we considered
only charm quark production from gluon-gluon scattering, gg→cc̄ + X, for the partonic interaction. Expected spin asymmetries were obtained from unpolarized and polarized cross sections of the gluon-gluon
interaction calculated with leading-order perturbative
QCD, and PYTHIA simulations for the hadronization
of the charm quarks and the decay into electrons.
From the simulations, the Bjorken x distribution
of gluons contributing to the heavy ﬂavor electron
production was obtained. By using the mean and
RMS values of the distribution, the sensitive Bjorken
x region of the measured double spin asymmetry
of the heavy ﬂavor electrons were determined to be
−2
−2 <
<
⟨ log10 x⟩ = −1.6+0.5
∼ x ∼ 8×10 ).
−0.4 (10
From the comparison between the measured and
expected asymmetries, a χ2 curve as a function of
|∆g/g|2 was obtained, as shown in Fig. 2. The minimum value of χ2 , χ2min , located at |∆g/g|2 = 0, which
is the boundary of |∆g/g|2 . ∆χ2 ≡χ2 − χ2min = 1 and
9 were utilized to determine 1σ and 3σ uncertainties
on the constraint of |∆g/g|2 . With these criteria, the
upper limits were found to be |∆g/g|2 < 3.0×10−2 (1σ)
and |∆g/g|2 < 10.0×10−2 (3σ) at Bjorken x of
⟨ log10 x⟩ = −1.6+0.5
−0.4 and a scale of µ = 1.4 GeV. The
constraints are consistent with the theoretical expectations of |∆g/g|2 from gluon polarization distributions
of DSSV2) and GRSV3) groups. The 1σ constraint on
the integral
∫ 0.08 of the gluon polarization was obtained to
be | 0.01 dx∆g(x, µ)| < 0.85. From this result, large
†

gluon polarization at the low Bjorken x region, e.g.
>
∆G[0.01, 0.08] ∼
1, is excluded.
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Fig. 1. Double spin asymmetry of the heavy ﬂavor electron production. The red error bars represent scaling
systematic uncertainties from dilution factor, and the
blue error bands represent oﬀset systematic uncertainties from relative luminosity and the background spin
asymmetry.
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Fig. 2. χˆ2 curves calculated from Fig. 1 and expected
double-spin asymmetries as a function of assumed
|∆g/g|2 value. The black solid line is for default parameters of a charm mass mc = 1.4 GeV/c2 and a
scale µ2 = mcT 2 . The blue curves are after changing
the charm mass mc to 1.3 GeV/c2 (dashed line) and
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changing the scale µ2 to 0.75mcT 2 (dashed dotted line)
and 1.5mcT 2 (long-dashed dotted line).
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Status of π 0 pair ALL analysis in RHIC-PHENIX experiment.
K. Hashimoto, R. Seidl, Y.Goto, and PHENIX Collaboration
± represents the bunch helicity sign for the blue and
yellow beam). This asymmetry should be zero consistent and our result is zero consistent.
We need to develop diﬀerent channel for improving
the statistics. Back-to-back π 0 pair ALL is the most
simplest case of pair ALL measurements but statistics
is low. However, the measurement of π 0 -h± , π 0 -jet or
dijet production can increase statistics. If one of the
gammas from π 0 ﬁre trigger and charged hadron or jet
is produced in the opposite direction, we can measure
π 0 -h± pair ALL or π 0 -jet pair ALL .
The PHENIX collaboration plans to upgrade detecter systems. These new detecters will cover wider
acceptance. This project is called sPHENIX. Long
term future planning is single jet and di-jet measurements in sPHENIX. Especially, if sPHENIX full acceptance EM calorimeter can be obtained higher statistics.
Moreover, with a hadron calorimeter, best kinematics
sensitivity will be achieved in the jet measurement.
This analysis is being performed at CCJ2) , and we
are grateful for its smooth operation.

The proton has a spin of 1/2 that originates from
internal quarks and gluons. Results from Deep Inelastic Scattering (DIS) experiments show that the quark
spin contribution to the proton spin is only about 25%.
In the PHENIX experiment, the gluon-spin contribution to the proton spin has been studied for more than
10 years. In recent years, double helicity asymmetries,
ALL have been measured in several production channels (π 0 , π ± , direct photon, etc). ALL is deﬁned as
follos:
σ++ − σ+−
ALL ≡
(1)
σ++ + σ+−

A LL

In this equation, σ++(+−) is the cross section in the
same(diﬀerent) helicity collision. and each signs represents bunch helicity signs.
One of the highest statistics channels is the measurement of ALL 1) for inclusive π 0 production where
the dominant hard sub-processes are quark-gluon and
gluon-gluon scattering. Therefore, the π 0 production
is a good channel as accessing the gluon spin.
Bjorken-x is deﬁned as a fraction of a proton’s longitudinal momentum and a patron’s longitudinal momentum. If we select back-to-back hadron pair production at the mid-rapidity region, Bjorken x of two
incoming partons should be almost balanced. If two
Bjorken x are not balanced, the produced particles
system is boosted, and these particles should move to
the exterior of PHENIX central arm acceptance, where
the rapidity region is |∆η| < 0.35. Thus, selection of
back-to-back hadron pair production at a mid-rapidity
region can suppress low Bjorken-x event.
Compared with single π 0 , additional steps of π 0 pair
ALL analysis include 1) method of combination of data
and 2) method for background subtraction. For further
details, please see our previous report3) .
Fig 1 shows our preliminary result. The vertical axis
is ALL and the horizontal axis is the invariant mass of
2 π 0 . In this plot, 8.8% uncertainty from the polarization measurement is not included. Our ALL looks zero
consistent due to large statistical uncertainty.
RHIC accelerator consist of 2 rings (called Blue ring
and yellow ring). RHIC can store 120 bunches in blue
and yellow rings and have 120 bunch crossings. ALL
of even number crossings should be the same that of
odd number crossings. In 2009 data, ALL with even
crossing data and with odd crossing data have diﬀerent value (In the past year, these values are consistent).
Therefore, we include 2% uncertainty which comes
from diﬀerence between even and odd crossing data.
A preliminary result is zero consistent. Further, single spin asymmetry of the blue beam and yellow beams
−σ−
ware also calculated for cross checking. (AL ≡ σσ+++σ
,
−.
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Fig. 1. Preliminary result of π 0 pair ALL
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Transverse single spin asymmetry measurement of muons from
heavy-flavor decay at PHENIX
F. Wei∗1 and X. Wang
The measurement of transverse single-spin asymmetries (TSSAs) gives us the opportunity to probe the
quark and gluon structure of transversely polarized nucleons. A number of pQCD-based models have been
developed to explain TSSAs. Among them are the
transverse momentum dependent (TMD) approach,
which includes the Sieves effect1) and the Collins effect, 2) and the higher twist mechanisms. 3)
In the TMD approach, the determined TSSAs in D
meson production can provide a clean measurement
of the gluon Sivers distribution function, provided the
kinematics are selected properly. D mesons, which predominantly originate from the c or c̄ quarks, can be
created either via an q q̄ → cc̄ or via a gluon fusion
process gg → cc̄ at leading order. Since both processes
result in unpolarized final c or c̄ quarks, it is argued
that the observed TSSAs for the process p+p → D+X
can arise only because of the Silvers effect 4) in transversely polarized p+p collisions.
TSSAs in general can also be described using higher
twist mechanisms. The TSSAs for open charm production in transversely polarized p+p collisions are predicted by quark-gluon and tri-gluon correlations in the
twist-3 contribution of the QCD collinear factorization
approach, 5) It has been predicted that the D and D̄
meson production will have different AN values. The
measurement of TSSAs of a heavy flavor will allow us
to better understand the TMD and tri-gluon collinear
approach.
PHENIX has two spectrometers designed for measuring muon production over the pseudorapidity range
1.2 < |η| < 2.2. The muon arms consist of thick
hadron absorbers that reduce the hadronic background
for muon measurements. muon trackers (MuTr) and
muon identifiers (MuID). Prompt muons are produced
from D or B meson through semi-leptonic decay. The
main background source of prompt muons are punch
through hadrons and muons from light hadron decay.
Preliminary results from the 2006 and 2008 datasets
have been obtained as figures 1 and 2. The preliminary
result of Run 2008 is consistent with that of Run 2006.
The combined result indicates that the gluon Sivers effect is smaller than the sensitivity of the present measurement. During Run 2012, with the 200 GeV transverse polarized p + p running, we implemented a new
single muon trigger for enhancing our observation of
medium pT single muons. The preliminary result of
Run 2012 will provide better constraints that can be
applied to the current results. In addition, the forward silicon vertex (FVTX) detector was successfully
∗1

∗1

installed in 2012. The FVTX detector covers same rapidity range as the muon arms. It will provide the
forward muon system with a strong capability to reduce the hadron background and improve the current
measurement significantly.

→µ
η

Fig. 1. xF dependent PHENIX preliminary results in 2006
and 2008 and the combined results of 2006 and 2008.

→µ

→µ

η

η

Fig. 2. pT dependent PHENIX preliminary results at forward and backward rapidity in 2006 and 2008 along
with the combined 2006 and 2008 results.
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Inclusive cross section and single transverse spin asymmetry for very
√
forward neutron production in polarized p + p collisions at s = 200
GeV†
Y. Goto for the PHENIX Collaboration

†

dσ/dx (mb)

√
With the first polarized p + p collisions at s = 200
GeV at RHIC, a large single transverse-spin asymmetry (AN ) for neutron production in very forward kinematics was discovered through a polarimeter development experiment1) . The discovery of the large AN for
neutron production is also new important information
to understand the production mechanism of the very
forward neutron. The cross section of very forward
neutron production was measured at ISR and Fermilab2) . They measured a forward peak in the xF dis√
tribution around xF = 0.8 and found only a small s
dependence. The cross section was also measured at
HERA in e + p collisions3) . They observed a suppression of the forward peak. In order to understand the
production mechanism of the forward neutron, more
data are necessary, and the asymmetry measurement
gives new information.
At PHENIX, we measured the cross section and AN
of very forward neutron production in polarized p + p
collisions with a ZDC (Zero-Degree Calorimeter) by
adding a position-sensitive SMD (Shower Maximum
Detector)4) . The detectors are located downstream of
the RHIC-DX dipole magnet so that the charged particles from collisions are swept out. Beam Beam Counters (BBCs) are used as beam luminosity monitors.
They are mounted around the beam pipe located ±144
cm away from the collision point and cover ±(3.0–3.9)
and 2π in pseudorapidity and azimuth spaces, respectively. The data were collected by two sets of triggers
for the neutron measurement. One was the ZDC trigger for neutron inclusive measurements by requiring
energy deposit on either side of the ZDC (the north
side or the south side) above 5 GeV. The other was
the ZDC⊗BBC trigger, a coincidence trigger of the
ZDC trigger with BBC hits, which were defined as one
or more charged particles on both sides of the BBCs.
The differential cross section, dσ/dxF , in the integrated pT region, 0 < pT < 0.11 × xF GeV/c for
√ forward neutron production in p + p collisions at s =
200 GeV was determined using two pT distributions:
a Gaussian form, as used in HERA analysis3) , and
an exponential form, used for ISR analysis2) . The results are plotted in Fig. 1. The measured
√ cross section
was consistent with the ISR result at s from 30.6 to
62.7 GeV, indicating that xF scaling is satisfied at the
higher center of mass energy.
The single transverse-spin asymmetry with the ZDC
trigger was AN = −0.061 ± 0.010(stat) ± 0.004(syst),

0.9

s=200 GeV : PHENIX exponential p form
T

0.8

s=200 GeV : PHENIX gaussian p form
T

0.7
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Fig. 1. The cross section results are shown. Statistical uncertainties are shown as error bars for each point, and
systematic uncertainties are shown as brackets. Absolute normalization errors for the PHENIX and ISR are
9.7% and 20%, respectively.
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Fig. 2. The xF dependence of AN with the ZDC trigger
(left) and with the ZDC⊗BBC trigger (right). The
error bars show statistical uncertainties and brackets
show pT -correlated systematic uncertainties.

and that with the ZDC⊗BBC trigger was AN =
−0.075±0.004(stat)±0.004(syst). The xF dependence
of AN of very forward neutron production is shown in
Fig. 2. A significant negative AN was seen in the positive xF region, and there was no energy dependence
within the errors in both trigger sets. No significant
backward neutron asymmetry was observed.
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Advances in the PHENIX local polarimeter analysis in 2012
J. Koster, C. Gal, S. Park, and J. Perry,∗1
The PHENIX experiment at the Relativistic Heavy
Ion
√ Collider (RHIC) observes high energy (62.4GeV <
s < 510GeV ) collisions between polarized protons to
study the spin structure of the proton. This report
summarizes a recent and successful eﬀort to greatly
speed up the commissioning of longitudinally polarized
beams at the RHIC.
The stable spin direction of circulating polarized
beams at RHIC is the transverse spin direction. To enable studies utilizing longitudinally polarized proton,
special “rotator” magnets are used to rotate RHIC’s
polarized beams from the transverse to the longitudinal direction just before the PHENIX experimental
hall and then from the longitudinal to the transverse
direction just after the beam has left the experiment.
The Collider Accelerator Department already operates
polarimetry equipment at RHIC to measure beam polarizations, but it does so in a separate area from the
experiments. Therefore, it has no instrumentation to
measure how successful their rotation from the transverse to the longitudinal spin has been. To solve this
problem, accelerator experts rely on PHENIX’s “local polarimeter” to help in tuning the rotator magnet
currents and in tracking their performance.
The PHENIX “local polarimeter” utilizes a transverse spin asymmetry to quantify the direction of the
beam polarization, i.e. what fraction of the beam is
longitudinally polarized. Speciﬁcally, it uses a leftright single spin asymmetry, AN , in neutron production at small scattering angles. Therefore, the analysis
does not directly measure the longitudinal polarization. Instead it measures the residual transverse beam
polarization. This transverse asymmetry is minimized
by adjusting the rotator magnets until an acceptably
small transverse asymmetry remains. The polarization
can be measured by using the relation: P = ϵN /AN ,
where: P is the transverse beam polarization, ϵN is the
measured asymmetry and AN is the analyzing power.
In past years the analysis took days of expensive
beam time to accumulate statistics since the analysis
was performed using data on hard disk and it also required a special experimental setup incompatible with
physics data-taking. The new analysis, using a ﬁeld
programmable gate array, takes only minutes to accumulate suﬃcient precision to tune the rotator magnets. Results from an eight-hour data-taking session,
called a ﬁll, are shown in ﬁgure 1. A summary of all
data-taking in 2012 are shown in ﬁgure 2. These results were made available to accelerator experts within
the RHIC-complex in real-time and enabled us and accelerator experts to quickly notice ﬁlls with too large
∗1

residual transverse polarizations.
In summary, the new analysis sped up a process that
previously took days thereby giving us additional days
of physics data-taking and also allowed us to quickly
identify problems in the RHIC accelerator.
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Fig. 1. Residual transverse polarization asymmetry (vertical axis) plotted versus the time within an experimental
ﬁll (horizontal axis) for a randomly chosen ﬁll. The various types of asymmetry denoted BNUD, BNLR, YSUD
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Measurements of the beam path dependence of false double spin
asymmetries in polarized p + p collisions
K. Boyle and A. Manion,∗1

∗1

∈++ to --

A main goal of the RHIC Spin Program is to determine ∆G, the gluon spin contribution to the proton spin. At PHENIX, the double helicity asymmetry
(ALL ) in π 0 production1) in longitudinally polarized
p + p collisions is the most sensitive measurement to
∆G due to the large statistical sample taken. In 2009,
the systematic uncertainty from Relative Luminosity
dominated the statistical uncertainty. Understanding
and reducing this uncertainty is therefore very important to achieve the best determination of ∆G.
For longitudinal spin asymmetry measurements, luminosity normalization of the different spin orientations is required. The Relative Luminosity uncertainty
quantifies how well this normalization is achieved, and
consists of two contributions: 1) the accuracy of luminosity determination and 2) any asymmetry to which
the luminosity detector is sensitive, and therefore could
bias the π 0 ALL measurement. For luminosity determination, event counts triggered in Beam-Beam Counters (BBC)2) by low momentum charged particle hits
from p + p collisions are used, and corrections due to
rate and bunch width variations are applied3) . To determine if the BBC is sensitive to an asymmetry, the
counts are compared to a second luminosity monitor,
the Zero Degree Calorimeter (ZDC)2) , which is triggered primarily by neutrons. In 2009, a ZDC to BBC
asymmetry of (1.2 ± 0.2) × 10−3 was measured, which
was significantly larger than that of previous years.
With transverse spin, a forward neutron left-right
asymmetry has been measured in the ZDC. During longitudinal running, small transverse spin components
remain and are tracked using the remaining neutron
asymmetry4) . We proposed that the luminosity asymmetry measured in 2009 was due to the remaining
transverse component (∼ 15%) coupled with a beam
angle or offset of the beam path with respect to the
ZDC. Such an offset or angle would modify the acceptance of the detector, and so increase or decrease the
neutron yield depending on the polarization orientation. A toy Monte Carlo simulation of this effect was
reported in5) , and showed that such an effect could
create a false asymmetry.
√
In the RHIC run at s = 200 GeV in 2012, we proposed a study where the proton beams would be purposefully angled with respect to the nominal z-axis,
while maintaining the two beam alignment so as not
to reduce the luminosity. To reduce beam time used in
this study, it was conducted during transverse running
to maximize the effect. Data was recorded over several days at three different beam angles, as well as in
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Fig. 1. False asymmetry ǫ++to−− vs beam angle with respect to nominal z axis. The effect is clearly visable.
Also drawn is the result of a linear fit, which well describes the data.

the nominal settings. According to our hypothesis, this
should induce an difference asymmetry, ǫ++to−− , when
comparing luminosity in two polarized up bunches and
in two polarized down bunches, and this was in fact
what was found. In Fig. 1, the results of this study
are shown, and the linear dependence of the induced
false double spin asymmetry as a function of the angle
of the beams is clear from the fit. Here, the asymmetry is assumed to scale with polarization (P ), like the
transverse neutron asymmetry, and not with P 2 , like
ALL , indicating it is indeed a single spin effect masquerading as a double spin effect.
To reduce this effect, we now keep the remaining
transverse polarization components in longitudinally
polarized p + p collisions at ∼ 3 − 5%. We are also
commissioning for the 2013 run a scaler readout for
the ZDC shower maximum detector, which gives hit
positions. This will allow us to mimic multiple beam
angles and offsets during all running time, without requiring special beam conditions.
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Understanding of radial and elliptic expansion with blast wave model
√
in AuAu sN N = 200 GeV at RHIC-PHENIX
Y. Ikeda
In non-central collisions, the initial geometry of the
reaction zone is oval. A large azimuthal anisotropy
of particle emission that depends on the initial geometry has been found. Experimentally, this azimuthal
anisotropy is very important because it is related to
the initial stage of collision. In particular, elliptical
anisotropy, which is the second term of the Fourier series (v2 ), is believed to carry information about the
initial geometrical anisotropy. The large v2 can be evidence for the short mean-free path of the particles
in the hot dense medium. The measured v2 increases
with pT in the low-pT (soft) region, as shown by hydrodynamical calculations, in which fast thermalization is assumed in the initial stage and shear viscosity
is thought to be small. The quark number scaling of v2
suggests quark level collectivity in the hot dense matter
and quark coalescence mechanism to form hadron from
quark matter via quark-gluon phase transition.1)2)3)4)
The v2 measurement in RHIC-PHENIX has so far
been limited to particles of abundant yield because
of the poor resolution of the reaction-plane detectors.
A new reaction-plane detector RxP with higher resolution was installed to measure the elliptical flow in
RHIC-PHENIX experiment.5) RxP allowed us to measure azimuthal anisotropy in higher pT region, above
3 GeV/c.6) The hadron v2 increase with pT in the low
momentum range (pT < 2 GeV/c). Heavy particle has
a smaller value of v2 than light hadron for a given pT .
This can also be understood by shifting pT towards
higher pT for heavier particles. This result agrees with
the expectation that the heavy particle acquires larger
transverse momentum via radial flow according to the
hydro-dynamic model.
The Blast Wave model is a description of a fluid
freeze-out state characterized by its temperature Tf
and its radial flow velocity βT .7) Following functions
of Blast Wave describe the momentum spectra and the
v2 with Tf , βT , and freeze-out eccentricity.
dN
=
pT dpT
v2 =

∫

∫

at freeze-out timing and G(x,y) is gradient of density
distribution, which is calculated with W(x,y). The extracted freeze-out eccentricity by fitting of the function for pT spectra and v2 of six particles found to
be smaller than the initial eccentricity estimated by
Glauber Monte Carlo, but it still has the same orientation. The observation is consistent with the eccentricity extracted from HBT measurement that obtains
system size of hot matter from two-hadron(π meson)
interference8) (Fig. 19) ).

Fig. 1. Freeze out (final) eccentricity versus initial eccentricity. Red point shows the result of BW fitting. Blue
points show results of the HBT analysis.
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mT
cosh ρ =
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tanh ρ = βT G(x, y)
α =
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Measurement of higher harmonic flow of identified hadrons
√
in Au+Au collisions at sN N = 200 GeV
S.Mizuno for PHENIX collaboration
where αt = (pT /Tf ) sinh ρ, βt = (mT /Tf ) cosh ρ,
ρ(φ, r) = ρ0 (1 + 2ρn cos (nφ)) × r/Rmax , and S(φ) =
1 + 2sn cos (nφ). The parameters Tf , ρ0 , ρn , and sn
are temperature, surface average velocity, nth-order
anisotropy of velocity, and spatial density anisotropy
at freeze-out, respectively. Obtained parameters are
shown in Fig.2. The radially averaged expansion velocity is presented as < ρ >.

Tf [MeV]

(2)

where φ is azimuthal angle, νn and Ψn are the strength
and direction of the n th -order harmonic, respectively.
νn is considered to carry information on the initial conditions and QGP viscosity. Because higher (n>2) order
components are expected to be more sensitive to those
effects, they have been studied actively.
In this analysis, azimuthal anisotropy of identified
particles are studied. νn (n>2) are found to have similar dependence on mass and difference between meson
and baryon to those seen in ν2 , as shown in Fig. 1.
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Fig. 2. (a) temperature, (b) spatially averaged velocity,
(c) anisotropy of velocity and (d) spatial anisotropy at
freeze-out. (a),(b) are functions of Npart and (c),(d)
are functions of initial spatial anisotropy. Color bar located below each point in (a) and (b) are systematic
uncertainties.

Freeze-out temperature and radially averaged expansion velocity are mostly constrained by the shape
of the invariant yield. < ρ > and sn are plotted as
a function of initial geometrical anisotropy n calculated by Glauber Monte Carlo. Both anisotropy parameters ρn in velocity and sn in spatial density have
been found to behave similar to the centrality dependence of νn itself2) and to scale with initial geometrical
anisotropy. This indicates that the initial geometrical anisotropy is converted into the velocity anisotropy
during the expansion resulting the reduced final geometrical anisotropy, which is also consistent with the
final geometrical anisotropy extracted by HBT interferometry measurement.3)
This results were presented as a poster in QM2012
and as a talk in ATHIC2012.

4

pT [GeV/c]

Fig. 1. π ± ,K ± , and pp̄ (a) v2 , (b) v3 × 1.5, (c) v4 × 1.5,
and (d) v4 (Ψ2 ) × 5.0 as functions of pT . Green band
indicates pT correlated systematic uncertainties.

Elliptic event anisotropy ν2 at the low pT region indicates that the system evolves hydrodynamically. Blast
Wave functions (3),(4), which are inspired by hydrodynamical model, are used to fit the invariant yield1)
and νn in order to extract the freeze-out parameters.

rdr dφmT I0 (αt )K1 (βt )
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vn (pT ) =
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pT dpT
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Experimental studies using high-energy heavy-ion
collisions has been performed for more than 10 years
at the Relativistic Heavy Ion Collider (RHIC), in order
to study properties of quark gluon plasma (QGP). A
powerful tool for investigating the property of QGP is
the azimuthal anisotropy of emitted particles.
To quantify the anisotropy, Fourier series is used for
the azimuthal distribution of the number of emitted
particles per event.

2νn cos{n(φ − Ψn )}]
(1)
dN/dφ = N0 [1 +
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Two particle correlations with respect to higher-order event planes
√
in Au+Au sN N = 200 GeV collisions at RHIC-PHENIX
T. Todoroki for the PHENIX Collaboration

∆

Au+Au 200GeV, 20-30%, 2-4⊗1-2 GeV/c, v2,3,4 subtracted

1/NtrdNpair/d φ

Quark gluon plasma (QGP) is a phase of nuclear
matter where the existence is predicted by quantum
chromodynamics at high temperature and high energy
density, which is created by relativistic heavy ion collisions.
In previous measurements of di-hadron correlations
in heavy ion collisions at RHIC1) and LHC2) , near-side
long range pseudo-rapidity correlations (ridge) and
away-side double hump structures (shoulders) have
been observed. These observations provide potential
information to diagnose the mechanism of parton energy loss in QGP medium since those phenomena in
correlations cannot be seen in p+p collisions, in which
the QGP phase is not expected to be formed.
The higher-order ﬂow harmonics, vn =⟨cos n(ϕ − Ψn )⟩
for n>2, anisotropy of emitted particle azimuth ϕ
with respect to each harmonic event plane Ψn has
been measured at RHIC and LHC2) . The higher-order
ﬂow harmonics are driven by hydrodynamics expansion from the ﬂuctuations of initial participant density
3)
for odd harmonics, and from the ﬂuctuations and elliptic shapes of nucleus-nucleus collisions for even harmonics. The observation suggests that vn can reproduce the ridge and shoulder structure in the di-hadron
correlations with rapidity gap ∆η>2 between trigger
and associate particle. However, the measurements of
vn and di-hadron correlations between trigger and associate particles with small ∆η gap at PHENIX4,5) ,
where the contribution of jets is a large fraction of total
correlation yields, again exhibited a shoulder structure
in mid-central collisions centrality 20–50% even after
subtraction of the contributions from vn .
The results suggest that the shoulder emerges from
the interplay between the hard scattered partons and
the QGP bulk rather than simple collective expansion
of QGP bulk. The data provide a possible discriminating power to the models of di-hadron correlations.
Bulk of QGP contains the elliptic, triangular, and
higher components in its shape, and the selection of
the trigger particle with respect to each harmonic event
plane enables us to control the parton path length in
QGP bulk medium.
An extended measurement of correlations of intermediate momentum paris, with the selection of the
trigger particle with respect to the second and third
order event planes is performed to survey the origin of
the shoulder structure in di-hadron correlations. The
measurement results are shown in Figure 1. Transverse
momentum ranges are 2<pT <4 GeV/c for trigger particles and 1<pT <2 GeV/c for associate particles. Each
panel of the ﬁgure shows the correlation function of dif-
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Fig. 1. Di-hadron correlations normalized to pair yield per
a trigger with pT selection 2<pT <4 GeV/c for trigger
particles and 1<pT <2 GeV/c for associate particles in
√
Au+Au sN N =200 GeV collisions at centrality 20% to
30%. Contributions from v2 , v3 and v4 are subtracted.

ferent |ϕt − Ψ2,3 | ranges. ϕt is the azimuthal angle of
the trigger particle. Black data points show the correlations where ϕt − Ψ2,3 > 0, and red data points show
the correlations where ϕt − Ψ2,3 < 0. Gray bands and
red frames are systematics uncertainties coming from
vn measurements.
The Ψ3 dependent correlations in the right column
of Fig.1 are almost consistent within systematic uncertainties, and the double hump structures in away-side
stay in those correlations. In Ψ2 dependent correlations in the right column of Fig.1, the shoulder structures are seen only in most top and bottom panels,
wheras they are not seen in the middle two panels.
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Measurement of KS in Au + Au collisions
√
at sN N = 200 GeV at RHIC-PHENIX†
M. Nihashi for the PHENIX Collaboration
by gluon radiations and jet-conversions2).
The PHENIX detector consists of large-acceptance
charged particle detectors. Charged Kaon in high pT
cannot be measured by Time of flight(TOF) particle
identification method yet owing to finite timing resolution. On the other hand, 69.2% of the KS mesons
decay into charged pions (main branch) and KS can
be expected to be reconstructed and identified even for
higher pT .

The fundamental theory of the strong interactions
among quarks and gluons is quantum chromodynamics
(QCD).
According to QCD, ordinary matter, which consists of protons and neutrons, undergoes phase transitions at extreme conditions, at temperature over 1012 K
and/or at high densities over 1012 kgcm−3 . High energy heavy-ion collision is a method to generate the
hot matter. A RHIC-PHENIX experiment is studying
this new phase of hot and dense matter, Quark Gluon
Plasma, produced in heavy ion collisions.
In this report, I focus attention on the strange
quarks to investigate properities of QGP at RHIC. Acquired knowledge about the properties of QGP from
strange particles yield measurements are classified into
four types here.
The first is from the total yield study. Particle
ratios including multi-strange particles were reported
as a signature of QGP at SPS. This is because if
strangeness is only produced by hadronic interactions,
multi-strange particles probably do not have enough
time to reach chemical equilibrium owing to their small
cross section in the medium. In recent years, it was reported that strangeness enhancement factors for central Cu+Cu collisions are higher than those for midcentral Au+Au collisions with similar number of partitipants at RHIC1) . This report indicates that the total
yield of the strangness may be likely related to initial
geometry of the system of collision.
The second is from the radial flow study. The matter
expands in all directions through all stages of fireball
evolution. Accordingly,
there is collective radial flow.

The mT(mT = m20 + p2T ) spectra of various speices
provides us the information about freeze out temperature and radial flow velocity.
The third is from the intermidate pT (2 ≤ pT ≤
6GeV ) study. In this region, strange-hadron production from both hard partons in minijets and soft partons in QGP is studied.
For instance, partons with pT ≃ 2GeV in y ≃ 0
are the probe of the gluon distribution at x ≃ 0.02
at RHIC energy. There is an important model, called
the quark recombination/coalescence model, in which
quarks and anti-qaurks of thermal and/or minijets are
combined and form hadrons. We need to examine this
model through systematic studies.
The last is from the high pT study. Hard pT strangehadrons in mid-rapidiy region are from hard scattering,
quark-jets and gluons-jets and this study indicates that
flavour dependence in QGP, for example, energy loss
†
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Fig. 1. Left figure is ratio of signal to statical errors S + B
vs energy asymmetry upper limit. Right figure is the
invariant mass distribution with various energy asymmetry cuts.

I reconstructed KS from charged tracks of π + and
π candidates by TOF PID. I used the TOF EAST detector and the PbSc sampling calorimeter as the timing device in order to obtain large acceptance. Invariant mass shape from KS is distorted owing to mismomentum measurement from off-vertex effects, and
KS signal counting is sentitive to the correlated background shape. Energy asymmetry cut is known to inS
crease the statistical significance of the signal ( √S+B
)
in two-body decay and to change the corrlated background shape. Energy asymmetry scan results and the
significance of the signal and invariant mass distributions are shown in fig. 1. At present, the estimation of
systematic errors and improvement of counting technique are ongoing.
−
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Study of background source of measurement of J/ψ photo-production
√
at forward rapidity in Au+Au collisions at sN N = 200 GeV
A. Takahara, Y. Akiba , E. T. Atomssa,∗2 M. Chiu,∗3 T. Gunji,∗1 H. Hamagaki,∗1 J. Nystrand,∗4 S. White,∗3
K. Skjerdal,∗4 Z. C. del Valle∗5

∗1
∗2
∗3
∗4
∗5

collisions, 7 × 0.39 J/ψ candidates are contaminated
in the J/ψ candidates in UPC events. The right panel
of Fig 2 shows the dimuon invariant mass spectrum in
p + p → J/ψ+ X events, where the number of J/ψ are
normalized to 2.8, 4% of UPC J/ψ. It is shown that
the contribution from most-peripheral collisions is also
negligible.
There are too low statistics to discuss background
sources in further details .
35

10-1

counts

counts

The measurements of the photo-production of J/ψ
at forward-rapidity(1.2 < |y| < 2.2) in ultra-peripheral
√
Au+Au collisions at sN N = 200 GeV at RHICThe UltraPHENIX was presented last year1) .
Peripheral Collision (UPC) is a collision whose impact parameter is greater than the sum of colliding
nuclear radii. The measurement of γAu →J/ψ + X in
UPC plays an important role in determining the gluon
density in nuclei at small Bjorken x, where the gluon
density is expected to be suppressed due to the owing
shadowing eﬀect2) .
The requirements of UPC event selection at forward
rapidity are that there are only two muon tracks at
forward rapidity, at least one neutron is detected on
both side of zero degree calorimeter, which is located
18.85 m forward and backward from interaction point
and covers ± 2 mrad, and no other signal is detected
by any other PHENIX detector. The left panel of Fig.
1 shows the invariant mass spectrum of dimuons at
1.2 < |y| < 2.2 in the UPC event selection. In the
measurements of J/ψ in UPC events, there are two expected non-negligible background sources. One is the
direct dilepton production in UPC, γγ → ll. The other
background source is the contamination of the mostperipheral collisions. It is necessary to quantitatively
understand the contributions of these two background
sources.
The right panel of Fig. 1 shows simulated γγ → µµ
signal normalized to the luminosity, obtained in 20103) .
The contribution of this process ( 0.1 event) is about
0.1% compared to measured J/ψ ( 74 events) shown
in Fig. 1 (left). The red histogram in the left panel
of Fig. 2 show charged particle multiplicity in midrapidity (|y| < 0.35), in the UPC events with J/ψ
candidates in forward-rapidity without charged multiplicity cut in mid-rapidity. The blue histogram shows
charged particle multiplicity in mid-rapidity (|y| <
0.35) in the p+p events, which corresponds to a limit of
√
the peripheral collisions, with J/ψ candidate at sN N
= 200 GeV. It is seen that the multiplicities for the
events with J/ψ in UPC and in p + p collisions are
very diﬀerent; 39% of the J/ψ events in p + p do not
have any other tracks in mid-rapidity and that of UPC
has 8 events more than 3 tracks.
Assuming that 7 events are from most-peripheral
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Fig. 1. Invariant mass distributions of dimuons at forward
rapidity measured in 2010 in the UPC event selection (left). Crosses correspond to unlike-sign pairs and
dashed crosses correspond to like-sign pair. Simulated
γγ → µ+ µ− invariant mass distribution at forward rapidity normalized to luminosity in 2010 (right).
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Estimates of statistical errors of π 0 v2 in Pb-Pb collisions at
2.76 TeV with ALICE at LHC

√

sN N =

T. Tsuji, H. Hamagaki,∗1 T. Gunji,∗1 H. Torii,∗1 for the ALICE collaboration
n-th order. The second harmonics, v2 , represents
the strength of elliptic azimuthal anisotropy. The
anisotropy v2 at a low pT is created by the collective
flow, which is an origin of the background in measuring
the RAA (pT , ∆φ) for investigating the energy loss.
The statistical errors of π 0 v2 were estimated. π 0
v2 was extracted with the dN/dφ method. In this
method, v2 is obtained by fitting the azimuthal angular distribution of π 0 with

It has been observed in central Pb+Pb collisions
√
at ( sN N ) = 2.76 TeV at the Large Hadron Collider
(LHC) facility at CERN that the yield of charged particles at a high transverse momentum (pT ) is strongly
suppressed as compared to the expected yield from
p+p collisions, assuming the occurrence of scaling with
the number of binary collisions. This suppression is attributed to the energy loss of hard scattered partons
within quark-gluon plasma (QGP) created in heavy ion
collisions. This phenomenon is called as jet quenching.
A useful way to quantify the suppression of high-pT
hadrons is to introduce the nuclear modification factor
(RAA ), where the p + p cross section is scaled by the
thickness function TAA  of the two nuclei
RAA (pT ) =

1
< TAA

N (∆φ, pT ) = N (1 + 2v2 cos(2∆φ)).
π 0 values are reconstructed using the invariant mass
method with reconstructed energy obtained by the
photon spectrometer (PHOS) in the ALICE experiment. A statistical error of v2 is inversely proportional
to the one-half power of twice as much as the number
of events. Figure 1 shows v2 values as a function of

evt 2
)d NAA /dpT dy
(1/NAA
.
d2 σpp /dpT dy
>

Experimental data can be well reproduced by multiple models with different approaches that calculate the
energy loss of the hard scattered partons as they traverse the dense medium. To compare these models, we
need to improve our experimental control of the path
length L, since the energy loss of a high-pT parton increases rapidly with the distance traveled through the
medium.1) Thus, the measurement of the energy loss
with respect to the path length is expected to enable
us to obtain detailed information about the mechanism of the parton energy loss. If RAA is measured as
a function of centrality (cent) and the azimuthal angle
(∆φ) with respect to the event plane, RAA (L) can be
measured. Therefore, differential observable RAA (∆φ)
directly probes the path length dependence of the energy loss.
The RAA (pT , cent, ∆φ) with respect to the azimuthal angle is factorized as

Fig. 1. v2 values as a function of pT . Square and circular symbols indicate v2 values of the charged pion and
the charged particle, respectively.2) Square bars indicate the amplitude of statistical errors estimated from
the half data of all high pT triggered events in 2011.

pT . Square points and circular points show v2 values
of the charged pion and the charged particle, respectively. In this figure, estimated amplitude of statistical
errors from the half data of all high pT triggered events
in 2011 is shown using square bars. In these plots, the
mean values of π 0 v2 are conformed to those of the
charged pion v2 value. Therefore, statistical errors of
π 0 v2 are comparable in size to those of the charged
pion, obtained from the 2010 run data. Calculations
of π 0 v2 are presently ongoing.

RAA (pT , cent, ∆φ) = F (∆φ, pT ) · RAA (pT , cent),
where F (∆φ, pT ) is ratio of the relative yield, given as
F (∆φ, pT ) = 

N (∆φ, pT )
,
dφN (∆φ, pT )

and where N (∆φ, pT ) can be expressed in terms of a
Fourier expansion with ∆φ.
N (∆φ, pT ) ∝ 1 + 2

inf


(vn cos(n∆φ)),
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Fragmentation function measurements with the Belle detector
R. Seidl, M. Leitgab,∗1 A. Vossen,∗2 F. Giordano,∗1 N. Kobayashi,∗3 M. Grosse-Perdekamp,∗1 A. Ogawa,
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1/Nevts × dNh/dz

The Belle experiment at KEK has collected more
than a 1 ab−1 of luminosity over the course of the datataking which lasted until 2010. The analysis of that
data is still continuing while preparations for the Belle
II experiment are being ramped up. The initial goals
of the Belle experiment are the exploration of CP symmetry breaking in the B meson sector for which
√ it is designed to operate on the Υ(4S) resonance s = 10.58
GeV. However, the majority of the cross section at that
energy is due to open quark-antiquark production and
thus it is possible to precisely study QCD physics in
general and in particular the fragmentation process of
how these quasi-free quarks fragment into final state
hadrons. The published results on the spin dependent
fragmentation function (FF) measurements of charged
pions by the Collins effect or the interference fragmentation have already been reported previously1) . The
inclusion of the analysis of pion-kaon and kaon-kaon
pairs is ongoing and new results are expected soon.
The extraction of unpolarized FFs for pions and
kaons has been finalized and has been submitted2) . As
can be seen in Fig. 1 the measurement is very precise
√
to almost the maximal fractional energy z = 2Eh / s.
Together with the previously existing world data from
much higher energies it will allow to significantly decrease the uncertainties of the FFs of light quarks into
pions and kaons and in particular enable a good determination of the gluon FFs which was previously poorly
constrained due to the lack of data at energies significantly below the Z resonance. A global analysis by
theorists including this new data set is expected to appear shortly after publication.
One addition on the extraction of unpolarized FFs
is the measurement of hadron pairs. Those pairs could
be detected in the same hemisphere which is the baseline to the interference FF measurements and also provides input to various resonance FFs such as those of
the ρ0 , K ∗0 , Φ and other more exotic ones. The combination of two hadrons detected in opposing hemispheres gives additional information on favored versus
disfavored fragmentation which is not accessible in inclusive measurements in e+ e− annihilation. Favored
(disfavored) here corresponds to the fragmentation of a
quark into a hadron that does (not) contain that quark
flavor as valence quark, such as u → π + (u → π − ). An
example of the expected yields from generic MC of uds
and charm quark production is shown as a function of

π± (Statistical, Systematic Uncertainty)
10

K ± (Statistical, Systematic Uncertainty)

1
10-1
10-2
10-3
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

z

Fig. 1. Charged pion and kaon multiplicites as a function
of the fractional energy z. The error bands describe the
total systematic uncertainties.

the fractional energies of the two particles in Fig. 2.
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Fig. 2. Expected π + π − multiplicites as a function of the
fractional energy z1 , z2 based on MC for uds and charm
quark pair production with and without detector simulation and detector acceptance.

Furthermore the process of writing the Book on the
physics of the B factories has been finished and will be
published in 2013 including a chapter on the fragmentation function measurements which has been edited
by the author of this article.
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Results of the commissioning run of E906/SeaQuest
Drell-Yan experiment at the Fermilab
S. Miyasaka, Y. Goto, Y. Kudo,∗2 Y. Miyachi, K. Nagai,∗1 K. Nakano,
S. Obata,∗1 F. Sanftl,∗1 S. Sawada, and T.-A. Shibata
of Technology, and Yamagata University) are in charge
of one of the tracking drift chambers in the SeaQuest
spectrometer. We have developed our local tracking
code that reconstructs the tracks inside the drift chamber. The tracking code works well with the data accumulated in the commissioning run and gives us valuable reconstructed track information. With the help of
the track information, a preliminary correlation function between the drift time and drift distance, which
is a very important function for the drift chambers, is
successfully extracted, as shown in Fig. 2. The function agrees with our simulation result. More precise
analysis of this function and the other drift chamberrelated analysis will be done before the physics run
starts.

The E906/SeaQuest experiment is a ﬁxed-target experiment at the Fermi National Accelerator Laboratory (Fermilab). We, the SeaQuest group, measure
¯
a ﬂavor asymmetry of antiquarks (d/ū)
in the proton and investigate how the asymmetry is changed
when the proton is included in an atomic nucleus using
the Drell-Yan process. In particular, we focus on the
asymmetry at large Bjorken x, where the Bjorken x
is a quark momentum fraction relative to the proton
momentum. The Drell-Yan process occurs in hadronhadron collision when a quark of one hadron and an
antiquark of the other hadron annihilate into a virtual photon. Then, a muon pair is created as follows:
q + q̄ → γ ∗ → µ+ + µ− . This process is a good tool to
study antiquarks because the di-muon kinematics can
be directly related to the quark and antiquark kinematics. In this experiment, a 120-GeV proton beam
extracted from the Fermilab Main Injector is used.
We use proton, deuteron, and atomic nuclei as tar¯ is obtained by comparing the
gets. The ratio of d/ū
Drell-Yan events in p + p and p + d collisions.
The SeaQuest experiment began commissioning in
February 2012. After a two-month commissioning period, the Fermilab accelerator complex was turned oﬀ
for a planned year-long upgrade. A variation of several orders of magnitude in the beam intensity was observed at 360 Hz during this run. This variation was
attributed to the Main Injector itself. The Fermilab
Accelerator division is now investigating this problem
and will resolve it during this shutdown. SeaQuest developed a veto trigger system based on the integral of
the luminosity over approximately 200 ns in order to
avoid large instantaneous luminosity. Using the veto
system, SeaQuest succeeded in collecting valuable data
during the lower luminosity parts of the beam cycle.
Fig. 1 shows a typical di-muon event in the SeaQuest
spectrometer. These data enabled testing of all the
spectrometer devices, the data acquisition system, and
the event reconstruction algorithms. A physics run is
scheduled to start in June 2013. We are now modifying
the PMT bases to accommodate high rates and zerosuppressed TDC to increase the life time of the data
acquisition system toward the physics run. In addition,
two new tracking drift chambers are being constructed
to increase the acceptance of the SeaQuest spectrometer.
The Japanese group (RIKEN, KEK, Tokyo Institute
∗1
∗2

Fig. 1. Event display of SeaQuest. A typical di-muon event
is shown. The 120-GeV proton beam comes from the
left in this ﬁgure. Orange lines are muons. The red
line and blue rectangle indicate the wire and hodoscope
paddle that were ﬁred by the muons.

Fig. 2. The correlation function between the drift time and
drift distance in one drift chamber. The drift distance
is almost proportional to the drift time.

Tokyo Institute of Technology, Graduate School of Science
and Engineering
Yamagata University, Faculty of Science
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Feasibility study of deeply bound pionic atom spectroscopy in
d(HI,3 He) reaction
K. Okochi, H. Fujioka, R.S. Hayano, K. Itahashi, S. Ito, T. Nishi, Y.K. Tanaka and Y.N. Watanabe
Table 1. Simulation Condition

We have been working on the feasibility study
of deeply bound pionic atom spectroscopy in the
d(HI,3 He) reactions where HI denotes incident heavy
ion beams. This study is expected to achieve pionic
atom spectroscopy with unstable nuclei. It is known
from previous experiments on deeply bound pionic
atom spectroscopy with stable nuclei that the missing mass measurement in (d,3 He) reactions provides
crucial information on the pion-nucleus interaction.1,2)
In the present study, we extend the scope of previous experiments and obtain the inverse kinematics of
d(HI,3 He) reactions. As the ﬁrst step, we set our goal
as the establishment of the experimental method in the
case of a stable nuclei beam of 124 Sn.
We consider an experimental setup that consists of
an active target of a deuterium gas time projection
chamber (TPC) and a full energy detector of silicon
as shown in Fig. 1. In order to observe the forward
scattering 3 He, we propose the application of the magnetic ﬁeld and creating a dead region around the incident beam trajectory in case a beam intensity higher
than ∼ 108 /s. The recoil angle of 3 He and the reaction
point are measured in TPC and the kinetic energy of
3
He (∼ 60 MeV) is measured in the full energy detector. We deduce the Q value of this pionic atom
formation reaction from these observables.
In order to achieve a Q value resolution comparable to those of the previous experiments (400
keV(FWHM))1) , we need to estimate the reaction vertices within a 10 cm margin. However, it is diﬃcult
to determine the vertices in the case that the incident beam intensity is excessively high for performing event-by-event measurement. For the purpose of
overcoming this diﬃculty, we formulated a vertex estimation method based on a proton emitted from pion
absorption.
For the purpose of estimating the yield and the Q
value resolution in this setup, we made a simulation
by assuming the beam intensity and the detector performance as indicated in Table 1. In this simulation,
the change of the trajectory radius due to the energy loss and the multiple scattering is ignored and
the number of emitted protons per pionic atom is estimated from previous experimental results.3) Consequently, the yield is estimated to be 3.1 × 104 /day.
The Q value resolution is evaluated to be 6.0×102 keV
(FWHM), as shown in Fig. 2. From these results, it
is clear that this experimental method can ensure sufﬁcient yield and about the same order of the Q value
resolution as that of the previous results.

109 /s
2.54×10−1 µb
500 µm
±7 mm
0.1% at 60 MeV

Beam Intensity
Cross Section
Position Resolution in TPC
Dead Region of TPC
Energy Resolution of Si

Fig. 1. Conceptual diagram of the experimental setup. In
this figure, the green box is the TPC, the mesh-like
structures are the readout pads of this TPC, and the
yellow boxes are the full energy detectors. Red lines are
the 3 He trajectories, the cyan line is the 124 Sn trajectory, and the magenta line is the proton trajectory.
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Fig. 2. Q value distribution with the closest distance < 1
mm.
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Matrix theory for baryons:
an overview of holographic QCD for nuclear physics†
S. Aoki, K. Hashimoto, and N. Iizuka
We provide, for non-experts, a brief overview of holographic QCD and a review of a recent proposal of
matrix-description2) of multi-baryon systems in holographic QCD. Based on the matrix model, we derive
the baryon interaction at short distances in multiﬂavor holographic QCD. We show that there is a
very universal repulsive core of inter-baryon forces for
generic number of ﬂavors. This is consistent with a
recent lattice QCD analysis for Nf = 2, 3 where repulsive core looks almost universal. We also provide
a comparison of our results with the lattice QCD and
the operator product expansion (OPE) analysis.
What is “M-theory” for nuclear physics? Although
the “M-theory” stands for a theory of everything which
uniﬁes all string theories, one can generalize the use of
the word “M-theory” not only for string theories but
also for other subjects in physics. What is M-theory
for nuclear physics, if exists?
This kind of question brings us to a bigger picture
of relations between various subjects within physics,
so it is not of no use. The question, however, sounds
ridiculous, because the answer for it is obvious: The
M-theory for nuclear physics is QCD, or more precisely, the Standard Model of elementary particles.
Nucleons, which are the building blocks of nuclei, are
bound states of quarks and gluons in QCD. Supposing
that one could solve QCD completely, in principle one
should be able to derive all the properties of nuclei,
which is nothing but the nuclear physics. Therefore,
in this sense, QCD is the M-theory for the nuclear
physics. However, QCD is notorious as being diﬃcult
to solve, due to its strong coupling nature: the strong
force makes quarks bound to each other. Therefore we
need a new tool for solving QCD to “derive” nuclear
physics.
Since this new tool has been missing for long years in
research, apparently we have a hierarchical structure
between studying perturbative QCD, nuclear physics
and hadron physics. Standard nuclear physics starts
with a quantum mechanics of multi nucleons, with
inter-nucleon potential (nuclear force) given by experiments, or by hand to match phenomena. The quantum
mechanics Lagrangian becomes


∫
A
(
)2 ∑
∑
M
M

S = dt
∂ t xM
V [xM
(s) (t) −
(s1 )− x(s2 ) ]+· · · (1)
2
s=1
s1 =s2

where we have A nucleons whose locations are given by
xM
(s) (t) with s = 1, · · · , A, M = 1, 2, 3, 4 (M = 4 being
the holographic direction). The ﬁrst term is the kinetic

†
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term of the nucleons with mass M , while the second
term is the nuclear force. The problem lying in the
uniﬁcation of our concern is the fact that in nuclear
physics the nuclear force V is given by experiments,
and not by fundamental theory, i.e., QCD. In principle,
the potential should have been derived from QCD, as
we all know that nucleons and hadrons are made of
quarks and gluons — but it is very diﬃcult.
It is very recent that the nuclear force was calculated from QCD with use of numerical methods: lattice
QCD. The lattice QCD has accomplished a great success in hadron physics. In particular for hadron spectroscopy and hadron interactions, the lattice QCD is
now very close to the physical parameters of QCD, the
real world. Furthermore, there is a progress in this direction toward nuclear physics itself. Once the lattice
QCD comes to deal with a system of multi-baryons,
a part of nuclear physics becomes accessible directly
from QCD. A huge number of quark contractions in
large nuclei, which requires almost unrealistically high
power of supercomputers, however, is a big obstacle in
this direction. Furthermore, it is of course more ideal if
we can understand physics without relying on the computers. Unfortunately we have not yet reached that
stage. Therefore, we are facing at a situation where
the hadron physics and the nuclear physics are disconnected from each other in a sense, due to a diﬃculty
in solving the strongly coupled QCD.
At this occasion, the new tool using string theory
comes into play. The renowned AdS/CFT correspondence1) makes it possible to solve a certain limit of
QCD-like gauge theories, and it oﬀers a certain direct
path from QCD to nuclear physics. If one can derive
an action like (1) from QCD, it can be regarded as
an eﬀective theory for nuclear physics derived from Mtheory.
In this paper, we review the recent progress along
this direction as an application of the AdS/CFT correspondence. In2) , two of the present authors (K.H. and
N.I.), together with Piljin Yi, derived an action of a
multi-baryon system, by using the AdS/CFT correspondence applied to large Nc QCD. The action indeed
has the form of (1), and it serves as a candidate for the
bridge between QCD and nuclear physics.
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Nucleon form factors in a covariant effective quark theory†
I. C. Cloët,∗1 W. Bentz,∗2 A. W. Thomas

∗1

[NUCLEON FORM FACTORS ]
In order to describe the scattering of high energy
electrons on nuclear targets in terms of quark degrees
of freedom, the Nambu-Jona-Lasinio (NJL) model is
often used as an effective theory of QCD. For example, this model was recently applied in Ref.1) to
describe quark distribution and fragmentation functions observed in deep inelastic electron-nucleon scattering. It is therefore of interest to investigate whether
this model can also describe the spatial distribution of
charge and magnetization density inside the nucleon.
For this purpose, we show our results for the elastic nucleon form factors, and compare them to the empirical
data.
We use a quark-diquark description of the nucleon
based on the Faddeev framework. Details of this model
description are explained in Ref.2) . We include both
the scalar and axial vector diquark channels, as well as
the effects of the meson cloud around the constituent
quarks in the framework of the NJL model. Our results for the nucleon Sachs form factors are shown in
Figs. 1 - 4 as functions of the square of the momentum transfer (Q2 ), and compared to the empirical form
factors of Ref.3) . The values of the magnetic form factors at Q2 = 0 are µp = 2.78 and µn = −1.81 for the
proton and neutron, respectively, compared to the experimental values µexp
= 2.79 and µexp
= −1.91. We
p
n
see an overall good agreement between the calculated
and empirical form factors. An extension of the model
to describe the form factors of bound nucleons will also
be discussed in our forthcoming article.
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Fig. 2. Same as Fig.1 for the magnetic form factor of the
proton.
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Fig. 3. Same as Fig. 1 for the electric form factor of the
neutron.
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Fig. 4. Same as Fig. 1 for the magnetic form factor of the
neutron.

5

Q2 (GeV2)

Fig. 1. Electric form factor of the proton. The sold line
shows our calculated results, and the dotted line is the
empirical curve from Ref.3) .

†
∗1
∗2

References
1) H. H. Matevosyan, W. Bentz, I.C. Cloët, A.W.
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KNO scaling and the effective action for small-x gluons
A. Dumitru
sponds to Gaussian fluctuations4) we have added here
a quartic operator to illustrate possible corrections6) .
In the high-density limit the latter is assumed to be a
small perturbation.
In fact, for a quadratic action (κ4 = ∞) one obtains
approximately a negative binomial multiplicity distribution (NBD)5) ,

The color fields of highly boosted hadrons are very
strong, parametrically of order A+ ∼ 1/g where g is
the coupling1) . Collisions of such strong color fields
release a large number of soft gluons. Due to nonperturbative dynamics of strong color fields a semihard “saturation scale” Qs emerges; it corresponds to
the transverse momentum where the phase space density of produced gluons is of order 1/αs . We argue
that in the strong field limit then a Gaussian effective
theory leads to Koba-Nielsen-Olesen (KNO) scaling2) .
This relates the emergence of KNO scaling in p⊥ integrated multiplicity distributions from high-energy
collisions to properties of soft gluons around the saturation scale.

P (n) =

〈Nch〉 P(Nch)

0.1
UA5 ppbar 200 GeV
ALICE NSD pp 0.9 TeV
ALICE NSD pp 2.36 TeV
CMS NSD pp 7 TeV
0

0.5

1

1.5

2

2.5

Nch(|η|<0.5) / 〈Nch〉

3

(2)

with a mean n̄ ∼ Nc (Nc2 − 1)Q2s S⊥ /αs and width k ∼
(Nc2 − 1) Q2s S⊥ ; here, S⊥ denotes a transverse area.
Thus, n̄/k ∼ Nc /αs ≫ 1 and it is in this “coherence”
limit that the NBD exhibits KNO scaling.
NBD fits to multiplicity distributions
√ in the central
rapidity bin of p+p collisions from s = 200 GeV to
7 TeV show that n̄/k is not constant but increases
by about a factor of 3. This could be in part due to
running of the√coupling with the non-linear momentum scale Qs ( s). Another source of corrections to
asymptotic KNO scaling could be due to the presence
of additional operators in the effective action at lower
energies, such as ∼ ρ4 . For κ4 < ∞ we find that

1

0.01

Γ(k + n)
n̄n k k
,
Γ(k) Γ(n + 1) (n̄ + k)n+k


Nc 
n̄
∼
1 − 3β (Nc2 + 1)
k
αs

3.5

Fig. 1. KNO scaling plot of charged particle multiplicity distributions at midrapidity in non-single diffractive
pp / pp collisions at various energies; data from refs.3) .
Note that we restrict to the bulk of the distributions up
to 3.5 times the mean multiplicity.

(3)

with β ∼ µ4 /Q2s κ4 . This illustrates that n̄/k increases
as the contribution of the ∼ ρ4 operator decreases due
to renormalization-group flow with energy towards a
Gaussian theory7) .
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Qaurk-gluon thermodynamics with the Z3 symmetry†
Y. Sakai, H. Kouno,∗1 T. Sasaki,∗2 and M. Yahiro,∗2
comes ﬁnite above Tc . The Z3 symmetry is thus preserved below Tc , but spontaneously broken above Tc .
Below Tc , the color conﬁnement preserves the ﬂavor
symmetry. Above Tc , however, the ﬂavor symmetry
is broken explicitly by the TBC. We show1) that the
dynamics of the TBC model is similar to that of the
PNJL model with the standard boundary condition
below Tc . The similarity is relatively worse above Tc .
One can then expect that QCD with approximate Z3
symmetry is similar to the quark-gluon theory with Z3
symmetry, and hence, Z3 symmetry is a good approximate concept in QCD, even when the current quark
mass is small.
We have also investigated the quark chemical potential (µ) eﬀect in the TBC model.2) A current topic
related to the conﬁnement is the quarkyonic phase.6)
It is a conﬁned phase with ﬁnite quark-number density. The concept of the quarkyonic phase was constructed in large Nc QCD, where Nc is the number of
colors. In fact, the phase was ﬁrst found at a small T
and large µ in a large Nc QCD. We have investigated
the interplay between the Z3 symmetry and the emergence of the quarkyonic phase in the TBC model. The
quarkyonic phase factually exists at a small T and large
µ. Although the Z3 symmetry is explicitly broken in
the standard boundary condition, the quarkyonic-like
phase with an extremely small value of the Polyakov
loop and ﬁnite density exists at a small T and large µ.
Z3 symmetry thus plays an essential role in the emergence and the location of the quarkyonic phase in the
µ-T plane, and the quaryonic-like phase is a remnant
of the quarkyonic phase in the TBC.

Understanding the conﬁnement mechanism is one of
the most important subjects in hadron physics. According to lattice QCD,3) the system is in the conﬁnement and chiral symmetry breaking phase at a low
temperature (T ), but in the deconﬁnement and chiral
symmetry restoration phase at a high T . Even then
the conﬁnement mechanism remains unclear for several
reasons. The main reason is that the exact symmetry is
not found for the deconﬁnement transition, and hence,
the order parameter remains unknown. In the limit
of zero current quark mass, the chiral condensate is
an exact order parameter for chiral restoration. Contrastively, In the limit of inﬁnite current quark mass,
the Polyakov loop becomes an exact order parameter
for the deconﬁnement transition, owing to the precise
Z3 symmetry in this case. For the real world in which
u and d quarks have small current quark masses, the
chiral condensate is considered to be a good order parameter, but it is not clear whether the Polyakov loop
is a good order parameter.
In order to solve this problem, we constructed a
gauge theory invariant under the Z3 transformation,
which is a gauge theory with three degenerate ﬂavor
quarks (q) with the twisted boundary condition (TBC)
in the temporal direction1)
qf (x, τ = T −1 ) = − exp(−i2π(f − 1)/3)qf (x, 0) (1)
for ﬂavors f = 1, 2, 3. This ﬂavor-dependent boundary
condition breaks the ﬂavor symmetry explicitly. By
the Z3 transformation, only the boundary conditions
are changed to
qf (x, τ = T −1 ) = − exp(−i2π(f − k − 1)/3)qf (x, 0)
(2)
for integer k. The Z3 transformation changes f into
f − k, but f − k can be denoted as f since degenerate ﬂavor quarks are being considered. In the Z3
symmetric gauge theory, the Polyakov loop becomes
an exact order parameter of the deconﬁnement transition. The Z3 -symmetric gauge theory then becomes a
rather useful theory for understanding the conﬁnement
mechanism.
We have investigated the quark-gluon thermodynamics with Z3 symmetry using the Polyakov Nambu–
Jona Lasinio (PNJL) model under the TBC, which we
refer to as the TBC model.4,5) It has Z3 symmetry, and
hence, the Polyakov loop becomes an exact order parameter of the deconﬁnement transition. The Polyakov
loop is zero up to some critical temperature Tc , but be†
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Relativistic hydrodynamics based on projection operator method†
Y.Minami and Y. Hidaka
We study relativistic hydrodynamics in the linear
regime, based on Mori’s projection operator method.
In relativistic hydrodynamics, an ambiguity about the
ﬂuid velocity is considered to occur from choice of a local rest frame: the Landau and Eckart frames1,2) . We
ﬁnd that the diﬀerence in the frames is not attributed
to the choice of the local rest frame, but rather that
of dynamic variables in the linear regime. We derive
hydrodynamic equations in both frames by the projection operator method. We show that natural derivation gives the linearized Landau equation. We also
ﬁnd that, even for the Eckart frame, the slow dynamics is actually described by the dynamic variables for
the Landau frame.
Relativistic hydrodynamics has been widely applied
for studying relativistic nonequilibrium phenomena.
For example, it describes hadron spectra and elliptic
ﬂow in the heavy ion physics3) , and jets in the astrophysics4) . The hydrodynamic equations applied to
these systems are mainly those for perfect ﬂuids. One
of reasons for this is that the dissipative eﬀects in relativistic hydrodynamics are not fully understood, e.g,
some pathological problems arise from the dissipative
eﬀects: the acausal propagation and the instability
of the equilibrium state5) . Although many hydrodynamic equations have been proposed to resolve these
problems6–11) , it is not still obvious which equation
describes the correct behavior of the relativistic dissipative ﬂuid. Namely, even the basic equation has not
been established in relativistic hydrodynamics.
In this report, we derive relativistic hydrodynamics by the Mori’s projection operator method12) . The
projection operator method is a powerful tool for extracting slow dynamics without assuming microscopic
details. This method is widely applied and successful
in condensed matter physics. Furthermore, we here focus on linear ﬂuctuations from the global equilibrium
state at rest, the so-called the linear regime. Then,
we need not bother about the local equilibrium and
local rest for a relativistic ﬂuid, in contrast to the earlier studies6–11) . Therefore, our study is general and
independent of details, such as the deﬁnition of the local rest frame. Instead, our study is restricted to the
linear regime.
In the linear regime, the equations of motion for the
slow variables are generally given as
∫
∂0 An (t, x) = d3 yiΩn m (x − y)Am (t, y)
∫ ∞
dsd3 yΦn m (t − s, x − y)Am (s, y)
−

+ Rn (t, x),

by the projection operator method12) . Here, An are
the slow variables, iΩn m the frequency matrix, Φn m
the memory function, and Rn the noise term.
From the general expression (1), we can naturally
derive the linearized Landau equation1) by using the
following three facts; (i) The slow variables of relativistic ﬂuids are the conserved charge densities, which are
the particle number, energy, and momentum densities,
(ii) The particle number and energy are the thermodynamic variables, and the momentum density is related
to the generator of Lorentz symmetry, and (iii) The
hydrodynamics is a low energy eﬀective theory, and
then, the derivative expansion is applicable.
We can also derive the linearized Eckart equation2)
by choosing the particle current density in addition
to the slow variables of the Landau frame. However,
the important point is that the particle current is not
essentially slow because it is not conserved. Then, the
slow part of the current turns out to be determined
by the actual slow variables, which is of the Landau
frame13) . Namely, the Landau frame is natural for the
relativistic hydrodynamics.
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The Chiral Magnetic Wave
H. -U. Yee
lation QV,A = ±QL +QR . As each chiral charges move
to the opposite directions dictated by CMW along the
magnetic field which is perpendicular to the reaction
plane, and since the total vector charge is a sum of the
two chiral charges, there will be a net charge excess
around the poles of the fireball whereas there will be
a depletion of charges in the central region. The result is a net electric quadrupole moment. This electric
quadrupole moment eventually leads to the charge dependent elliptic flow difference between negative and
positive pions, v2 (π − ) > v2 (π + )5) , which was indeed
confirmed later by a recent STAR analysis6) .
Another effect from the CMW that is potentially
important in heavy-ion experiments is the photon
emission in the presence of magnetic field. Recent
PHENIX analysis indicates a large elliptic flow of energetic photons of pT ≥ 1 GeV, which is at odds with
previous theoretical predictions. One possible source
for the observed large azimuthal asymmetry of the photon emissions, which has been neglected until recently,
is the magnetic field. Based on the strong coupling
computation in the Sakai-Sugimoto model, we have
shown that the triangle anomaly which manifests itself
as the CMW has a significant effect on the azimuthal
pattern of the photon emission in the presence of the
magnetic field7) . The effect is pronounced especially at
low energy ω ≤ 1 GeV, so it is not yet much relevant in
explaining the current data, but it may become potentially important in the future experimental analysis.
As the physics of CMW is quite generic in the theory of chiral fermions, one can expect the same phenomenon appearing in many different situations, for
example, in a finite density, low temperature regime.
One can also study the CMW in the weak coupling
regime using the framework of Boltzmann kinetic theory. Some progress in these directions is being made
by the author.

Triangle anomaly is a quantum mechanical violation of axial symmetry in the QCD of massless Dirac
fermions,


2

Nc e 
µ
 ·B
,
(1)
∂ µ jA
qF2  E
=
2π 2
F =u,d,s

 ·B
 = 0. Alin a P- and CP-violating environment E
though its low energy consequences are completely accounted for by Wess-Zumino-Witten action, its possible effects in high temperature quark-gluon plasma
that may be relevant in heavy-ion experiments are
richer and less well understood. One such effect that
has attracted recent interests from both theorists and
experimentalists is Chiral Magnetic Effect (CME)1,2) ,
which dictates the existence of vector (axial) current
in the presence of axial (vector) chemical potential and
ce

the magnetic field, jV,A = N
2π 2 µA,V B. Since a large
magnetic field of strength eB ∼ 4m2π ∼ 1019 G along
the perpendicular direction to the reaction plane is created in off-central heavy-ion collisions1) , the resulting
charge separation induced by the CME may lead to
non-zero electric charge dipoles on event-by-event basis, which may have an experimental signature in the
two point correlation functions of charged particles,
cos(φ1 + φ2 )++,−− < 0 and cos(φ1 + φ2 )+− > 03) .
ce

The two versions of CME, jV,A = N
2π 2 µA,V B, naturally lead to the existence of gapless traveling waves of
chiral charges, called Chiral Magnetic Wave (CMW)4) .
In the chiral basis, QL,R ≡ 12 (∓QA + QV ), the dispersion relation of CMW is ω = ±vχ k − iDL k 2 + · · · with
Nc e
the velocity vχ given by vχ = 4π
2 χ B (χ : susceptibility) and DL is the diffusion constant. The sign in
front of the first term that determines the direction
of the CMW depends on the chirality of the traveling
charges, so that left-handed chiral charges QL move
to the direction opposite to that of the right-handed
charges QR . Since the CMW describes universal hydrodynamic motion of charge fluctuations in the presence of magnetic field, its existence does not require a
presence of background chemical potentials, which is
an important difference from the CME.
The new charge transport induced by CMW may
have important phenomenological implications in
heavy-ion collisions. One possibility is a development
of net electric quadrupole moment in the fireball created in off-central heavy-ion collisions5) . The fireball
initially has a net positive vector charge due to finite
baryon stopping of the colliding nuclei. Since there is
no net axial charge on average, we can think of the
net vector charge as a sum of two equal amount of
left-handed and right-handed chiral charges via the re-
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Interface tensions at deconfinement phase transition of large N
matrix model
S. Lin, V. V. Skokov∗1 and R. D. Pisarski
for the potential energy, through an analogy with instanton physics, it can be surmised that the interface
has equal kinetic and potential energies. Therefore,
we conclude that the order-disorder interface tension
vanishes. The case of the order-order interface is more
interesting. Introducing a z dependence of ∆ does not
give the correct interface because the ∆ mode would
leads to divergent kinetic energy. A second possibility is to construct an order-order interface by joining
two order-disorder interfaces, with one order-disorder
interface obtained by a Z(N ) transform of the other.
This leads to a vanishing interface tension.
At T > Td , only order-order interfaces exist and
their tensions are nonvanishing. We can envisage different scenarios in two limiting cases: ∆ → 0 and
T → Td . In the case of ∆ → 0, we expect the eigenvalues in 0 < x < ∆ to shift by almost one period while
the rest remain unshifted. Thus, we have both the kinetic and potential energy proportional to ∆. Detailed
d
(1 − 2q0 )3 . In the case of
calculation shows α = ∆ 6√
3
T → Td , we expect the interface to mimic the T = Td
situation, namely, that of two vacua joined through a
confining flat eigenvalue distribution. Considering that
b is not a zero mode, each half of the interface gives a
potential barrier V ∼ (1/2 − q0 )2 . The kinetic energy
K ∼ O(1). Through a balance between the kinetic and
potential energies, a ∆ independent interface tension
is obtained α ∼ (1/2 − q0 ). This dictates the overall
scaling in (1/2−q0 ). A more sophisticated ansatz gives
a ∆ dependent result. The results from both scenarios
have been included in Fig.1

SU (N ) gauge theory shows a deconfinement phase
transition at T = Td . In the temperature window
T ∼ 1−2Td , a large deviation from classical conformality has been observed in lattice simulations. A matrix
model has been developed to study the properties of
the gauge theory in this region.1) In the deconfinement
phase, the Polyakov loop gains a vacuum expectation
value, which spontaneously breaks the center Z(N )
symmetry. This allows for the existence of N inequivalent vacua related by Z(N ) transforms. The purpose
herein is to report the novel features of the topological objects that interpolate between two inequivalent
vacua in the large N limit.
The large N limit of thermal vacuum was obtained
in a previous work.2) The degrees of freedom of the matrix model are the eigenvalues of the time component
of gauge field A0 . In the limit N → ∞, the eigenvalues become continuous, qi → q(x), with x = Ni . The
eigenvalue distribution in thermal vacuum is characterized by the density function ρ(q) = dx
dq :
ρ(q) = 1 + b cos dq,

−q0 < q < q0 .

(1)

At T = Td+ , b = 1, d = 2π and q0 = 1/2. The density
vanishes at the end points ρ(±q0 ) = 0. For T < Td , the
theory is in the confined phase with b = 0. b is a zero
mode of the potential energy, which is an emergent
feature of the large N limit. The solution corresponds
to one vacuum. The other vacua can be obtained by
Z(N ) transformations, which, in the large N limit can
be expressed as
q(x) → q(x + 1 − ∆) − 1 + ∆, 0 < x < ∆
q(x − ∆) + ∆, ∆ < x < 1.

(2)

Z(N ) transforms preserve the potential energy, and
thus, ∆ is also an emergent zero mode of the potential
energy.
The interface tension α is defined as the ratio of
the effective action and transverse area Sef f = K +
V = αA⊥ . At Td , there are two types of interfaces:
order-order interfaces, which interpolate two deconfined vacua and order-disorder interfaces which interpolate between confined vacuum and deconfined vacuum. The case of the order-disorder interface is easy
to construct. We can introduce a z dependence of b,
whereby b(z) interpolates between 0 for the confined
and 1 for the deconfined phase. Since b is a zero mode
†
∗1

Fig. 1. Interface tension at q0 = 0.3 in two scenarios.
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Critical endpoint in matrix model for deconfinement and other
effective models†
K. Kashiwa, R. D. Pisarski, and V. V. Skokov,∗1
The existence and computation of the deconfining
critical endpoint is a well known problem. In this paper we have shown that its properties can be used to
differentiate between different effective models. If the
critical quark mass is very heavy, as in the matrix and
polynomial Polyakov-loop models, the effects of lattice
discretization for such heavy quarks will be severe. It
may be useful instead to compute the background field
at which the deconfining critical endpoint occurs, e. g.
by adding a term proportional to h(trL + trL† )/2 to
the Yang Mills action, where h is the external field.
Nevertheless, computing with a background field is elementary in numerical simulations on the lattice, and
indicates if mde is relatively light, ∼ 1 GeV, or heavy,
∼ 2 GeV.

The investigation of the phase structure of Quantum
chromodynamics (QCD) at finite temperature (T ) and
real chemical potential (µR ) is one of the important
subjects in particle and nuclear physics. If we obtain
the QCD phase structure from a first principle calculation, there is no ambiguity. The first principle calculation, a lattice QCD simulation, has a sign problem at
finite µR and is not feasible. Because of this, effective
model calculations are widely used to investigate the
QCD phase diagram. Therefore, the construction of a
reliable effective model is important.
In this paper, we investigate the properties of the
deconfinement critical endpoint in the matrix model
for deconfinement. This model is an extended version of the zero-parameter model proposed in Ref.1)
. This is a useful exercise, since the solution of the
zero-parameter model does not agree with lattice data
on the interaction measure of the pure SU(3) glue theory. Indeed, the matrix model for deconfinement2,3)
is tuned to give increasingly good agreement with the
lattice QCD data than the zero-parameter model.
We calculated the Columbia plot as a function of
ml and ms where ml (ms ) is the light (strange) quark
mass. In addition, the interaction measure, which is
important to the QCD thermodynamics, was calculated. In both cases, we consider the heavy quark mass
because we can then neglect spontaneous chiral symmetry breaking,which simplicifies our calculation.
For the matrix model, and for models based upon
polynomials of the Polyakov loop 4–7) , we find a heavy
mde , which is the critical point. Above mde , a first
order transition appears. We found that there is a
large model dependence on mde for the matrix and
Polyakov-loop models 4–12) . In the matrix model, mde
is about 2.5 GeV for three degenerate quarks. For the
polynomial and logarithmic Polyakov loop models, mde
becomes 3.5 and 1.0 GeV, respectively.
The above model dependence is a quantitative difference. A qualitative difference can be seen on the
interaction measure defined as (e − 3p)/T 4 where e, p,
and T are the internal energy density, pressure, and
temperature. In the matrix model for deconfinement
has a two-peak structure on the interaction measure
when it is plotted as a function of T . On the other
hand, polynomial-type Polyakov-loop model 4–7) has
a one-peak structure. The logarithmic-type Polyakovloop model 8–12) provides a two-peak structure similar
to the one of the matrix model.
†
∗1
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Finite-density dissipative hydrodynamic model for quark matter
A. Monnai
High-energy heavy-ion collisions can produce the
quark-gluon plasma (QGP)1) , a deconﬁned quark matter which supposedly have ﬁlled the early universe. Experimental data from the Relativistic Heavy Ion Collider (RHIC) is found to be quantitatively well described in relativistic hydrodynamic picture, suggesting the hot medium is strongly coupled2) . Detailed
analyses have revealed viscosity would be indispensable in realistic description of the quark matter3) . It
is also note-worthy that the Large Hadron Collider
(LHC) started to provide the data at higher energies.
In this study I focus on the net baryon number, to
which most modern hydrodynamic studies are oblivious. It is conserved at forward rapidity where remnant
of the nuclei is present. Baryon stopping has been used
to quantify the extent of energy loss for the production
of a hot medium at earlier mid-low energy collisions
and can be important at RHIC and LHC when nonboost invariant expansion is taken into consideration.
Development of a ﬁnite-density hydrodynamic scheme
with oﬀ-equilibrium corrections would also be useful
for beam energy scan programs which seeks to ﬁnd a
critical point on the phase diagram of quantum chromodynamics experimentally.
I estimate the eﬀects of dissipative hydrodynamic
evolution on the hot and dense matter at ﬁnite baryon
density4) . The relativistic dissipative hydrodynamic
model is developed based on causal relativistic hydrodynamics extended for the particle number changing
processes. Shear viscosity, bulk viscosity and baryon
diﬀusion are taken into account. The initial conditions
are employed from the color glass theory, a description of gluon saturation. The ﬁnite-density equation
of state is constructed from the lattice QCD simulations with Taylor expansion method. The models for
the transport coeﬃcients are based on the Anti-de Sitter/conformal ﬁeld theory correspondence. Here the
evolution in the collisional axis is considered and the
transverse dynamics is omitted for simplicity.
Figure 1 shows the net baryon distribution for Au√
Au collisions with sN N = 200 GeV at RHIC and that
√
for Pb-Pb collisions with sN N = 2.76 TeV at LHC.
The data points are the scaled results of the net proton
distribution from the BRAHMS Collaboration5) . One
can see that hydrodynamic convection widens the valleys of the net baryon rapidity distributions. It roughly
reproduces the experimental data at RHIC. The eﬀective reduction in baryon stopping could be a candidate explanation for the sudden enhancement of transparency at the collisions with higher energies5) . Shear
and bulk viscosities tend to reduce the hydrodynamic
eﬀect since the longitudinal pressure is decreased as responses to the expansion. Baryon diﬀusion also steep-
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Fig. 1. Net baryon rapidity distributions of the initial state
(solid lines) and after ideal (dotted lines), viscous (dashdotted lines) and dissipative (dashed lines) hydrodynamic evolution at (a) RHIC and (b) LHC.

ens the distribution since the net baryon dissipative
current towards mid-rapidity is induced by the chemical gradients. Those results indicate that (i) the energy
available for the production of a hot medium could be
larger at the initial stage and (ii) ﬁnite-density dissipative processes could be observed in the analyses of
the net baryon rapidity distribution. It is note-worthy
that the viscous and the baryon diﬀusive eﬀects might
be larger since the transport coeﬃcients chosen here
are small and close to conjectured minimum boundaries. The results are also quantitatively sensitive to
the choices of the initial conditions.
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Fluctuating hot QCD matter in heavy ion collisions
J. Liao
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The high energy jets from the initial hard scatterings provide the “imaging” tool of the created hot matter. Along the path through the medium, the jets will
lose part of their energy (jet quenching) and as a result produce less high pt hadrons as compared with
the case without medium (as in pp collisions). The
azimuthal anisotropy of jet quenching arises from the
underlying hot matter’s anisotropic distributions due
to both geometry (in off-central collisions) and fluctuations in the initial condition. Such anisotropy can
be quantified via azimuthal-angle ϕ-dependent nuclear
modification factor RAA (ϕ). The dominant component of this anisotropy is the 2nd harmonic (often
called the elliptic) in the Fourier decomposition of
RAA (ϕ) ∼ 1+v2J cos[2(ϕ−Ψ2 )]. There are however also
J
other harmonic components vn=1,3,4,5,6,...
from fluctuations. Such anisotropy is sensitive to the jet energy
loss mechanism and the initial fluctuations.
In a series of papers1–3) we have systematically quantified the jet response vnJ to the fluctuating initial condition using event-by-event simulations. We compare
such response obtained from three energy loss models with differed in-medium path-length dependence
as well as matter-density dependence. In particular
for the elliptic one v2J , the comparison with data from
RHIC to LHC in Fig.1 favors the NTcE model with
quadratic path-length dependence and strong enhancement of jet-medium interaction near Tc .
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In high energy heavy ion collisions at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), a hot deconfined QCD matter (the quarkgluon plasm, or QGP) is created. In the past few years
there appear convincing evidences for strong eventby-event fluctuations in the initial condition of such
colliions, from the measured soft hadrons’ azimuthal
anisotropy, decomposed as various “harmonic flows”,
and its successful explanation via event-by-event hydrodynamic simulations. Naturally one expects such
strong fluctuations in the initial condition also leave
their imprints in other observables than just the bulk
collective flows. Here we report our recent studies
on two new aspects of the event-by-event fluctuations:
the azimuthal anisotropy of jet quenching, and the azimuthal fluctuations of strong magnetic field.
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Fig. 1. Event-by-event modeling results for dominant azimuthal anisotropy of jet quenching from RHIC to LHC.

and the Chiral Magnetic Wave5) . However the az⃗ field (with respect to
imuthal fluctuations of such B
also fluctuating matter geometry) have not been studied previously and they affect observables significantly.
We have done a first detailed investigation of the event⃗ orienby-event azimuthal correlations between the B
tation and the matter participant planes. Our results
suggest that the azimuthal correlation is most strong
in the mid-central to mid-peripheral events where the
⃗
B-induced
effects can be best measured.
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Azimuthal fluctuation of magnetic field

Heavy ion collisions also produce very strong mag⃗ 2 ∼ m2 at early times, and such B
⃗ field
netic field |B|
π
leads to novel effects like the Chiral Magnetic Effect4)
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Lattice calculation of nucleon electric dipole moment in Nf = 2 + 1
QCD
E. Shintani, T. Blum, T. Izubuchi
Table 1. Lattice results of neutron and proton EDM form
factor at each squared transfer momenta. Using the
linear fit function, we obtain EDM, which is the value
of extrapolated form factor into zero momentum.

This is a status report of the lattice calculation of
neutron and proton electric dipole moment (EDM) in
Nf = 2 + 1 QCD. Here we focus on the determination of the first order of EDM with respect to θ-term,
dθN = dN θ + O(θ2 ). In the Standard Model (SM),
since the CKM phase contribution to nucleon EDM
is started from 3-loop electroweak (EW) diagram1,2) ,
which is about 10−30 –10−33 e·cm, the θ-term contribution is expected to be the main effect. The tiny
−26
upper-bound from the experiment (dexp
N < 2.9 × 10
3)
e·cm ) implies that θ-term is extremely small (strong
CP problem). In fact, current algebra or chiral pertur−9
–
bation theory roughly suggests θ = dexp
N /dN < 10
−10
10 . Lattice QCD enables us to provide the theoretical value of dN (and also θ) without any modeling. Furthermore, EDM is interesting for the supersymmetry model (SUSY) or other beyond the SM
(BSM) for the constraint of its parameter for instance
the CP-violating operator, which is expressed as the
dimension-five operator (see Ref.4,5) and references
therein). The confirmation of the EDM lattice calculation in θ-term is a suitable test for the extension
including higher dimensional operator.
There have been several attempts of lattice calculation in quenched QCD6,8) and Nf = 2 QCD7,9) , but
owing to large statistical fluctuation, these values still
have large uncertainties including some systematic errors. To reduce the statistic and systematic uncertainties we attempt to employ the domain-wall fermion
(DWF), which approximately realizes the chiral symmetry on the lattice to being under a few % of the
violating effect, and furthermore, the use of the new
algorithm developed to adequately use of machine resources, all-mode-averaging (AMA)10) . This strategy
advances the accuracy of neutron EDM calculation toward the 10% level with the present machine resource.
In this report, we present nucleon EDM calculation
using dynamical DWF gauge ensemble of 243 × 64 lattice at a−1 = 1.73 GeV−1 generated by RBC/UKQCD
collaboration11) . We carry out the calculation of
nucleon EDM form factor extracted from threepoint function of (nucleon)-(electromagnetic current)(nucleon), including leading order of θ-term following
the reference6) . In the AMA procedure, we define
the improved correlator (two-point function and threepoint function) as

m = 0.005
−q 2 GeV2
0
0.198
0.382
0.555
0.721

neutron (e·fm)
−0.048(25)
−0.049(21)
−0.046(16)
−0.047(20)
−0.046(26)

proton (e·fm)
0.019(39)
0.011(31)
0.028(23)
0.013(29)
0.029(35)

relator O(appx) . The last equation in Eq.(1) gives the
average of NG source location for O(appx) . By using
the relaxed CG for obtaining O(appx) , the total computational cost is reduced to be 1/5 or less10) . We
(appx)
with relaxed
use NG = 32 source locations for OG
stopping criteria under 0.003 for normalized residual
norm. The original correlator O is obtained by the
high-precision CG in which we use 10−8 stopping criteria. Low-mode, which is used in deflated CG, is computed by the Lanczos algorithm with the Chebychev
acceleration of 4D even-odd preconditioner of DWF
kernel, and we adopt 400 eigenmodes for quark mass
m = 0.005 (which correspond to 300 MeV pion mass).
Using 400 configurations, we obtain the result shown in
Table 1. The nucleon EDM is the value of EDM form
factor at physical kinematics (q 2 = 0), which is displayed in the first row in Table 1. We first obtain the
finite value of neutron EDM over 1σ error in Nf = 2+1
QCD.
References

(appx)

, O(rest) = O − O(appx) ,
O(imp) = O(rest) + OG

(appx)
−1
OG
= NG
O(appx),g ,
(1)
g∈G

with the original correlator O and approximation cor-
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Hadronic parity violation at next-to-leading order†
B. Tiburzi
Table 1. Leading and next-to-leading order values of the
Wilson coefficient of the ∆I = 2 parity-violating operator, C(µ) scaled by its tree-level value C (0) .

Many corners of the Standard Model have been
tested to very high precision through experiment. The
hadronic neutral weak interaction, by contrast, is the
least constrained of all Standard Model currents. Such
an interaction is difficult to probe; because, even while
largely shielded from electromagnetic contributions, it
is easily overshadowed by dominant strong contributions. One must look to processes that violate strong
interaction symmetries to isolate the hadronic weak
interaction. Flavor-changing neutral currents are suppressed in the Standard Model due to the so-called
GIM mechanism. To see the hadronic weak interaction
through flavor-conserving neutral currents, one must
look to isovector hadronic parity violation. Recent
experimental advances3,4) give reason for a concerted
effort to study hadronic parity violation theoretically
using QCD.
Lattice QCD computations can determine hadronic
parity violation from first principles. Quite recently
the first lattice QCD study of nuclear parity violation appeared5) . In this pioneering work, the isovector channel was the focus, and a signal for the parity(1)
violating pion-nucleon coupling, hπN , was obtained.
As with any lattice computation, there are a number of systematic errors which must be controlled to
make contact with phenomenology. In particular, criticism has been raised about the ability to isolate pionnucleon states convincingly in the above-mentioned
calculation. As further refinements to the method are
made, we can expect to see precision information about
parity-violating hadronic couplings coming from lattice QCD computations. Complete information about
hadronic parity violation in few-nucleon systems may
not come solely from experiment or theory. A combination of the two will thus be essential to provide input
for hadronic parity violation in nuclear few and manybody calculations. To this end, we study how well
the sources of parity violation are known at hadronic
scales. A leading-order QCD analysis was presented
some time ago6,7) . Since that work, better values for
the bottom and charm quark masses are now known,
as is the procedure for carrying out two-loop computations of the scale-dependence of parity-violating operators. We focus on both the isovector1) and isotensor2) parity-violating operators, and provide the complete next-to-leading-order analysis in QCD perturbation theory.
An example of our results is shown in Table 1. Using the QCD renormalization group to two-loop order, we determine the strength of the isotensor, parityviolating, four-quark operator at hadronic scales. At
†

Leading Order
’t Hooft-Veltman
Naı̈ve Dim. Reg.
RI/MOM
RI/SMOM(γµ , /
q)
RI/SMOM(γµ , γµ )
RI/SMOM(/
q, /
q)
RI/SMOM(/
q , γµ )

C(1 GeV)/C (0)
0.70
0.58
0.74
0.77
0.67
0.75
0.73
0.81

this order, results are renormalization scheme dependent, and we compare results in various renormalization schemes. The MOM and SMOM schemes will be
particularly useful because these can be implemented
in lattice QCD computations.
Our next-to-leading order study of hadronic parity violation shows that QCD evolution generally suppresses the magnitude of the isotensor interaction at
hadronic scales by about 1/4, with enhancements of
some operators in the isovector channel up to a factor
of 5. It will be interesting to see if hadronic matrix elements are small in the isotensor channel compared to
the ∆I = 0, 1 channels. If this were the case, hadronic
parity violation would parallel the ∆I = 1/2 rule, for
which the maximal isospin changing channel is considerably suppressed. For this comparison, we must
ultimately await the evaluation of non-perturbative
physics from lattice QCD.
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Nucleon mass and strange content from (2+1)-flavor Domain Wall
Fermion
Y. Aoki, T. Blum, T. Izubuchi, C. Jung, M. Lin, S. Ohta, S. Sasaki, E. Shintani and T. Yamazaki∗1
Strange content of Nucleon (N |s̄s|N ) and related
quantities
fTs =

ms N |s̄s|N 
dmN ms
=
×
,
mN
dms mN

σs = ms N |s̄s|N 

has been drawing much attention in the last few years,
due to its implications to the dark matter candidate
search1) . We measure N |s̄s|N  by applying FeynmanHellman theorem N |s̄s|N  = dMN (ms )/(Zm dms )
to nucleon masses with reweighted sea strange mass
MN (ms ). Strange quark reweighting has been successfully used to eliminate the systematic error from the
discrepancy between dynamical strange quark mass
(ms ) and the physical strange quark mass, and has
shown to be usable in shifting ms by up to ∼ 20%2,3) .
We used (2+1) dynamical flavor DWF with Iwasaki
gauge action generated by RBC/UKQCD Collaborations with a ∼ 0.08, 0.11fm2) , which we will refer to as
DWF+I 0.08fm and 0.11fm ensemble respectively. We
also measured nucleon mass and N |s̄s|N  on the DWF
ensemble generated with Dislocation Suppressing Determinant Ratio(DSDR4) ) in addition to the Iwasaki
gauge action (DWF+ID). Most of nulcleon propagators for DWF+ID ensembles were generated at RICC.
Figure 1 shows the nucleon mass as a function of
pseudoscalar masses squared in physical units. The
smallness of differences in masses between different ensembles suggests a2 dependence of the nucleon mass is
relatively small.

1.4

MN(Gev)

fTs = 0.035(33)(with a2 ),

<N|ss|N>
0

0.1

0.2
0.15
2
2
mπ (Gev )

0.25

References

0.3

1)
2)
3)
4)
5)
6)

Fig. 1. Nucleon masses of the ensembles used in this analysis in physical units.

N |s̄s|N  for each ensemble(N |s̄s|N (ml , a)) and
the continuum limit is calculated by fitting the
rewighted nucleon masses MN (ms , ml , a) to
MN (ms , ml , a) = c0 + N |s̄s|N (ml , a)ms ,
N |s̄s|N (ml , a) = c0 + c1 ml (+c2 a2 ).

(1)

We used fits both with and without c2 a2 in Eq. (1),
∗1

20

ml (MeV)

30

40

50

While results with the currently available measurements on DWF+ID ensembles are still too noisy, it
appears quite possible that further optimization of
sources for the measurement of nucleon mass as well as
increased statistics can improve the signal for N |s̄s|N 
significantly without the need to extend the ensemble. Recent developments of various techniques such as
EigCG5) and Low/All mode averaging(LMA/AMA)6)
makes it possible to generate a large number of propagators per configurations at a numerical cost only a few
times the cost for single propagator. Nucleon studies
are particularly well suited to take advantage of this,
as the correlation length for nucleons are much shorter
than those for the light mesons. An exploratory study
with AMA is in progress.

1

0.05

10

Fig. 2. Preliminary fits of nucleon strange contents calculated via Feynman-Hellman theorem and mass
reweighting, renormalized at 2Gev.

1.1

0

DWF+I 0.11fm
DWF+I 0.08fm
DWF+ID
fit with a^2
fit without a^2

0

1.2

0.9

0.009(17)(without a2 ).

1

DWF+I 0.11fm
DWF+I 0.08
DWF+ID 0.14

1.3

to estimate systematic error from the continuum extrapolation. A preliminary extrapolation to the continuum limit and physical pion mass gives N |s̄s|N  =
0.33(31) at 2Gev with M S while fitting without a2
gives 0.09(16), which in turn gives
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Nucleon form factors with domain wall fermions on the lattice†
Y. Aoki, T. Blum, T. Izubuchi, C. Jung, M. Lin, S. Ohta, S. Sasaki, E. Shintani and T. Yamazaki
Understanding the internal structure of nucleons has
long been a central mission of the theoretical and experimental nuclear physics research. The recent discovery of a “shrunk” proton1) makes first-principles
high-precision calculations of observables pertinent to
the nucleon internal structure using lattice QCD techniques both timely and essential. While in the past
decade or so the numerical techniques of such calculations have been improved greatly, some results are
still plagued with systematic errors that remain to be
understood. Most notably, lattice results for the nucleon axial charge, gA , are consistently lower than the
experimental value by 10%-20%. Similar behavior has
also been observed in the results for the isovector Dirac
charge radius.
To tackle the systematic errors that may obscure the
results, we performed lattice calculations in a large
volume, with a sufficiently large source-sink separation and at pion masses as close to the physical point
as possible. Specifically, we did our calculations on
323 × 64 lattices with 2+1 flavor domain wall fermions,
generated by the RBC and UKQCD collaborations2) .
These lattices have a physical spatial volume of about
(4.7fm)3 and two pion masses of about 170 and 250
MeV (a physical pion mass is about 140 MeV). We set
the source-sink separation to be about 1.3 fm, which
is among the largest used in nucleon three-point functions in recent lattice calculations, to suppress excitedstate contaminations. This report will focus on the calculation of the nucleon electromagnetic form factors
which are directly related to the proton size. Other
observables are reported by Jung3) and Ohta4) .
1
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Fig. 2. Pion mass dependence of the isovector Dirac (left)
and Pauli (right) r.m.s radii.

Part of this work was done on the RIKEN Integrated
Cluster of Clusters (RICC) and the Teragrid/XSEDE
computing resources supported by US National Science
Foundation.
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1

Fig. 1. The isovector nucleon Dirac (left) and Pauli (right)
form factors. The results from current calculation are
labeled as “ID32”. Results labeled as “I24” are from
earlier calculations5) .

With 412 and 660 measurements for the pion mass
of 170 MeV and 250 MeV, respectively, we obtained
the isovector nucleon Dirac and Pauli form factors,
F1p−n (Q2 ) and F2p−n (Q2 ) respectively. The results,
†

1
0.9

0.7

mπ=170 MeV, ID32
mπ=250 MeV, ID32
mπ=329 MeV, I24
mπ=416 MeV, I24
Experiment

3

0.6

0.2
0

1
0.9

4
mπ=170 MeV, ID32
mπ=250 MeV, ID32
mπ=329 MeV, I24
mπ=416 MeV, I24
Experiment

0.8
F1 (Q )

along with earlier calculations5) , are shown in Fig. 1.
The pion mass dependence for F1 (Q2 ) is very mild for
all the ensembles, and the Q2 dependence is not as
steep as the Kelly parametrization of the experimental
data6) , shown as the dashed lines in Fig. 1. The ID32
results for F2 (Q2 ), neverthelessly, seem to agree with
the experimental curve at smaller Q2 values.
The Dirac and Pauli charge radii, which are related
to the proton and neutron radii, were determined from
the dipole fits to F1 (Q2 ) and F2 (Q2 ). Our results,
along with earlier calculations, are shown in Fig. 2.
For r12 1/2 , all the results seem to fall on a straight line
with respect to m2π , and can be linearly extrapolated to
a value which is 20%-30% lower than the experiment.
This, not-well-understood, behavior has been observed
in other lattice calculations too, as summarized in5) .
The results for r22 1/2 approach the experimental value
with some scatter. The two outliers may be suffering
from larger finite volume effects compared to the rest.
We plan to investigate this further by increasing the
statistics and studying the finite volume effects.
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Finite-size scaling of nucleon axial charge in lattice QCD at nearly
physical pion mass†
Y. Aoki, T. Blum, T. Izubuchi, C. Jung, M. Lin, S. Ohta, S. Sasaki, E. Shintani, and T. Yamazaki

†

gA/gV

Understanding nucleon structure is the main goal
of RIKEN-BNL Research Center (RBRC). Nucleon is
the main building block of baryonic matter that makes
up ourselves and our environment, carrying the great
majority of mass. Quantum chromodynamics (QCD),
through its non-perturbative lattice numerical studies,
provides a detailed account of how quarks and gluons,
confined within nucleon, contribute such large mass
despite their own lightness, which is not so different
from electron or neutrino. By expanding the calculations we can account for nucleon structure, how the
momentum, angular momentum, and electroweak currents are distributed within. We are leading the world
in this field1–3) , distinguishing ourselves with almost
exact chiral and flavor symmetries4,5) of domain-wall
fermions (DWF). In this article we report an aspect of
the latest of such calculations6) , the finite-size scaling
of the ratio of nucleon isovector axial vector and vector charges, gA /gV , with an unprecedented large lattice volume, about (4.6fm)3 , and nearly physical pion
mass values of about 250 and 170 MeV5) .
The lattice-QCD ensembles are generated jointly by
the RIKEN-BNL-Columbia (RBC) and UKQCD collaborations: the strange-quark mass is set almost exactly at its physical value, and then reweighed to the
exact value. The up- and down-quark mass are set
degenerate and as light as practical, resulting in pion
mass of about 250 and 170 MeV respectively4,5) . We
have accumulated about 1,500 gauge configurations for
each ensemble, and are using one in eight of them for
the present analysis. The nucleon mass is estimated as
about 1.05 and 0.98 GeV respectively for the heavy and
light ensembles. We are calculating all the form factors
of the isovector vector and axialvector currents, some
low-moments of the isovector unpolarized and polarized structure functions, and the strangeness content.
We refer Refs.1–3) for details of our analysis methods.
Analysis for the heavy, 250-MeV, ensemble has been
completed using the RIKEN RICC computers. That
for the light, 170-MeV, ensemble is on-going using the
US Teragrid/XSEDE computers.
From the calculated isovector vector charge, gV , we
confirm the chiral and flavor symmetries are very well
preserved for the ensembles6) . In Fig. 1 we summarize
the calculations of the ratio, gA /gV , of the isovector
axialvector charge, gA , and vector charge. The ratio
determines neutron life, among other things, and hence
in turn nuclear isotope stability. It also determines
the pion-nucleon coupling through the GoldbergerTreiman relation, and thus a major part of nuclear

1.4
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m/L
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Fig. 1. Ratio gA /gV of isovector axial and vector charges,
plotted against finite-size scaling parameter, mπ L, for
the present (red) and published(blue)1) calculations.

force, and in turn a major part of nuclear dynamics. Both the present (red) and previously published
(blue)1) calculations are plotted against a finite-size
scaling parameter, mπ L, the product of the calculated
pion mass, mπ , and the lattice spatial extent, L. The
two calculations are very much different in their numerical sets up: a) the gauge actions are different, resulting in quite different momentum cuts off, a−1 ∼ 1.4
GeV and 1.7 GeV, b) The up- and down-quark mass
is set differently, so mπ are different, and c) L is set
differently by almost a factor of two. Nonetheless the
calculated values of the ratio, gA /gV , 1.15(5) in the
present and 1.19(4) earlier, agree with each other very
well at mπ L ∼ 5.8. This confirms the deficit in the lattice calculations and supports our conjecture that the
deficit arises from the small finite volume of the lattice
that cannot contain virtual pion cloud surrounding the
nucleon sufficiently well. We are increasing our statistics to understand this effect better, especially for the
light ensemble. Momentum-transfer dependence of all
the isovector form factors are being calculated as well.
Further reducing the statistical error, especially for
the light ensemble at mπ =170 MeV, is essential. We
are actively pursuing this goal by improving our algorithms as well as computers.
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Use of perturbative expansions in non-perturbative lattice
computations – A
 -SeqSrc method in a QCD+QED system –
T. Izubuchi
We propose a perturbative series expansion with
respect to the electric charge e, applied to a nonperturbative computation in lattice a QCD+QED system in a new way. As a concrete example, pion two
pint Green’s function in a QCD+QED system could be
studied in fully non-perturbative ways1)2) . The quark
propagators S(x, y) in the background of SU (3)×U (1)
gauge field, Uµ (x) = Uµ (x)eieAµ(x) , is computed by
inverting the Dirac operator, S(x, y) = [D(x, y)]−1 ,
which is then contracted to make a pion propagator,
G(x, y) = −Tr[S(x, y)S † (y, x)]. Its large Euclidean
time behavior will allow us to extract the
 pion mass
as a function of input electric charge,

x G(x, y) ∼
C(e2 ) exp[−|x4 − y4 |mπ (e2 )].
This fully non-perturbative treatment does not exploit the smallness of the QED coupling, α = e2 /4π ≈
1/137. Alternatively, we could repeat the aforementioned standard procedure with a direct application
of e−expansion at the quark level, S = S|e=0 +
e∂e S|e=0 +e2 /2!∂e2 S|e=0 +· · · . From a matrix identity,
∂e S = ∂e D−1 = −S(∂e D)S, each term in e−expansion
is easily evaluated, e.g. (S (0) = S|e=0 )
∂e S = iS (0) A
 S (0) ,

∂e2 S

= −S

(0)

A
 S

(0)

A
 S

(1)
(0)

−S

(0)

A


(2)

S

(0)

.

(2)

On la attice, the rhs of ∂e2 S is computed using the
sequential source method:

DX0 = b, DX1 =
A
 (x)X0 (x) → X1 = S (0) A
 S (0) b .
x

(3)
Here, A
 = −i∂e D = Aµ (x)Vµ and Vµ is nothing but
(cons)
=
the kernel of the conserved vector current Vµ
q̄Vµ q made of quark fields q(x) by definition. In the
continuum theory, Vµ = γµ , and  A(2) is the sea-gull
type two photon vertex, which is a lattice artifact.
One could now extract pion’s 2pt function in arbitrary order in e separately. As an example, O(e2 )
contributions for G are
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 S (0) )(S (0) A
 S (0) )†
G(2) = −(S (0) A
−1/2(S (0) A
 S (0) A
 S (0) )(S (0) )†

−1/2(S (0) A
 (2) S (0) )(S (0) )† + · · · .

These are rather standard exercises of the perturbative expansion of the lattice field theory, but there are
the following significant benefits when this  A-SeqSrc
method is implemented in the numerical simulation of
lattice QCD+QED.
First, an arbitrarily high order of e contribution
could be computed without larger statistical noise from
the lower order contributions, and also each topologies
of diagram could be separately obtained even within
the same order in e.
For example, by taking the ratio of O(e2 ) to O(e0 )
contributions of pion propagators G(x, y), one could
extract the electromagnetic contribution for the pion
masses : G(2) (x, y)/G(0) (x, y) ∼ 1 + ln C(e2 )/C(0) −
[mπ (e2 ) − mπ (0)]|x0 − y0 | + O(e4 ) . This capability of
computing order-by-order and diagram-by-diagram is
particularly useful for computing the important O(e6 )
hadronic contributions to the muon’s anomalous magnetic moment. We could avoid a difficult subtraction
by the A
 -method3) .
Since we are computing each order of en , we could
trivially change the value of electric charges. Thus, uptype quarks (+2/3e) and down-type quarks (−1/3e)
could be computed by one same calculation when their
masses are same.
Finally, the quark propagators S (0) used in (4) are
the one only for SU (3) background field, Uµ (x), without the photon fields, Aµ (x), whose effects are captured by A
 vertices, not in the propagators. The most
demanding part is the computation of the quark propagators and, by removing the U (1) field from the propagator computation, the computational cost is significantly reduced. This is even more so when combined
with recently proposed All-Mode Averaging (AMA)4) ,
which reduces the computational costs by a significant
factor, as much as O(100), for light quarks and large
lattice volumes in current state-of-the-art lattice computations.

(4)

When these G(n) are summed over the Boltzmann ensemble of the dynamical photon field,
 Aµ (x), the photon propagator, Aµ (x)Aν (y) ∼ dkeik(x−y) δµν /k 2 ,
automatically connects pairs of A
 ’s in (4) in all possible ways.
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Lattice QCD studies of three-nucleon forces using the unified
contraction algorithm †
T. Doi
Nuclear forces are fundamental quantities in nuclear
physics, and it is of crucial importance to determine
them from the underlying theory, QCD. Among others, the determination of three-nucleon forces (3NF)
has a huge impact on not only nuclear physics but also
astrophysics. In particular, recent observational data
on the maximum mass of neutron stars triggered renewed interest in the nuclear equation of state at high
density, where 3NF is considered to play a key role.
As for the ﬁrst-principles determination of twonucleon forces (2NF), a novel approach based on the
Nambu-Bethe-Salpeter (NBS) wave function in lattice
QCD has been recently proposed1,2) , so that the potential is faithful to the phase shift by construction.
The method has been successfully extended to various two-hadron interactions, such as hyperon interactions. Recently, the method itself has been generalized to the “time-dependent” HAL QCD method, so
that the energy-independent (non-local) potential can
be extracted without ground state saturation3) . See
Refs.2,4) for recent reviews.
We perform the ﬁrst lattice QCD study for 3NF5) by
calculating the NBS wave function of three nucleons
(3N) on the lattice, ψ3N (r, ρ
, t), deﬁned through the
six-point correlator as

V3NF (r2) [MeV]

100
50
0
-50
-100

0

0.5
r2 [fm]

1

Fig. 1. The genuine 3NF in the triton channel with the
linear setup, determined at each sink time.
3
H/3 He nuclei, a factor of 20736 for the 4 He nucleus,
and a factor of O(1011 ) for the 8 Be nucleus.
This new algorithm enables calculation of the NBS
wave function of 3N at each time slice. In Fig. 1, we
show the results for 3NF in the triton channel for the
“linear setup”with ρ
 = 0, where 3N are aligned linearly
with equal spacings of r2 ≡ |r|/2. We employ Nf = 2
dynamical clover fermion conﬁgurations generated by
CP-PACS Collaboration, where a−1 = 1.269(14) GeV,
V = L3 × T = 163 × 32, and mπ = 1.1 GeV, mN = 2.2
GeV8) .
The results shown here correspond to the update of
those in Ref.5) , where the method is improved from
the original (time-independent) HAL QCD method to
a time-dependent one, so that systematic errors from
excited-state contaminations are suppressed. While
3NF are found to be small at large distances, in accordance with the suppression of two-pion exchange
3NF by the heavy pion, we observe an indication of
repulsive 3NF at short distances. Note that a repulsive short-range 3NF is phenomenologically required
to explain the properties of high density matter.
Further studies with ﬁner lattices, lighter quark
masses, and diﬀerent geometries of 3N are in progress.

ψ3N (r, ρ
, t − t0 ) × e−3mN (t−t0 )

≡ 0|(N (x1 )N (x2 )N (x3 ))(t) (N  N  N  )(t0 )|0, (1)

 ≡ (x1 + x2 + x3 )/3, r ≡ x1 − x2 , ρ
where R
 ≡ x3 −
(x1 + x2 )/2 are the Jacobi coordinates.
In the calculation of Eq. (1), one of the most challenging issues is the computational cost. Actually, it
is well known that the cost of the contraction is exceptionally enormous for larger baryon number A, since
(i) the number of quark permutations grows factorially
with A and (ii) the contraction of color/spinor degrees
of freedom becomes exponentially large for large A.
On this issue, we recently developed a novel algorithm, called “uniﬁed contraction algorithm”6) . Essentially, the idea is to consider the permutations and
the color/spinor contractions simultaneously. In fact,
if the quarks of the same ﬂavor have the same spacetime smearing function at the sink and/or source, a
permutation of quark operators is equivalent to a permutation of color and spinor indices of the corresponding quark. Since color/spinor indices are dummy indices, we can carry out full permutations in advance
of the lattice simulation. Thus, a signiﬁcant reduction
in the cost is achieved6) , e.g., by a factor of 192 for
†

(t-t0)/a=7.5
(t-t0)/a=8.0
(t-t0)/a=8.5
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Lattice QCD with strong external electric fields†
A. Yamamoto
Quarks interact with gluons as well as photons. Generally, the electromagnetic interaction is neglected in
most lattice QCD simulations since it is much weaker
than the strong interaction. However, the electromagnetic interaction becomes important in several situations. For example, recent high precision simulations
require the inclusion of the dynamical QED eﬀect in
order to reproduce isospin breakings correctly. Such
simulations can reproduce the electromagnetic properties of hadrons. Further, strong background electromagnetic ﬁelds are important for QCD phenomenology. Even if the electromagnetic coupling is smaller
than the QCD coupling, strong electromagnetic ﬁelds
can drastically aﬀect hadron properties. Physics in
strong magnetic ﬁelds is a hot topic in lattice QCD.
Compared to strong magnetic ﬁelds, strong electric
ﬁelds are not well studied in lattice QCD. This is due
to some technical reasons. The lattice simulations with
electric ﬁelds have been performed only in few exceptional situations.1) In this study, we performed the
two-ﬂavor full QCD simulation with strong external
electric ﬁelds.
What we expect in strong electric ﬁelds is as follows. When a strong electric ﬁeld is applied, quarkantiquark pairs are produced from the vacuum by
the Schwinger mechanism.2) The quarks and the antiquarks ﬂow along the electric ﬁeld. However, we cannot observe such a nonequilibrium process, that is, we
can observe neither the Schwinger mechanism nor the
ﬂowing electric current. In lattice QCD simulations,
observables must be measured under equilibrium conditions. The equilibrium state in the electric ﬁeld is the
ﬁnal state after the charged particles ﬂow and stop. In
a ﬁnite box, the highest and lowest voltage regions exist somewhere. Positive charged particles stop at the
lowest voltage region and negative charged particles
stop at the highest voltage region. As a consequence,
a nonuniform charge density distribution appears.
In the conﬁnement phase, we need to take into account color conﬁnement. Charged particles are created by the Schwinger mechanism, but they cannot
ﬂow freely due to the conﬁning force. There are two
possibilities to separate the charged particles in the
conﬁnement phase. The ﬁrst possibility is meson condensation. Charged mesons can be formed when the
voltage diﬀerence exceeds twice the lightest charged
meson mass. The charge generation occurs only above
this threshold. Because the lightest charged meson is
a pion, the threshold is twice the charged pion mass.
The second possibility is deconﬁnement. The electric
†

ﬁeld tries to separate a pair of particles with opposite
charges. When the electric ﬁeld overcomes the conﬁning force, the charged particles can be separated. The
threshold of the voltage is the neutral pion mass. Note
that, quantitatively, these thresholds can be shifted
from the original pion mass by the eﬀect of the electric
ﬁeld.
In Fig. 1, we show the numerical result of the
charge density n3 as a function of the applied voltage V . In the deconﬁnement phase, the charge density
grows monotonically because the charged particles ﬂow
freely. In the conﬁnement phase, the interpretation of
the result is nontrivial. If the charge density were generated by the pion condensation, the charge density
would be zero in eV < 2mπ . The charge density is
non-zero in aeV < 2amπ ≃ 0.52. The charge density
in eV < 2mπ is generated not by the meson condensation but by the deconﬁnement in a ﬁnite volume. The
charge density is non-zero even at aeV = 0.24, which is
slightly below mπ . This is not surprising because the
pion mass is shifted by the electric ﬁeld. For a smaller
voltage eV ≪ mπ , the charge density is not generated.
This is consistent with the expectation that the QCD
vacuum is an insulator at zero temperature.
0.2

n3 (z = 0) [a-3]

deconfinement phase
confinement phase

0.1

0
0

0.2

0.4

eV [a-1]

0.6

0.8

1

Fig. 1. Voltage dependence of the charge density.
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Automated lattice perturbation theory and relativistic heavy quarks
in the Columbia formulation†
C. Lehner
6.5

The automation of lattice perturbation theory
(LPT) was pioneered by Lüscher and Weisz in Ref.1) ,
where lists were used to represent the information required to evaluate gluonic Feynman diagrams numerically. Using a similar data structure, these early results
were extended in Ref.2) to the case of fermionic actions,
enhanced in Ref.3) to also allow for complex smearing,
and further refined in Refs.4) for various fermionic actions.
Here we propose to use a more general data structure and represent the gluonic and fermionic actions
as well as operators and matrix elements in a symbolic manner using a computer algebra system (CAS).
This approach has found wide use in the automation of
continuum perturbation theory, where many high-loop
calculations are preformed using FORM5) . Unfortunately, FORM lacks features to efficiently handle the
complicated vertices that arise in lattice actions. In
this work, we introduce a new CAS optimized for LPT.
We present a flexible framework on top of said CAS
that is capable of performing perturbative calculations
using a lattice regulator as well as a continuum regulator and to generate contractions for non-perturbative
computations.
The framework found its first applications within the
heavy-quark physics project of the RBC and UKQCD
collaborations that uses RHQ in the Columbia formulation to describe the heavy quarks. Recent results
have been presented in Refs.9,10) . Relativistic heavy
quarks, first proposed in Ref.11) and further refined
in Refs.6,12) , provide an effective heavy-quark action
for large quark masses that is smoothly connected to
a fully relativistic quark action as the quark mass
becomes small compared to the lattice cutoff. The
Columbia formulation6) corresponds to the lattice action

3


1
1
S=
Q(x) (γ0 D0 − D02 ) + ζ
(γi Di − Di2 )
2
2
x
i=1

3

i
σµν Fµν (x) Q(x)
(1)
+ m0 + cP
4
µ,ν=0

3.2

4.5

ζ

cP

5

4

3
2.5

3
2.8

3.5
Lattice PT
NP tuning
T

1

TP 1PL 1PM TU 1UL 1UM NP

Lattice PT
NP tuning

2.6
T

1

TP 1PL 1PM TU 1UL 1UM NP

Fig. 1. Results for the perturbative tuning of parameters
cP and ζ on the 243 ensembles of Ref.13) for bottom
quarks. We compare perturbative results with results
of non-perturbative (NP) tuning. Perturbative results
are given at tree level (T) or at one-loop level (1). The
subscript P indicates that we use the average value of
the plaquette for meanfield improvement, the subscript
U indicates that the Landau gauge-fixed average link
value was used for meanfield improvement. The subscript L denotes expansion in the bare lattice coupling,
the subscript M denotes expansion in the MS coupling
constant at scale 1/a, where a is the lattice spacing.
The estimation of the errors is described in detail in
Ref.13) .

the quark fields Q to continuum fields. Such a field
rotation, however, leaves the mass spectrum of the theory invariant, and m0 , ζ, and cP can be tuned nonperturbatively without knowledge of d1 . Figure 1 compares the perturbative and non-perturbative results for
cP and ζ on the 243 lattices of Ref.13) .
In Ref.10) preliminary results for fB and fBs were
presented with light domain-wall fermions. A publication containing further details is in progress8) .
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with heavy-quark fields Q. The parameters m0 , ζ, and
p) discretization errors
cP can be tuned to remove O(a
in on-shell quantities, where a
p corresponds to the spatial momentum of the heavy quark in lattice units.

If
we allow for a field rotation Q (x) = Q(x) +
d1 i=1,2,3 γi Di Q(x) with parameter d1 , we can match
†

3.4

6
5.5
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Neutral B meson mixing with domain-wall light and static b quark
T. Ishikawa, Y. Aoki, T. Izubuchi, and A. Soni∗1 (for RBC Collaboration)
The Cabibbo-Kobayashi-Maskawa (CKM) matrix
plays a key role in elementary particle physics. Constraints on the elements Vts and Vtd can be obtained
from B 0 − B 0 mixing. The mass diﬀerence between
two neutral B mesons, which can be measured in experiments within 1% accuracy, is represented by
∆mBq = (known factor) × |Vtq Vtb |

2

m−1
Bq M Bq ,

(1)

where q = {d, s}, mBq and MBq denote Bq meson
mass and mixing matrix element
MBq = Bq0 |O∆B=2 |Bq0 ,

(2)

1.4
1.3
1.2
1.1
0

1/2

10

mud [MeV]

20

fBd [MeV]

fBs [MeV]

3)

HPQCD ’12 (NRQCD)

4)

FNAL/MILC ’11 (Fermilab)

ETM ’12 (Ratio method, Nf=2)
ALPHA ’12 (HQET, Nf=2)

(3)

where ξ is called the SU (3) ﬂavor breaking ratio. By
virtue of the ratio quantity, the theoretical uncertainties are mostly cancelled. All we need is a precise calculation of MBq , which is highly non-perturbative, and
the lattice QCD can access it, in principle.
The b quark on the lattice is, however, problematic,
owing to large separation of energy scale between light
and b quarks. Among several approaches, we use static
approximation for the b quark, which is the leading
order of the heavy quark eﬀective theory (HQET). The
static approximation is known to have O(ΛQCD /mb ) ∼
10% uncertainty. For a ratio quantity like ξ, however,
the uncertainty is reduced to O(ms /mb ) ∼ 2%. In
addition, the static limit values are always important
as an anchor point for other heavy quark approaches.
Our simulation is performed with domain-wall light
quarks using 2+1 ﬂavor Iwasaki gluon ensemble generated by RBC/UKQCD Collaborations1) . In the static
b quark action, two types of link smearing (HYP1,
HYP2) are used for improving the S/N. Matching with
continuum QCD is done by one-loop perturbation taking into account the O(a) lattice discretization error.2)
Obtained results are extrapolated to physical quark
mass point and continuum limit. Fig. 1 shows the chiral and continuum extrapolations for (MBs /MBd )1/2 .
The HYP1 and HYP2 data give consistent results with
each other. We present a comparison of our results
with other approaches in Figs. 2 and 3. Although the
B meson decay constants fBq give ∼ 10% diﬀerence
from other groups, which can be understood owing to
the static approximation, the ratio quantities fBs /fBd
and ξ show good agreement with the other approaches,
as anticipated.
∗1

(MBs / MBd )

Fig. 1. Chiral and continuum extrapolations for
(MBs /MBd )1/2 . Fine (32c) and coarse (24c) lattices
are used for obtaining the continuum results (red lines
and symbols).

respectively. The ratio |Vts /Vtd |, which is powerful for
constraining the CKM unitarity triangle, can be accessed through
∆mBs
|Vts |2 mBd MBs
|Vts |2 mBs 2
=
=
ξ ,
2
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|Vtd | mBs MBd
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Fig. 2. Comparison of fBd and fBs with other groups’ results. Only statistical error is included in our results,
whereas systematic errors are taken into account in
other group’s ones.
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Fig. 3. Comparison of fBs /fBd and ξ with other groups’
results.

Further study with an improved numerical method,
such as all-mode averaging10) , is in progress in order
to achieve substantial high precision.
References
1) Y. Aoki et al. [RBC and UKQCD Collaborations] :
Phys. Rev. D 83, 074508 (2011).
2) T. Ishikawa et al. : JHEP 1105, 040 (2011).
3) H. Na et al. [HPQCD Collaboration] : Phys. Rev. D 86,
034506 (2012).
4) A. Bazavov et al. [Fermilab Lattice and MILC Collaboration] : Phys. Rev. D 85, 114506 (2012).
5) N. Carrasco et al. [ETM Collaboration] : PoS LATTICE
2012, 104 (2012).
6) F. Bernardoni et al. [ALPHA Collaboration] :
arXiv:1210.6524 [hep-lat].
7) E. Gamiz et al. [HPQCD Collaboration] : Phys. Rev. D
80, 014503 (2009).
8) A. Bazavov et al. [Fermilab Lattice and MILC Collaboration] : Phys. Rev. D 86, 034503 (2012).
9) C. Albertus et al. [RBC and UKQCD Collaborations] :
Phys. Rev. D 82, 014505 (2010).
10) T. Blum et al. : arXiv:1208.4349 [hep-lat].

Ⅱ-5. Particle Physics

RIKEN Accel. Prog. Rep. 46 (2013)

QCD phase diagram with two-flavor lattice fermion formulations†
T. Misumi,∗1 T. Kimura, and A. Ohnishi∗2
Quantum chromodynamics (QCD) under extreme
conditions with temperature and density is one of the
most challenging topics in hadron physics. In this report we propose a new framework of investigating the
2-flavor QCD with finite temperature and density by
using the Karsten-Wilczek (KW) lattice fermion,1,2)
which possesses only two species doublers, i.e., minimally doubled fermion. This lattice formulation lifts
degeneracy of 16 species without breaking its chiral
symmetry by introducing a species-dependent imaginary chemical potential, instead of a species-dependent
mass term introduced in the Wilson fermion formalism. Because of the chemical potential term, its discrete symmetry is not sufficient to be applied to fully
Lorentz symmetric system, i.e., zero temperature and
density, but enough to study the in-medium QCD.
The KW fermion is a kind of minimally doubled
fermions, preserving its chiral symmetry and ultralocality, but breaking some of discrete spacetime symmetries. The Dirac operator in the momentum space
yields
aDKW (p) = i

4

µ=1

γµ sin apµ +irγ4

3


(1−cos apµ ).(1)

j=1

In addition to this, we have to introduce dimension-3
and 4 counter terms, iµ3 ψ̄γ4 ψ = iψ † ψ and id4 ψ̄γ4 ∂4 ψ,
to take a correct Lorentz symmetric continuum limit.
This has only two zeros at p = (0, 0, 0, arcsin(−µ3 /(1+
d4 ))/a) when −1 − d4 < µ3 < 1 + d4 with r = 1.
We study QCD phase diagram in the framework of
the strong-coupling lattice QCD based on this KWtype minimally doubled fermion. The effective potential in terms of the meson field is obtained by performing the 1-link integral in the strong coupling limit
(g 2 → ∞), and then introducing auxiliary fields to
eliminate the 4-point interactions. In the case with
KW fermion, we have to consider both of the scalar
σ = ψ̄ψ and vector π4 = ψ̄iγ4 ψ condensates. Identifying ψ̄γ4 = ψ † , the latter corresponds to the imaginary density iψ † ψ. In the zero temperature case, we
can solve the equilibrium condition analytically, and
thus show the chiral phase transition is of 1st order because the order parameter σ changes discontinuously
at the cricital chemical potential.
We can draw the phase diagram with respect to
chiral symmetry by analyzing the effective potential
Feff (σ, π4 ) (Fig. 1). These results are qualitatively consistent with those with strong-coupling lattice QCD
with staggered fermions, while there are some quan†

∗1
∗2

titative differences.3) For example, the KW phase diagram is suppressed in T direction compared to that
in staggered fermion. The µB dependence of σ and
ρB seems to have some characteristics in Fig. 2. At
T = 0.3 > T tri with m = 0, σ and ρB undergoes the
2nd-order phase transition at µB  0.5, and at a larger
µB (µB  1.15), increasing rate of ρB as a function
of µB becomes higher again. At lower temperature,
T = 0.2 < T tri , partial restoration of the chiral symmetry is seen before the first order phase transition.

Fig. 1. (Left) Phase diagram for the chiral transition. The
transition order is changed from 2nd (green) to 1st
tri
(red) at the tricritical point (µtri
) = (0.804, 0.234).
B ,T
(Right) Three-dimensional chiral phase diagram for T ,
µB and µ3 for m = 0.

Fig. 2. Chiral condensate σ and the baryon density ρB for
(left) T = 0.3 and (right) T = 0.2 with d4 = 0. There
are 1st and 2nd phase transitions for σ. In the case of
m = 0, there appears the crossover behavior instead of
the 2nd order transition.
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Strong-coupling analysis of parity phase structure in
staggered-Wilson fermions†
T. Misumi,∗1 T. Z. Nakano,∗2,∗3 T. Kimura, and A. Ohnishi∗3
Since the dawn of lattice field theory, the doubling problem has been a notorious obstacle for lattice simulations. Recently, a new possibility of lattice
fermion constructions was pointed out, which is called
staggered-Wilson.1) It is constructed by introducing
staggered versions of generalized Wilson terms2) into
staggered fermions. As in the case of Wilson fermion,
it is quite important to study the parity phase structure (Aoki phase)3) in staggered-Wilson fermions. In
this report, we investigate strong-coupling lattice QCD
with emphasis on parity phase structure for staggeredWilson fermions.
We introduce “taste-dependent mass terms” which
are generalizations of the Wilson term. There are two
types of such terms, but we focus only on one of them,
called Adams type. It is composed of four hopping
terms,

MA = 
η1 η2 η3 η4 C1 C2 C3 C4 = ( ⊗γ5 )+O(a)(1)
sym.

with  = (−1)x1 +···+x4 , ηµ = (−1)x1 +···+xµ−1 , Cµ =
(Vµ + Vµ† )/2, (Vµ )xy = Uµ,x δy,x+µ̂ . Added to usual
staggered fermion actions, this term lifts the degeneracy of four tastes and ends up with two positivemass flavors and two negative-mass flavors. The two
branches correspond to +1 and −1 eigenvalues of γ5
in the taste space. The Adams-type staggered-Wilson
fermion action is given by

SF =
χ̄x [ηµ Dµ + r(1 + MA ) + M ] χy ,
(2)
x,y

with Dµ = (Vµ − Vµ† )/2, where χ, r and M are the
quark field, the Wilson parameter, and the usual tastesinglet mass, respectively. In lattice QCD simulations
with these fermions, the mass parameter M has to be
tuned to take a chiral limit as in the Wilson fermion.
In the strong-coupling limit we can drop the plaquette action. Then, by integrating out link variables in
multi-hopping terms, the partition function for meson
fields Mx (χx χ̄x )/N with the source Jx is given in the
large N limit as




Z(J) = D[χ̄, χ, U ] exp N
J x M x + SF
=
†

∗1
∗2
∗3





DM exp N



x


x

Jx Mx + Seff (M)



. (3)
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N is the number of color. We consider only scalar
σ and pseudoscalar (pion) π condensates as Mx =
σ + ix π = Σ eix θ . Then the effective action for the Σ
and θ, up to O(M3 ), is factrized due to the translation
invariance as Seff (M) = −V4 Veff (Σ, θ) with

Veff (Σ, θ) = −M̂ Σ cos θ + ln Σ



1 + f (Σ, θ)
(4)
+ f (Σ, θ) − ln
2

where f (Σ, θ) = 1 − 8Σ2 sin2 θ, and we denote M̂√as
the shifted mass parameter M̂ = M +r with r = 16 3.
Solving the saddle point conditions ∂Veff (Σ, θ)/∂Σ = 0
and ∂Veff (Σ, θ)/∂θ = 0, the vacuum structure is determined. For M̂ 2 > 4, there is only the chiral condensate
as
1
χ̄ix χ
χ̄χ
=
= 0.
(5)
,
N
N
M̂
On the other hand, for M̂ 2 < 4, a finite pion condensate appears and breaks the parity symmetry spontaneously,

2(4 − M̂ 2 )
χ̄ix χ
χ̄χ
M̂
=
=±
,
. (6)
N
N
8 − M̂ 2
8 − M̂ 2

The sign of the pion condensate reflects the Z2 parity
symmetry of the theory. The critical mass parameter
√
is given by M̂c2 = 4, or equivalently Mc = −16 3 ±
2. These results strongly suggest the existence of the
parity-broken phase in the lattice QCD at least in the
strong-coupling limit.
We can also derive the mass spectrum of the mesons
by expanding the effective action Seff (M) to the
quadratic terms of the meson excitation field. The pion
mass is derived from the corresponding propagator as
cosh(mπ a) = 1 + 2

M̂ 2 − 4
.
5

(7)

The pion becomes massless at the critical mass M̂c2 =
4, which indicates that a second-order phase transition occurs between the parity symmetric and broken
phases in the strong-coupling limit.
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Higgs mass in the Standard Model†
F. Bezrukov, M. Kalmykov,∗1 B. Kniehl,∗1 and M. Shaposhnikov∗2
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Fig. 1. Higgs coupling λ(µ) scale dependence for Mh =
126 GeV with experimental and theoretical errors.

The Higgs boson mass corresponding to the boundary situation between these two regimes is unique for
given values of all other SM parameters: Fermi constant, gauge couplings, and fermion masses. This
is realized when the coupling constant only touches
the zero axis, which gives two equations λ(µ0 ) =
dλ/d log µ|µ0 = 0 determining two parameters—Mh
and the scale µ0 , where λ vanishes (see Fig. 1).

∗2

where the last term gives the theoretical uncertainties
due to the higher loop contributions (coming mainly
from the matching of the pole masses). This result is
illustrated in Fig. 2. It is seen that with the current
precision of the measurements of Mh , αS , and Mt , it is
impossible to ascertain whether the EW vacuum is stable, metastable, or the parameters correspond exactly
to the borderline between the two cases.
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Mh = 128.9 GeV +

0.02

0.02

†

Conversion of this requirement into the physical values of the masses requires using three loop beta functions for the RG evolution between the EW scale and
µ0 , and performing multiloop matching between the
physical (pole) masses of the particles (Higgs boson
and top quark, speciﬁcally) and the coupling constants
in MS scheme at the EW scale. The two-loop mixed
electroweak-QCD corrections for this matching were
obtained, improving the precision over the previous results. The resulting value of the critical Higgs boson
mass is

Strong coupling αS (MZ )

During the last year, the LHC revealed resonance
at approximately 126 GeV, compatible with the Standard Model (SM) Higgs boson, and no observations of
beyond SM physics.
If the only degrees of freedom are those of the SM,
then the main concern at high energies becomes the
renormalization group (RG) evolution of the Higgs boson self coupling λ. At one loop (leading) level, the
fermionic (mainly top quark) contributions decrease
λ, whereas the bosonic (from gauge bosons and Higgs
boson itself) increase λ with energy. Thus, with all
couplings of the SM ﬁxed (keeping in mind the uncertainties in the top mass Mt and the strong coupling constant αS ), the situation depends on the value
of λ, or equivalently on the Higgs boson mass Mh .
For large Mh , the scalar sector enters strong coupling
above some energy scale. At low Mh , the coupling
constant λ becomes negative, leading to development
of a new minimum in the Higgs eﬀective potential
V (h) = λ(h)h4 /4. The latter is not dangerous as it
is, because the decay rate of the electroweak (EW)
vacuum is exponentially suppressed. Only when the
new minimum is suﬃciently deep and appears at low
ﬁeld values, the decay rate becomes comparable with
the age of the Universe1) , making the model incompatible with observations. This bounds the pure SM
Higgs boson mass to the region

Based on article JHEP 1210, 140 (2012)
II. Institut für Theoretische Physik, Universität Hamburg,
Germany
ITP EPFL, Switzerland
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Fig. 2. Blue line corresponds to the critical Higgs mass of
126 GeV, with dashed lines indicating the theoretical
error. Filled circles represent the experimental Mt and
αS precision, and red ellipses indicate the expected ILC
precision.

Resolution of this question with more precise data
may lead to exclusion of some of the extensions of the
SM2) , whereas others may be fully compatible with
unstable EW vacuum3) .
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Higgs, moduli problem, baryogenesis and large volume
compactifications†
T. Higaki, K. Kamada,∗1 and F. Takahashi∗2
The energy density of baryons presently constitutes
4.6% of the total density of the universe1) : ΩB h2 =
0.02223 ± 0.00033. ΩB h2 is the energy density divided
by the critical density that is measured by the expansion rate of the universe. The above equation can be
translated as nB /s ≈ 10−10 , where nB is the net number density of baryons and s is the entropy density
in the universe. Furthermore, supersymmetry (SUSY)
is one of the promising candidates for new physics.
Hence, it is interesting to explain the baryon asymmetry in SUSY models, with which the 125 GeV Higgslike particle discovered at the LHC can be realized in
which flat directions suitable for the Affleck-Dine (AD)
mechanism are present2) .
However, once SUSY-breaking is considered, moduli
fields, which are the cause of the breaking, can produce a large entropy via their decays into the Standard Model radiation; consequently a baryon asymmetry much smaller than the observed one might be
obtained. Therefore, one of the solutions is to produce
a large asymmetry before the decays. For this purpose, we study the effect of a large coefficient c, which
is inversely proportional to the cutoff scale M∗ that is
lower than the Planck scale Mpl (see Eq.(5)). A large
c elongates the time scale of kicking the scalar quark
(AD field) along the phase direction, thereby enhancing the asymmetry. This type of an elongated time
scale can be realized by the string theory compactified on a large volume Calabi-Yau (CY) space via the
volume moduli stabilization3) :


K = −2 log (Tb + Tb† )3/2 − (Ts + Ts† )3/2 + ξ , (1)
W = W0 + Ae−2πTs .

(2)

Here we used the Planck unit, i.e. Mpl = 2.4 ×
1018 GeV ≡ 1. K and W are the Kähler potential
and superpotential based on 4D N = 1 effective supergravity, Tb and Ts are the overall volume and the
hole size in a Swiss-cheese CY, W0 = O(1) originates
from closed string flux, and ξ = O(1) is dependent on
the Euler number on the CY. The second term in the
superpotential comes from an instanton on the small
cycle; A = O(1). In the vacuum of the scalar potential,
a large volume V of the CY is observed.
V ∼ (Tb + Tb† )3/2 ∼ e2πTs  1,

Ts ∼ ξ 2/3 .

(3)

As for the AD field localized on a singularity in the
†

∗1
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CY, the potential is given by



φn
|φ|2n−2
+
A
+
c.c.
(4)
M∗2n−6
M∗n−3
with the canonical kinetic term. Here, φ is the AD
field, H is the Hubble scale coming from an inflaton,
and c depends on V.
Mpl
c≡
∼ V 1/3  1.
(5)
M∗
For concreteness, we take n = 6, for example, the
ūd¯d¯ flat direction as φ. Further it is noted that m0
and A are soft SUSY-breaking terms dependent on V:
m0 = O(V −3/2 − V −2 ) × Mpl = O(103 − 107 )GeV and
A = O(V −2 ) × Mpl = O(103 )GeV for V = O(107 ) in
the string unit. In such a case, the scalar top mass
can be sufficiently heavy to realize the 125-GeV Higgs
boson, and we hereafter consider m0 = 107 GeV for
concreteness.
Before an estimation of the baryon asymmetry, we
discuss the decay of Φ ≡ Re(Tb ), since it is lighter
Mpl
=
than Ts . The mass is then given by mΦ ∼ V 3/2
6
O(10 )GeV, and the decay into Higgs pairs reheats the
universe at a temperature Tdec if kinematically allowed:
3/2

Φ
Tdec  O(1) × 10m
GeV.
6 GeV
By solving the equation of motion of φ and considering a dilution by the modulus decay, the final baryon
asymmetry can be determined4) :

 c  T
nB
m0 −1
dec
 10−10 × δeff
s
102
1GeV
107 GeV
−1
2 

∆Φ
φosc
×
(6)
1014 GeV
Mpl
V = (m20 −c2 H 2 )|φ|2 +

Alternatively, nB /s  δeff Mpl /(V 5/3 ∆Φ). Here, δeff
is a CP phase factor and φosc  (M∗3 m0 )1/4 is the
value of the AD field at the beginning of its oscillation.
2
Further, ∆Φ  (Hinf
/m2Φ )Mpl ≤ Mpl is an oscillation
amplitude of the canonically normalized Φ, and Hinf is
the Hubble constant during an inflation. In this way,
it would be possible to obtain the moderate baryon
asymmetry on account of a large c.
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Dark radiation and dark matter in large volume compactifications†
T. Higaki and F. Takahashi∗1
Recent observations of the cosmic microwave background suggest that there can be an extra component
in the cosmic neutrino background. This component
is called “dark radiation.” The present dark radiation
estimation by the WMAP and SPT teams are given in
the respective studies1,2)
Neff = 3.84±0.40 (68%CL), 3.71±0.35 (1.9σ CL).(1)
This value should have been closer to three, which is
the number of active neutrinos in the Standard Model.
In this report, we estimate dark radiation using the
string theoretic axion, which is an integrand of an RR
4-form potential on a 4-cycle on a Calabi–Yau (CY)
space in the type IIB supergravity. The axion becomes
ultralight because of the large volume extra dimensions.
For such an explanation of dark radiation, we consider a large volume scenario in string theory compactified on a CY space3) , because the lightness is very robust in the large volume limit of the CY space. The effective action of the volume moduli based on 4D N = 1
effective supergravity is given by4)


K = −2 log (Tb + Tb† )3/2 − (Ts + Ts† )3/2 + ξ , (2)
W = W0 + Ae−2πTs

V ∼ (Tb +

2πTs

∼e

 1,

Ts ∼ ξ

2/3

(4)

in vacuum. The axion ab ≡ Im(Tb ) is almost massless
because of the large value of φ ≡ Re(Tb ), even if δW =
Be−2πTb is included. Therefore, the axion becomes a
possible candidate for the dark radiation.
Now, the modulus φ is the lightest modulus, whose
Mpl
= O(106 ) GeV for V =
mass is given by mφ ∼ V 3/2
7
O(10 ) in string units, the decay of φ into Higgs bosons
can finally reheat the universe at O(1) GeV in such
a situation if kinematically allowed. In addition, the
axion corresponding to dark radiation is also generated
by the decay, and its fraction is comparable to that of
†

∗1

Γ

2z 2 + 1 m3φ
2 ,
48π Mpl

Ba 

1
.
+1

2z 2

(5)

Here, Γ denotes the total decay width of φ and Ba the
branching fraction into the axions. We used the following interactions written by canonically normalized
fields:
z
2
L= √
(∂ 2 φ)Hu Hd + √
φ(∂µ ab )2 ,
(6)
6Mpl
6Mpl
where Hu,d denote the Higgs fields in the minimal supersymmetric Standard Model localized on a singularity in the CY space. Thus, the moderate Neff can be
obtained for z = O(1) as below, while the Wino dark
matter denoted as W̃ can be consequently obtained
via the decay of the produced Higgs at a moderate
branching fraction if kinematically allowed.

(3)

Here, we used the Planck unit, i.e., Mpl = 2.4 ×
1018 GeV ≡ 1, with K and W denoting the Kähler potential and superpotential respectively, Tb and Ts denote the overall volume and a hole one in a Swiss-cheese
CY, W0 = O(1) originates from the closed string flux,
and ξ = O(1) is dependent on the Euler number on
the CY. The second term in the superpotential comes
from an instanton on the small cycle: A = O(1). Via
the extremization of the above potential, we can find
the large volume V of the CY as
Tb† )3/2

Higgses:
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Fig. 1. Contours of ∆Neff ≈ Neff − 3 (left), and those of
Wino dark matter abundance ΩW̃ h2 (bold lines in the
right panel) and the mass mW̃ (dotted lines in the right
panel) as a function of z and mφ . For z ∼ 1.5, we
find that ∆Neff ∼ 1 and ΩW̃ h2 ∼ 0.1 with mW̃ ∼
(log(V)V)2 )−1 Mpl ∼ 500 GeV.

In this report, we considered an explanation to account for dark radiation in the cosmic neutrino background using the string theoretic axion, which is made
ultralight by large volume CY.
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Hybrid inflation in high-scale supersymmetry†
T. Higaki, K.S. Jeong,∗1 and F. Takahashi∗1
LARGE volume scenario (LVS) of extra dimension
in string theories1) is attractive because it can be naturally realized with only of O(1) parameters that TeV
scale SUSY-breaking soft masses, baryogenesis, dark
matter, dark radiation, and 125 GeV Higgs boson discovered at LHC2) . The model of volume moduli is
given by the following effective potentials in 4D N = 1
supergravity


Kmod = −2 log (Tb + Tb† )3/2 − (Ts + Ts† )3/2 + ξ (1)
Wmod = W0 + Ae−2πTs .

(2)

Here, we took Planck unit, i.e., Mpl = 2.4×1018 GeV ≡
1, K and W are Kähler and super-potential, Tb and Ts
are overall volume and a hole one in a Swiss-cheese
Calabi-Yau (CY), W0 = O(1) originates from closed
string flux, and ξ = O(1) is dependent on Euler number on the CY. The second term in the superpotential
comes from an instanton on the small cycle; A = O(1).
Through the extremization of the above potential, one
finds LARGE volume V of the CY space
V ∼ (Tb + Tb† )3/2 ∼ e2πTs  1,

Ts ∼ ξ 2/3

(3)

in the vacuum. However, a flatness of an inflaton potential in this scenario may be an issue because the
SUSY-breaking scale can be so high that the 125GeV
Higgs boson is realized. However, an approximate noscale structure due to LARGE volume not only realizes
the dark radiation but also makes the scalar potential flat enough to realize an inflation in the early universe, while evading the decompactification problem
by φ ≡ Re(Tb ). For the solution, the condition that
Mpl
is the mass
mφ ≥ Hinf is required, where mφ ∼ V 3/2
of φ and Hinf is the Hubble scale during the inflation.
Let us consider an F-term hybrid inflation3) , because
the model is simple, renormalizable, and hence, attractive. The potentials are given by
Kinf = |Φ|2 ,

Winf = W0 + κM 2 Φ,

(4)

neglecting waterfall fields, because we are focusing on
an inflationary era. With only these potentials, however, it is known that there is a dangerous SUSYbreaking tadpole Vtadpole = −2κM 2 m3/2 (Φ + Φ† ),
which makes an unwanted local minimum or the in2
is
flationary period shorter. Here, m3/2  W0 /Mpl
the gravitino mass. Therefore, the parameter space
can be constrained as shown in Fig.14) . For instance,
Hinf = κM 2 /Mpl should be greater than of O(107 )GeV
in the case that the tadpole m3/2 is greater than
†

∗1
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Fig. 1. Allowed parameter space in F-term hybrid inflation
just with Kinf and Winf .

O(1)GeV.
Getting back to LVS, Φ = Φ̂/(Tb + Tb† )1/2 is the
canonically normalized inflaton on a singularity in the
CY space. With Φ̂, the total Kähler potential can be
rewritten similarly to the no-scale one: Kmod + Kinf ≈
−3 log(Tb + Tb† − |Φ̂|2 ) + O(V −1 ). Note that there is no
tadpole in the no-scale case, but the no-scale structure
is now violated at O(V −1 ), and hence the tadpole can
be then estimated as5)
Vtadpole = −2ζκM 2

m3/2
W0
(Φ + Φ† ), m3/2 
.(5)
V
V

Here, ζ ∼ c/ log(V), and the tadpole is suppressed as
ζm3/2 /V instead of m3/2 . Say, for V = O(107 ) in the
string unit, only tuning of c at ten percent level is
necessary to elude the decompactification problem and
the constraint on the inflation.
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Natural supersymmetric spectrum in mirage mediation†
M. Asano,∗1 and T. Higaki
Low energy supersymmetry (SUSY) solves various
issues in the Standard Model, and is one of the candidates for new physics. The naturalness discussion suggests that light SUSY particles exist not very far from
the electroweak symmetry breaking (EWSB) scale.
Otherwise, serious fine tuning would be needed to satisfy the EWSB conditions, which include the equation
m2Z
∼ |µeff |2 + m2Hu .
2

through a small quantum correction by stops. With
the Eq.(1), µeff = O(100)GeV is obtained even for
M0 = O(1) TeV: The tuning of µeff can be relaxed
to about 10%.
Mass spectra of gluino, stop, Μeff and Χ1 0
5.0

(1)

4.5

Here, mZ ≈ 91GeV is the Z-boson mass, µeff is the higgsino mass, and mHu is the SUSY-breaking soft term
for the Higgs Hu coupled to the up quark sector. In
contrast, the current SUSY search at LHC have already excluded the gluino and squarks lighter than 1.5
TeV, if their masses are nearly equal. Moreover, the
recent discovery of the Higgs-like particle with a mass
of around 125 GeV would imply the existence of the
large radiative correction from heavy scalar top (stop).
For relaxing the tension between the soft mass scales
and the EWSB scale, and for realizing 125GeV Higgs,
we consider a TeV scale mirage mediation of the SUSYbreaking1,2) in the Next-to-Minimal-SupersymmetricStandard-Model (NMSSM)3) . This mediation can
have a TeV mirage messenger scale Λ, which reduces
the cost of the fine-tuning because there exist only
small quantum corrections running from the TeV scale
Λ to the EWSB scale in the soft masses, whereas there
is the additional contribution to the lightest Higgs
mass in the NMSSM.
Furthermore, the soft masses are given by the pure
moduli (gravity) mediation at Λ. This is because the
renormalization group effect in soft masses and the
anomaly mediation cancel each other at 1-loop level.
The mass spectrum is controlled by the overall scale
M0 set to the TeV scale and by discrete parameters ci
in the string theory:

4.0

m2i (Λ)

= ci |M0 | ,
2

Ma (Λ) = M0 .

(2)

Here, the gauge coupling unification has been assumed,
mi is a soft scalar mass for a visible field Φi , Ma (a =
U (1)Y , SU (2), SU (3)) is the gaugino mass, and the
value of ci depends on the origin of matter. When
the Higgs sector arises from D-brane moduli, the coupling to closed string moduli is suppressed: cHu = 0.
Then, the following is obtained at the EWSB scale


|M0 |2
(3)
= −O(1002 ) GeV2
m2Hu = −O
8π 2
†
∗1
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Fig. 1. Contours of µeff , the lightest stop mass mt̃1 , and the
mass difference between gluino and lightest neutralino
∆Mg̃−χ in our model. Note that gluino mass MSU (3) is
roughly given by M0 , whereas tan β = Hu /Hd .

On the other hand, the lightest higgs mass mh can
increase owing the Yukawa coupling λ between the Higgses (Hu , Hd ) and the singlet S in the superpotential
WNMSSM ⊃ λSHu Hd than in the case without it:
m2h ≈ m2h |λ=0 + λ2 v 2 sin2 2β.

(4)

Here, v ≈174GeV is the EWSB scale, and µeff = λS.
Thus, even for M0 = O(1)TeV, it is possible both to
relax the SUSY little hierarchy problem and to realize
the 125 GeV Higgs within the framework of the TeV
scale mirage mediation in the NMSSM.
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Supersymmetry, chiral symmetry, and the generalized BRS
transformation in lattice formulations of 4D N = 1 SYM†
H. Suzuki
It is widely believed that supersymmetry (SUSY)
plays a fundamental role in particle physics beyond
the Standard Model. A non-perturbative deﬁnition or
formulation of supersymmetric theories is thus of great
interest. Although the lattice formulation is the best
developed non-perturbative framework for the quantum ﬁeld theory, the spacetime lattice generally breaks
the inﬁnitesimal translation that is a part of the SUSY
algebra. For this reason, SUSY can be realized only
in the continuum limit in which the lattice spacing
vanishes. Before investigating non-perturbative physical problems, therefore, we need to understand how
SUSY (in addition to other symmetries that the lattice breaks) is restored in the continuum limit.
The four-dimensional N = 1 supersymmetric Yang–
Mills theory (4D N = 1 SYM) is the simplest supersymmetric gauge theory in four dimensions, and we
ﬁrst need to understand the above issue of symmetry
restoration in this simplest theory. Although the basic idea of the original proposal,1) that the tuning of
a single mass parameter restores all symmetries of 4D
N = 1 SYM, is natural, to show the validity of this idea
in terms of the Ward–Takahashi (WT) relations—the
basic characterization of the symmetry properties of
a quantum ﬁeld theory—is not as straightforward. In
fact, the original analysis1) was incomplete in that it
neglected the contribution of gauge-ﬁxing and ghostanti-ghost terms. A later analysis2) was also incomplete in that it did not adequately account for a possible operator mixing with a three-fermion operator.
A WT relation associated with the U (1)A symmetry
of 4D N = 1 SYM is found to be (when the point x
stays away from a gauge invariant operator O by a
ﬁnite physical distance; we denote this situation as
x  supp(O))
�
�
ZA ∂µS tr[ψ̄(x)γµ γ5 ψ(x)]O
�[
�
]L
= −ZF Fe F F̃ (x)O
)
(
�
�
1
tr[ψ̄(x)γ5 ψ(x)]O , (1)
+ 2 M − ZP
2a

where ZA , ZF Fe , and ZP are renormalization constants
and M is the bare mass parameter of the gluino, the superpartner of the gauge boson in 4D N = 1 SYM. This
relation shows that, for the U (1)A symmetry to be restored and the axial vector current to be conserved up
to the axial anomaly (∂µS is the symmetric diﬀerence
operator and [F F̃ ]L (x) denotes a lattice transcription
†

Condensed from the article in Nucl. Phys. B 861, 290–320
(2012)

of the topological density), we need to tune the parameter M such that
M−

1
ZP = 0.
2a

(2)

Further, a WT relation associated with SUSY is
found to be (again when x  supp(O))
� S
�
∂µ [ZS Sµ (x) + ZT Tµ (x)] O
(
)
1
= M − Zχ χ(x)O
a
� [
] �
− Z3F tr ψ(x)ψ̄(x)ψ(x) O ,
(3)

where ZS , ZT , Zχ , and Z3F are the renormalization
constants and Sµ (x), Tµ (x), and χ(x) are some lattice
operators. Thus, for the SUSY current in the left-hand
side to be conserved without anomaly, we require
Z3F = 0,

(4)

in the continuum limit, and the mass parameter M to
be tuned such that
1
M − Zχ = 0.
a

(5)

Since we have a common parameter M in Eqs. (2)
and (5), for both SUSY and U (1)A to be restored simultaneously, we require
Zχ =

1
ZP ,
2

(6)

in the continuum limit.
In the present work, by extending the generalized
BRS transformation developed in the continuum theory3–5) to the lattice formulation and studying the consequence of a Wess–Zumino-like consistency condition,
we validated Eqs. (4) and (6) for all orders of the perturbation theory. This result ﬁlls the gaps in the past
studies and provides a theoretical basis for the lattice
formulation of 4D N = 1 SYM.
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Ferrara–Zumino supermultiplet and the energy-momentum tensor in
the lattice formulation of 4D N = 1 SYM†
H. Suzuki
Ideally, a non-perturbative formulation of a ﬁeld theory with some symmetries should provide, as well as
the deﬁnition of correlation functions, the deﬁnition of
renormalized Noether currents that generate correctly
normalized symmetry transformations on renormalized ﬁelds. This is expressed by renormalized Ward–
Takahashi (WT) relations, and if these relations hold,
it can be claimed with certainty that the symmetries
are actually realized in quantum ﬁeld theory.
Quite often, however, the regularization procedure
breaks the preferred symmetries, and for this reason,
it is generally very diﬃcult to conclude even the existence of such renormalized Noether currents (especially
when symmetry transformations are non-linear). In
the lattice formulation of supersymmetric theories, one
encounters such a situation, because in them almost all
fundamental symmetries, such as translational invariance, supersymmetry (SUSY), and chiral symmetry,
are broken by the lattice regularization.
In the present work, we propose a possible deﬁnition
of the energy-momentum tensor—a Noether current
associated with translational invariance—in the lattice
formulation of the four-dimensional N = 1 supersymmetric Yang–Mills theory (4D N = 1 SYM). As noted
above, since the lattice regularization breaks the translational invariance, any lattice energy-momentum tensor can be conserved only in the continuum limit, the
limit in which the lattice spacing a vanishes. According
to Ref. 1), in generic lattice gauge theories involving
fermions, one has to (non-perturbatively) determine
at least seven renormalization constants to construct
a lattice energy-momentum tensor that is conserved in
the continuum limit.
Further, it has been known for long time that
Noether currents in 4D N = 1 SYM, i.e., the U (1)A
current, the SUSY current, and the energy-momentum
tensor, form a multiplet under SUSY,2) called the
Ferrara–Zumino (FZ) supermultiplet. Here, we deﬁne
a lattice energy-momentum tensor by mimicking the
structure of this FZ supermultiplet. That is, since the
super transformation of the SUSY current is essentially
the energy-momentum tensor in the classical theory of
4D N = 1 SYM, we deﬁne a lattice energy-momentum
tensor Tµν (x) as
1
Tµν (x) = [Θµν (x) + Θνµ (x)]
2
[
]
− cδµν tr ψ̄(x)(D + M )ψ(x) ,

(1)

where c is a constant and D is a lattice Dirac operator,
†

Condensed from the article in Nucl. Phys. B 868, 459–475
(2013)

- 109 -

and
Θµν (x) ≡

]
1
∂ [ ¯
(γν )βα
Z ∆ξ Sµ (x) α ,
8
∂ξβ

(2)

¯ ξ is a renorwhere Z is a renormalization constant, ∆
malized, modiﬁed super transformation on lattice variables with the parameter ξ, and Sµ (x) is a renormalized lattice SUSY current (α and β denote the spinor
indices). An advantage of this deﬁnition of a lattice
energy-momentum tensor is that the number of renormalization constants to be determined is four, which is
almost half of the number required for generic lattice
gauge theories. Although the lattice regularization also
breaks SUSY, one can recover the breaking of SUSY
by an appropriate tuning of the mass parameter M .3,4)
Assuming that for this parameter, tuning has been performed, one can see that the lattice energy-momentum
tensor (1) is conserved in the continuum limit:
� S
� a→0
∂µ Tµν (x)O −−−→ 0,
(3)

where ∂µS is the symmetric diﬀerence operator; we assumed that the point x remains distant from a gaugeinvariant renormalized operator O by a ﬁnite physical distance. The conservation law (3) is a minimal
and fundamental requirement for any physical energymomentum tensor, and the lattice energy-momentum
tensor (1) may thus be used to measure physical quantities related with the energy-momentum tensor, such
as viscosity, by numerical simulations.
According to our deﬁnition of the energy-momentum
tensor, the trace anomaly in the energy-momentum
tensor is directly related to the gamma-trace (or superconformal) anomaly in the SUSY current, as
�
�
]
∂ [ ¯
1
Tµµ (x)O =
(4)
Z ∆ξ γµ Sµ (x) α O ,
8 ∂ξα
where we have neglected disconnected parts. It is conceivable that a transparent understanding on the socalled anomaly puzzle can be obtained, provided the
full structure of the FZ supermultiplet with corrections
by the anomaly is realized in the lattice formulation,
as given by Eq. (4).
References
1) S. Caracciolo, G. Curci, P. Menotti and A. Pelissetto:
Annals Phys. 197 (1990) 119.
2) S. Ferrara and B. Zumino: Nucl. Phys. B 87 (1975) 207.
3) G. Curci and G. Veneziano: Nucl. Phys. B 292 (1987)
555.
4) H. Suzuki: Nucl. Phys. B 861 (2012) 290 [arXiv:1202.2598
[hep-lat]].

1

Ⅱ-5. Particle Physics

RIKEN Accel. Prog. Rep. 46 (2013)

Superconformal multiplets and Kohn-Rossi cohomology
J. Schmude
The representation theory of the superconformal algebra has been known since the ’80s.1) Each unitary
irreducible representation (UIR) of the superconformal
algebra – a supermultiplet – is composed of a finite
number of UIRs of the the maximally compact subalgebra Gc of the bosonic subalgebra. For the case of
Osp(2|4) as relevant to three dimensional N = 2 theories,
Gc = SO(2)E ⊕ SO(3)S ⊕ SO(2)R
⊂ SO(2, 3) ⊕ SO(2) ⊂ Osp(2|4)

(1)

Each of the UIRs of Gc – a particle state – is characterised by its energy E, spin S, and hyper- or Rcharge R. The situation is very similar in other dimensions. The quantum numbers for representations
of SU (2, 2|4) that characterise N = 1 theories in d = 4
are energy, R-charge, and the spins j1 and j2 .
Physical representations are further constrained by
unitarity bounds.2) Normalising highest weight states
to unit-norm, the norm of a general descendant can be
calculated using the superconformal algebra and expressed in terms of the above quantum numbers. It
is consistent to remove all zero- and negative-norm
states from a supermultiplet, which leads to multiplet
shortening. Thus, the particle states of superconformal gauge theories (SCFTs) can be generally arranged
in long, short, and massless multiplets.
Gauge/string duality relates d-dimensional SCFTs
to string theories propagating on backgrounds of the
form AdSd+1 × M, where M is a suitable compact
manifold. A large class of examples is given by FreundRubin type compactifications where the internal manifold M is Sasaki-Einstein. Examples of this are given
by
S 5,

T 1,1 ,

La,b,c ,

S 7,

M 1,1,1 .

(2)

The first three of these are d = 5, N = 1, the final two
d = 7, N = 2.
Kaluza-Klein reduction of the relevant supergravity
theory on AdSd+1 × M yields a supergravity theory on
AdSd+1 . The AdS/CFT dictionary relates the single
particle states of this theory to gauge-invariant single
trace operators of the dual SCFT, while also giving a
precise map between the masses of the fields in AdS
and the anomalous dimensions of the operators. It follows that the knowledge of the spectrum of differential
operators ∆, D, ∆L on M is equivalent to knowing the
anomalous dimensions of all gauge-invariant operators.
Conversely, the Kaluza-Klein spectrum should reflect
the multiplet structure of the superconformal algebra.
Kaluza-Klein spectroscopy for S 5 and S 7 is a relatively straightforward exercise; one can decompose

all fields in spherical harmonics. For general quotient
spaces G/H the spectrum has been computed using
harmonic decomposition.4) In the generic case however, the problem is considerably more difficult.
However, one can use the Sasaki-Einstein structure
to recover the multiplet structure and gain a geometric
understanding of multiplet shortening for generic manifolds.5,6) In general, such manifolds are U (1) fibrations
over a local Kähler-Einstein base, with the U (1) being
generated by the Reeb vector η. The cotangent bundle
decomposes thus as
Ω(1,0) ⊕ Ω(0,1) ⊕ Cη,

(3)

and it is possible to introduce a lift of the Dolbeault
operators ∂ and ∂¯ of the base – the “tangential CauchyRiemann operators” ∂B and ∂¯B . In what follows, we
restrict to the case of five-dimensional manifolds5) , the
seven-dimensional case is in preparation6) .
One can show that the eigenvalues of scalar functions
are bounded ∆ ≥ q(q + 4). The bound is saturated if
f is holomorphic, ∂¯B f = 0. Furthermore, one can use
the Sasaki-Einstein structure given by the forms η, J, Ω
to construct one- and two-forms that descend from f .
As an example, table 1 shows one of the three vector
multiplets. ⋆ denotes states that survive when f is
holomorphic, ∆ ≡ E0 (E0 + 4).
Table 1. The “vector multiplet I”
holo.
⋆
⋆

wave func.
(f η)−
f
(f Ω̄)−
(f Ω)−
(f Ω̄+ ).Ω

dim.
E0 + 1
E0
E0 + 1
E0 + 1
E0 + 2

R
r
r
r−2
r+1
r

Using this method, it is possible to express the superconformal index2) in terms of the Kohn-Rossi cohomology groups H∂p,q
¯ (M),
B

1 + Is.t.



p,q
a
T rt3R µF
a |H∂¯B (M).

(4)

0≤p−q≤2
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W3 irregular states and isolated N = 2 superconformal field theories†
H. Kanno,∗1 K. Maruyoshi,∗2 S. Shiba,∗3 and M. Taki∗4
The compactiﬁcation of the world-volume theory on
M5-branes, known as the six-dimensional N = (2, 0)
theory, on a punctured Riemann surface Cg,n leads
to a large class of N = 2 superconformal ﬁeld theories (SCFTs) in four dimensions.1) These theories have
exactly marginal gauge couplings, the space of which
forms the moduli space Mg,n of the complex structure of Cg,n . The SCFTs S-duality group acts on
this moduli space. The four-dimensional SCFTs tinclude another isolated class of SCFTs that do not allow marginal deformations. This class was originally
found as a nontrivial infrared(IR) ﬁxed point on the
Coulomb branch of asymptotically free gauge theories
and is the Argyres-Douglas type.2) The characteristic
feature of these theories is that mutually non-local BPS
particles simultaneously become massless at the superconformal point. Recently, it was shown that these
isolated SCFTs can also be constructed by the compactiﬁcation of the six-dimensional N = (2, 0) theory
on a sphere with an irregular puncture.3) This ﬁnding
strongly suggests that the following AGT relation must
be extended to this class of four-dimensional theories.
From the six-dimensional viewpoint, a remarkable
correspondence has been uncovered:4) The instanton
partition function of the four-dimensional N = 2 gauge
theory is exactly equal to the conformal block on Cg,n
of W algebra in two dimensions. This is the abovementioned mentioned AGT relation between 4d and
2d theories. Further, an extension of the correspondence to isolated SCFTs has been proposed in4) based
on the ﬁnding that the two-dimensional CFT counterpart of the irregular puncture is an irregular state
that is a simultaneous eigenstate of the higher Virasoro
generators. In this article, we explore this proposal for
the irregular states of W3 algebra and isolated SCFTs
with an SU (3) ﬂavor symmetry.
Our ﬁrst nontrivial result is the irregular state conditions for the W(A2 , C0,1,{3} ) theory:
√
W2 |I2  = κ(3c20 c2 + 3c0 c21 − 3(β32 + 5β 2 )c2
+3c1 c2 ∂c1 + 3c22 ∂c2 )|I2 ,
)
√ (
W3 |I2  = κ 6c0 c1 c2 + c31 + 3c22 ∂c1 /2 |I2 ,

W4 |I2  =
†

∗1
∗2
∗3
∗4

W5 |I2  =

)
√ (
κ 3c0 c22 + 3c21 c2 |I2 ,
√

κ 3c1 c22 |I2 ,

W6 |I2  =

√

κ c32 |I2 ,

(1)
(2)
(3)
(4)
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where Wn is the n-th generator of the W3 algebra. ci
and βi are certain functions of quark masses and Higgs
expectation value, respectively.
We also derive the irregular state conditions for
generic W(A2 , C0,1,{n+1} ) theories. The resulting conditions are slightly modiﬁed coherent state conditions
for generators of conformal algebras; that is, that these
conditions are not genuine eigenstate conditions but
involve ﬁrst-order diﬀerential operators of the parameters of the theory. This modiﬁed coherent state structure plays a key role in reproducing the non-trivial
structure of the four-dimensional theory. We showed
that the Seiberg-Witten curve of the W(A2 , C0,1,{n+1} )
theory is recovered through the two-dimensional computation of the corresponding irregular state.
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Universally valid Heisenberg uncertainty relation†
K. Fujikawa
A universally valid Heisenberg uncertainty relation
is proposed by combining the universally valid errordisturbance uncertainty relation of Ozawa with the relation of Robertson. This form of the uncertainty relation, which is deﬁned with the same mathematical
rigor as the relations of Kennard and Robertson, incorporates both of the intrinsic quantum ﬂuctuations
and measurement eﬀects.
The uncertainty relation forms the basis of entire quantum theory1–3) . The original formulation
by Heisenberg1) is based on a gedanken experiment
and emphasizes measurement processes. On the other
hand, the formulations by Kennard2) and Robertson3)
for generic variables A and B,
σ(A)σ(B) ≥

1
|⟨[A, B]⟩|,
2

In the relation (2), σ(A) stands for the standard deviation σ(A) = ⟨(A − ⟨A⟩)2 ⟩1/2 , and ϵ(A) stands for the
measurement ”error” of A deﬁned by
ϵ(A) = ⟨(M out − A)2 ⟩1/2 .

(3)

η(B) = ⟨(B out − B)2 ⟩1/2 .

(4)

The quantity η(B) stands for the ”disturbance” of the
conjugate variable B deﬁned by

We work in the Heisenberg picture and the variables
without any suﬃx stand for the initial variables, and
M out and B out stand for the meter variable and the
variable B after the measurement of A, respectively.
In this notation, Ozawa proposes5) to identify the
Heisenberg’s original uncertainty relation with
1
|⟨[A, B]⟩|
2

where
ϵ̄(A) ≡ ϵ(A) + σ(A)

= ⟨(M out − A)2 ⟩1/2 + ⟨(A − ⟨A⟩)2 ⟩1/2 ,

η̄(B) ≡ η(B) + σ(B)

= ⟨(B out − B)2 ⟩1/2 + ⟨(B − ⟨B⟩)2 ⟩1/2 .

(7)

The relation (6) is similar to (a modiﬁed form of)
Arthurs-Kelly relation7,8)
{⟨(M out − A)2 ⟩ + σ 2 (A)}1/2
×{⟨(B

out

− B) ⟩ + σ (B)}
2

2

1/2

(8)
≥ |⟨[A, B]⟩|,

and it emphasizes the repeated measurements of similarly prepared samples in quantum mechanics. We
emphasize that the relation (6) is based on the positive metric Hilbert space and the natural commutator
algebra, and thus its validity is at the same level as the
standard Kennard2) and Robertson3) relations.
Our proposal is to identify the relation (6) as a universally valid Heisenberg uncertainty relation which incorporates measurement eﬀects. Physically, we identify ϵ̄(A) in (7) as the ”inaccuracy” in the measured
values of A and η̄(B) in (7) as the ”ﬂuctuation” of the
conjugate variable B after the measurement of A. In
this identiﬁcation, the ”good measurement” is deﬁned
by a small inaccuracy ϵ̄(A) = ϵ(A) + σ(A), namely, the
measurement of a well-deﬁned state with small σ(A)
by a detector with a small ”error” ϵ(A). The measurement of a broad state with a small error does not
constitute a good measurement.
It is gratifying that we can preserve Heisenberg’s
original idea in the form (6), by replacing 12 |⟨[A, B]⟩|
with |⟨[A, B]⟩|, which always holds as long as quantum
mechanics is valid.
References

(5)

which does not always hold4,6) . This relation is not
†

(6)

ϵ̄(A)η̄(B) ≥ |⟨[A, B]⟩|

(1)

which are mathematically well-deﬁned, but did not emphasize the measurement processes. In the spirit of
the original formulation of Heisenberg, it may be desirable to express the uncertainty relation in terms of
the measurement error ϵ(A) of the variable A and the
disturbance η(B) in the conjugate variable B, for example.
The recent experiment4) provides a support for the
idea of a universally valid error-disturbance uncertainty relation proposed by Ozawa5,6) which is written
as
1
ϵ(A)η(B) + σ(A)η(B) + ϵ(A)σ(B) ≥ |⟨[A, B]⟩|.(2)
2

ϵ(A)η(B) ≥

universally valid since we threw away two terms on
the left-hand side in the relation (2).
We here suggest to combine the relation (2) with the
standard Robertson’s relation (1) in the form
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Aspects of universally valid Heisenberg uncertainty relation†
K. Fujikawa and K. Umetsu∗1
A universally valid Heisenberg uncertainty relation,
which was proposed recently, is illustrated using the
experimental data on spin-measurements by J. Erhart,
et al.[ Nature Phys. 8, 185 (2012)]. This uncertainty relation is closely related to a modiﬁed form
of the Arthurs-Kelly uncertainty relation which is also
tested by the spin-measurements. The universally
valid Heisenberg uncertainty relation always holds, but
both the modiﬁed Arthurs-Kelly uncertainty relation
and Heisenberg’s error-disturbance relation proposed
by Ozawa, which was analyzed in the original experiment, fail in the present context of spin-measurements,
and the cause of their failure is identiﬁed with the assumptions of unbiased measurement and disturbance.
It is also shown that all the universally valid uncertainty relations are derived from Robertson’s relation
and thus the essence of the uncertainty relation is exhausted by Robertson’s relation, as is widely accepted.

which was invalidated by the recent experiment3) . The
relation (1) is also closely related to a modiﬁed form
of the Arthurs-Kelly relation6,7) ,
{⟨(M out − A)2 ⟩ + σ(A)2 }1/2
×{⟨(B out − B)2 ⟩ + σ(B)2 }1/2 ≥ |⟨[A, B]⟩|.

In terms of the actual experimental set up with A = σx
and B = σy , we have3)
1
ϵ(A) = 2 sin( ϕ),
2

where
ϵ̄(A) ≡ ϵ(A) + σ(A)

= ⟨(M out − A)2 ⟩1/2 + ⟨(A − ⟨A⟩)2 ⟩1/2 ,
η̄(B) ≡ η(B) + σ(B)
= ⟨(B out − B)2 ⟩1/2 + ⟨(B − ⟨B⟩)2 ⟩1/2 .

We here work in the Heisenberg representation and
those variables without any suﬃx stand for the initial
variables. M out stands for the meter variable after the
measurement of A, and B out stands for the conjugate
variable after the measurement of A. It was suggested
in Ref.[4] that ϵ̄(A) is called the ”inaccuracy” in the
measured values of the variable A, and η̄(B) is called
the inevitable ”ﬂuctuation” in the conjugate variable
B after the measurement of A. The quantity ϵ(A) =
⟨(M out − A)2 ⟩1/2 is commonly referred to as ”error” in
the measurement of A, and η(B) = ⟨(B out −B)2 ⟩1/2 as
”disturbance” in the variable B after the measurement
of A. σ(A) = ⟨(A−⟨A⟩)2 ⟩1/2 is the standard deviation.
Relation (1) is a counter proposal to the naive
Heisenberg-type error-disturbance relation1,5)
ϵ(A)η(B) ≥
†

∗1

1
|⟨[A, B]⟩|
2

2 cos ϕ

(5)

(6)

and (3) and (4) become, respectively,
√
1
2 2 sin( ϕ) cos ϕ ≥ 1,
2
2 ϕ
{(4 sin ( ) + 1)(2 cos2 ϕ + 1)}1/2 ≥ 2.
2

(7)

One can easily conﬁrm that the relation (6) is satisﬁed
but both of the relations in (7) fail for all the values of
ϕ, in agreement with experiment3) .
One can also conﬁrm that Robertson’s relation8)
σ(M out − A)σ(B out − B) ≥

(2)

√

√
ϕ
(2 sin( ) + 1)( 2 cos ϕ + 1) ≥ 2,
2

Motivated by the past works by Ozawa
and the
recent experiment at Vienna3) , a universally valid
Heisenberg relation has been recently proposed4) ,
which assumes the form
(1)

η(B) =

where ϕ in the interval π2 ≥ ϕ ≥ 0 is called detuning
angle, and σ(A) = 1 and σ(B) = 1 for the initial state
|ψ⟩ = | + z⟩. The relation (1) then becomes

1,2)

ϵ̄(A)η̄(B) ≥ |⟨[A, B]⟩|

(4)

1
|⟨[M out − A, B out − B]⟩|
2

gives (by assuming [M out , B out ] = 0)
σ(M out − A)σ(B out − B)
(8)
1
out
out
≥ {|⟨[A, B]⟩| − |⟨[A, B
− B]⟩| − |⟨[M
− A, B]⟩|}
2

from which one can derive the relation (1) as well as
the original relation of Ozawa1) , and thus all the universally valid relations are derived from Robertson’s
relation. By assuming the unbiased measurement and
disturbance, one can also derive (3) from (8), and thus
all the uncertainty relations from Robertson’s relation.
References
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On neutrino masses via CPT violating Higgs interaction in the
Standard Model†
M. Chaichian,∗1 K. Fujikawa, and A. Tureanu∗1
The Lorentz invariant CP T violation by using nonlocal interactions is naturally incorporated in the Higgs
coupling to neutrinos in the Standard Model, without
spoiling the basic SU (2)L ×U (1) gauge symmetry. The
neutrino–antineutrino mass splitting is thus realized by
the mechanism which was proposed recently, assuming
the neutrino masses to be predominantly Dirac-type
in the Standard Model. The CPT violation such as
the one suggested in this paper may open a new path
to the analysis of baryon asymmetry since some of the
Sakharov constraints are expected to be modified.

conjugate ϕc . One may then add a hermitian non-local
Higgs coupling, which is analogous to the last term in
(1), to the Lagrangian (4),
LCP T (x)
√ ∫
2 2µ
d4 yδ((x − y)2 − l2 )θ(x0 − y 0 ) (5)
= −i
v
(
) (
)
}
{
× ν̄R (x) ϕ†c (y)ψL (y) − ψ̄L (y)ϕc (y) νR (x) ,

without spoiling the basic SU (2)L × U (1) gauge symmetry. In the unitary gauge, we then find the neutrino
and antineutrino mass splitting2)
√
∫ ∞
z 2 sin[mD z 2 + l2 ]
√
m± ≃ mD ± 4πµ
dz
. (6)
z 2 + l2
0

It has been recently shown that the non-local but
Lorentz invariant and hermitian Lagrangain
∫
{
S =
d4 x ψ̄(x)iγ µ ∂µ ψ(x) − mψ̄(x)ψ(x)
∫
−
d4 y[θ(x0 − y 0 ) − θ(y 0 − x0 )]δ((x − y)2 − l2 )
}
×[iµψ̄(x)ψ(y)] ,
(1)

We have assumed Dirac-type neutrinos by setting
mR = 0, but this may not be unnatural in the present
context since the notion of antiparticle is best defined
for a Dirac particle. In other words, if the neutrino–
antineutrino mass splitting is confirmed by experiments, it would imply that neutrinos are Dirac-type
particles rather than Majorana-type particles. The
remaining couplings of the Standard Model are very
tightly controlled by the SU (2)L × U (1) gauge symmetry, and one can confirm that only the neutrino
mass terms allow the present non-local gauge invariant
couplings without introducing Wilson-line type gauge
interactions.
If such a neutrino-antineutrino masss splitting will
indeed be observed by future experiments, the presented pseudo-Dirac scheme could be considered as an
economical alternative to seesaw mechanism 3) , where
at the same time an explanation for the mass splitting
between the particle and its antiparticle is provided.

gives rise to a mass splitting between particle and antiparticle1)
√
∫ ∞
z 2 sin[m z 2 + l2 ]
√
m± ≃ m ± 4πµ
dz
.
(2)
z 2 + l2
0

For the real parameter µ, the third term in the action
has C = CP = CP T = −1 and thus no symmetry to
ensure the equality of particle and antiparticle masses.
The parameter l has dimension of length, and the mass
dimension of the parameter µ is [M ]3 .
To apply this mechanism to the Standard Model,
we consider its minimal extension by incorporating the
right-handed neutrino:
)
)
(
(
νL
νR
ψL =
, ψR =
(3)
eL
eR

References

and the part of the Standard Model Lagrangian relevant to our discussion is given by
1
L = ψ L iγ µ (∂µ − igT a Wµa − i g ′ YL Bµ )ψL
2
+ eR iγ µ (∂µ + ig ′ Bµ )eR + ν R iγ µ ∂µ νR
]
[√
√
2me
2m
m
D
R
ν T CνR
−
eR ϕ† ψL +
ν R ϕ†c ψL +
v
v
2 R
+ h.c.

(4)

with YL = −1, and the Higgs doublet ϕ and its SU (2)
†
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Electromagnetic interaction in theory with Lorentz invariant CPT
violation†
M. Chaichian,∗1 K. Fujikawa, and A. Tureanu∗1
An attempt is made to incorporate the electromagnetic interaction in a Lorentz invariant but CPT violating non-local model with particle-antiparticle masssplitting, which is regarded as a modiﬁed QED. The
gauge invariance is maintained by the Schwinger nonintegrable phase factor but the electromagnetic interaction breaks C, CP and CPT symmetries. Implications of the present CPT breaking scheme on the electromagnetic transitions and particle-antiparticle pair
creation are discussed.

splitting

√
z 2 sin[m z 2 + l2 ]
√
m±  m ± 4πµ
dz
.
(2)
z 2 + l2
0
It is interesting to examine the charged particle pair
creation from a virtual photon γ(k) → e(p) + ē(p̄). We
then obtain the current in momentum space
where
∂
)
F (p, p̄) ≡ (−i
∂ p̄µ

∗1

∫

0

1

(3)

dη[f+ (k(η − 1) + p̄)

−f− (k(η − 1) + p̄)]|k=p+p̄ , (4)

with the Lorentz invariant ”form factor” deﬁned by
∫
(5)
f± (p) = d4 z1 e±ipz1 θ(z10 )δ((z1 )2 − l2 ).

We have a small correction F µ (p, p̄) to the electromagnetic current, which ﬂips chirality (and thus it is similar to the Pauli term) and violates C, CP and CPT.
Note that the ﬁrst term in (3) alone is not conserved
due to the mass splitting, but the ﬁrst and second
terms in (3) put together are conserved.
As for practical implications of CPT breaking in the
present modiﬁed QED, the search for the mass splitting of particle and antiparticle, just as the search for
the neutrino antineutrino mass splitting in oscillation
experiments4) , is interesting5,6) . In the atomic transitions of the matter or antimatter systems, the frequency diﬀerences caused by the small mass diﬀerence
between the ”electron” and ”positron” such as in (2)
will be important. Other possibilities are to look for
the possible small C and CP breaking in electromagnetic interactions other than those caused by weak interactions.
References

with Dµ = ∂µ − ieAµ (x). This action is invariant
under the gauge transformation ψ(x) → eiα(x) ψ(x)
and Aµ (x) → Aµ (x) + 1e ∂µ α(x), and C=CP=CPT=-1
transformation property of the non-local term is the
same as in the theory without the electromagnetic
coupling. We thus have the particle-antiparticle mass
†

∞

J µ (k) = eū(p)γ µ v(p̄) + eµū(p)F µ (p, p̄)v(p̄)
µ

A non-local but Lorentz invariant and hermitian Lagrangian, which gives rise to a mass splitting between
particle and antiparticle, has been recently proposed1) .
The application of this scheme to the neutrino–
antineutrino mass splitting in the Standard Model has
been discussed2) . It was emphasized there that only
the neutrino mass terms in the Standard Model can
preserve the basic local SU (2)L × U (1) gauge symmetry in the Lorentz invariant non-local CPT breaking
scheme without introducing non-integrable phase factors. From the point of view of particle phenomenology, this uniqueness of the neutrino mass splitting in
the Standard Model is quite interesting3) .
If one wants to accommodate the non-local Lorentz
invariant CPT breaking mechanism in the couplings of
general elementary particles, one needs to go beyond
the conventional local gauge principle by incorporating the Schwinger non-integrable phase factor. To be
speciﬁc, we study the simplest Lorentz invariant and
non-local CPT breaking hermitian Lagrangian (a modiﬁed QED):
∫
{
S =
d4 x ψ̄(x)iγ µ Dµ ψ(x) − mψ̄(x)ψ(x)
∫
− d4 y[θ(x0 − y 0 ) − θ(y 0 − x0 )]δ((x − y)2 − l2 )
]
[ ∫ x
}
×iµψ̄(x) exp ie
Aµ (z)dz µ ψ(y)
y
∫
1
−
d4 xFµν (x)F µν (x),
(1)
4

∫
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Euler products beyond the boundary
T. Kimura, S. Koyama,∗1 and N. Kurokawa∗2
For the Riemann zeta and the Dirichlet L-functions,
we investigate their behavior of the Euler products on
the critical line. A refined version of the Riemann hypothesis, which is named “the Deep Riemann Hypothesis” (DRH), is examined.
Let χ be a primitive Dirichlet character with conductor N . The Dirichlet L-function is expressed by
the Euler product

−1
1 − χ(p)p−s
,
(1)
L(s, χ) =

2.5

1

2

0.5

1.5

0

1
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0.4
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n→∞

(s = 12 and χ2 = 1)
,
(otherwise)

p≤x

In what follows we put χ7a and χ7b to be the character
χ modulo 7 with χ2 = 1 and χ2 = 1, respectively.
Namely, if we define the character χ modulo 7 by giving
the value at the√primitive root 3 ∈ Z/7Z, we define
χ7a (3) = exp(π −1/3) and χ7b (3) = −1. We also
denote by χ3 the nontrivial character modulo 3, which
satisfies χ23 = 1.
Denote by pn the n-th prime number.  Figures 1
and 2 show the datum for the values Lx 12 + it, χ
for x = p10 (green), x = p100 (blue), x = p1000 (yellow) and ∞ (red). This shows as t → 0, we apparently see Lx (1/2 +√it, χ) → L(1/2, χ) for χ2 = 1,
Lx (1/2 + it, χ) → 2L(1/2, χ) for χ2 = 1. This supports the DRH (2).
We introduce the following error function in order
∗1
∗2
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Fig. 2. Real part (left) and imaginary part (right) of
Lx (1/2 + it, χ7b )

s
1/2
3/4
1

α (χ7a )
0.1167
0.3814
0.6389

α (χ7b )
0.1978
0.3106
0.6302

Table 1. Exponents of δLx (s, χ) ∼ x−α for χ7a and χ7b .

(2)

where the product is taken over all primes p satisfying
p ≤ n.
We show some numerical datum which are admitted as evidence of this conjecture by introducing the
partial Euler product

Lx (s, χ) =
(1 − χ(p)p−s )−1 .
(3)

1

0.2

1

p≤n

√
2
= L(s, χ) ×
1

0

Fig. 1. Real part (left) and imaginary part (right) of
Lx (1/2 + it, χ7a )

p

where p runs through all primes. This product is absolutely convergent in Re(s) > 1.1,2) The (generalized)
Riemann Hypothesis (GRH) for L(s, χ) asserts that
L(s, χ) = 0 in Re(s) > 1/2. When χ = 1, it is
equivalent to the convergence of the Euler product for
Re(s) > 1/2. Here we examine a “deeper” conjecture
in the sense that we dig into the line Re(s) = 1/2:
(Deep Riemann Hypotyesis (DRH)). If χ = 1 and
L(s, χ) = 0 with Re(s) = 1/2, we have

(1 − χ(p)p−s )−1
lim

-2

to estimate the speed of convergence for Lx (s, χ),


√
 L (s,χ)− 2L(s,χ) 

 x √2L(s,χ)
 (s = 1/2 and χ2 = 1)
δLx (s, χ) = 


 Lx (s,χ)−L(s,χ) 
(otherwise)
L(s,χ)
Figure 3 shows the values of δLx (s, χ). When we approximate the error function as δLx (s, χ) ∼ x−α , the
exponents are determined by fitting the numerical results (Table 1). We see the speed of convergence becomes faster as the real part of argument gets larger.
1
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Fig. 3. δLx (s, χ) for s = 1/2 (red), s = 3/4 (green) and
s = 1 (blue) with χ7a (left) and χ7b (right)
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Hofstadter problem in higher dimensions
T. Kimura
The fractal structure of the energy spectrum for
the two-dimensional magnetic lattice system, known
as Hofstadter’s butterfly,1) is one of the most exotic
consequences of the quantum property of the lowdimensionality. In this report we extend the Hofstadter
problem, which is originally considered in two dimensions, to higher dimensions with not only Abelian, but
also non-Abelian gauge field configuration.
We first consider the generic U(1) congifuration in
d = 2r dimensions
F2s−1,2s = ωs ,

Fµν = 0

for

otherwise,

(1)

with s = 1, · · · , r. When we put this on a lattice, it is
realized as a link variable with the higher dimensional
Landau gauge,
U2s−1 (x) = e−iωs x2s ,

U2s (x) = 1.

(2)

In particular, the tight-binding model with the configuration satisfying
Pµν (x) = Uµ (x)Uν (x + µ̂)Uµ† (x + ν̂)Uν† (x) = −1,(3)
is called the π-flux state,2) since ωs = π for ∀s. The
configuration (3) is realized by Z2 ⊂ U(1) link variables, Uµ (x) = ηµ ≡ (−1)x1 +···+xµ−1 . The Hamiltonian of the model is given by

Htight =
(4)
ηµ c†x (cx+µ̂ + cx−µ̂ ).

−ωj ωk x20 ijk σ i . Here this integral is taken over the
four dimensional hypercubic lattice of the size L4 , and
we define the flux number N = n1 n2 n3 .
The link variable associated with this configuration
is given by U0 (x) = , Uj (x) = e−iωj x0 σj . In this case,
the translation symmetry of the lattice system yields
x0 ∼ x + qLCM ,

xj ∼ xj + 1,

(7)

where qLCM is the least common multiple of q1 , q2 , q3 .
This means that the unit cell of this system is also
extended in only one dimension as well as the two dimensional case with U(1) magnetic field.
We numerically caluculate the spectrum of the lattice fermion with the configuration discussed above.
The model defined in four dimensions is reduced to
an effective one-dimensional model due to SU(2) ∼
= S3
gauge symmetry. Fig. 1 shows the density of spectrum
against ω0 , with homogeneous configuration ωj = ω0
for j = 1, 2, 3. Although its spectrum is not totally
gapped, one can observe a hierarchical structure of the
spectrum as well as the two dimensional case.1) At the
even fraction flux, e.g. ω0 /(2π) = 1/2, 1/4, · · ·, we find
a dip in the spectrum. Similar structure is discussed
in the ordinary two dimensional Hofstadter problem at
the gapless point of the filling fraction.
8

0.045

x,µ

0.04

"output100_111.txt"

6

0.035

4

x1 +···+xd

Although there is no spinor structure in this formalism,
its spectrum is relativistic, because it is directly obtained from the naive Dirac fermion through the spindiagonalization.
We consider another generalization of the Hofstadter
problem in higher dimensions by applying a nonAbelian gauge field as a background configuration. We
now concentrate on the four dimensional model with
SU(2) gauge field for simplicity, whose configuration is
given by A0 = 0, Aj = −ωj x0 σj for j = 1, 2, 3 with
σj being the Pauli matrix. The corresponding filling
fraction is defined as ωj = 2πnj /L2 ≡ 2πpj /qj . The
total background flux is given by

1
d4 x µνρσ Tr Fµν Fρσ = 2πN,
(6)
16π 2 L4

spectrum

Applying the transformation cx → i
cx , it is
equivalent to the staggered fermion action, up to a
trivial factor,3)
1
ηµ χ̄x (χx+µ̂ − χx−µ̂ ).
Sstaggered =
(5)
2
x,µ

0.03

2

0.025

0

0.02

-2

0.015

-4

0.01

-6

0.005

-8

0
0

0.2

0.4

0.6

0.8

1

flux

Fig. 1. Density of states for the Harper’s equation for the
homogeneous flux condition ωj=1,2,3 = ω0 ≡ 2πp/q
with q = 100, p = 0, · · · , 99.
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Holographic entanglement entropy in topologically massive gravity†
N. Ogawa and T. Ugajin1,2
In understanding the quantum aspects of gravity,
one promising method is to investigate some higher
derivative gravity theories as the ﬁrst steps. In this
article, we focus on the well-known simplest higher
derivative gravity, called topologically massive gravity
(TMG)1) . We attempt to test the AdS/CFT correspondence2) for TMG through the computation of entanglement entropy (EE).

where eaα , ω abα , and Nαβ denote the dribeins, spin connections and the binormal tensor to Σ, respectively.
In the right hand side, the ﬁrst term represents the
famous Ryu–Takayanagi formula4) in Einstein gravity,
and the second term represents the correction from the
CS term. We can also derive simple relationships between βL,R of CFT and (M, J) of BTZ, which enables
the comparison of SℓCF T and SℓT M G .

1

3

TMG and dual CFT2

TMG is deﬁned by the action,
(
)
1
1
IEH + · ICS ,
IT M G =
16GN
µ
)
(
∫
2
3 √
IEH = d x −g R + 2 ,
L
(
)]
[
∫
1
2 λ
3 √
µνσ ρ
λ
κ
ICS =
d x −g ϵ Γ µλ ∂ν Γ σρ + Γ νκ Γ σρ ,
2
3
where ICS denotes the gravitational Chern–Simons
(CS) term. This theory adopts the usual AdS3
and BTZ black–hole geometries as solutions, and the
asymptotic symmetry analysis on them yields two sets
of Virasoro symmetries with diﬀerent central charges,
)
)
(
(
1
3L
3L
1
cL = 1 −
, cR = 1 +
.
µL 2GN
µL 2GN
This result strongly suggests that the system is dual
to a 2d asymmetric CFT with these central charges.
2

Numerical comparison for rotating BTZ

We now have all the necessary formulas to evaluate the entanglement entropy. However, we ﬁnd that
SℓT M G is too complicated and diﬃcult to evaluate analytically. Instead, what we can do is to compute it
numerically and compare it to the analytic value of
SℓCF T . Although this would still involve some complicated procedure of numerically solving the EoMs, integrating the values, and ﬁnding the appropriate initial
conditions, we can ﬁnally plot the results as displayed
in Fig.1, showing the ﬁnite term of Sℓ without log ϵ
divergences. This ﬁnal result shows a good qualitative
agreement of SℓT M G and SℓCF T , but we also ﬁnd a disagreement of the order of ∼ 1%. This amounts to an
order of ∼ 10% of the CS contribution, and, hence this
value is signiﬁcant.
We do not thus far determined the origin of this unexpected disagreement, and it may provide some clue
to a better understanding of this theory and holography.

Formulas for EE on CFT and TMG

We consider the EE for an interval Iℓ with length ℓ.
The 2d CFT formula for the EE is already known as3) ,
[
( )]
cL
βL
πℓ
cL
CF T
log
sinh
log(ϵ) + (L → R),
+
=
Sℓ
6
π
βL
6
where βL,R denote the excitation temperatures of the
left movers and right movers respectively, and ϵ denotes the UV cutoﬀ.
On the gravity side, by considering a bulk conical
deﬁcit line Σ ending on the endpoints of Iℓ on the
boundary, corresponding to the replica trick for EE
on ﬁeld theories, we arrive at the formula,
(
)
∫
LΣ
1
a b µνσ α
T MG
β
Sℓ
−
dl ωabσ e α e β ϵ N µ N ν ,
= min
Σ
4GN
8GN µ Σ
†

∗1
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Fig. 1. Plot of (ℓ, Sℓ ) for µL = 1, called the chiral point.
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Viscoelastic-electromagnetism and Hall viscosity†
Y. Hidaka, Y. Hirono, T. Kimura, and Y. Minami
After Luttinger showed that the gravitational potential is essential for thermal transport,1) it turns out
that we can deal with thermal transport in a quite similar manner to the electric transport by introducing a
kind of electromagnetism. In this formalism the gauge
potential comes from some of the degrees of freedom
in the spacetime geometry, and then the thermal gradient can be represented as the corresponding electric
field. In this report, we explore the possibility of such
an effective electromagnetic description of viscoelastic
theory. We would like to show that the vielbein, introduced in Cartan’s formalism for general relativity,
can be interpreted as such a gauge potential describing
viscoelastic theory, and then investigate some aspects
of the corresponding electromagnetism, which we will
call viscoelastic-electromagnetism.
The metric of the spacetime is generally written by
using vielbein eµa , which connects the global curved
spacetime coordinate with the locally flat coordinate,
gµν = ηab eµa eνb , where ηab = diag(−1, 1, 1, 1) is the
locally flat Minkowski metric. We can provide a
physical meaning for the vielbein in viscoelastic theory. The time component of the vielbein eµ0 coincides
with the gauge fields of gravito-electromagneticfields
eµ0 = (eσ , eσ Ai describing the thermal transport. For
the spatial component, introducing the displacement
vector ui , which is regarded as the 0-form, the vielbein
can be expanded as eµi = δµi + ∂µ ui in the linear order. Here ∂µ ui ≡ uµi is the distortion tensor, which is
just the 1-form with respect to the global coordinate.
Thus, the vielbein plays essentially the same role as
this distortion tensor. Therefore, we call the electromagnetism corresponding to this 1-form viscoelasticelectromagnetism.
The 2-form, obtained from the vielbein, yields the
torsion tensor T a = dea + ω ab ∧ eb . In the following
we assume that the spin connection is zero for simplicity, because it can be simply restored by replacing the
derivative with the covariant one, d → d + ω. The field
strength 2-form is given by Fµνa = ∂µ eνa − ∂ν eµa . If
this 2-form takes a non-zero value, the displacement
vector, namely the vector potential for viscoelasticelectromagnetism, cannot be single-valued. In fact, the
corresponding magnetic field is given by
B ia = ijk ∂j eka ,

(1)


 ·B
 a is identified
and thus the magnetic flux ba = dS
as the Burgers vector, which characterizes a lattice dislocation in a crystal. Similarly, the electric field yields
Ei j ≡ F0ij = −∂i e0j ≡ −∂i v j ,
†

(2)

where we define the spatial derivative of the vielbein as
the gradient of the velocity field due to the relation between the vielbein and the distortion fields. This shows
that the velocity can be interpreted as the chemical potential for viscoelastic-electromagnetism, and also that
we can formulate the momentum transport response by
applying this viscoelastic-electric field.
We can show that the gauge transformation is consistent with viscoelastic theory. Taking the transformation for the 1-form, eµa → eµa + ∂µ wa , it does
not affect the torsion tensor 2-form because we have
µν ∂µ ∂ν wa = 0. This symmetry comes from the conservation of energy and momentum, i.e., translation
symmetry. Thus, we can derive the corresponding momentum current as Nöther’s current.
Based on this formalism we derive the Středa formula2,3) for the Hall viscosity, an anti-symmetric part
of the viscosity tensor ηijab , while the shear viscosity is
given by a symmetric part. We start with the expres as
sion of the Hall current with the magnetization M



JH = ∇× M . Since the gradient of the chemical poten = ∇µ
 with the electric
tial yields the electric field eE
charge e, we have the relation between the current and
the electric field,






∂M
∂M



× ∇µ =
× eE.
(3)
JH =
∂µ
∂µ
T,B

Thus the Hall coefficient is given by




∂Mz
∂n
σH = e
=e
∂µ T,B
∂B T,µ

T,B

(4)

where we use the thermodynamic relation with the
particle number density n. Applying this derivation
to viscoelastic-electromagnetism, we have the following expression of the Hall viscosity,




∂Ma
∂P b
=
,
(5)
ηH,ab =
∂vb T,B
∂B a T,v
where the corresponding magnetization is given by
Mia = 12 ijk xj T ka and vb = e0b is the fluid velocity, which is conjugate to momentum P b . Usually
this part should be diagonal by assuming the isotropy,
ηH,ab ∝ δab . The formula derived above is written only
in terms of thermodynamic quantities, which should
be universal, and can be applied to generic systems.
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Vortex counting from field theory†
T. Fujimori,∗1 T. Kimura, M. Nitta, and K. Ohashi∗2
The gauge theory partition function plays an essential role in non-perturbative aspects of supersymmetric gauge theory. It is directly given by performing
path integral for a certain supersymmetric theory, and
correctly provides its low energy dynamics. Recently
partition functions have been provided for the low dimensional gauge theories by performing vortex counting, where non-Abelian vortices in U(N ) gauge theories play roles of instantons in two dimensions. In this
report we apply the moduli matrix approach1) to study
the vortex moduli space. The fixed points in the moduli space with respect to the isometry, which is coming
from the symmetry of the gauge theory, are completely
classified in terms of the moduli matrix. Thus we can
write down the character for the tangent space through
the moduli matrix method, and then obtain the vortex
partition function.
We consider 2d N = (2, 2) U(N ) gauge theory with
N fundamental chiral multiplets. The solution of the
BPS equation can be written in terms of a holomorphic matrix H0 (z), which we call the moduli matrix.
z = x1 + ix2 is the complex coordinate of the two dimensional space C. The rank of H0 (z) is N for U(N )
gauge theory. Remark the BPS state is invariant under the V -transformation, H0 (z) −→ V (z)H0 (z) with
V (z) ∈ GL(N, C) being holomorphic with respect to z.
In order to discuss the vortex moduli space volume
by applying the localization formula, we have to study
the fixed points with respect to the maximal torus of
the symmetry of the theory. In this case it is given
by U(1) × U(1)N −1 ⊂ SO(2) × SU(N ). Here SO(2)
and SU(N ) are the spatial rotation symmetry in two
dimensions and the diagonal part of the color-flavor
symmetry, respectively. The torus action on the moduli matrix is given by
H0 (z)

H0 (Tϵ z)T⃗a ,

−→

⃗

⃗

{δH0 } ∼
= CN ⊗ (C[z] ⊕ · · · ⊕ C[z])
�
��
�

(2)

where C[z] is the set of polynomials. The vector spaces
CN and C[z] ⊕ · · · ⊕ C[z] correspond to the rows and
columns of δH0 (z), respectively. On the other hand,
the space of all infinitesimal V -transformation can be
written as
⃗

∗2

T⃗k M ∼
= CN ⊗ (Pk1 [z] ⊕ · · · ⊕ PkN [z])

(6)

where Pk [z] is the set of polynomials whose degrees
are less than k. Due to (2) the characters of the torus
action on CN and Pk1 [z] ⊕ · · · ⊕ PkN [z] are given by
χ(CN ) = Tr [V⃗k (z)] =
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N
∑

(Tϵkl Tal )−1 ,

(7)

l

χ(Pk1 [z] ⊕ · · · ⊕ PkN [z]) =

N
∑

Tal

l=1

kl
∑

Tϵi−1 .

(8)

i=1

Thus the character of the torus action on T⃗k M is
χ(T⃗k M) =

km
N ∑
N ∑
∑

Taml Tϵ−kl +i−1

(9)

l=1 m=1 i=1

where we have denoted aml = am − al . Then the vortex partition function for U(N ) gauge theory with N
fundamental chiral multiplets is given by applying the
localization formula:2) it can be found by replacing the
sum by the producst over the weights as

(3)

⃗

∗1

(5)

Z⃗k =

Eq. (2) shows H0k (z) is invariant under the torus action
up to the V -transformation given by (3).
In order to study the action of the torus action
†

{δV H0k } ∼
= CN ⊗ (Ik1 [z] ⊕ · · · ⊕ IkN [z])

where Ik [z] is the set of polynomials which are multiples of z k . Therefore the tangent space at the fixed
point labeled by ⃗k is given by

with
V⃗k = diag(e−i(k1 ϵ+a1 ) , · · · , e−i(kN ϵ+aN ) ).

(4)

N

(1)

where Tϵ = eiϵ and T⃗a = diag(eia1 , · · · , eiaN ). Letting
⃗
H0k (z) = diag(z k1 , · · · , z kN ) with ⃗k ∈ (Z≥0 )N , we can
see it satisfies
H0k (z) = V⃗k H0k (Tϵ z)T⃗a

for the tangent space, let us consider the neighborhood around the fixed point parametrized by a small
deviation δH0 (z), which obeys the infinitesimal version of the equivalence relation δH0 (z) ∼ δH0 (z) +
⃗
δV (z)H0k (z). Since δH0 (z) is an arbitrary N × N matrix whose components are polynomials of z, the vector
space of all δH0 (z) can be written as

km
N ∏
∏
l,m

1
.
a
+
(−k
l + i − 1)ϵ
i=1 ml

(10)

The number of products in this factor is N k,
which is just the dimension of the moduli space
dimC MN,k = N k.
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A comment on holographic Luttinger theorem†
K. Hashimoto, and N. Iizuka
Robustness of the Luttinger theorem for fermionic
liquids is examined in holography. The statement
of the Luttinger theorem, the equality between the
fermion charge density and the volume enclosed by
the Fermi surface, can be mapped to a Gauss’s law
in the gravity dual, a la Sachdev. We show that various deformations in the gravity dual, such as inclusion of magnetic ﬁelds, a parity-violating θ-term, dilatonic deformations, and higher-derivative corrections,
do not violate the holographic derivation of the Luttinger theorem, as long as the theory is in a conﬁning
phase. Therefore a robustness of the theorem is found
for strongly correlated fermions coupled with strongly
coupled sectors which admit gravity duals. On the
other hand, in the deconﬁned phase, we also show that
the deﬁcit appearing in the Luttinger theorem is again
universal. It measures a total deﬁcit which measures
the charge of the deconﬁned fermions, independent of
the deformation parameters.
The Luttinger theorem1) is one of the key fundamental relations in condensed matter physics and it
states that the volume enclosed by the Fermi-surface
is equal to the charge density. This theorem, which
is originally derived by Luttinger and Ward for Landau’s Fermi liquids, is non-trivial in the sense that this
theorem is about the volume enclosed by the Fermisurface. Remember that in the Landau’s Fermi-liquid
picture, we have a quasi-particle description for the
spectrum near the Fermi-surface, but generically the
quasi-particle description is not valid for the spectrum
far away from the Fermi-surface, therefore the spectrum deep inside the Fermi-surface does not always
allow the quasi-particle description generically.
It is widely known that the theorem holds for Fermi
liquids having a Fermi surface, and there is a general
non-perturbative proof of the Luttinger theorem for
Fermi liquids2) (the original proof by Luttinger and
Ward was with perturbation of Fermi liquids). On
the other hand, in nature there are quite interestingly materials, such as high Tc superconductors or
heavy fermions, where its normal phase shows nonFermi liquid behavior, and in addition, the standard
quasi-particle description breaks down. In such situations whether the theorem holds or not is to be better
understood.
Recent progress in applications of string theory, the
holographic principle3) , to condensed matter systems
brought an insight about the Luttinger theorem in
strongly correlated fermion systems. In4–6) , it was
pointed out that a holographic system with a charged
bulk fermion exhibits the Luttinger theorem of the
†

boundary fermion theory. Furthermore, Sachdev clariﬁed7) that in a simple holographic set-up for fermions
with fermion-number chemical potential, the Luttinger
relation follows simply from the Gauss’s law in the
bulk and that it holds in conﬁned phase (thermal gas
phase) but breaks down in deconﬁned phase (black hole
phase). However it is also true that their argument
uses a speciﬁc holographic setup like neglecting higher
derivative corrections. So it is natural to ask how universal the non-perturbative Luttinger theorem is.
The holographic principle has been widely applied
to various gravity setups, and robust correspondence
has been thoroughly studied. Among many variations
of the holographic models, some of the most popular
and meaningful ones are: (i) higher-derivative corrections in the bulk gravity + Maxwell theory, (ii) inclusion of θ term and magnetic ﬁeld, (iii) inclusion of
a dilaton to have dilatonic gravity models.Each corresponds, in terms of condensed matter theory language, to: (i) Sub-leading terms concerning the strong
coupling expansion, (ii) Parity-violating terms inducing quantum Hall eﬀects under magnetic ﬁelds, and
(iii) Drastically diﬀerent infra-red behavior, for example having a Lifshitz-like scaling near quantum critical
points, and more realistic systems with vanishing entropy at zero temperature.
We study whether the holographic derivation of the
Luttinger theorem a la Sachdev can survive against
the deformations, to ﬁnd a universality of the holographic Luttinger theorem. We examine these deformations and show the Luttinger theorem to hold for all
of these deformations, in the case of conﬁning phases:
Q/q =

qB ∑
θ(−El,n ) .
2π

(1)

l,n

Here B is the magnetic ﬁeld, q is the charge of the
fundamental fermion, Q is the total charge and E is
the energy levels.
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Impurities in holography and transport coefficients†
K. Hashimoto, and N. Iizuka
We present a way to include impurities in AdS/CFT
correspondence, in view of its application to condensed
matter physics. Examples of these are the current impurity and spin impurity. We calculate electric conductivity and spin susceptibility of holographic superconductors, with doping of density/spin impurities.
Holography or AdS/CFT correspondence1) is an extremely useful tool, in the sense that it gives a new
view of strongly coupled limit of quantum field theories, from the gravitational viewpoint. Many of the
transport coefficients in strongly coupled systems can
be calculated by using holographic setting. In this paper we consider effects of generic impurities, including
magnetic impurities.
Kondo effect is induced due to the quantum spin
nature of magnetic impurities coupled to conducting
electrons near their Fermi-surfaces. The spin operator
of the impurity fermion ψim a) can be described by
†
σ µ ψim  ∼ J µ .
ψim

(1)

In this paper, treating J as an external input, we
consider the effects of the impurity J µ to the transport coefficients in holographic settings. Our impurity is introduced by hand. For simplicity, we consider only homogeneous impurities which induce homogeneous source current J µ . This naturally induces
a bulk current J µ (r), which is dependent only on the
AdS bulk radial coordinates r.
Without the impurities, the conductivity (or the current correlator) is treated in the AdS/CFT correspondence as follows. Let us consider a strongly coupled
fermion ψ in 1 + 2 dimensions. The fermion number
current is given by Oµ ≡ ψ̄γ µ ψ. We weakly gauge
this U (1) symmetry, which is nothing
 but the electromagnetism, to have the coupling d3 xAµ Oµ . To
derive the current correlator, in the gravity side, we
upgrade the “source” Aµ (xµ ) for the operator Oµ to
a bulk field AM (xµ , r) where r is the bulk coordinate along the AdS radial direction. According to
the AdS/CFT dictionary, we demand that the bulk
field approaches to the value of the boundary source,
limr→∞ AM =µ = Aµ . We solve the equation in the
bulk, and substitute it to the bulk action, to obtain
the classical bulk partition function which is a function of the boundary source Aµ . In the AdS/CFT this
is equal to the boundary partition
function with the

source Aµ of the source term d3 xAµ Oµ .
Now, let us add the impurities. Suppose the impurity is giving the electric density and the electric currents only, then the impurity coupling at the boundary
†

a)

µ
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Re[σ]

1.0

0.8

0.6

0.4

1

2

3

4

ω

5

Fig. 1. The plot of the conductivity σ as a function of the
frequency ω. Thick line: conductivity with the impurity
J t = 0.1/r6 . Thin line with dots: conductivity with no
impurity.


µ
theory is the minimal coupling d3 xAµ Oimp
, where
the impurity operator would be given by the impurity
µ
≡ ψ̄im γ µ ψim . Let us
fermion field ψim (xµ ) as Oimp
treat the impurities as classical objects. Since we can
distribute the impurity in an arbitrary manner in realworld experiments, we can take the vacuum expectaµ
(xµ ) to be an arbitrary
tion value of the current Oimp
function. That is, our impurity coupling is

µ
d3 xAµ (x)Oimp
(xµ ).
(2)
In going to the gravity side of the AdS/CFT correspondence, we upgrade this coupling (2) to the bulk
coupling,

d3 xdr AM (x, r)J M (xµ , r).
(3)

We propose that this is a generic effect due to the impurities in AdS/CFT correspondence. If one specifies the
dynamics of the impurity, the configuration J M (xµ , r)
is determined. Basically, the radial dependence of the
bulk source field J M (xµ , r) represents how the impurity responds in different energy scales. Since the behavior of the impurities at different energy scale can
be taken arbitrary as an external input, we take J M
as an input source to the bulk gravitational action.
A result of an explicit calculation of the conductivity, after the introduction of the charge density impurity, is presented in Fig.1. The calculation is the
standard one in holography, in a AdS-Schwarzschild
background. We see that the conductivity grows.
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Measurement of nitrogen and oxygen isotope ratios of nitrate in a
shallow ice core drilled in the vicinity of Dome Fuji station, East
Antarctica
S. Okamoto, K. Takahashi, H. Motoyama,∗1 A. Makabe,∗2 K. Koba,∗2 and Y. Motizuki

∗1
∗2

that δ 15 N contains a NOx source signature4) and that
δ 18 O is dependent upon the oxidation pathway that
produces HNO3 from NOx in the atmosphere4,5) . Our
results suggest that it should be possible to identify the
source of NO−
3 spikes. Further measurements of the
δ 15 N and δ 18 O of NO−
3 are expected to contribute in
revealing hidden signatures through post-depositional
processes of NO−
Obtaining
3 in inland Antarctica.
clearer results will require a better understanding of
the possible fractionations associated with chemical reactions in the stratosphere.
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Ice core samples have been regarded as 〝 time capsules 〟 containing substantial information on the history of the earth, including information on climate
change. They are also considered to have recorded
astronomical events. In the event of extraterrestrial
high energy radiation (e.g., supernova and solar proton events), the chemical composition of the atmosphere is changed. For example, γ-rays emitted by
supernovae are absorbed into the atmosphere in the
stratosphere to generate nitrogen compounds, including HNO3 . Therefore, nitrogen and oxygen isotope ratios (δ 15 N and δ 18 O) of NO−
3 in ice core are expected
to be used as archives of isotope fractionations by photochemical reactions in the stratosphere.
In 2010, a shallow ice core was obtained by drilling
10 km south of Dome Fuji station, East Antarctica,
which is regarded as an ideal site for the research of
atmospheric reactions because at this location, chemical components are directly transported from stratosphere. In this study, we analyzed δ 15 N and δ 18 O
around two NO−
3 spikes (41.585–42.360 m, 45.335–
46.530 m) in the Dome Fuji ice core using a denitriﬁer method.1) The method is based on the isotopic
analysis of nitrous oxide (N2 O) generated from NO−
3
by denitrifying bacteria (Pseudomonas aureofaciens).
The isotopic composition of N2 O is then measured
on a mass spectrometer (SerCon Ltd.). Throughout
the text, isotope ratios are reported using delta (δ)
notation in units of “per mil” (‰): δ 15 Nsample =
((15 N/14 N)sample /(15 N/14 N)reference − 1) × 1000 ‰ and
δ 18 Osample = ((18 O/16 O)sample /(18 O/16 O)reference −
1)×1000 ‰, where the 15 N/14 N reference is deﬁned by
the N2 in air and the 18 O/16 O reference is deﬁned by
the Vienna Standard Mean Ocean Water (VSMOW).
The reproducibilities of the δ 15 N and δ 18 O data were
± 0.39 ‰ and ± 0.71 ‰, respectively.
The δ 15 N and δ 18 O range from 142 ‰ to 279 ‰ and
from 30.4 ‰ to 54.4 ‰, respectively (Fig. 1). This
range is similar to that found in previous studies using snow pit samples from Dome C, inland Antarctica2,3) . In the upper part (41.585–42.360 m), δ 15 N and
δ 18 O show highly signiﬁcant correlation (r = 0.88, p <
0.001), while they show no correlation (r = -0.27) in
the lower part (45.335–46.530 m). The δ 15 N shows
high values at the depth of NO−
3 spikes, while the values of δ 18 O remain unclear. Previous studies inferred
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Fig. 1. Comparison of NO3 − concentration with the δ 15 N
(‰ versus N2 in air) and δ 18 O (‰ versus VSMOW) of
NO−
3 .
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Modeling chemical reactions in the middle atmosphere
induced by solar energetic particle events
K. Sekiguchi, Y. Nakai, T. Imamura,＊1 H. Akiyoshi, and Y. Motizuki
Influence of solar energetic particle (SEP) events in the
atmosphere has attracted interest of researchers in
atmospheric science. In SEP events, copious amounts of
X-ray, γ−ray, and protons (also neutrons) come down to the
stratosphere. They induce ionization and dissociation of
molecules in the air, and subsequent chemical reactions
result in changes in chemical compositions. In particular,
the concentration changes in odd nitrogen species (NOx)
and reactive nitrogen (NOy) are important because they
affect short- and long-term change of stratospheric ozone
concentration.
We started a simulation study to explicitly deal with
many reactions of the chemical species, including ions,
produced by protons in SEP events. In our approach, we use
two kinds of chemical models. First we simultaneously
solve differential equations for both the photochemical
reactions and the proton induced reactions, where no
transport processes are considered. (Hereafter, this
calculation is referred to as BOX-model calculation.) After
we estimate values of concentration changes of NOx from
the BOX-model calculation, and we input them into a
three-dimensional chemical climate model (CCM) for the
instantaneous perturbation as the initial condition, where
not only chemical reactions but also the transport of
chemical species is included. In the CCM, however, the
reactions induced directly by protons are not included.
Based on the CCM results, we study the global influence of
the SEP evens on the distribution of chemical composition
on a time scale of several years. Here, we report the results
of the BOX-model calculation.
We only took into account of the products from N2 and O2
for the interactions with the SEP protons. The G-values

(amount of products per absorbed energy of 100eV) of
radiolysis1) was used for estimating the yield of charged
products (N+, O+, N2+, O2+, and e- ) and neutral atoms
(N(4S) ,N(2D), N(2P), O(3P), and O(1D)), under the
reasonable assumption that the above products by radiolysis
are defined only by the absorbed energy in the air.
By considering more than 200 chemical reactions
(ion-molecule reactions and neutral chemical reactions
including NOx, HOx, and ClOx cycles, etc.), we calculated
of temporal variations in the concentrations using a
commercial software for complex chemical kinetics
(FACSIMILE, mcpa corp.). Fig. 1 shows the temporal
behavior of concentrations of chemical species at geometric
altitude of 25km. Temperature was set at 216 K during the
calculation.
Furthermore, we performed a preliminary calculation for
the SEP event that occurred in October 1989 (Fig. 2). The
temporal absorbed-energy variation in the air was
approximated by a rectangular function with its duration of
8 days2) and the SEP-proton fluence was estimated from the
ion-pair production rates by the SEP protons3), W-value
(average energy expended in ion-pair formation), and
G-values of the air. Climatological temperatures and
concentrations of chemical species were used for the initial
condition at each geometric altitude between the lower
stratosphere (25 km) and upper mesosphere (75 km). The
temporal variation during the one-month run for 25km
shows that the SEP protons increase the concentrations of
NOx and NOy species more than 10 %.

Fig. 2. Volume mixing ratio changes of NOx and NOy species for a month
including the SEP event period (the first 8 days).
Fig. 1. Volume mixing ratio of chemical species in the stratosphere (25 km
altitude) . Solar photolysis reactions run only during the daytime in this
calculation.
＊1
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Annually resolved water isotope measurements in a shallow ice
core drilled in a vicinity of Dome Fuji station, East Antarctica
S. Kikuchi, S. Okamoto, K. Takahashi, Y. Nakai, and Y. Motizuki
Atmospheric temperature variation records in the past are
necessary to investigate climate change. The historical airtemperature variation can be reconstructed from water
isotope ratios in ice cores, δ18O and δD. The relation- ship
between the air temperature and water isotope ratios has
been investigated, and further, it has been shown in
glaciology that the water isotope ratios in ice cores are
proportional to the atmospheric temperature around
snowfall points.1) We measured the water isotope ratios in a
shallow ice core drilled in 2010 at a point 10 km south of
Dome Fuji station, East Antarctica. Our measurement has
been carried out with a temporal resolution of less than 1
year over a depth of 2 to 90 meters (∼2600 samples in
total).
The definition of δ18O and δD is given as:
δ18O or δD = (Rprocessed − RVSMOW )/ RVSMOW.

(1)

Here, Rprocessed is isotope ratio (18O/16O or D/H) calibrated
by linear regression and RVSMOW is the isotope ratio
(18O/16O or D/H) of Vienna Standard Mean Ocean Water.
We used the liquid water isotope analyzer (Los Gatos
Research, Inc.) based on off-axis integrated cavity output
spectroscopy. The instrument is guar- anteed precision of
0.2ä of δ18O and 0.6ä for δD (equivalent of 1σ for
measurement error). We defined our original rule for
evaluation considering the stability of the device and
standard deviations of measured values. When a
measurement did not meet our criterion, we conducted
re-measurements as necessary.
Figure 1 shows the measured δ18O values with the
derived temperature deviation. To calculate the temperature
deviation, we used the relationship between δ18O and
temperature, δ18O/dT = 0.78ä/◦C.2) This relationship is
consistent with those reported in previous studies, e.g,
Masson-Delmotte et al., 2008.1)

Calibration was carried out by inter-/extrapolating a
linear relationship between two working standards named
DOME10 and DF Snow. The isotope ratios for these
standard solutions are listed in Table 1. These working
standard solutions comprise snowmelt water collected
around Dome Fuji station. The reproducibility of this
calibration method was confirmed by measurement
including SLAP2, which is the primary (international)
standard solution supplied by IAEA. Whether or not SLAP2
was included as one of the standards, the calibration lines
did not widely vary (see Fig. 2). The error is sufficiently
small in measurement values close to the standards.
However, from Fig. 2, we also observe that more than half
of the samples are measured by extrapolation outside
DOME10. Although the extrapolation results in large errors
of 1.6ä for δ18O and 3.9ä for δD in the range of lower
ratios, these errors are not large compared with the observed
amplitudes in δ18O or δD. Therefore, our measurements
have sufficient precision and reproducibility for
reconstruction of the air-temperature in the past. The annual
temperature variation for the last 2,000 years will be
constructed from our study.
Table 1. Isotope ratios of standard solutions
Name
DOME10
DF_Snow
SLAP2

δ18O [‰]
-52.585
-48.894
-55.5

δD [‰]
-406.605
-375.88
-427.5

Fig. 2. Isotope ratios of standards and measurement range
of all ice core samples.
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Dating of a Dome Fuji (Antarctica) shallow ice core by volcanic
signal synchronization with B32 and EDML1/EDC3 chronologies
Y. Motizuki, Y. Nakai, K. Takahashi, M. Igarashi,∗1 H. Motoyama,∗1 K. Suzuki∗2
determined by adopting the B32 chronology back to
AD 1170, DFS1 and DFS2 dates are identical between
AD 1170 and 1900. These two methods enabled us to
obtain a detailed chronology of the DF01 core, in particular the part before the last millennium, which has
been diﬃcult before this.
The detailed peak-to-peak nssSO2−
4 synchronization
between the two cores is shown in Fig. 1, where on the
bottom horizontal axes not only the water-equivalent
depth of the B32 core is shown, but also the waterequivalent depth of the DF01 core multiplied by α in
each synchronized interval. The α values are straightforwardly derived by piecewise peak-to-peak matching.
Each value of α means the inverse of the mean accumulation rate at Dome Fuji relative to that at DML05
in the synchronized interval in question. These α values fall within a very small range between 2.1 and 2.6,
which supports our assertion that the overall synchronization presented here is extremely good.
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The newly obtained chronology is called DFS1
(Dome Fuji Shallow ice core 1). In total, 31 volcanic
eruptions were synchronized from AD 1900 back to
AD 187, the earliest volcanic eruption date in the B32
core. We also used the B32-correlated EDML1/EDC3
chronology obtained from the top part of the EPICA
Dronning Maud Land (EDML) deep ice core to date a
portion of the DF01 core. This new chronology, called
DFS2 (Dome Fuji Shallow ice core 2), uses the correlations between B32 and EDML1/EDC3 ages to date the
DF01 core from AD 1900 back to AD 199; moreover,
four volcanic eruption dates from the EDML1/EDC3
chronology were used to date the interval from AD 199
back to AD 1. Because the EDML1/EDC3 ages were
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Dome Fuji station is located in an inland site in
East Antarctica, on a summit of Dronning Maud Land
(DML) at an altitude of 3810 m a.s.l. (above sea
level) (77◦ 19’ 01” S, 39◦ 42’ 12” E). The 10-m-depth
mean snow temperature at Dome Fuji is −57.3◦ C, and
the mean accumulation rate of ice is less than ∼ 30
mm water-equivalent yr−1 . Chronologies of shallow ice
cores drilled at such low-accumulation sites are usually
constructed by using known volcanic eruption dates as
time horizon markers under the assumption that the
accumulation rate between adjacent markers is constant. It is particularly diﬃcult, however, to apply
this method to date portions of shallow ice cores from
before about AD 1260. From AD 1260 to the present,
well-dated volcanic eruptions that can be correlated
with volcanic sulfate spike signals in the core are used
as time horizon markers, whereas the dates of earlier
volcanic eruptions are highly uncertain, resulting in a
correspondingly large dating uncertainty in the core
before AD 1260.
Here we report extremely good synchronization of
volcanic eruption signals between a shallow ice core
drilled at Dome Fuji in 2001 (DF01 core) and the B32
shallow ice core from the site called DML05. We then
applied volcanic signature matching to transfer the
B32 chronology constructed by annual layer counting
to a portion of the DF01 core for which annual layer
counting was diﬃcult because of the low precipitation
rate. Matching was done by careful comparison of nonsea-salt sulfate (nssSO2−
4 ) data, which have a temporal
resolution of about 1 year, between the DF01 and B32
cores. The non-sea-salt sulfate is deﬁned as

110

B32 Depth, DF01 Depth* (m.w.e.)

Fig. 1. Detailed volcanic signature matching between the
DF01 and B32 cores, performed by using non-sea-salt
sulfate records, from AD 1900 back to around AD 180.
The bottom axis shows the water-equivalent depth in
the B32 core, and that in the DF01 core multiplied by
α (see in text) in each synchronized interval. The DFS1
ages are shown above the top axes, and the DFS2 ages
are shown below the top axes where they deviate from
the DFS1 ages (before AD 1170). Note the diﬀerence
in the scale of the ordinate between the upper and the
lower panel.
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Recent developments in the RIKEN 28-GHz SC-ECRIS
Y. Higurashi, J. Ohnishi, K. Ozeki, H. Haba and T. Nakagawa
In 2012, we attempted to increase the intensity of highly
charged uranium (U) ion beam produced from RIKEN
28-GHz SC-ECRIS1), which can be operated at flexible
axial field distributions from the so called “classical Bmin” to
“flat Bmin”2). In the test experiments, we successfully
increased highly charged U ion beam intensity using a pure
aluminum (Al) chamber instead of a stainless steel (SS) one.
We observed that the x-ray heat load for the cryostat of the
ion source decreased when using the Al chamber. In this
report, we present the experimental results described above
in detail. We also discuss the plasma chamber surface
effect on the beam intensity.
In this experiment, the maximum mirror magnetic field
strength at the RF injection side (Binj), minimum strength of
the mirror magnetic field (Bmin), maximum mirror magnetic
field strength at the beam extraction side (Bext), and
minimum magnetic field strength at the surface of the
plasma chamber (Br) were fixed at 3.2, 0.65, 1.8, and 1.85 T,
respectively. The microwave frequency was 28 GHz
generated by the gyrotron. We used the sputtering method
to produce the U ion beam3,4). Under these conditions, we
obtained ~110 eA of U35+ at RF power of ~2 kW, which is
almost twice that with the SS chamber. One of the possible
explanations for the beam intensity enhancement may be
the surface effect of the plasma chamber. It was observed
that the intensity of highly charged heavy ion beam was
strongly enhanced by a coating of Al2O3 on the plasma
chamber surface5). The aluminum chamber also has the
same effect as the Al2O3 coating because of the easy
oxidation of the Al surface by air6,7) . The detailed
experimental procedure and results will be presented in
another paper8) . Figure 1 shows the charge state
distribution of the U ion beams. The ion source was tuned
to produce U35+ ion beam. We also measured the emittance
of the highly charge U ion beams. We observed that the
normalized root mean square emittance was ~ 0.06mm
mrad.
It was reported that the bremsstrahlung x-rays emitted
from the plasma in the ion source add a heat load to the ion
source cryostat4) . A heat load of 6 W was observed at the
microwave power of 6 kW with 28-GHz microwaves for
the high performance SC-ECRIS at LBL (VENUS) 9) .
When using small refrigerators for regenerating the liquid
He in the liquid He vessel, the maximum cooling power
will be limited with several W at 4 K. In this case, the beam
intensity must be limited by the heat load. In the last year,
to increase the cooling power, we installed a new GM-JT
refrigerator, which has a maximum cooling power of ~4 W
at 4.2 K. After installing the new refrigerator, we observed
the total cooling power of 7.8 W at 4.2 K for x-ray heat load.
When using the stainless steel chamber, the x-ray heat load
was ~3.8 W at RF power of 2.1 kW. On the other hand, we
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observed the x-ray heat load of ~2 W with the Al chamber
at the same RF power. This means that we can increase the
RF power up to ~7.8 kW when using Al chamber at the
present stage. In order to understand this result, we need
further investigations. However, practically, the Al chamber
has the important advantage of producing intense beams of
highly charged U ion beams with limited cooling power
compared to the stainless steel one.
In the autumn of 2012, we provided the U35+ ion beam to
the accelerator using this method for the RIBF experiment.
We successfully produced an average beam intensity of ~85
eA for one month without break. The consumption rate of
the metal U rod was ~5 mg/h.

Fig.1 Charge state distribution of highly charged U ions.
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Operational test of micro-oven for 48Ca beam
K. Ozeki, T. Kageyama, M. Kidera, Y. Higurashi, and T. Nakagawa
In the 18-GHz electron cyclotron resonance ion source
(ECRIS)1), the rod-insertion method has been used to
supply the 48Ca beam.2) In this method, the 48CaO rod is
inserted directly into the plasma generated in the ECRIS.
The rod is heated by the plasma, and the 48Ca atoms are
evaporated to be fed into the ECRIS. The typical beam
intensity is about 18 electric µA for 48Ca10+. However,
frequent adjustment of the parameters of the ECRIS is
needed to maintain a constant beam intensity. Therefore, we
initiated operational testing of a micro-oven, which is
already in practical use in several facilities,3-6) with the
goals of the enhancement and stable supply of the beam.
Figure 1 shows the structure of the micro-oven designed
by us. The material is placed in the crucible, whose inner
volume is about 0.7 cm3. The crucible is heated by applying
a current to the platinum wire, and the material is
evaporated to be fed into the ECRIS.

Metallic calcium is produced by following chemical
reaction:
3CaO + 2Al → 3Ca + Al2O3.
Using a Faraday cup installed at the exit of the analyzing
magnet, we measured the beam intensity. The obtained
charge distribution of Ca ions is shown in Fig. 2. Helium
gas was used as a support gas to enhance the beam intensity.

Fig. 2. Charge distribution of Ca ions.
Fig. 1. Structure of the micro-oven. The micro-oven (black)
is attached to the head of the support rod (gray). A current is
applied to the heater via the support rod.
The test experiments were conducted using the 18-GHz
superconducting ECRIS7), because the 18-GHz ECRIS was
being used for other experiments. The element 40Ca was
used as the material in these tests. Initially, CaCO3 was
reduced to CaO by heating above 900○C. A mixture of
powders of CaO and aluminum was placed in the crucible.
When we supplied the 48Ca beam using the rod-insertion
method, it took a considerable amount of time and labor to
start the ECRIS. In the course of supplying RF power to the
ECRIS, runaway of the ECRIS occurred repeatedly due to a
large amount of evaporation of water being adsorbed onto
the CaO rod.
In contrast, in the oven method, the micro-oven can be
heated independently. Therefore, the water adsorbed onto
CaO can be evaporated without starting up the ECRIS. We
confirmed that RF power was supplied to the ECRIS
smoothly by preheating of the micro-oven. In the long-term
sequence of experiments, midstream maintenances such as
cleaning of the ECRIS and exchange of the material are
necessary. The shortening of the time for restart of the
ECRIS as in the case of our method leads to increase in the
beam provision rate.

The supplied RF power was 300 W. The typical and
maximum beam intensities for Ca11+ were 25 and 38 electric
µA, respectively. We also observed a stable beam intensity
of 18 electric µA for several hours without performing any
tuning of the ECRIS and the oven.
As the first step, we observed the production of a calcium
beam using the micro-oven. In addition, we obtained basic
information in operating the micro-oven. Hereafter, test
experiments will be conducted using the 18-GHz ECRIS.
Several relevant aspects such as the beam stability and the
correlation between the beam intensity and the consumption
rate of the material will be examined.
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Design of new 18-GHz ECRIS for RIKEN RIBF †
K. Ozeki, Y. Higurashi, J. Ohnishi, and T. Nakagawa
The RIKEN 18-GHz electron cyclotron resonance ion
source (ECRIS)1) has been used as an external ion source
for the RIKEN linear accelerator (RILAC). The main
function of this ion source is to produce an intense beam of
multi-charged medium-heavy ions (e.g., 40Ar8+, 48Ca10+,
70
Zn15+, and 84Kr18+) for the RIKEN radio isotope beam
factory (RIBF) and the super-heavy element search
experiment. Recently, we needed to develop new beams to
meet the requirements for new beams and to extend the
irradiation time (>1 month) of the heavy ion beam,
particularly the metallic ion beam. To meet these
requirements, we needed a new ion source. By equipping
the RILAC with two ion sources, we could develop new ion
beams while simultaneously producing a beam for the
experiment. Furthermore, when faced with the problem of
the ion source during beam production for the experiment,
we could immediately switch to another ion source for
producing the beam. This means that we would be able to
extend irradiation time by using two ion sources. For these
reasons, we started to design and construct the new 18-GHz
ECRIS as an additional external ion source for the RILAC.
Figure 1 shows a schematic drawing of the new 18-GHz
ECRIS. It consists of three solenoid coils that produce a
mirror magnetic field along the axis. The main parameters of
the solenoid coils are listed in Table 1. Maximum and
minimum (Bmin) intensities of the mirror magnetic field are
>1.3 T and <0.5 T, respectively. Beam intensities of highly
charged heavy ions strongly depend on Bmin.2-4) The optimum
value of Bmin to maximize the beam intensity is nearly
constant (at 70%~80% of the magnetic field of electron
cyclotron resonance).2) On the other hand, the charge state in
the plasma depends on the mirror ratio, because a longer
confinement time for the plasma is obtained with a higher
mirror ratio. By using this magnet system, the magnetic
mirror ratio and Bmin can be independently controlled to
realize an optimum magnetic field distribution.
Table 2 lists the main parameters of the hexapole magnet.
The radial magnetic field strength at the inner surface of the
plasma chamber is ~1.3 T.

Table 1. Specifications of the solenoid coils.
Number of turns
Maximum current
Maximum voltage

Maximum intensity of the mirror magnetic field
Minimum intensity of the mirror magnetic field

Fig. 1. Schematic drawing of the new 18-GHz ECRIS.
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Solenoid II
60
300 A
10 V
>1.3 T
<0.5 T

Table 2. Specifications of the hexapole magnet.
Material
Inner diameter
Outer diameter
Length
Number of divisions
Magnetic field intensity

Nd-B-Fe permanent magnet
85 mm
186 mm (magnet only)
210 mm (including a holding jacket)
250 mm
36
~1.3 T at the inner surface

The plasma chamber consists of double-wall stainless
steel tubing with a water cooling channel in the gap (~1
mm) to maintain the temperature against the heat load from
the plasma, in order to prevent the demagnetization of the
hexapole magnet. The flow rate and the temperature of the
injected cooling water are ~6 L/min and 20○C, respectively.
The inner diameter of the plasma chamber is 79 mm, which
is slightly larger than that of the present 18-GHz ECRIS.
There are two turbo-molecular pumps, ~500 L/s, placed at
the RF injection side and beam extraction side to maintain a
high vacuum in the plasma chamber (on the order of 10−8
Torr). The maximum extraction voltage is 20 kV. To
maintain the high voltage for the plasma chamber, 3 mm
thick plastic insulators are placed between the hexapole
magnet, which is equipotential with the plasma chamber,
and the solenoid coils. The high-temperature oven is
inserted from the RF injection side. We also plan to install a
movable negatively biased disc in the plasma chamber to
increase beam intensity.
Recently, enhancement in the ECRIS performances by
tuning of the microwave feed frequency was reported5, 6). We
plan to use the travelling-wave tube amplifier for microwave
generation to optimize the microwave frequency for the
plasma chamber of the ion source. The frequency range is
17.2~18.4 GHz, and the maximum power is ~700 W.
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Replacement of main coil of RRC-E sector magnet
Y. Watanabe, M. Kase, T. Maie, K. Kumagai, M. Nagase, N. Fukunishi, O. Kamigaito,
S. Fukuzawa,＊1 M. Hamanaka,＊1 S. Ishikawa,＊1 K. Kobayashi,＊1 Y. Kotaka,＊1 R. Koyama,＊1
T. Nakamura,＊1 M. Nishida,＊1 M. Nishimura,＊1 J. Shibata,＊1 N. Tsukiori,＊1 and K. Yadomi,＊1
The RIKEN Ring Cyclotron (RRC) has been in stable
operation for over 26 years, and it is expected to work as a
first-stage energy booster in any acceleration mode of the
Radioactive Isotope Beam Factory (RIBF). The total
operation time of the RRC is more than 4000 hours/year.
However, recent problems arising from age-related
deterioration have been occurring frequently in the RRC.
Therefore, certain devices have been repaired, refabricated
and/or replaced.1-2)
In May 2011, it was found that the upper main coil of the
RRC-E sector magnet had undergone a layer shorting, and
this was causing the RRC magnetic field to fluctuate by as
much as ±20ppm. The upper main coil was examined
between April and August of 2011. However, we were not
able to find the shorted section, and we determined that it
would be nearly impossible to repair the upper main coil
and hence decided to fabricate a new main coil. In the
summer of 2012, the old upper main coil was replaced by a
new main coil fabricated in FY2011. Six months were
required to fabricate the new main coil. Table 1 lists the
replacement schedule of the main coil of the RRC-E sector
magnet in 2012. Because this was the first time that the
RRC main coil was being replaced, the task had been
scheduled over a period of four weeks.
Table 1 Replacement schedule of main coil in 2012.
Preparatory work (removal of certain
cables, pipes, decks, handrails, etc.)
1-4 August
Removal of upper yokes and main coil
1-7 August,
Setup/removal of iron plates, curing, etc.,
11-15 August for carrying the main coils in and out
8-11 August Carrying in and out of main coils
9-20 August Installation of new main coil and
restoration of upper yokes
15-24 August Restoration of cables, pipes, etc.
23-31 August Starting up of RRC (vacuum, cooling
water, electrification, etc.)

advance. 3) Deposition and storage of removed upper
yokes: because of their heavy weight and large size, the 12
removed yokes were carried and stored in three places—on
the S sector magnet, in the south side of resonator No. 2,
and in front of the shield door between the RRC room and
the D room.
Removed
yokes

Crane
New coil

S sector
Special jig
E sector
Side yoke

S3-rebuncher

Resonator No.1

Fig. 1. Equipment used to carry main coil and yokes along
with the locations relevant to the replacement.
We assumed at first that a layer short had occurred at a
crossing area of the coil near the bus bar. However, the
layer short had occurred at the pole side (inside) of the main
coil far from the crossing area, as shown in Fig. 2. The resin
of the main coil was carbonized by the layer short, and a
scorch mark had appeared on the surface of the main coil.

24-31 July

Pole
Main
coil
Pole

SHI Accelerator Service Ltd.

Valley
chamber

Side yoke
Main coil

Fig. 2. Layer short of the main coil.

There were three problems in this replacement task, and
Fig. 1 shows photos of the concerned areas. 1) Carrying in
and out of the main coils: the main coils carried in and out
using a special jig located on the side of the second ion
source room and on the third stage of the RRC room. 2)
Removal of upper yokes: because we found that it would be
difficult to remove some yokes with a crane only by
magnetization and due to the presence of rust, each yoke
was lifted up a few hundred μm with a hydraulic jack in
＊1

Resonator No.1

Layer short

Furthermore, in June 2012, it was found that the lower
main coil of the RRC-W sector magnet also showed signs
of layer shorting, and this layer short also occurred at the
same place as that occurring in 1999. Though the layer
short was repaired again, we plan to replace the lower main
coil (including the upper main coil) of the RRC-W sector
magnet with a new main coil in FY2013. This task has been
scheduled over a period of seven weeks.
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New high-power beam dump for charge stripper at RRC
K. Yamada, M. Fujimaki, N. Fukunishi T. Maie, Y. Watanabe, and O. Kamigaito
A new high-power beam dump was developed and
installed in the beam line downstream of the RIKEN
Ring Cyclotron (RRC) in August 2012. In the RIbeam factory, very-heavy ions such as xenon and
uranium are accelerated in combination with ﬁxedfrequency Ring Cyclotron (fRC). For the acceleration
mode, the charge state of beam particles accelerated
by the RRC has to be multiplied by a charge stripping system before injecting to the fRC. The charge
stripper is located in the RRC vault, and the location
is named A02. The stripped beam including various
charge states is separated by a set of two dipole magnets, called DAA1 and DMA1, just after the charge
stripper. Until the summer of 2012, beam components with “un-selected” charge states were dumped by
four sets of movable slits installed in the beam duct of
DMA1. This old beam dump only allows a power dissipation of about 300 W on each slit. As described in
Ref. 1, a new charge stripper system using helium gas
was developped to enable further high-intensity beams
by means of their durability, high-eﬃciency, and desirable inﬂuence on beam emittance. Consequently, a
high-power beam dump was desired for continuous operation with a dump capacity up to 40 kW.
The high-power beam dump was built in newly fabricated chambers for the DAA1 and DMA1. The
dump system consists of DAA1 inside dump, buﬄe
slits at the exit of DAA1, DMA1 inside dump, and
two sets of movable slits at the exit of DMA1. Each

element is cooled by water with a total ﬂow rate of
200 liter/minute. Figure 1 indicates the beam trajectory of diﬀerent charge-state particles with respect to
238
U beam and 124 Xe beam. Major components of the
beam are stopped by the DMA1 inside dump. The
DMA1 dump has a wedge shape, and covers the entire lateral wall divided by seven blocks. Figure 2
shows a result of 3D heat transfer calculation assuming
12 mm × 24 mm uniform distribution of 10 kW heat
load on the DMA1 dump (corresponding to φ6 mm
spot size), and assuming turbulent forced convective
heat transfer by cooling water. According to the calculation, the inner surface of the water channel heats over
the saturation temperature of water at 0.5 MPa, indicating subcooled ﬂow boiling. However, the heat ﬂux
on the surface is suﬃciently lower than the critical heat
ﬂux of 11.2 MW/m2 estimated by an approximation in
pool boiling2) . Comparing the degree of superheating,
38.9 K, at the critical heat ﬂux with the result of 3D
calculation, the surface temperature of beam spot may
reach up to about 500 ◦ C. Thus, a maximum 10 kW
beam can be stopped at each spot on the DMA1 dump,
indicating a total cooling power over 40 kW.
The beam dump functioned appropriately for a total
2 kW of 238 U beam during the RIBF experiment performed in the autumn of 2012. This will allow further
upgrade of beam intensity in the near future.

Slits

to fRC

DMA1

Fig. 2. Result of 3D heat transfer calculation in the vicinity
of the beam spot.

Buﬄe slit

DAA1

References
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from RRC

Fig. 1. Central trajectory of various charge-state particles
in the beam dump setting for 238 U65+ beam (red line
group) and 124 Xe46+ beam (green line group). Blue line
indicates the stopping surface of the dump.
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Measurement of magnetic field of fRC sector magnets
for acceleration of 238 U 64+ ions
K. Kumagai and N. Fukunishi

Fig. 1. Current stability of the main coil power supply
over 8 hours.
	
  We measured the higher magnetic field of the fRC to
confirm magnetic field distribution of each sector magnet
excited by the main coil and the 10 trim coils. A
one-dimensional field measuring instrument manufactured
in 2009 was used for the measurements4). The magnetic
fields were measured by Hole Probe and NMR at the
main-coil current between 650 and 860 A.
Figure 2 shows the magnetic field distributions along the

centerline of the four sector magnets at a main coil current
of 805A and 845A. The calculated field distribution for
238 65+
U and 238U64+ acceleration obtained using TOSCA-3D
is also shown. The B-H characteristic used in the
calculations was fitted such that an actual field magnetized
with the current below 650 A might be produced. As a
magnetic channel for beam injection and a dummy channel
composed of iron yoke are installed in the central part of
SW sector and NE sector, the field distribution of the SW
sector and the NE sector is lower than that in the NW and
SE.	
  Figure 3 shows an example of the magnetic field
distribution produced by trim coils.
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Fig. 2. Comparison of the field distributions of four sector
magnets with the calculated distribution.
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The fixed-frequency ring cyclotron (fRC) accelerated
uranium beams with a charge state of 71+ from 11 MeV/u
to 50 MeV/u. The 238U71+ ions were converted from 238U35+
using a carbon film charge stripper located downstream of
the RIKEN ring cyclotron (RRC). A new He gas stripping
system was developed, 1,2) which does not need to be
exchanged, unlike a carbon film. The maximum yield of the
charge state after stripping by the gas was 64+ and the 2nd
yield was 65+. The fRC located after the stripper must be
capable of accelerating uranium beams with a charge state
of 64+ or 65+ accordingly.
	
  To accelerate the 238U64+ ions with the fRC, the magnetic
field must be increased from 1.69 to 1.885 T at the central
region of the sector magnet. Last year, we confirmed that
the desired field distribution could be obtained only by
increasing main-coil current, without modifying the magnet
and its cooling system3). Based on those results, a new
power supply was manufactured. Since this power supply
also can be used as a power supply for RRC main coils, the
maximum current and voltage was designed as 1080 A and
500 V, respectively. The power supply has four bypass
circuits (50A-150V), which compensate for the variation in
the magnetization of four sector magnets. The stability and
the ripples of the power supply are designed to be less than
±3 ppm of the maximum current. Both coarse and fine	
 
current adjustment can be performed. A full-scale span can
be adjusted by 16-bit resolution, and ±25A of preset value
can be changed by 16-bit resolution. This means that a
current can be set by the resolution below 0.001A.
Manufacture of the power supply was completed in March
2012. Current stability over 8 hours was less than ±1ppm,
excluding the initial drifts when the environmental
temperature change was less than 2 ¡C as shown in Fig. 1.
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Fig. 3. SE trim-coil field distribution at a main-coil current
of 845 A. The current of each trim coil is +100 A.
The first acceleration test of the 238U65+ beam was done
on July 14 and 15 5). The magnetic field required to
accelerate 238U65+ beam was generated and the beam was
accelerated. The output efficiency from the fRC was about
85%. Just before the beam service time during the period in
October to December, a test of the 238U64+ acceleration was
carried out satisfactorily. The beam intensity of more than
10 pnA extracted from the SRC was served for the users
during the beam service time.
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Beryllium rotating charge stripper for uranium acceleration at RIKEN RIBF
H. Hasebe, H. Kuboki, H. Okuno, H. Imao, N. Fukunishi, M. Kase, and O. Kamigaito
A charge stripper was used to strip uranium (U) beams to
obtain U86+ at 50 MeV/nucleon in the acceleration chain at
the RIKEN RIBF. A static-type carbon foil (C-foil) with a
-2
thickness of approximately 85 μm (17 mg·cm ) has been
used as a stripper. A rotating carbon disk (C-disk) stripper
device was prepared at the E1 room in 2006 for high
intensity U beam operation1). A C-disk with a diameter of
120 mm was installed and tested in 2007. However, the
C-disk could not be used as a stripper because of the
non-uniformity of thickness. Thus far, no C-disk
commercially available or originally fabricated has met our
requirements. Therefore, until 2011, we had no choice but
to purchase polycrystalline graphite foils fabricated by
Arizona Company2) and attached to a small folder (an oval
hole of 14 x 24 mm) to accomplish U beam time. However,
the life-time of the foils decreased to nine hours with
increased beam intensity. Thus, providing stable U beams
became difficult.
In October 2012, we tried to use different disk materials
of titanium (Ti) and beryllium (Be)3) of disk diameters 120
mm. The thicknesses of the Ti and Be disks were 40 μm and
100 μm, respectively. A U64+ beam at 50 MeV/nucleon was
irradiated on the rotating Ti/Be disk at 1000 rpm. Figure 1
shows the charge distributions of stripped U beam obtained
with Ti and Be disks. The charge states at the peak were
82+ and 86+ for Ti and Be disk, respectively. It was found
that a Be disk was suitable for practical usage. The beam
width and longitudinal distributions of the stripped beam
were monitored by profile monitors and plastic scintillators,
respectively. The beam quality using Be disk was found to
be the same as when using a static C-foil. In addition, the
Be disk withstood U beam intensities twice as high as that
in 2011.

beam time. The outer circumference of irradiated positions
(black band in Fig. 3) was deformed when the U beam
intensity was increased to several electric μA. Moreover,
many cracks were observed after the beam time. The cracks
seemed to be produced just before the end of the beam time.
However, these cracks did not affect the intensity of the
stripped beam.

Fig. 2. New Be-disk.

Fig.3. Be-disk after use with many cracks.
The life-time of the stripper was drastically greater than
the previous beam time. The total number of U particles
irradiated per disk/foil were improved from 7.12×1015
(C-foil in 2011) to 1.18×1018 (Be-disk in 2012).
Finally, the most noteworthy fact is that the Be disk
successfully provided stable U beam with great intensity for
a long time. The thickness uniformity has to be improved in
the future to improve the transmission efficiency of the
subsequent cyclotrons IRC and SRC.
References

Fig. 1. Charge distributions using Be and Ti disk.
The Be disk was used for beam time from November to
December 2012. The whole beam time was completed by
only one disk with no exchange. Figure 2 shows the Be disk
before installation. Figure 3 shows a photograph after the
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Improvement of beam current monitor with high Tc current sensor
and SQUID at RIBF†
T. Watanabe, N. Fukunishi, M. Kase, O. Kamigaito S. Inamori,∗1 and K. Kon,∗1
The purpose of this study is to measure the DC current of high-energy heavy-ion beams non-destructively
at high resolution. Therefore, a high critical temperature (HTc) superconducting quantum interference device (SQUID) beam current monitor has been developed for use in the radioactive isotope beam factory
(RIBF) at RIKEN. Unlike at other existing facilities,
a low-vibration, pulse-tube refrigerator cools the HTc
fabrications, including the SQUID, in such a way that
the size of the system is reduced and the running costs
are lowered. As a result, by using a prototype of the
HTc SQUID monitor, the intensity of a 1 µA Xe beam
(50 MeV/u) was successfully measured with 100 nA
resolution. Furthermore, since a higher resolution of
1 nA is required at the RIBF, development of an improved HTc current sensor has begun.
When a beam passes along the axis of the HTc current sensor, shielding current produced by the Meissner eﬀect ﬂows in the opposite direction along the wall
of the sensor. Since the outer surface is designed to
have a bridge circuit, the current generated by the
beam is concentrated in the this circuit. The HTc
SQUID is set close to the bridge circuit and can detect the azimuthal magnetic ﬁeld with a high S/N ratio. To obtain higher resolution, a stronger magnetic
ﬁeld at the bridge circuit produced by the shielding
current is necessary. Therefore, a new HTc current
sensor with two coils was proposed (Fig. 1(a)), and a
spraying machine was developed to fabricate the new
HTc current sensor by dip-coating a thin layer of Bi2 Sr2 -Ca2 -Cu3 -Ox (Bi-2223) onto a 99.6% MgO ceramic
substrate (Fig. 1(b)). The spraying machine consists
of a turntable that rotates the substrate and a spraying
nozzle that moves vertically. Prior to coating the Bi2223 materials onto the MgO substrate, we prepared
only a test HTc bridge circuit in the form of a square
disk with 5-cm-long sides for the cooling test. We conﬁrmed that the bridge circuit had suﬃcient strength
and that the Bi-2223 materials did not peel oﬀ when
cooled by liquid nitrogen. Using three test pieces of
MgO substrates (5 W x 50 D x 5 H (mm)) coated
with the Bi-2223 materials, we analyzed the critical
temperature (Tc), critical current density (Jc), and Xray diﬀraction patterns. We obtained a critical temperature of 105 K and critical current density of 3250
A/cm2 . The X-ray diﬀraction patterns showed major
peaks in the Bi-2223 phase. Since good results were obtained from the pre-test, we ﬁrst attempted to spray
†
∗1

Condensed from the article in J. Supercond. Nov. Magn.
(2013) 26, 1297-1300, DOI 10.1007/s10948-012-1943-0
TEP Corporation
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Fig. 1. (a) HTc current sensor and HTc SQUID and (b)
spraying machine.

and sinter the Bi-2223 materials onto the MgO substrate. However, the bridge circuit was prepared by
a masking process, and a small crack was found after
a cold isostatic pressing (CIP) process. Instead of using the masking process, by digging a thin groove on
the bridge circuit and removing the Bi-2223 materials
by hand, we could resolve this problem. However, the
coated Bi-2223 material peeled oﬀ after sintering. The
surface of the substrate is roughened with a blasting
process1) . Because the space inside the substrate is
narrow, it is diﬃcult to conduct a thorough blasting
treatment. After removing the Bi-2223 material from
only the inner side and repeating the blasting process,
we were successful on the third attempt.
The old HTc tube already installed in the prototype
of the HTc SQUID monitor was exchanged with the
new one. We conﬁrmed that the HTc current sensor
was superconductive by using a current source. Unfortunately, the output voltage of the SQUID was one
fourth that of the prototype. Previous investigations
by Hao et al. showed that when the inductance of the
bridge exceeds the inductance of the two-layer HTc
current sensor, current will tend to ﬂow up the inside
surfaces of the HTc current sensor rather than through
the bridge, thereby reducing the sensitivity. Results of
ﬁnite element calculations in three dimensions Opera3d indicate that the inductance of the HTc bridge circuit is 54.9 nH and the inductance of the two-layer current sensor is 8.2 nH. Despite these rather discouraging
results, our eﬀorts were devoted to understanding the
mechanistic Meissner eﬀect. In fact, this is a far more
complicated problem and needs further study.
References
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Direct communication with EPICS control system from LabVIEW
R. Koyama,∗1 T. Watanabe, M. Komiyama, and H. Imao
Most of the RIKEN RI Beam Factory (RIBF) components are controlled using the Experimental Physics
and Industrial Control System (EPICS)1) . The National Instruments (NI) LabVIEW is also widely used
for the monitoring and control of accelerator devices
in the RIBF. The LabVIEW can communicate directly with the EPICS by introducing NI’s “LabVIEW
EPICS Client I/O Server”2) .
All control variables in the EPICS such as drive control instructions, measured values, and device statuses
are passed to predeﬁned Process Variables (PVs) in
the input/output controllers. These PVs are directly
bound to the Network Shared Variables predeﬁned in
LabVIEW by the LabVIEW EPICS Client I/O Server
using the Channel Access protocol. These connections
are schematically shown in the upper part of Fig. 1.
In the actual operation of the RIBF, the following parameters are acquired through the EPICS and
are monitored using LabVIEW to use its excellent
graphic-user interface: vacuum pressure of cyclotrons

and beamlines, position of injection and extraction devices of cyclotrons, and current of magnet power supplies. In addition, we developed the LabVIEW program, which automates the charge-distribution measurement for the development of the gas stripper3) ,
as shown in the lower part of Fig. 1. The program
contains control of dipole and quadrupole magnets,
control of Faraday cups, and data acquisition of beam
currents. This program greatly improves the measurement eﬃciency when compared to manual measurement. We could easily obtain high-statistics data with
less measurement time.
Last but not least, we are grateful to F. Nagahisa
and N. Ikuta of NI Japan for their valuable advice.
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3) H. Imao et al.: Phys. Rev. ST Accel. Beams 15, 123501
(2012).

Controlled by EPICS Server
Input/Output Controllers
EPICS Clients
(RIBF Control PCs)

Channel Access
Protocol

Accelerator devices:
Magnets, Vacuum,

Input/Output
Hardware

Process
Variables

RIBF Control Network

LabVIEW PCs

Shared Variable Engine
EPICS Client
I/O Server

Channel Access
Protocol

Network Shared
Variables

measuring program (LabVIEW VI)

Cotrol of Faraday cups

Incident beam current

Charge stripped beam current

Cotrol of dipole and quadrupole magnets

Charge analysed beam current

Fig. 1. Charge-distribution measuring program using LabVIEW EPICS Client I/O Server.
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Updates on RIBF control system
M. Kobayashi-Komiyama, A. Uchiyama, M. Hamanaka,＊1 T. Nakamura,＊1 M.Fujimaki and N. Fukunishi
We report on two aspect of the RIBF control system. The
first one concerns the upgrade of worn controllers used for
old magnet power supplies. The second one is concerns the
upgrades of the RIBF alarm system.
The RIBF facility and its control system consist of two
parts. The old facility, once called the RIKEN Accelerator
Research Facility (RARF), started its operation in 1986,
wherein the control system was built on the CAMAC
system with the device interface modules (DIMs) that are
in-house controllers for devices such as magnet power
supplies, beam diagnostic devices, and vacuum devices.
The new facility became operational in 2006. In the new
facility, the magnet power supplies are controlled by a new
type of controller, the NIO, which is a commercial control
board manufactured by the Hitachi Zosen Corporation. On
the other hand, we have decided to use beam diagnostic
devices that are similar to those used in the RARF in the
new facility. In this case, there is one serious problem
regarding the device controllers; maintaining DIMs
becomes difficult year by year because the supply of several
kinds of components used on the controller boards has been
terminated and backup supplies have been nearly exhausted.
Therefore, we have developed a succession controller
named the network device interface module (N-DIM)1),
which is designed to be compatible with the DIM. Besides
the development of the new facility, we have started
replacement of DIMs by N-DIMs step by step since 2003.
At the end of 2012, replacement of DIMs by N-DIMs has
been completed for the old beam diagnostic and vacuum
devices used for the ring cyclotrons and beam transport
lines connecting the cyclotrons to each other.
At the same time, it is also required to investigate the
possibility of applying N-DIMs to control magnet power
supplies because about 80 DIMs still control 400 magnet
power supplies in the old facility, and these have been in
use for a long time. After we developed a new program
executed on an EPICS I/O controller using N-DIM
commands to control the old magnet power supplies, we
have started various control tests using the N-DIM since
this spring. We first conducted two kinds of basic validation
tests on the N-DIM: controlling a power supply by
switching its polarity and long-term operation testing by
using an actual magnet power supply and a simulator,
respectively. After we obtained satisfactory results for these
tests, we investigated the radiation-hardness of a N-DIM by
using it in the power supply of the injection-bending
magnet II (BM2) of the RIKEN Ring Cyclotron (RRC)
during actual beam service times because the old power
supplies of the RRC are placed in the RRC room. As a
result, the BM2 power supply has been controlled stably
＊1

SHI Accelerator Service Ltd.

except for the occurrence of one accident during a
two-month operation. The accident involved the excitation
current of the power supply being suddenly set to be zero
without any requests from the operators. We will decide
whether N-DIMs are to be used under actual operation
conditions after determining the reason for the accident by
monitoring the control of the BM2 using various methods.
An alarm system to continuously survey the status of
various devices and inform operators of their anomalous
behaviors was implemented in the RIBF control system
several years ago. The current system is based on the old
version of the Alarm Handler2) provided by the EPICS
collaboration. We can use the alarm system to monitor
vacuum systems along with the beam intensity measured by
a selected Faraday cup installed in the beam transport lines;
however, the system has not been optimized to set the alarm
levels for the output current of the magnet power supplies
because it is difficult to evaluate their instability. During our
study of the alarm system, changes were repeatedly made to
the system’s alignment, and therefore, the alarm system
information has not been properly updated. Furthermore,
we found that the data format of the alarm history data was
not a user-friendly one, such as the format of a relational
database. Therefore, making improvements to of the alarm
system is essential. Updating the version of the Alarm
Handler and its setting files may have solved our problems,
but we decided to introduce the alarm system based on the
Control System Studio (CSS)3) as a new alarm system
because the CSS, which is an integrated development
environment, is expected to be the next mainstream
application in the EPICS collaboration. We have
successfully set up CSS applications in two PCs. We have
started monitoring the alarm information of almost all the
vacuum systems of the beam transport lines in the RIBF, the
rotating charge stripper at the E1 experimental vault, and
nearly half of the magnet power supplies in the RIBF as a
test operation. During two months of beam services, the
system has been operating stably. Therefore, we have
decided to extend the number of devices to be monitored to
obtain all the information beneficial to stable operation of
the RIBF accelerator complex.
In the near future, we plan to use the full functionality of
the CSS including the GUI-based operator interface and
data archive system. This will enable us to construct an
integrated console. We will attempt to apply all the console
functions to the control system of the AVF cyclotron as a
first step.
References
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Data Integration between EPICS-based System and
Non-EPICS-based System by using MySQL
A. Uchiyama,＊1 M. Kobayashi-Komiyama, and N. Fukunishi
In RIKEN RI beam factory (RIBF), we constructed
control systems based on the EPICS (Experimental Physics
and Industrial Control System) for magnet power supplies,
beam diagnostic instruments, vacuum control, ECR ion
source control, etc.1) However, EPICS-based systems do not
comprise the entire RIBF control system. For some of
measurement instruments in the accelerator operation,
non-EPICS-based systems, such as commercially available
systems, are often used because of limited human resources.
Furthermore, some users require integrating the data of the
non-EPICS-based system and EPICS-based system because
of the effectiveness of accelerator operation. In general, in
order to integrate the commercially available system by
EPICS, the EPICS driver/device support software is
necessary for each device. However, the major source of
complexity is caused by the costly development of EPICS
driver/device support software.
In non-EPICS-based system, the administrators of each
measurement instrument store the data in a MySQL
database via MyDAQ2 system2), which is a simple data
acquisition system developed by JASRI/SPring-8. The users
of MyDAQ2 sent TCP socket messages to record their data
in the MySQL database. At present, the data is stored in
MySQL database by a wide variety of system, such as the
temperature of water cooling system in RILAC/AVF/RRC,
the vacuum system of 18GHz ECR Ion Source, the stability
of RF 3), and the temperature of magnet power supplies. If
the EPICS Channel Access (CA) client can reach the data in
the MySQL database, the data can be integrated between
non-EPICS-based system and EPICS-based system.
Therefore, we have developed an application to handle the
data from the database of MySQL by using EPICS CA
protocol. The structure of our system is as follows. (See
Figure 1)

1.

Each user stores the various kinds of the
non-EPICS-based data in MySQL via MyDAQ2
server.
2. The latest data pass the values to EPICS IOC as
records, such as analog input record or binary input
record, every second in the same layer of the CA
client.
3. The EPICS records made by the application are
automatically named as follows regularly.
'MYDAQ2' : 'Signal name' : 'column number' (ex,
MYDAQ2:DA100:c1)
4. Other EPICS CA clients, such as GUIs, are
developed by using above EPICS records.
In slow-extraction line at J-PARC, MySQL is already used
for system integration between especially for LabVIEW
system and EPICS-based system 4). In this case, the system
needs special EPICS record and the asynchronous device
support software. However, to reduce the number of
development process, the data is inserted to EPICS
Input/Output Controller (IOC) from the application layer
instead the low-level layer in our system.
In this system, only sending the message including the
data to MyDAQ2 using socket program is sufficient to
convert EPICS-compliant data from non-EPICS-compliant
data. For storing the data to MyDAQ2, the socket program
consist of simple coding written in C/C++, LabVIEW,
Python, and bash. As a result, it is available to use the
non-EPICS data from EPICS CA without development of
the EPICS driver/device support software, which is
expensive. Finally, we successfully developed some
operator interfaces as EPICS CA client using EPICS record
value obtained from MySQL database.
This system was already implemented for RIBF control
system in order to integrate the numerical values between
EPICS-based system, which does not require required fast
scan time, and non-EPICS-based system. Currently, this
system is used for GUIs in 18GHz ECR ion source control,
RILAC vacuum control, BT-map5), etc. As a result of
construction of the system, it was successful to provide the
data integration service between EPICS and non-EPICS for
accelerator operation without serious problem.
References
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NISHINA RIBF water-cooling system 2012
T. Maie, K. Kusaka, M. Ohtake, Y. Watanabe, E. Ikezawa, M Kase
Nippon Kucho Service Co., Ltd, SHI Accelerator Service Co., Ltd
The water-cooling systems located in the Nishina
Building and RIBF Building, shown in Fig. 1, were
operated for approximately 200 days in 2012. In this period,
we did not meet any serious failures that stopped the beam
service for more than two days, except for the following
minor troubles. A mechanical seal of the water pump for the
RRC was damaged during accelerator tuning. Flushing of
the cooling pipes in the SRC-MDC1 was also carried out
twice due to abnormal temperature-rise during the SRC
operation.

Fig .1. Photographs of the water-cooling system in the
Nishina Building (left) and that in the RIBF building (right).
We carried out two major construction concerning the
cooling channels in 2012, as mentioned below, in addition
to the annual maintenance efforts. One concerned the
helium gas-stripper system, which was newly constructed in
the RRC vault.1) A new water channel was added for the
stripper as shown in Fig. 2. We constructed a branch in the
cooling channel for the injection/extraction devices of the
RRC, which carries 130 L/min for the charge stripper. A
new branch was also constructed in the channel for the
beam transport magnets, which channel feeds cooling water
at 200 L/min for a new beam dump in the analyzing magnet
DAA1-DMA1,2) as shown in Fig. 3. The other construction
concerns a new cooling system for the Rare-RI Ring,3) and
the construction of this cooling system was begum in 2012.
Stability of the system temperature is a crucial issue for the
Rare-RI ring to achieve a high resolution of mass
measurement with an accuracy of M/M =10-6. The main
specifications of the new cooling-water system are
summarized in Table 1.

Fig. 2. Photograph of the new water channels for the helium
gas-stripper.

Fig. 3. Photograph of the water channels for the new beam
dump in the DAA1-DMA1 magnet.
Table 1. Main specifications of the new water -cooling
system of the Rare-RI Ring.
Cooling tower (low-noise, plume-abated type)
Cooling capacity
Circulating water

2,000 kW
2,867 L

Heat exchanger (plate type)
Exchangeable heat:

2,000 kW

Water pump
Voltage
Power
Water flow
Water temperature (design)

References
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400 V (3 phase) - 4 pole
55 kW
2,370 L/min
28 ℃ (out) / 38 ℃ (in)
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Design study of the second superconducting ring cyclotron†
J. Ohnishi and H. Okuno
Uranium beams are accelerated by an RFQ, a DTL linac,
and four ring cyclotrons (RRC, fRC, IRC, and SRC) at the
RIBF, as shown in Fig. 1. U35+ ions extracted from the
28-GHz ECR ion source is converted to U64+ at the first
charge stripper (CS) after the RRC and to U86+ at the second
one after the fRC. The converting efficiencies of the two
CSs are approximately 18% and 27%, respectively, and the
total transmission efficiency from the ion source to the exit
of the SRC is approximately 1/200, which is fairly low.
Accordingly, in order to increase the beam current
approximately tenfold, we have investigated the design of
the second superconducting ring cyclotron (SRC2)1) instead
of the fRC, which can accelerate U35+ without using the first
CS.
The plan view and the parameters of the SRC2 are shown
in Fig. 2 and Table 1, respectively. The acceleration RF
frequency is fixed and the velocity gain is 2.06. The sector
magnets use superconducting main coils and twenty normal
one-turn trim coils, and the weight of the yokes of the one
sector is approximately 1200 t. The parameters of the sector
magnet are listed in Table 2. For comparison, the
parameters for the superconducting dipole magnet for the
SAMURAI spectrometer2) at the RIBF are also listed. Since

28-GHz
SC ECRIS

U
U64+
1st C.S.
2nd C.S.

U 35+

the maximum magnetic field at the main coils is 2.53 T,
which is low, and the magnetic force acting on the coils is
also small, the superconducting coils can be of an
epoxy-impregnated type and bath-cooled in liquid helium
like the SAMURAI dipole magnet. Moreover, the support
structure of the coils can be referred to the SAMURAI
dipole magnet, and the refrigeration system can also be
simplified by using several GM and GMJT cryocoolers
instead of a large plant using the Claude cycle. In the beam
injection and extraction, only one superconducting
magnetic channel (sMIC2) must be used, whereas the other
magnetic channels are of a normal conducting type and can
be applied to the almost same design of those used for the
SRC. Their parameters and the calculated beam envelopes
in the injection and extraction orbit are given in Ref. 1.
The fundamental design of the SRC2, especially the
magnet system, was successfully performed, but more
investigations, such as the design of the RF cavities as well
as the detail structure of the sector magnets and sMIC2 are
required to evaluate the feasibility of the present design of
the SRC2.
Table 1. Parameters of SRC2.
K-value
Energy

86+

BigRIPS

RFQ RILAC2 RRC

fRC

IRC

RF frequency
Harmonics
Average radii

SRC

Tune

Fig. 1. The existing acceleration scheme for uranium

RES2

RES-FT

Q1
Weight of magnet
Pole gap
Magnetomotive force
Max. magnetic field at orbit
Max. magnetic field at coils
Stored energy
Conductor
Current density
Cu/NbTi ratio
Load factor

EDC

MDC1

RES1

Q3

Q2
sMIC2
MIC1

Sector 3

EIC

MDC2

EBM

Sector 2

References

14.4 m

Fig. 2. Plan view of SRC2.
†

injection m
extraction m
νr
νz

2220
10.8
48
36.5 or 48.7
9 or 12
1.775
3.65
1.09~1.15
0.71~0.76

Table 2. Parameters of the SRC2 sector magnet and
the dipole magnet for the SAMURAI spectrometer.

Sector 4

Sector 1

injection MeV/u
extraction MeV/u
MHz

t
mm
MA
T
T
MJ
2

A/mm

One sector of
SAMURAI
the SRC2
1200
566
180
880
1.62
3.84
3.2
3.1
2.6
5.4
11.3
27.4
NbTi/Cu
NbTi/Cu
81
66
10
5.5
0.3
0.6

1) J. Ohnishi et al.: to be published in Proc. 9th ann. meeting of
Accel. Soc Japan.
2) H. Sato et al.: RIKEN Accel. Rep. 45, 128(2012).

Condensed from Ref. 1
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Test of differential pumping system with plasma window
H. Kuboki, H. Okuno, A. Hershcovitch, T. Dantsuka, H. Hasebe, K. Ikegami, H. Imao, O. Kamigaito,
M. Kase, T. Maie, T. Nakagawa, and Y. Yano
A differential pumping system with a plasma window
(PW)1) has been developed for application to the charge
strippers at the RIBF using high-density low-Z gas. We
evaluated the differential pumping performances with Ar
and He arc plasmas. Figure 1 shows a schematic of the
pumping system. The system consists of a PW and two
chambers. In our performance evaluation, the first chamber
was evacuated by two mechanical booster pumps with a
pumping rate of approximately 730 m3·h-1 in total. The
second chamber was evacuated by a turbomolecular pump
(TMP) with a pumping rate of 792 m3·h-1. The PW has a
central bore of 2 mm in diameter, which isolates the
atmosphere from the first chamber. The first chamber is
connected to the second chamber via a flow constrictor
having an inner diameter of 6 mm and length of 15 cm. The
base pressure attained without gas flow was 9 × 10−2 Pa in
the first chamber. At first, the PW was ignited and tested
with Ar. Subsequently, we replaced Ar gas with He for PW
operation with He.
The differential pumping efficiency was evaluated by
measuring the pressures in the first chamber (P1) and
second chamber (P2). The pressures P1 and P2 in the cases
of Ar and He are plotted as a function of arc current in Figs.
2 (a) and (b), respectively. The solid circles and triangles
denote Ar and He data obtained at RIKEN. The open circles
and triangles denote Ar and He data obtained with the
original PW at BNL2). The plotted data were corrected
adequately depending on the gas species. We firstly
measured P1 and P2 without PW operation and compared the
results with those obtained with PW operation. The P1 and
P2 values without PW are indicated by solid lines in the
case of Ar in Fig. 2. Those of He are far above the vertical
axis. The discrepancy between the RIKEN and BNL data
can be explained by the difference in pumping rates; the
pumping rates at BNL were 1073 m3·h-1and 1872 m3·h-1 for
the first and second chambers, respectively. P1 was reduced
by a factor of 10 with PW operation for Ar, while this factor
was more than 17 for He. P2 was more drastically reduced
by 100 and 5000 times for Ar and He, respectively. This
high reduction factor for He is due to the extremely large P2
value greater than 100 Pa in the case of no-PW operation.
The TMP was almost useless in this pressure range, and
hence, the second chamber had almost no evacuation. These
reduction factors for P1 and P2 provide the advantage that at
least one differential pumping stage can be removed by
applying PWs to a conventional differential pumping
system.
Measurements using a gas cell filled with Ar and He are
planned in the near future. An improvement of enlarging
central bore diameter from 2 mm to 4 mm is also planned
for further developments.
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Fig. 1: Schematic of the differential pumping
system with a PW.

Fig. 2: Pressures (a) P1 and (b) P2 in cases of
Ar and He plotted as a function of arc current.
Please see the text for details.
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Design of cavity to recover energies of multi-charged uranium beams
in ion-recycling ring
K. Suda
For the acceleration of the 238 U beam, two charge
strippers are used to increase a charge state of the
ions. The first stripper is placed downstream of the
RRC, and it uses helium gas1) as a material for the
stripping. After a 238 U35+ beam with an energy of
10.75 MeV/nucleon passes through the stripper, multicharged beams are generated. By using a bending
magnet after the stripper, the beam with the charge
of 64 is selected, and then transported to the fRC.
A charge-stripping efficiency is around 15%. In order
to increase the charge-stripping efficiency, a novel ring
dedicated to recycle ions having other charge states,
called an ion-recycling ring, is considered. The ring
has two achromatic sections and two dispersive sections with a design dispersion of ∼ 5 m. The stripper system is placed in one of the achromatic sections,
through which ions are injected into the ring (chargestripping injection). The ions with the required charge
are only extracted by an extraction channel placed in
one dispersive section, utilizing large spatial separations (∼ 80 mm) between ion orbits having different
charge states. The multi-charged ions lose their energies by about 2% per turn on account of the stripper.
In order to recover the energies of ions, an energyrecovery cavity is installed in the other dispersive section. The charge-stripping efficiency with the ring is
estimated to be improved up to around 70% under the
condition that the circulated ions have charges between
58 and 70, and the helium gas with the thickness of
0.4 mg/cm2 is used. In this report, the design of the
cavity is presented.
The requirements of the cavity are as follows: (1)
The accelerating electric field changes smoothly depending on the beam position, from 882 kV to 731
kV, corresponding to the ion charge states. (2) The
power dissipation should preferably to be less than 100
kW, considering the cost of an rf amplifier. To realize condition (1), a half-wave resonator is considered,
which is similar to the case of the RRC,3) but without
the movable box, as shown in Fig. 1. The design was
performed by using a 3D-electromagnetic calculation
software, CST Microwave studio 2012.2) The resonant
frequency is set to be the third harmonic (54.75 MHz)
of the fundamental frequency (18.25 MHz), so that the
height of the cavity became small, at about 1200 mm.
The length of the dee is set to be 1100 mm. The small
angle of the dee of 2◦ is to generate effective gap voltages that are required for multi-charged ions by changing the ion transit time through the cavity depending
on their charges, where the gap voltages are assumed
to be flat irrespective of the ion orbits. Two cavities

are needed to achieve condition (2). The estimated
power dissipation for each cavity is 41 kW to generate the required gap voltage for a charge of 58 (221
kV/gap). Figure 2 shows the gap voltage distribution,
where the position is measured from the innermost circumference of the dee. The distribution is not flat as
desired, and there are fluctuations at around the center of the dee (−18% at the maximum at 550 mm).
Further calculations to improve the distribution are in
progress.

Fig. 1. Half wave resonator for the energy recovery of
multi-charged ions in the ion-recycling ring.

Fig. 2. Distribution of gap voltages.

References
1) H. Imao et al.: In this report.
2) http://www.cst.com.
3) T. Fujisawa et al.: Nuclear Instrum. Methods A292, 1
(1990).
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Eeffects of grids in drift tubes
M. Okamura
A drift tube structure is commonly used in an ion linear
accelerator and an RF buncher to induce a longitudinal
electric RF field. To gain an efficient RF kick, an appropriate
choice of the ratio of the gap length to the inner diameter of
the drift tubes is important. A larger diameter of the drift
tube elongates the effective electric field area penetrating the
drift tubes. In particular in low-velocity regions, a phase
change of the RF reduces the effective voltage in the gap.
The ratio of the effective kick to induced voltage in the gap
is called transit time factor (TTF). To prevent a low TTF, a
grid structure has sometimes been used. In this report, we
examine the field variation caused by a grid structure for a
typical drift tube structure.
To obtain detailed 3D information of the field variation,
we used the TOSCA-OPERA1) assuming a static electric
condition including fine structures of the grids. A cylindrical
coordinate system is defined such that the z axis is the beam
axis. Thus the field components are expressed as Er, Eθ
and Ez. The Fourier coefficients were derived from the field
along the yellow circle indicated in Fig. 1. The radius of the
circle is 7 mm from the beam axis, which is just inside of the
apexes of the grid’s pattern.

If the cavity employs a gap interval, these negative
effects can be avoided, since = 30 mm.

Figure 2: Longitudinal field strength (r = 7mm).
The TTF can be derived by comparing the solid and dotted
curves at a certain phase (the graph shows zero phase angle).
The obtained values are summarized in Table 1. The grids
enhance the TTF by about 26%.
Table 1: Transit time factors
On axis
r = 7 mm
Without grids

With grids

63.50%

Without grids

50.14%

With grids

72.28%

57.03%

Figure 1: 3D model for OPERA
The inner diameter and gap length are 32 mm and 10 mm,
respectively, in the assumed model. The edgse of the tube
are rounded by a radius of r = 3 mm and the grid’s face is
fixed at the z = ±3.1 mm position. The grid consists of four
quadrants and the width of the grid facing the beam direction
is 0.2 mm. The grid length along the beam direction is 1.0
mm. The distance between two facing grids is 16.2 mm. In
this analysis, the gap voltage is assumed to be 100 V.
Figure 2 shows the longitudinal electric field strengths at r
= 7 mm, which is the b0 component of Ez along the beam
axis, with and without grids. The dotted lines include RF
phase change assuming a 750-keV proton beam at 201 MHz.
At the z = 0 position, the RF phase of cosine is zero. At the
tail of the fields, the induced voltage has a negative value at
around z = 15-30 mm.
________________________________________________________

The work was extracted from the presentation at IPAC12 in New
Olreans, USA.

Figure 3: Transverse field strength (r = 7mm).
The b0 component of Er represents the focusing and
defocusing force. Figure 3 shows this component. The
dotted lines indicate the field strengths with an RF phase
angle of -90° at the z = 0 position. The integrated values
along the axis with and without grids are 24.9% and 19.7%
of the gap voltage respectively. The grids amplify the RF
defocusing force by choosing a bunching RF phase.
In general, the grid structure is useful to obtain a better
TTF. To investigate the nonlinear grid effects on a beam,
detailed tracking simulation or experimental study is
required.
References
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Effect of solenoidal magnetic field on drifting laser plasma
M. Sekine, K. Takahashi,＊1 and M. Okamura
A laser ion source can provide various heavy ions using a
simple apparatus. Although we can increase the ion beam
current by increasing the laser power, this is usually not an
option because other parameters, which includes the charge
distribution will also change. Another way of increasing the
current would be to suppress the three-dimensional
expansion of the plasma. Applying a longitudinal magnetic
field during the transportation of the plasma can limit the
transverse expansion. Thus, we can extend the pulse length
by increasing the drifting distance while maintaining a high
current.1),2) If this technique is established, it can be used
with various laser ion sources. However, the effect of the
magnetic field on the laser ablation plasma is not well
understood. We report on the stability and current decay of
copper plasma confined by a solenoid.
A Nd:YAG laser was focused with lens with a focal
length, f = 3000 mm, that irradiated a copper-plate target to
create a plasma. The Nd:YAG laser (Brilliant, Quantel)
produces infrared light with a 1064 nm wavelength and a 6
ns pulse length. The incident laser angle was 30ο relative to
the normal of the target material. The laser energy and spot
area measured at the target position were 490 mJ and 0.182
cm2, respectively. According to the pulse length, energy,
and spot size, the power density was estimated to be 3.3 ×
108 W/cm2. From previous work, it is expected that the
most abundant charge state at this power density is one.3)
Therefore the ion beam current density is just proportional
to the particle number. This leads to a much simpler plasma
for analysis of the effect of the solenoidal field. The vacuum
was kept around 10-4 Pa. A Faraday cup (FC) used to
measure the ion beam current was located at exit of the
solenoid. The aperture size of the FC ranged from 0.5 to 10
mm. The suppressor voltage of the FC ranged from -2 to
-10 kV. The length and inner diameter of the solenoid coil
were 3 m and 72 mm, and it can give a magnetic field of 52
gauss/ampere at the center of the solenoid. The solenoid
was located 315 mm from the target surface. Baffles with
aperture sizes of 10, 20, and 30 mm were used to
investigate how the diameter of the injected plasma affects
its transport.
As shown in Figs. 1 (A) and (B), the pulse length of the
ion beam was prolonged to ~100 µsec with the 3 m solenoid
while maintaining a high current. However, we observed
that the ion beam current fluctuated in some range of the
magnetic field as shown in Fig. 1(B).
The baffles were used to improve the stability and control
the current density. We compared the standard deviations of
the current when using baffles. The deviation was smaller
near the peak when baffles with 20 and 30 mm aperture
were used as shown in Fig. 2.
＊1

Tokyo Institute of Technology

Fig.1 Stability of the current measured 10 times with the
Faraday cup without magnetic field (A) and with the
magnetic field (9.4 gauss) (B).

Fig.2 Dependence of the standard deviations of charge on
the diameter of plasma injected into the solenoid.
We investigated how the current of the copper-ion beam
was affected in three different ways: varying the magnetic
field strength, the solenoid length, and the plasma diameter.
As the magnetic field increases, the ion beam current
increases. The pulse length of the ion beam was prolonged
while maintaining a high current. However, we observed
that the stability of the ion beam current could become
worse in some range of the magnetic field. This means that
the solenoidal field can disturb the plasma stability. The
results also show that baffles with appropriate apertures
improve the stability of the plasma transport. Although the
plasma density decreases during drift in the solenoid, the
decay rate is far less than without magnetic field due to the
magnetic confinement. We need further experiments to
understand the mechanism of magnetic guiding and the
cause of the disturbance of the current.
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Emittance from laser ion source for RHIC and NSRL in BNL
M. Sekine
The Electron Beam Ion Source (EBIS) at Brookhaven
National Laboratory (BNL) is a new heavy ion source for
RHIC and
the NASA Space Radiation Laboratory
(NSRL)1).
Laser Ion Source (LIS), which use a solenoid can supply
types of ions from solid targets and is suitable for a long
pulse length with low current, as ions provide for the fringe
field of the solenoid. LIS was selected as an injector to
EBIS, for which RMS emittance was required to be under
0.06 mmmrad because LIS can provide several species
every second and can result in low emittance. These species,
namely, C, Al, Mg, Si, S, Ca, Ti, Cr, Fe, Cu, Ta, Au, etc.,
were required from the NSRL to simulate the influence of
cosmic rays in the universe. Au and Cu beam were also
required for RHIC. We have two ways by which the LIS
current can be increased, that is, double pulse lasers and a
solenoid magnetic field. Figure 1 shows experimental setup.

and after the extracted electrode where is ground voltages.
This is one of the results used to measure Cr (q/A=22/52,
laser energy at target; 490 mJ, target; 20 kV). The peak
current was 186 A and the normalized RMS emittance was
x:0.062 mmmrad and y:0.060 mmmrad. Table 1 lists the
required values and experimental results for the C, Cr, Fe,
and Cu beam.

Fig. 2. FC signal for Cr (q/A=19/52)

Fig.1. Experimental beam line
A Nd:YAG laser was focused by a lens with the focal
length, f = 3000 mm, which irradiated C, Cr, Fe, and Cu
target plates to create a plasma. The Nd:YAG laser
(Brilliant, Quantel) produces infrared light with a 1064 nm
wavelength and 6 ns pulse length. The incident laser angle
was 30 degrees to the normal of the target material. The
laser energy and spot area measured at the target position
were around 490 mJ and 0.182 cm2, respectively. According
to the pulse length, energy, and spot size, power density was
estimated to be around 3.3 × 108 W/cm2. From a previous
work, it is expected that the most abundant charge state at
this power density is one.2) Hence, it can be concluded that
the ion beam current density is exactly proportional to the
particle number.
The vacuum was maintained at around 10-4 Pa. The
Faraday cup (FC) and pepper-pot (PP) were used to
measure the ion beam current and emittance, which were
located at end of the beam line where the simulated EBIS
entrance was located. The FC aperture was 87 mm to
collect the complete current. The suppressor voltage of the
FC was around 140 V. The PP consisted of a copper mask (4
cm diameter), MCP (multi-channel plate) phosphor, and
CCD camera. The length of the solenoid coil was 3 m. The
beam extracted diameter was 15 mm. Voltages were at 20
kV between the target chamber and the extracted electrode,

Fig. 3 Emittance of Cr (q/A=19/52)
Table.1. Required values and experimental results for the C,
Cr, Fe, and Cu beam.

We have succeeded in producing several types of beams
with the required emittance and current values.
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Curren Status of SAMURAI
K. Yoneda, T. Aumann,∗1 F. Delaunay,∗2 N. Fukuda, J. Gibelin, J. Hwang, N. Inabe, T. Isobe,
N. Iwasa, S. Kim, N. Kobayashi, T. Kobayashi, Y. Kondo, T. Kubo, K. Kusaka, F.M. Marqués,∗2
Y. Matsuda, R. Minakata, T. Motobayashi, T. Murakami,∗3 T. Nakamura, S. Nishi, S. Ogoshi,
J. Ohnishi, N.A. Orr,∗2 H. Otsu, T. Sako,∗4 H. Sakurai, H. Sato, Y. Satou, K. Sekiguchi, Y. Shimizu,
H. Suzuki, K. Takahashi, H. Takeda, S. Takeuchi, R. Tanaka, T. Teranishi,∗5 Y. Togano, and K. Yoshida
This report describes the current status of a spectrometer constructed at the RIBF, called SAMURAI
(Superconducting Analyzer for MUltiparticles from
RAdio-Isotope beams with 7 Tm bending power).
SAMURAI consists of a large superconducting dipole
magnet1) and various types of particle detectors2) . It is
characterized by large momentum acceptance and angular acceptance for particles emitted in fast RI beam
reactions, and hence serves as a useful tool for experiments requiring multiparticle coincidence measurements. SAMURAI can be used in a variety of experimental studies such as breakup reactions, knockout
reactions, polarized-deuteron-induced reactions, and
multi-particle fragmentation. In our current plan,
invariant-mass spectroscopy using breakup reactions is
the most used during the early stages of operation, and
SAMURAI’s multiparticle detection capability is particularly suitable for this purpose. Combined with the
high-intensity RI beams available at RIBF, SAMURAI
facilitates studies on unbound states in unstable nuclei,
thus enabling investigations that have previously been
out of our experimental reach.
The construction of the magnet and detectors
needed for coincidence measurements of heavy-ions
(HIs) and neutrons completed in fiscal year 2011.
This experimental setup includes detectors for incoming particles, detectors for neutrons emitted at forward angles, called NEBULA3) , and detectors for HIs
that are bent in the magnetic field. A commissioning experiment for this setup was carried out in March
2012, which was followed by the first series of physics
experiments4) in May 2012.
The commissioning experiment aimed to confirm the
performances of each experimental device, and to check
the overall resolution and acceptance of SAMURAI as
a spectrometer. The measurements were carried out
with a primary beam of 18 O of 294 MeV/nucleon. The
responses of detectors, mainly of drift chambers, were
checked first, by using a mixed beam of particles with
Z = 3–8. In this measurement, the optimal high voltages of the drift chambers were also examined.
Measurements were carried out to check the performance of NEBULA. In order to obtain the reference timing for the time-of-flight measurements, high∗1
∗2
∗3
∗4
∗5

energy γ-rays generated in the reaction of 15 C on a
thick Cu target at 247 MeV/nucleon were observed.
Since the γ-ray energy spreads up to over 10 MeV, the
data were also useful for the slewing correction. The
detection efficiencies and resolutions were measured
using quasi-monoenergetic beams of neutrons (En ∼
200 MeV and 250 MeV) using a secondary proton beam
and the 7 Li(p,n)7 Be reaction. The neutron beams were
also employed to determiner the characteristics of cross
talk in NEBULA as such events must be well understood in order to extract the true two-neutron events in
breakup measurements with multi-neutron final states.
The performance of SAMURAI for the magnetic
analysis of charged particles was examined by measuring their trajectories. The position and angle of the
particles after passing through the magnet were measured with a secondary beam with a narrow momentum, i.e. with a well-determined Bρ. The measurements were carried out for three magnetic field settings
(2.0 T, 2.5 T, and 3.0 T), and for ten Bρ values ranging from 70% to 100% for each magnetic field, so that
the trajectories were checked in various regions in the
magnet.
In order to check the overall performance of SAMURAI, HI-neutron coincidence measurements were carried out by using breakup reactions. The invariantmass resolution and acceptance should be obtained for
reactions by 17 C, 15 C, and 14 Be beams with Pb and C
targets. Data analysis is now in progress.
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Data acquisition for SAMURAI commissioning and day-one
experiments
H. Otsu, T. Isobe, Y. Kondo,and T. Kobayashi
SAMURAI is a newly constructed spectrometer1)
for multiple particle coincidence measurements using a
high intense RI beam at RIBF. It has been employed
in physics experiments since it was commissioned in
March 2012 and so-called “Day-one” experiments in
May 2012. In the day-one experiments, measurements
using invariant mass spectroscopy were performed by
determining 4 momenta of neutrons coincident with
heavy residuals. In the near future, the spectrometer
will be employed for various experiments with various
layouts of detector arrangement.
In the day-one experiments, data were obtained using the common trigger and event building mode in the
BABIRL system2) . In order to reduce the dead time,
we separated the data acquisition (DAQ) into 9 cpu
ports with each VME controller, which is tabulated in
table 1. Each port, except DALI and BigRIPS ports,
consists of SBS 620 optical connection VME controller
and (Slim size) PC with full height PCI card connection available. These configuration was not up-to-date
because these modules were procured 4 years before in
the period of the SAMURAI construction.
Trigger sources in the day-one experiments were 1)
Beam downscaled (∼1/1000), 2) Beam × Neutron, 3)
Beam × HODO, 4) Beam × DALI and 5) Beam ×
NEBULA(γ), which were selectable from a web console through a GTO circuit3) . The GTO circuit consists of programmable circuits with gated arrays. In
the SAMURAI experiments, the GTO circuit acted as
trigger source selector and DAQ latch arrays of communication between the circuit and DAQ PCs, which
is schematically shown in Fig. 1. For the moment,
the GTO circuit is programmed to be able to handle 8
trigger sources and 16 DAQ busy signals.
Table 1. List of data acquisition ports and their occupied
period for 1 event processing during the Day-one experiments.
port name
Console/ Beam line plastics/ F5 MWPC
BDC/ICB (4×DC-TDC, 2× MADC32)
FDC1 (7×DC-TDC)
FDC2-1 (14×DC-TDC)
FDC2-2 (11×DC-TDC)
HODF (1×TDC V775, 1×QDC V792)
NEBULA (10×TDC V775, 10×QDC V792)
DALI (2×TDC V1190, 6×PHADC V785)
BigRIPS (1×TDC V1190, 1×TDC V1290

dead time
[µs]
360
125
170
270
220
70
185
45
50
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Fig. 1. Diagram for trigger source selection and latches for
event handling in SAMURAI DAQ. A hatched region
corresponds to the implemented circuits by the GTO
module.

The DAQ system was successfully operated in the
day-one experiment. We expect that the upcoming experiments, except the SAMURAI–TPC system, will be
covered by the same DAQ system with minor updates.
Interrupt occupied periods were measured in the environment of the day-one experiment and are listed in
table 1 with typical modules for each DAQ port. Total dead time is determined by the longest occupied
period, as that of the cpu port for the console, partly
because the port contains the CAMAC module readout. Measured live time ratio was 75% for 0.7 kHz
trigger, which is reasonably understandable with the
360 µs dead time.
In the near future, we plan to reduce the dead time
down to the order of 200 µs (10% improvement expected) by rearranging the longer dead time ports as
beam line detectors and FDC2 MWDC readout.
References
1) Y. Shimizu, et. al.: J. Phys.: Conf. Ser. 312 052022
(2011).
2) H. Baba, et. al.: Nucl. Instr. and Meth. A616 65 (2010).
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Cryocooler overhaul of the SAMURAI superconducting magnet
H. Sato, K. Kusaka, M. Ohtake, K. Yoneda, Y. Shimizu, T. Motobayashi, and T. Kubo
The superconducting coils of the SAMURAI magnet
are cooled by the liquid helium bath cooling method.
Two GM/JT- and ten GM-cryocoolers are used to keep
the coils at liquid helium temperature1) . Operation of
the magnet started in June 2011 and reached 10,000
hours in April 2012. An overhaul of the cryocoolers
was carried out in October 2012, during an acceleratormaintenance period. According to the operation policy
for the SAMURAI spectrometer, the temperature of
the superconducting magnet should be kept at liquid
helium temperature even during an overhaul. Thus, we
introduced the same method as that for the cryocoolers
on STQs in the BigRIPS, which is well established as
“cold” maintenance2,3) .
Figure 1 shows the location of each cryocooler attached to the SAMURAI magnet. We prepared a
maintenance cradle and a step with a stand, as shown
in Fig. 2, for the cryocoolers located high above the
ground. The overhaul included the following actions:
(i) replacement of displacers, (ii) replacement of Oring seals, (iii) cleaning of the inner wall of the cylinder, (iv) recharge of gaseous helium into the expander
circuit line, (v) flushing of the JT circuit line (only
for the GM/JT-cryocoolers), and (vi) cleaning of the
compressor units. Actions (i), (ii), and (iii) were carried out in a bag containing gaseous helium, as shown
in Fig. 3, in order to perform frost-free maintenance.
The procedure of the overhaul in the gas bag is almost
similar to that for the BigRIPS cryocoolers. However,
special attention should be paid when the displacer,
which consists of two separate parts not tightly fixed
to each other, is re-installed into the cylinder. This
is because the cryocoolers indicated as (3) and (4) in
Fig. 1 are mounted horizontally to the cryostat.
After completion of the overhaul, the temperatures
at the cold head decreased for 7 cryocoolers and increased for 5 cryocoolers. The temperature rise for 4
cryocoolers was lower than 2.6 K, which is within the
allowable range. However, for the remaining GM for
20 K thermal shield, the temperature rise was 7.6 K,
which is unacceptable. The displacer of this cryocooler
was replaced for a second time, after which the temperature decreased successfully. We found that one of
the O-ring seal on the displacer was distorted by an
error in the replacement operation due to the above
mentioned horizontal mount.
During the four-day maintenance period, the liquid
helium level decreased from 91.5% to 84.1% for the
upper coil, and from 88.4% to 82.4% for the lower coil.
These correspond to 11.7 L and 9.7 L of liquid helium
for the upper and lower coils, respectively. A total
amount of 43 L was transferred in order to reach 95%
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level (227 L and 233 L for the upper and lower coils,
respectively).

Fig. 1. Location of the cryocoolers: (1) GM/JT for 4.2 K;
(2) GM for high-Tc power lead; (3) GM for 20 K thermal shield; (4) GM for 80 K thermal shield; (5) liquid
helium reservoir vessels.

Fig. 2. (a) Maintenance cradle for cryocoolers mounted on
the reservoir vessels. (b) Step with a stand for cryocoolers mounted on the upper coil.

Fig. 3. The “cold” maintenance in the bag containing
gaseous helium: (a) overhaul of the GM for power lead;
(b) overhaul of the GM for 20 K thermal shield.

References
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4500308 (2013).
2) K. Kusaka et al.: RIKEN Accl. Prog. Rep. 45, 235
(2012).
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Large exit windows for the SAMURAI spectrometer
Y. Shimizu, H. Otsu, T. Kobayashi, T. Kubo, T. Motobayashi, H. Sato, and K. Yoneda
The first commissioning run of the SAMURAI spectrometer and its beam line was performed in March
20121) . Its vacuum system includes the beam line,
magnet chamber, and two exit windows for outgoing
neutrons and charged particles.
The neutron detector array NEBULA is located
downstream of SAMURAI spectrometer. In order
to minimize the reaction loss, the vacuum partition
for neutrons should be as thin as possible. We set
a large number of 10 for the safety factor against
its possible destruction, because this window will be
mounted almost permanently. The area to be covered
is 2430 × 800 mm2 . The bend of the window caused
by the pressure difference and the induced stress are
calculated by the general purpose finite element analysis program code ANSYS2) . If a flat plate of stainless
steel (SUS304) is used for the window, the thickness
must be larger than 25 mm to satisfy the safety condition. In order to reduce the effects of the reaction
loss in retaining the safety factor, a partition was designed with the shape of a partial cylinder, resulting in
a much smaller thickness of 3 mm. The calculated displacement by the atmospheric pressure at the central
region and maximum stress are 173 µm and 44.1 MPa,
respectively. The latter is about 1/12 of the tensile
strength, 520 MPa. Figure 1 shows a photograph of
the window for neutrons.
In order to measure the position and angle of the
charged particles passing through the superconducting dipole magnet, a forward drift chamber (FDC2)
was placed behind the SAMURAI spectrometer in the
air partitioned with a thin foil window from vacuum.
The window material deflects penetrating particles by
multiple scattering and causes energy fluctuation by
energy loss struggling. Required momentum resolution of 1/700 gives the upper limit of the amount of
the material as radiation length of L/LR ∼ 10−3 . At
the same time, the strength to hold the vacuum is
needed. The vacuum partition is composed of a combination of a Kevlar textile for tensile strength and
Mylar foil for vacuum seal, the thicknesses of which
were 280 µm and 75 µm, respectively. The area to
be covered by the window is 2800 × 800 mm2 . For
the commissioning experiment, a window with a reduced area of 2800 × 400 mm2 , which is the maximum
size that fulfilled the requirements at that time, was
used. Figure 2 shows a photograph of this window.
The maximum deflection around the center region was
approximately 60 mm. The Mylar elongated by about
3.2% owing to air pressure, which was smaller than 1/3
of the tensile elongation at the break point. Since this
window only achieved a safety factor of 3, the Kevlar

and the Mylar will be removed from the window frame
and new Kevlar and Mylar will be glued to the top of
window frame every year for safety.
For experiments measuring heavy fragments and
light charged particles in simultaneously, a full-size
partition window is necessary, especially for detecting
light charged particles. In the same manner as for the
neutron window, a new partition with the vertical size
of 800 mm is being designed with the same layer structure.

Fig. 1. Photograph of the window for neutrons.

Fig. 2. Photograph of the window for the charged particles.

References
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Precise position measurement of SAMURAI magnet and detectors
H. Otsu, Y. Shimizu, T. Isobe, Y. Kondo,and R. Minakata,
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SAMURAI is a new spectrometer1) designed for multiple particle coincidence measurements using a high
intensity RI beam at the RIBF. It has been employed
in physics experiments starting from the commissioning experiment performed in March 2012, and the socalled day-one experiments in May 2012. In the dayone experiments, measurements using invariant mass
spectroscopy were performed by determining 4 momenta of neutrons coincident with heavy residuals. In
the near future, the spectrometer will be employed for
various experiments with diﬀerent arrangement of detector layouts.
In order to determine the physical quantities such as
the momenta or scattering angles of particles, position
detectors with high accuracy determination are placed
upstream of the target for beam tracking (BDC1 and
2), upstream and downstream of the SAMURAI magnet for precise precession angle determination for reaction residues (FDC1 and 2). Scattering neutrons
are detected by the neutron detector array NEBULA
and their ﬂight times are measured. In order to reﬂect
the amount of physical precision without sacriﬁcing the
qualities of detector responses, installation position accuracies should be one or at least a half-order magnitude smaller than those of intrinsic resolutions. Based
on these aspects, the required position accuracies are
50 µm(RMS) for position detectors and 1 mm(RMS)
for timing detectors.
We introduced a photogrammetry system VSTARS/E52) produced by Geodetic Systems Inc. for
surveying the positions of the detectors using ﬁnancial
support from the RIKEN common usage instrument
budget in FY2010. In this system, many numbers of
target markers are ﬁxed and/or pasted on the instruments. These markers are taken in photos from various
aspects. From the markers’ 2-dimensional positions on
the pictures, 3-dimensional positions of each marker
are reconstructed according to the relative position relation among the markers. By combining the position
data of each marker, we can determine the position of
each instrument with a precision of 50 µm (RMS) in
a 5 m cubic region, which is the speciﬁcation value of
the system. Presently, we have succeed in reproducing
the positions of each position sensitive detector (or its
container box) within a margin of 100 µm (RMS).
Figure 1 shows a birds-eye view of the reconstructed
target marker positions. Several marker positions form
each of the surface planes of the detectors or the detector boxes. From the measurement, each position
detector (BDC1,2 and FDC1,2) is well reproduced in
a 3–dimensional manner. Table 1 lists values of the
reconstructed positions of upstream detectors of the
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Scaler bars

Fig. 1. Birds-eye view of reconstructed target marker positions and manually identiﬁed planes or lines that represent the real detector or magnet devices.

SAMURAI magnet, as examples. Those positions were
obtained from the SAMURAI commissioning experiment in March 2012, and from the SAMURAI day-one
experiment in May 2012. Around 1.5 or 1.6 mm differences were found for the beam tracking detectors
along the beam direction from the comparison of the
measurements. We interpreted that the diﬀerence is
caused by a continuous force exerted by vacuum at
the region between BDC1 and the SAMURAI magnet through the reaction target within 2 months. In
the same manner, FDC2, located downstream of the
magnet, was position-reconstructed within a 100 µm
accuracy for a precise momentum analysis.
In the near future, we plan to employ the photogrammetry system at the other site of RIBF experimental instruments.
Table 1. Results of the position measurement as
positions and directions of BDC/FDC1
Comm.
Day-one
[mm/mrad]
2012/03
2012/05
BDC1 Z
−5950.94 −5949.40
X
−0.72
−0.74
Y
−0.17
−0.17
DX/DZ
0.32
0.74
DY /DZ
−0.43
−0.88
BDC2 Z
−4951.64 −4950.05
X
−0.23
−0.24
Y
−0.88
−0.83
DX/DZ
1.09
1.10
DY /DZ
0.10
−0.29
FDC1 Z
−2889.08 −2888.85
X
−0.14
−0.02
Y
–
0.05
DX/DZ
–
−0.37
DY /DZ
–
−0.38

accurate
Diﬀ.
−1.54
0.02
0.00
−0.42
0.45
−1.59
0.01
−0.05
−0.01
0.39
−0.23
0.12
–
–
–
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Current status of SAMURAI-TPC†
T. Murakami,∗1 R. Shane,∗2 A.B. McIntosh,∗3 W.G. Lynch,∗2 T. Isobe, J. Barney,∗2 Z. Chajecki,∗2
M. ElHoussieny,∗4 J. Estee,∗2 M. Famiano, G. Jhang, ∗5 F. Lu,∗2 N. Nakatsuka, R. Olsen,∗2 W. Powell,∗6
H. Sakurai, A. Taketani, S. Tangwancharoen,∗2 M.B. Tsang,∗2 S.J. Yennello,∗3 and J. Yurkon,∗2
Understanding the equation of state (EOS) for dense
asymmetric neutron-rich matter has been identiﬁed as
an important scientiﬁc objective in the Nuclear Science in the past decade. In order to extend constraints
on the symmetric matter (ρn ≈ ρp ) EOS at suprasaturation densities, obtained from central nucleusnucleus collisions, to the essential frontier of neutronrich matter, a construction of SAMURAI-TPC for pion
production and ﬂow measurements at the RIBF was
proposed to the U.S. DOE in the summer of 2008 as
one of U.S.-Japan Collaborative Researches. Soon after an approval of the proposal in the fall of 2010 we
started a R&D of the TPC based upon the design of
EOS-TPC at LBL and now we are at a ﬁnal stage
of the construction. This report describes the current
status of TPC construction.
The SAMURAI-TPC was designed to ﬁt within the
pole gap of the SAMURAI dipole magnet. In Fig. 1 an
exploded view of the TPC is shown. The TPC consists
of several main components, namely a front end electronics mounted on, a rigid top plate, a pad plane and
three wire planes, a ﬁeld cage, a voltage step-down,
a thin-walled enclosure, a calibration laser optics, a
target mechanism, rails, and so on. Details about a
electronics for the SAMURAI-TPC including front end
electronics are described in a separated report1) .

Fig. 1. Exploded view of SAMURAI-TPC.
†
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Department of Physics, Western University, USA
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The rigid top plate is a primary structural member of the TPC and reinforced with several ribs to
hold a pad plane and three wire planes. Laser level
measurements conﬁrmed that the top plate was ﬂat to
within about 125 µm. The pad plane which consists
of 108×112 pads of 12×8 mm2 in size is mounted on
bottom of the top plate. Each pad has capacitances
of 12 pF to the ground and of 5 pF to adjacent pads.
Cross talks between adjacent pads and non-adjacent
pads are measured to be about 0.2% and less than
0.1%, respectively. Because of its large size the pad
plane was fabricated in four pieces and glued to the
top plane to form a single plane of 1.34×0.86 m2 in
size.
Wires for anode wire plane were wound on a frame
in the detector lab of the NSCL/MSU and epoxied and
soldered on a circuit board. Plans have been made to
wind the ground plane and gating grid plane by the
end of February. The ﬁeld cage is mainly made of thin
two layer PCB’s so that reaction ejectiles could exit
through it. Front window will be 12 µm PPTA and
back window will be 125 µm Kapton, with evaporated
aluminum electrodes. The cage is designed to be gas
tight for separating detection gas volume from insulation gas outside the ﬁeld cage.
In order to prevent sparking from cathode (20 kV) to
ground the voltage step-down is situated about 6 mm
below the cathode and glued to the bottom plate of
the enclosure. The voltage step-down has 8 concentric
copper rings which step the voltage down from cathode HV to ground. The thin-walled enclosure has a
skeleton-structure of aluminum angle bars welded and
polished for sealing. Its sides and down stream walls
are made of framed aluminum sheet to minimize neutron scattering. The upstream plate will be modiﬁed
to couple to the up stream beam-line. A motion chassis and hoist beams can be attached to the enclosure
for lifting and/or rotating the entire TPC safely. We
still need to work on the calibration laser optics, the
target mechanism, and the rails, but those should be
ready by the end of 2013. We plan to ship the TPC
from MSU to RIBF in December of 2013.
References
1) T. Isobe et al.: RIKEN Accel. Prog. Rep. 46, in this
report (2013).
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Development of readout electronics for SAMURAI-TPC project
T. Isobe, H. Baba, N. Nakatsuka, T. Murakami,∗1 A. Taketani, W.G. Lynch,∗2 and E. Pollacco,∗3 for the
SAMURAI-TPC Collaboration
Investigation of heavy-ion collision is one of the
methods that can be used to study nuclear EoS. For
performing a heavy-ion collision experiment at the Radioactive Ion Beam Facility (RIBF), a time projection
chamber (TPC) will be installed in the SAMURAI superconducting dipole magnet. As the readout electronics for more than 12k channels in TPC, a novel
readout system, GET1) , is planned to be employed.
GET stands for General Electronics for TPC, and has
been developed mainly by France and USA collaboration. As shown in Figure 1, our GET system consists of
ZAP, AsAd, CoBo, MUTANT and DAQ. The functionality of each component is summarized in Table 1. Although most components are provided by GET collaboration, each experimental group has to finalize their
own system by developing some original components
specialized for their experiment. In our case,we have
developed the ZAP board, the updated DAQ, and an
online software.
One of the main features of the SAMURAI-TPC
readout system is the size of acquired data.
In spite of the data reduction and the limitation of
the trigger rate, enormous amounts of data will be
taken from the experiments using SAMURAI TPC be-

Table 1. Components of SAMURAI-TPC-GET readout
system
TPC
ZAP

AsAd

CoBo

MUTANT
DAQ

Main detector. 108×112=12096 channels
Adapter board to AsAd with protection from large signal. 1 ZAP for
1 AsAd.
ASIC and ADC board. 4 AGET ASIC
chips, FPGA and 4 ADCs (ADS6422)
on 1 AsAd board. 64 channel readout with 1 ASIC (63 ch per AGET
in our case). 512 samples at most.
1∼100 MHz sampling rate.
Programmable gain. 192 AGET, 48 AsAd
boards.
Concentration board. DDRAM for
event buffering. 4 AsAd per CoBo. Up
to 10 CoBo can be mounted on 1 µTCA crate.
Trigger and time stamping module.
1 module per µ-TCA crate.
Event building servers and computing
farm for online/offline analysis.

cause of the large number of readout channels. According to the simulation study, the most efficient way
for the reduction is zero suppression, which will reduce the size by upto 90%. Drift time of an electron
will limit the trigger to a rate between 200 and 500
Hz. In that case, the output data throughput is estimated to be 80∼300 MByte/sec, which corresponds
to 100∼300 TByte per week. To handle such large
amounts of data, the use of the RIKEN Integrated
Computing Cluster (RICC) is considered for the data
analysis.
The entire setup of the GET system for SAMURAITPC is supposed to be ready before the end of 2013.
The SAMURAI-TPC is being constructed in the US
and will be delivered to RIKEN at the end of 2013.
The bunch of electronic boards will be mounted on
the TPC and will be tested with cosmic rays. After
that, the TPC will be mounted in SAMURAI magnet
for the first experiment.
References
1) E. Pollacco et al.: Physics Procedia 37, 1799 (2012).
Fig. 1. Overview of readout system for SAMURAI-TPC
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Development of timing monitoring system for time projection
chamber readout
K.Urano, A.Taketani, H.Baba, T.Murakami,∗1 T.Isobe, and K.Kurita∗2
Construction of a large time projection chamber
(TPC) is planned for experiments in order to study the
equation of state (EOS) of nuclear matter. In order to
determine the symmetry energy term of the EOS,1) it is
necessary to measure multi particles and their momentum vectors simultaneously in the ﬁnal state of heavy
ion collisions over a large phase space.2) The TPC is
a major part of the detector that is installed in the
SAMURAI magnet gap.
The general electronics for the TPC (GET) is currently being developed3) by a collaboration among
French, American, and Japanese institutions. The
GET includes front-end preampliﬁers, analog pipeline
buﬀers, ﬂash ADCs, trigger logics, a digital readout, a
timing synchronization system, and a data acquisition
system. In the GET system, 256 channels of preampliﬁers, pipeline buﬀers, and ﬂash ADCs are packed into
one printed circuit board called AsAd. The timing signal sent from a master timing module tends to ﬂuctuate on each AsAd board upon FPGA reprogramming.
Up to 128 AsAd boards form a single GET system
and they must be synchronized accurately to run with
an approximately 100-MHz sampling clock. A timing
monitoring system, called SPYBOX, plays an important role for this purpose. The SPYBOX is required
to have:
(1) 128 input channels with LVDS signals from
FireWire connectors.4)
(2) Capability to compare the timing diﬀerence between any two inputs.
(3) A timing resolution of less than 1 ns (FWHM).

Fig. 2. Time diﬀerence of the signals passing through the
FPGA

Fig. 1. Block diagram of the SPYBOX

Figure 1 shows the conﬁguration of the SPYBOX.
When the FireWire communication protocol is not employed, each AsAd board sends its reference timing
∗1
∗2

signal to the SPYBOX through FireWire connections.
Each timing signal is received by the LVDS receiver
with a proper termination in order to isolate the AsAd
circuits from the multiplexer circuits in the SPYBOX.
The LVDS signals are fed into the multiplexers, and
two signals are selected and transferred to a time-todigital converter (TDC) that measures the time diﬀerence between the two signals. A CPU module controls
the multiplexers and reads the data from the TDC.
The CPU module also communicates with the rest of
the PC.
We used Spartan3AN FPGAs as multiplexers and a
converter. It supports 50 LVDS inputs. Four FPGAs
were programmed to work as 32-to-1 × 2 MUX, and 2
signals were selected in each FPGA. Thus, total of 8
LVDS signals were chosen. They were fed to another
FPGA and were further selected to be the start and the
stop signals for the TPC. The last FPGA also worked
as a LVTTL level adapter. The start and stop signals
were fed to the ACAM TDC-GP21 through a coaxial
cable. It had a timing resolution of 22 ps. For the CPU
module, PIC18F4550 from Microchip Technology Inc.
was used.
We checked the time diﬀerences among channels using the SPYBOX. The timing diﬀerences ranged over
1.5 ns before adjustments. Therefore we used buﬀer
delays and look-up tables inside the FPGA chips to
minimize the diﬀerence. Figure 2 shows the time difference among the signals after adjustments. The standard deviation was less than 0.12 ns. It found we can
keep monitoring AsAd boards synchoronization upon
FPGA reprogramming with a 100-MHz clock.

Department of Physics, Kyoto University
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Development of an Amplifier IC with Wide Dynamic Range for Si Detector in
RIBF SAMURAI Spectrometer
A. Takuma, K. Kurita*1, H. Murakami, A. Taketani, M. Kurokawa, M. Tanaka
A large acceptance and high magnetic rigidity
spectrometer facility, SAMURAI,1,2) is under construction
at RIKEN. We plan to perform breakup reaction
experiments that focus on the structure of proton rich nuclei.
The Si tracker is required to have an amplifier with a wide
dynamic range of more than 2500.
A dual gain amplifier that satisfies the requirement for a
wide dynamic range has already been developed.3) However,
it requires twice as many channels for the readout
electronics. To avoid this drawback, we proposed an
integrated circuit(IC) amplifier, having an output (Vout) that
is proportional to the square root of the input (Vin). We term
it the square root amplifier. The square root gain response
of this amplifier is the most suitable to equalize the Z
resolution because the corresponding energy loss is
proportional to Z2.
Figure 1 shows the schematic diagram of the square root
amplifier. An essential part of the square root amplifier is a
variable gain amplifier. The inverter inverts the signal
polarity, and the analog adder is used for DC offset
corrections.

We resolved Vout discontinuity problem at the comparator
transitions by inserting an inverter and an adder to correct
the voltage gap. VOffset1 and VOffset2 are defined as the voltage
values applied when the input voltage passes VTH1 and VTH2,
respectively. When the input signal is negative, Vclip
clipping is effective in suppressing oscillation by lowering
the gain.
We fabricated an application specific IC (ASIC) chip for
the square root amplifier with TSMC 0.5μm technology and
compared the measurements with the design values. The
ideal values were calculated by the equation (1) below.
Equations (2)-(4) describe the voltage relations.
(1)
Vout = −1.5 Vin

The design values were as follows.
Region 1 : ( 0<VAB<VTH1) Vout = −6.3Vin
(2)
Region 2 : (VTH1<VAB<VTH2) Vout = −1.2Vin + VOffset1 (3)
Region 3 : (VTH2< VAB<2.5) Vout = −0.54Vin + VOffset 2 (4)

Fig.1. Diagram of square root amplifier

The behavior of this amplifier is described by the
following three regions.
Region 1: (0<Vin<VTH1) When the applied input voltage is
less than the turn-on voltage of comparator1, the amplifier
behaves as a high-resistance device. Thus, Rf = R1 because
R2 and R3 are disconnected.
Region 2: (VTH1<Vin<VTH2) When the applied forward
voltage is more than the turn-on voltage of comparator1, the
amplifier behaves as a lower-resistance device. In region 2,
Rf = R1||R2 because only R3 is disconnected. The symbol
“||” indicates a combined resistance of the two resistors
connected in parallel.
Region 3 : (VTH2< Vin) In region 3, Rf = R1||R2||R3, because
both R1 and R2 are connected in parallel.
＊1

Department of Physics, Rikkyo University

Fig.2. Comparison of ideal, design, and experimental
values for input pulse

Figure 2 shows that the data taken are consistent with the
design values and demonstrate that the fabricated ASIC has
the suitable performance. We also confirmed that the output
voltage signal, which corresponds to the input voltage of
0.25 mV, is distinguishable from the noise level. The
dynamic range obtained was 10000.
In conclusion, we have developed a square root amplifier
and achieved a dynamic range of ~10000. The achieved
dynamic range exceeded our experimental requirement of
2500 for the SAMURAI Si tracker.
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Present status of STQ system in BigRIPS and RI-beam delivery line
K. Kusaka, M. Ohtake, T. Kubo, K. Yoshida, Y. Yanagisawa, Y. Mori,＊1 M. Ohshima,＊1 T. Suzuki,＊1
K. Yamamoto,＊1 S. Watanabe,＊1 Y. Tezuka,＊1 A. Mikami,＊1 H. Hazama,＊1 H. Shiba,＊1 H. Ito,＊2 and T. Tsuchihashi＊2
The BigRIPS in-flight separator and RI beam delivery
line are characterized by superconducting triplet
quadrupoles (STQs) with cryocoolers. Since the STQ with
cryocoolers is a “stand-alone” superconducting magnet with
a large cold mass but subject to small heat loads, 1) we adopt
a unique thermal cycle operation in which we operate the
cryocoolers continuously and never warm up the magnets2).
Two cryocoolers maintain the liquid helium levels in the
STQ cryostat. One is a Gifford–McMahon (GM) cooler
that uses Joule–Thomson expansion (GM/JT) to cool the He
vessel. The GM/JT cooler consists of two independent
coolant helium circuits, designated as the expander- and
JT-circuits. The expander-circuit is a two-stage GM cooler
and it serves as a pre-cooler for the JT-circuit. The
JT-circuit liquefies helium gas in the He vessel with the
recondensing heat exchanger unit whose temperature can be
tuned to around 4.3 K by controlling the JT-valve. The
other is a GM cooler, which cools the shield surrounding the
He vessel and power leads.
Most of the cryocoolers have been continuously operated
since 2006, and the operation time of the cryocoolers is
more than 65,000 h for STQ6-STQ15, and 55,000 h for
STQ16-STQ23.
The scheduled maintenance of the
cryocoolers are performed yearly, and all the displacers of
the GM/JT and GM coolers are replaced every 8,000 to
9,000 h of operation time, since the regenerator material in
the displacer deteriorates in its performance with time.
The degradation of the cooling capacity of the GM cooler
appears as an increase in the GM head temperature. An
example of the long-term trend of the GM head temperature
is presented in prerevious studies. 3,4)
On the other hand, the pressure of the He vessel of the
STQ is a good measure of the sound operation of the GM/JT
cooler. Since the cooling capacity of the GM/JT cooler is
2.5 W and the total 4-K heat load of the cryostat is less than
2 W, we usually maintain the pressure of the He vessel in
the range from 7 to 9 kPaG with on/off control of the 2-W
heater power output. If the cooling capacity of the GM/JT
cooler degrades, the He vessel pressure does not decrease to
7 kPaG and the heater does not turn on at first, and
eventually the He vessel pressure begins to increase. If the
pressure exceeds 20 kPaG, which is the cracking pressure of
the safety check valve, the liquid He level starts decreasing.
We observe the temperature of the GM head and the
pressure of the He vessel of all the STQs daily. We maintain
the He vessel pressure in the designed range by controlling
the JT-valve of the GM/JT cooler in order to excite the
magnets safely in the beam-time periods.
＊1
＊2

Nippon Kucho Service Co., Ltd.
Toshiba Corporation

Table 1. List of problematic GM/JT coolers.
Date of
Total Operation
Time from Last
Operation Stop
Time
Maintenance
STQ6
STQ8
STQ12
STQ13
STQ14
STQ17

Apr 2
Apr 9
May 25
Apr 13
Apr 25
Jun 4

55,088 h
52,958 h
62,887 h
61,213 h
5,3776 h
4,7913 h

5,177 h
5,377 h
6,114 h
4,940 h
5,680 h
6,722 h

Table 2. List of problematic GM coolers.
Date of
Total Operation
Time from Last
Operation Stop
Time
Maintenance
STQ6
STQ8
STQ14
STQ18
STQ22
STQ23

Jan 26
Apr 26
May 25
Feb 20
July 7
July 26

55,917 h
52,470 h
62,887 h
46,896 h
52,272 h
50,373 h

3,567 h
5,660 h
6,114 h
3,839 h
5,680 h
6,722 h

However, an unexpected rapid increase in the He vessel
pressure of the STQs occurred many times from April to
June in 2012. We were forced to stop beam time to replace
the GM/JT coolers. The problematic STQs and the
operation time of their GM/JT coolers are listed in Table 1.
The degradation of cooling capacity of the GM/JT cooler
was caused by the abnormal temperature (~15 K) of the
second stage of the expander-circuit; this temperature
should be normally below 14 K. After the replacement of
the displacer, the expander head temperature reduced below
14 K, and the cooling capacity was recovered for all the
problematic GM/JT coolers. In addition to the issues
concerning the GM/JT coolers, rapid temperature increases
in the head of the GM cooler and the power leads also
occurred many times in 2012. We were forced to perform
unscheduled maintenances wherein we replaced the
displacer of the GM cooler with cryocooler maintainers on
sites. Table 2 lists the problematic STQs and the operation
time of their GM coolers.
We have thus far not been able to determine the reason
for the degradation of the cooling capacity.
The
unexpected temperature rises of the GM head and the
expander of the GM/JT cooler are still under investigation.
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Development of new ion-optics modes with high resolution at the
second stage of BigRIPS separator
H. Suzuki, T. Kubo, N. Inabe, N. Fukuda, Y. Shimizu, H. Takeda, D. Kameda, H. Sato
We have developed new ion-optics modes with high
Bρ resolution at the second stage of the BigRIPS separator1,2). The resolutions of these new modes are calculated to be around 6600, which are double that of
the original “standard mode” optics. The resolution of
the standard mode is sufficient for the mass-to-charge
ratio (A/Q) separation of the mid-heavy isotope beams
produced at the BigRIPS separator. The new optics
modes were developed for experiments such as mass
measurements that require a greater resolution.
Two new ion-optics modes with high resolution
(“high-resolution M-half mode” and “high-resolution
D-double mode”) were obtained by doubling the ratio of the dispersion to the magnification (D/M) from
the focal planes F3 to F5 of the standard mode. The
transfer matrix elements of each optics mode from F3
to F5 are summarized in Table 1. For the all optics
modes, F3 and F5 are the achromatic and dispersive
focal planes, respectively. The optical settings from F7
to F5 are mirror symmetries of those from F3 to F5,
and thus, F7 is set as the achromatic focal plane.
The beam trajectories of the high-resolution modes
are shown in Fig. 1 along with that of the standard
mode. In the first mode, the high-resolution M-half
mode, the magnification is half that of the standard
mode (0.46), while the dispersion remains unchanged
(31.7 mm/%). An advantage here is that the original F5 degraders can still be used because the wedgeanglesof the degraders depends on the dispersion value.
In the other mode, the high-resolution D-double mode,
the dispersion is double that of the standard mode
(63.4 mm/%), while the magnification remains unchanged (0.92). In this case, the focus tuning is relatively easy because the magnification is not as small
as that for the high-resolution M-half mode. For both
modes, the angular and momentum acceptances are
reduced from the standard mode because the beam
envelopes are expanded.
In December 2012, we tested these high-resolution
modes at the BigRIPS separator. The results are described in Ref.3) .
Table 1. Transfer matrix elements of high-resolution Mhalf mode (top row), high-resolution D-double mode
(middle row), and standard mode (bottom row) from
F3 to F5.
Optics mode
M-half
D-double
standard

(x|x)
0.46
0.92
0.92

(a|a)
2.17
1.09
1.09

(x|δ) [mm/%]
31.7
63.4
31.7

F3

F4

F5

F6

F7

F3

F4

F5

F6

F7

F3

F4

F5

F6

F7

Fig. 1. Horizontal beam trajectories of high-resolution Mhalf mode (top panel), high-resolution D-double mode
(middle panel), and standard mode (bottom panel)
from F3 to F7. The horizontal angular spreads of ±10
mrad at F3 and the momentum spreads of ±1.5% are
shown.
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New high-resolution ion-optics modes
at the second stage of BigRIPS separator
N. Fukuda, T. Kubo, N. Inabe, H. Suzuki, Y. Shimizu, H. Takeda, D. Kameda, and H. Sato
Two ion-optics modes1) were examined at the second stage
of the BigRIPS separator2,3) to achieve higher Bρ resolution
compared to the standard mode. The first mode, which we
call Òhigh-resolution M-half modeÓ, has half the
magnification (M = 0.46) of the standard mode and leaves
the dispersion unchanged (D = 31.7 mm/%). The second
one, which we call Òhigh-resolution D-double modeÓ, has
twice the dispersion (D = 63.4 mm/%) of the standard mode
and the same magnification (M = 0.92). Both modes have
been designed to have a resolution twice as high (~6600) as
the BigRIPS standard mode by doubling the ratio of the
dispersion to the magnification (D/M) from the achromatic
focus F3 to the momentum-dispersive focus F5. The system
from F7 to F5 is designed as a mirror-symmetric one, and
thus, F7 is an achromatic focus.
The performance of new ion-optics modes were evaluated
by using the fission fragments with Z ~ 50 produced in the
238
U + Be reaction at 345 MeV/nucleon. The first-stage
settings of the BigRIPS were exactly the same for the three
modes of the second stage, which allow us to directly
compare the acceptances among the different modes. The
tuning of ion optics, such as focusing and achromaticity,
was performed prior to the main measurements.
The ion-optical matrix elements, (x|x), (x|a), (a|x), and
(a|a), from F3 to F5 have been extracted from the position–
position, position–angle, and angle–angle correlations of the
ions between F3 and F5. The element (x|δ) has been
obtained from the correlation between the position of F5
and the time of flight between F3 and F7 for the selected
isotope, where δ is the relative Bρ deviation. The matrix
elements thus obtained experimentally are summarized in
Table 1, along with the designed values1). Bρ was
determined by trajectory reconstruction with the measured
first-order matrix.
The A/Q spectra for Sn isotopes obtained for the three
settings are shown in Fig. 1. The range of δ used in the
analysis is set to be |δ| < 1%, which is supposed to be valid
for the use of the first-order matrix. We also put a gate on
the pulse heights of the plastic scintillators (timing counter)
to achieve better timing resolution with minimum
correction for the slewing effect. The improvement in A/Q

resolution is confirmed for the D-double mode (0.028%) as
expected, whereas the resolution for the M-half mode
(0.035%) is comparable with that of the standard mode
(0.035%). In order to properly evaluate the Bρ resolution,
we need to obtain the intrinsic resolutions of the detectors.
A detailed analysis is currently in progress.

Fig. 1. A/Q spectra of Sn isotopes obtained with the
standard mode (up), the high-resolution M-half mode
(middle), and the high-resolution D-double mode (down).
The A/Q resolution for 135Sn50+ is shown for each mode.
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Table 1. Transfer matrix elements from F3 to F5 deduced for the high-resolution M-half mode, the
high-resolution D-double mode, and the standard mode. The designed values1) are also shown.
Elements

M-half

D-double

Standard

Exp.

Design

Exp.

Design

Exp.

(x|x)

0.499±0.018

0.46

1.14±0.04

0.92

0.886±0.015

0.92

(a|a)

2.38±0.02

2.17

1.10±0.01

1.09

1.13±0.01

1.09

(x|δ) (mm/%)

31.8±0.1

31.7

60.2±0.1

63.4

30.8±0.1

31.7
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Benchmark experiment for residual radioactivity for
beam irradiation on BigRIPS

124

Xe and

238

U

K. Tanaka, N. Inabe, K. Yoshida, and T. Kubo
In the RIBF facility, intense heavy ion beams are
irradiated on the target and beam dump of BigRIPS.
To plan maintenance and improvement tasks in the
high radiation environment, the estimation of longterm residual radioactivity is important. Particle and
Heavy Ion Transport code System (PHITS)1) , which
allows Monte-Carlo calculations, is useful for evaluating the future radioactivity at BigRIPS. In this study,
benchmarks for the PHITS calculations are obtained
for precise evaluation. The activation samples were irradiated using 124 Xe and 238 U beams, and their residual radioactivities were measured. The results were
compared with those calculated by PHITS.
Figure 1 shows the experimental setup around the
beam dump. The samples were located downstream
of the beam dump. The primary 124 Xe and 238 U
beams of 345 MeV/nucleon were injected into the copper beam dump. The primary beam and most of the
charged particles generated by the nuclear reaction
at the beam dump were stopped in the beam dump.
Thus, the particles that irradiated and activated the
samples were mainly secondary neutrons. The experimental method was the same as that in a previous
study using a 48 Ca beam and details of the method
are reported in that study2) . The elements of the samples are Fe, Cu, Al, Ni, and Cr, which are widely used
in the vacuum chambers, magnets, and other components of BigRIPS. The irradiation dose at the beam
dump was 3.2×1013 (1.5pnA, 1h) for 238 U ions and
1.8×1014 (8pnA, 1h) for 124 Xe ions.
The γ-ray spectra from the activated samples were
measured using a Ge detector. Figure 2 shows the preliminary results as the production ratios of the radioactive nuclei obtained by PHITS calculations to those
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Fig. 2. Production ratios of radioactive nuclei in the samples (preliminary). Only long-lived nuclides are shown.

obtained by measurements. Since the long-term radioactivity is the focus of this study, only the results
of major long-lived radioactive nuclides are shown. To
eliminate short-lived radioactivity, the cooling time for
the measurement was between 120 and 140 days. Figure 2 shows the result of 48 Ca beam irradiation2) for
comparison purposes. In general, the results of PHITS
calculation for 124 Xe and 238 U are in good agreement
with the measurement. However, the calculated results for 48 Ca are 2 to 3 times higher than the measurements.
References

2nd
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Pro

Fig. 1. Side cross-sectional view of the experimental setup.
Detailed setup are shown in the previous study2) .
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Acceptance measurement of BigRIPS for spectroscopy of deeply
bound pionic state in 121 Sn
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Angular acceptance

ceptance at F5 can be determined by measuring the
transmission from F1 to F5. Thus by comparing the
measured position spectrum at F1 and F5, the acceptance at F5 can be obtained. The measured acceptance
and typical statistical errors are also indicated in the
left panel of Fig. 1 by the blue line and the blue error
bars. As seen, the F5 momentum acceptance is nearly
ﬂat within our ROI [-50 mm, 50 mm].
These results are consistent near the forward zero
degree and we plan to apply the same methods to different angles (1◦ ∼2◦ ,2◦ ∼3◦ ).
In addition to the momentum acceptance of the
spectrometer for diﬀerent angles, we considered the
angular acceptance near the central momentum value.
The deduction is based on the p(d,3 He)π 0 reaction,
which was measured for energy calibration. The angular diﬀerential cross section of this reaction is already
known.3) The right panel of Fig. 1 shows the angular dependence of the ratio of the measured 3 He at F5
and the calculated 3 He production. The ﬁtted line is
normalized to unity for the forward 0◦ direction. This
line corresponds to the angular acceptance of our new
optics.
We have deduced the momentum acceptance and
angular acceptance of the BigRIPS used as a highresolution spectrometer. The obtained acceptance will
be used both in the analysis of the previous experiment
and in future experiments.
Counts/1mm

We report herein on the measurement and analysis
of the acceptance of the BigRIPS when used as a highresolution spectrometer. The momentum acceptance
was measured in two diﬀerent methods, and the consistency was conﬁrmed. The angular acceptance was
also measured near the central momentum value.
We have developed a new beam optics for the primary beamline and the BigRIPS to achieve the highest
possible resolution by achieving a dispersion matching
beam optics with the primary beam.1) The newly developed beam optics is dedicated for use in our highresolution measurement of deeply bound pionic atoms
in the (d,3 He) reaction near the pion emission threshold.
The acceptance was used to obtain the excitation
spectra in our experiment for the pionic atoms in the
122
Sn(d,3 He) reaction. We placed a strip of 122 Sn at
the nominal target position of the BigRIPS and a set
of multiwire drift chambers (MWDC) at the F5 dispersive focal plane to measure the 3 He tracks. We have
successfully observed the deeply bound pionic states in
121
Sn and the angular dependence of the cross section,
for the ﬁrst time.2)
We have considered two diﬀerent methods for the estimation of the spectrometer acceptance near the forward zero degree. One is based on an assumption that
the momentum acceptance has left-right symmetry referring to the beam axis of the BigRIPS. In the abovemensioned measurement of 122 Sn(d,3 He), we observed
pionic atom formation spectra only in the lower energy side (left side) of the spectra and a structureless
continuum at the higher energy side (right side) of the
spectrum. The continuum is due to the nuclear excitation without pion production. Thus, we can deduce
the acceptance for the entire region of interest by obtaining the reﬂection of the observed continuum with
reference to the beam axis. The left panel of Fig. 1
shows the uncorrected spectrum for the reaction angle
of <1◦ with the acceptance obtained by the abovemensioned procedure and indicated by the red curve.
Another method is the direct observation of the momentum acceptance using a very wide momentum distribution of a mixture of fragments (mainly 12 N, 8 B,
10
C, and 14 O) produced in the reactions of the 18 O
beam with the energy of 260 MeV/u on a 9 Be target
with a thickness of 740 mg/cm2 . We measured the
fragment momentum distributions at the focal planes
from F1 to F5. Since the acceptance at F5 is much
smaller than that at F1, we can conclude that the ac-
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Fig. 1. (Left) 3 He horizontal position spectrum measured at
F5 for the reaction angles <1◦ . The red curve represents
the deduced acceptance by fitting the right-side region. The
blue curve similarly represents the acceptance achieved from
the comparison of the position spectrum at F5 with that at
F1. (Right) Measured angular acceptance and fitted curve.
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Energy resolution of ionization chamber for 345 MeV/nucleon heavy ions
Y. Sato, N. Inabe, D. Kameda, T. Kubo, Y. Shimizu, H. Suzuki, H. Takeda,
A.Taketani, D. Nishimura, N. Fukuda, M. Fukuda, H. Murakami, and K. Yoshida

Here, m0 denotes the electron rest mass, V denotes the
velocity of ions, = V/c, and I denotes the mean ionization
potential of the target electrons. The term EM represents the
maximum energy transferable to the target electrons. The
parameter LLS denotes the correction term calculated by
Lindhard and Sørensen7). It incorporates the Mott correction,
the Bloch correction, and the nuclear size effect. The term
for density effect correction is negligible.
In addition, the fluctuation of the energy loss  due to
electron collisions is given by

where the parameter X is calculated in LS theory7).
However, in the gas ionization chamber, some generated
-rays have a range exceeding the dimensions of the cavity.
Therefore, in such a case, the energy deposition will be less
than the energy loss, and the observed fluctuation of the
energy deposition will differ from the energy straggling
function of ions. This effect can be considered by using the
truncated Bethe – Bohr model8). In this model, we define the
cut-off energy of -rays Ed, and we assume that -rays (E >
Ed) do not contribute to the energy deposition and its
fluctuation. For a more exact calculation, we added the
correction parameters, LLS and X, to this model. The mean

2.0

●G1: Z = 21-39
■G2: Z = 36-51

1.8

/E (%)

Ionization chambers are used for the operation of the
BigRIPS spectrometer and ZeroDegree spectrometer to
identify the atomic number of particles in flight by
measuring their energy deposition 1-3). The configuration,
manipulation, and performance of the ionization chambers
have previously been reported4,5). However, the details of
the relationship between the energy resolution for heavy
ions and their atomic numbers are still unclear. Here, we
report on the study of the energy deposition in the
ionization chamber (effective gas length of 48 cm) installed
at the F11 focal plane of the ZeroDegree spectrometer. The
measured energy resolutions were compared with calculated
values.
The energy depositions E and their distributions  by
the heavy ions were measured via the new isotope search
experiment conducted in 20086). The energy resolution,
E, for fragments from the 345-MeV/nucleon-238U
improved with the atomic number Z of the fragments. This
can be seen in Fig. 1 (plots); the A/Q values of fragments in
the G1 (circles, Z: 21-39) and G2 (squares, Z: 36-51)
settings in a previous study were 2.665 [6].
Simply stated, the energy resolution of the E detectors
is given by the average energy loss and fluctuation of the
energy loss. The average energy loss E of ions with charge
Ze passing through a small thickness x with an electron
density ne can be expressed as7,8)
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Fig. 1. Energy resolution vs. atomic number Z obtained for
fragments of 238U at 345 MeV/nucleon. The solid line
indicates the result of fitting with EBB using the
fitting parameter Ed. The calculation without considering
the effect of -rays escaping, E, is shown as a dashed
line.

energy deposition and its fluctuation are given by

The experimental data is fitted to EBB using the
fitting parameter Ed as shown in Fig. 1 (solid line). The fit
shows good agreement with the experimental values. From
the fit, the value of Ed is found to be 310 keV (R 55 cm),
where R denotes the effective range of the electrons in the
gas. On the other hand, the dashed line indicates the result
of the calculation without the effect of -rays escaping, i.e.,
the case of Ed = EM. These results indicate the improvement
in the energy resolutions due to the effect of -rays escaping
from the cavity. The cut-off energy of electrons and its
range reflect the cavity size. The effective gas length in our
case is 1.2 times longer than that of the FRS in GSI, and the
cut-off ranges measured in the FRS were 33-44 cm8).
These results clearly show that the energy resolution of
ionization chambers for heavy ions strongly depends on
-rays escaping from the cavity. This fact provides useful
information to optimize the composition and improve the
performance of gas ionization chambers.
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Development of dispersion-matching transport
for SHARAQ experiments
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S2. The width of this histogram represents the resolving power of the SHARAQ system, which was estimated to be p/δp = 3000 by considering the eﬀects
of multiple scattering in the tracking detectors positioned in the beamline. This resolution is due to the
improvement in lateral dispersion matching between
the beamline and spectrometer, and it is considered
to be the result of iterative tuning in the present procedure. However, this width still suﬀered from diﬀerent trajectories at BigRIPS-F3, where the beam spot
size and angular spread were horizontally 3.9 mm and
14.8 mrad (FWHM), respectively. Consequently, we
successfully achieved a resolving power of p/δp = 8100
by correcting the horizontal shifts at S2 calculated
from the beam trajectories measured at F3 and the
ﬁrst-order transport matrix elements from F3 to S2.
This improvement is indicated in red in Fig. 1(c). Data
analyses of higher-order matrix elements and of the
transport matrix related to the TOF between F3 and
S2 are now in progress.
X position at SHARAQ target (mm)

(a) Lateral Dispersion Matching

(c) Momentum Resolution
∆p =
0.6%

w/ 1st order
correction
Yield (a.u)

Position at Final Focal Plane (mm)

(b) Angular Dispersion Matching
X position at SHARAQ target (mm)

For high-resolution spectroscopy at SHARAQ1) , we
have provided beams with two ion-optical modes, depending on the required experimental design. These
modes are Dispersion matching (DM) transport2) and
High-resolution achromatic (HRA) transport3) . A
beam study was performed to improve the momentum
resolution of the DM transport and to implement and
conﬁgure the new procedure to tune the DM transport.
Here, we report the results of the beam study.
The DM mode is designed for high-resolution measurements of transfer momenta in a reaction by using
the ion optics wherein the position and angle at the
ﬁnal focal plane of the spectrometer (S2) are independent of the beam momenta. The designed resolving
power of the DM mode is p/δp = 15000. Further details concerning the DM mode are described in Ref.2) .
The DM transport was performed in 2010, and we have
simultaneously achieved lateral and angular dispersion
matching conditions at SHARAQ with an RI beam of
∆p/p = 0.1%. The momentum resolution achieved at
that time was p/δp = 1800 (FWHM).
The DM transport requires tuning before every
physics measurement. In the previous procedure for
tuning the DM optics, the SHARAQ spectrometer was
ﬁrstly tuned by the HRA mode and the beamline optics was switched to the DM mode and tuned. In
the present study, we primarily set the DM trajectory
of the beamline by satisfying each focus condition in
the beam transport sequence. In the last step, the
SHARAQ spectrometer was iteratively tuned to reproduce the designed features of the secondary-target (S0)
and S2 foci. This new procedure was very eﬀective
in terms of reducing the beam tuning time, because
we did not have to tune the HRA transport. Consequently, we reduced the tuning time by 4 hours (1/3
of the original amount of time).
In the DM transport, the beam-momentum dependences on the horizontal position and angle at S2 were
designed to be vanished. These features of the beam
are shown in Figs. 1(a) and (b), which show the plots
of the lateral and angular dispersion matching between
the beamline and SHARAQ, respectively. In Fig. 1(c),
the black histogram shows the horizontal spot size at

p/δp
8100 (FWHM)
[1.6 mm(FWHM)]

w/o correction

3000 (FWHM)
[2.6 mm(FWHM)]

Position at Final Focal Plane (mm)
Angle at Final Focal Plane (mrad)

Fig. 1. Beam properties in the DM transport of SHARAQ.
Figs. 1(a) and (b) show lateral and angular momentum
matching plots at S2. Fig. 1(c) shows the achieved resolving powers without and with corrections made from
the beam information at F3.
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A new neutron detector with a high position resolution for the
(p, pn) reaction on rare isotopes
M. Sasano, Y. Kubota,∗1 T. Uesaka, S. Kawase,∗1 S. Ota,∗1 R. Tang,∗1 H. Tokieda,∗1 H. Miya, M. Kobayashi,∗1
H. Matubara, M. Dozono, C. Lee,∗1 T. Wakui, M. Itoh,∗2 K. Sekiguchi, and T. Taguchi
Nucleon-knockout (p, pN ) reactions at intermediate
energies (200–300 MeV) are a powerful probe for understanding the nature of single particle states (SPSs)
in nuclei1) . Exclusive measurements of the (p, pN ) reactions allow the determination of SPS properties such
as separation energies, which has made them one of the
hot topics discussed in studies on unstable nuclei.
The ﬁrst goal of our (p, pN ) studies is to measure
SPS spectra for oxygen isotopes of 14−24 O at the RIBF.
For the (p, 2p) reaction, we have performed an experiment on these isotopes at the RIBF (SHARAQ04).
In the same experiment, we preliminarily measured
the (p, pn) spectra using neutron detectors with a conventional design consisting of plastic scintillators with
sizes of 6.5 × 6.5 × 220 cm3 with two photomultiplier
tubes (PMTs, Hamamatsu H7195) at both ends. In
this setup, only a poor resolution of about 5 MeV was
achieved for the neutron SPS energy spectra, which
was not suﬃcient for distinguishing between individual SPSs.
Herein, we present the development of a new neutron detector with a high position resolution better
than 3 mm to measure neutrons with kinetic energies ranging from 50 to 200 MeV, emitted from the
(p, pn) reactions at 200 − 300 MeV. The opening angle
θ between the beam-origin ejectile and knockout neutron predominantly determines the separation energies
of SPS. The achievement of the position resolution of
3 mm in the direction of the opening angle is required
for the separation-energy resolution of 500 keV, when
the detector is placed at a distance of 2 m from the
target.
Figure 1 shows a schematic view of the prototype detector, which has a total volume of 30.0 ×
30.0 × 1000 mm3 of a highly segmented array consisting of 64 plastic scintillating ﬁbers each with sizes of
3.75 × 3.75 × 1000 mm3 . Scintillation photons generated in each ﬁber are read out using the multi-anode
PMT (Hamamatsu H7546B), where photo-electron signals are independently multiampliﬁed for each anode
channel without losing the information on the ﬁber position at which the photon is generated.
In November 2012, a test experiment of the prototype detector was performed at the Cyclotron and
Radioisotope Center (CYRIC), Tohoku University for
examining the method to reconstruct the neutron hit
position as well as to calibrate the detection eﬃciency.
A preliminary analysis shows that the detection eﬃ-

ciency is about 2.0% and 1.6% for 68- and 50-MeV
neutrons, respectively, when the threshold is set to the
dynode signal of each PMT around 4 MeV electronequivalent energy. Figure 2 shows a hit pattern of anodes of the PMT in the unit of QDC channels for a typical neutron-detection event. In this event, the ﬁber in
which the reaction due to the incident neutron occurs
can be easily identiﬁed, implying that an uncertainty of
the detection position of ±1.85 mm can be achieved.
The detailed analysis for establishing the method of
the hit-position reconstruction is under progress.
In summary, a prototype neutron detector with a
high position resolution has been developed for measuring SPS energy spectra on oxygen unstable isotopes via the (p, pn) reaction with a high resolution
in the separation energy of about 500 keV. By performing a test experiment using neutron beams at 68
and 50 MeV, we have obtained preliminary results of
the detection eﬃciencies as well as the hit-pattern information needed for further analysis.
We acknowledge the staﬀ at CYRIC for their eﬀorts
and support.
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Fig. 1. A schematic view of the prototype detector. See
text for details.

Fig. 2. An example of the hit pattern obtained for an event
caused by a neutron at 70 MeV. See text for details.
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The polarized proton target in SHARAQ04 experiment
T.L. Tang, T. Kawahara, T. Wakui, S. Sakaguchi, S. Kawase1 and T. Uesaka,
The nucleon knockout reaction is used in SHARAQ04
experiment, which is performed in RIKEN RIBF. A
polarized proton target was employed in the experiment for
identifying the total angular momentum of knockout
protons. The pulsed laser dynamic nuclear polarization 1)
was used to polarize the target proton.
The principle of proton polarization is based on
Hartman-Hahn theory 2) that the ESR (electron spin
resonance) frequency of electrons in rotating frame matches
the Larmor frequency of protons. In mathematical form,
�

�
� ���
��� � ��� � � ���

(1)

where �� is the ESR frequency in lab frame, ��� is the
microwave frequency, ��� is the equivalent frequency by
the microwave’s magnetic field, and �� is the proton
Larmor frequency.
The system of polarized proton target included a target
crystal, magnet, laser, microwave, magnetic field sweep,
cooling chamber, and vacuum chamber. The target crystal
was naphthalene doped with 0.05 mol% of pentacene, in
which, the pentacene molecules are the polarizing agent.
The ground state of pentacene is a spin-0 singlet state.
Further, there are excited triplet states of spin-1 3). The
electron polarization was transferred to the proton owing to
the hyperfine coupling between triplet state electrons and
proton when equation (1) was satisfied. The magnetic field
set the proton Larmor frequency. Two 514.5-nm continuous
wave argon Lasers excited the pentacene into triplet states.
The two lasers beams were chopped to form pulses. The
microwave drove the electrons oscillating between triplet
states � � �� and � � � . The magnetic field sweep
swept through the ESR spectrum to make more electrons
involved. The polarization direction can be adjusted by the
phase of field sweep for cancellation of spurious asymmetry.
The crystal was polarized under -160 oC for reducing the
thermal depolarization. The settings of the polarization
system are listed in Table 1.
The vacuum chamber contained the cooling chamber and
it was connected to the beam pipe. A crystal holder, the
crystal, microwave coil, magnetic field sweep coil, and
NMR coil were placed inside the cooling chamber. The two
laser beams were fed to the crystal through windows from
outside. The chambers have arc openings that spanning 150o
horizontally and 20o vertically along the beam line. 128-μm
Kapton films covered the arc openings and allowed
particles to go through and maintain vacuum pressure.
1

Table 1. Settings of the polarization system.
Magnetic field [mT] 64.2 ~ 65.6
Vacuum [mbar]
7×10-2
o
Temperature [ C]
-160
Laser 1 power [W]
10.7
Laser 2 power [W]
11.1
Chopper frequency [kHz]
3.5
Laser pulse width [ns]
83.9
Microwave frequency [GHz]
2.695
Microwave power [W]
2.6
Microwave pulse width [ns]
15.9
Field sweep [mT]
±3
Field sweep gate width [ns]
16.5
Field sweep Phase
0/180
The detection of polarization was done by two methods:
proton-proton elastic scattering and NMR (nuclear magnetic
resonance) detection. The elastic scattering can determine
the absolute polarization, and the NMR signal provides a
quick and easy way to monitor the relative polarization
during the nuclear experiment. However, the NMR coil and
the magnetic field sweep coil interfere each other. They
have to be separated manually between polarization and
polarization measurement. A 4~5 degree NMR pulse is used
that it will not destroy the polarization. The crystal’s
polarization is then monitored by the NMR signal for every
2 hours on average. The relative polarization by NMR
signal is shown in Figure 1. The absolute polarization by
analyzing the proton-proton elastic scattering data is still
underway.

Figure 1. NMR signal of the polarized proton target.
In conclusion, the experimental conditions and setup
were reported. Many improvements were suggested from
this experiment. They can be employed in future
experiments that use a polarized proton target as a standard
tool.

Center of Nuclear Study, Tokyo University
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Enlargement of solid polarized proton target for RI-beam experiment
S. Sakaguchi, T. Uesaka, T. Kawahara, T.L. Tang,∗1 and T. Wakui
The direct reaction with spin polarized light ions
has been utilized as a powerful probe for investigating
the nuclear structure, reaction mechanism, and interactions. For applying such method to studies of unstable nuclei, we have developed a solid polarized proton
target system which can be operated in a low magnetic
ﬁeld of 0.1 T1) . Measurement of the spin-asymmetry
in the scattering of unstable nucleus has been realized
for the ﬁrst time by using this target2) . The range of
its application will be extended by enlarging the size
of the target. The existent target has a diameter of
14 mm, which is smaller than the typical spot size of
the RI-beams. To increase the target size, we improved
three components as described below.
First, we prepared a large target material, which is a
single crystal of naphthalene with a diameter of 25 mm.
The crystal was fabricated by the vertical Bridgman
method in cooperation with Ohyo Koken Kogyo Co.,
Ltd. The crystal is to be shaped into a disk with a
thickness of 3 mm and a diameter of 24 mm.
Second, we modiﬁed the sizes and materials of the
polarizing devices shown in Fig. 1(a). The crystal,
mounted on a target holder, is surrounded by a loopgap resonator (LGR) with a diameter of 28.2 mm
for microwave irradiation. The LGR is installed in
a NMR coil (30.4 mmφ). For transmitting microwave
to the LGR, we have another coil, called coupling coil
(31.2 mmφ). Position of the LGR and the NMR coil
can be controlled by turning the shafts with metal
gears. The angle of crystal holder can also be controlled with another shaft. By turning each shaft by
360 deg., one can move the LGR or the NMR coil by
17 mm, or rotate the crystal holder by 34.7 deg. Materials of the holders, gears, shafts, shaft holders, and
a gear stage are diﬂon, brass (C3604), SUS304, brass
(C5191), and SUS316L, respectively.
Finally, we developed the loop-gap resonator (LGR).
It has a cylindrical shape, and generates an oscillating electromagnetic ﬁeld along its axis. This ﬁeld is
required for transferring electron polarization to protons. As for the resonance frequency fMW , there
are two requirements. First, the quarter wavelength
λ/4 ≡ c/4fMW should be suﬃciently larger than the
diameter of the LGR, 28.2 mm, for preventing the LGR
from working as an antenna. From this requirement,
fMW should be lower than ∼1.9 GHz. The second
requirement is concerned with the strength of static
magnetic ﬁeld, which deﬁnes the direction of polarizing
axis. As high polarization requires stronger magnetic
ﬁeld and the ﬁeld strength increases as fMW , fMW
should be higher than ∼1.3 GHz. Considering these
∗1
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requirements, the optimum microwave frequency is expected to be in a region of 1.5–1.8 GHz. We designed
a trial LGR with a resonance frequency of 1.50 GHz in
calculation which is known to be higher in actual cases
by 0.3–0.7 GHz. The designed LGR has 19 plates of
4.4 µm-thick copper on both sides of a 25 µm-thick
Teﬂon sheet as shown in Fig. 1(b). To cover the circumference of a LGR holder (88.67 mm), width of LGR
is set to 89.60 mm. As the LGR sheet crinkles slightly,
width of the overlap was ∼0.6 mm. We measured resonance pattern of the fabricated LGR, and found a
sharp resonance peak at 2.15 GHz as shown in Fig. 2.
The frequency will be retuned in the next version.
In summary, we have fabricated a new target crystal, device holders, moving system, and a microwave
resonator for enlarging the size of the polarized proton
target from 14 to 24 mmφ. Other components such as
coils for NMR and magnetic ﬁeld modulation are under development. Upgraded polarized proton target,
which are to be completed in near future, will expand
the range of its application in RI-beam experiments.

Fig. 1. (a) Target crystal and polarizing devices. (b) Loopgap resonator (LGR) for MW irradiation.

Fig. 2. Resonance pattern of the LGR.
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Relaxation rate of proton polarization in p-terphenyl at room
temperature
T. Kawahara, T. Uesaka, S. Sakaguchi, L. T. Tang,∗1 and T. Wakui
A polarized-proton solid-target system constructed
at the RIKEN RIBF and the Center for Nuclear Study,
University of Tokyo, has a distinguished feature: a relatively high eﬃciency of 20% can be achieved with a
low magnetic ﬁeld of 0.1 T, which enables measurement
→
of the reactions such as the (−
p , 2p) reaction with RI
beams at intermediate energies1,2) . Up to now, however, the temperature of the target material is required
to be around 100 K or lower, thereby limiting the application of this system. Thus, we are trying to achieve
the same level of the polarization at room temperature,
i.e. around 300 K. Once achieved, it would lead to new
opportunities in measuring low-energy reactions such
→
as the (−
p , d) transfer reaction as well as many medical
applications using polarized materials.
A straightforward approach to realize high polarization at room temperature is to increase the laser
power to excite a maximum number of molecules to
electron-spin triplet states. However, the temperature
rise caused by laser irradiation can also increase the
relaxation rate of the polarization, eventually degrading the polarization. Herein, we examine the method
to overcome this problem.
Figure 1 shows the magnitude of proton polarization
as a function of the average laser power.

eﬀect of the temperature rise. A similar trend is also
reported in Ref. 3.
Figure 2 shows the polarization relaxation rate, Γint ,
as a function of the temperature in a region from 283
to 363 K.

Fig. 1. The average laser power dependence of the magnitude of proton polarization.

1)
2)
3)
4)

Fig. 2. The temperature dependence of relaxation rate of
proton in p-tephenyl. The lower region was measured
by K. Kohda et al..4)

Here, N2 gas, whose temperature was controlled by
using liquid N2 in conjunction with a heating system,
was used for changing the temperature of a crystal with
sizes of 1.5 ×2.0 ×11.0 mm3 . A thermometer was attached at the end of the crystal. As shown in the ﬁgure,
as the temperature increases from 300 K to 360 K, the
rate dramatically increases almost by a factor of 5, as
expected from Fig. 1. For temperatures below 250 K, it
is known that the relaxation rate deteriorates because
of unfavorable change in the crystal structure4) . Thus,
keeping the crystal temperature around 300 K is crucial for achieving high polarization using high power
laser. Further examination of the condition to achieve
high room-temperature polarization is under progress.
References
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Technical knowledge about cooling of CRYPTA for liquid helium
M. Kurata-Nishimura, R. Yokoyama, K. Kisamori, H. Otsu and Y. Kondo
Dense and pure element target is one of the most
important subject for increasing statistics of unstable
nuclear experiment. For instance, since liquid helium
has a density that is about 800 times higher than that
of helium gas at room temperature, the reaction rate is
expected to be increased proportionally to the density.
The CRYPTA1) (cryogenic proton and alpha target
system) has been used for a variety of experiments at
RIBF. The system has been established well but it is
still important to accumulate technical knowledge to
be shared by others. In this paper, two ﬁndings about
cooling of the CRYPTA for the liquid helium are introduced.
A structure of the CRYPTA for the liquid helium
target is shown in Fig. 1. A 4K-Giﬀord-McMohon cycle refrigerator (RF704S) is mounted on top of a vacuum chamber and the ﬁrst stage and the second stage
of the refrigerator are connected to a heat shield and
a target cell, respectively.
The system was operated for several years after a
previous experiment without maintenance, and thus,
the cooling problem has been observed, as shown in
Fig. 2. The temperature of the heat shield suddenly
increased from 20 K to 163 K in 30 min and 2.5
hours later, slowly dropped to the designated temperature. After eight hours, temperature oscillation
was observed at the heat shield and the target cell. It
continued until the cryogenic system was turned oﬀ.
During the operation, the body of the refrigerator also
cooled down.
This behavior was found to be caused by the damage of two insulators. The ﬁrst and the second insulator isolate room temperature helium gas from the ﬁrst
stage helium gas and the ﬁrst stage one from the second stage one, respectively. Because a small chasm
developed between the insulator and a shrunken metal
at the cryogenic temperature, mixing of two diﬀerent
temperature gases took place. The mixed helium gas
increased temperature and when the chasm was occluded by restoring of the metal, the system operated
normally. By replacing the insulator by a company,
the CRYPTA was recovered.
In order to cool the target cell to the designated
value of less than 4.2 K to liquify helium gas with 1
atmosphere, a heat shield that prevents thermal radiation from a vacuum chamber is necessary around the
target cell. On the other hand, no material is preferable to avoid background reaction, and hence, there
are 50 mmφ holes at the entrance and exit along beam
direction. In order to evaluate the eﬀect of the hole at
the heat shield, the reachable minimum temperature
was compared by changing the material attached to

Fig. 1. Schematic drawing of the CRYPTA for liquid helium target.

Fig. 2. Time variation of temperature for CRYPTA. Unexpected increase and decrease was observed periodically.

the hole. The results are listed in the Table. 1. Without any material, the cell temperature was down only
to 9.5 K, which is too high to liquify helium gas with
1 atmosphere. With 4 µm aluminized mylar foil, the
temperature reached 4.4 K, which means that this foil
is not adequate for absorbing thermal radiation. In
contrast, the 12 µm aluminum foil and 0.11 mm aluminum tape worked as a thermal radiation absorber
eﬀectively, and the thickness of 12 µm was suﬃcient.
The amount of the absorption depends on the physical
properties, such as reﬂectance ratio and thermal conductivity of a material and surface area. Aluminum
foil is one of the best choices, and thinner foils should
be tested in further development.
Table 1. Lowest temperature with material covering at
holes of heat shield
Material
No Material
Al Mylar
Al foil
Al Tape

Thickness
4 µm
12 µm
0.11 mm

Lowest Temperature [K]
9.5
4.4
3.6
3.5
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Development of fast charging kicker system for Rare-RI Ring
Y. Yamaguchi, S. Sato,∗1 A. Tokuchi,∗1∗2 W. Jiang,∗1 T. Kikuchi,∗3 A. Ozawa, and M. Wakasugi,
We use a kicker system for injecting a particle into
the Rare-RI Ring as well as for extracting the particle
from the ring. For this reason, a fast-response mechanism1) for the kicker power supply is indispensable
to establish a self-trigger individual injection method,
and a fast-charging mechanism for the kicker power
supply is also necessary to extract a rare-RI from the
ring.
The goal of shortening the charge time is defined
based on the following conditions. The circumference
of the ring is about 60 m. The revolution time of a particle is about 350 ns at the energy of 200 MeV/nucleon.
To measure the flight time of the particle with an accuracy on the order of 10−7 , it is necessary to take at
least 2000 revolutions corresponding to about 0.7 ms
in flight time. Since the recovery time of a thyratron
is typically less than 0.5 ms, the target charge time
is 0.2 ms. Recently, we succeeded in shortening the
charge time. In this paper, we report the results.
We have verified our results by using a model kicker
system.2) The charge time of a model kicker power
supply is about 100 ms, which is excessively long according to the requirements. Hence, we adopted a new
charging mechanism, called the hybrid charging system. Figure 1 shows a schematic diagram of the hybrid
charging system. The main part provides about 90%
charging voltage, and the remaining 10% is supplied
by a sub-part of the system. The main charge is completed in about 0.1 ms using a double forward converter
Main part

~90%

Sub-part

Voltage

100%

Fig. 2. Example measurement results. Yellow, red, and
green waves show the main-charging current, sub-part
charging current, and charging voltage, respectively.

Hybrid
Charging
System

Current
0

500 kHz
~ 0.1 ms

References
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1) Y. Yamaguchi et al.: RIKEN Accel. Prog. Rep. 44, 157
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2) T. Ohkawa et al.: Nucl. Instrum. Meth. Phys. Res. A
547, 287 (2005).

time

Fig. 1. Schematic diagram of the hybrid charging system.
Blue and red lines show the voltage and current, respectively. The scaling is arbitrary.

composed of IGBTs and a pulse transformer. After
the main charge was completed, the sub-part charge
∗1
∗2
∗3

is immediately started. The sub-part charge is completed within 0.1 ms using a high-frequency (500 kHz)
resonant circuit and a pulse transformer. In addition,
when the charging voltage is attenuated, the sub-part
operates to maintain the charging voltage level.
By using the hybrid charging system, we achieved
a charging time of 0.2 ms, which yields the shortest
repetition time of about 0.7 ms, as shown in Fig. 2. We
also confirmed that a rated charging voltage is possible
up to 75 kV and that the fluctuation of the charging
voltage was achieved to be less than ±1%. The subpart of the system contributes to this small fluctuation.
New kicker power supplies with fast-response and
fast-charging mechanisms are under construction, and
we plan to test the performance of our new kicker
power supplies in the fiscal year 2013.

Extreme Energy-Density Research Institute (EDI), Nagaoka
University of Technology
Pulsed Power Japan Laboratory Ltd.
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Overhead traveling crane with transfer bridges for the Rare-RI Ring
T. Fujinawa, T. Maie, Y. Yamaguchi and M. Wakasugi
When construction of the Rare-RI Ring in the K4
room was being considered, one of most difficult
obstacles to surmount was to carry out construction
without disturbing the fifteen pillars in the room. The
presence of the pillars makes the layout and overhead
crane plan complicated. Even the purchase of many
cranes will leave several narrow paths and unreachable
places. As a solution to this problem, an overhead
traveling crane with a transfer bridge system was
designed and implemented. The system consists of three
beams with two saddles, two transfer bridges (each 1.71
m in length) and only one suspension-type hoist motor.
The hoist motor with heavy load is designed to move to
any beam through the transfer bridge(s) and be able to
carry the load to the destination without transshipment
(the layout is shown Fig. 1).

Fig. 1 System layout, Blue hatching line shows crane working
area.

The specifications of the crane are listed in Table.1.
All the motors are equipped with an exclusive variable
voltage variable frequency (VVVF) inverter speed
control system. Further the hoist motor is a
high-resistance basket-type induction motor. Both the
VVVF and the high-resistance basket-type induction
motor do not require special skills or training for
operation.
Table 1 Technical specifications
Hoist

The capacity of the hoist is designed to be 4.9 tons (t)
because the system is controlled wirelessly.
The skill training course for crane operation is set to
moving less than 5 t with radio control use; crane
operation with more than 5 t requires a license. There are
a few licensed operators in the RNC. The weight of the
bending magnet for the ring is 8 t, and therefore, the
separate top and bottom parts of the magnet can be
hoisted by the 4.9-t crane, and using a 4.9-t crane is more
economical than using a 10-t crane. When the hoist
crosses over the bridge to the beam and vice versa, all
the beams and bridges are positioned in a straight line,
and they are locked by pneumatic control cylinders and
pins (Fig. 2). During crossing, the crane speed is slowed
down automatically. The crane’s precision passion and
speed are controlled by limit-switches located at both
ends of the beams and bridges. The air compressor for
pneumatic control is normally used for other pneumatic
control systems of the Rare-RI Ring, this saves space and
costs.

Fig. 2 Hoist, crane beams, and transfer bridge

This crane was commissioned at the end of September
2012, and it was useful in the construction of the stage
for the ring and water cooling system. Further, from the
New Year onwards, it will be used for installation of the
ring and for hoisting the DC power sources. The
contractor for crane construction has been given to
Mitsubishi Electric FA Industrial Products Corporation.

No.1 Crane

No.2 Crane

No.3 Crane

Capacity

4.9 ton

Rail span

3.63m

6.08m

3.78m

Lifting Height

6.8m

Run

25.14m

31.19m

31.19m

Lifting Speed

0.9-8m/min

Control

Wireless

Wireless

Wireless

Traveling Speed

2.5-25m/min

2.4-24m/min

2.4-24m/min

2.4-24m/min
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AC power system for Rare-RI Ring
T.Fujinawa, K. Kumagai, Y. Yamaguchi and M. Wakasugi
Rare-RI Ring1) is under construction. It requires an AC
power system for magnet power supplies with capacity of
2.5 MW-415 V, and for the vacuum system needs 210 V. In
2012, the AC power source so-called metal clad switchgear
for Rare-RI Ring was constructed, as shown in Fig.1.
The switchgear supplies five types of electricity, three
phase 415 V, 210 V, single phase 240 V, 210 V, and 105 V.
Such a combined system is a first for RIBF. For the magnet
power supply, two dry-type transformers of 6.6 kV/415 V
with delta-star and delta-delta connections are manufactured.
For rectification power, these two types of windings can
produce less harmonic currents with multiple rectifiers. The
power capacity becomes 1.5 MVA for each, and this value
is the largest in the RIBF for an MV/LV transformer. The
delta-star 1.5 MVA transformer has a high efficiency rate of
99.40% and that of the delta-delta is 99.36%.
A Double-Power Transformer was newly introduced,
which enables simultaneous supply of three phase 210 V
and single phase 210/105 V from one transformer. Its
capacity is 200 kVA. Compared to the normal case where
two transformers are used, this system enable reduction of
space and cost, and it needs only one vacuum circuit
breaker (VCB). Its transformer is of a star-delta type, and its
efficiency rate is 98.86%.
Two sets of air circuit breakers (ACBs) are lined up on the
LV side. The DC output of the power source for main
magnets in the Rare-RI Ring is more than 3500 A. A
corresponding rated AC current of 2000A and breaking
current of 65 kA are required for those ACBs.

This is the first time ACBs are used in the RIKEN Wako
campus. The transformers together with breakers of
medium-voltage VCBs, ACBs, and low-voltage
no-fuse-breakers with an earth leakage trip element (ELCB)
are based on the Japan electrical manufacturers’ standard
(JEM) 1425 &1265 and IEC 62271-200. Such a switchgear
is very safe for humans.
The switchgear is connected to the RIKEN Wako-No.2
high-voltage substation feeder No 52RF5 using a
6.6kV-triplex-type
cable
with
an
environmental
management (EM) cross-linked polyethylene insulator and
a polyethylene sheath (XLPE/PE). The size of the cable is
150 mm2 and the allowable current is 286 A. The cable
withstands a shortcut current of 22.43kA.2)
The feeder No 52RF5 was originally for the SHARAQ3),
but it was transferred to No 52RF6, because the current
transformers (CT) capacity of 52RF6 is not sufficient for
3.2 MVA but sufficient for SHARAQ. According to quotes
given by the manufacturer, it would have been very costly
to change the CTs.
The protection relays are installed on both the feeder side
(52SRF5) and the incoming side (52SRF5R). The feeder
side detects over current (50), short-circuit-current (51) and
ground directional current (67), and the Rare-RI Ring side
detects under voltage (27), 50 and 51.
The control system operates with DC110V and can work
during an electrical power outage as well. It can be operated
both locally and remotely. A remote control with a
flat-panel display can be employed in the CGS center
control room located in the NISHINA memorial building.

From 52SRF5
CVT 150 sqmm
52SRF5R
27.50.51
VCB600A-25kA

52SRF5R2
51.67
VCB600A-25kA

52SRF5R1
51
VCB600A-25kA

6.6kV/ 415V
1500 kVA

6.6kV/ 415V
6.6kV/ 3φ210V & 1φ210/105V
1500 kVA
200kVA
ACB for main magnets

ACB for main magnets

R
For
magnet

NFB for
4 pole magnet

1φ240V
For
Heaters

YYy

NFB for
4 pole magnet

YYy

T
For
Vacuum system

105V
105V

S

Fig.1. Single line diagram
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Water cooling system for experimental facilities in the RIBF building
T. Fujinawa, T. Maie, Y. Yamaguchi and M. Wakasugi
In the RIBF building experimental facilities, development
work for the water-cooling system for SHARAQ1) was in
the first stage in 2008 and that for SCRIT2) was in the
second stage in 2010 and has now reached the final stage.
The third stage was signed in 2012, with NIPPONKUCHO
SERVICE CO. LTD. which carried out the first stage
successfully. The flow diagrams are shown in Fig.1.The
specifications for the third stage is described in the
following text. The primary pump with a capacity of 55 kW
and 2370 ℓ/min and water pressure 784 kPa was installed in
the pump room in the K4 basement together with 2 MW
heat exchanger (HEX), ion-exchanger resin, and other
components. The pump is composed of stainless steel. The
electrical motor for the pump is of the 4 pole
high-efficiency type with 93.7% efficiency at 75 - 100%
load and 93.2% efficiency at 125% load. The current is 99.3
A, power factor is 82.2%, and slip is 0.99% at full load. The
pump and motor in the pump room of K4 operate quietly.
The motor is connected to the existing motor control center
spear unit of RIBF water cooling system. The motor control
center is in the accelerator building on the 1st floor. This
ensures that there are no additional costs for the power
supply of the cooling system. The capacity of the cooling
tower for the third stage is 2 MW. The tower contains two

Fig.1 Flow diagram. The colored portion denotes the third stage.

high-efficiency 7.5 kW fans. It is located on the roof and
connected with existing cooling towers. Presently, the total
capacity of the cooling towers is 4 MW with 8,614 ℓ/min.
The system for all stages is monitored and controlled
remotely as well as locally. There is a flat display unit in the
helium cryogenics control room, where operators work all
year around. Rare-RI Ring uses SHARAQ as the BT line,
and so the operation screen shows both SHARAQ and
Rare-RI Ring together. The control power for all systems
was changed from socket outlet of the commercial source to
the existing metal-clad switchgear of MV/LV water-cooling
system, which also connects to the CGS3) bus. Through this
modification, the reliability was improved. The primary
cooling line is designed as a closed pipe line to avoid water
evaporation. The system has a makeup water alarm device,
which is sounded in the control room when a water leakage
occurs.
Presently, the temperature is controlled by a three-way
valve and the on-off action of cooling fans from the cooling
tower. In the future, the unit-system of the temperature
controller, which allows a permissible error of ±0.1 °C, will
be connected without making any large modifications to the
existing setup.

References
1) T. Fujinawa et al.: RIKEN Accel. Prog. Reo. 41,133 (2008).
2) T. Fujinawa et al.: RIKEN Accel. Prog. Reo.43,142 (2010).
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Design of the trim coils generating the isochronous magnetic field
for the rare-RI ring
J. Ohnishi, Y. Yano, Y. Yamaguchi, and M. Wakasugi
betatron amplitude. The real trim coils were fabricated as
these designs and installed on the existing dipole magnets.

Fig. 3. Arrangement of the trim coils attached on the
pole faces of the dipole.
0.003

trim1
trim3
trim5
trim7
trim9

0.002

Bav (T)

The rare-RI ring is a cyclotron-like storage ring with an
isochronous magnetic field. The circumference of the ring
is 60.35 m, and the momentum acceptance is ±0.5% for a
standard beam with an energy of 200 MeV/nucleon and a
magnetic rigidity of 6 Tm. Figure 1 shows the arrangement
of a 1/12 unit cell of the entire ring. A total of 24 dipole
magnets of the rectangular type are used. The length of the
orbit, for which the deviation from the central orbit is x, is
represented as L = 60.35 + 24 × 2 × x × tan7.5º, and ∆x is
±34 mm for the beams with dp/p = ±0.5%.
Figure 2 shows the average magnetic fields along the
beam orbit in the 30º arc region of the unit cell. Three lines
indicate the isochronous magnetic field for the mentioned
standard beam and those calculated from a magnetic field
map of the dipole. The isochronous magnetic fields are
generated with ten one-turn trim coils attached on the pole
faces of the dipoles. Figure 3 and 4 show the arrangement
of the trim coils in a cross-section of the dipole and the
calculated average magnetic field which each trim coil
generates at a current of 300 A, respectively. A set of the
trim coil currents can be calculated by the least square
method using the average magnetic fields. The trim coil
currents and fitting residuals for the standard beam are
listed in Table 1 and shown in Fig. 5, respectively. Figure 5
shows that the accuracy of the isochronous magnetic field is
within 3×10-6 in the orbit region of ±50 mm including the
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-0.003

-0.1

-0.05

0
X (m)
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Fig. 4. The average magnetic field generated by each
trim coil excited at 300 A.
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regulated dB

15

dB /B (ppm)

10

Fig. 1. 1/12 unit cell of the rare-RI ring.
0.96

Bav (T)

-5
-15
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Fig. 5. Fitting of the residual error for the
isochronous magnetic field. The red line denotes the
regulated value in the width of 20 mm.
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Table 1. Currents (A) of the main and trim coils for the
isochronous magnetic field (200 MeV/nucleon, 6 Tm).
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Fig. 2. The average magnetic field of the dipole and
the isochronous magnetic field for the standard beam.
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Extremely fast, high-precision mass measurements with
multi-reﬂection time-of-ﬂight mass spectrograph†
P. Schury, F. Arai, Y. Ito, H. Mita, S. Naimi, T. Sonoda, M. Wada, and H. Wollnik
For oﬄine testing of the MRTOF1) , a thermal
ion source capable of proving alkali element ions has
been used to perform a doublet mass measurement of
40
Ca+ /40 K+ . The atomic masses of 40 Ca and 40 K differ by 1.311 MeV/c2 . An example spectrum is shown
in Fig. 1 with 173 detected ions of 40 Ca+ accumulated over the course of 2 hours. The FWHM of
these ToF peaks was ∆t≈8.2 ns – a mass resolving
power of Rm ≈140,000 achieved with a time-of-ﬂight of
t≈2.3 ms. An equivalent measurement by the popular method of Penning trap mass spectrometry would
require a magnetic ﬁeld strength of more than 170 T.

Fig. 1. Time-of-Flight spectrum of

40

+

Ca

and

40

Fig. 2. Deviations of the measured mass of 40 Ca from the
literature value2) . The red lines show the weighted average of the measurements.

+

K .

Furthermore, using this mass doublet, we were able
to verify that the MRTOF-MS is capable of an extreme level of mass precision. Previous attempts to
determine the absolute precision limit of the device
using triplet measurements of 39,40,41 K+ were stymied
by slight drifts in the voltages between measurements,
as the triplet could not be simultaneously measured
due to a limited mass bandwidth of the device. Since
this doublet is within the mass bandwidth of the device (roughly estimated as A/q divided by the number
of reﬂections), the two experience the same drift and
the aﬀect of any such drift is cancelled out. To prevent excessive peak broadening from drifts, individual
measurements were limited to 2 hours.
The mass of 40 Ca+ can be determined from the times
of ﬂight by
m(40 Ca+ ) = m(40 K+ ) ·

[t(40 Ca+ )+t0 ]2
[t(40 K+ )+t0 ]2

such, neglecting it would introduce a systematic error
of ∆m/m ≤10−9 , making it negligible in this case.
A set of 20 measurements of the 40 Ca+ /40 K+ doublet were taken over the course of two days. In each,
the peaks were ﬁt by Gaussian functions to determine
the ToF centers. The mass of 40 Ca+ was then calculated using Eq. 1 with t0 neglected. The resultant
deviations from literature values are shown in Fig. 2.
The weighted average deviation is ∆m=-0.2(2.3) keV.
From this we conclude that the fundamental accuracy
limit of the MRTOF-MS is ∆m/m ≪10−7 .

(1)

Generally, two species of reference ions are needed to
determine t0 – the delay between the TDC start signal
and actual ion ejection from the ion trap – in Eq. 1.
This delay has been measured to be t0 ≈150 ns. As
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The extremely fast nature of this measurement is
particular favorable in light of a planned campaign to
measure trans-uranium elements at the GARIS facility. Two of the desired ﬁrst-round candidates are 256 Rf
(T1/2 =6.5 ms) and 261 Bh (T1/2 =12 ms). As the required MRTOF-MS measurement time scales with the
square-root of the mass, these extremely short-lived
nuclei would each require merely t≈5.9 ms to achieve
a similar resolving power to Fig. 1. In the future we
hope to increase the resolving power while reducing the
required number of laps to achieve even faster results
with a wider mass bandwidth.
References
1) P. Schury et al.: RIKEN Accel. Prog. Rep. 45, p.147
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Development of an adiabatic ﬁeld rotation system to measure spin
polarization of unstable nuclei
Y. Ishibashi, N. Yoshida, H. Ueno, A. Yoshimi, Y. Ichikawa, Y. Abe, K. Asahi, M. Chikamori, T. Fujita,
T. Furukawa, E. Hikota, D. Nagae, Y. Ohtomo, Y. Saito, H. Shirai, T. Suzuki, X.F. Yang, and N. Sakamoto

Rotation magnet

up/down ratio R of β-rays emitted from 20 F nuclei was
measured with a pair of plastic-scintillator telescopes
positioned above and below the crystal.
−
→
Obtained 20 F spin polarization values with the d
beams whose spin directions were “up” “down” and
“unpolarized” with respect to the direction of the B0
ﬁeld, are plotted in Fig. 2. The obtained P (20 F) =
−
→
−0.3(2)% with the “unpolarized” d beam indicates
a deviation from P (20 F) = 0, caused by the eﬀect
of the B0 ﬁeld rotation on the eﬃciency changes of
PMTs connected to the plastic scintillators. This effect can be reduced by placing the PMTs at a distance
from the magnet. Further, corrected P (20 F) values,
calculated taking the P (20 F) = −0.3(2)% eﬀect as a
common baseline shift, are also indicated by the values in red and expressed along the y-axis on the right
in Fig. 2. From this analysis, we concluded that the
system works as designed, despite the small baseline
−
→
shift. We also note that the d beam delivered from
AVF cyclotron at the RIBF facility was shown to be
useful to produce spin-polarized RIs, and it was ﬁrst
applied in the present R&D study.
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Ground-state nuclear moment measurements of unstable nuclei have been conducted by the β-ray detected nuclear magnetic resonance (β-NMR) method1)
by utilizing the fragmentation-induced spin-polarized
radioactive isotope (RI) beams.2) In this method, a resonance can be observed if both the conditions, namely
production of a polarized RI beam and a resonant
frequency scan of the oscillating magnetic ﬁeld in βNMR measurements, are simultaneously met, which
makes the obtaining of β-NMR measurements complicated. In order to investigate the production of spin
polarization separately from the resonance scan, a new
adiabatic ﬁeld rotation (AFR) system has been developed.3) In this system, a static magnetic ﬁeld B0 ∼ 300
mT is applied using a pair of permanent Nd magnets
to preserve the polarization, and it can be adiabatically inverted in 150 ms by rotating the Nd magnets
mechanically. Since the direction of RI spin is also inverted according to the B0 rotation, the magnitude of
spin polarization (or more correctly, the product of the
spin polarization and the β-decay asymmetry parameter) can be determined through the change in the β-ray
asymmetry, as done in conventional β-NMR measurements.
The performance of the system was studied with
spin-polarized 20 F (I π = 2+ , T1/2 = 11.163 s) nuclei
−
→
produced in the 19 F( d ,p)20 F reaction at E/A = 7
−
→
MeV at the RIBF facility. A spin polarized d beam
was provided by a polarized ion source4) and was accel−
→
erated by the AVF cyclotron. The d beams impinged
on a CaF2 crystal to produce polarized 20 F. The crystal was placed at the center of the AFR apparatus,
as illustrated in Fig. 1, at room temperature. The

-1.5

down

d beam spin polarization

Fig. 2. Obtained polarization of 20 F. The values in black
along the y-axis on the left are of uncorrected spin polarization, and those in red along the y-axis on the right
are the corrected ones. For the correction factor, see the
text.

β-ray detector
Vacuum chamber
Polarized d beam
β-ray detector

References

CaF2 crystal
Fig. 1. A schematic layout of the adiabatic ﬁeld rotation
system.
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Resistive surface current electrode for ion guide gas cell
H. Mita, T. Sonoda, M. Wada, H. Wollnik, S. Davila,∗1 G.A. Eiceman,∗1 H. Tomita, C. Sakamoto,
T. Takatsuka, T. Noto, F. Arai, H. Iimura, Y. Itou, S. Naimi, P. Schury

φ=

ρi
πr

(1)

where φ, ρ, i, and r are the potential, electrical resistivity, surface current, and radius of the resistive
surface current electrode. Since the potential is inversely proportional to the radius, the resistive surface
current emulates the condition for ions swallowed up
to the exit hole.
We have fabricated a resistive surface current electrode at NMSU (New Mexico State University). First
we prepared a ceramic electrode whose diameter is 10
mm with a 1 mm exit hole at the center of electrode. A
resistive layer and conductive layer were sprayed on the
ceramic surface at the appropriate separated region.
In order to test the resistive surface current electrode, it was installed in the resonant laser ionization
gas cell, which was developed for the prototype Parasitic Laser ion source (PALIS) system4) . In the present
test, we evaluated the extraction time for the photoionized ions, with and without surface current on the
resistive surface. The experimental setup is shown in
the left side of Fig. 1.
The indium atoms are evaporated by resistance
∗1

Fitting function = A exp(-Bt)

gas cell
500 hPa Ar

the resistive surface current electrode

70 mm
laser beams

gas inlet
Indium in crucible

Indium
exit hole
vacuum

Surface current (V)
200V
100V
0V

300

normalized ion intensity (counts)

An electric ﬁeld guidance for high-energy radioactive
ion thermalized in a gas cell is important for avoiding
a long extraction time. A long extraction time causes
severe ion losses not only due to the short life-time of
radioactive nuclei, but also due to any loss processes
in the gas cell, such as neutralization, molecular formation, and diﬀusion to the walls. Additionally, when
using a large gas cell, ions are no longer eﬃciently directed to the small exit hole without proper electric
ﬁeld. Thus far, several techniques have been developed
on this background, such as an rf-ion guide1) , dc-ion
guide2) and, recently, cyclotron-ion guide3) . To investigate the new technical challenge, we have developed
a resistive surface current electrode for focusing ions
towards the exit hole using just dc current.
Ion motion at the extraction stage near the exit in
the gas cell strongly depends on the passage of ions
through the small exit hole. If a simple static electric
ﬁeld exists, the ions follow the line of the electric force
and the velocity is proportional to the electric ﬁeld.
In such case, for extracting ions from the exit hole to
the vacuum side, it is necessary to create a line of the
electric force that is terminated at the vacuum or at
the region dominant by gas ﬂow. This situation can
be realized using a resistive surface current electrode,
as represented by the following equation:

B (ms)
29(2)
33(2)
70(6)

250
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150
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30

40

50

extraction time (ms)

Fig. 1. The left figure shows the experimental set up for
the test of the resistive surface current electrode, and
the right graph shows the experimental data for the
extraction time of photo ionized ions with and without
the voltage for surface current.

heating transfer on the titanium crucible at the middle of the gas cell. They are transported by gas ﬂow
towards the exit hole. Two steps resonant laser ionization is performed for indium atoms. The laser beams
are irradiated on the longitudinal axis of the cell, and
in principle, the atoms that stay in the laser beam path
are ionized anywhere inside the gas cell. However, the
majority of atoms are ionized near the exit hole where
they are gathered. The extraction time from the place
where atoms are ionized to the vacuum where photoionized ions are detected was measured by recording
the time period between the laser pulse and the ion
detecting pulse. We clearly observed the eﬀect of electric ﬁeld on the resistive surface electrode, as shown in
the right side of Fig. 1. Under higher gas pressure condition (500 hPa argon), the extraction time decreases
compared to that of transported by gas ﬂow, although
there was no enhancement or reduction in ions intensity.
The resistive surface current electrode was developed
for investigating a new electric ﬁeld guidance in the gas
cell. We will apply this new technique for future PALIS
experiments.
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An rf-carpet electrospray ion source to provide isobaric mass
calibrants for trans-uranium elements
S. Naimi, S. Nakamura, Y. Ito, H. Mita, A. Ozawa, P. Schury, T. Sonoda, A. Takamine, M. Wada, H. Wollnik
As a preparation for superheavy elements mass
measurement campaign at GARIS1) with our multireflection time-of-flight mass spectrograph (MRTOFMS)2) , we have build a molecular ion source to provide
isobaric reference ions for all trans-uranium elements.
This novel ion source is based on electrospray ionization combined with an rf-carpet3) to collect molecular ions efficiently. The rf-carpet allows for simplification of the pumping system to transport ions from
the source to the MRTOF-MS. The details of this ion
source is shown in Fig. 1. To produce molecular ions
a solution is prepared and then transported to the ESI
capillary, where the ions experience a strong electric
field resulting from the voltage difference between the
latter and the transport capillary. This forms the Taylor cone, which forces the liquid to evaporate toward
the capillary and allows for the formation of free molecular ions or their clusters. The ions are transported
into the capillary by air flow to the rf-carpet, where
they are stopped near the surface by a radiofrequency
pushing rf field and driven by a dc field to the exit
hole (0.5 mm diameter). The characteristics of the
rf-carpet for different mass regions have been investigated4) . High mass ions can be transported using
considerably lower frequency, dc and rf amplitudes of
the rf-carpet. Once extracted from the ions source the
molecular ions are transported to the high vacuum region, where a quadrupole mass filter (QMS) is placed
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Fig. 2. Time-of-flight recorded with the MRTOF-MS for
several number of reflections. At high number of reflections masses with A = 243, 244 and 245 were separated
as well as their isobars produced with the molecular ion
source. The color represents the ion intensity.

for initial mass selection. The selected ions are then
send to the MRTOF-MS for analysis.
Molecular ions appropriate for isobaric references
of trans-uranium elements, such as,243−245 Np, 243 Cf,
243−245
Es, 243−245 Fm and 245 Md, were efficiently extracted from the ion source and analyzed by the
MRTOF-MS as shown in Fig. 2. We have also
tested the performance of the MRTOF-MS, which
could achieve 100,000 mass resolving power in only 20
ms (Table 1) for heavy masses making it the fastest
and the most appropriate device for direct mass measurements of short-lived trans-uranium elements.
Table 1. Time-of-flight, peak width and the mass resolving
power obtained for various molecules from the molecular ion source using 200 ppm of C6 H8 O7 sample dissolved in methanol and traces of formic acid. The peak
width ∆t (ns) is the FWHM of the Gaussian fit.
m/z
243
244
245





rf-carpet exit hole	

(Φ 0.5 mm)	


Molecules
C12 H9 N3 O+
3
C12 H10 N3 O+
3
C10 H5 N4 O+
4
C12 H11 N3 O+
3

Time-of-flight (ns)
20,493,142.0(0.5)
20,482,317.1(1.8)
20,469,137.7(1.4)
20,471,084.7(3.1)

∆t
92
120
103
138

Rm
112,000
86,000
99,000
74,000

References

Fig. 1. Schematic overview of the new ion source, which
consists of an electrospray ionization (ESI) system for
ion production and an rf-carpet for ion collection. The
typical distance between the two capillaries is about 2-3
cm and the diameter is about 0.25-0.5 mm.
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Investigation of the ion-surﬁng transport method
with a circular rf carpet
F. Arai, Y. Ito M. Wada, P. Schury, T. Sonoda and H. Mita
High-energy radioactive isotopes produced in-ﬂight
can only be used in precision experiments after the decrease of their energy through collisions with a buﬀer
gas in a gas cell. Such thermalized ions are extracted
from the gas cell as a low-energy ion beam. In order to
transport and extract ions quickly and eﬃciently, the
guidance by electric ﬁelds is necessary. In this respect,
an rf-carpet (RFC) method with a dc potential gradient is used as the standard technique1) . For studies of
more exotic nuclei, however, a larger RFC is required
in turn requiring faster transport and simpler implementation to avoid discharge within the gas cell and
mechanical complexity.
Recently, an alternative concept for ion transport
by means of a traveling wave was proposed as illustrated in Fig. 1(a), called “ion surﬁng”2) . This concept was experimentally realized and studied with a
linear RFC3) . An rf voltage applied to the electrodes
+Vp

RF-carpet
ring electrodes

(b)

ion

RF: 0¡ 0¡ + wave: 0¡
RF: 180¡ + wave: 90¡
RF: 0¡ 0¡ + wave: 180¡
RF: 180¡ + wave: 270¡

+Vp

Fp
FRF

ion

FRF

Exit nozzle

Push electrode

K ion source
K+ ions

Exit nozzle

F.C.

wave to inside

IFC

RF-carpet
ring electrodes

wave to outside

IRFC

Iouter
1.2

Outer electrode

1.2

140 Vpp

1.0

Fig. 1. (a) Concept of ion surﬁng with schematic of the
applied rf and wave signal phases. (b) Sketch of the
transport eﬃciency measurement method. An rf frequency fRF of 9.8 MHz, AF frequency fAF of 2 kHz,
and helium pressure of 20 mbar were used.

with a 180 phase shift between adjacent electrodes
creates an eﬀective repelling force for the ions. In order to keep the ions just above the RFC surface, the
repelling force FRF needs to be balanced by a force opposite in direction, called the “push” force Fp , which
can be provided by a static potential Vp . In the ionsurﬁng scheme, the conﬁned ions are transported along
the surface by superimposing a weak audio frequency
(AF) signal that is phase-shifted by 90◦ on adjacent
electrodes to form an overall traveling wave. Under
optimal conditions, the speed of the ions approaches
the wave’s speed3) .

1.0

0.8

120 Vpp
0.8

0.6

0.6

Efficiency

Fp

Efficiency
EfÞciency

(a)

In the practical gas cell setup, the ions have to be
extracted from a tiny exit nozzle. In this study, the
transport and extraction of K+ ions were tested with
the experimental setup shown in Fig. 1(b), using a
circular RFC with 0.5-mm-diameter nozzle; this setup
has the same geometry as that used for an rf-carpet
electrospray ion source4) . The RFC consists of a planar
printed circuit board with 54 ring electrodes, each 0.15
mm in diameter with 0.3 mm pitch. During the measurements, three currents were measured: the current
striking the RFC electrodes IRFC , the current reaching
the outer electrode Iouter , and that of the RFQ rods
behind the nozzle IFC . The dc oﬀset of the outer electrode was set to 0 V, which is the same as the RFC
voltage oﬀset, while that of the RFQ rods was ﬂoated
on -55 V to extract the ions. The transport eﬃciency
εouter was determined by the ratio Iouter /IRFC and the
transport eﬃciency including extraction εext was determined by the ratio IFC /IRFC . The typical eﬃciency
trends are shown in Fig. 2 as a function of the wave
voltage VAF at Ep = 1 V/mm for various rf voltages.
For higher values of VAF , the eﬃciency drops because
the strong VAF causes the ions to strike the RFC electrodes. The higher VRF in turn leads to increase in
FRF and therefore, the eﬃciency reduction is rather
suppressed. An eﬃciency of ∼100% was obtained at
Ep = 1 V/mm for both εext and εouter , and at Ep = 3
V/mm for εouter .
We are planning to apply this method to the
SLOWRI gas cell with improved geometry in FY2013.
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Fig. 2. Experimental results for εouter (left) and εext (right)
at Ep = 1 V/mm for each rf voltage VRF .
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Development of the KISS gas cell
Y. Hirayama,∗1 N. Imai,∗1 H. Ishiyama,∗1 S.C. Jeong,∗1 Y.H. Kim,∗1 H. Miyatake,∗1 M. Mukai,∗1 M. Oyaizu,∗1
Y.X. Watanabe,∗1 Y. Matsuo, T. Sonoda, M. Wada, M. Huyse∗2 , Yu. Kudryavtsev∗2 , and P. Van Duppen∗2
We have constructed the KEK Isotope Separation
System (KISS) to study the beta-decay properties of
neutron-rich isotopes with a neutron number around
N = 126 from the astrophysical viewpoint.1) A gas
cell ﬁlled with argon gas at a pressure of 50 kPa, which
stops and collects unstable nuclei, is used in conjunction with a laser resonance ionization technique essential for selectively extracting isotopes of interest. We
have reported the results of the oﬄine and online tests
to investigate the performance of the KISS gas cell.
We successfully extracted a stable nickel (which
evaporated from a nickel ﬁlament placed in the gas
cell) ion-beam, ionized using the laser resonance ionization technique at the oﬄine test.2) By using an nickel
beam with the energy of 28 kV, we optimized the RF
and DC voltages of the SextuPole Ion Guide (SPIG)
for cooling and extracting the beam, and obtained the
mass-resolving power of 900, which is suﬃcient for selecting only ions having the mass numbers of interest
to us.3)
Plasma induced by primary beam irradiation into
the gas cell is supposed to reduce the ionization eﬃciency and selectivity. In order to measure the absolute extraction eﬃciency and selectivity of the KISS
under the plasma induced by a primary beam, it was
necessary to perform an online test and measure the
eﬃciency and selectivity as a function of the primary
beam intensity. For the online test using 56 Fe, we performed an oﬄine test using an iron ﬁlament to identify
the ionization scheme of the iron element and to measure the mass distribution.
We tried to identify a new eﬃcient ionization scheme
for the iron element. As a result, it was discovered that the transition of 3d6 4s2 (J=4) → 3d6 4s4p
(J=5) (λ1 =248.402 nm) → auto ionization state
(λ2 =423.784 nm) is an eﬃcient ionization scheme.
The strength of the transition to the excited state is
one order of magnitude stronger than the early established ionization scheme. The saturation power for the
1st step laser (λ1 ) was only 15 µJ/pulse, which was
easily available in the present laser system.
We measured the mass-distribution in the region of
A =40∼120 in the oﬄine test, and found that the intensities of iron isotopes (A =54, 56, 57, and 58) were
consistent with the natural abundances. An amount of
30% of iron isotopes formed hydrates such as Fe(H2 O)n
(n =1, 2, and 3). In order to reduce the amount of the
hydrates and improve the extraction eﬃciency, it was
necessary to refrigerate the gas cell and argon gas down
∗1
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to ∼100 K for freezing water molecules. The design of
a cryogenic gas cell is in progress.
We prepared two types of gas cells to study the
plasma eﬀect and determine the proportion of the primary beam that can be implanted into the gas cell.
One is a simple “straight type” gas cell, which is affected by the plasma eﬀect. The other one is a “bent
type” gas cell, which is designed to reduce the plasma
eﬀect. In the ﬁrst online test, we used the “straight
type” gas cell, and in the next step, we plan to use the
“bent type” gas cell.
We performed the ﬁrst online test using 56 Fe with
an energy of 90 MeV/nucleon and an intensity of 1
pnA. To implant the 56 Fe beam at the center of the
gas cell, the energy of 56 Fe was degraded to about 1
MeV/nucleon at the entrance of the gas cell using aluminum degraders (2.65 mm in thickness). The beam
intensity at the center of the gas cell was reduced to
0.2% of that upstream of the degraders.
The intensity of the extracted 56 Fe was measured
with and without the irradiation of the ionization laser.
However, the intensity was insensitive to the laser irradiation. This indicates that no neutral atom of 56 Fe
was ionized by the laser. It was thought that the implanted 56 Fe atoms formed impurity molecules in the
gas cell. In the mass distribution with the region of
A =40∼250 measured in the online test, we observed
intense peaks of impurity molecules at each mass number. We reproduced almost the same mass-distribution
by irradiating the α-particles emitted from the 241 Am
source in the oﬄine test. It is supposed that the argon
ions induced by the α-particles or 56 Fe beam combine
with hydrocarbons and water molecules.
The reason for the observation of no 56 Fe ions is that
during the neutralization process of the 56 Fe ion, this
ion became a molecular ion combined with a hydrocarbon and/or a hydrate, and consequently, the molecular
ion became neutralized. By baking the gas cell system
and inserting an additional molecular ﬁlter in the gas
supply line, we have cleaned the gas cell and the gas
supply line in order to measure the 56 Fe ions ionized
by the laser irradiation. The impurity level is expected
to become about 0.1 ppb. After the cleaning, we plan
to conduct the performance tests using “straight type”
and “bent type” gas cells.
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Improvement of the ﬂuorescence detection system operation for laser
spectroscopy of RI atoms in superﬂuid helium OROCHI
H. Tetsuka, T. Wakui, T. Furukawa, X. F. Yang, K. Imamura, Y. Yamaguchi, T. Fujita, Y. Tsutsui, Y. Mitsuya,
Y. Ichikawa, Y. Ishibashi, N. Yoshida, H. Shirai, M. Hayasaka, Y. Ebara, S. Arai, S. Muramoto, A. Hatakeyama,
M. Wada, T. Sonoda, Y. Ito, T. Kobayashi,∗1 S. Nishimura, M. Nishimura, Y. Kondo, K. Yoneda, H. Uemastu,∗2
H. Ueno, T. Shinozuka,∗3 T. Shimoda,∗4 K. Asahi, and Y. Matsuo
We have developed a new nuclear laser spectroscopic
technique in superﬂuid helium (He II). We call this
method OROCHI (which denotes optical radioisotope
atom observation in condensed helium as ion-catcher).
Owing to a considerable wavelength diﬀerence between
the ﬂuorescence and excitation wavelength in He II, the
use of wavelength-separation ﬁlters can greatly reduce
the background, which mainly originates from the excitation laser in the ﬂuorescence detection system.1) We
have succeeded in observing laser induced ﬂuorescence
(LIF) from 87 Rb (energy: 66A MeV) atoms stopped in
He II.2) However, the reduction of the background due
to stray laser light remains insuﬃcient for the observation of low-yield radioactive isotopes (RIs). We report
here two major revisions in the ﬂuorescence detection
system operation: (1) improvement of the laser beam
shape and (2) optimization of the laser beam path.
Figure 1 shows a schematic diagram inside a 1.5K bath of a helium cryostat.3) The distance between
an RI-beam port and the laser beam path is 7.5 mm.
Since the laser initially had poor beam quality, its
outer lobe hit the port, producing intense stray light.
In order to solve this problem, we adjusted a laser resonator to provide a laser light having a proﬁle close to
a Gaussian shape. Further, we covered the port with
a shield made of black alumite, which has low reﬂectivity. As a result, the intensity of the stray laser light
was reduced to 4.0 × 103 cps at 100 mW from 5.6 × 104
cps in the previous experiment, conducted in 2010.
The intensity of the stray laser light as a function of
the laser position, measured after these improvements,
is shown in Fig. 2. In spite of the improvements, two
background peaks were still observed at x = −5.0 mm
and −1.1 mm. The increase at x = −5.0 mm was
found to originate from laser beam scattering at the
port because the transmitted power was reduced. The
increase at x = −1.1 mm was considered to be due
to laser light reﬂection from optical windows because
there was no indication of laser power loss. At the
other laser position, the intensity remained reasonably
small. This result enabled us to observe the Zeeman
resonances of introduced Rb isotopes, not only the primary 85 Rb but also the radioactive 84 Rb in September
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2012.4) The minimum beam intensity required for the
measurement was estimated to be 103 pps.
To address the observed lower yield RIs, we plan to
reduce the stray laser light by painting the inside of
the 1.5-K bath black.

Fig. 1. Schematic diagram of 1.5-K bath. The RI beam is
injected from the lower right. Laser light perpendicular
to the RI beam passes through the bath. The diameter
of laser beam is approximately 1.5 mm.

Fig. 2. Count of stray laser light as a function of the laser
position along the horizontal direction. The position
x = −7.5 corresponds to the center of the 1.5-K bath.
The RI-beam port is located at x = −7.5 mm.
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Control of stopping position of Rb beam in superfluid helium for
nuclear laser spectroscopy of RI atoms in OROCHI
X.F. Yang, T. Furukawa, T. Wakui, K. Imamura, H. Tetsuka, T. Fujita, Y. Yamaguchi, Y. Tsutsui, Y. Mitsuya,
Y. Ichikawa, Y. Ishibashi, N. Yoshida, H. Shirai, Y. Ebara, M. Hayasaka, S. Arai, S. Muramoto, A. Hatakeyama,
M. Wada, T. Sonoda, Y. Ito, T. Kobayashi, S. Nishimura, M. Nishimura, Y. Kondo, K. Yoneda, H. Ueno,
T.Shinozuka,∗2 T. Shimoda,∗1 K. Asahi, and Y. Matsuo
In order to investigate the structures of exotic nuclei of extremely low yields by measuring nuclear spins
and moments, our group has developed a new laser
spectroscopy technique for the Optical Radioisotope
atom Observation in Condensed Helium as Ion-catcher
(OROCHI) system. Our technique has been demonstrated as feasible by means of a considerable amount
of oﬀ-line and on-line R&D studies1)2) .
In the online study, the stopping position of atoms
in He II is crucial for the success of the experiment, because the maximum volume of the observation region
for the photon detection system is only 5 × 2 × 2mm3 .
The degree of control should be suﬃciently accurate to
stop the atoms just on the line through which the laser
passes, and this can be achieved by a system mainly
comprising an degrader and two plastic scintillators,
as shown in Fig.1a). The degrader used to control the
energy of RI beams is made of aluminum foils whose
thickness can be adjusted from 0 µm to 800 µm in steps
of 12.5µm. One plastic scintillator with two PMTs (TrPL) placed in a pre-cryostat chamber is used to count
the ions introduced into the chamber. Another one
(He-PL) located at the center of the cryostat is used
to check the stopping position of atoms. This system
functioned as designed with respect to the stopping
position of an 87 Rb beam (energy: 66MeV/u) directly
introduced into He II in a previous experiment2) .
In the comparison of the measured stopping range
with that calculated using with the LISE++3) , the
Ziegler code is found to be more applicable for our
beam energy4) . Based on the LISE++ calculation, we
found that most of the unstable Rb isotopes produced
by the projectile-fragment reaction of a 85,87 Rb beam
at E/A = 66 MeV cannot reach the observation region in He II. Some upgrades of the setup were made
to modify the length of the air gap from 75 cm to
less than 40 cm, which can promise that the secondary
beam of 84,85 Rb can reach the laser beam in He II.
The experiment was carried out for 84,85 Rb beams
with RIPS, in which the performance of the stoppingposition control system of Beams in He II was investigated. The actual procedure conducted with the 85 Rb
beam was as follows: First, from a prior LISE++ calculation, we estimate the appropriate degrader thickness as 312.5 µm for stopping 85 Rb at the center of
He II, where the Rb beam-path length was 7.5 mm;
subsequently, during beam time, the relationship be∗1
∗2
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tween the ratio of counts from He-PL (NT ) to Tr-PL
(NH ) and the degrader thickness was obtained. From
the measurement, the optimum Al degrader thickness
fell in the range of 300 ∼ 350 µm; Finally, we counted
the number of laser induced ﬂuorescence (LIF) photons
(NL ) from the stopped atoms to determine the stopping position. The peak position in Fig. 1b) yields
a the degrader thickness of 337.5 µm, which corresponds to the thickness at which accelerated atoms
are stopped at right position. For the isotope 84 Rb,
we performed a similar procedure to obtain a degrader
thickness value of 50 µm, which is fairly consistent with
the LISE++ calculation result. Based on the exact determination of the stopping position, we performed the
OROCHI experiment and succeeded in observing the
polarization of 84,85 Rb atoms immersed in He II5) .

Fig. 1.:
a) Schematic view of the system.
b)Relationship between NT /NL and degrader thickness. The peak value provides gives the thickness corresponding to the stopping position of the control system for the online experiment
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Development of a laser system towards optical pumping of various
elements in OROCHI experiment
Y. Yamaguchi, H. Tomita, T. Furukawa, C. Sakamoto, T. Kobayashi, M. Tachikawa,∗1 K.D.A. Wendt,∗2
and Y. Matsuo
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In future, we are planning to conduct optical pumping of In atom in He II using this laser system. For this
purpose, we are going to extend available wavelength
range through the optimization of the laser cavity.



We are developing a laser system for OROCHI (Optical RI-atom Observation in Condensed Helium as
Ion-catcher) experiment for the study of elements of
unstable nuclei in superﬂuid helium (He II) using optical pumping and laser-radio frequency/microwave double resonance. In He II, the line width of excitation
spectrum spreads by the eﬀect of surrounding helium
atoms and multiple energy levels of atoms are excited
at the same time even with a single frequency laser.
Using this feature, we succeeded in reproducing the
nuclear magnetic moments and the spins of stable alkali atoms (Rb, Cs) in He II1) and also in generating
the spin polarization of group 11 elements (Ag, Au)2) .
We are now planning to generate spin polarization for
multi-electron atoms like group 13 elements (Al, Ga,
In) whose energy levels are complex3) . Output power
of a few hundred mW is required to generate spin polarization in He II. For these purposes, we started to
construct a new light source which can be operated
within a wide wavelength range from visible to ultraviolet by a combination of Ti:Sapphire laser with intracavity Second Harmonic Generation (SHG).
As a ﬁrst step, we built a laser cavity to obtain the
excitation wavelength (370 nm) of indium (In) atom in
He II. The basic design of a Ti:Sapphire laser is based
on a group of Mainz University4) . Figure 1 shows the
present laser cavity composed of a Ti:Sapphire crystal,
a birefringent ﬁlter, a focusing lens and a SHG crystal (LBO). The operation scheme of this laser cavity
oscillation is the following. Ti:Sapphire crystal is excited by a pulsed Nd:YLF laser (wavelength 527 nm,
repetition rate 100 Hz-10 kHz, pulse width 200 ns) and
a ﬂuorescence from Ti:Sapphire crystal is ampliﬁed in
the crystal during a round trip among mirrors M1 to
M4. Ampliﬁed light passes through LBO crystal and
the second harmonic light is generated. The second
harmonic light is reﬂected out from the cavity by a
dichroic mirror and we can obtain the second harmonic
output.
We measured the power of the second harmonic
when the wavelength was tuned from 740 nm to 770 nm
with a birefringent ﬁlter at the input power of Nd:YLF
laser of 5 mJ/pulse (Fig.2). We found the maximum
power was 136 mW at 380 nm and the conversion efﬁciency of the output power to the pump laser power
was in a range of 2.1-5.6%. The power at the excitation wavelength of In atom in He II (370 nm) was 93
mW, enough intense for our experiment.

Fig. 1. The present setup of the cavity with Ti:Sapphire
crystal and an intracavity SHG crystal (LBO).

Fig. 2. Wavelength dependence of the output power of the
second harmonic light.
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Development of a superfluid helium cryostat for OROCHI project
K. Imamura, T. Furukawa, T. Wakui, X. F. Yang, Y. Yamaguchi, H. Tetsuka, Y. Mitsuya, Y. Tsutsui,
T. Fujita, Y. Ebara, M. Hayasaka, S. Arai, S. Muramoto, Y. Ichikawa, Y. Ishibashi, N. Yoshida, H. Shirai,
A. Hatakeyama, M. Wada, T. Sonoda, Y. Ito, H. Odashima,∗1 T. Kobayashi,∗2 H. Ueno,
T. Shinozuka,∗3 T. Shimoda,∗4 K. Asahi, and Y. Matsuo
We have been developing a new nuclear laser
spectroscopic system for the Optical Radioisotope
atom Observation in Condensed Helium as Ion-catcher
(OROCHI)1) system that can be applied to the
study of the nuclear structure of short-lived and lowyield unstable nuclei produced at accelerator facilities. OROCHI is based on a method combining
superﬂuid helium and the laser spectroscopic technique. We use superﬂuid helium (He II) as a stopping material for an accelerated ion beam. We use
the laserɾradio frequency/microwave(RF/MW) double resonance method to measure Zeeman splitting and
hyperﬁne structure splitting, and we determine the nuclear spin and moment that reﬂect nuclear structure.
In OROCHI, the cryostat is a key apparatus not only
for realizing a He II environment but also for performing laser spectroscopy experiments. Figure 1 shows the
schematic layout of our cryostat.
Butterfly Valve
Pump
(b) 77-K Bath

(a) Outer Vacuum Chamber
Pump
(c) 4.2-K Bath

(d) 1.5-K Bath
Beam

Needle Valve

Detection Windows

Fig. 1. Schematic layout of the cryostat of the OROCHI
system

(Fig. 2).These instruments are located at positions
such that they do not disturb the laser path in order
to prevent the production of intense scatter light that
can cause a large background signal.
For stable operation of the OROCHI system, it is important to a maintain stable environment in the 1.5-K
bath and to keep He liquid for a long time in the 4.2-K
bath. It is also necessary to keep detection windows
clear in order to reduce the detection eﬃciency. To
fulﬁll these requirements, the cooling procedure of the
system was carefully followed step-by-step. After we
archived the appropriate He II environment, we monitored the 1.5-K bath, the 4.2-K bath, and the outer
vacuum chamber using GPIB-controlled measurement
instruments. We were able to stabilize the 1.5-K bath
environment using a GPIB-controlled needle valve and
a butterﬂy valve. Consequently, we realized the experimental conditions described below: (a) Continuous operation time with a single liquid-He transfer after 19 h
to obtain a stable He II condition in the 1.5-K bath. As
regards the continuous operation time in this work, we
successfully extended it to twice as long as that in our
previous work2) . (b) Achievement of stable of temperature and pressure conditions at 1.79 ± 0.02 K, 12 ± 2
Torr in the 1.5-K bath, respectively. (c) Stable maintenance of the outer vacuum chamber pressure at 10−7
Torr. After these improvements, we could successfully
measure the Zeeman splittings of 85,84 Rb using this
cryostat.
For further stability of the system, an automatic
controlling system for the cryostat and liquid helium
transfer is under development.

This cryostat consists of four baths. the basic structure of the cryostat consists of the following. (a) an
outer vacuum chamber that prevents thermal radiation
from the outer wall, (b) a liquid-nitrogen bath (77-K
bath) ﬁlled with liquid N2 to suppress the evaporation
of liquid He, (c) a liquid-helium bath (4.2-K bath) that
is ﬁlled with liquid He that also supplies liquid He to
the superﬂuid helium bath, and (d) a superﬂuid helium bath (1.5-K bath), which is the most important
part of our cryostat that acts as an observation region.
Helmholtz coils and RF/MW antennas for the double
resonance experiment are installed in the 1.5-K bath
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Fig. 2. Schematic of layout within the 1.5-K bath
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In-beam commissioning of the EURICA array
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Spectroscopy experiments with both fast and
stopped beams using the BigRIPS and ZeroDegree
Spectrometer are well established at RIBF. To further increase the γ-ray detection efficiency in this kind
of experiment, the EURICA (Euroball-RIKEN Cluster Array) project was proposed in 2011. Having one
of the highest-efficiency γ-ray detectors existing coupled to the world’s most intense in-flight radioisotope
beams creates a unique opportunity for the worldwide
nuclear physics community. At the end of 2011 and beginning of 2012 the EURICA array was assembled at
RIKEN from twelve Euroball IV HPGe cluster detectors1) , the RISING stopped-beam electronics and support structure2) . A fully automated filling system connected from the 7000 liter CE tank outside of the RIBF
building to a new buffer tank at the F11 area, where
EURICA is located, was constructed for the cooling of
the EURICA array. A new high-voltage system, powered by an uninterrupted power supply, was installed,
facilitating remote control of the high voltage to each
individual crystal.
In-beam commissioning of the EURICA array and
ancillary detectors was performed in March and April,
2012. In total, four days of beam time were devoted
to the commissioning, using a primary beam of 18 O
at an energy of 230 MeV/nucleon. Commissioning of
the cluster detectors was carried out during one day
out of the two-day beam-time starting in March. In
this experiment a WAS3ABi (Wide-range Active Silicon Strip Stopper Array for β and Ion detection) prototype consisting of two double-sided silicon-strip detectors (DSSSD) was used to stop the beam. The main
purpose of this commissioning was to verify that the
cluster detectors were working for energy and lifetime
measurements of isomeric states and that it was possible to correlate energies of γ rays to a preceding β
decay in the DSSSDs. For this part, BigRIPS and the
ZDS were tuned for the 16 N and 15 C nuclei following
fragmentation of the primary beam.
Requested trigger was provided by silicon “OR”
beam, only beam, and a 1 Hz clock for DAQ synchronization. The beam trigger was faster than a cluster
self-trigger by ∼ 160 ns. The cluster self-trigger was
faster than a DSSSD trigger by ∼ 400 ns. Difference
in the trigger times are seen as a double prompt structure in the two-dimensional plot in Fig. 1 and can be
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Fig. 1. Energy-time spectrum of the γ-rays from the commissioning experiment showing the 0− → 2− transition
in 16 N and neutron-scattering on the HPGe clusters.

used for fast verification that the triggering works as
intended.
The 0− → 2− isomeric transition in 16 N, with an
energy of 120.42 keV and a lifetime of 5.25(6) µs3) ,
was selected to verify EURICA’s ability to measure
isomeric lifetimes. The lifetime was extracted from an
energy-time matrix, shown in Fig. 1, constructed from
the time difference between the clusters and the final
ZDS scintillation detector. We derive a lifetime for the
0− isomer in 16 N of 5.306(28) µs, in agreement with
literature data.
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2) S. Pietri et al.: Acta Phys. Pol., B38, 1255 (2007)
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WAS3ABi: The beta-counting system for the EURICA project
S. Nishimura, G. Lorusso, Z. Xu,∗1 J. Wu, R. Gernhäuser,∗2 H.S. Jung, Y.K. Kwon,∗3 Z. Li,∗4 K. Steiger,∗2
H. Sakurai
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∗3
∗4

Fig. 1. Side view of WAS3ABi with eight DSSSDs. Aluminum rods were disconnected at the central position
for the installation of the DSSSDs4) .
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The new beta-counting system WAS3ABi (Widerange Active Silicon-Strip Stopper Array for Beta and
ion detection) has been developed and employed for βdecay spectroscopy of very neutron-rich nuclei in conjunction with the EURICA spectrometer. The system consists of eight double-sided silicon-strip detectors DSSSDs (Canberra Model PF-60CT-40CD-40*60)
with sixty 1-mm strips and forty 1-mm strips in horizontal and vertical axes, respectively. Highly segmented position-sensitive DSSSDs with 14400 1-mm2
pixels enable us to associate the implanted fragments
and their subsequent β-decays precisely. Every two
x-strips of the last four DSSSDs were combined owing
to limited number of readout electronics. The DSSSDs
were supported by four aluminum rods and stacked inside an aluminum chamber with a thickness of 0.2 mm
located in the EURICA (See Figure 1). The WAS3ABi
chamber was maintained at a temperature of 10 ◦ C by
injecting cooled dry-nitrogen gas for noise reduction in
the DSSSDs. A scintillation detector (Bicron BC-400:
dimension of 60 × 40mm 2 , 50 mm) was installed 3 mm
downstream of the last DSSSD as Qβ calorimeter. The
charge-sensitive preampliﬁer (Clear-Pulse CS-520) and
shaping ampliﬁer (CAEN N568B) were employed to
achieve high detection eﬃciency of low energy β-rays
below 100 keV1) . Inverted signals of the shaping ampliﬁers with shaping time of 0.2 µsec were fed into CAMAC leading-edge discriminators (LeCroy 3412, 4413)
to obtain a β-decay trigger and timing information.
One of our challenges was to perform position reconstruction of fragments in the DSSSDs by selecting
strips whose timing was faster than the expected time
walk in the discriminators.
Figure 2 shows the hit distribution of the 2nd DSSSD
deduced by selecting the strip with the fastest timing
in the horizontal and vertical axes after time-oﬀset calibration. Timing of the neighboring strips show delayed
timing as is expected owing to relatively lower energy
deposited, although these strips had overﬂows in the
ADC. The position reconstruction was conﬁrmed by
studying the correlations of timing and pulse height
among the DSSSDs.
The ﬁrst EURICA campaign with 238 U beam was
conducted successfully with the new beta-counting system WAS3ABi in November-December 20122,3) . Analysis of data is in progress.

Fig. 2. Position reconstruction of heavy fragments in the
WAS3ABi. The ADC and TDC values are presented
as function of strip number for 1st and 2nd DSSSD,
respectively. Maximum pulse-height is observed in the
strip (strip 25) of 1st DSSSD, when fastest timing is
required in same position of the 2nd DSSSD.
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EURICA HPGe cluster array characterisation
F. Browne, P. Doornenbal, G. Gey, S. Nishimura, P.-A. Söderström, Zs. Vajta, H. Watanabe, Z. Y. Xu, H. Baba,
I. Kojouharov, N. Kurz, T. Isobe, G. Lorusso, H. Sakurai, H. Schaffner, T. Sumikama, J. Taprogge, and J. Wu
∼10% for Eγ < 100 keV, and ∼5% for energies between 244 and 488 keV, with no appreciable difference
at the higher energies. However, even with WAS3ABi
in place the array provides a ten fold increase of efficiency at an energy of 662 keV and 100 times the efficiency for γ-γ coincidences than the previous Clover
array.
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Fig. 1. Spectra from a 60 Co source. Left panel is Compton background, suppression due to add-back is evident.
Right panel shows the 1173 and 13323 keV transitions,
singles spectrum offset by +5 keV to accentuate the
effect of add-back.
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Developments in high-resolution and -efficiency
HPGe detector arrays in conjunction with increasingly
sophisticated accelerator facilities elucidate ever further, through γ-ray spectroscopy, the structures of nuclei at the limits of stability. In recent years the RISING stopped beam campaign at GSI, Darmstadt, Germany has demonstrated the effectiveness of such configurations1) . At the RIBF, 12 of the RISING cluster
detectors are coupled to its world-leading accelerator
and fragment separator facilities to measure isomeric
and β-delayed γ radiation from exotic nuclei. Each
of the Clusters comprises 7 individually encapsulated,
tapered hexagonal crystals in a close-pack formation,
where the face of each Cluster is ∼20 cm from the
center of the Wide-range Active Silicon Strip Stopper
Array for β and Ion (WAS3ABi) active stopper.
Advantages of a Cluster detector include, through
the use of an add-back algorithm, the reconstruction
of Compton scattered events between crystals. If multiple events are recorded in the same Cluster within
a ∼400 ns time window the energies of the events are
summed and treated as a single event, this increase
the overall array efficiency, as shown in Fig. 2. The increase in efficiency arises through the improved peakto-total performance facilitated by the add-back routine, the background suppression is shown in Fig. 1.
Efficiency measurements were carried out using a
19 kBq source placed at the center of the array. The acquisition trigger was provided by a 1 kHz clock, which
opened a 110 µs gate. Deadtime effects were negated
since the time difference between each trigger, 1 ms,
was much greater than that of the measured deadtime of the system, ∼300 µs. Resolution and peakto-background characteristics were determined using a
60
Co source.
At 1332.5 keV the individual Cluster FWHM was,
on average, ∼2 keV, whereas the full array resolution
was ∼3 keV. The peak-to-total ratio of the full-energy
peaks at 1173 and 1333 keV relative to the total number of counts was 16.3%, after the add-back algorithm
was implemented, this value increased to 25.8%. Figures 1 and 2 show the efficacy of the add-back routine
in increasing the detection efficiency. It is obvious that
at lower energies more total absorption will occur with
no prior scattering, so if these absorptions were to be
in coincidence with a low energy background then the
add-back routine would determine the event as a higher
energy γ ray, thus lowering efficiency, shown in Fig. 2.
Although the points in Fig. 2 were calculated without any form of stopper in place. Studies show that
the efficiency reduction with WAS3ABi in place are
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Fig. 2. Absolute efficiency of EURICA over a range of energies. Measured using an 152 Eu source placed at the
center of the array.
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SCRIT electron spectrometer†
T. Suda, T. Adachi, T. Miyamoto, S. Wang, K. Yanagi, and T. Tamae
A magnetic spectrometer is being constructed for
the world’s ﬁrst electron scattering experiments oﬀ
short-lived nuclei at the SCRIT electron scattering facility. The spectrometer will enable us to measure the
cross section for elastic electron scattering, from which
we can determine the charge density distributions of
unstable nuclei for the ﬁrst time.
A reasonably good momentum resolution, ∆p/p ∼
10−3 , is required for the spectrometer to resolve elastic and inelastic scattering. In addition, there are several requirements for the spectrometer as listed below,
which are particularly important for low-luminosity
electron scattering experiments. They include,
(1) a wide scattering angle coverage.
(2) a large azimuthal angle coverage.
(3) a long-target acceptance.
Requirement (1) is necessary to measure elastic cross
section under a wide scattering angle at once, since
the precise determination of angular dependence of the
cross section is essential for this study. Requirement
(2) is obviously important for low-luminosity experiments. Due to the fact that the SCRIT provides a long
target of 40 cm, the spectrometer must accept scattered electrons from an extended target region. Considering these requirements, the spectrometer has been
carefully designed1) . Its construction started in the beginning of FY 2012.
The spectrometer employs a dipole magnet whose
pole piece is rectangular in shape, and it is arranged so
that the scattered electrons are bent horizontally. The
magnet is of the window-frame type, which is known to

provide homogeneous magnetic ﬁelds in the gap region.
The dimensions of its gap are 170 cm (width) × 29
cm (height) × 140 cm (length), corresponding to a
scattering angle coverage of 30-60 degrees and a solid
angle of 100 msr, respectively. Two-layer ﬁeld clamps
are mounted on both sides of the magnet to reduce the
ﬁeld leakage. In addition to homogeneousness of the
ﬁeld, special attention has been paid to the magnet
design to reduce the ﬁeld leakage at the electron beam
to less than a few gauss to avoid any serious eﬀects on
the circulating electron orbit in the storage ring. The
total weight of the magnet is 45 tons.
The construction of the magnet was completed, and
it was successfully excited to the design value, Bymax =
0.8 T. A series of magnetic ﬁeld measurements followed
at the NEC/TOKIN company using a magnetic-ﬁeld
mapping system with three-axis Hall probes.
A careful evaluation of the measured magnetic ﬁelds
has currently begun, for which we are using the results of OPERA-3D calculations2) . Figure 2 shows a
snapshot of the ﬁrst comparison of the vertical component of the magnetic ﬁelds measured along the zaxis (from the magnet center towards the center of the
gap entrance) with those obtained by the OPERA3D
calculation. The OPERA3D calculation is found to
reproduce the measured ﬁeld distribution reasonably
well.

Fig. 2. Magnetic ﬁelds along the symmetric axis of the gap
in the mid-plane. Solid circles indicate the measured
data, and the solid line indicates the OPERA3D results.

The spectrometer is now ready to be transported to
the SCRIT electron scattering facility at the RI Beam
Factory. Its installation will be completed in FY2012,
and its commissioning will be performed in FY 2013.
Fig. 1. The SCRIT magnetic spectrometer without the
ﬁeld clamps.
†
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Current status of electron-beam-driven RI separator for SCRIT
(ERIS) at RIBF
T. Ohnishi, S. Ichikawa, M. Togasaki, R. Ogawara, K. Kurita,∗1 and M. Wakasugi
To produce a low-energy RI (Radioactive Isotope)
beam used for the electron scattering of unstable nuclei, the electron-beam-driven RI separator for SCRIT
(ERIS) was constructed at the SCRIT (Self-Conﬁning
RI Ion Target) electron scattering facility1) in 2010.
The commissioning of the ERIS was performed in 2011
and obtained results were reported in Ref . 2. During
the present year, the preparation of uranium carbide
target has been started in order to produce unstable
nuclei. In addition, we have started supplying stable
nuclei from the ERIS for the experiment. In this paper,
we report the current status of the ERIS.
Uranium carbide is more suitable for a production
target of unstable nuclei than uranium oxide, because
its vapor pressure and density are lower and higher
than those of uranium oxide, respectively. Uranium
carbide is obtained by the carbothermal reduction of
uranium oxide in presence of carbon at 1800 ◦ C. There
are two styles of mixing uranium oxide and carbon, related to shape of the production target. One is a pellet made of uranium oxide and graphite powders with
bond, and the other is a graphite ﬁber impregnated
with uranium oxide. One of the advantages in using
the pellet is the easy control of the total amount of
uranium and the density of the target, in comparison
with the ﬁber. However, the process of preparing the
ﬁber is easier than that of the pellet.
This year, we prepared a graphite ﬁber target with
uranium oxide. Graphite ﬁbers around 16 mm in
length were put in the graphite tube, which had an inner length of 47 mm and an inner diameter of 13 mm
until the graphite tube was ﬁlled. A uranyl nitrate
solution was dropped and impregnated to graphite
ﬁbers. By heating up to 300 ◦ C, the uranyl nitrate
was oxidized under Ar-gas ﬂow. Figure 1 shows the
produced uranium oxide target with graphite ﬁbers in
the graphite tube. The total amount of uranium and
graphite ﬁbers were 4.8 and 1.5 g, respectively.
For the carbothermal reduction at 1800 ◦ C or the
heating of the target to 2000 ◦ C, the cooling system of the ERIS was improved using simulations by
R
ANSYS⃝
, Release 13.0. The calculations were performed using the RIKEN Integrated Cluster of Clusters facility. Figure 2 shows an example of the calculated temperature distribution of the target chamber with the heater current of 600 A. The simulation
included the eﬀect of the heat contact between the
tantalum heater and the copper current feedthrough,
and the emission between the contents and the vacuum chamber. The comparison between the calcula∗1

Fig. 1. Photograph of graphite fiber with uranium oxide in
the graphite tube.

Fig. 2. Example of the simulation result calculated by the
ANSYS code. a) Left figure shows the model of the target, heater, and feedthrough. b) Right figure shows the
cross section of the calculated temperature distribution
of the target chamber.

tion and the measurement results showd that water
channels were additionally processed in the wall of the
vacuum chamber and the current feedthrough.
Besides preparation for the production of unstable nuclei, the ERIS has started supplying stable ion
beams. The experiment of the elastic scattering for
132
Xe was performed as the ﬁrst experiment using the
ERIS, and the produced current of 132 Xe ions was
around 200 nA at the exit of the ERIS. The operation of the ERIS was stable during the experimental
period, which lasted for almost one month. The result
of this experiment is reported in this progress report.
In summary, we have started the preparation of uranium carbide target and the supply of stable nuclei.
The cooling system of the ERIS has been modiﬁed for
high-temperature target operation. As a result these
preparations, the production of unstable nuclei will be
started soon.
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SCRIT luminosity monitor
T. Amagai, A. Enokizono, A. Enomoto, Y. Haraguchi, K. Kurita, T. Miyamoto, R. Ogawara, T. Ohnishi,
Y. Shimakura, T. Suda, T. Tamae, M. Togasaki, M. Wakasugi, S. Wang, T. Yamaguchi, and K. Yanagi
A luminosity monitoring system is constructed for
electron scattering experiments to be carried out for
short-lived nuclei at the SCRIT electron scattering facility1) of the RI Beam Factory. Its purpose is the precise monitoring of the collision luminosity, within a reasonably short time, between the stored electron beam
and target short-lived nuclei. The monitoring system
measures the number of bremsstrahlung photons produced during the collision between the electrons and
the target nuclei trapped in the SCRIT device. Since
the cross section of the bremsstrahlung process2) is well
known, the luminosity can be directly determined.
The system consists of a position detector and a
calorimeter as shown in Fig. 1, which are used for
the measurements of the spatial distribution and energy of the bremsstrahlung photons, respectively. It is
placed at 670 cm downstream from the center of the
SCRIT device.
The position detector consists of two identical fiber
scintillation detectors, which are crossed each other
and is placed in front of the calorimeter. Each detector
has 16 optically isolated fiber scintillators (BFC-10) of
2 × 2 mm2 cross-section areas with 2 mm spacing, and
they are coupled to a 4 × 4 multi-anode PMT (Hamamatsu H6568).
The calorimeter is a Pb-glass Cerenkov detector.
The size of the Pb glass is 100 × 100 × 300 mm3 , and
the glass is coupled to a 5 〟 phototube (Hamamatsu
R1250).
A full simulation was performed to determine the
acceptance of this system for the bremsstrahlung process using GEANT4. The luminosity is, then, calculated based on the counting rate of the bremsstrahlung
measured by the system.
Figure 2 shows the comparison between the two lu-

Fig. 2. Luminosities determined by bremsstrahlung luminosity monitor and elastic scattered electron measurement.

minosities, determined by bremsstrahlung luminosity
monitor and by the measurement of elastic scattered
electron. Stable Xe ions are employed as targets, and
the stored electron energy was 150 MeV. This result
shows that two luminosities determined independently
are consistent, and the bremsstrahlung monitor is a
promising candidate as a luminosity monitoring system
for future electron scattering experiments for shortlived nuclei.
The spatial distribution measured by the bremsstrahlung
monitor revealed that the horizontal distribution was
somewhat broader than expected, the reason for which
is not yet clear. In the GEANT4 simulations, additional angular spread in the horizontal plane was considered so that the simulation could account for the
measured distribution. A further detailed study of the
entire SCRIT system is necessary.
References
1) M. Wakasugi et al. Accel. Prog. Rep. 43, (2009) 1.
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Fig. 1. Bremsstrahlung Luminosity Monitor.
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The Result of Xe Experiment at SCRIT Electron Scattering Facility
S. Wang, T. Amagai, M. Hara, T. Hori, S. Ichikawa, K. Kurita, R. Ogawara, T. Ohnishi, T. Suda, T. Miyamoto,
T. Tamae, M. Togasaki, and M. Wakasugi
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1.0×108 ions/cycle as the similar number of RI ions
in the future experiment, which is nearly a quarter
of that in Cs experiment. It is clear that the beam
current dependence of the luminosity is nonlinear to
beam current, which suggests the ion trapping ability
of electron beam is enhanced at larger beam current.
The trend of three curves are almost same, when beam
current is less than 130 mA. But the luminosity in the
Cs experiment is still increased after 130 mA, while it
was almost constant in the Xe experiment, which is
due to the small number of injected 132 Xe ions. Due
to the production rate of RI ions, increasing the number of injected RI ions seems impossible. To achieve a
high luminosity for electron RI beam scattering experiment, a small beam size of RI beam and maximizing
the overlap region between electron beam and RI beam
are necessary.

luminosity (1025 cm-2s-1)

Yield of scattered electrons

The SCRIT electron scattering facility1) has been
constructed at RIBF since 2010. Becasue the RI (Radioative Isotope) beam, which will be used as the target nucleus for electron scattering experiment, is still
under construction, natual Xe gas including nine stable
Xe isotopes was used as the target to check the performance of the new ion transport line, such as transport efficiency and mass resolution since April, 2012.
The energy of electron beam was set to 150 MeV with
a lift-time around 150 minutes. Elastically scattered
events from trapped 132 Xe ions were measured by the
electron detection system2) and the vertex and energy
spectra of those events are shown in Fig. 1. Elastic
events are clearly seen from the target region during 4
hours measurement and the achieved mean luminosity
is estimated to be around 3.5 × 1026 cm−2 s−1 .
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Fig. 1. The vertex and energy spectra of elastically scattered events from target nucleus 132 Xe.

Meanwhile an electron beam loss monitor3) was installed at downstream of the SCRIT device to measure scattered electrons, whose scattering angle was
less than 1 degree. Due to the large cross section, the
counting rate difference between with and without target was clearly observed in a short time and a linear
relationship was found between the counting rate difference and the luminosity determined by elactically
scattered events. After being calibrated by luminosity,
this loss monitor worked as an online luminosity monitor to optimalize the experiment condition. Achieved
luminosity at different beam currents at KSR and SR2
experiments are shown in Fig.2. The maximun beam
current at KSR experiment was round 80 mA. The
number of injected ions in Xe experiment was nearly

80

120 160 200
beam current (mA)

240

Fig. 2. Achieved luminosity at different beam currents.
The black points are the result at KSR experiment and
the red and blue points are the results about Cs and Xe
experiment at SR2.
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Properties of trapped ions in the SCRIT device
R. Ogawara, T. Ohnishi, Y. Miyashita, S. Tamaki,∗1 M. Togasaki, H. Takehara,∗2 K. Koizumi,∗1 K. Kurita,∗1
T. Amagai, A. Enokizono, A. Enomoto, S. Ichikawa, T. Suda, T. Miyamoto, S. Wang, M. Hara, T. Hori,
T. Tamae, Y. Shimakura, Y. Haraguchi, T. Yamaguchi, K. Yanagi, and M. Wakasugi
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Fig. 2. (a, b) A CSO spectrum for electron beams in the
vicinity of the second harmonic (382.488 MHz) of the
RF frequency in this ring and (c) abundance of proton
and oxygen ions with each beam conditions.
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Fig. 3. (a) Trapping lifetime by the simulation of iontrapping in SCRIT with CSO amplitude Ax of 0.1, 0.5,
1.0 mm. (b) A simulation of total charge time evolution
including trapping lifetime and experimental resultfor
the CSO spectrums shown in Fig. 2 (a, b).

plitudes corresponding to cases shown in Figs. 2(a)
and (b). The abundance of hydrogen ions for the case
of larger CSO amplitude is one order less than that for
the case with smaller CSO amplitude.
From these measurements, we suppose that the trapping lifetime is strongly dependent on the space charge,
the CSO amplitude, and q/A value. We calculated the
trapping lifetime of ions having several q/A values considering the space charge and the CSO amplitude, and
obtained lifetimes, as shown in Fig. 3 (a). We found
that the computer simulation2) considering the calculated trapping lifetime well represents the time evolutions measured in the present experiments, as shown
in Fig 3 (b).
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Fig. 1. (a) Time evolution of the total charge of trapped
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The SCRIT technique aiming at electron scattering oﬀ unstable nuclei is based on the ion-trapping
phenomenon in an electron storage ring. Target
ions trapped in SCRIT coexist with residual-gas ions.
Trapping of residual gas ions is started at the moment
of the target-ion injection. Residual-gas ions are continned to be created, whereas number of the target ion
is strictly limited. Time evolution of both the target
ion and the residual-gas ion are completely diﬀerent.
For evaluation of the SCRIT performance, it is, therefore, essential to understand behavior of trapped ions
for a ﬁrst few seconds after the target ion injection.
Time evolution of the total charge of trapped ions with
and without target ions are compared in Fig. 1(a).
Larger growth rate and lower equilibrium charge were
observed with target ions. This suggests that a space
charge eﬀect due to charge state multiplication of initially existing 132 Xe ions makes trapping lifetime of
residual-gas ions shorter, because the ion creation rate
should be the same in both cases. Even at the same
electron beam current, diﬀerent lifetimes of target-ion
trapping were observed as shown in Fig. 1(b). It was
found in our measurements that an electron beam instability, especially for a coherent synchrotron oscillation (CSO), changes the trapping lifetime of target
ions. This was conﬁrmed in time-evolution measurements of residual gas ions with diﬀerent amplitude of
CSO as shown in Fig. 2. A CSO amplitude was controlled by tuning RF cavity condition and observed
as synchrotron sidebands in revolution spectra of the
electron beam, as shown in Figs. 2(a) and (b). Figure
2(c) shows the time evolution of relative abundance of
trapped oxygen and hydrogen ions with the CSO am-

1) M.Wakasugi et al.: Phys. Rev. Lett. 100, 164801 (2008).
2) M. Wakasugi, T. Suda, and Y. Yano: Nucl. Instrum.
Methods Phys. Res., Sect. A 532, 216 (2004).
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GARIS-II commissioning #2
D. Kaji, K. Morimoto, H. Haba, Y. Wakabayashi, Y. Kudou, M. Huang, T. Sumita, K. Tanaka, M. Takeyama,
M. Murakami, S. Yamaki, S. Goto,∗1 N. Goto,∗1 T. Koyama,∗1 N. Tamura,∗1 S. Tsuto,∗1 and K. Morita
A background evaluation and transmission measurement of a gas-ﬁlled recoil ion separator GARISII was studied by two reactions, namely, of
169
Tm(40 Ar,4n)205 Fr and 208 Pb(40 Ar,3n)245 Fm.
Projectiles of 40 Ar with a charge state of 11+ were
extracted from the 18-GHz ECR ion source and accelerated up to 197 MeV by the RILAC. The typical beam
intensity incident on a target was 2.0×1012 s−1 . The
169
Tm2 O3 target was prepared by electrodeposition on
a 3 µm titanium foil. The metalic 208 Pb target was prepared by vacuum evaporation on a 60 µg/cm2 carbon
foil. Target thicknesses were 250 µg/cm2 for 169 Tm
and 280 µg/cm2 for 208 Pb (enrichment of 99.59%), respectively. Sixteen frames of the sector targets were
mounted on a φ30 cm rotating wheel, which was rotated at 2000 rpm. The reaction products were separated in ﬂight from projectiles and other by-products
by GARIS-II, and guided into a focal plane detection
system.1) The separator was ﬁlled with helium gas at
a pressure of 80 Pa. The magnetic rigidity Bρ was set
to 1.64 T·m for the 205 Fr and 2.01 T·m for the 245 Fm
measurement.
A cycle of the beam-on (5 s) and beam-oﬀ (15 s)
measurements was repeated 237 times for 205 Fr and
616 times for 245 Fm. Total doses of 1.8×1015 for
205
Fr and 2.4×1016 for 245 Fm were accumulated. The
products of 205 Fr and 245 Fm were clearly identiﬁed by
a half-life analysis. Figure1 shows the energy spectra measured under the beam-on and beam-oﬀ conditions in the 245 Fm experiment. In order to compare
the background suppression of GARIS-II with that of
GARIS, data measured by GARIS is also given in ﬁgure panels (A) and (B). In GARIS’s case, a total dose
of 6.6×1016 ions was accumulated. Although no αpeaks are seen in the beam-on spectrum for GARIS,
α-peaks of 245 Fm (4.2 s, 8.15 MeV) are clearly seen
in the spectrum in panel (A) for GARIS-II. Then, the
total counting rate of the detector at the typical intensity was approximately 6.5 cps, which is about 5 times
lower than that for GARIS. The main components are
arrival events due to target recoils, scattered beam particles, and light charged particles. The counting rate
under beam-oﬀ conditions was approximately 0.09 cps
in the energy range from 5 to 10 MeV. Although background α-peaks are almost not seen in the beam-oﬀ
spectrum for GARIS, α-peaks due to transfer products of Po and At isotopes are seen in the spectrum
in panel (C) for GARIS-II. This diﬀerence is caused
by a diﬀerence of the deﬂecting angle between GARIS
(45◦ +10◦ ) and GARIS-II (30◦ +7◦ ). Background par∗1

Department of Chemistry, Niigata University
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ticles such as those of Po and At isotopes are expected
to be suppressed by using H2 gas or He-H2 mixed gas.2)
The transmission of GARIS-II was estimated to be
47% for 205 Fr and 71% for 245 Fm. The transmission
values are plotted as a function of the recoil velocity
v/v0 , expressed in the Bohr velocity unit, in Fig. 2,
where the transmission curve of GARIS3) is also given
for comparison. The obtained transmission and background suppression data of GARIS-II matched well the
design values.

Fig. 1. Energy spectra measured in the 245 Fm experiment
conducted using GARIS and GARIS-II. (A) Beam-on
condition for both separators, (B) beam-oﬀ for GARIS,
(C) beam-oﬀ for GARIS-II.

Fig. 2. Transmission curve. Velocity regions of interest for
the reactions of both cold fusion and hot fusion are
given by the blue and red stripes, respectively. ○, △:
GARIS, ×: GARIS-II. Solid and dashed curves are estimated by considering multiple scattering with the ﬁlled
gas.

References
1) D. Kaji et al.: in this report.
2) J. Khuyagbaatar et al.: GSI Sci. Rep. 2010, 203 (2011).
3) D. Kaji et al.: Proc. Radiochim. Acta 1, 105(2011).
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Focal plane detector developed for GARIS-II commissioning #2
D. Kaji, K. Morimoto, F. Tokanai, Y. Fujimori, K. Mayama, S. Namai, M. Takeyama, A. Mashiko,
and S. Yamaki
For the identiﬁcation of evaporation residues (ERs)
and their successive radioactive decays, a system of
a time-of-ﬂight (TOF) detector, a double-sided silicon
detector (DSSD) array, and a VETO silicon detector
array were installed at the focal plane of GARIS-II.
A general drawing of the detection system is shown
in Fig.1. After passing through a D2 magnet of the
separator, ERs transit the TOF detector and are later
implanted into the DSSD array, 240 mm behind the
TOF detector. The kinetic energy E of ERs are measured by the DSSD.

tion products or scattered projectiles are suppressed
by an anti-coincidence condition between the DSSD,
the TOF detector, and VETO-counter mounted downstream of the DSSD.
In GARIS-II commissioning #21) , this focal plane
detection system was well calibrated by using
169
Tm(40 Ar,xn)209−x Fr [x=4,5] reactions. For example of rough particle identiﬁcation at the focal plane of
GARIS-II, the T OF −E scattered plot is shown in Fig.
2. It is found that ERs are separated from background
particles owing to target-like particles, beam-like particles, and light charged particles. The typical energy
resolution of the DSSD is 22 keV in FWHM for 6916
MeV α particles owing to 205 Fr.

Fig. 1. Focal plane detection system of GARIS-II.

When ERs pass through an entrance foil of the TOF
detector, secondary electrons are emitted. The eﬀective area of the TOF detector is 140 mm in diameter.
The entrance foil is made of a 1.1 µm self-supporting
Mylar, which is covered by 19.3 µg/cm2 gold and 20
µg/cm2 CsI (cesium iodide) to enhance the numbers of
the secondary electrons. The secondary electrons are
immediately accelerated by an acceleration ﬁled, bent
downward by a mirror ﬁeld, and carried out to a surface of micro-channel plate MCP assembly. The MCP
assembly consists of two plates (PHOTONIS, 120-D40:1-NR) assembled in a ”chevron” conﬁguration.
The DSSD array consists of two type of DSSDs (Micron, W1-1000 and W1-1500). The active area of the
DSSD array is 2×50×50 mm2 . The DSSD is divided in
the horizontal and vertical direction into 16 strips. Information of energy, time, position, and strip’s number
are recorded for implanted nuclei to the DSSD as well
as for the α particles emitted from their subsequent
decay.
The VETO silicon detector (CAMBERRA, PF16CT-58*58-300-EB) of almost the same size are installed 5 mm behind the DSSD, and used as a veto
counter, which is quite eﬀective for reducing backgrounds such as light charged particles passing through
the DSSD. In order to obtain clean spectra of the
subsequent α-decays, the pulses generated by reac-
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Fig. 2. Two-dimensional of energy measured by DSSD vs.
TOF measured using timing counter.

Fig. 3. Energy spectrum observed in the
irradiation.

40

Ar on
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Development of a large area TOF detector
for super-heavy element research
K. Morimoto, K. Mayama, D. Kaji, F. Tokanai, and Y. Fujimori
A new time-of-ﬂight (TOF) detector with a large
eﬀective area has been developed for super-heavy element research. A focal plane image size of fusion
products in an asymmetric fusion reaction such as hot
fusion is larger than that in a symmetric reaction. In
order to perform researches with the asymmetric fusion reaction, a new ToF detector was developed. The
eﬀective area of the new TOF detector is 120 mm in
diameter. Figure 1 shows a comparison with a conventional TOF detector, and the new detector is shown
on right side.

Fig. 1. Photograph of the TOF detectors. The detector to
the left is a conventional detector with an eﬀective area
of 80 mm in diameter, and the detector to the right is
newly developed with an eﬀective area of 120 mm.

The detector consists of an entrance foil, three wire
grids for formation of an electric ﬁeld and a microchannel plate (MCP) assembly. A Mylar ﬁlm on which
19.3 µg/cm2 gold and 20 µg/cm2 CsI (Cecium iodide)
is used as the entrance window. The gold is evaporated
to be used as an electrode for producing an electric ﬁeld
and CsI is evaporated to enhance the number of secondary electrons. One wire grid is used for accelerating secondary electrons just emitted from the entrance
ﬁlm, and the other two sets of wire grids form a mirror
ﬁeld to deﬂect the electrons downward and introduce
them to the MCP detector. All three wire grids are
gold-plated tungsten wires with a diameter of 12 µm,
stringed in 1 mm pitch. The MCP assembly consists
of two plates (PHOTONIS 120-D). Figure 2 shows a
schematic view of the TOF detector.
The detection eﬃciency and the time resolution of
the detector were measured using an 241 Am alpha
source. Figures 3 and 4 show results for the incident
position dependences of time resolution and eﬃciency.
Time resolution of 500 ps (FWHM) and detection eﬃciency of > 80% are achieved in the region of ±50 mm
from the center of the foil.
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Fig. 2. Schematic view of the detector. Secondary electrons emitted from the entrance foil are accelerated by
a 0.7 kV electric ﬁeld. The electrons are then deﬂected
downward by a mirror ﬁeld, and ﬁnally introduced to
the MCP.

Fig. 3. Time resolution map on the entrance foil. The xaxis represents the incident position of alpha particle in
horizontal space on the foil.

Fig. 4. Detection eﬃciency map on the entrance foil. The
x-axis represents the incident position of alpha particle
in horizontal space on the foil.

The new detector was used in a commissioning experiment of GARIS-II. The obtained data are described in Ref.1) .
References
1) D. Kaji et al.: in this report.
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Double-layered target developed for SHE search at GARIS
D. Kaji, K. Morimoto, T. Sumita, H. Hasebe Y. Kudou, and K. Tanaka
In May 2012, the performance of the double-layered
target (Fig. 2) was investigated by measuring the yield
of 254 No produced via the 208 Pb(48 Ca,2n) reaction at
a focal plane of the GARIS. At ﬁrst, we measured the
yield of 254 No using the single-layered target and varying its thickness. Saturation of the 254 No yield was
observed when the target thickness was more than 300
µg/cm2 . This saturation arises from the inﬂuence of
the narrow width of the excitation function that is peculiar to cold-fusion reactions. Further, the increase
in the multiple-scattering eﬀect of 254 No in the thick
target aﬀects the saturation. Next, we used the doublelayered target with layers of 560 and 540 µg/cm2 in
thickness. The obtained yield with the double-layered
target showed a reasonable agreement with the expected value, which was extrapolated from the data
points obtained by using the previous single-layered
target. Thus, we decided to apply this double-layered
target to the Z = 113 search experiment starting from
Jul. 14, 2012. The 3rd decay chain of Z = 113 observed on Aug. 12, 2012 was the results obtained by
using this double-layered target.2) The double-layered
Bi target (380 + 380 µg/cm2 ) withstood a strong 70 Zn
beam of about 500 pnA over a duration of ﬁve days.


The development of a target system to withstand
high-intensity beams is important for the superheavy
element (SHE) search performed at the gas-ﬁlled recoil
ion separator (GARIS). In particular, when using low
melting point target substances such as Tl, Pb, and
Bi, it is necessary to prevent melting of the target over
a long duration of irradiation. Recently, we developed
a double-layered target (Mode-B in Fig. 1) mounted
on an existing rotating target wheel.1) .
The basic idea of the double-layered target system
is shown in Fig. 1. By dividing a conventional singlelayered target foil into two layers, the energy loss in
one target is reduced by half, and thus its temperature
rise also reduces by half. Moreover, the total surface
area of the target becomes double. Consequently, we
can expect gas-cooling by the helium gas ﬁlled in the
recoil separator to become more eﬀective. Therefore,
the acceptable beam intensity incident on the doublelayered target is expected to be twice that of the singletarget case. On the other hand, the angular spread of
the beam on the target is almost same for both cased
because the target thickness dose not change.







Fig. 1. A conventional single-layered target with backing
foil (A) was separated into two layers of target (B).















Fig. 3. Yield curve of 254 No as a function of target thickness. □: single-layered target, ■: double-layered target. The dashed line serves asa visual guide.


References
1) D. Kaji et al.: Nucl. Instr. and Meth. A 590, 198 (2007).
2) K. Morita, K. Morimoto, D. Kaji et al.: J. Phys. Soc.
Jpn. 81, 103201 (2012).


Fig. 2. Photograph of the double-layered target.
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Beam intensity monitor based on gas scintillation emitted from
helium gas molecules in gas-ﬁlled recoil ion separator



























We developed a new beam intensity monitor, which
is based on gas scintillation emitted from helium gas
molecules in a gas-ﬁlled recoil ion separator, in contrast to the conventional monitor measuring elastically
scattered beams from a target.
Figure 1 shows the image of gas scintillation observed along the beam trajectory of 70 Zn, obtained using a CCD camera. It is found that the gas scintillation
increases in strength with increasing beam intensity
from 0.05 to 0.90 particle-µA (pµA). In this study, we
ﬁrst examined the origin of the gas scintillation, and
subsequently, we investigated the intensity dependence
of the scintillation as a function of the beam intensity.



D. Kaji, K. Morimoto, and F. Tokanai





Fig. 2. Emission spectrum from He gas excited by a 70 Zn
beam. Red bars indicate the proportion of the intensity proﬁle of the atomic transitions from excited He
molecules1) .








Fig. 1. Intensity dependence of gas scintillation.

The emission spectrum of the GARIS is measured
by a monochromator system. The scintillation light is
focused onto the input side of a light-guide ﬁber bundle through an acrylite vacuum window with a conventional UV lens. The ﬁber bundle transfers the light
to a modiﬁed Czerny-Turner monochromator with a
diﬀraction grating with 1200 lines/mm and a 400-nm
braze. A photomultiplier tube (HAMAMATSU R928)
is positioned for the detection of the grated light. In
our study, spectral scans from 380 nm to 750 nm with
a 1-nm step were performed using the monochromator, because the transmission of the acrylite window
steeply decreases below 380 nm. The output current
from the PMT anode is measured using a picoammeter
controlled by LabVIEW software installed on a personal computer. All the observed peaks, as shown in
Fig. 2, are in qualitative agreement with the atomic
transitions from He gas excited by light charged projectiles1) . However, the obtained intensity distribution
is diﬀerent from the reference value. To better understand this diﬀerence, further investigations require to
be carried out.
The dependence of emission strength on beam intensity was studied (Fig. 3). Using a wavelength ﬁlter
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(Asahi Spectra Co. Ltd., MC -390J5), the peak of 389
nm was selected and its emission strength was measured. We used the short wavelength peak to avoid
disturbance from visible light. The peak of 389 nm is
convenient for measurement without the ﬁltering out
of visible light. We found that the emission strength
has a linear correlation with the beam intensity in the
range of 0.004-0.68 pµA. This result suggests the possibility of using the scintillation light as a beam intensity
monitor.

Fig. 3. Dependence of emission strength on beam intensity.
The beam intensity was measured by the elastic beam
intensity monitor. Data are normalized at 0.61 particleµA.

References
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Development of large-area imaging detector for fast neutrons in MeV energy
region
T. Hashiguchi, A. Taketani, K. Kino,*1 H. Ota, K. Okada,*2 S. Wang,*1 K. Hirota,*1 H. Baba,
Y. Yamagata,*1 S. Tanaka,*3 and Y. Otake
Neutrons with energies in the MeV region are suitable
probes for the non-destructive inspection of large civil
structures such as bridges because of high penetration even
throguh thick concreate. We are aiming to develop a device
non-destructivety to examine the inner structure of
concreate. Our goal is to achieve a spatial resolution of a
few cm for a concrete thickness of 50 cm. Along with the
launch of the RIKEN Accelerator-driven Neutron Source
(RANS)1) facility, we plan going to develop a detector for
fast neutrons. Figure 1 shows an example of such a detector.

The pixel size and thickness are most in need of
optimization. The pixel thickness is associated with both the
neutron reaction rate and the light collection efficiency of
the MPPC. For a thicker scintillator, the neutron reaction
rate is increased, but the rate of collection of the light sensor
decreases due to the decreasing solid angle acceptance of
the MPPC. The pixel thickness is determined by balance
between both the parameters. The MPPC detection is set
at a certain threshold in order to reduce unexpected dark
count. We set this threshold between 15 to 50

Reflector
Detector array
Beam

MPPC

Scintillator

Concrete
(Sample)

Fig.1 An example of geometry of sample and detector array.
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8
Opt imized Pixel Thickness (cm)

The detctor is placed downstream of the object to be
measured. The detector is composed of an array of plastic
scitillators that are the equivalent of the BC-408. The
injected fast neutrons make protons in the scitillator
materials recoil, and the subsequently produced protons can
generate scintillation light. The scintillation signal is
detecetd by a multi-pixel photon counter (MPPC). The
MPPC is a voltage of solid-state device with a realtive low
operational volatge of ~ 100V, and it is intead of a
photomultiplier, usually opetating at 1 kV. The pixelized
scintillators are covered by removable reflectors.
The GEANT4 detector Mote Carlo simulator is used for
optimizing the detector configuration. In the GEANT4,
realistic physical processes are considered, such as the
proton recoil process, electromagentic processes, and
optical processes. The wavelegnth-dependent efficiency of
the MPPC was measured by the manifacture and this value
was used for the simulation. The neutron energy spectrum
was calcurated by using the PHITS Monte Carlo simulation
code.
Under these basic settings, we have currently optimized
the detector for detection efficiency of fast neutrons and for
minimizing crosstalk between adjacent pixels, which occurs
due to elastic scattering of the neutrons in the scintillators.

MPPC: 3 㽢 3 mm
MPPC: 6 㽢 6 mm

6
4
2
0










P ixel Size ( cm)

Fig.2 Pixel size as a function of pixel thickness.
photoelectrons. Figure 2 shows the optimized pixel
thickness as a function of the pixel size. The pixel size is
determined from both the magnitude of the crosstalk with
the neighboring pixels and the spatial resolution
requirement. For civil engineering requirements, the spatial
resolution of imaging is less than or equal to 3 cm. We are
currently attempting to optimize our detector for such a
requirement.
References
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Magnetic lens for focusing pulsed white neutron beam using
permanent magnet sextupole with modulation capability
M. Yamada, Y. Iwashita, Y. Otake, H. M. Shimizu, K. Hirota, Y. Seki, H. Tongu,1 M. Ichikawa,1 Y. Fuwa,1
K. Mishima,2 M. Hino,3 M. Kitaguchi,3 and P. Geltenbort,4
Today, the next-generation neutron source, namely, the
accelerator-based spallation neutron source, is taking the
place of a nuclear fission reactor source, and most neutron
optical
devices
use
a
pulsed
beam
with
wide-wavelength-dispersion band. We developed a new
magnetic neutron lens for focusing a pulsed wide-band
neutron beam and named it the modulating permanent
magnet sextupole, mod-PMSx.1-2)
This lens system is easy to handle and suitable for mass
production, enabling it to be widely adopted in various
neutron instruments. The image focused by a magnetic
refractive lens of the same type as the mod-PMSx is clearer
because there is no interaction between objects, such as
absorption or scattering. Beam alignment precision has less
stringent than reflective optics.
A refractive magnetic lens uses the interaction between a
neutronÕs magnetic dipole moment and the magnitude of a
sextupole magnetic field that is indicated by a positive
constant value G6.3-4) When a beam is pulsed, the
Time-of-Flight method (ToF method) makes energy
spectrometry possible; a neutron arriving at a time t at a
distance from a start point L has a de Broglie wavelength λ
given by

λ = hát /(mnáL) ,	
  	
  	
  	
  	
  	
  	
 

	
  (1)

where h and mn are PlanckÕs constant and the neutron mass,
respectively.
Our lens system, mod-PMSx, can focus a beam over a
wide-wavelength-band without any serious chromatic
aberration effect, by the synchronized modulation of G6
with a beam pulse. The sextupole magnet consists of a
permanent magnet for generating the strongest magnetic
field with compact volume without accompanying
apparatus. The modulation scheme adopted the so-called
rotating double ring structure shown in Fig. 1; a cylindrical
permanent sextupole magnet is divided into two nested
co-axial rings, where the inner ring is fixed and the outer
ring can be rotated continuously. G6 is modulated as a
cosine function. The part of the descending slope of the
cosine modulation is approximated and used as the ideal
modulation that is proportional to t-2.
A lens system with three-sextupole-magnet units was
fabricated, whose unit effective length was 66 mm and bore
diameter was ¿15 mm. The sextupole field was generated
by the so-called extended-Halbach configuration5-6) using a
1
2
3
4

Institute for Chemical Research, Kyoto University
International Center for Elementary Particle Physics, Tokyo University
Research Reactor Institute, Kyoto University
Institut Laue-Langevin, France

Fig. 1. The rotating double ring structure of mod-PMSx.
The beam direction and outer ring rotation are indicated by
the white and black arrows, respectively.
neodymium magnet and soft iron material, known as
permendur. The maximum field gradients G*6max[T/m2] of
the three units are 5.8×104, 5.5×104, and 5.5×104. The
averaged modulation width has the ability to focus a
wide-wavelength-width of two (λmax / λmin = 2), which has
never been achieved thus far.
We performed a focusing experiment at a very cold
neutron beam port (PF2-VCN) in Institut Laue-Langevin.
The focused beam spot size defined by FWHM
corresponded to a source aperture size (¿2 mm) over a
wavelength band over 27 Å ≤ λ ≤ 55 Å (λmax/ λmin ~ 2) with
a beam repetition rate of 30 Hz simply at a 1.84 m distance
from the source aperture to the focus point. The neutron
number per unit time and unit area was enhanced by 63
times as compared to an unfocused beam. Accordingly,
demonstrations of magnified imaging for higher resolution
measurement and focusing and polarized small angle
neutron scattering experiment were performed successfully.
The mod-PMSx system can be applied to a shorter
wavelength beam and the dynamic range of the wavelength
band can be extended further. This device is expected to be
used in neutron studies as an important tool because it not
only has enhanced intensity but also has good instrumental
performance.
References
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Preparation of the J-PARC E16 : An experiment to measure the
mass modification of vector mesons in nuclei
S. Yokkaichi for the J-PARC E16 Collaboration
We have proposed the experiment E161) to measure
the vector meson decays in nuclei in order to investigate the chiral symmetry restoration in dense nuclear
matter. The experiment will be performed at the JPARC Hadron Experimental Facility. The proposal
of the experiment was granted scientiﬁc (“stage 1”)
approval by the PAC in March 2007. For the full approval, we need to establish the experimental feasibility
as well as to show the prospects of acquiring suﬃcient
funds and of beam-line construction.
The mass modiﬁcation of vector mesons in hot
and/or dense matter is predicted on the basis of the
QCD because of the restoration of the chiral symmetry in such matter. Mass modiﬁcations in matter,
however, due to hadronic many-body eﬀects are also
predicted. The predictions from these two viewpoints
should agree in principle, however, still no clear connections are established between the two thus far.
Many experimental studies, including dilepton invariant mass measurements, have been conducted to
approach the problem, and the mass modiﬁcations in
hot and/or dense matter have been observed. However, the origin of the modiﬁcation has not yet been
conﬁrmed; in other words, there is no consensus on the
interpretations of the phenomena.
Among the experiments, the experiment KEK-PS
E3252) , which was conducted by a collaboration including a part of the authors, measured the e+ e− invariant mass spectra in 12-GeV p+A reactions and reported enhancements on the low mass sides of ω and ϕ
mesons. These enhancements are consistent with the
decrease in the mass of vector mesons predicted using
the QCD sum rule3) . The mass-shape modiﬁcation of
a narrow resonance, ϕ, can be observed only in E325,
because it has the best mass resolution among the
above-mentioned experiments, better statistics than
the photon-induced experiment, and a better signalto-noise ratio than the heavy-ion experiments.
The aim of the J-PARC E16 experiment is to perform a systematic study of the mass modiﬁcation of
vector mesons, particularly the ϕ meson, in nuclei,
with statistics that are two orders larger in magnitude
than those of the preceding E325 experiment. In other
words, the aim is to accumulate 1 × 105 to 2 × 105
events for each nuclear target (H, C, Cu, and Pb), and
deduce the dependence of the modiﬁcation on the matter size and meson momentum, which have never been
measured. Furthermore, the e+ e− decays of the ρ, ω,
and J/ψ mesons can be measured at the same time.
For this experiment, we plan to use a 1010 -pps, 30GeV proton beam in the high-momentum beam line,
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which will be constructed in the J-PARC Hadron Experimental Facility. In order to increase the statistics
by a factor of 100, the beam intensity should be increased by a factor of 10; the acceptance of the spectrometer, by a factor of 5; and the production cross
section, by a factor of 2, by increasing the beam energy. In order to cope with the interaction rate at
the target, which has increased by a factor of 10, to a
value of 107 Hz, a new spectrometer based on a new
technology needs to be built.
In 2009, we obtained a MEXT Grant-in-Aid4) to develop and construct the spectrometer. Detector development is underway, as reported elsewhere5–10) . To
summarize, basic studies and beam tests of the two key
detectors, the GEM Tracker5) and HBD6–8) , have been
performed. For the former, the required performance
has almost been achieved and a detailed mechanical
design is on-going. For the latter, performance improvement is in progress. The studies on the leadglass calorimeter9) and the read-out system10) have
been started and beam tests have also been performed.
Recently, a budget request by KEK to construct
the high-momentum beam line has been approved and
the construction is to commence in JFY 2013. The
construction of the spectrometer magnet is planned in
JFY 2014, and further details will be determined soon.
After the completion of the magnet construction, we
can start the installation of the detectors in the magnet. Due to the budgetary limiation, our ﬁrst goal of
the staged construction plan is to construct one-third
of the spectrometer.
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Construction and test of GEM tracker with ASIC for J-PARC E16
experiment
Y. Komatsu for the J-PARC E16 Collaboration
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Fig. 1. Incident angle dependence of the position resolution. Black points indicate measurements made with
discrete amps and FADC modules. Red ones indicate
those made with APV-25 chips and APVDAQ (FADC).

analyzing the reason for this improvement.
350 µm top, 30°: eff vs gain
efficiency

The J-PARC E161) collaboration is preparing a
tracking detector using a triple gas electron multiplier(GEM) to investigate the restoration of chiral
symmetry in quantum chromo dynamics at the normal nuclear density. The tracking of charged particles
is performed in a magnetic ﬁeld and the momenta of
e+ and e− are reconstructed. The position resolution
of 100 µm is the goal of the tracker.
The GEM tracker is composed of a triple-GEM and
a 2D readout board. The GEM tracker with the tripleGEM has also been constructed and tested in the
COMPASS experiment2) . Ionized electrons are ampliﬁed by the triple-GEM foils when charged particles
pass through the inner gas. The ampliﬁcation gas is
a mixture of Ar (70%) and CO2 (30%), and the gain
is of the order of several 104 . The thin readout board
has 2D (”X” and ”Y”) read-out strips, and details regarding these strips are reported elsewhere3) .
The readout system employs an ASIC, the APV25s14) , which has been developed at CERN for the SSD
readout and also used for the GEM readout. We developed a small preamp board (57.8 mm × 68 mm) on
which two APV chips are installed; thus, 256 channels
of strips can be read. The advantages of using APV
chips include 1) high density of channels, 2) rate capability (containing multiplexer and short shaping time)
and 3) good S/N ratio.
The performance of the GEM tracker using the
APV25 was evaluated in a test experiment at J-PARC
K1.1BR beam line. The momentum of the beam was 1
GeV/c and π − , e− , and K − were contained. The setup
was equipped with ﬁve silicon strip setectors (SSDs)
and three scintillation counters. The beam was triggered by the coincidence of two scintillation counters of
dimensions of 3 × 3 cm2 and other counters prepared
in the upper stream of them. The position resolution
is evaluated from the diﬀerence of the hit positions
between the GEM tracker and the SSDs. The hit positions in the X and Y strips are measured simultaneously.
Figure 1 shows the plot of the position resolution
in X vs. incident angle of the beam. The tracker is
tilted so that the incident angle can be changed from
0◦ to 45◦ . The black points indicate the results of
the past measurements with discrete ampliﬁers and
FADCs. The red points indicate those measured this
time with APV25 chips and APVDAQ modules. The
position resolution is improved for the incident angles
of 0◦ , 15◦ , and 30◦ . A resolution of 102 µm is achieved
even for 30◦ . This improvement is thought to be due to
the high S/N ratio of the APV25, and we are currently
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Fig. 2. Gain dependence of eﬃciency for the incident angle
of 30◦ .

The gain dependence of the eﬃciency for the incident angle of 30◦ is shown in Fig. 2. A gain of 2 × 104
is required to obtain suﬃcient eﬃciency.
The GEM tracker has been constructed and tested
with a new readout system, and it has shown good
position resolution and eﬃciency. The next step is to
carry out a test in a magnetic ﬁeld, which is to be
scheduled at J-PARC.
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Simulation of the behavior of photoelectrons in HBD
for the J-PARC E16 experiment
D. Kawama for the J-PARC E16 collaboration
In the proposed J-PARC E161) experiment, we are
developping the Hadron Blind Detector (HBD)2,3) ,
which uses CsI photocathode GEM detectors to detect Cherenkov photons produced by relativistic particles in a CF4 radiator in order to separate electron/positron and other particles. The separation
power of the HBD is directly aﬀected by collection
eﬃciency of the photoelectron (PE) which is the ratio of the detected PEs to the total PEs generated
from the CsI. Although this value was studied by
the PHENIX group4) , we need much more understanding about the behavior of PEs in the electric
ﬁled of the GEM detectors and CF4 gas. We studied the behavior by the Garﬁeld5) (particle simulator in two- or three-dimensional electromagnetic ﬁeld)
with three-dimensional calculated electric ﬁelds by
ANSYS/Maxwell6) .
Fig. 1 shows a repetition unit of three-dimensional
model of GEM foils for the HBD in the ANSYS. The
boundary condition is that the electric ﬁeld is parallel
to the vertical symmetry plane, which is equal to the
periodic boundary condition. In addition, arbitrary
electric potential values are applied for the upper and
lower surfaces. The arrows in the ﬁgure indicates the
direction of the electric ﬁelds, namely, the inverse of
the electron moving direction. The direction of the
ﬁrst arrow is opposite to that of the others in order to
sweep out the electrons emitted by the ionization process before arriving at CsI. The geometrical parameter
of the GEM foil is as shown in the ﬁgure with the mesh
of the ﬁnite element method in ANSYS. The nominal
hole diameter is 70 µm and the hole interval is 140 µm.

eﬃciency and hole diameter.
From this simulation, it was clariﬁed that there are
mainly two reasons for the ineﬃciency: the attachment
of PEs to CF4 gas and the back-scattering to the GEM.
The attachment cross section is about 1 × 10−22 m2
with a very sharp peak around the electron energy of
7 eV7,8) . In our GEM conﬁguration, PEs have such
energy just around the entrance of the GEM hole. The
back-scattering is caused by the elastic process, whose
cross section is on the order of 10−20 m2 . The PHENIX
group4) measured the probability, and found it to be
dependent on the electric ﬁeld strength on the GEM
surface. In this study, we used this value with the
calculated electric ﬁeld.
Considering these facts, we deﬁned the ﬁgure of
merit (F oM ) for the collection eﬃciency as F oM =
ϵat · ϵbs · fS , where ϵat and ϵbs are the survival ratio
for the attachment and back-scattering, respectively.
The fS value represents the ratio of the CsI eﬀective
area which determines the number of PEs generated
from the CsI. The results are summarized in Table 1.
The ϵat and fS values increase for smaller hole GEMs,
and ϵbs has opposite tendency aﬀected by the electric
ﬁeld on the CsI. In total, the PE detection number is
expected to be increased for smaller hole GEMs. Comparison with measured values is now in progress.
Table 1. Figure of merit for the collection eﬃciency changing the hole diameter. The ϵbs refer the PHENIX group
result4) . For the smaller hole model, the stronger electric ﬁeld makes it easier for PEs to reach to the energy
to be attached to the CF4 gas.
Diameter
ϵat
ϵbs
fS
F oM

particles
GEM foil part (Top View)
→

E
1st GEM

1.5mm

→

E

60µm
0.638
0.731
0.833
0.388

70µm
0.615
0.756
0.756
0.359

80µm
0.560
0.770
0.704
0.303

140  m

References
2nd GEM

1)
2)
3)
4)

→

E

GEM thickness = 50  m
Hole diameter = 70  m

Fig. 1. Three-dimensional model used for electric ﬁeld calculation in ANSYS.

5)
6)

Next, we performed the Garﬁeld simulation with the
calculated electric ﬁeld and standard state CF4 gas
by setting the applied voltage across the GEM as 510
V. We studied the relationship between PE collection

7)
8)
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Performance of a prototype hadron blind detector with cluster
analysis for the J-PARC E16 experiment
K. Kanno for the J-PARC E16 Collaboration
tector is ∼35 mm while an incident pion mostly ﬁres a
single pad. We deﬁne a ﬁred pad as a pad whose signal
amplitude is greater than 3σ above its pedestal. The
number of ﬁred pads in a charge cluster produced by
an incident charged particle is shown in Fig. 1. Pions
generally ﬁre a single pad, whereas electrons mostly ﬁre
four or ﬁve pads in an event. To suppress pion contamination, we require that electron candidates have
more than three ﬁred pads in a charge cluster.
Consequently, we achieve a hadron rejection factor
of 100 with an electron detection eﬃciency of 70%
when the signal amplitude threshold in units of primary charge is ∼3 e, as shown in Fig. 2. We observe
7 photoelectrons on average, while we expect 13 photoelectrons to be observed, based on a previous beam
test. The lack of photoelectrons is considered to be
caused by the low photoelectron-collection eﬃciency of
the top GEM. We used a special GEM such that the
distance between holes was twice the size of a standard
GEM in order to enlarge the eﬀective area of a CsI photocathode. The collection eﬃciency is expected to be
improved by using a GEM with a regular hole/pitch
ratio. With this conﬁguration, we expect higher electron detection eﬃciency while retaining a good hadron
rejection factor.
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300
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A hadron blind detector (HBD) has been developed for the J-PARC E16 experiment.1) The E16 experiment measures mass modiﬁcation of light vector
mesons in nuclei through e+ e− invariant mass spectra.
The HBD is used to identify electrons. The HBD identiﬁes electrons by converting Čerenkov photons in CF4
gas into photoelectrons with a CsI photocathode. Electrons can emit Čerenkov photons in our detector, while
other charged particles do not; in the momentum region that we perform measurements for, 0.4–3 GeV/c.
The number of charged particles, apart from electrons,
that exceed threshold momenta for Čerenkov radiation
is negligibly small in our experiment (the threshold for
pions is 4.2 GeV/c in our detector). Converted electrons are ampliﬁed by a triple gas electron multiplier
(GEM)2) stack and then leave signals on readout pads.
A sketch of the HBD is shown in.3) A required property for the HBD is a hadron rejection factor of 100
with an electron detection eﬃciency of 80%. In order
to evaluate both the hadron rejection factor (inverse
of the fraction of pions identiﬁed as electron) and electron detection eﬃciency, we performed a beam test in
Jan. 2013 at J-PARC K1.1BR with a 1 GeV/c beam
of negative particles (mainly pions) containing a few
tens of percent of electrons. Electrons can be distinguished from other charged particles by using other gas
Čerenkov counters with dry air used as a radiator in
the beam line.
The HBD for the beam test consists of a triple GEM
stack and square pad readout. The size of square pads
is 10 × 10 mm2 , resulting in 25 pads in the detector. We can identify electrons by applying a signal
amplitude threshold since signal amplitudes induced
by electrons are much larger than those induced by
pions, due to Čerenkov photons. Furthermore, to improve the hadron rejection factor, we performed the
cluster analysis as follows.

0.3
1

2

3
4
5
Charge threshold (e)

6

7

8

Fig. 2. Hadron rejection factor and electron detection eﬃciency as a function of the signal amplitude threshold
in units of the primary charge.
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Čerenkov photons from an incident electron ﬁre multiple pads, since the size of a Čerenkov blob in our de-
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Performance test of electromagnetic calorimeters for J-PARC E16
experiment
Y. Aramaki, for the J-PARC E16 Collaboration

Fig. 1. The schematic of the inclined beam and the LG
with PMT (Top view).

the right panel shows the ADC distribution of the LG.
For both of the panels, the black, red, and blue histograms are all events without any cut, electron, and
pion events, respectively.
We evaluated the pion efficiencies with different incident angles at the threshold where the electron events
of 90% are survived, and they are summarized in Table 1. For the incident angle of 90 ◦ and 180 ◦ , pion
efficiency is less than 5%, and thus, LGs must be inclined at 90 ◦ or 180 ◦ .
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The electron trigger for J-PARC E16 experiment1)
is made by the GEM tracker (GT), the Hadron Blind
Detector (HBD), and lead-glass calorimeter (LG). The
requested e/π separation of the LG itself is a few percentage contamination of pion at an electron efficiency
of 90% for the offline analysis, where the pion contamination is defined as the ratio of the pions survived at
which electrons of 90% are kept for ADC distribution
to the total amount of pions. It means that the performance of the LG is similar to that observed by the
previous experiment, KEK-PS E325. Now we are designing the alignment of the LGs, and thus, we need to
investigate the performance of the LG. We tested the
incident angular dependence of the LG at J-PARC.
The performance test of the LG used for the J-PARC
E16 experiment is reported.
The LGs which were employed in the TOPAZ experiment at KEK-TRISTAN will be reused for the JPARC E16 experiment. They have been kept in KEK
after the deconstruction of the TOPAZ spectrometer.
Most of the LGs are kept as the module construction,
and thus, we disassembled them in April 2012. The
number of LGs with PMT is 1517, and the number of
the LG without PMT is 858. The physical properties
and chemical components of the blocks are described in
Ref.2) . One LG is composed of five parts: a lead-glass
block, light guide, flange, photomultiplier (PMT), and
2 mm-thick magnetic shield case made of P B permalloy. P B is a nickel iron soft-alloy containing 40–50%
nickel. Both the lead-glass and light guide materials
are made of SF6W.
We started designing the layout of the LGs last year.
In order to choose the layout, a test was performed
at J-PARC K1.1 beam line using the hadron beam of
−1.0 GeV/c in January 2013. The hadron beam is
composed mainly of pion. Electrons of the beam are
mixed by about 30%. For the e/π separation, electrons and pions were detected and identified by two
Gas Cherenkov detectors. The beam size focused on
two scintillation counters was 1 cm. Figure 1 shows
the definition of the incident angle and LG. The effective area of the LG is colored. The incident angle
is defined as the angle formed by the beam direction
and the photoelectric surface of the PMT of the LG.
For example, if the incident angle is 180 ◦ , the PMT
is placed upstream of the beam.
The incident angular dependence of the LG has been
tested. The typical ADC distribution of the LG inclined by 90 ◦ is shown in Fig. 2. The left panel
shows the correlation of the ADC distributions for the
upstream-sided Gas Cherenkov detectors (GCs), while
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Fig. 2. Left: The correlation of the GC ADCs. Right: The
ADC distribution of the LG.
Table 1. Pion efficiencies for the thresholds that yield 90%
and 95% efficiency with different incident angles.
Ang. (deg.)
0
9.9
17
39
90
180

π eff. (%) @ e− (90%)
17.1 ± 0.2
24.2 ± 0.3
32.6 ± 0.3
67.7 ± 0.2
3.1 ± 0.2
2.5 ± 0.1

π eff. (%)@ e− (95%)
26.1 ± 0.2
32.0 ± 0.3
47.5 ± 0.3
79.2 ± 0.2
6.9 ± 0.3
6.5 ± 0.2
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Development of GEM tracker frontend electronics
for the J-PARC E16 experiment
T. N. Takahashi, for the J-PARC E16 Collaboration
The proposed spectrometer for the J-PARC E161)
consists of three kinds of detectors, GEM trackers,
hadron blind Čerenkov detector (HBD) and leadglass
electromagnetic calollimeter(LG), whose readout channels amount to ∼56000, ∼10000, and ∼1000, respectively. For such a large number of channels, dedicated
electronics modules should be developed and tested.
In 2012, a prototype of an analog frontend card for
GEM tracker was developed.

Fig. 2. Schematic view of the GEM readout system for the
test bench.

Fig. 1. Photograph of the APV25 hybrid card together
with the schematic cross sectional view of the wire
bonding area.

Figure 1 shows the prototype of the APV25 hybrid
card. The APV25 hybrid card uses two APV252) chips
on an area of 57.8 × 68 mm2 and should cope with 256
readout channels per card. APV25 was basically designed as the frontend for silicon strip detectors, and
therefore, its analog input section is vulnerable to the
electrostatic discharge. In order to protect APV25
from sparks of the GEM detector, commercial transient voltage suppressor diode arrays are used. A pitch
adapter made of an expensive material, such as ceramic
or a flexible printed circuit, is not used in order to reduce the manufacturing cost. Instead, the bonding
pads for the analog inputs are arranged in two layers
on the PCB by using a milling machine. The bare
APV25 dies are wire-bonded directly onto the PCB.
Figure 2 shows the GEM readout system for the
test bench. As the backend readout electronics, we
temporarily use an APVDAQ module and its repeater
board, which was developed by the Belle-II silicon vertex detector (SVD) group3) . The repeater board can
drive the analog output signal of the APV25 chips
upto 30 m. The APVDAQ is a VME-6U module. It
features a 4-channel 10-bit Flash ADC (FADC) with
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40 MSPS to read multiplexed analog signals from 4
APV25 chips. For power supply, data and control signal transmission, HDMI cables, and category-7 LAN
cables are used, considering the electrical performance
and the cost. The former are used to connect the frontend hybrid and the repeater, whereas the latter are
used between the repeater and APVDAQ module.
A beam test of the APV25 hybrid card prototype
with a GEM tracker was performed at the J-PARC
K1.1BR beam line from December 2012 to January
2013. The APV25 hybrid card almost worked well.
The details of analysis status are reported elsewhere4) .
The next step is the improvement of the data acquisition rate. The raw data size of one APV25 chip
is more than 3.7 kB per event because the long time
window of ∼500 ns is needed for the charge collection
under our experimental condition. In 2013, the system
integration with the backend modules, which can be
read via a gigabit ethernet port instead of the VMEbus and an online data reduction applying zero suppression algorithm on the FADC module, are planned.
References
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Study on the pion rejection factor of Hadron Blind Detector (HBD)
for J-PARC E16 experiment
K. Aoki for the J-PARC E16 Collaboration.
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CsI-GEM. The transfer gap was 1.0 mm. The triangle,
the square, and the diamond points in the ﬁgure were
obtained for the conﬁgurations where applied voltages
accross the top GEM (gas gain) were δVGEM = 500 V
(15), 520 V (22), and 540 V (32) respectively. The rejection factor gradually increases as the applied voltages increases for a given drift gap ﬁeld. This indicates
that the amount of ionization at the transfer gap is signiﬁcant. Therefore, reducing the transfer gap length
and increasing the gain of the top GEM is eﬀective in
achieving a high rejection factor. Operation at 500 V
or less is desiarble considering the GEM’s operating
life. A gas gain of 40 can be obtained with another
type of GEM with a smaller hole size even when the
applied voltage is 500 V. With such a GEM, we can
expect a higher rejection factor than that obtained in
the current test experiment. In addition, we can utilize the cluster size information when pads with ﬁner
segmentations are used. Combining these two factors,
we can achieve the required rejection factor of 100 as
described in3) .

flow of electrons

GEM
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Fig. 1. Schematic of photocathode of HBD.
90

dV = 540V
dV = 520V
dV = 500V

80
70

Rejection Factor

The J-PARC E16 experiment1) has been proposed
to study the origin of hadron mass through mass modiﬁcation of vector mesons in a nuclear medium. Vector
mesons are produced in p + A reactions and the invariant mass is reconstructed using e+ e− decay. Therefore,
electron identiﬁcation is crucial to the experiment. We
chose Hadron Blind Detector (HBD)2) , which is a mirrorless and windowless Cherenkov detector for electron
identiﬁcation. CF4 is used as both the radiator and
the ampliﬁcation gas. A schematic of the photocathode of the HBD is shown in Fig. 1. We use a CsIevaporated GEM as a photocathode. Three layers of
GEMs work together to obtain suﬃcient gas gain to
be readout with pads. A mesh is placed over the top
GEM to manipulate the ﬁeld of the drift gap, which is
the area between the mesh and the top GEM. When in
operation, a reverse bias ﬁeld is applied so that most
of the electrons from ionization at the drift gap are
swept into the mesh. In contrast to ionization electrons, Cherenkov photons are converted into photoelectrons near the GEM surface where there is a ﬁeld
that extracts photoelectrons to GEM holes for ampliﬁcation. Therefore, the HBD is sensitive to photoelectrons while it is blind to ionization electrons. The required rejection factor is 100 with an eﬃciency of more
than 70%. To identify electrons from pions, we apply
a certain charge threshold; however, some pions are
misidentiﬁed as electrons due to the presence of a long
Landau tail whose calculation is diﬃcult. Ionization
electrons that leave signal in the HBD, are generated
close to the top GEM surface and at the transfer gap,
which is the area between the top GEM and the second
GEM. Ionization at the transfer gap undergoes only a
two-stage ampliﬁcation. To eﬀectively suppress the effect of the transfer gap, the choice of gain of the top
GEM is important. To evaluate the rejection factor
of the HBD, we performed a test experiment at the
J-PARC K1.1BR in Jan 2013. We used pion and electron beams with a momentum of 1 GeV/c. The GEMs
used for the experiment have dimensions of 100 mm
× 100 mm, with an insulating layer of 50 µm of kapton. We used GEMs without CsI evaporation this time
and we focused on the rejection factors in this study.
The readout pad dimensions were 20 mm × 20 mm.
Three scintillation counters with dimensions of 10 mm
× 10 mm were used to deﬁne the beam spot.
Figure 2 shows the rejection factors as a function of
the drift gap ﬁeld with a charge threshold at 10 primary electrons. The detection eﬃciency for electrons
is considered to be 70% at this threshold since we observed 13 photoelectrons in a previous experiment with
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Fig. 2. Rejection factor obtained with a charge threshold
at 10 primary electrons as a function of the drift gap
ﬁeld for diﬀerent applied voltages across the top GEM.
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The New PHENIX Analysis Train
J. Seele
The Relativistic Heavy Ion Collider1) is one of the
most versatile particles colliders ever built having collided symmetric and asymmetric heavy ion species
from a center of mass energy of 7.7GeV to 200GeV
and polarized protons from a center of mass energy
of 62.4GeV to 510GeV. PHENIX2) is one of two major experiments currently operating at RHIC. RHIC
and PHENIX have been in operation for 12 years and
through these years PHENIX has recorded data in
nearly all of the collisional systems and energies.
In a given year, PHENIX records ∼1PB of raw
experimental data. Currently, as there is no cheap,
scaleable technology that would enable widescale analysis of all raw data by all of the PHENIX users in
an on-demand fashion, PHENIX performs a physicsinformed data compression by reconstructing the raw
detector information into particle physics type primitives : charged particle tracks, energy deposits in
calorimetry, etc. This reduces the data size to about
1/3 of its raw size and with this data size, PHENIX
can store all the reconstructed data on its servers.
PHENIX provides access to nearly all of the reconstructed data it has taken in the 12 years of operation.
This large amount of varied information naturally necessitates a system of meta-data in order to track the
data and ensure a high level of rigor and reproducibility in the analyses.
The PHENIX experiment possesses a large linuxbased computing farm comprised of approximately 600
servers providing approximately 10,000 slots open to
running user jobs. The farm is managed by using the
condor batch computing system. This farm is the main
tool for data analysis for the ∼400 PHENIX collaborators.
In order to meet the goals of eﬃcient and reproducible analysis across the many disparate data sets,
PHENIX built the Analysis Train (anatrain)3) system.
The large amount of PHENIX data is broken up in
smaller corpuscles, termed datasets, that represent a
unique collisional species, energy, and data taking period. These datasets serve as the base organizing level
for the anatrain. To give an idea of how the use proceeds. A PHENIX collaborator will develop an analysis aimed at a particular observable and dataset based
on internal PHENIX software libraries. The user will
then submit the analysis code to the manager of the
anatrain who compiles the code and uses the anatrain
to submit all the necessary jobs to the computing farm.
In order to optimize the overall running time, many
users’ analysis jobs are submitted at a single time,
grouped together, into what we term the monolithic
running mode.
Early in the use of the anatrain, it was found one
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of the main time bottlenecks was the download time
of the reconstructed data from servers where it resides
to the computers where the analysis is done, thus it
was decided that the system would only be able to
cycle through the datasets once a week, which dictated
then that the turnover in user analysis was also once a
week, which in terms of analysis development is quite
slow. Because of this, all the meta-tasks associated
with analysis (debugging, compilation, etc) were also
able to be slow. For example, the entire analysis code
base was only compiled once a week before the next
cycle began.
Recently, we became aware, through technological
progress of our available computing power, that the
bottleneck of moving the data from the server where it
resides to the computer where the analysis will occur
no longer exists. There were a number of paths to take
forward in order to increase the speed and turnover of
analysis in the collaboration. We could keep the same
monolithic running mode where the data is cycled over,
but at an increased frequency. This approach still suffered from its regimented nature that clashes with the
way our collaborators worked. Thus an asynchronous,
submit on request, model was identiﬁed as the best
path forward.
In order to operate in the asynchronous mode, a
number of the other meta-tasks needed modiﬁcation.
Instead of the simple single compile that was performed in the monolithic mode, a compile a request
model was built in. Once the analysis passes a code
test, the anatrain system submits the analysis jobs to
the computing farm. The system monitors all the jobs
as they download, run, and complete all the time analyzing the output for possible failure scenarios. Additionally, the system optimizes the download and running in multiple ways in real time so that extraneous
downloading and running is not performed.
The anatrain provides PHENIX users with the capability to quickly and easily analyze one of many
disparate datasets that the PHENIX experiment has
recorded. The new anatrain is capable of a analysis turnover rate of 5-7 greater than the previous
train system. This should allow the PHENIX users
to quickly develop their analyses and lead to timely
results for the PHENIX collaboration.
References
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Impact of circuit restoration
on performance of PHENIX muon tracker
Y. Imazu, N. Amano, Y. Fukao, T. Iguri, M. Kim, T. Mibe, H. Murakami, T. Murakami, J. Murata,
I. Nakagawa, K.R. Nakamura, H. Oide, S. Park, J. Seele, R. Seidl, N. Saito, K. Tanida, I. Yoon, K. Watanabe,
and S. Yamashita
Investigation of the nucleon spin structure through
measurement of W boson production in proton-proton
collision recently commenced in 2011 in a PHENIX
experiment. In the measurement, the PHENIX muon
tracker (MuTr) plays a central role in both online and
oﬄine analyses to identify the muons decayed from the
W boson1–3) .
MuTr is composed of strip-wire gas chambers with
a cathode strip read-out. By weighting the read-out
charge signals that spread over several cathode strips,
we can determine the intersection position of a charged
particle. In principle, lower noise, which is equivalent
to the stability of the signals in the MuTr, provides
better resolution. For eﬀectively distinguishing muons
from W bosons, which have a high momentum of typically >20 GeV, the MuTr must maintain its design
resolution of ∼100 µm. To achieve this resolution, we
need to exhaustively eliminate any possible source of
noise/uncertainty in the MuTr that can cause any instability of the signals. Typically, the noise level of the
MuTr needs to be limited to ∼1% for the typical size
of the signals under the condition of an eﬀective strip
width of 1 cm.

conditions (Fig. 1).
We ﬁnally completed full application of the grounding solutions to the entire MuTr acceptance by last
autumn. In the upcoming 2013 operation, we will operate MuTr in the optimum condition for the W measuremnt for the ﬁrst time. Final evaluation of the impact of the circuit restoration on the measurement will
be obtained through the data that will be obtained
soon.

However, an unexpected source of uncertainty was
found to aﬀect MuTr signals4) , which was the result of
a cross-talk eﬀect over read-out cathode strips through
improperly grounded anode wires5) . (By historical reasons, the improper ground state was kept unresolved
for a long time and an easier solution to recover from
it was lost during that time.) This eﬀect created an
unwanted, unstable baseline shift in the MuTr signals.
As conﬁrmed through dedicated measurements carried
out in 2012, the noise level was found to become twice
as bad as expected (Fig. 1). The noise level is expected
to increase considerably as the collision rate increases.
To address the degradation in the MuTr performance resulting from the cross-talk eﬀect, we conducted basic studies with test benches in RIKEN5)
to establish practical solutions of circuit restoration
in order to ensure proper anode grounding. Then, we
partially applied these solutions to the PHENIX MuTr
starting from the 2011 operations. Through the data
collected in the 2011 and 2012 operation, we were able
to conﬁrm that the solutions were eﬀective for the suppression of the cross-talk eﬀect over the entire MuTr
acceptance region, as expected from the R&D studies6) , and suppress the noise level enough to achieve
the requried resolution, even under high collision rate

Fig. 1. Measured noise levels in several MuTr regions
through the 2012 operation. The horizontal axis indicates various collision rates. Proportional behaviour
of the noise level against the collision rate can be seen.
The area denoted as “CR” corresponds to where we
applied the circuit restoration. The MuTr resolutions
expected from the noise level are shown also as a horizontal dashed lines.
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Improvement of groval alignment of PHENIX muon tracker
T. Iguri, N. Amano, Y. Fukao, Y. Imazu, M. Kim, T. Mibe, H. Murakami, T. Murakami, J. Murata,
I. Nakagawa, K.R. Nakamura, H. Oide, S. Park, J. Seele, R. Seidl, N. Saito, K. Tanida, I. Yoon, K. Watanabe,
and S. Yamashita

Fig. 1. Residual is defined as the distance between the linear interpolation of station-1 and station-3 hit locations
at the station-2 and the actual hit in the station.

Distance from Beam Center[cm]

The alignment of the tracking chamber is one of
the long standing challenge for nuclear physics experiments. The PHENIX muon system measures
the charged particle momentum with three tracking
stations of cathode readout chambers, namely muon
tracker (MuTr) impremented in a magnetic ﬁeld volume. The precision of the relative alignment between
the three tracking chambers directly aﬀects the resolution of momentum measurment. Over the last a
few years, PHENIX spin program has been focusing
on the polarized sea quark measurements in protons
through asymmetry measurement of W-boson production1) . Because of the heavy mass of W-boson, decayed muon (which we detect) from W-boson has high
transverse momentum on the order of 40 GeV. Such a
high momentrum trajectory is barely bent in the magnetic ﬁeld and its sagitta is on the order of several
mm in the MuTr volume. The possible mis-aligment
of MuTr chambers will result in further momentum
smearing over its intrinsic resolution. The higher the
momentum, the more serious side eﬀect on the charge
determination of the traversing particle. The possible
charge mis-reconstruction is a fatal error for the asymmetry measurement, since the opposite charge (either
W+ or W− ) production is predicted to appear in opposite asymmetry.
PHENIX collaboration developed the global alignment program, which calculates the smallest χ2 solution of actual hit locations when the straight tracks
traverse the three MuTr stations keeping the relative
location of chambers as free parameters. This way, the
program will ﬁnd the relative alignment of chambers
to minimize the residuals, as deﬁned in Fig. 1. The
alignment parameters are limited to transverse shift
and rotations. The deformation of the chambers is out
of the scope of this research.
The consequence of the alignment optimization after analyzing magnetic ﬁeld oﬀ data (all trajectories
are straight) is presented in Fig. 2. The track samples
used for the analysis is dominated by the low momentum hadrons punch through the muon tracker volume.
Fig. 2 compares the residual distribution (x-axis) as a
function of the distance from the beam center. The
muon tracker on Station2 covers a range of 60 to 200
cm from the beam center. The black data points show
the original residual distribution before the alignment
optimization, while the red data points show the consequence of the optimization. As you can see, the optimized new alignment succsesfuly found the solution
to shift the residual distributions around residual=0
compared to the original.
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Fig. 2. Residual distribution plotted as a function of the
distance from the beam center.

However, one notices that the optimized alignment
is well centerized around zero only in the region closer
to the beam center. The alignment is still not successful for the outer region. This is due to the statistical
bias in the minimum χ2 calculation. Because of the
heavy weight of hadron production cross section towards the inner region (large rapidity), the impact of
the mis-alignment of the outer region becomes weak.
Furthermore, the residual distribution does not seem
to be straight to the radial direction. We are investigating the further correction required to improve the
alignment by introducing a work-around solution of the
unwanted statistical weight of the track samples and
possible internal alignement within the chamber to correct for non-linear relation of the residual towards the
radial direction.
References
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Drift chamber construction for Drell–Yan measurement in SeaQuest
experiment at Fermilab
K. Nagai,∗1 S. Obata,∗1 Y. Kudo,∗2 S. Miyasaka, Y. Goto, Y. Miyachi, K. Nakano,
F. Sanftl,∗1 S. Sawada, and T.-A. Shibata
The proton consists of many partons, namely
quarks, anti-quarks, and gluons. The parton distribution of the anti-quark ū had been considered to be the
same as that of d¯ based on the SU(3) ﬂavor symmetry.
However, the NMC experiment at CERN revealed in
1991 that ū and d¯ are asymmetric. The SeaQuest collaboration at the Fermi National Accelerator Laboratory (Fermilab) aims to measure the ﬂavor asymmetry
between d¯ and ū in the region of Bjorken x > 0.3.
The Drell–Yan process, q + q̄ → γ ∗ → µ+ + µ− , is
suitable for measuring anti-quarks in a proton because
an anti-quark in a proton is always involved in this
process. Thus the SeaQuest experiment measures momenta of muons created by the Drell–Yan process. The
SeaQuest experiment uses a proton and deuteron as
ﬁxed targets and a 120-GeV proton beam with a typical intensity of 1013 in a 5-second pulse. The SeaQuest
spectrometer has four tracking stations. We have constructed two operational drift chambers at Station 3:
St. 3+ and St. 3− for the upper and lower halves
respectively. Figure 1 shows the front view of the
chamber. The outer dimensions of the chamber are

We are constructing the new St. 3− chamber at Fermilab for the physics run that starts in June 2013. We
started assembling the frame of the St. 3− chamber
in June 2012. In July 2012, we set up an optimized
procedure for stretching wires. We completed stretching 5,154 wires in two months. The wire tension is set
to 75 gf for the sense wire and 130 gf for others. We
loaded the wire with a weight of a metal block.
We have checked the tension of every wire stretched.
Since the eigenfrequency of wire oscillation depends on
the tension of the wire, we determined the eigenfrequency of each wire to measure the wire tension. We
placed a magnet around the wire and injected a pulse
current into the wire using a function generator. The
wire was oscillated by the periodic Lorentz force due
to the magnetic ﬁeld and the pulse current. The frequency of pulse current was gradually changed. When
it equaled the eigenfrequency of the wire, the amplitude of wire oscillation became maximum.
The requirement regarding the accuracy of the wire
tension is better than ±10%. We re-stretched 21 wires
whose tension was out of this range. We have currently
achieved an accuracy of 5%.
Figure 2 shows the results of measurement of the tension of certain wires of a layer that were ﬁrst stretched.
We measured the tension of some wires of the layer

Fig. 1. Front view of the drift chamber. The outer dimensions of the chamber are 1.9 m × 3.4 m, and the active
area is 1.7 m × 2.3 m.

1.9 m × 3.4 m, and the active area is 1.7 m × 2.3 m.
There are six planes in each chamber and four planes
out of six are tilted by 14◦ or by −14◦ from the vertical
direction. The gas used for both chambers is a mixture
of argon (86%), methane (10%) and CF4 (4%). These
chambers have two types of wires. One is named the
“sense wire” and made of gold-plated tungsten of 30
µmφ, and the other is made of gold-plated Be-Cu of 80
µmφ. These wires form a cell structure. One sense wire
is placed at the center of each cell and is surrounded
by eight other wires. The distance between neighboring wires is 1 cm. The size of one cell is accordingly
2 cm × 2 cm. The number of readout channels is 768
in six layers.
∗1
∗2

Tokyo Institute of Technology, Graduate School of Science
and Engineering
Yamagata University, Faculty of Science

Fig. 2. Results of tension measurement. The blue line indicates the result of the tension measurement immediately after ﬁnishing the ﬁrst layer wiring. The black
one indicates that after stretching all the wires.

twice: immediately after ﬁnishing stretching wires of
the ﬁrst layer (the blue line in Fig. 2), and after stretching all the wires (the black line in Fig. 2). The wire
tension decreased by about 9-10%. This result is consistent with our expectation based on the frame deformation.
In January 2013, we ﬁnished attaching windows to
the chamber. We are currently pumping a dry gas into
the chamber. This process will take about 40 days.
When it is completed, we will begin a high voltage
training for about one month and complete the construction of the new chamber in April.
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Development of a wide-dynamic-range front-end ASIC for W + Si
calorimeter for ALICE upgrade
S. Hayashi, H. Hamagaki,∗1 T. Gunji,∗1 M. Tanaka,∗2 and H. Ikeda∗3

Fig. 2. Transient response of the trigger output when input
charge is 200 pC. The upper line shows the input pulse.
The lower line shows the pulse shape of the trigger output.

Vout[mV]

ricated with 0.25µm technology by UMC. The power
consumption of the ASIC is 15 mW per channel for
the analog part and 1.5 mW for digital part.
Figure 2 shows the transient response of the trigger
output. The rising time of an output pulse is 10 ns
which is equal to that of the input pulse. Figures 3
103
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Gain 64/512
Gain 8/512
Gain 1/512

102

Linearity

ALICE is one of the experiments at the CERN-LHC
and it is dedicated for relativistic heavy-ion collisions.
The study of the parton distribution function (PDF)
in nuclei is essential to characterize the dense and hot
medium properties generated in relativistic heavy ion
collisions1) . However there are still large uncertainties
regarding the gluon PDF at small values of Bjorken-x
(10−5 < x < 10−3 ) which is proportional to e−y ,where
y denotes rapidity, and small value of the momentum
transfer scale Q2 (∼a few GeV2 ) in which region it
is expected that the gluon density becomes extremely
high and eventually saturates2)3) .
The installation of an electromagnetic calorimeter
(FOCAL) at forward rapidity (2.5 < η < 4.2) in the
ALICE experiment is currently under consideration4) .
FOCAL is intended to measure prompt γ and π 0 particles up to a transverse momentum of 50 GeV/c, covering the range of 10−5 < x < 10−3 and Q2 = 1-1000
GeV2 . FOCAL consists of three longitudinal segments
and each segment has seven layers of W + Si pad modules. The pad size is 1.1 cm × 1.1 cm and the thickness of the tungsten and Si pad is 3.5 mm (∼1X0 ) and
525 µm. Si pixel layers are also placed at the ﬁrst
segment to identify π 0 → 2γ decay at high values of
pT . The signal from the Si pad is summed up longitudinally at each segment. The dynamic range of the
signal varies from 50 fC to 200 pC and our ASIC is designed to cope with a wide dynamic range of the order
of 104 . As shown in Fig. 1, the ﬁrst stage of our ASIC
is composed of a current conveyor with four diﬀerent
gain outputs (1/512, 8/512, 64/512, and 256/512)5) .
Another output with a gain of 128/512 is used to generate a fast trigger. Designing and simulation studies
were carried out in the collaboration with the OpenIT
project6) . The prototype chip (CALFE01) was fab-
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Fig. 3. Upper panel: Pulse height at AMC output. Lower
panel: Non-linearity at AMC output.

shows the pulse height and nonlinearity of the output
for a given readout channel. The integrated nonlinearity is about 1% or less for all measured range. Further detailed studies will be carried out and the overall ASIC performance with a FOCAL detector will be
checked.
References
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Development of a polarized proton target with irradiated
polyethylene
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Fig. 1. Electron dose dependence of the electron spin density.
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Spin polarized Drell-Yan (DY) is a long-awaited tool
that can be used to explore the 3D internal structure of
the proton, in terms of the transverse momentum dependent parton distribution functions. In contrast to
pion-induced DY, whose observable will be measured
with COMPASS at CERN in 2014, the measurement
of the proton-induced DY, such as the E906/SeaQuest
measurement at Fermilab, accesses anti-quarks inside
the proton in the large Bjorken-x. In order to realize the measurement of the polarized-proton-induced
DY, we have been developing a suitable polarized proton target.1,2) Since a high cooling power is required
to maintain polarization with a high-intensity beam,
the use of a material with a large surface area, such
as polyethylene powder or ﬁber, has some advantages
over the use of solid NH3 or LiH, which are present
candidates for the polarized target material.
In order to create free electrons needed for dynamic
nuclear polarization (DNP), we irradiated polyethylene samples with diﬀerent form and crystallinity,
including ethylene-octene copolymer (ENGAGETM
8003), which has a density of 0.87 g/cm3 , using a 2
MeV electron beam at the electron acceleration facility of the Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency. It is known
that the created free electrons recombine at a certain
temperature above 77 K. The samples were placed on
a copper plate, which was installed in a container with
an oxygen absorber, and were indirectly cooled down
to prevent the recombination by circulating liquid nitrogen through the plate. By using diﬀerent beam conditions, we performed irradiation with 5 diﬀerent doses
of the electron beam, from 1014 to 1016 electrons/cm2 ,
for each material type.
We estimated the spin density of the irradiated
ENGAGETM 8003 samples by measuring the ESR signal at 77 K. It should be noted that 2 × 1019 spins/g
is the appropriate spin density for DNP. In Fig. 1,
the measured spin densities are shown for the diﬀerent electron doses. In general, a larger spin density
was observed as the electron dose increased. It can be
also seen that the spin density might become saturated
above 1016 electrons/cm2 , as reported in a previous
work.3) Observed diﬀerences in the spin densities with
the same electron dose might be caused by recombina-

Spin density (spins/g)

Y. Miyachi, K. Akasaka,∗1 S. Asaki,∗1 N. Doshita,∗1 Y. Fukao, Y. Goto, R. Hashimoto,∗1 S. Ishimoto,
T. Iwata,∗1 H. Kobayashi,∗1 T. Kumada,∗3 H. Matsuda,∗1 I. Nakagawa, G. Nukazuka,∗1 K. Nakano, S. Sawada,
T.-A. Shibata, S. Suzuki,∗2 K. Taketani,∗2 and Y. Tochigi∗1

1021

1020

1019
50

100

150

200

250

300

Temperature (K)

Fig. 2. Spin density development of the irradiated
ENGAGETM 8003 sample with increasing temperature.

tion during irradiation.
In order to determine the critical temperature of
ENGAGETM 8003, we measured the spin density by
changing its temperature from 77 K to 300 K. The results are shown in Fig. 2. It is clearly seen that the
recombination of the created free electron occurred at
the glass transition temperature, 213 K, which is indicated with a vertical dashed line.
References
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Development of polarized proton target for SeaQuest experiment
S. Ishimoto, K. Akasaka,＊1 T. Asaki,＊1 N. Doshita,＊1 Y. Fukao, Y. Goto, T. Iwata,＊1 H. Kobayashi,＊1 H. Matsuda,＊1
Y. Miyachi, I. Nakagawa, K. Nakano, S. Sawada, T.-A. Shibata, S. Suzuki,＊2 K. Taketani,＊2 and Y. Tochigi,＊1
We have been conducting the SeaQuest experiment with
the aim of detecting muon pairs from the Drell–Yan process
with a 120-GeV unpolarized proton beam extracted from
the Fermilab Main Injector1). An extension of the SeaQuest
experiment with a polarized proton target has been
discussed for implementation in order to study the spin
structure of the proton.
The polarized Drell–Yan experiment requires a polarized
target with high resistivity to radiation damage. Solid NH3
and LiH irradiated by electron beams are candidates of
Dynamic Nuclear Polarization (DNP) target material. High
cooling power at low temperature is required to maintain
the target’s polarization with a high-intensity beam.
We are developing a polarized proton target at KEK and
Yamagata University2) for use towards the polarized
Drell–Yan experiment3), 4). The KEK target system is also to
be used for the development of a neutron polarized filter
and material research at J-PARC.
We have been developing an NMR system and along
with the required software. Figure 1 shows the NMR
Q-meter. It uses a radio frequency phase sensitive detection
technique5). Figure 2 shows the proton thermal equilibrium
(TE) signal in polyethylene at 2.5 T and 1.19 K recorded at
Yamagata University. These data were obtained by the
newly developed NMR system after averaging over 500
times. The strength of the signal indicates good S/N
performance of our NMR system. The NMR TE signal S0 at
around 1 K will be used for the calibration of polarization.
The accuracy of target polarization Pt depends on the
uncertainty of S0 and the temperature for the duration of
obtaining the S0 data.

The 1-K refrigerator and 5-T magnet have been
originally developed at Michigan University6) and they are
presently located in the KEK-PS North Counter Hall.

Fig. 2. Proton NMR in polyethylene at 2.5 T and 1.19 K,
the polarization of TE signal was estimated as 0.21 %
Figure 3 shows the temperature record of the target as
obtained by the Speer carbon resistor calibrated with helium
pressure. We are planning to use a PID heater controller to
keep the target temperature stable. A capacitance pressure
sensor for evaporated helium will be used to obtain the
target temperature with garter accuracy.

Fig. 3. Temperature record of target in the 1 K refrigerator

This research is supported by the JSPS Grant-in-Aid for
Scientific Research (B) 22340070.
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Development of Time Projection Chamber for LEPS2
Y.Nozawa, M.Niiyama, M.Yosoi, Y.Kasamatsu,∗1 and H.Ohnishi
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Here, α is the angle between the track of charged particles and direction of wires (and pads); we call it as
track-wire angle. λ is the angle between the track and
the pad plane; we call it as dip angle. L is the drift
length. We measured these coeﬃcients using prototype TPCs for the electron beam at LEPS beamline.
We also measured the performance by changing gases
and preamps. By utilizing these coeﬃcients, we estimated the mass resolution of Θ+ and Λ(1405). We
obtained the masses of Θ+ and Λ(1405) from invariant
mass of π + , π − , p, and missing mass of π + , π − , π + at
the ﬁnal state, respectively.
In order to reduce the multiple scattering, a neonbased gas mixture will be used in the TPC active volume. Therefore, we measured the performances with
Ar-CH4 (90:10) gas (P10 gas), and Ne-CH4 (90:10) gas,
which has less amount of material than P10 gas. We
obtained a position resolution of 108 µm for P10 gas
and 125 µm for Ne-CH4 gas with 4 mm × 10 mm pads.
The position resolution with Ne-CH4 gas is lower than
that with P10 gas. Since the number of ionized particles of Ne-CH4 gas is less than that of P10 gas, the gain
has to be obtained by avalanche. Therefore, the low
position resolution with Ne-CH4 gas may be caused by

spatial broadening of the avalanche. The position resolution with Ne-CH4 gas is lower than that with P10
gas. However, the mass resolution of Θ+ and Λ(1405)
with Ne-CH4 gas, which was obtained by simulation,
was higher than that with P10 gas because the multiple
scattering is dominant in the low momentum region.
Therefore, we will use Ne-CH4 for the gas of TPC.
Secondly, we measured the position resolution with
2 kinds of preamps. The position resolution decreased
with increasing the track-wire angle for constant the
sense wire voltage because the avalanche region on the
sense wires widens with the track-wire angle. However,
it was found that the position resolution improved with
increasing sense wire voltage at larger track-wire angles, as shown in Fig.1. We think that the ﬂuctuation in the charge amount of the avalanche in this
region causes the deviation. In order to apply higher
sense wire voltage while avoiding the overﬂow of ADC,
we will use lower gain preamps. Therefore, we measured the position resolution with 1V/pC and 2V/pC
preamps. The position resolution with 1V/pC preamp
was higher than that with 2V/pC when the value of
ADC of MIP was kept constant. The track-wire angle
dependence with these preamps isshown in Fig.2. The
position resolution at around 20◦ with 2V/pC was 907
µm, and that with 1V/pC was 844 µm. Therefore,
1V/pC preamps will be used for readout of the TPC.
We also measured the dip angle and drift length dependence, and using spatial resolutions obtained from
these study, we estimated the invariant mass resolution of Θ+ in its Ks0 p decay to be 6 MeV/c2 from the
simulation.
residuals2 [mm2]

LEPS2 is a newly constructed beamline at SPring-8.
We will study hadron photoproduction at this beamline. In the LEPS2 experiment, a Time Projection
Chamber (TPC) will be installed in the solenoid magnet. The target will be installed inside the TPC, and
the charged particles scattered at large angles will be
detected by the TPC.
The position resolution is written with some parameters as follows.
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Fig. 2. The track-wire angle dependence with 1V/pC and
2V/pC preamps when the MIP peak is around 200 mV.
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Fig. 1. The sense wire voltage dependence with P10 gas at
0◦ , 10◦ , and 20◦ in the track-wire angle.
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Research Center for Nuclear Physics, University of Osaka

- 210 -

Ⅱ-8. Instrumentation

RIKEN Accel. Prog. Rep. 46 (2013)

Performance study of a high-refractive-index aerogel Cherenkov
detector for the spectroscopy experiment of η  mesic nuclei
Y.K. Tanaka, S. Friedrich,∗1 H. Fujioka, H. Geissel, R.S. Hayano, K. Itahashi, S. Itoh,∗3 V. Metag,∗1
M. Nanova,∗1 T. Nishi, K. Okochi, H. Outa, K. Suzuki, T. Suzuki, M. Tabata,∗4,∗5 Y.N. Watanabe,
and H. Weick

∗1
∗2
∗3
∗4

From the test experiment, it was conﬁrmed that this
detector can be used for background rejection at the
hardware level in the main experiment. As a future
work, we plan to study a possible improvement to reduce the expected signal overkill, such as the lowering
of the refractive index.

Fig. 1. Schematic view of the aerogel Cherenkov detector.

count [a.u.]

We have developed a high-refractive-index aerogel
Cherenkov detector1) for the spectroscopy experiment
of η  mesic nuclei at GSI.2,3) We have planned a
missing-mass spectroscopy of the 12 C(p,d)η  ⊗11 C reaction near the η  emission threshold to search for η 
mesic nuclei.4) A 2.5 GeV proton beam will be injected
into a 12 C target, and the momenta of the ejectile
deuterons will be measured using a fragment separator (FRS) as a spectrometer. At the downstream focal
plane of the FRS, in addition to the signal deuterons
(0.5 kHz, β = 0.82–0.85), a large number of background protons (50 kHz, β = 0.94–0.96) are expected
to reach the detectors. The purpose of the Cherenkov
detector is to reduce this background rate to the order
of 100 Hz at the trigger level.
A schematic view of this detector is shown in Fig. 1.
We used a 2 cm-thick silica aerogel, with a refractive
index of 1.18, as a radiator.5) Behind the radiator, a
mirror box was placed to guide the Cherenkov photons
to the PMTs attached on the mirror box.
In November 2012, we tested this detector with
deuteron beams at GSI. We employed deuteron beams
of two velocities, β = 0.843 and β = 0.944, to evaluate
the performance for both the background proton and
the signal deuteron in the main experiment.
With the higher-velocity deuterons, a suﬃcient number of photoelectrons were observed. The red line in
Fig. 2 shows the histogram of the total number of
photoelectrons with the beam injected at the center of
the radiator. From this histogram, the average number of photoelectrons was deduced to be 30.8, and the
detection eﬃciency was evaluated to be higher than
99.9% even at a 9 photoelectron threshold. This eﬃciency was quite suﬃcient for background rejection in
the main experiment.
In addition, the observed histogram with the lowervelocity deuterons is shown by the blue line in Fig. 2.
A peak was seen at the pedestal position, as expected,
but also a long tail of up to more than 10 photoelectrons was observed. This might be due to Cherenkov
radiation in an ultraviolet region and/or Cherenkov
photons from delta rays emitted in the aerogel, and
would lead to a few percent of overkill of the signal
deuterons (e.g., 3% at a 9 photoelectron threshold) in
the main experiment.
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Fig. 2. Histograms of the total number of observed photoelectrons. Red indicates the higher velocity, β = 0.944.
Blue indicates the lower velocity, β = 0.843.
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Development of new digital image analysis system for NEWTON
experiment
K. Ninomiya, R. Kishi,∗1 H. Murakami,∗1 S. Saiba,∗1 T. Sakuta,∗1 A. Taketani, and J. Murata
According to ADD model1) , extra dimensions are
predicted to exist at below millimeter scale. In such
a case, the observation of a deviation from Newton’s
inverse square law can be expected below millimeter
scale. A modiﬁed gravitational potential is historically
expressed in a Yukawa interaction form.
V (r) = −G

r )
mM (
1 + αe− λ ,
2
r

(1)

here, α is coupling constant and λ is the range of the
new interaction. Numbers of experiments have been
tested the inverse square law, excluding the non-zero
value of α in various length scales. However, a high
precision test of the Newtonian inverse square law is
performed at astronomical scales. For this reason, we
are test of the Newtonian inverse square law at below mm scale using torsion pendulum. An angular
displacement of the torsion pendulum is measured as
gravitational signal. In our experiment, the angular
displacement is obtained using digital image analysis
system. This analysis system is originally developed
for PHENIX experiment, as an optical alignment system (OASys)2,3) . Applying this system, we developed
digital analysis system using CCD camera. The motion of the torsion pendulum is captured with CCD
camera, and stored as static sequence ﬁles. After then,
image analysis is performed for all image ﬁles. The
angle information of the torsion pendulum can be obtained by performed a linear least square ﬁtting on the
pixel intensity data4) . In this system, typical angular
resolution of 100 micro degrees is achieved.

resolution. The angular resolution is improved using
CCD camera with microscope. However, if we capture only one side of the torsion pendulum using CCD
camera, it would be diﬃcult to distinguish the twisting
motion from a parallel motion. Therefore, the parallel
motion can become a systematic error. For this reason, we capture the both edges of the torsion pendulum
using two CCD cameras. To capture the both ends of
the torsion pendulum, it can be easy to distinguish the
twisting motion from a parallel motion. Therefore, the
new capture system can suppress the systematic error
from the parallel motion. In addition, we can expect
improvement of the angular resolution using new system by factor 1/10 comparing with a current analysis
system.
We are now performing Newton IV experiment using
new analysis system. Figure 2 shows an upper limit of
the new Yukawa interaction.

|α|

λ

Fig. 2. Upper limit of the new Yukawa interaction at below
centimeter scale.

The shaded area shows experimentally excluded regions. Red dashed line is expected area from our experiment. We will be able to achieve the most precise
test of the inverse square law at below mm scale using
new image analysis system in Newton IV experiment.
References

Fig. 1. 2CCD camera system.

Last year, we developed new experimental device(Newton IV) aiming to test the Newtonian inverse
square law with the highest precision at below mm
scale5) . As a result of the measurement, it became
clear that the more precise position resolution was required. Therefore, in this year, we developed new image analysis system using microscope and two CCD
cameras aiming to achieve the more precise angular
∗1
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2) J. Murata, IEEE Nuclear Science Symposium Conference Record 675 (2005).
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Development of the GTO module
H. Baba, T. Ichihara, T. Ohnishi, S. Takeuchi, K. Yoshida, Y. Watanabe, S. Ota,∗1 and S. Shimoura∗1
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Fig. 2. The concept of delay chain by D-Flip Flop elements.
In this delay generator, 32 D-FFs are connected.
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Fig. 3. The time jitter measurement of the delay generator.

termined by the clock frequency. In usual FPGAs, the
200 MHz clock frequency (5 ns resolution) is maximum.
To achieve the better resolution beyond the clock frequency, the propagation delay of logic elements can
be used4) . To pass though a look up table element
in FPGA, only few pico seconds are required. In the
case of the D-Flip Flop (D-FF) element, the time between input and output is about 1.2-ns. This 1.2-ns
delay is useful to achieve longer delay with better time
resolution. Here, we report the implementation of delay generator by using a 32 D-FF delay chain circuit.
The delay time is given by the number of D-FF to be
passed through, and it can be controlled by the preset
counter and the multiplexer circuits (Fig. 2). The time
jitter of this delay generator is shown in Fig. 3. Data
are taken by Agilent Technologies U1050A-002 TDC,
which has a very good timing resolution of 5-ps. The
overall time jitter is about 0.06% in FWHM. This resolution can be applied to tune the coincidence timing
in trigger circuit precisely.
References
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Fig. 1. The main components of GTO.
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We have developed the Generic Trigger Operator
(GTO) module for nuclear physics experiments. This
is a NIM module aimed at providing intelligent and
remote trigger operations. In RIKEN RIBF, the beam
line is very long and detectors are located at distant
places. Signals are measured by a network-distributed
data acquisition system1) . Recently, FPGA-based
modules of “Logic Unit for Programmable Operation”
(LUPO) and “Mountable Controller” have been introduced2,3) . FPGA is very powerful for constructing custom logical circuits. LUPO is a very successful VME/CAMAC module that provides the functions
of time stamp, I/O and interrupt register, etc. The
GTO module can be referred to as the NIM version
of LUPO with the network interface. It enables us
to change the connectivity of input and output signals like a multiplexer circuit by network commands.
This feature is very useful for the long beam line in
RIBF. In addition to the multiplexer function, GTO
can have a variety of logical functions such as coincidence, veto, latch, gate, delay, clock, divider, selector,
and fan-in/fan-out. These functions can be combined
into the GTO module. The main components of GTO
are shown in Figure 1. For logic signals, there are
24 NIM inputs and 8 NIM outputs connectors. To
communicate with computers, GTO has Ethernet and
USB2.0 interfaces. For Ethernet, we adopt Lantronix
XPort, which works as a Ethernet to serial converter.
The maximum data transfer rate is 920 Kbps. When
more higher data transfer is required, USB2.0 is available through the FTDI FT2232H chip. The maximum
data transfer rate is 320 Mbps.
It is possible to realize the function of delay generator in FPGA. Usually, it is implemented by a clock synchronized circuit. However, its time resolution is de-
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Computing and network environment at the RIKEN Nishina Center
T. Ichihara, Y. Watanabe, and H. Baba
We are operating the Linux/Unix NIS/NFS cluster
systems1,2) at the RIKEN Nishina Center (RNC).
We have two server rooms for computers and network equipments. One is located at the Nishina Memorial Building, and the other is located at the RIBF
Bldg. Both rooms are equipped with emergency power
supply and UPS systems (20 kVA each). Since the
UPS (20 kVA) in the Nishina Memorial Building was
installed more than ten years ago, we replaced it during the three-day shutdown in the summer of 2012.
Figure 1 shows the current configuration of the
Linux/Unix servers at the RNC. We are adopting
Scientific Linux as the operation system. The host
RIBF.RIKEN.JP is used as the mail server, NFS server
of the user home directory /rarf/u/, and the NIS master server. Mailing list services are also supported.
This is a core server for the RNC Linux/Unix cluster
with approximately 600 user accounts registered.
The /rarf/w RAID has been used for the analysis

of the experimental data. The size of the experiment
data increases year by year. In addition, since the free
space of the /rarf/w RAID became less than 30% and
it reached the design life of six years, we replaced the
RAID in the summer of 2012. As a result, the total size
of the /rarf/w file systems was increased from 10 TB
to 104 TB. The user disk quota of the /rarf/w space
(default 100 GB) will be increased accordingly.
New file servers RIBFDATA02/03 were also installed. In addition, a new 52 TB RAID system
(/rarf/d) was connected to the RIBFDATA02/03 to
store the new raw data obtained in the RIBF experiments.
Three dedicated data analysis servers RIBFANA0103, which were installed in the spring of 2012, have
been intensively used for the data analysis of the RIBF
experiments.
The hosts RIBF00/01 are used as ssh login servers
to provide access to external users, and as generalpurpose computational servers, printer servers, and
gateways to the RIBF intranet.
The host NISHINA-PREPRINTS is an electric
preprint server of the RNC. Several functions have
been modified and added to the server for easy access
and compilation of preprints and publications.
The hosts RIBFSMTP1/2 are the mail front-end
servers, and they are used for tagging spam mails
and isolating virus-infected mails. The Sophos Emailprotection advanced (PMX) has been newly installed
on these servers in this year.
The Integrated Digital Conference (INDICO) system has been operated at the host indico.riken.jp since
2007. We are planning to replace this server early in
2013 in order to improve the function and reliability.
An anonymous ftp server, FTP.RIKEN.JP, is managed and operated at the RNC. Major Linux distributions including Scientific Linux, Ubuntu, Debian, etc.
are mirrored daily at the ftp server for the convenience
of their uses and facilitating their high-speed access.
We have been operating approximately 60 units of
wireless LAN access points in the East Area of the
RNC. Several access points for 2.4 GHz and 5.2 GHz
have been added or replaced this year.3) As a result,
almost the entire radiation-controlled area of the East
Area is covered by wireless LAN, for the convenience
of experiments and maintenance work.
References
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Fig. 1. Configuration of the RIBF Linux cluster.
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CCJ operation in 2012
Y. Ikeda, H. En’yo, T. Ichihara, Y. Watanabe, and S. Yokkaichi
1

Table 1. Limitation of number of job slots from LSF queue
with cluster node.

Overview

The RIKEN Computing Center in Japan (CCJ)1)
commenced operations in June 2000 as the largest oﬀsite computing center for the PHENIX2) experiment
being conducted at the RHIC3) . Since then, the CCJ
has been providing numerous services as a regional
computing center in Asia. We have transferred several hundred TBs of raw data ﬁles and nDSTs, which
is the term for a type of summary data ﬁles at the
PHENIX, from the RHIC Computing Facility (RCF)4)
to the CCJ. The transferred data are ﬁrst stored in
a High Performance Storage System (HPSS)5) before
starting the analysis. The CCJ maintains suﬃcient
computing power for simulation and data analysis by
operating a PC cluster running a PHENIX-compatible
environment.
A joint operation with the RIKEN Integrated Cluster of Clusters (RICC)6) was launched in July 2009.
Twenty PC nodes have been assigned to us for dedicated use, sharing the PHENIX computing environment.
Many analysis and simulation projects are being carried out at the CCJ, and these projects are listed on the
web page http://ccjsun.riken.go.jp/ccj/proposals/.
As of December 2012, CCJ has been contributed 30
published papers and more than 33 doctoral theses.
2

Configuration

2.1 Calculation nodes
In our machine room 258/260 in the RIKEN main
building, we have 28 PC nodesa) , and these nodes have
been used for the analysis of the PHENIX nDST data.
These nodes are operated by the data-oriented analysis
scheme that carries out optimization using local disks7)
8)
. The OS on the calculation nodes is Scientiﬁc Linux
5.39) , and the same OS works on the 20 nodes at the
RICC. As a batch-queuing system, LSF 8.0.010) and
Condor 7.4.211) were run on the CCJ and RICC nodes,
respectively, as of Dec 2012.
Table 2 shows numbers of malfunctioned SATA or
SAS disks in the HP servers (including NFS/AFS
servers described in the next section).
2.2 Data servers
Two data servers (HP ProLiant DL180 G6 with 20
TB SATA raw disks) are used to manage the RAID
a)

HP ProLiant DL180 G5 with dual Xeon E5430 (2.66 GHz,
4 cores), 16 GB memory and 10 TB local SATA data disks
for each node, and HP ProLiant DL180 G6 with dual Xeon
X5650 (2.66 GHz, 6 cores), 24 GB/20 TB as above, for each
node
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CCJ-hp1
CCJ-hp2
RICC
total

Nodes
18
10
19
47

Cores
144
120
152
416

Threads
144
240
152
536

Jobs
180
200
144
524

Table 2. Malfunctioned HDDs in 2012 and 2011
type
SATA
SAS

size
1 TB
2 TB
146 GB
300 GB

total
192
120
38
24

Malfunctioned
2012
2011
20
9
5
4
1
1
0
1

of the internal hard disks, which contain the user data
and nDST ﬁles of PHENIX. One old server (SUN Fire
V40 with 10 TB FC-RAID) was terminated in March
2012. The disks are not NFS-mounted on the calculation nodes to prevent performance degradation by the
congestion of processes and the network. These disks
can be accessed only by using the “rcpx” command,
which is the wrapper program of “rcp” developed at
CCJ and has an adjustable limit for the number of
processes on each server.
The DNS, NIS, NTP, and NFS servers are operated
on the server ccjnfs20b) with a 10-TB FC-RAID, where
users’ home and work spaces are located. The home
and work spaces are formatted with VxFS 5.012) . The
backup of home spaces on ccjnfs20 is saved to another
disk server once a day and to HPSS once a week. The
backups on HPSS are stored for 3 weeks.
2.3 HPSS
Since Dec 2008, the HPSS servers and the tape robot
have been located in our machine room, although they
are owned and operated by RICC. The speciﬁcations
of the hardware used can be found in the literature13) .
The amount of data and the number of ﬁles archived in
the HPSS were approximately 1.7 PB and 2.1 million
ﬁles, respectively, as of Dec 2012.
2.4 PHENIX software environment
Two PostgreSQL14) server nodes are operated for
the PHENIX database, whose data size was 86 GB
as of Dec 2012. The data are copied from The RCF
everyday and are made accessible to the users. One
b)

SUN Enterprise M4000 with Solaris 10
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Table 3. DST and raw data files in HPSS on Dec 31, 2012

Run
1
2
3
4
5
6
8
9
10
11
12
total

DST
size [TB]
cos
4
2,3,100
24 2,3,4,100
10
2,3,6
14
2,3
287 2,3,6,100
92
3,6,100
22
3
106
3,7
32
3
142
3
3
3
736

Raw data
size [TB]
cos
3
3,205
36 1,3,5,205
46
100,205
11
205
292
5,205
339
11,100
128
12
13
0
0
0
854

4

In the period Oct 2011–May 2012, a controller of the
RAID disk connected to ccjnfs20 frequently displayed
the “link down” error and stopped the operation of
CCJ several times. Replacement of the RAID controller chassis and I/F card did not solve the problem.
There was no error recurrence after the ﬁrmware of the
RAID controller v3.63G.65 was updated to v3.73k.01
in June 11, 2012.
5

2.5 Network configuration
The topology of the network linking the CCJ, the
RICC, and the RIKEN IT division was not changed in
2012. This topology was shown in the paper entitled
“CCJ operation in 2011”1) .
2.6

Uninterruptible power-supply system
(UPS)
The power consumption of the CCJ system, excluding the HPSS, is about 25 kW, and the power is supplied through ﬁve UPSs (10.5 kVA each) as of Dec
2012, after two old UPSs were replaced by a new UPS
module in March 2012. For the HPSS, there is one 7.5kVA UPS for 100 V and three 10.5-kVA UPSs for 200
V purchased by CCJ. For the latter three, batteries
were changed by RICC in Oct 2012.
3

Data transfer from BNL

Data collected during the PHENIX experiment have
been transferred from the RCF to the CCJ by gridFTP16) through SINET4 (maintained by NII17) ) with
a 10 Gbps bandwidth. In 2012, 144 TB of nDSTs
of the PHENIX Run-10AuAu (15 TB), Run-11pp (10
TB), Run-11AuAu (116 TB) and Run-12pp (3 TB)
were sent from the RCF to the CCJ, and the data
were stored in the the HPSS, and 100 TB of this data
was moved to local disks on the HP calculation nodes.
Files are transferred by grid-FTP at a maximum speed
of 280 MB/s.

Lost data

In Oct 9, 2012, a ﬁle system of a user’s home directory was damaged due to disk trouble and errors
in operation when the ccjnfs20 was booted after a
planned power outage. The data were recovered from
the backup of Oct 5 (the day before the power outage).
6

AFS15) server node is operated for the PHENIX AFS.
The size of the libraries for the PHENIX analysis setup
was 2.5TB as of Dec 2012. The libraries are also copied
from the RCF by afs everyday.

Issue with RAID controller

Air-conditioners of server room

In Jan 2012, six air-conditioners operated in machine
room (another one had malfunctioned). Three of them
broke down and the temperature increased up to 28
◦
C on May (The normal temperature is about 22 ◦ C
through a year). Two of broken machines were restored
and the temperature returned on June. Another was
removed and ﬁve have been operational as of Dec 2012.
References
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Reaction-rate measurements between slow velocity-selected polar
molecules and a Ca+ Coulomb crystal
K. Okada, T. Suganuma,∗1 T. Furukawa,∗1 H.A. Schuessler, M. Wada

∗1

reaction time. In addition, the crystal became obscure
owing to the increase in the number of product ions,
which slightly heats the Ca+ crystal. We have conﬁrmed that the reaction rate of Ca+ + ND3 → products was also very slow5) . It is conceivable that the
loss of the number of the Ca+ ions in these measurements is caused by the reactions with background H2
molecules, i.e. Ca+ (2 P1/2 ) +H2 → CaH+ + H3) .
The observed reaction rates are on the order of 10−5
−1
s , which are much slower than typical reaction rates
of molecular ion-polar molecule reactions at low temperatures6) . Therefore, the present results conﬁrm
that, in principle, reaction-rate measurements between
the velocity-selected polar molecules and sympathetically cooled molecular ions cooled by a laser-cooled
Ca+ Coulomb crystal can be performed. In the future,
the present velocity-ﬁlter combined cryogenic trap apparatus should enable us to perform systematic measurement of cold ion-polar molecule reactions, which
are important issues and will contribute to the progress
of astrochemistry.

(b)

+

(a)
relative number of Ca

Cold molecules and their ions have attracted research interest in the ﬁelds of fundamental physics
and cold chemistry. In connection with cold chemistry,
cold ion-molecule reactions play important roles in synthesis of interstellar molecules, and their reaction-rate
constants are important information for studying the
chemical evolution of interstellar clouds1) . However,
most measurements of ion-neutral reactions were only
at room temperature or at a restricted range of temperatures near room temperature, even though the reactions occur at low temperatures in interstellar clouds.
Therefore, we planned to experimentally determine the
reaction rates between cold molecular ions and polar
molecules using the ion trap technique under ultrahigh vacuum condition. In this project, we will perform reaction-rate measurements between the velocityselected polar molecules and sympathetically cooled
molecular ions cooled by a laser-cooled Ca+ Coulomb
crystal.
Recently, we developed a Stark velocity ﬁlter for performing the above reaction-rate measurements2) . In
fact, we conﬁrmed the generation of slow ND3 , H2 CO,
and CH3 CN molecules having thermal energies of a few
Kelvin. Additionally, the number densities of the slow
velocity-ﬁltered polar molecules were determined to be
in the range of n = 104 –106 cm−3 . Here, we report the
reaction-rate measurement between a Ca+ Coulomb
crystal and velocity-selected CH3 CN and ND3 in order to check the reactivity between the slow polar
molecules and cold Ca+ ions.
Since the number density of the laser-cooled Ca+
ions is considered to be constant as a ﬁrst approximation, the relative number of ions can be determined
from the volume of the Ca+ Coulomb crystal, which
can be determined by the size of the ﬂuorescence image under the assumption of the cylindrical symmetry.
Thus, in the present measurements, the relative number of Ca+ ions is measured as a function of reaction
time3) . Figure 1(a) shows a plot of the relative number of ions in the Ca+ Coulomb crystal as a function
of time when irradiating with velocity-selected CH3 CN
molecules. From the decay curve of the relative number, the reaction rate of γ=1.8(1.0)×10−5 s−1 is determined. The average collision energy of this reaction system is estimated to be lower than 10 K. We
also show the corresponding ﬂuorescence images of the
Ca+ Coulomb crystal, which was observed before and
after a certain reaction time (Fig. 1(b)). A small dark
region caused by the product ions was observed in the
lower part of the ﬂuorescence image after about 1 hour
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Fig. 1. An example of the reaction-rate measurement between a Ca+ Coulomb crystal and the velocity-selected
CH3 CN molecules under UHV condition5) .
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Formation of hydrogen-associated vacancy clusters in Nb as investigated from
site occupancy change of hydrogen†
E. Yagi, N. Higami,＊1 A. Takebayashi,＊1 T. Hayashi,＊1 Y. Murakami,＊1 S. Koike,＊2 and K. Ogiwara
The interaction of hydrogen with defects, especially
vacancies, in metals is one of the fundamental problems on
the properties of hydrogen and also in the research of fusion
reactor materials, hydrogen embrittlement etc. It has been
reported that hydrogen is trapped by vacancies. Such
trapping affects various properties of hydrogen, such as
hydrogen diffusion and hydrogen solubility, and is also
related to the formation of superabundant vacancies. The
recovery of the irradiation effect for high purity Nb and
H-doped Nb was investigated by electrical resistivity and
positron lifetime measurements. The recovery stage
observed at around 250–270 K (stgeIII) in pure Nb, which
was attributed to the free migration of monovacancies, was
shifted by about 100–160 K to higher temperature in
H-doped Nb, and it was interpreted to be a result of the
trapping of hydrogen by vacancies.
The atomistic state of trapped hydrogen has not hitherto
been studied, because of the experimental difficulties.
Therefore, the channelling method utilizing a nuclear
reaction of 1H(11B,a)aa with a 11B+ beam of about 2 MeV
was developed. In this method hydrogen can be detected by
measuring a particles. This method has been demonstrated
to be very useful to locate hydrogen dissolved in metals.1,2)
In previous study, the irradiation effect on Nb doped with
hydrogen up to a concentration of 0.023 at a
hydrogen-to-metal-atom ratio CH=[H]/[M], NbH0.023, was
investigated by the channelling method at room temperature
with a tandem accelerator. Irradiation was performed with
an analysis beam of 11B ions of energy of 2.03 MeV in the
off-channelling direction (random direction). Irradiation
introduces only defects nearly homogeneously in the depth
region around ~200 nm where hydrogen is probed by the
nuclear reaction, because the projected range of incident 11B
ions is 1.35 mm. By irradiation at room temperature up to a
dose of 1.4✕1016/cm2, a change of channelling angular
profiles is completed. The lattice location of hydrogen
changes from an original tetrahedral (T) site (T-1 state) to a
Ttr site, which is displaced from a T site by 0.45–0.55 Å
towards its nearest neighbour lattice point.3) As channelling
angular profile was obtained with much lower irradiation
dose, less than 3.6✕1014/cm2, at each angle, the effect of
radiation damage by an analysis beam itself on the lattice
location of hydrogen can be excluded.
In the present study, effect of post-irradiation annealing
was investigated. First, the specimen was irradiated at room
temperature up to about 3 times higher dose 4.2✕1016/cm2.
†
＊1
＊2

Condensed from the article in J. Phys. Soc. Jpn. 79, 114601 (2010).
School of Science and Engineering, Waseda University
Department of Physics II, Tokyo University of Science

The site occupancy of hydrogen remained the same. On the
subsequent annealing at 523 K for 1 h, the state of hydrogen
changed from the Ttr-site occupancy to the occupation of
(55–70)% of H atoms at T sites (T-2 state) and (30–45)% at
random (R) sites. As described above, in H-doped Nb the
stage III was shifted to higher temperature and, at this
higher temperature, formation of vacancy clusters was
observed. The annealing temperature of 523 K corresponds
to the temperature for the vacancy clusters to be formed.
Therefore, the irradiation-induced site change from the T
site to the Ttr site is due to the trapping of hydrogen by
vacancies, i.e., the formation of H-vacancy complexes
(complex-1).
After the annealing, additional irradiation was performed
at room temperature with a dose of about 1.4✕1016/cm2,
which is the same as that performed before the annealing.
The site occupancy changed to (35–50)% at T + (50–65)%
at R or (30–40)% at T + (10–20)% at Ttr + (50–60)% at R.
This result indicates a difference in the state of hydrogen
between the T-1 and T-2 states, because, if both states
would be the same, most of the H atoms located at T sites
after the annealing would become again located at Ttr sites.
In the T-1 state, hydrogen is in the isolated state, i.e., free
hydrogen, while, in the T-2 state, most of H atoms are
associated with more vacancies. For this hydrogen-vacancy
complex, a vacancy tetrahedron (tetravacancy composed of
4 vacancies) containing hydrogen inside at T site, H-4vac.
(complex-2), is proposed. The R site occupancy
corresponds to hydrogen in a larger vacancy cluster such as
a void. Therefore, on annealing, large H-associated vacancy
clusters, such as H-4vac. complex and H-associated voids,
are formed. It is demonstrated that complex-1 does not act
as a nucleus for the growth of a H-associated larger vacancy
cluster, because, by irradiation up to 3 times higher dose,
hydrogen site did not change as described above, whereas
complex-2 acts as a nucleus and grows to a H-associated
larger vacancy clusters by trapping still more
irradiation-induced vacancies at room temperature.
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Consideration of single-event gate rupture
mechanism in power MOSFETs†
E. Mizuta,＊1 S. Kuboyama,＊1 N. Ikeda,＊1 T. Kambara, and T. Tamura＊1
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Fig. 1 Structure of SEGR testing.
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Fig. 2 Current monitor data during SEGR testing for
p-MOSFET with the rated VDS of -100 V.
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Fig. 3 Image of electron injection induced by ion
strike in power MOSFETs.
drain region, where the drain bias was applied, because the
highest electric field was generated by perpendicularly
incident ions in the neck region (the region between body
diffusions). However, the current increases might suggest
that the gate oxide was damaged and that the current was
injected from the gate, after which it flowed out to the drain
and the source electrodes, because the current values of IGS
and IDS were not identical. It was supposed that there were
at least two current paths. If the SEGR defect point is
located on the oxide-faced upper region, it can be used to
explain the mechanism of the two current paths, as shown
Figure 3. The electrons are generated along the ion track
and accelerated by the electric field applied across the
body-drain junction and injected into the gate oxide. The
edge portion of the body might be more effective for the
injection because of the reduced thickness of the diffusions.
A further quantitative discussion will be included in the full
paper for clarifying the mechanism†.
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Power metal-oxide-semiconductor field -effect transistors
(MOSFETs) are On/Off switching devices in a power
circuit that are used to attain high efficiency and high speed.
These power MOSFETs are widely used for the power
handling portion of the electronic devices for space system
as well as ground-based commercial devices. However, the
catastrophic failure mode caused by a single-event gate
rupture (SEGR) in space radiation environments remains a
critical issue with these devices. The phenomenon of SEGR
in power MOSFETs was reported for the first time in
1987.1) Over the past 20 years, the phenomenon was
extensively characterized2) and several models have been
proposed to describe their mechanism. In this paper, we
report on the result of our SEGR test for MOSFETs of four
structures and the observation of curious SEGR behavior
that differed from the conventional behavior.
Figure 1 shows the structure models of MOSFETs used
for the SEGR test. They include four types of structures:
(A) normal one, (B) no source, (C) plain body, and (D)
plain body and no source. Further, they are p-channel power
MOSFETs having a rated drain voltage of -100 V. The
SEGR test was performed at room temperature by
irradiation with a Kr-ion beam of 713 MeV using the
RIKEN RILAC + RRC. The applied gate voltage VGS was
increased from 0 to 15.0 V at intervals of 2.5 V for the rated
drain voltage VDS of -100 V. From the experimental results,
SEGRs were observed only for the test structures A and B.
SEGRs occurred at VGS = +15.0 V, as shown Figure 2. In
conventional studies, the SEGR defect point was generally
found to be located on the oxide-faced upper region in the
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Excitation density dependence of luminescence behavior in ion-irradiated
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Fig. 1 Time profiles of heavy-ion-induced luminescence of
-alumina at 170 nm for different ions.
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It has been well known that heavy ion irradiation in
insulators leads to extremely high density electronic
excitation around the ion trajectory. Heavy ion irradiation
effects in insulators, in particular track formation, are
strongly related to the relaxation of such excited states.
However, little has been revealed on the relaxation
dynamics and the interaction among the closely located
excited states.
Measurement of time-resolved luminescence spectra is a
powerful method to elucidate the relaxation dynamics and
the interaction. The interaction among the excited states
manifests itself in luminescence spectra, and the dynamics
can be followed by the time-resolved measurement. In this
report, the heavy-ion-induced luminescence of -alumina is
discussed with particular emphasis on the excitation-density
dependence of the dynamics.
The measured sample was a single crystal of -alumina.
The sample was irradiated with N, Ar, and Xe ions at 2.0
MeV/nucleon obtained from the RILAC. The excitation
density or linear energy transfer (LET) increased with the
atomic number of the ion. Time-resolved luminescence
spectra were obtained by a single-photon counting method.
The arrival of a single ion was determined with a
secondary-electron detector composed of a carbon foil and a
multichannel plate. The luminescence from the sample was
analyzed by a monochromator and detected with a
MCP-mounted photomultiplier tube (PMT). In order to
measure the luminescence in the vacuum ultraviolet
wavelength region, the monochromator was evacuated, and
a lens and PMT window made of MgF2 were used. The time
resolution of the measuring system was better than 100 ps.
Figure 1 shows the luminescence time profile at
wavelength of 170 nm for each ion irradiation. This
wavelength corresponded to the luminescence band
observed under excitation by vacuum ultraviolet, and the
band was ascribed to self-shrunk exciton.1) Based on the
ascription, it is reasonable to consider that the
heavy-ion-induced luminescence seen in Fig. 1 has similar
origin. All the decay behavior cannot be represented with a
single exponential decay component. The initial decay, on
the time scale of a nanosecond, was much faster for Xe-ion
irradiation than those of lower LET cases. In addition, the
initial rise was faster for a higher LET. The observed
luminescence dynamics at a high LET can be
phenomenologically explained with following two
hypothesis: enhancement of the radiative decay or
quenching.

Fig. 2 Luminescence intensity at the peak of the time profile
at 170 nm.
Figure 2 shows the LET dependence of the peak
luminescence intensity of the time profile at 170 nm. The
luminescence intensity increased sharply for Xe ion
irradiation. This result clearly indicates that the fast rise and
decay for Xe ion irradiation observed in Fig. 1 is not due to
quenching, but is attributable to faster radiative decay at a
higher excitation density. The faster radiative decay may be
ascribed to the superradiance of the excited states having
lattice distortions similar to the self-shrunk excitons.
References
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Effects of particle irradiations on vortex states
in iron-based superconductors
T. Tamegai,1,2 Y. Nakajima,1,2 H. Yagyuda,1 T. Taen,1 T. Kambara, and Y. Kanai
The discovery of superconductivity in LaFeAs(O,F) in
2008 has opened up a new era of research into
superconductivity.1) Following this discovery, the family
members of iron-based superconductors have increased
considerably. Although the superconducting mechanism for
this new class of superconductors, including pairing
symmetry, is still under intensive debate, iron-based
superconductors have excellent basic properties for
applications such as those requiring a large upper critical
field and small electromagnetic anisotropy. Large critical
current densities, Jc, have been reported for single crystals
of iron-based superconductors.
Introduction of defects by various means using chemical
or physical methods can enhance Jc. Heavy-ion irradiation,
which produces columnar defects, is one of the most
promising ways to achieve such enhancements.2) We have
shown that the heavy-ion irradiation is effective for
introducing defects in iron-based superconductors by
demonstrating a five-fold increase in Jc of a
Ba(Fe0.93Co0.07)2As2 single crystal using 200 MeV Au ions
with a dose-equivalent matching field of B = 20 kG .3)
Similar enhancements in Jc in iron-based superconductors
have been reported for other ions with different energies,
namely, 1.4 GeV Pb, 4) 2.6 GeV U,5) and 800 MeV Xe.6)
Figure 1 shows the enhancement in the Jc of an optimally
Co-doped BaFe2As2 at T = 10 K and H = 2 kOe by these
irradiations as a function of B . In all these irradiation
experiments, energetic particles are introduced along the
Φ

Φ

Fig. 2 Magnetic field dependence of the normalized
relaxation rate S ( = dln M/dln t ) at 5 K in optimally
Co-doped BaFe2As2 single crystals with B = 20 kG.
Φ

c-axis of the crystal. As expected, 2.6 GeV U induces the
largest enhancement in Jc at higher defect densities.
Another approach to characterize the effect of introduced
defects on the motion of quantized vortices in
superconductors is to measure the temporal evolution of
shielding current, which can be evaluated by monitoring the
time-decay of irreversible magnetization in superconductors.
Figure 2 shows the normalized relaxation rate of
magnetization, S = dln M/dln t for optically Co-doped
BaFe2As2 single crystals with B = 20 kG. The effect of
proton irradiation at a dose of 1.2 × 1016 cm-2 is also
compared. Except for the strong magnetic field dependence
of S at low fields below 5 kOe, which is possibly due to the
self-field effect, S is almost
€ magnetic-field independent.
The value of S is suppressed by introducing columnar
defects, which is suitable for practical applications. It is also
obvious that the suppression of S closely follows the
enhancement in Jc on account of the introduction of
columnar defects. In other words, samples having a small S
show a large Jc.
Φ
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Fig. 1. Critical current density in heavy-ion irradiated
optimally Co-doped BaFe2As2 single crystals at T = 10 K
and H = 2 kOe as a function of defect density, which is
measured by the dose-equivalent matching field, B .
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µSR study of the magnetism in the infinite-layer compound
LaNiO2+x
T. Adachi, T. Takamatsu,∗1 K. M. Suzuki, K. Naruse, M. Imaizumi,∗1 M. Kato,∗1 I. Kawasaki, I. Watanabe,
and Y. Koike
The compound LaNiO2 has attracted great interest
as a promising candidate for the parent material of a
new high-Tc superconductor since the ﬁrst synthesis
by Crespin et al. in 1983.1) LaNiO2 consists of squareplanar NiO2 planes and La layers and is isostructural
to the so-called inﬁnite-layer compound SrCuO2 which
is a parent material of the high-Tc superconducting
cuprates Sr1−x Ndx CuO2 2) with Tc ∼ 40 K. Moreover,
the 3d9 electronic conﬁguration of Ni+ in LaNiO2 is
the same as that of Cu2+ in the high-Tc cuprates.
The synthesis of LaNiO2 by Crespin et al. was
achieved by the reduction of the perovskite LaNiO3
using H2 , but it was diﬃcult to reproduce the synthesis well. A thin ﬁlm of LaNiO2 has successfully
been synthesized by the reduction of a thin ﬁlm of
LaNiO3 using CaH2 at 280o C by Kawai et al.3) and
using H2 by Kaneko et al.4) The ﬁlm made by Kawai et
al. shows semiconductive behavior, while that made by
Kaneko et al. shows metallic behavior in the electricalresistivity measurements. This diﬀerent behavior may
be due to the diﬀerence of the oxygen content. However, it is hard to estimate the oxygen content and to
study detailed magnetic properties in the ﬁlms.
Recently, we have successfully synthesized bulk samples of LaNiO2 by the low-temperature reduction of
LaNiO3 using CaH2 at 300o C.5) Our sample is of almost single phase and the full widths at half maximum
of peaks in the x-ray diﬀraction pattern are smaller
than those for the samples formerly synthesized,6) indicating the higher crystallinity of our sample. Therefore, in order to investigate the magnetic properties, we
have performed µSR measurements of LaNiO2+x with
x ∼ 0. Through the reduction process from LaNiO3 ,
tiny amounts of Ni metal and LaNiO2+x with x ∼ 0.5
have been included in the sample. Zero-ﬁeld (ZF) and
longitudinal-ﬁeld µSR measurements were carried out
using a MiniCryo at temperatures down to ∼ 7 K at
RIKEN-RAL.
Figure 1 shows the ZF-µSR time spectra of
LaNiO2+x with x ∼ 0. Above 200 K, the spectra
show slow depolarization due to randomly oriented nuclear spins. A fast depolarization of muon spins is observed below 200 K, followed by a muon-spin precession at 6.5 K, although the amplitude of the precession
is quite small. The internal ﬁeld at the muon site estimated from the precession frequency is ∼ 270 G. This
value is comparable with that reported for LaNiO2+x
with x = 0.5 which is an antiferromagnetic insulator.7)
Therefore, it is possible that the precession is origi∗1

nated from a tiny amount of LaNiO2+x with x ∼ 0.5.
That is, it is suggested that in LaNiO2+x with x ∼ 0,
the Ni-spin correlation is developed at low temperatures, while no long-range magnetic order is formed
at 6.5 K. Accordingly, the ground state of LaNiO2 is
probably antiferromagnetic as in the case of the parent
compound of the high-Tc cuprates.
In summary, we have found from ZF-µSR measurements that the Ni-spin correlation is developed at low
temperatures in LaNiO2+x with x ∼ 0. Therefore, the
ground state of LaNiO2 is probably antiferromagnetic
as in the case of the parent compound of the high-Tc
cuprates, suggesting possible appearance of the highTc superconductivity in suitably doped LaNiO2 .

Fig. 1. Zero-field µSR time spectra of LaNiO2+x with x ∼
0.
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Identifying muon sites in La2CuO4 using ab-initio and dipole field calculations
B. Adiperdana, I. A. Dharmawan, R. E. Siregar,＊1 S. Sulaiman, M. I. Mohamed-Ibrahim, I. Kawasaki, H. Guo, and
I. Watanabe
In order to understand the interaction of positive muons
with atoms or molecules in crystals we need to predict an
ideal muon location. For this purpose, we are attempting to
develop general-purpose software to predict the exact muon
location in different materials. If we can successfully
develop such software, the analysis process will become
substantially faster compared with the speed of
independently designed code. Hence, we first need to
identify good prediction methods.
Many prediction methods have been developed, and
muon sites have been most frequently predicted in La2CuO4
samples. In the last 13 years, prediction methods for muon
sites have been developed using various approaches, but
they have led to different results. This has caused confusion
among theorists who want to clarify muon interactions.
Figure 1 shows the predicted sites reported by previous
studies.1) The main problem with previous methods was that
they did not calculate the full trace potential map, under the
restriction that the potential was calculated only within 1Å
radius from each oxygen position, based on the hydroxide
bond (OH-) distance.

The dipole calculation was performed using the spin
structure data available in the work of Vaknin et al.,4) where
the structure shows an antiferromagnetic behavior with a
magnetic moment of about 0.5 B/Cu. Upon expanding the
size of the structure to a 50 Å spherical radius, the
calculation was found to be converge.
The result obtained for the electrostatic potential is
shown in Figure 2. It shows that there are two possible
muon sites (M1 and M2). This result is in contradiction with
those of previous studies on SR spectroscopy that have
indicated only show a single internal field between 410 and
425 G5). To experimentally confirm the presence of multiple
frequencies, we are now proposing that the internal field be
re-measured using higher time resolution and single crystal
samples of higher quality than those used 22-years ago for
a-, b-, and c-crystal axis directions.
The dipole field calculation for the M1 and M2 positions
indicated internal fields values to be 942 G and 192 G,
respectively. When compared with experiment results, they
are found to be twice and half times than the experimental
value. We propose that there is a contribution in the form of
a contact field from a muon, which makes the internal field
larger or smaller than the experimental values. To calculate
the contact field, we need to calculate the localized wave
function. We plan to calculate this field in collaboration
with the Universiti Sains Malaysia using spherical wave
function approximations.

Figure 1. (a) La2CuO4 crystal structure; red spheres
indicate muon sites previous studies, (b) magnified view of
the crystal structure.
In the present study, as the first approach, we used
ab-initio and dipole field calculations for an electronic
dipole as well as nuclear dipole field. All of the calculations
can be performed at a full trace potential, and hence all
possible muon sites can be located.
The ab-initio calculation was performed with RIKEN
integrated cluster of clusters (RICC) system using Vienna
ab-initio simulation package (VASP)2) with projector
augmented wave (PAW) in order to obtain the all electron
wave functions. GGA PW913) was used for the exchange
and correlation functions, and the electrostatic potential was
used to predict the muon site, using the ab-initio
calculation.
＊1

Figure 2. Electrostatic potential contour data for
minimum potential for muon to be sit.
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Muon-spin-relaxation study of the Cu-spin dynamics in electron-doped high-Tc
cuprates Eu2-xCexCu1-yNiyO4+-
Risdiana, L. Safriani, T. Adachi, Y. Koike, I. Kawasaki, and I. Watanabe
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The electron-hole doping symmetry in high-Tc cuprates
has attracted great research interest in relation to the
mechanism of high-Tc superconductivity. Some properties
in both systems have been found to be similar. Phase
diagrams of the hole- and electron-doped systems are very
similar to each other, leading to the view of hole-electron
doping symmetry. On the other hand, some properties have
been found to be different from each other, leading to the
view of hole-electron doping asymmetry. From inelastic
neutron-scattering measurements, an incommensurate
Cu-spin correlation corresponding to the so-called
dynamically fluctuating stripes of spins and holes1) has been
found in the hole-doped system,2) while a commensurate
Cu-spin correlation corresponding to the simple
antiferromagnetic correlation has been observed in the
electron-doped system.3) From the viewpoint of effects of
nonmagnetic impurities on the Cu-spin dynamics, we
performed zero-field (ZF) muon-spin-relaxation (SR)
measurements
in
the
hole-doped
cuprates
La2-xSrxCu1-yZnyO4 4-5) and in the electron-doped cuprates
Pr1-xLaCexCu1-yZnyO4.6) It was found that in the hole-doped
cuprates, Zn tends to induce the slowing down of the
Cu-spin fluctuations in the entire superconducting regime,
which can be attributed to the pinning and stabilization of
the dynamically fluctuating stripes. Contrastively, in the
electron-doped cuprates, the spectra were independent of
the Zn concentration. That is, the Zn-induced slowing down
of Cu-spin fluctuations that was observed in the hole-doped
system was not observed in the electron-doped system.
We also performed ZF-SR in the hole-doped cuprates
La2-xSrxCu1-yNiyO4 (LSCNO), in order to investigate the
magnetic-impurity effects of Ni on the Cu-spin dynamics.
Although a hole-trapping effect of Ni was clearly observed,
the stripe-pinning effect of Ni was also observed in the
underdoped LSCNO.7) To our knowledge, however, no one
has reported on the effects of magnetic impurities on the
Cu-spin dynamics in electron-doped cuprates thus far,
which would allow a clear conclusion of the relation
between the dynamical stripe correlations and the
superconductivity in the electron-doped cuprates to be
drawn.
We have succeeded in preparing the electron-doped
cuprate Eu1.85Ce0.15Cu1-yNiyO4+- (ECCNO) for which the
effects of Ni on the Cu-spin dynamics have been estimated,
but not yet verified. Therefore, we performed zero-field
SR experiments of ECCNO with y = 0, 0.01, 0.02, and
0.05 in order to investigate the Cu-spin dynamics and
possible existence of stripe correlations in electron-doped
cuprates.  is the excess oxygen content at an apical site
in the as-grown samples of Eu1.85Ce0.15Cu1-yNiyO4+. The
values of , estimated from the weight change due to
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Figure 1: SR spectra of Eu1.85Ce0.15Cu1-yNiyO4+- with y = 0,
0.01, 0.02, and 0.05 at various temperatures.

post-annealing, ranged from 0.02 to 0.09. The sample for
which y = 0 shows superconductivity with Tc ~11 K, while
the samples for which y = 0.01, 0.02, and 0.05 do not
exhibit superconductivity above 2 K.
Figure 1 shows the SR time spectra of ECCNO with y =
0, 0.01, 0.02 and 0.05 at various temperatures. For all
samples, the SR time spectra show a Gaussian-type
depolarization behavior at high temperatures above ~100 K
due to the randomly oriented nuclear spin. For the sample
for which y = 0, the spectrum changes from the
Gaussian-type to the exponential-type depolarization
behavior at low temperatures below ~50 K. However, there
is no recovery of the asymmetry to 1/3 at 10 K in the long
time region as observed for Pr1-xLaCexCuO4. 6) Therefore, it
remain unconfirmed whether the exponential-type
depolarization without any recovery of the asymmetry in
the long time regions is due to the slowing down of the
Cu-spin fluctuations or due to the static magnetism of Eu.
One important result in the SR time spectra of ECCNO
is that the trace of the development of the Cu-spin
correlation is observed at low temperatures for
Ni-substituted samples. The muon-spin depolarization
becomes fast for y = 0.01 and 0.02. This indicates that Ni
tends to induce the slowing down of the Cu-spin
fluctuations, as in the case of the hole-doped cuprates. As
for y = 0.02, both a very fast depolarization in the short
time region and a coherent-precession of muon spins are
observed at 10 K, suggesting the existence of a static
magnetic ground state. The depolarization becomes weak
for y = 0.05 due to the destruction of the Cu-spin correlation
by a large amount of Ni. The trace of the stabilization of the
Cu-spin fluctuations by Ni indicates a possibility that the
stripe model can globally explain the high-Tc
superconductivity as in the case of hole-doped systems.
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µSR study of honeycomb-lattice system Ba3 Co2 O6 (CO3 )0.7
T. Kawamata, H. Sudo,∗1 K. Naruse, T. Adachi, K.M. Suzuki, M. Imaizumi,∗1 I. Kawasaki, I. Watanabe, and
Y. Koike
Geometrically frustrated spin systems have attracted interest because various magnetic phases appear to release the spin frustration in such systems.
Both BaCoO3 and ACoX3 (A = Cs, Rb; X = Cl, Br)
contain linear spin-chains of face-sharing Co(O,X)6 octahedra running along the c-axis. The spin chains separated by Ba2+ or A+ ions form an equilateral triangular lattice in the c-plane. Because of the strong
frustration eﬀect due to the triangular lattice, two successive magnetic phase transitions occur in these compounds.1)
The crystal structure of Ba3 Co2 O6 (CO3 )0.7 is similar to that of BaCoO3 and one-third of the spin chains
of CoO6 octahedra are replaced by CO3 groups.2)
Therefore, the spin chains form a honeycomb lattice
in the c-plane, and it is expected that a long-range
magnetically ordered state occurs because the honeycomb lattice has no geometrical frustration. However,
no evidence of the magnetic phase transition has been
observed at low temperatures down to 2 K from the
susceptibility, speciﬁc heat and NMR measurements.3)
On the other hand, the resistivity measurements exhibit a metal-insulator transition at ∼ 80 K. That is,
a charge ordering, that the valence of Co ions changes
from non-integer to mixed, may appear below ∼ 80 K.
Therefore, a change of spin dynamics driven by the
charge ordering at the metal-insulator transition is
expected. In order to investigate the spin dynamics
of Ba3 Co2 O6 (CO3 )0.7 , we performed µSR measurements which can probe higher-frequency spin ﬂuctuations than NMR ones.
The µSR measurements were performed at the
RIKEN-RAL Muon Facility.
Single crystals of
Ba3 Co2 O6 (CO3 )0.7 were grown by the K2 CO3 -BaCl2
ﬂux method.4)
The µSR time spectra, A(t), of Ba3 Co2 O6 (CO3 )0.7
single crystals are shown in Fig. 1. It is found that
there is no indication of the magnetically ordered state
at low temperatures down to 6.5 K, for the time spectra
are Gaussian-like. In order to see the change of the
spin dynamics in detail, all of the time spectra were
analyzed using the following function,
A(t) = A0 exp(−λt)GKT (∆, t),

(1)

where A0 is the initial asymmetry, λ the depolarization
rate of muon spins and GKT (∆, t) the Kubo-Toyabe
function.5) The best-ﬁt results are shown by solid lines
in Fig. 1. The parameters obtained from the best ﬁt
are shown in the inset of Fig. 1. It is found that A0
is constant while λ increases and ∆ decreases mono∗1
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Fig. 1. µSR time spectra of Ba3 Co2 O6 (CO3 )0.7 . Each plot
is shifted vertically by 10% for clarity. Solid lines are
ﬁtting results using Eq.(1). The inset shows the temperature dependence of A0 , λ and ∆ obtained by the
ﬁtting.

tonically with decreasing temperature. That is, neither A0 , λ nor ∆ show any anomaly at ∼ 80 K. In
Ba3 Co2 O6 (CO3 )0.7 , accordingly, there is no change of
spin dynamics within the time window of the µSR measurement.
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Muon Spin Relaxation Studies on Pyrochlore Iridate Nd2 Ir2 O7
H. Guo, K. Matsuhira,∗1 I. Kawasaki, M. Wakeshima,∗2 Y. Hinatsu,∗2 I. Watanabe, and Z.A. Xu
Pyrochlore iridates, R 2 Ir2 O7 (R = Y and lanthanide), are of great interest because of the interplay between relatively large spin-orbit coupling and
electron-electron correlation, and novel phases are expected in the magnetic ordered state. Therefore, the
identification of magnetic ordered states from experiments is essential for future investigations. We studied
Nd2 Ir2 O7 , which resides on the ionic metal-insulator
boundary.1)
The left panel of Fig. 1 shows the time dependence
of asymmetry in ZF. The spectra show exponential-like
depolarized behaviors above TMI , and the muon-spin
depolarization becomes faster with decreasing temperature. Significant loss of initial asymmetry is observed
below TMI . The right panel of Fig. 1 shows an early
time region of the spectra. Below ∼30 K, the initial relaxation rate increases rapidly, and well-defined muon
spin precession develops with further decrease in temperature, indicating the presence of a long-ranged magnetic ordered state. Therefore, we identify the magnetic transition temperature as TM = 30 K. The spectra
in Fig. 1 are fitted using the function of

A(t) = A1 exp(−λt)+A2 cos(γµ Hint t+ϕ)exp(−λ2 t),(1)
and A2 is set to be zero when muon-spin precession is
absent.
The extracted parameters are shown in Fig. 2. In
Fig. 2(a), the internal field, Hint , at the muon site
begins to increase below TM , and saturates below 20
K. Below 9 K, Hint increases again, indicating occurrence of another magnetic ordering. Fig. 2(b) shows
the temperature dependence of muon spin depolarization rate, λ. Upon cooling from 150 K, λ increases
monotonically, and no anomaly was observed at ∼120
K, compared with a previous µSR experiment on Nd227.2) With further decrease in temperature, the depolarization rate becomes larger when approaching TM ,
and then decreases; however, no critical slowing down
behavior is observed, unlike the usual spin-lattice relaxation process when the system undergoes a transition from paramagnetic to magnetic ordered state.
We note that similar behavior is also observed in other
pyrochlore iridates, and is attributed to the mean-field
like transition with narrow critical width. Below about
20 K, λ continues to increase more quickly and exhibits
a broad peak at ∼9 K, which is denoted as TNd , and
then decreases at lower temperature.

∗1
∗2

Fig. 1. (Color online) (Left) Typical time dependent asymmetry in zero ﬁeld condition at diﬀerent temperatures.
(Right) An early time region shows the muon spin precession at low temperatures.

Fig. 2. (Color online) Temperature dependence of (a) internal ﬁeld, Hint , at the muon site; (b) muon spin depolarization rate, λ.

Previous neutron experiment suggested a hidden
Ir4+ moments ordering below TMI = 33 K, and Nd3+
moments ordered below 15 ± 5 K. Our µSR results
clearly show two magnetic transitions, i.e., the appearance of internal field below TM = 30 K, and the further
increase in internal field below ∼9 K. Combined with
neutron experiment, these results indicate the ordering
of Ir4+ moments below TM , and the second increase in
internal field below ∼9 K, reflecting the ordering of
Nd3+ moments. The internal field at the muon site,
∼350 G, is much less than other pyrochlore iridates
with insulating ground state, that is about 1100 G for
Y-227 and Yb-227,3) suggesting a reduction of Ir4+ moment in Nd-227, assuming the magnetic structure and
muon site are not changed drastically in the insulating
phase.
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µSR study of Heusler compounds Ru2 − x Fex CrSi
M. Hiroi, I. Watanabe, I. Kawasaki, and T. Suzuki
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The magnetic properties of the Heusler compounds
Ru2 − x Fex CrSi have attracted considerable attraction.
The Fe-rich compounds were found to be ferromagnetic,1) and Ru2 CrSi was found to exhibit an antiferromagnetic transition at TN = 13 K from speciﬁc heat
and magnetic susceptibility measurements.2) Whereas,
in the Ru-rich compound Ru1.9 Fe0.1 CrSi a peak in
magnetic susceptibility was observed at TN∗ ∼ 30 K,
which appears to indicate an antiferromagnetic transition,3) the absence of long-range order was suggested
by a speciﬁc heat measurement.4) Below TN∗ a strong
irreversibility in magnetic susceptibility was observed;
the onset temperature of the strong irreversibility is
Tg ∼ 15 K.3) Our previous µSR measurements indicated that spin freezing occurs at Tg . Therefore, we
concluded that spin-glass freezing occurs at Tg . On
the other hand, in our µSR measurements, in the relaxation rates no anomaly that indicates phase transition
or spin-freezing was found at around TN∗ . However, a
large decrease in the initial asymmetry was observed,
and the measurements of LF-µSR as a function of magnetic ﬁeld indicated the appearance of a static internal
ﬁeld even around TN∗ . From these results, we assume
that the formation of independent static magnetic regions begins around TN∗ , and with decreasing temperature toward Tg , the volume fraction of the static regions increases.
With decreasing Fe concentration, x, in Ru2 − x Fex CrSi
(x ≤ 0.1), TN∗ decreases and appears to approach
TN = 13 K for x = 0, whereas Tg does not appear to
vary signiﬁcantly.2) Consequently the relations of the
antiferromagnetic transition in Ru2 CrSi to the anomalous behavior of slightly Fe-substituted samples around
TN∗ and to the spin-glass freezing at Tg appear interesting. To investigate the connections in these anomalies,
we performed µSR measurements for polycrystalline
Ru2−x Fex CrSi with x = 0 and 0.01.
The measurements were carried out at the RIKENRAL Muon Facility using a spin-polarized pulsed positive surface muon beam. ZF-µSR, and LF-µSR in a
longitudinal ﬁeld, HLF , of 100 Oe, were performed, and
the time spectra of asymmetry A(t) were measured at
temperatures between 0.3 K and 50 K.
In Ru2 CrSi no precession signal was observed in the
ZF-µSR time spectrum at 0.3 K despite the existence
of the antiferromagnetic long-range order, probably because the internal ﬁeld is too large to observe a precession signal. For Ru2 CrSi the relaxations of ZF-µSR
and of LF-µSR at HLF = 100 Oe, which was applied
to reduce the inﬂuence of the background, were measured. These time spectra were mostly well ﬁtted with
a single exponential function:
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Fig. 1. Temperature dependence of the relaxation rate, λ,
for LF-µSR at 100 Oe in Ru2 CrSi.

A(t) = A exp(−λt),

(1)

where A denotes the initial asymmetry and λ denotes
the muon spin relaxation rate. Figure 1 shows the
temperature dependence of λ for HLF = 100 Oe in
Ru2 CrSi. As shown in the ﬁgure, with decreasing
temperature, λ increases, then exhibits a maximum
at ∼11 K, and decreases. The initial asymmetry A decreases with decreasing temperature from ∼20 K, and
stops decreasing at ∼11 K. These results suggest that
a phase transition occurs at ∼11 K. Although this is
consistent with the existence of the antiferromagnetic
order, the peak of the speciﬁc heat was observed at a
slightly higher temperature. The reason for this discrepancy is unclear at present.
For x = 0.01, in the magnetic susceptibility measurement, spin-glass-like behavior was observed, but antiferromagnetic nature may still be dominant. The time
spectra for ZF-µSR and for LF-µSR at HLF =100 Oe
were measured and analyzed using Eq. (1). In this
case, however, some of the time spectra were not well
ﬁtted with Eq. (1), possibly because of the increase in
randomness brought about by Fe substitution. Nevertheless we can deduce the overall behavior from this
analysis. For x = 0.01, although λ exhibits a maximum
at ∼11 K as for x = 0, the temperature dependence of
λ below 11 K appears more complicated. However, further study is needed to clarify the diﬀerence between
these samples.
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Drastic change in internal ﬁeld in antiferromagnetic Kondo
semiconductor CeRu2 Al10 induced by small amount of Rh doping
H. Tanida, H. Guo, R. Kobayashi,∗1 I. Kawasaki, M. Sera,∗2 T. Nishioka,∗3 M. Matsumura,∗3 and I. Watanabe
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Fig. 1. Zero-ﬁeld µSR spectra of Ce(Ru0.98 Rh0.02 )2 Al10 .
The inset shows the spectra for the initial time region.
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The class of compounds denoted by CeT2 Al10 (T
= Fe, Ru, and Os) with the orthorhombic YbFe2 Al10 type structure can be categorized as Kondo semiconductors. Among these compounds, CeRu2 Al10 and
CeOs2 Al10 exhibit a unique AFM order at the anomalously high transition temperatures of T0 = 27 K and
29 K, respectively.1,2) These two compounds are the
ﬁrst examples exhibiting AFM order among Kondo
semiconductors. The AFM order was conﬁrmed by
neutron diﬀraction3) and 27 Al NMR/NQR studies4) ,
wherein the ordered moment (mAF ) is parallel to the
c-axis. Zero-ﬁeld µSR also revealed the existence of
an internal magnetic ﬁeld (Hint ) below T0 .5) However, there remain many problems to be solved because the AFM order is very unusual. Anomalous
magnetic anisotropy is one such example; mAF c is
unusual because the easy magnetization axis is the a
axis, and the magnetic anisotropy is very large. Recently, it was reported that magnetic properties are
drastically changed by doping CeRu2 Al10 with only
10% Rh.6) That is, χ along the a-axis shows a sudden
drop at T0 while those along the other axes are almost T -independent behavior, thereby suggesting that
mAF a is realized in Rh-doped CeRu2 Al10 .
In order to clarify the spin alignment and the
critical Rh concentration xc from the microscopic
point of view, we carried out zero-ﬁeld µSR on
Ce(Ru1−x Rhx )2 Al10 (x = 0.02, 0.03, 0.05, and 0.1).
Since χa is considerably larger than χc , Hint is expected to be strongly enhanced if mAF a is realized.
Small single crystals were grown via an Al self-ﬂux
method, and these crystals were randomly mounted
on silver plate.
The time spectra of Ce(Ru0.98 Rh0.02 )2 Al10 are
shown in Fig. 1. Above T0 , the asymmetry is well
explained by the Kubo−Toyabe function. Below T0 ,
clear oscillatory behavior is seen. As shown in the inset, the spectra exhibit fairly fast oscillations, thereby
indicating the existence of at least two stopping sites.
Similar behavior is also observed for x = 0.03, 0.05,
and 0.1. We analyzed the data by assuming two precession frequencies (fast and slow frequencies), and the
results are plotted in Fig. 2. For the slow component HS , both the T dependence and the magnitude
of Hint show similar behavior to those reported for x =
0, thereby indicating that mAF c is realized. Since HS
is observed only for x < 0.03, xc is considered to lie be-
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Fig. 2. T dependence of the internal magnetic ﬁeld HL of
Ce(Ru1−x Rhx )2 Al10 (x = 0.02, 0.03, 0.05, and 0.1).
The inset shows the T dependence of HS .

tween x=0.02 and 0.03. On the other hand, for the fast
component HL , both the T dependence and the magnitude of Hint are drastically changed. Hint reaches
about 800 Oe at low temperatures, which is about one
order larger than that of HS . As regards such a drastic
change in Hint , we hypothesize that mAF a is realized
in the Rh-doped alloys.
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µSR study of geometrical frustrated spin system in distorted
triangular spin tubes
H. Manaka, I. Kawasaki, and I. Watanabe

-1

Relaxation rates (Ǵs )

Fractional yield

1.0
0.8 ǩ-KCrF4
0.6
0.4
0.2
0.0
101

(a)
ǳ1 component
ǳ2 component

100
10-1 (b)
10

0.8
0.6
0.4
0.2
0.0
0

ǩ-KCrF4

HLF = 3500 Oe
HLF = 2000 Oe
HLF = 1000 Oe
0 Oe
2

4

T = 0.30 K
6

8

10

t (Ǵs)
Fig. 2. µSR time spectra for various longitudinal magnetic
ﬁelds (HLF ) up to 3500 Oe at 0.30 K. Solid lines are the
best-ﬁt lines given by Eq. (1).

A(t) = A1 exp (−λ1 t) + A2 exp (−λ2 t),

(1)

where A1 and A2 are the initial asymmetry, and λ1
and λ2 (λ1 > λ2 ) are the muon spin relaxation rates
for fast and slow components, respectively. Figure 1
shows temperature dependence of the relative yield of
volumetric fractional and relaxation rates of respective
components. As can be seen in this ﬁgure, there is no
anomaly that indicates the magnetic phase transition
at TN1 within the experimental errors.
Figure 2 shows the LF-µSR time spectra at 0.30 K.
As can be seen in this ﬁgure, the decoupling behavior,
i.e., the upward shift of the time spectra with increasing longitudinal magnetic ﬁelds (HLF ), indicates the
existence of a static internal magnetic ﬁeld at 0.30 K.
This result agrees well with antiferromagnetic phase
transition below TN2 . Further analyses of the µSR
time spectra at various temperatures and longitudinal
magnetic ﬁelds are necessary to clarify the antiferromagnetic ordered state observed at TN1 < T < TN2
and the magnetic phase transition observed at TN1 .
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The ground states of geometrically frustrated spin
systems have attracted theoretical and experimental
attention. Triangular spin tubes belong to a new
category of one-dimensional Heisenberg antiferromagnets that have the tubes coexisting with geometrically frustrated spin systems in the triangular plane.
1)
We succeeded in synthesizing high-quality singlephase polycrystalline S = 3/2 compounds with distorted triangular spin tubes (α-KCrF4 ).2) According to
the magnetic susceptibility and heat capacity measurements, an antiferromagnetic long-range order occurred
at TN2 = 4.0(1) K and a magnetic phase transition
occurred at TN1 = 2.5(1) K.2) In order to clarify the
successive phase transitions at TN1 and TN2 , µSR measurements were performed on α-KCrF4 at the RIKENRAL Muon Facility in U.K., and polycrystalline samples of α-KCrF4 were prepared.
In ﬂuorides, low-frequency oscillations due to the
dipole-dipole coupling of F-µ+ -F states are generally
observed. The observation of ZF-µSR time spectra
at various temperatures revealed that typical F-µ+ F states appeared above TN2 ; however, below TN2 ,
these states disappeared because the antiferromagnetic
phase transition occurred. The ZF-µSR time spectra
below TN2 could be ﬁtted well by the two components
of muon spin relaxation, expressed by

1

2
3
Temperature (K)

4

Fig. 1. Temperature dependence of (a) relative yield of volumetric fraction and of (b) two components of the relaxation rates given by Eq. (1).
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µSR study of charge transport in organic semiconductor spiro-compound†
T. P. I. Saragi, Risdiana, L. Safriani, I. Kawasaki, J. Salbeck*1 and I. Watanabe

Organic semiconductors have attracted so much attention
from scientific and industrial community due to their
interesting properties and huge potential applications in
optoelectronics such as solar cells, light-emitting devices
and field-effect transistors. Generally, there are two classes
of active materials, namely conjugated polymers (for
examples poly(p-phenylene vinylene) and poly(9,9’-dioctyl
fluorene) and small molecules (for examples pentacene and
tris(8-hydroxyquinoline) aluminum, Alq3). However, understanding the charge transport properties in organic
semiconductors is still need to be improved in particular the
motion of carriers in organic conjugated molecules.
We have carried out the Longitudinal Field-µSR on
small molecule crystalline 2’,7’-bis(N,N-di-phenylamino)2-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)-9,9-spirobifluorene (Spiro-DPO), as displayed in Fig. 1. This
compound belongs to the class of organic donor/acceptor
dyads in which two different functional moieties (acceptor
oxadiazole unit and donor bis(diphenylamino)biphenyl unit)
are linked by a central spiro carbon atom1,2). It has been
used as an efficient UV-sensitive material in a field-effect
transistor that exhibited a responsivity of up to 6.5 A/W at a
wavelength of 370 nm2).

Fig. 1. The chemical structure of Spiro-DPO (top) and the
structure obtained from X-ray diffraction analysis (bottom).
†
*1

Condensed from the article in Org. Electron. 14, 62 (2013).
CINSaT, University of Kassel, Germany.
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Fig. 2. RK relaxation rate Γ plotted versus longitudinal
magnetic field at different temperatures. The solid lines
show fits to Farazdaghi-Harris (FH) law Γ(B) = A/(1+CBn).
The dotted lines show fits to power law Γ(B) = CBn,
whereas A and C are constants, B is longitudinal magnetic
field and n is an exponent.
Our asymmetry data obtained from µSR experiment was
fitted by using the general form for fluctuation of spin
density with a muon relaxation function proposed by Risch
and Kerr (RK):3) G(t)=exp(Γt)erfc(Γ1/2t) for λtmax>>1,
where erfc is the complementary error function, tmax is the
experimental time scale and Γ is a relaxation parameter.
Figure 2 shows the longitudinal field-dependent of the RK
relaxation rate at different temperatures and the data was
fitted by using FH and power law. However, our data was
better fitted with FH law with respect to power law in
particular at 300 K. We can see that at temperatures lower
than 75 K the 1D regime of charge hopping holds down to
below 2 mT, while at 300 K the regime only holds down to
100 mT. This indicates that at T ≤ 75 K the intrachain
diffusion is probably much higher than the interchain one.
The electron hopping takes place probably along the
direction of (101), as displayed in Fig. 1. In contrast,
interchain diffusion at 300 K increases significantly
particularly at low fields, which means the electron
hopping takes place not only along the direction of (101)
but also in the other direction. Therefore, at 300 K the
electron hopping is not 1D anymore, but rather 2D or 3D.
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Solar power generation is a key method for generating
electronic power. Several researchers have attempted to
achieve higher performance of the solar cells and to find out
more effective materials for use in solar cells. The discovery
of conjugated polymers, such as Polythiophene (PT) and its
derivatives, have attracted much attention owing to their
chemical and thermal stability as well as their potential use
as an absorbing solar spectrum material (active layer) in
solar cells.
The most necessary property of these active layers is their
ability to transfer the charge carrier resulting from the
absorption of solar spectrum. In particular, poly
(3-hexylthiophene) (P3HT) has considerable attracted
research interest because P3HT shows the highest hole
mobility among the series of poly(3-alkylthiophene)1). In
our previous µSR study, we carried out ZF- and LF-µSR
measurements in a P3HT sample. The charge carrier
mobility was found to change from one-dimensional model
(the charge transport is dominated by mobility along (intra)
to the polymer chain) to a three-dimensional one (the charge
transport is dominated by mobility perpendicular (inter) to
the polymer chain), which is strongly dependent on their
molecular structure and temperature2,3).
Recently, the so-called hybrid (organic- inorganic) solar
cell has been developed owing to the combined advantage
between organic material (P3HT) and inorganic material
such as zinc oxide (ZnO), which ensures better performance
for practical application. It is well known that ZnO is an
inorganic material with high electron mobility and can be
easily prepared as electron acceptor to dissociate excitons
formed in conjugated polymer as the active material of solar
cells. ZnO also can be prepared as a nanoparticle that can
resolve the problem of small diffusion range of P3HT4).
Therefore, ZnO is the main candidate for the electron
acceptor material in hybrid solar cells. However, a clear
explanation about the effect of ZnO on the charge carrier
mobility in P3AT has not yet been provided owing to their
molecular structure and temperature dependence.
We have studied the microscopic intrinsic charge carrier
motion in active material of P3HT:ZnO blend of hybrid solar
cells along and perpendicular to the chain by using the
longitudinal field (LF) SR method. We also studied the
effect of white light irradiation on the charge carrier
generation and its dynamic motion in this sample.
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Fig. 1. Longitudinal field dependence of λ1 in P3HT:ZnO.

Figure 1 shows the longitudinal field dependence of λ1 in
P3HT:ZnO. λ1 is the corresponding depolarization rates
associated with the fast component. We found that the charge
carrier mobility changes from intrachain to interchain
diffusion. One-dimensional intrachain diffusion is observed
in the samples at low temperatures below 10 K, while
three-dimensional interchain is observed at high
temperatures above 25 K. Compared with µSR data of P3HT
that shows dimensional crossover at 25 K2), it is apparent that
the dimensional crossover from one-dimensional to
three-dimensional in P3HT:ZnO is observed at lower
temperature. ZnO nanoparticles facilite electron transfer
from P3HT in the blend more easily than in P3HT only.
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Fig. 2. Asymmetry spectra of P3HT:ZnO with (on) and without
(off) light irradiation at 10 K.

Figure 2 shows the asymmetry spectra of P3HT:ZnO with
and without light irradiation at 10 K. We did not observe any
significant effect of light irradiation on the assymetry spectra.
Some possible explainations are as follow: i) Excitons
induced by light irradiation are generated only in the surface
of sample ii) Transfer rate of excitons from P3HT to ZnO
occur is slower owing to aggregation of ZnO nanoparticles.
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Detection of Optically-Injected Spin-Polarized Conduction Electrons in Si
by Muon Spin Relaxation
H.W.K. Tom, K. Nagamine,*1,*2 K. Shimomura, K. Yokoyama, R. Kawakami, J. Muse,*1
K. Ishida, F.L. Pratt, I. Shiraki, A.D. Pant and E. Torikai
Silicon is the most important spintronics material; it is
intrinsically favorable for spintronics applications because
of its expected long spin lifetime and spin transport due to
its low spin-orbit coupling and its embedded base in the
existing electronics industry. However, Si has not been
widely considered or studied in spintronics because there
are no optical probes of spin-polarized conduction electrons
in Si due to its indirect band-gap. A new muon-based probe
for detection of spin-polarized conduction electrons in any
semiconductor1, 2) would advance spintronics development.
There is also an immediate impact—it is generally not
accepted that spin-polarized conduction electrons can be
optically injected in Si, due to the indirect band-gap of Si.
However, near the band-gap (~3.5 eV, 354 nm) similar
selection rules between J states occurs in Si as occur in
direct band-gap semiconductors and ~30% spin-polarization
is possible according to band-structure calculations.3)
The n-Si (100) sample with 1014 P doping was prepared
with two electrodes; Au for the front electrode and ITO
(optically transparent electrode) for the back one. These
were biased with a pulsed voltage of ~40 V to carry the
injected electrodes from the back electrode into the bulk Si.
The muons were incident on the front surface at normal
incidence and adjusted in energy to deposit in a broad
distribution in the middle of the 300 micron thick sample.
The circularly polarized (CP) 355 nm (3.49 eV) UV light
(6 ns pulse) was incident with a pulse timing to arrive 0.1 ~
0.4 s after the arrival of the muon pulse. The UV laser
pulses were varied in a 4-pulse sequence that repeated every
4 muon pulses; 1 pulse off, 1 pulse on with CP helicity
positive corresponding to optical spin parallel (P) case
between muons and photon, 1 pulse off, and 1 pulse on with
CP helicity negative with muon and photon spins
antiparallel (A).. Thus, we obtained the SR time spectrum
with 1) laser Off, 2) Laser On (P+A) 3) Difference between
P and A (P-A).
Typical SR time spectra without lasers at 15 K under
20G LF were analyzed by taking the following assumptions
based upon the present knowledge of the electronic states of
the + in n-type Si; ① T-site muonium, ② BC-site
muonium and ③ Mu- at T-site. 1) Within some 0.1 T, both
T-Mu and BC-Mu should take a typical LF decoupling
pattern, while the T-Mu- should not have a LF dependence.
2) Because of the exchange interaction with the dopant
electrons, the T-Mu is subject to the depolarization at zero
LF, while the BC-Mu takes visible relaxation in the range
*1
*2

of (s)-1.
As seen in Fig. 1, ON-OFF effects were observed by
laser injection for 100 G LF. As for the electronic states of
muon responding to the laser electrons, the following
conclusions were obtained at 10K.
1. In ON-OFF time spectrum for both 20 G and 40 G TF
rotation, there was no corresponding + precession signal,
suggesting the Mu- at T-site does not respond to the
electrons induced by the lasers.
2. In ON-OFF time spectrum for 2.3 G TF rotation, there
was no corresponding muonium precession signal,
suggesting the Mu at BC-site does not respond to the
electrons induced by the lasers.
3. In LF decoupling, the difference in total asymmetry A(H)
seems to follow the decoupling characteristics exhibited in
AT-Mu(H, OFF). Thus, the T-Mu seems to respond to the
laser induced conduction electrons.
As for the most important spin-dependent PARA-ANTI
effect, a high statics run of 200 M events run was conducted
at 10 K under 100 G LF with 355 nm (3.49 eV) and 100%
CP laser pulses. Although a clear ON-OFF effect of
-1.953(21) % was observed, a non-significant PARA-ANTI
effect of -0.006(30) % was observed. The result is
suggesting a need of the measurement with a different
photon wavelength (energy).

Fig. 1 (Upper) Typical example of laser irradiation effect in n-Si at 10 K
under 20 G LF. PARA (ANTI) is the cases, where the laser electrons are
polarized in parallel (anti-parallel) to the muon spin. (Lower) LF
decoupling effect with laser off and on in n-Si at 10 K.
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Muonium response to oxygen impurities in biological aqueous solution
for hypoxia studies application
K. Nagamine,*1,*2 J.S. Schultz,*3 K.Shimomura,*2 F.L. Pratt, K. Ishida, A.D. Pant, and E. Torikai
Hypoxia, or low oxygenation, is known as an important
factor in tumor biology and in the response of tumors to
treatment by radiation therapy. In cancer patients, an
accurate measurement of hypoxia in specific regions may
provide an important predictive value in the management of
treatment and outcome of the disease1). As regards hypoxia
imaging techniques, improved O2 detection methods form
an important need. Several unsatisfactory trials have been
conducted employing PET, MRI and EPR.
Here, we propose the use of the + as a new sensitive
method to probe the existence of paramagnetic O2 in the
cancer of the human body. There have been experimental
studies on the oxygen dissolving effects of the spin
relaxation of muonium (Mu, + + e-) in pure water2); the
relaxation rate constant λMu has been measured as 1.8 ± 0.1
l mol-1 s-1 due to electron spin exchange interactions with
dissolved molecular O2 in water. Since sensitivity range to
the spin relaxation of a pulsed muon is 104 to 107 s-1, the
sensitivity for PO2 (μ) becomes 0.5 ×10-6 ~ 0.5 ×10-3mol l-1.
The solubility of O2 in water at 23 C is 1.29 × 10-5 mol
-1
l kPa-1; under 1 atm, PO2(s.l.) is 1.3 × 10-3 mol l-1.Thus,
PO2(μ)/PO2(s.l.) becomes 0.4 × 10-3 to 0.4, which value
range perfectly corresponds to Hypoxia. A desirable feature
of the muon method is its non-invasive and sensitive
imaging; a spatial resolution at the mm level can be
obtained at depths of up to 20 cm
However, the unsolved problem regarding the method
is the background from other magnetic molecules,
thereby providing the motivation of the present study.
Our experiment was conducted at Port 2 of the
RIKEN-RAL in the UK using 60 MeV/c decay
positive muons. The + in water take the states of a
diamagnetic + fraction such as +OH (60%),
paramagnetic Mu fraction (20%) and a missing fraction
(20%). In the Mu fraction, a half becomes an ortho state
with spin 1, providing a spin rotation signal with a
precession pattern that is 100 times faster than that of
diamagnetic +. Spin rotation and its relaxation were
detected under 2.3 G transverse fields. All the
measurements were conducted at room temperature.
The O2 concentration was controlled by changing
the mixing ratio of N2 gas and air; pure N2 for 0% O2
and air for 20.7% O2 were used. In pure water, the Mu
spin precession was found to undergo faster relaxation
against increase in O2, consistent with the existing data2).
*1

Physics & Astronomy, University of California, Riverside
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Subsequently, tris-buffered saline (TBS), which is a
buffer used in some biochemical techniques to maintain the
pH, was introduced in pure water; the Mu signal was found
to be essentially unchanged in 7.5 g of TBS solution in 1
liter of water. As shown in Fig. 1, Mu undergoes a
relaxation change similar to pure water against O2 increase.
Finally, 0.4 g of albumin was introduced in 1 liter of
water with 7.5 g of TBS buffer and 10% O2 impurities.
Albumin, which generally refers to a water-soluble protein,
is moderately soluble in concentrated salt solutions, and it
experiences heat denaturation. As seen in Fig.1, a consistent
relaxation was observed for controlled O2 impurities. Upon
increasing the albumin quantity to 4 g, the muonium signal
was found to disappear.
Before the clinical application of the method to hypoxia
studies, it is important to conduct systematic studies on the
behavior of O2 impurities in various biological aqueous
systems. In this light, the present direct observation of
muonium spin rotation in TBS and albumin water solution
is quite encouraging. With the use of the buffer, a variety of
biological solutes can be expanded.
At the same time, since Mu is a form of light hydrogen,
hydrogen behavior in biological aqueous solution can
directly be studied.

Fig. 1 (Upper) Muon spin rotation time spectrum in 7.5g of TBS
water solution with O2 concentration of 10% under 2.3 G
transverse field (TF). (Lower) Muon spin rotation time
spectrum in 0.4 g of albumin and 7.5g TBS water solution with
10% O2 at room temperature under 2.3 G TF.
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Silica aerogel as a room-temperature thermal-muonium-emitting
material for ultra-slow muon production
S. Okada, G. Beer, Y. Fujiwara, K. Ishida, M. Iwasaki, T. Mibe, Y. Oishi, N. Saito, M. Tabata,∗1∗2 D. Tomono,
K. Ueno, and K. Yokoyama
Positive muons with a few eV energy, so-called ultraslow muons, can be produced by two-photon resonant
laser ionization of thermal muonium atoms (µ+ e− ) in
vacuum1,2) . By accelerating the muons in an electrostatic ﬁeld, variable-energy slow-muon beams with
extraordinarily small energy spread can be realized.
This will extend µSR (muon spin rotation and relaxation) studies to thin ﬁlms, surfaces and interfaces, and
nano-structures that have been impossible to investigate with the conventional µSR technique using surface
muons. Moreover, this technique has attracted attention for use in the measurement of the muon anomalous
magnetic moment g-2 and electric dipole moment at
J-PARC3) , which requires µ+ beam having extremely
small transverse momentum.
For the slow muon production, it is essential to produce thermal muoniums in vacuum, which has been
demonstrated previously with the following two approaches. One uses a tungsten foil heated to more than
2000 K, where muoniums are expected to be produced
not inside the foil, but at the hot surface providing
electrons. The other approach used silica (SiO2 ) powder at room temperature, where muoniums formed in
the silica are emitted from the silica powder particles
and eventually from a layer of the material in vacuum.
The room-temperature target has several advantages. Firstly, it is experimentally easy to handle compared to the high-temperature target with a large radiant heat. Secondly, the lower energies of the produced
muonium lead directly to a smaller emittance of the
ionized source. Thirdly, the lower energy distribution
results in a smaller spatial spread of muonium in vacuum and a smaller Doppler broadening of the resonant
line for muonium excitation. These lead to the eﬃcient
use of the available laser power.
Thus far, although the silica powder has been the
major candidate of the room-temperature target, powdery materials are not self-standing and thus incompatible with typical horizontal muon beams. Moreover,
it is generally unfavorable to handle such powdery materials in the process of vacuuming.
A new candidate is silica aerogel, which has the same
chemical composition as silica powder but is a solid
with extremely low density. In the TRIUMF S1249 experiment4) , the muonium yield in vacuum has been investigated using silica aerogel as a thermal-muoniumemitting material. A preliminary result of the data
analyses shows that muoniums produced near the sur∗1
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face in the aerogel (e.g., ∼100 µm below the surface for
a 50 mg/cc density aerogel) are essential for vacuum
emission. Based on this result, a simulation study of
the diﬀusion process has been performed for increased
surface area of the aerogel target. The result shows
that the muonium yield in vacuum is much increased
for the aerogel having 100-µm-notched surface.
As a part of the feasibility study of the optimization for higher muonium yield, we recently started
investigating the production of the notched aerogel.
There are two prominent ways to create the 100-µmscale sub-structure. One is to produce the aerogel with
a mold having the sub-structure from the beginning.
The other is to notch the aerogel surface with a laser
beam, electron beam, focused ion beam (FIB), etc.
Figure 1 shows an SEM image of the ﬁrst trial using
FIB technology.

Fig. 1. An SEM image of the aerogel surface notched by
FIB, taken at an angle of 45 degrees with respect to
the surface with the support of Advanced Technology
Support Division at RIKEN (D. Inoue).
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The study of the heaviest elements is an exciting and
challenging endeavor in the ﬁeld of nuclear chemistry.
One atomic property that is most sensitive to changes
in the electronic structure is the ﬁrst ionization potential (IP). It is directly related to the stability of
valence electrons in an atom. The ground-state electronic conﬁguration of the last actinide, lawrencium
(Lr), is predicted to be 5f 14 7s2 7p1 .1) This conﬁguration is diﬀerent from that of the lanthanide homolog Lu
(4f 14 6s2 5d) as 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 for Lr as compared to the IPs for its neighboring
heavy actinides.1) Owing to low production rates and
short half-lives, the properties of Lr must be measured
on an atom-at-a-time scale. The isotope 256 Lr, with a
relatively long half-life of T1/2 = 27±3 s,2) is a suitable
candidate for the IP measurement of Lr through the
surface ionization method.3) In the present study, we
measured the cross section of the 248 Cm(14 N, 6n)256 Lr
reaction to evaluate the production rate of 256 Lr.
A 248 Cm target with a 960 ± 60 µg/cm2 thickness
on a 1.86 mg/cm2 Be backing foil was bombarded with
a 14 N5+ beam extracted from the RIKEN AVF Cyclotron. The beam of 101.5 MeV 14 N ions passed
through a 1.80 mg/cm2 Be window, 0.09 mg/cm2 helium cooling gas, and the Be backing foil, before entering the target material with 91 MeV remaining in
the middle of the target. The average beam intensity was 1.2 particle-µA. The reaction products were
transported to the rotating wheel α-particle detection
system MANON (Measurement system for Alpha particle and spontaneous ﬁssioN events ON-line) using
a He/KCl gas-jet system. The KCl powder for the
gas-jet transport was sublimated at 616 ◦ C. The inner diameter and length of the Teﬂon capillary was
1.59 mm and 8.6 m, respectively. The helium gas
ﬂow-rate was 2.0 L/min. The gas-jet transport eﬃciency was estimated to be about (30 ± 8)%. The cycle
time for collection and measurement with the MANON
was 30 s. Alpha-particle energies were measured with
two successively arranged planar silicon (PIPS) detectors (Canberra PD50-12-300AM) with an active area
of 50 mm2 , providing a detection eﬃciency of (13±3)%
and an energy resolution of 13 keV (FWHM). Energy
calibrations were performed using a standard 241 Am
source and α-emitting by-products such as 151 Ho and
213
Fr.
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Fig. 1. Alpha-particle spectrum measured in the
14
N reaction.
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Figure 1 shows the α-particle spectrum measured in
the time interval 0.5–61.0 s after the end of the collection. Several α-peaks of 256 Lr are observed in the
α-particle energy (Eα ) range from 8.3 to 8.7 MeV. The
most intense peak at 8.43 MeV may include α particles
of 2.91-s 256 No (Eα = 8.402 and 8.448 MeV; α-decay
branching ratio, bα = 99.50%4) ), which is the daughter
of 256 Lr through electron capture decay. By counting
both the α events of 256 Lr and 256 No, we can deduce
the cross section of 256 Lr without requiring to consider
the electron capture decay branch of 256 Lr. The measured half-life of 34 ± 4 s is in accordance with the
literature.2) A 27 ± 10 nb cross section for 256 Lr was
deduced based on the α-particle events between 8.3
and 8.7 MeV. The 256 Lr production rate, as obtained
with the present target thickness and available beam
intensity, is 1.3 × 103 256 Lr atoms per hour.
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Extraction of molybdenum and tungsten by Aliquat 336 from HF and HCl
solutions
Y. Komori, T. Yokokita, K. Toyomura, K. Nakamura, Y. Kasamatsu, H. Haba, J. Kanaya, M. Huang, Y. Kudou,
A. Toyoshima,＊1 and A. Shinohara
336/CHP20Y resin was filled into the 1.0 mm i.d. × 3.5
mm microcolumn of ARCA. The bottom of the
microcolumn is plugged with a glass filter of approximately
1 mm thickness. The reaction products transported by the
gas-jet system were deposited on the collection site of
ARCA for 5 min. After the collection, the reaction products
attached to the KCl aerosols were dissolved with 2, 4, 6,
and 8 M HCl solutions and were subsequently fed onto the
column at a flow rate of 1 mL /min. The effluents were
collected in PP tubes for every 50 or 80 μL. Then, the
remaining 90Mo and 173W in the column were eluted with
400–500 μL of 6 M HNO3/0.01 M HF solution and were
collected in another PP tube. These fractions of the effluents
were assayed by γ-ray spectrometry with Ge detectors.
In the batch experiment, the Kd values of Mo and W were
found to increase with increasing HCl in the concentration
range of 1–6 M, as shown in Fig. 1. These increases are
attributed to the formation of anionic chloride complexes.
The Kd values of Mo are higher than those of W in the
studied HCl concentrations. On the other hand, in the HF
system, the Kd values of Mo and W decreased with
increasing HF concentration and the Kd values of Mo were
almost the same as those of W. The Kd values of Mo and W
were almost constant with respect to the shaking time under
the studied conditions. In the extraction chromatography
with ARCA, the W species were eluted from the column
without adsorption on the resin, whereas a portion of the
Mo species was adsorbed on the resin in the studied HCl
concentrations. This is consistent with the order of the Kd
values obtained by the batch method.

Chemical studies of the transactinide elements (Z ≥ 104)
are interesting subjects. These heavy elements are expected
to have chemical properties that cannot be simply deduced
from the periodicity of the lighter homologues owing to the
large relativistic effects on the valence electrons. We aim at
performing extraction chromatographic experiments of
element 106, seaborgium (Sg) using a liquid
chromatographic system, ARCA1) to elucidate its complex
formation with some ligands such as fluoride and chloride
ions. In this study, we investigated the extraction behavior
of molybdenum (Mo) and tungsten (W), the lighter
homologues of Sg, on Aliquat 336-loaded resin (Aliquat
336/CHP20Y resin) from HF and HCl solutions. To avoid
polymerization of Mo and W, carrier-free radioisotopes
90
Mo (T1/2 = 5.7 h) and 173W (T1/2 = 7.6 min) were used
because Sg cannot form the polynuclear species owing to its
low production rates and short half-lives.
The short-lived isotopes 90Mo and 173W were
simultaneously produced in the natGe(22Ne, xn) and
nat
Gd(22Ne, xn) reactions, respectively, using Gd/Ge mixed
targets. The 140-MeV 22Ne beam delivered from the
RIKEN K70 AVF cyclotron passed through a beryllium
vacuum window, the helium cooling gas, the beryllium
target backing, and finally entered the target materials at an
energy of 118 MeV. The typical beam intensity was
approximately 300 particle nA.
Distribution coefficients (Kd) of 90Mo and 173W were
obtained as functions of HF and HCl concentrations by a
batch method. Reaction products transported by the He/KCl
gas-jet system were deposited on a Naflon sheet for 1 or 5
min. The collected reaction products were dissolved in 240
μL of 0.1–10 M HCl (or 1–10 M HF) solution. A 10–20 mg
of 51.9-wt.% Aliquat 336/CHP20Y resin, 100 μL of the HCl
(or HF) solution containing 90Mo and 173W, 400 μL of a
certain concentration of HCl (or HF) solution were mixed in
a PP tube. These samples were shaken for 5 min at 25 ºC.
Standard samples of 90Mo and 173W without resin were also
prepared and were shaken together with the
resin-containing samples. After centrifugation, the aqueous
phase was pipetted into another PP tube that was subjected
to γ-ray spectrometry using a Ge detector in order to
determine radioactivities of 90Mo and 173W with 257 and
458 keV γ rays, respectively. Reaction kinetics was also
investigated at 25 ºC by varying the shaking time to be 10 s,
5 min, and 10 min in 4 M HF and 2, 6, and 10 M HCl.
The on-line extraction chromatography of Mo and W was
performed with ARCA. The 51.9-wt.% Aliquat
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Fig. 1. Distribution coefficients of
function of HCl concentration.
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Solvent extraction of 93mMo using 4-isopropyltroplone (Hinokitiol) in the
preparation of Sg reduction study
S. Miyashita,*1 A. Toyoshima,*1 K. Ooe, T. K. Sato,*1 M. Asai,*1 K. Tsukada,*1 Y. Nagame,*1 M. Schädel,*1 Y. Kaneya,*2
H. Haba, J. Kanaya, M. Huang, A. Wada, Y. Kitayama and A. Yokoyama
For the determination of the reduction potentials of Sg, we
plan to carry out rapid continuous experiments using a new
system combined with a flow electrolytic column1) and the
rapid liquid-liquid extraction apparatus SISAK2). The
oxidation states of Sg chemically characterize its extraction
behavior, and thus, rapid extraction enabling separation of
Sg with different oxidation states is required. In our recent
tracer-scale experiments, the extraction kinetics of 181W as
the lighter homologue of Sg into toluene containing
4-isopropyltropolone (Hinokitiol, HT) from 1.0 mol L-1
hydrochloric acid (HCl) was found to be sufficiently fast. In
this present work, we examined the extraction behavior of
93m
Mo (T1/2 = 6.9 h) under identical conditions.
93m
Mo was produced in the 93Nb(d, 2n)93mMo reaction.
93
Nb metallic foils with thickness of 856 μg cm-2 were
irradiated by a 24-MeV deuteron beam from the RIKEN
K70 AVF cyclotron. The reaction products recoiling out of
the target foils were transported with a He/KCl gas-jet to
the chemistry laboratory. The transported products were
subsequently collected on a PTFE sheet and dissolved by
1.0 mol L-1 HCl, which was used as an aqueous phase in all
experiments. The organic phase was toluene containing a
certain concentrations of HT. Seven hundred μL of each
aqueous and organic phase was mixed in a vial and shaken
for 10 to 600 s using a mechanical shaker. After shaking,
the two phases were separated by centrifugation for 30 s.
Five hundred μL of each aqueous and organic phase was
taken into the vials. The presence of 263-keV γ-rays from
93m
Mo in the vials was detected by a Ge detector. The
distribution ratio (D) was calculated by the ratio of
radioactivity of 93mMo in the two phases.
Figure 1 shows the variation in the D values of 93mMo as a
function of shaking time at the concentration of HT ([HT])
= 1.0 ×10-4 mol L-1. For the comparison, our previous
results of 176W, obtained using the JAEA tandem accelerator,
are also plotted in Fig. 1. The D of 93mMo and 176W first
increase with increasing shaking time and then reach an
constant value. The extraction equilibrium of 93mMo is
achieved within 3 min while that of W is achieved within 1
min. Figure 2 shows the variation in the D values of 93mMo
and 176W as a function of [HT] in the organic phase. The D
of 93mMo and 176W increase with increasing [HT] in the
organic phase. The slopes of the D values of Mo and W
against [HT] in the organic phase are 1.88 and 1.55,
respectively in the log D vs. log [HT] plot. These results
indicate that Mo and W are extracted into the organic phase
with two HT molecules. Because the extraction kinetics of
＊1
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Mo and W using HT are sufficiently fast to use SISAK, we
concluded that HT is a suitable extractant for the Sg
reduction experiment.

Fig. 1. Variation in distribution ratios(D) of 93mMo and 176W
as a function of shaking time. Closed circles and closed
squares indicate the D values of Mo and W, respectively.

Fig. 2. Variation in distribution ratio (D) of 93mMo and 176W
as a function of [HT] in the organic phase. Closed circles
and closed squares indicate the D value of Mo and W,
respectively.
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Anion-exchange behavior of Mo and W in HCl solution
A. Wada, Y. Oura, H. Haba, and J. Kanaya
For chemical studies of element 106, Sg, it is important to compare the chemical properties of Sg with
those of its lighter homologues, Mo and W. Before performing an experiment on Sg chemistry, a separation
condition using Mo and W radiotracers needs to be
adequately considered. We attempted to prepare nocarrier-added radiotracers, 99 Mo (T1/2 = 2.74 d) and
181
W (T1/2 = 121.2 d), as well as to determine the
cross sections of the 181 Ta(p, n)181 W reaction.1) In this
study a preparation method for the 181 W tracer was
improved and distribution coeﬃcients (K d ) between
the anion exchange resin and HCl solution were determined for W and Mo.
About 50 mg of dried anion exchange resin
R
(DOWEX
1X8, 100 - 200 mesh) were shaken for 20
min in 3 mL solution containing radiotracers. After
centrifugation, γ -ray measurements were performed
for 2 mL of solution. Distribution coeﬃcients of W
determined with the anion exchange resin and 181 W
tracer prepared by the method described in Ref. 1
were systemically higher than the ones determined by
Kronenberg et al.,2) as shown by Run 1 in Fig. 1.
Since trace ﬂuoride ions in the tracer solution were
guessed to result in the higher K d values, the preparation procedure of the 181 W tracer was improved to
remove ﬂuoride ions suﬃciently from the ﬁnal tracer
solution. For Mo radiotracer, 93m Mo (T1/2 = 6.85 h),
which was produced by the 93 Nb(d, 2n) reaction using
the AVF cyclotron, was collected with a gas-jet system
and dissolved in HCl solution with 181 W prepared by
the improved method.
Three milliliters of no-carrier-added radiotracer solution in various HCl concentrations and about 50 mg
R
of dried anion ion exchange resin (MCI
GEL CA08Y,
25µm) were shaken together for 30 min in Runs 2 and
3. After centrifugation, 1 mL of solution was subjected
to γ-ray spectrometry with a Ge detector.
Distribution coeﬃcients determined in this work for
both W and Mo in HCl solution are shown in Figs.
1 and 2, respectively, together with those obtained by
Kronenberg et al.1) , who used carrier-added radiotracers (4 × 10−5 to 8 × 10−5 mol/L for W and 4 × 10−5 to
8 × 10−5 mol/L for Mo) and 1X8 anion exchange resin.
The K d values reported in this work and by Kronenberg et al. are almost consistent with each other. The
181
W tracer solution prepared by the improved method
in this work was also conﬁrmed to have a suﬃciently
low concentration of ﬂuoride ions. Kronenberg et al.
reported that the K d value for W in 2 mol/L of HCl
solution was the smallest, whereas the smallest K d values for W were observed in 1 mol/L HCl concentration
in this study. For Mo, K d values in 1 mol/L HCL
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Fig. 1. Distribution coeﬃcients of 181 W in HCl solution at
room temperature. The radiotracer was prepared by
the previous method1) in Run 1 and by the improved
method in Runs 2 and 3.

Fig. 2. Distribution coeﬃcients of
at room temperature.

93m

Mo in HCl solution

were the smallest in both this work and Kronenberg et
al. Thus, the K d value of W exhibited a dependency
on the concentration of HCl, except for ≥ 4 mol/L,
in this work is consistent with the dependency of the
K d value of Mo. It was found that for ≥ 4 mol/L of
HCl concentration, K d values for Mo were almost constant, whereas those for W seemed to increase with an
increasing HCl concentration.
We hope that a suitable experiment for studying Sg
chemistry will be performed in the near future and
that subsequently, the chemical features of Sg will be
revealed.
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Development of an automatic and rapid solid-liquid extraction apparatus for
on-line extraction of Rf
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chamber, were mixed and shaken for 10–120 s by the
apparatus. The Zr and Hf remaining on the resin were
eluted by washing three times with ca. 220 μL of a mixture
of 5.1 M HNO3 and 0.01 M HF. Subsequently, the resin was
conditioned by HCl. The TIOA resin was reused 3–6 times.
Each solution sample was assayed by γ-ray spectrometry
using a Ge detector to obtain Kd values from the equation
Kd (mL/g) = [M]resin/[M]soln.
Figure 2 shows the dependence of the Kd values of Zr and
Hf on the shaking time using 8.0 M HCl and 31 wt. %
TIOA resin. Figure 2 shows that the Kd values are roughly
constant in the studied time range, and are consistent with
those obtained in our previous batch experiment whereas
errors are large. This suggests that the chemical reactions in
the extraction reach the equilibrium within 10 s for 89mZr
and 175Hf. Similar results were observed in 7–11 M of HCl.

Fig. 1. Schematic view of the solid-liquid extraction
apparatus.
103

89m
Zr
175

Hf

K d [mL/g]

The chemical properties of the transactinide elements (Z ≥
104) are expected to be characteristic owing to strong
relativistic effects in their electronic shells. It is very
difficult to perform chemical experiments on these elements
because of their short half-lives and low production rates in
nuclear reactions. On-line chemical experiments on a
“one-atom-at-a-time” basis are required. Thus far, the
complex formation with inorganic ligands in aqueous
solutions have been investigated mainly for rutherfordium
(Rf, Z = 104). In many cases, however, the behavior after a
few-minute chemical separation was simply observed
without confirming equilibration in the chemical reactions.
The purpose of the present study is to clarify the
properties in the chloride complex formation of Rf, based
on the data in equilibrium and further to investigate the time
dependence of the chemical behavior of Rf for the first time.
In our previous work, a solid-liquid extraction of Zr and Hf,
the homologues of Rf, using triisooctylamine (TIOA) from
HCl was performed by batch method. In this work, we
developed an automatic apparatus to perform the batch-wise
solid-liquid extraction of the transactinide elements rapidly
and repeatedly. On-line experiments using this apparatus
were conducted with Zr and Hf tracers at the AVF cyclotron
in RIKEN. We investigated the equilibrium time of the
extraction in several HCl concentrations by determining the
time dependence of the Kd values.
A schematic view of the solid-liquid extraction apparatus
is shown in Fig. 1. The nuclear reaction products,
transported by the gas-jet system, are deposited on the
collection site of the dissolution section and then dissolved
with an aqueous solution. The solution sample passes
through two valves and a slider, which moves horizontally
to three positions, and then enters a Teflon reactor
containing TIOA resin (reactor 1 in Fig. 1). After shaking
the reactor using a vortex mixer, only the liquid phase is
pneumatically pushed out of the reactor, and is subjected to
the radiation measurement. To measure the radioactivity on
the resin, a control experiment without resin is performed
using reactor 2 in Fig. 1. The present apparatus is controlled
by a computer through the LabVIEW system.
In the on-line experiment, 89g,mZr (T1/2 = 3.27 d, 4.18 min)
and 175Hf (T1/2 = 70 d) were produced in the 89Y(p, n)89g,mZr
and 175Lu(p, n)175Hf reactions, respectively. The TIOA resin
(25–57 wt. % with the weights of 2.6–3.8 mg) and 6–11 M
HCl (160–230 μL) containing the Zr and Hf radiotracers,
transported by the gas-jet system from the irradiation
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80 100
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Fig. 2. Variations of the Kd values of 89mZr and 175Hf with
shaking time. The Kd values in equilibrium obtained
previously using 7.9 M HCl are drawn by the solid line for
Zr and dashed line for Hf.

Ⅲ-3. Radiochemistry & Nuclear Chemistry

RIKEN Accel. Prog. Rep. 46 (2013)

Preliminary study on quadrivalent chemical species of rutherfordium
in an aqueous solution by using TTA resin
A. Yokoyama, Y. Shigeyoshi, Y. Kitayama, A. Toyoshima,＊1 K. Tsukada,＊1 K. Ooe, E. Maeda, H. Kimura, H. Kikunaga,
Y. Kudou, J. Kanaya, M. Huang, and H. Haba
Considerable research interest has been focused on
Rutherfordium (Rf) when examining the chemical
properties of superheavy elements. For speciation of Rf in
an aqueous solution, we aim to observe its chemical
behavior by means of reversed-phase chromatography with
a chelate extractant of 2-thenoyltrifluoroacetone (TTA) as
the stationary phase. Through this method, quadrivalent
metal ions are extracted preferentially, unlike in previous
studies using cation exchange resins, and hence, a specific
complex formation constant of Rf can be determined. 1)
Prior to the experiments with Rf, batch experiments of Zr
and Hf were performed to determine the time required to
attain chemical equilibrium on the TTA-resin and the
eventual distribution ratios. The resin was brought into
contact with 88Zr and 175Hf carrier-free atoms in acid
solutions of 9.5×10－5 – 0.10 M HF/0.1 M HNO3 and 1×10－4
M HF/0.01–0.1M HNO3 allowed to attain equilibration in a
polypropylene tube at room temperature.
An aliquot of the aqueous phase was subjected to γ-ray
spectrometry using a Ge detector. Similarly, off-line
reversed-phase extraction chromatography of 88Zr and 175Hf
was also performed in a teflon tube column (1.6 mmØ) or a
micro-column (1.6 mmØ×7 mm) into which the resin was
filled. Then on-line reversed-phase extraction chromatography was performed with 89mZr and 175Hf, which
simultaneously produced in the 89Y (p, n) and 175Lu (p, n)
reactions, respectively, at the RIKEN K70 AVF Cyclotron.
The chemical system for the Rf experiment with ARCA
(automated rapid chemistry apparatus) with the
micro-columns was connected to the automated rapid α/SF
detection system at the AVF cyclotron and subjected to the
experiment with 85Zr 169Hf, and 261Rf isotopes produced in
the 18O-induced reaction with the targets of natGe, natGd, and
248
Cm, respectively.
The batch experiment demonstrated that the best
performance in adsorption was obtained for TTA (octanol)
resin on Kel-F resin and TTA (octanol) on CHP20/P20 resin.
The equilibration was attained in less than 1 min. Besides, it
was found that the results with TTA resin agree with the
behavior of solvent extraction for Zr and Hf at lower acid
concentrations in the results as well as those in previous
report1).
Figure 1 shows an example of the obtained elution curves
for the online experiment of TTA on CHP20/P20 resin with
a 89mZr tracer. The tracer atoms are adsorbed on the resin
although equilibration of the system is not observed, owing
＊1
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to the deviation from the behavior expected by the batch
data.
Furthermore, we have succeeded in obtaining a
preliminary α-spectrum of Rf nuclides transferred through a
gas-jet system and passing through the ARCA system. The
test run prior to the Rf experiment demonstrated a gas-jet
efficiency of around 70%, dissolution efficiency of 49 %,
and 36 % efficiency of detecting α particles. This
indicated around 30 counts for 100 runs, but only 13 counts
were observed for the actual experiment.
In conclusion, reversed-phase chromatography with TTA
resin can be used for speciation of a Rf chemical species,
although the resin preparation needs further improvement to
optimize the experimental conditions for Rf.
Thus far, we have succeeded in obtaining a preliminary
α-spectrum of Rf atoms transferred through a gas-jet system
and passing through the ARCA system although an increase
in Rf atoms introduced to the system could be expected.

Fig. 1. An example of elution curve of Zr on the TTA resin.
The conditions were 1.0×10-4 M in [HF], 0.01M in [HNO3],
and 0.1mL/min in flow rate.
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Extraction behavior of homologues of Rf into Tri-n-octylamine from HF/HNO3
system
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distribution ratios (D) of 88Zr and 175Hf, which are
lighter homologues of Rf, and those of 188Pt are presented in
Fig. 1 as a function of the HF concentration ([HF]) in the
aqueous phase.
100
100
10
10

Hf
Zr
Pt

11

D

Transactinide elements, also called superheavy elements
(SHE) with atomic number Z  104 are produced in heavy
ion induced nuclear reactions at accelerators with low
production rates. The low production rates and short-lived
nature of these isotopes lead to a “one-atom-at-a-time”
situation for chemical separation processes. Owing to the
relativistic effects, the chemical properties of these SHEs
deviate from those expected from simple extrapolations of
the properties of their lighter homologues within the same
group. Limited to the short-lived nature and low production
rates, the experimental investigation to explore the chemical
properties of these elements and to investigate the influence
of the relativistic effects to electron shell still remains a
challenge.
The search for a suitable chemical system to achieve fast
and efficient separation of these elements still remains an
open area of investigation. The first step in these studies is
to choose a chemical system and study the chemistry of the
lighter homologues of the SHE. Once found suitable for the
lighter homologues, the system is tested for the rapid
separation of the SHE.
104
Rf, the first transactinide element, is located in group 4
of the periodic table. Many systems have been studied for
the aqueous chemistry of Rf and its homologues1),2).
Complex formation of Rf, with chloride, fluoride, nitrate,
and sulfate in aqueous solutions has been studied3)-8) using
ion exchange and solvent extraction methods.
With the objective to study the uptake of lighter
homologues of Rf in tri-n-octylamine (TOA) from
HNO3/HF mixture, multitracers were produced by
bombarding a 197Au target with a 135 MeV/nucl. 14N beam
from the RIKEN Ring Cyclotron. After cooling the sample
for a sufficiently long time, the target material was
separated from the multitracers by solvent extraction with
ethyl acetate. The multitracer solution was then brought into
0.1 M HNO3/1×10-4 M HF system. For the solvent
extraction experiments, the organic phase was fixed as 10%
TOA solution in toluene and the aqueous phase was taken
as 0.1 M HNO3 mixed with varying HF concentration (from
0.1 M to 10-6 M).
For solvent extraction, the volume of the organic and
aqueous phase was kept as 2 mL. After 30 minutes of
equilibration at 20 oC, the samples were centrifuged to
separate the two phases. After centrifugation, we took 1 mL
aliquots of both phases and subjected them to gamma-ray
spectrometry using HPGe detectors.
In this work, the radioactivity of the isotopes of various
elements was seen in the organic phase, indicating
complexation of those elements with the TOA. The

0.1
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Fig. 1. Distribution ratios of 88Zr, 175Hf, and 188Pt in the
organic phase containing 10% tri-n-octylamine in toluene as
a function of concentration of HF ([HF]) in the aqueous
phase (0.1M HNO3).
The results clearly show that the uptake of the lighter
homologues of Rf increases with increasing HF
concentration beyond 3×10-5 M, reflecting the formation of
anionic fluoride complexes6),7). At very low concentrations
of HF, the uptake is nearly constant until [HF]= 3×10-5 M
indicating that the F- concentration was too low for the
formation of strong anionic fluoride complexes. The uptake
behavior of both Zr and Hf is very similar under the given
condition. In addition, it can be seen from the figure that the
noble metals such as Pt are poorly extracted in the organic
phase and their uptake doesn’t change much with the
variation of the HF concentration in the organic phase. This
indicates that the Pt group elements do not form anionic
fluoride complexes under the given conditions.
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Production of 88Nb and 170Ta for chemical studies of element 105
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desired peaks of 170Ta and 88Nb are clearly observed, as
indicated in the figure. By following their decay curves, we
confirmed that the 221.2-keV and 671.2-keV γ-rays are
useful for performing the chemical studies of 170Ta and 88Nb,
respectively.
Yield distributions of 170Ta and 88Nb related to Bρ are
displayed in Fig. 2. The optimal Bρ of 1.64±0.01 and
0.936±0.001 Tm were determined for 170Ta and 88Nb,
respectively. Under these experimental conditions, the
production yields of 170Ta and 88Nb in the chemistry
laboratory were evaluated to be 8.65±0.56 and 0.61±0.02
kBq/pμA after 1-min and 3-min long aerosol collection
tasks, respectively. In this work, the gas-jet efficiency of
88
Nb was found to be 41±2%, while that of 170Ta was
77±3%. Because the gas-jet efficiencies are very sensitive
to the recoil ranges of the evaporation residues in RTC, we
plan to optimize them during the next beam time by
selecting suitable degraders.
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Fig. 1. γ-ray spectra obtained for (a)
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We plan to study the chemical properties of element 105,
Db, which is produced in the 248Cm(19F,5n)262Db reaction,
using the gas-jet transport system coupled to the RIKEN
GAs-filled Recoil Separator (GARIS) 1). It is important to
perform Db chemistry together with Ta and Nb under
identical conditions to identify different chemical behavior
among the homologues. In this work, we optimized the
separation conditions of the isotopes of 170Ta (T1/2=6.76 min)
and 88Nb (T1/2=14.55 min) produced in the natGd(19F,
xn)170Ta and natGe(19F, xn)88Nb reactions, respectively, using
the GARIS gas-jet system, as a preparatory step for the
chemical studies.
A 106.4-MeV 19F9+ beam was extracted from the RILAC.
A natGe target of 0.29 mg/cm2 thickness was prepared by
vacuum evaporation on a 0.89 mg/cm2 Ti backing foil,
whereas a natGd2O3 target of 0.34 mg/cm2 was prepared by
electrodeposition on a 0.87 mg/cm2 Ti. The two arc-shaped
Ge and two Gd2O3 targets were mounted together with four
0.95 mg/cm2 Ti blank foils on a rotating wheel having a
100-mm diameter, which was rotated at 1000 rpm. The
beam energy was 103 MeV in the middle of the target and
the typical intensity was approximately 3 particle μA (pμA).
The working He pressure of GARIS was 33 Pa. At the
focal plane of GARIS, a recoil transfer chamber (RTC) of
100-mm inner diameter and 100-mm depth was installed.
The evaporation residues separated with GARIS were
passed through a 0.5-μm Mylar window, and were
transported by the He/KCl-aerosol-gas-jet system to a
chemistry laboratory. The flow rate of the He gas was 2.0
L/min, and the inner pressure of the RTC was 47 kPa. After
collection of the aerosols on a glass filter (ADVANTEC
GB-100R) for 1 and 3 min for 170Ta and 88Nb, respectively,
the filters were subjected to γ-ray spectrometry using a Ge
detector. The magnetic setting of GARIS was varied in the
magnetic rigidity (Bρ) range of 1.51–1.80 Tm for 170Ta
and 0.850–0.979 Tm for 88Nb. In the GARIS separation of
88
Nb at low Bρ values, the beam particles with lower charge
states broke the thin Mylar foil of the RTC. Thus, we
installed a retractable Al shutter of 2-mm thickness and
30×100-mm2 size at the focal plane to block the undesired
beam particles. Furthermore, a 3-μm Al degrader was used
to reduce the recoil range of 88Nb before its entrance into
the RTC.
Figures 1a and 1b show the γ-ray spectra observed for
170
Ta at 1.64 Tm and 88Nb at 0.936 Tm, respectively. The
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Liquid scintillation measurement of 262Db produced in 248Cm(19F,5n)262Db
reaction and pre-separated using GARIS gas-jet system
Y. Komori, K. Nakamura, M. Murakami, Y. Kasamatsu, H. Kikunaga, H. Haba, J. Kanaya, M. Huang, Y. Kudou,
and A. Shinohara
γ rays generated by beam irradiation, blank samples were
measured under the beam-on and beam-off conditions. The
blank sample was prepared by mixing 200 μL of 0.1 M
HNO3/5 × 10-3 M HF solution with 4 mL of Ultima Gold
AB®. The detection chambers were shielded with
polyethylene blocks against fast neutrons that are
observable in the α-event region. For data acquisition, a
four-channel pulse shape discrimination module, the
MPD-4, was used to discriminate α/β events and SF/β
events. Both the amplitude (energy) and the
time-to-amplitude converter (TAC) outputs of the MPD-4
were recorded with the A3100 via the list mode for
two-dimensional analysis of TAC versus energy.
The count rates in the α- and β-event regions in the
α-energy range of 7.5–9.7 MeV and those in the SF-event
region are listed in Table 1. The count rates under the
beam-on condition are larger than those under the beam off
condition due to fast neutrons and γ rays. The count rates in
the measurement of the reaction products are comparable to
those of the blank samples under the beam-on condition,
thereby indicating that α-, β-, and γ-emitting by-products
were suppressed by the GARIS gas-jet system. In this
experiment, time-correlated α–α events from 262Db and
258
Lr, which were expected to be observed 1.5 correlations,
were not observed. This is acceptable considering statistical
fluctuations.

In chemical experiments of the transactinide elements
with atomic numbers Z ≥ 104, an automated and rapid
chemistry apparatus coupled to an α-particle and
spontaneous fission (SF) detection system is required. We
have developed an online liquid scintillation detection
system to detect α particles and fission fragments in
solution samples eluted from the chemistry apparatus. To
detect the α and SF events originating from the transactinide
elements by liquid scintillation, a low-background condition
is necessary due to problems such as relatively poor energy
resolution and interference from β particles and γ rays. We
are planning to remove radioactive by-products using the
GARIS gas-jet system1,2) to attain the low-background
condition required for liquid scintillation measurement. In
this work, we performed online liquid scintillation
measurements of pre-separated 262Db (T1/2 = 34 s) with the
GARIS gas-jet system to investigate the background count
rate for the detection of time-correlated α–α events from
262
Db and the daughter nuclide 258Lr (T1/2 = 3.8 s).
The isotope 262Db was produced in the 248Cm(19F,
5n)262Db reaction.3) The 19F9+ ion beam was extracted from
RILAC. The beam energy was 103 MeV at the middle of
the 248Cm2O3 target. The average beam intensity was 2.6
pμA. The reaction products pre-separated with GARIS were
attached to KCl aerosols and then transported through a
Teflon capillary to a chemistry laboratory by the gas-jet
system.
For the liquid scintillation measurements, the reaction
products pre-separated and transported by the GARIS
gas-jet system were deposited for 70 s on the collection site
of a liquid chromatographic system, the ARCA.4) The
collected products were then dissolved in 0.1 M HNO3/5 ×
10-3 M HF mixed solution and the solution was transferred
to a glass cell set in the detection chamber at a flow rate of
1 mL/min for 12 s. The solution was mixed with 4 mL of an
emulsifier scintillation cocktail, Ultima Gold AB®, and
subsequently, the liquid scintillation measurement was
performed for 109 s. The measurement of the reaction
products was started approximately 15 s after the end of
collection. After the measurement, the solution in the cell
was drained and 4 mL of Ultima Gold AB® was newly
injected into the cell for the next measurement. Each
measurement was performed alternately with two detection
chambers. These procedures were automatically repeated.
Energy calibration of the detectors was performed by using
226
Ra and 252Cf as α and SF sources, respectively. The
energy resolution of the detectors was approximately
580-keV FWHM for the 7.687-MeV α-peak of 214Po. To
evaluate the background count rate due to fast neutrons and

Table 1. Count rates in the α- and β-event regions in the
α-energy range of 7.5–9.7 MeV and those in the SF-event
region.
Count rate
Count rate Count rate
in
in β-event
in α-event
SF-event
Sample
Beam
region
region
region
[cps]
[10-3 cps]
[10-3cps]
0.045 ±
0.011 ±
Blank
off
0.10 ± 0.02
0.001
0.006
Blank

on

1.2 ± 0.1

0.40 ± 0.01

0.40 ± 0.04

Reaction
products

on

1.2 ± 0.2

0.38 ± 0.01

0.46 ± 0.11
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Production cross sections of (d,x) reactions on natural titanium†
M. U. Khandaker, H. Haba, J. Kanaya, and N. Otsuka
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Fig. 1. Excitation function of the natTi(d,x)48V reaction.
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The method to obtain accurate knowledge of light charged
particle-induced reaction cross sections has generated
significant interest in nuclear data community because these
reactions are being increasingly used in nuclear medicine,
accelerator and nuclear technology, and the testing of
nuclear reaction theories. Recently, we investigated the
production cross sections of deuteron-induced radionuclides
from various target elements, because the measured data of
the (d,x) processes for different elements are scanty, relative
to those of (p,x) processes. A general survey of previous
reports shows that several investigations were carried out
for the natTi(d,x) reactions, which led to the development of
various applications. The formation of the 48V radionuclide
via the natTi(d,x) nuclear reactions can be advantageously
utilized for the monitoring of deuteron beam parameters
from the threshold to 50 MeV owing to its good
physiochemical properties and large cross sections1). The
International Atomic Energy Agency (IAEA) has already
compiled and provided a set of recommended data2) for
some important monitor reactions including the
nat
Ti(d,x)48V reactions. Moreover, 48V is frequently used in
nuclear medicine and for checking the sealing capability of
used fuel storage tanks in nuclear power plants.
nat
Ti(d,x)48V reactions also find applications in wear
measurements of titanium-containing materials. 48V is a
well-known radiotracer in many research fields, ranging
from biology to material sciences3). An accurate
determination of the production cross sections for the
nat
Ti(d,x)48V nuclear reactions, is therefore required,
because it is of great importance in various practical
applications, especially in nuclear medicine.
The objective of the present study was to validate the
IAEA recommended cross sections of the natTi(p,x)48V
monitor reaction, and to report new cross sections for the
nat
Ti(d,x)43,44m,44g,46,47,48Sc reactions with a high precision
over the energy range of 2–24 MeV using the AVF
cyclotron facility of the RIKEN RI Beam Factory, Wako,
Japan. Details on the irradiation technique, the radioactivity
determination, and the data evaluation procedures are
available in Ref.4). A brief description of the used model
codes that are relevant to this work is also available
elsewhere4). Due to the space limitation of this report, only
the natTi(d,x)48V cross sections and the deduced yield have
been presented in Figs. 1 and 2, respectively. Measured cross
sections with an overall uncertainty of about 11% are
available in Ref. 4) The shape of the IAEA recommended
monitor cross sections for the natTi(d,x)48V reaction was
verified. It was found that the TALYS code could not
reproduce the measured excitation functions properly. The
present results would be considerably useful to probe and
improve the predicting capabilities of the code.
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Fig. 2. Physical thick target yields for the 48V radionuclide.
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Excitation functions of Nb and Ta radioisotopes produced in
nat
Zr(p,x) and nat Hf(p,x) reactions up to 14 MeV
M. Murakami, H. Haba, J. Kanaya, S. Goto,∗1 and H. Kudo,∗1
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are available in the EXFOR database7) . The measured
cross sections of 95m+g Nb agree with those obtained
by Levkovskij from the 96 Zr(p,2n) reaction5) , whereas
they are lower than those given by Michel et al. from
the nat Zr(p,x) reaction6) . The measured cross sections
of 179 Ta are reported for the ﬁrst time and shown in
Fig. 1(b). The maximum value was 304 ± 18 mb at
14.1 ± 0.2 MeV. In Fig. 1(b), predictions given by the
TALYS code reproduce the measured data of 95m+g Nb
and 179 Ta with relatively good accuracy.
Based on the cross sections measured in this work,
thick target yields of 95m Nb, 95g Nb, and 179 Ta produced by the 14.3-MeV proton beam were 5.7 × 10−1 ,
1.1 × 10−1 , and 4.6 × 10−2 MBq/(µA·h), respectively.
(a)

(b)
60

400
nat

95m+g

nat

Cross section (mb)

Zr(p,x)
Nb
This work
Levkovskij (1991)
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TALYS

50
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To perform chemical experiments of superheavy elements (SHE) eﬀectively, the optimal conditions for
the on-line experiments with SHE should be predetermined by oﬀ-line experiments using the homologues
of interesting elements. Because SHE experiments are
fundamentally performed on a single atom scale, carrier free radiotracers are desirable in oﬀ-line experiments. For the oﬀ-line experiment of element 105, Db,
95g
Nb (T1/2 = 34.991 d) and 179 Ta (T1/2 = 1.82 y) radiotracers are suitable. In this work, excitation functions of the nat Zr(p,x) and nat Hf(p,x) reactions were
measured to determine the optimal conditions for the
production of 95g Nb and 179 Ta.
The excitation functions were measured using a
stacked-foil technique. For the production of Nb isotopes, thin foils of natural Zr (20 µm thickness) and
natural Cu (25 µm thickness) were stacked alternately
and used as a target. The Cu foils were used to monitor both the beam current and beam energy. For the
production of Ta isotopes, thin foils of natural Hf (25
µm thickness) and natural Cu (10 µm thickness) were
stacked alternately. The size of all foils was 15 × 15
mm2 . Ten Zr foils and ten Cu foils were used in the
Zr/Cu stack, whereas twelve Hf foils and twelve Cu
foils were used in the Hf/Cu stack. The Zr/Cu and
Hf/Cu stack were each irradiated by the 14.3-MeV proton beam supplied by the RIKEN AVF cyclotron for
30 min. The average beam currents were 0.53 µA for
the Zr/Cu stack and 0.80 µA for the Hf/Cu stack. The
proton energies in the individual target foils were calculated based on the stopping power formula1) . After
irradiation and proper cooling, γ- and X-ray measurements of each foil were obtained using Ge detectors.
The production cross sections were calculated by
a well-known activation formula2) . Nuclear data of
the isotopes used in the calculation were taken from
the NuDat 2.6 database3) . A theoretical calculation
was performed using the TALYS-1.4 code4) to compare with the experimental results.
In this work, the production cross sections of
90g,91m,92m,95m,95g,96
Nb in the nat Zr(p,x) reaction and
175,176,177,178,179
Ta in the nat Hf(p,x) reaction were
measured. Note that the independent cross section
of 95m Nb (T1/2 = 3.61 d) was measured in addition
to that of 95g Nb. The maximum cross sections in the
studied energy range were 8.5 ± 0.4 mb for 95m Nb and
18.7 ± 0.8 mb for 95g Nb, which were observed at 14.2 ±
0.1 MeV. The cross section ratio, σ(95g Nb)/σ(95m Nb)
was in the range of 1.3–2.2 and increased with the incident energy. Figure 1(a) shows the total cross section
of 95m Nb and 95g Nb together with the data5,6) , which
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Fig. 1. Excitation functions of (a) nat Zr(p,x)95m+g Nb reaction and (b) nat Hf(p,x)179 Ta reaction.
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Optimizing production and purification method of zirconium-89
for medical use
A. Fukubayashi,＊1 F. Takenaka,＊1 T. Sasaki,＊1 T. Fukuchi,＊2 E. Matsuura,＊1 S. Kamino,＊2 H. Haba, and S. Enomoto＊1,＊2
Immuno-positron emission tomography (PET), which
involves tracking and quantification of radiolabeled
antibodies with PET in vivo imaging, is one of the advanced
technologies used for characterizing, treatment planning,
and treatment monitoring of cancer. Since antibody-based
imaging agents have slow blood clearance, requiring
multiple days to reach their optimal biodistribution,
relatively long-lived positron emitters have been often
employed as substituted. In the recent years, 89Zr (T1/2 =
78.4 h) has been a subject of focus in the field of nuclear
medicine, because it has the physical and chemical
properties that are suitable for immuno-PET.1) In order to
perform efficient antibody radiolabeling and quantitative
PET imaging with 89Zr, the impurities, including the target
material, should be removed. In the present study, we
investigated production and purification procedures suitable
for getting carrier-free 89Zr for medical applications.
Zirconium-89 was produced by the (p,n) and (d,2n)
reactions of yttrium foils with dimensions of 15 mm × 15
mm (chemical purity: 99.9%; natural abundance: 89Y
(100%); thickness: 0.127 mm) with 12.2-MeV proton, and
24-MeV deuteron beams supplied from the RIKEN AVF
cyclotron. After the irradiations, 0.3–1 MBq of 89Zr was
chemically isolated from the 89Y target using an
anion-exchange
and
a
hydroxamate
column
chromatography. First, the irradiated 89Y target was
dissolved in conc. HCl in the presence of H2O2 for the
anion-exchange column chromatography. Zirmonium-89
was separated by conc. HCl through the anion-exchange
column (Dowex1X8, 200–400 mesh; ø5 mm × 50-mm
height). The hydroxamate resin was prepared from the
reaction of the −CO2−Na+ from a silica-based cation
exchange resin with hydroxylamine hydrochloride,
according to the previous report.2) For the hydroxamate
column chromatography, the irradiated target was dissolved
in 6 mol･L-1 HCl containing H2O2, and was then diluted
with water to ensure the final concentration of 2 mol･L-1
HCl. After the 89Zr adsorbed onto the hydroxamate column
(ø5 mm × 50-mm height), the column was washed with 2
mol･L-1 HCl and water to remove 89Y and other impurities.
89
Zr was finally separated with 1 mol･L-1 oxalic acid. The
radioactivity in each fraction was measured with a Ge
detector.
The -ray spectra of the 89Y targets irradiated with the
proton and deuteron beams are shown in Figs. 1A and 1B,
respectively. The radioactive impurities of 88Zr (T1/2 = 83.4
d) and 88Y (T1/2 = 106.7 d) were observed in the target
irradiated with a 24-MeV deuteron beam, while no
radioactive impurity was observed in the case of proton
＊1

＊2

irradiation. The chemical procedures for the separation of
89
Zr from 89Y and other impurities were investigated using
both anion-exchange column and hydroxamate column
chromatography. With the anion-exchange column, the 89Zr
recovery was only 13%, which was less than in other
studies performed on a larger scale.3) This was presumably
because the trace amount of 89Zr formed a radiocolloid
without strong complexing reagents and showed an
unexpected ion-exchange behavior. In contrast, when using
the hydroxamate column, 89Zr was recovered with a high
radiochemical yield of > 95%. There was no detectable
amount of 88Y in the resultant 89Zr solution (Fig. 1C),
indicating that the target material was also efficiently
removed from the Zr fraction.
The present study suggests that the production and
purification of 89Zr should be conducted with the proton
beam and the hydroxamate column to avoid any
contamination from 88Zr and 88Y, and to separate 89Zr from
the 89Y target with high radiochemical yield, respectively.
Furthermore, 89Zr was produced with a yield of 12.7 MBq･
μA-1･h-1 by the irradiation of the 12.2-MeV proton beam,
indicating that 89Zr could be produced by using a small
cyclotron in a regional hospital or pharmacy.

Fig. 1. Gamma-ray spectra of the solution of the 89Y targets
irradiated with the 12.2-MeV proton beam without any
separation (A), and the deuteron beam without (B) and with
(C) separation by hydroxamate column chromatography.
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Production of 124I radiotracer for positron emission tomography
T. Hanada, *1 T. Fukuchi, *2 S. Kamino,*2 H. Haba, J. Kanaya, A. Shinohara, N. Takahashi,*3
Y. Watanabe,*2 and S. Enomoto*1, 2
Positron emission tomography (PET) has been widely
used in nuclear medicine as a molecular imaging modality.
Because PET utilizes the pairs of 511-keV γ rays produced
by the annihilation of electron-positron pair, the probe used
in PET imaging is a compound labeled by positron-emitting
radioisotopes (e.g., 11C, 18F, and 64Cu). Positron emitters
generally used for PET imaging have relatively short
half-lives (less than a few hours). Owing to their short
half-life, the cyclotron needs to be nearby and prompt
handling is required. On the other hand, PET imaging using
antibodies usually needs a long time for biodistribution.
Accordingly, a positron emitter 124I, which has a relatively
long half-life of 4.2 days, is useful for this kind of PET
imaging1). Furthermore, the well-established chemistry of
iodine helps the production of various PET radiotracers. We
have attempted the production of 124I as a PET tracer and
evaluated its performance using the Planar Positron
Imaging System (PPIS)2) manufactured by Hamamatsu
Photonics K.K.
The isotope 124I was produced by the 124Te(d,2n)124I
nuclear reaction using a 24 MeV deuteron beam delivered
from the RIKEN AVF cyclotron. The production target was
prepared by compressing 144.5 mg 124TeO2 (isotopic purity
of 124Te: 99.9%) and 24.9 mg KCl into an 8 mm diameter
pellet. The pellet was covered with 6 µm Al foil. The
average deuteron-beam intensity was 3.3 µA, and the
irradiation time was 3.25 hours. To separate the 124I from
the target material, we followed the procedure shown in Fig.
1. The irradiated target pellet was removed from the Al foil,
and 2 mol/L NaOH was added to dissolve the target. Six
mol/L H2SO4 and 0.1 mol/L KI were added to precipitate
the TeO2. After a centrifugation, the I- in the supernatant
was oxidized by 30% H2O2. Then, the I2 was extracted with
CCl4, and the aqueous layer was discarded. Two mol/L
NaOH was added into the organic layer for the back
extraction of the 124I. Finally, the 124I-containing inorganic
layer was neutralized by 2 mol/L HCl. The recovery of the
124
I in the final product was 54%. The γ-ray spectrum of the
final purified product shown in Fig. 2 indicates the
existence of contamination by 123I. However, because of its
shorter half-life (T1/2 = 13.2 hours) and positron-less decay
character, the PET imaging is not affected by this
contamination.
In order to perform PET imaging, we transported the 124I
to the RIKEN Kobe institute. Then, the 124I solution was
diluted in isotonic saline, and 1.2 MBq of 124I were
*1

*2

Fig. 1. Chemical separation procedure of 124I from the TeO2 target.

administered to male Jcl:ICR mice (11 w.o.) under
isoflurane anesthesia by intravenous injection. The 124I
imaging data were obtained within 1.5 hours by the PPIS.
The imaging shown in Fig. 3 reveals specific accumulations
of iodine in the thyroid, stomach, and bladder. Thus, we
succeeded to produce 124I as a PET radionuclide. We will
develop 124I-labeled compounds for further PET imaging.
This work was supported by the Japan Society for the
Promotion of Science (JSPS) Grants-in-Aid for Scientific
Research (KAKENHI) through Grant Number 22611018.

Fig. 2. γ-ray spectrum of the final product.

Fig. 3. The 124I distribution image.
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Production of

65 Zn

and

109 Cd

using deuteron beam

J. Kanaya, H. Haba, M. Huang, M. Murakami, S. Shibata, Y. Wakitani, and S. Yamamoto
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experimental uncertainties.
At present, we can use the 24-MeV deuteron beam with
about 10-µA intensity to produce 65Zn and 109Cd. Thus, the
production yields of 65Zn and 109Cd are expected to increase
with the deuteron irradiation about 1.5 and 2.5 times,
respectively, than those with the conventional proton.
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 Since October 2007, we have distributed solutions of
purified radioisotopes of 65Zn and 109Cd to the general
public in collaboration with Japan Radioisotope
Association.1) 65Zn and 109Cd have been produced through
65
Cu(p,n)65Zn and 109Ag(p,n)109Cd reactions, respectively,
using a 14-MeV proton beam delivered from the RIKEN
AVF cyclotron. The typical intensity of the proton beam has
been about 20 µA. Under our experimental conditions, the
production yields of 65Zn and 109Cd have been 0.24 and
0.076 MBq µAÐ1 hÐ1, respectively.2) In the literature survey
on reaction cross sections for 65Zn and 109Cd,3,4) higher
yields are expected using the deuteron-induced reactions,
i.e., 65Cu(d,2n)65Zn and 109Ag(d,2n)109Cd. Thus, in this
work, we tested the productions of 65Zn and 109Cd using a
24-MeV deuteron beam from the AVF cyclotron.
Zinc-65 and 109Cd were produced by irradiating 24-MeV
deuterons on metallic plates of copper (chemical purity: >
99.99%; thickness: 220 mg cmÐ2 × 3) and silver (> 99.99%;
260 mg cmÐ2 × 3) in a natural isotopic abundance. The
average beam intensity was 147 nA for 65Zn and 92.0 nA
for 109Cd. The number of incident deuterons was evaluated
from the collected charge using a Faraday cup which was
calibrated by the monitor reaction of 48Ti(d,2n)48V.5) After
the irradiation for 1.0 h, the Cu targets were
nondestructively subjected to γ-ray spectrometry with a Ge
detector. On the other hand, the irradiated Ag target was put
in a beaker containing 10 mg of Cd2+ carrier and dissolved
with 1.5 mL of c. HNO3. After evaporating the solution
almost to dryness, the residue was diluted to 100 mL with
H2O. The pH of the solution was adjusted to 4 with aq. NH3,
and 2.5 mL of 2 M HCl was added to precipitate AgCl. The
precipitate was discarded by the filtration. The pH of the
filtrate was adjusted to 7 with aq. NH3 and 1 mL of 1 M
(NH4)2HPO4 was added to precipitate CdNH4PO4·H2O. The
precipitate was filtered through the weighed filter paper and
subjected to γ-ray spectrometry. Chemical yields were
estimated by drying the samples at 110 oC until a constant
weight was reached.
The thick-target yields of 65Zn were determined to be
0.052 ± 0.004, 0.44 ± 0.03, and 0.73 ± 0.05 MBq µAÐ1 hÐ1
at 10.5, 18.2, and 24.0 MeV, respectively, whereas those of
109
Cd were 0.038 ± 0.003, 0.27 ± 0.02, and 0.38 ± 0.03
MBq µAÐ1 hÐ1 at 10.6, 18.1, and 24.0 MeV, respectively. In
Figs. 1 and 2, the thick-target yields are shown as a function
of the deuteron energy for 65Zn and 109Cd, respectively,
together with those from the literatures.3,4,6Ð8) The
thick-target yields of 65Zn and 109Cd were deduced from the
excitation functions reported by Tak‡cs et al.3) and Uddin et
al.,4) respectively, where the deuteron energy degradation
with the thickness of stacked plates were calculated using
the OSCER ver. 3.0 code.9) The thick-target yields of 65Zn
measured in this work are consistent with those of Tak‡cs et
al.3) at 18.2 and 24.0 MeV, though that at 10.5 MeV is
smaller by a factor of about 0.6. The yields of 109Cd are
consistent with those of Uddin et al.4) by considering their
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Fig. 2. Thick-target yields of 109Cd.
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Ru Mössbauer spectroscopy to Ru-containing dilute
f-electron lattice system

S. Tsutsui, Y. Kobayashi, M. Sera,∗1 T. Nishioka,∗2 M. Matsumura,∗2 H. Tanida, and R. Kobayashi∗3
The dilute f-electron lattice system has recently attracted considerable interest in solid state physics. Recent works revealed the importance of d-electron contributions in series of compounds such as some ﬁlled
skutterudites1,2) . Observation of the hyperﬁne interactions at ligand sites other than the rare-earth ones in
rare-earth intermetallics is also important when discussing the electronic states such as the hybridization between 4f and conduction electrons and magnetic
structure. In this work, we carried out 99 Ru Mössbauer
spectroscopy of novel rare-earth compounds RRu2 Al10
(R = La, Ce) to clarify the mechanism of the phase
transition in CeRu2 Al10 3–5) .
Mössbauer spectroscopy is a complementary technique to nuclear magnetic resonance (NMR)/nuclear
quadrupole resonance (NQR) and perturbed angular
correlation (PAC) for investigation of hyperﬁne interactions. Unlike NMR/NQR and PAC, Mössbauer
spectroscopy can detect isomer shift, a useful parameter for discussing the valence state at probe atoms
and the hybridization between probe and surrounding atoms. On the other hand, locations for carrying out 99 Ru Mössbauer spectroscopy are very limited
in the world. One of the reasons for this is preparation of 99 Rh γ-ray source. The 99 Rh γ-ray source
for 99 Ru Mössbauer spectroscopy, whose half-life is
15 days, is produced by only the nuclear reaction of
99
Ru(p,n)99 Rh. Then, 99 Ru Mössbauer spectroscopy
is carried out close to the accelerator that can provide
the proton beam.
We prepared the γ-ray source for 99 Ru Mössbauer
spectroscopy at the AVF cyclotron (K70-MeV) in
RIKEN Nishina Center (RNC). The 99 Ru powder as
a target is pressed and packed in an Al holder with a
thin Al foil. The Al target holder with an attachment
for cooling is installed to the end of beamline (C-03)
connected to the AVF cyclotron. The target was irradiated with 15 A of 12 MeV proton beam for the
99
Ru(p,n)99 Rh reaction. 99 Ru Mössbauer measurements were carried out after irradiation of the 99 Ru
target. The 99 Rh Mössbauer source was installed onto
the Mössbauer velocity transducer. A NaI(Tl) scintillation detector was used for 99 Ru Mössbauer measurements. Doppler velocity was calibrated using the 57 Fe
Mössbauer spectrum obtained at room temperature.
Zero velocity was set by 99 Ru Mössbauer spectrum obtained at 77 K.
∗1
∗2
∗3

Advanced Science of Matter, Hiroshima University
Faculty of Science, Kochi University
Quantum Beam Science Directorate, Japan Atomic Energy
Agency
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Ru Mössbauer spectra of RRu2 Al10 (R = La, Ce)
were measured at 77 and 4.2 K. All the spectra obtained in the present work appear to be singlets, indicating the absence of nuclear magnetic or quadrupole
interactions. The spectra of both compounds do not
show temperature dependence. These facts demonstrate that the contribution of 4f electrons to the hyperﬁne interaction is too small to detect at 99 Ru nuclei.
Although LaRu2 Al10 shows no phase transition
above 4.2 K, CeRu2 Al10 shows an antiferromagnetic
ordering at 27 K6) . Considering the magnetic structure6) , transferred hyperﬁne magnetic ﬁeld at 99 Ru nuclei is expected owing to ferromagnetic ordering along
a Ce-Ru-Ce zigzag chain. However, the results in the
present work imply absence of the hyperﬁne magnetic
ﬁeld at 99 Ru nuclei either due to ordered Ru magnetic
moments or transferred from ordered Ce magnetic moments.
The isomer shift also shows no rare-earth dependence between LaRu2 Al10 and CeRu2 Al10 . This implies the absence of 4d-4f hybridization in CeRu2 Al10 ,
because hybridization eﬀects are observed as a change
in isomer shift values. This agrees with the recent results of electron density map obtained by synchrotron
powder diﬀraction7) .
The precise analyses of the spectra are in progress.
99
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Development of intense 7Be beam for wear diagnostics of industrial materials
A.Yoshida, A. Nakao, T. Kambara, R. Uemoto,＊1 H. Uno,＊1 H. Yamaguchi,＊2 T. Nakao,＊2 and D. Kahl＊2
The industrial cooperation team and SHIEI Ltd.＊1 are
developing a new method for wear diagnostics of industrial
material using RI beams as tracers. RI nuclei are implanted
in a near surface of the machine parts within depth of
10-100 µm, and its wear-loss is evaluated by the decrease in
the measured radioactivity. Continuous γ-ray detection from
the exterior of the machine enables real-time diagnostics of
wear in running machines. For this purpose, RI nuclei
having sufficiently long lifetime are desired. At present, we
can provide an intense 22Na (T1/2 = 2.6y) beam at RIPS
separator1). On the other hand, CNS＊2 group has developed
a cryogenic gas target system2) at CRIB＊3 separator and
reported production of an intense 7Be (T1/2 = 53d) beam
using the system. With the aim to utilize this intense 7Be
beam for the wear diagnostics, a beam study managed by
industrial cooperation team was performed.
A primary beam of 7Li2+ was accelerated by the AVF
cyclotron up to 39.9 MeV (5.7 MeV/nucleon) with a
maximum intensity of 1.2 particle µA (pµA). The 7Be beam
was produced via p(7Li,7Be)n reaction at the cryogenic gas
target. The H2 target gas was confined in a gas cell (8 cm
long and 2 cm in diameter) sealed by 2.5-µm-thick Havar
foils. The H2 gas at a pressure of 760 Torr was cooled by
liquid N2 in a vessel at 90 K and circulated to the gas cell at
a rate of 55 slm. The primary beam was focused on a Havar
foil placed at entrance of the gas cell with the spot size of 1
mm in diameter. The target was very stable during this
experiment. The produced 7Be beam was introduced to the
F2 focal plane without degrader foil at F1. In order to
enable 7Be implantation under air pressure condition, the
vacuum chamber at F2 was modified so that a
vacuum-separation foil could be attached. First, under a
vacuum condition, the profiles of secondary beams were
measured at F2 using a PPAC and a silicon detector. The
energy and radius of the 7Be4+ beam was 28.7 MeV (4.1
MeV/nucleon) and σ = 6.1 mm, respectively, with a
momentum slit of ± 3.1% (± 50 mm) at F1. A contaminant
nuclide of 7Li3+ was observed with a fraction of 20% and
energy of 18.8 MeV. Second, a Kapton vacuum-separation
foil (50 µm thick and 5 cm in diameter) was assembled, and
He gas at 1 atm was filled in the F2 chamber. The distance
from the foil to the irradiation position was 14 cm. The 7Li
contaminant was stopped in the He gas, completely. The
remainder of the 7Be beam was 100% in purity and its peak
energy was 13.5 MeV, with a width of σ = 1.6 MeV. The
intensity of the 7Be beam was 1.9 × 108 pps obtained by
the following γ-ray measurement, which reproduced a
reported value in the Ref.2.
S.H.I. Examination and Inspection Ltd., http://www.shiei.co.jp/
＊2
Center for Nuclear Study (CNS), University of Tokyo.
＊3
CNS Radio Isotope Beam separator (CRIB).
＊1

Fig. 1. Implantation-depth profile of thin-foil stacks.
To investigate the implantation-depth profile of 7Be, two
sets of thin-foil stack with a diameter of 16 mm were
irradiated. One was a stack of 2-µm-thick aluminum foils
and the other was a stack of 7.5-µm-thick Kapton foils.
After irradiation, each stack was disassembled and the
intensity of the γ ray (E γ = 478 keV) was measured using a
Ge detector. First, the range profile of the above-mentioned
7
Be beam was measured using the aluminum-foil stack
(AL-#1). Then, in order to control the implantation depth to
near the surface, a rotating energy degrader was introduced.
An 8-µm-thick aluminum foil was set on the beam path at
50°(corresponding to a thickness of 10.4 µm) and 90°,
alternatively, relative to the beam axis with a time fraction
of 5:1. The second aluminum-foil stack (AL-#2) and the
Kapton-foil stack were irradiated under this condition. The
obtained implantation-depth profiles are shown in Fig.1. In
this figure, the 7Be activation rate (kBq/µm) is normalized
by the dose of the 7Li primary beam (1 pµΑ × 1 h
irradiation). X-error bars indicate the thickness of each foil,
and Y-error bars indicate the statistical error in this
measurement. From this result, we could achieve peak
activity of 1.3 and 0.5 kBq/µm at depth of 13 and 15 µm
from the surface of the aluminum and Kapton material,
respectively. For example, when we measure the wear-loss
of an aluminum machine part (case AL-#2), we can obtain
peak activity density of 13 kBq/µm for 10-h irradiation.
Since the best wear-loss sensitivity can be achieved near the
depth of the maximum activity density, it would be required
for actual applications to locate the peak of the activity
distribution near the depth of interest for the wear-loss
analysis.
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Cell-killing eﬀect of low dose of high-LET heavy ions (V)
M. Tomita, T. Tsukada, and M. Izumi
Non-DNA-targeted eﬀects, which are not a direct
consequence of radiation-induced initial lesions produced in cellular DNA, but rather an indirect consequence of intracellular and intercellular communications involving both irradiated and nonirradiated cells,
have been observed over the past two decades, and the
study of these eﬀects is deﬁning a new paradigm in radiation biology. These eﬀects include low-dose hyperradiosensitivity (HRS), radiation-induced bystander
response (RIBR), and so on.1,2) The RIBR is generally
deﬁned as a cellular response that is induced in nonirradiated cells that receive bystander signals from directly irradiated cells within an irradiated cell population.1,2) The heterogeneity of the absorbed dose within
the irradiated tissues is more relevant for high-LET
particle radiation than for low-LET photons. Therefore, RIBR induced by low doses of high-LET radiation is an important problem concerning the health of
astronauts and in heavy-ion radiation therapy. In this
study, we aim to clarify the molecular mechanisms and
biological implications of RIBR induced by low doses
of high-LET radiation. Previously, we showed that
normal human ﬁbroblasts that were irradiated with
low doses of high-LET argon (Ar) and iron (Fe) ions
induced HRS, thereby suggesting that bystander cell
killing was induced.3,4) In addition, nitric oxide (NO)
was found to be involved in this process.3,4)
First, we plot the revised clonogenic survival curve
of normal human lung embryonic ﬁbroblast WI-38 cells
irradiated with Ar ions by adding newly obtained data
to previous results4) (Fig. 1). HRS could be clearly
observed in the cells irradiated with Ar ions at doses
lower than 0.1 Gy, and it was partly suppressed by
pretreatment with carboxy-PTIO (c-PTIO), which is
a scavenger of NO.
In the process of bystander response, it has been
suggested that gap-junction intercellular communication (GJIC), reactive oxygen species (ROS), and the
COX-2 (Cyclooxygenase-2) protein also play important roles along with NO.2) Next, we examined the
eﬀects of the scavenger of ROS (DMSO), the inhibitor
of GJIS (lindane), and COX-2 (NS-398). Lindane
and NS-398 were dissolved in DMSO. As shown in
Fig. 2, DMSO and lindane suppressed HRS to levels
similar to that of c-PTIO, although the errors were
large for the present results. These results suggest
that ROS and/or GJIC are also involved in the process of bystander signal transfer along with NO. NS398 showed the highest inhibitory eﬀect. It has been
speculated that NF-κB/Cox-2/prostaglandin E2 and
NF-κB/iNOS/NO pathways play critical roles in αparticle-induced RIBR.2) Currently, we are examining

the roles of NF-κB and COX-2, which may be activated in bystander cells that have received ROS and
NO, in HRS induced by high-LET radiations.

Fig. 1. Cell-survival curves of WI-38 cells. Conﬂuent
monolayers of WI-38 cells were irradiated with 95
MeV/u Ar ions (310 keV/µm) and some of the cells
were pretreated with c-PTIO (20 µM). The surviving
fraction was determined by a colony forming assay. The
error bars represent the standard errors of the mean
(SEM) (n = 3-5).

Fig. 2. Eﬀect of inhibitors or scavengers. DMSO (0.1%),
lindane (Lin, 50 µM), c-PTIO (20 µM) or NS-398 (50
µM) were added to the medium 2 h before irradiation.
WI-38 cells were irradiated with 0.05 Gy of 95 MeV/u
Ar ions (310 keV/µm). The error bars represent the
standard errors of the mean (SEM) (n = 3).
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Effects of Trichostatin A on radiosensitivity to X-rays in mammalian cells with
defects in DNA repair proteins
M. Izumi and T. Abe
In eukaryotes, DNA is packaged into nucleosomes,
which are arranged in various higher order structures to
form chromatin. The chromatin structure contributes to
many aspects of DNA metabolism including replication,
recombination, and transcription. However, it is not fully
understood how repair reactions and checkpoint responses
caused by heavy-ion irradiation are regulated by the
chromatin structures.
It is also unknown how the
distribution of damage caused by ionizing radiation is
different between euchromatin and heterochromatin. To
investigate the roles of chromatin structures in DNA repair
after heavy-ion irradiation, we have been focusing on the
damage response observed after cells are treated with one of
the potent histone deacetylase (HDAC) inhibitors,
trichostatin A (TSA).
HDAC inhibitors enhance
radiosensitivity in mammalian cells1,2), although the
mechanism by which HDAC inhibitors enhance radiation
sensitivity remains unknown.
In a previous study, we found that TSA exhibited
different effects on sensitivity between X-rays and heavy
ions in HeLa cells3,4). To analyze the roles of repair
pathways in response to radiation after treatment with TSA,
we investigated cell sensitivity to X-rays using the CHO
cell and its mutant cell lines that have defects in DNA repair
proteins. CHO cells or their derivatives were trypsinized
and plated as single cells in TSA-free media. After
allowing 24 h for attachment, cells were pre-treated with
TSA (0.1 µM) for 10 h and irradiated with X-rays.
Subsequently, the cells were cultured for an additional 14 h
in the presence of TSA, and radiosensitivity was estimated
by the colony-forming efficiency 14 days later.
As observed in HeLa cells, the treatment with TSA
enhanced the sensitivity to X-rays up to 10 Gy (Fig. 1a).
On the other hand, the treatment with TSA enhanced
radiosensitivity to carbon ions at doses below 3 Gy (Fig.
1b). However, the survival rate did not change at doses
over 3 Gy of carbon ions after treatment with TSA.
Next, we examined the cell sensitivity to X-rays
using the CHO mutant cell lines that have defects in DNA
repair proteins. Irs1SF cells lack XRCC3 (x-ray repair
cross complementing 3) and exhibit defects in homologous
recombination5). XRCC3 interacts with Rad51 and is
necessary for the foci formation of Rad51. TSA enhanced
the radioresistance to X-rays in irs1SF cells (Fig. 1a),
thereby suggesting that the functional homologous
recombination pathway is involved in the enhancement of
radiosensitivity by TSA. On the contrary, TSA did not
affect the survival of V3 cells as well as EM9 cells, which
lack DNA-PK and XRCC1, respectively6,7). DNA-PK is
necessary for non-homologous end-joining, whereas

XRCC1 makes complex with ligase III and is involved in
base excision repair.
These results suggest that
non-homologous recombination and base excision repair do
not contribute to the enhancement of radiosensitivity by
TSA. Currently we are investigating how TSA affects cell
survival after heavy-ion irradiation in mutant cell lines.

Fig. 1 The effects of trichostatin A (TSA) on
radiosensitivity of CHO, irs1SF, V3, and EM9 cells. The
black and red circles indicate cell survival in the absence
and presence of TSA, respectively. Abbreviations: wt,
wild type; HR, homologous recombination; NHEJ,
non-homologous end-joining; BER, base excision repair.
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Examination of the balancer line towards construction of mutant isolation
system in fruit flies
K. Tsuneizumi, and T. Abe
Heavy-ion beam mutagenesis is generally recognized as
an effective method for mutation breeding1, 2). Although this
method was greatly successful with a plant, it is still limited
for animals. In order to extend the application to animals,

we plan to acquire more basic data to set up the optimal
condition of the irradiation system by heavy-ion beam
using Drosophila melanogaster (fruit fly) as a useful
model system.

In this technique, useful chromosomes, called balancers,
can prevent crossing over between homologous
chromosomes during meiosis. By using balancers, it is
possible to make diploid chromosomes consistent, as shown
in Fig.1. By using a double balancer line including two
balancers for second and third chromosomes together, it is
possible to obtain twice as many data as a single balancer
line. Thus, we established the double balancer line to
establish more variety of mutations that arise in second and
third chromosomes before beginning the irradiation
experiment.
From past research, an X-ray irradiation is known as
mutagen to DNA damage3, 4). In multicellular organisms, an
irradiation to the whole body is thought to affect various
organs, with diverse effects. Therefore, we must distinguish
between changes in body cells (somatic mutations) and
changes in gametes (germline mutations). The former
becomes a cause of death of the irradiated flies. The latter

Fig. 1. A scheme of mutant isolation using a double
balancer line. The irradiated genotype of the second
chromosome and the third chromosome are written as
+A/+B; +C/+D. Randomly selected single chromosomes (+A,
+C) are amplified by a new crossing with the double
balancer line. A mutant isolation is performed by mating
with sisters and brothers, and homozygotes appear in the
next generation. P : parental generation, F : filial generation,
CyO : second chromosome balancer, and TM6B : third
chromosome balancer.

is passed on to the offspring. It is necessary to investigate
the influence of the irradiation on survival rate, mating
behavior, spermiogenesis, oogenesis, etc. Then, we
conducted an exploratory experiment using X rays in order
to acquire basic data.
Males and females were immediately separated after
eclosion, and were bred for three days. These flies were
respectively irradiated with different doses of X rays. The
males were provided with fresh harems of virgin females
every 2-3 days. The females were provided with males and
were replaced to fresh medium every 2-3 days. The
oviposited eggs were bred, the number of progeny that
survived to adults was measured, and the reproductive
abilities of the X-ray-irradiated individuals were assessed.
It was observed that mating behavior, spermiogenesis,
and oogenesis of irradiated flies are sufficient for obtaining
the next generation, as shown in Fig. 2. It is thought that the
fall of reproductive ability of males is caused by aging, and
not by the influence of irradiation. On the other hand, the
reproductive ability of females did not change during the
observation period, as shown in Fig.2. According to the
observed results, data fluctuated up and down. We think that
the instability of the system stems from the instability of the
double balancer. Currently, we are establishing other
balancer lines. This will help stabilize the mutant isolation
system in the future.

Fig. 2. Correlation between days after X-ray irradiation and
changes in eclosed adult flies in F1 generation. Left panel
shows the number of progeny from males irradiated with X
rays. Right panel shows the number of progeny from
females irradiated with X rays.
References

1) T. Abe et al.: Gamma Field Symp. 39, 45 (2000).
2) A. Tanaka et al.: J. Radiat. Res. 51, 223 (2010).
3) H. J. Muller: Science 66, 84 (1927).
4) L. J. Stadler: Science 68, 186 (1928).

- 255 -

Ⅲ-4. Radiation Chemistry & Biology

RIKEN Accel. Prog. Rep. 46 (2013)

Sperm abnormality resulting from DNA repair during pollen tube growth in

Cyrtanthus mackenii †

T. Hirano,＊1 K. Takagi, Y. Hoshino,＊2 and T. Abe
The male gametophytes of plants are exposed to
environmental stress and mutagenic agents during the
double fertilization process, and therefore the gametophytes
need to repair the DNA damage in order to transmit the
genomic information to the next generation. However, our
understanding of the DNA damage response in male
gametes is still unclear. Therefore, we irradiated the
bicellular pollen of Cyrtanthus mackenii with a heavy-ion
beam and analyzed the DNA damage response in the male
gametes during pollen tube growth using an in vitro culture
system. In this study, we focus on sperm abnormality after
DNA repair.
Anthers of C. mackenii in 1.5-ml tubes were irradiated
with C ions (22.5 keV/μm) at doses of 10–80 Gy and then
stored at -20°C. For pollen germination, pollen grains from
the anthers were sown in 2 ml of liquid pollen culture
medium1) and cultured at 25°C in the dark. Male-gamete
isolation from the pollen tube and immunocytochemical
analysis were performed according to the protocol
described previously.2)
After the high-dose irradiation with doses of 40 Gy and
80 Gy, the cell cycle progression of generative cells was
arrested at metaphase in pollen mitosis II (PMII) after 12 h
of culture, and phosphorylated histone H2AX (γH2AX) foci,
which are indicators of DNA double-strand breaks (DSBs),
were detected in a majority of the arrested cells.3) To
analyze the behavior of the arrested cells, we investigated
the cell cycle phase after 24 h of culture. During this culture
period, most of the generative cells (92%) in non-irradiated
pollen grains had formed pairs of sperm cells. The cell
cycle in irradiated generative cells after 24 h of culture
progressed in comparison with that after 12 h of culture,
and the proportions of the generative cells that had
completed metaphase after 24 h of culture were 87% at 40
Gy and 71% at 80 Gy. The cells passing through metaphase
contained no γH2AX foci (Fig. 1). Therefore, it is suggested
that the generative cells with chromosomal lesions, such as
DSBs, were arrested in the cell cycle progression by the
spindle assembly checkpoint until completion of
chromosomal lesion repair.
After carbon-ion irradiation, sperm abnormalities such as
lagging chromosomes and asymmetric division were
observed. After 24 h of culture, the proportion of sperm cell
pairs with lagging chromosomes in the PMII-completed
male gametes was particularly high after irradiation with 10

Gy (22%). The male gametes from irradiated pollen
grainscontained generative cell-like nuclei and sperm
cell-like microtubule arrays (Fig. 1). The cells, which
contained chromosomal bridges and did not show a clear
chromosome separation, could progress into telophase.
Therefore, this suggests that the cells with generative
cell-like nuclei and sperm-cell-like microtubule arrays
completed the PMII but failed in chromosome separation.
We defined the cells as generative-cell-like sperm cells
(GC-like SCs). The sperm cells connected by a
chromosomal bridge and the GC-like SCs were observed
after 12 h of culture, and male gametes in that category
amounted to 24%, 74%, and 90% of the PMII-finished male
gametes irradiated with 10 Gy, 40 Gy, and 80 Gy,
respectively, after 24 h of culture. Both chromosomal and
cell division abnormalities were observed in an irradiation
dose-dependent manner in the PMII completed cells,
thereby suggesting that error-prone DSB repair pathways
such as non-homologous end-joining or single strand
annealing were used for DSB repair in the generative cells.
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Fig. 1 Abnormalities in the sperm nuclei derived from
irradiated pollen grains. We isolated cells as male germ
units, in which the generative-cell or the sperm-cell pair
was closely associated with the vegetative nucleus, from
the pollen tubes cultured for 24 h. The merged images
show nuclei stained with DAPI (pseudocolor: blue),
γH2AX stained with anti-γH2AX antibody followed by
secondary antibody (pseudocolor: green), and microtubules
stained with anti-α-tubulin antibody followed by secondary
antibody (pseudocolor: red). Bars = 10 μm.
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Evaluation of LET-dependent effect in heavy-ion mutagenesis using rapid
mutation detection system in Arabidopsis thaliana†
Y. Kazama,＊1 L. Ma, T. Hirano,＊1 S. Ohbu, Y. Shirakawa, S. Hatakeyama,＊2 S. Tanaka,＊2 and T. Abe
Heavy-ion irradiation is an excellent technology to
induce mutations with high frequency. A notable physical
characteristic of heavy-ion beams is that the accelerated
particles deposit their energy densely in a localized region
along the particle path. The degree of locally deposited
energy is represented by linear energy transfer (LET; the
energy transferred per unit length, keV μm-1). We have
been studying the effect of LET on mutation induction
using the model plant Arabidopsis thaliana. In our previous
study, we investigated the incidence of albino mutants in the
M2 generation of Arabidopsis thaliana after irradiation with
LET of 22.5, 30.0, 61.5, 290, and 640 keV μm-1.1) We found
that irradiation with an LET of 30.0 keV μm-1 was the most
effective for inducing mutations in the M2 generation.
To determine the most effective LET to induce mutations,
a more detailed examination of LET was required. However,
analysis of the mutation frequency in the M2 generation is
expensive in terms of time and space requirements. Thus,
we adopted a rapid method to detect the effects of LET on
inducing mutations using a heterozygous mutant of the
Albino Pale Green 3 (APG3) gene. 2), 3) The APG3 gene is
involved in chloroplast development. Homozygous mutants
of APG3 (APG3-/-) show albino or pale-green leaves,
whereas heterozygous mutants (APG3+/-) and wild-type
plants (APG3+/+) have green leaves. In heterozygous plants
in which intact alleles are mutated by mutagens, leaves
show white sectors. This system allowed us to investigate
the effect of LETs on inducing mutation in the M1
generation.
Here, we investigated the effect of LETs on inducing
mutations in the M1 generation using the heterozygous
APG3 mutant. Seeds of APG3 heterozygous plants
(CS16118) were obtained from the Arabidopsis Biological
Resource Center (Ohio State University). The CS16118
seeds were irradiated with 12C6+ ions with a dose range of
100 to 450 Gy. The ions were accelerated up to 1.62 GeV, at
which the LET of the 12C6+ ions was 22.5 keV μm-1. The
LET of the 12C6+ ions was adjusted to 30.0, 42.5, 50.0, or
61.5 keV μm-1 by reducing the ion velocity. As a negative
control, seeds of wild-type plants were irradiated with 12C6+
ions with an LET of 30.0 keV μm-1 at a dose of 300 Gy. The
LET was measured at a point behind the seeds using an
ionization chamber. Calculation of the mutation frequencies
was performed as described previously.3)
The variation in LET clearly affected on the incidence of
†
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albino sectors (Fig. 1). The LET of 22.5 keV μm-1 was the
least effective in inducing mutations, resulting in a
frequency of only 3.08% white sectors, even at the most
effective dose (450 Gy). In contrast, C ions with greater
LET produced approximately double the frequency of white
sectors, when compared with that induced by C ions with
22.5 keV μm-1 at a dose of 300 Gy. The low efficiency of C
ions with 22.5 keV μm-1 was consistent with the results of
previous studies on mutations in the M2 generation.1) We
also observed differences in mutation frequencies among
the other LETs. At low doses (100–200 Gy), LETs of 50.0
and 61.5 keV μm-1 produced greater mutation frequencies
than did LETs of 30.0 and 42.5 keV μm-1. At these doses, C
ions with LETs of 30.0 keV μm-1 and 42.5 keV μm-1
produced mutation frequencies similar to that of the LET of
22.5 keV μm-1. At the 300 Gy dose, C ions with LETs of
30.0 or 42.5 keV μm-1 showed mutation frequencies similar
to those produced by LETs of 50.0 and 61.5 keV μm-1; these
irradiation conditions (30.0, 42.5, 50.0, and 61.5 keV μm-1
at a dose of 300 Gy) were the most effective in producing
high mutation frequencies in the M1 generation. When we
observed seed productivity under these conditions,
42.5–61.5 keV μm-1 severely affected the seed productivity.
Therefore, we concluded that an LET of 30.0 keV μm-1 is
appropriate for generating mutants that can produce an M2
generation efficiently.

Fig. 1 Effect of LET on mutation induction in M1
generation. Error bars indicate SE. Blue: 22.5 keV μm-1;
Red: 30.0 keV μm-1; Green: 42.5 keV μm-1; Orange: 50.0
keV μm-1; Purple: 61.5 keV μm-1.
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Cyclopedic analysis of rice genes induced by heavy-ion beam irradiation
K. Ishii, R. Morita, S. Kogure, K. Ichinose, Y. Hayashi, T. Wakana, T. Hirano, T. Shibukawa,*1 Y. Nagamura,*1 and T. Abe
In plant mutagenesis by heavy-ion beam irradiation, the
concept of the most effective linear energy transfer
(LETmax) has been defined and reported. LETmax is
dependent on the species being irradiated, for example,
LETmax is 30 keV/μm for the dry seeds of Arabidopsis
thaliana1) and 50 to 70 keV/μm for wet seeds of rice (Oryza
sativa L. cv. Nipponbare).2) Because the type of mutation
depends on the value of LET, it is possible that different
DNA repair pathways work for different mutations, thereby
showing different mutation rates.
To determine the LETmax value of rice, it was necessary
to observe the mutation rate of the M2 generation, which
took 10 years. If a gene which is highly expressed
specifically after irradiation at LETmax is isolated, the
LETmax marker gene will enable the acceleration of
mutation breeding. In this study, we attempted to isolate the
LETmax marker gene in rice by both microarray and
quantitative polymerase chain reaction (qPCR) analyses.
Imbibed seeds of rice were exposed to C-ion and Ne-ion
beams accelerated to 135 MeV/u using the RRC. The dose
was set to 15 Gy. The LET range of the C-ion beam was
22.5 to 50 keV/μm and that for the Ne-ion beam was 63 to
80 keV/μm. The LETs of the C-ion and Ne-ion beams were
adjusted by a range filter that consisted of 12 energy
absorbers.3) The values of LET were calculated at the
surface of the seeds. Since Shibukawa et al. reported that
the expression level of OsRad51, a recombinase of O.
sativa, reduced 3 h after X-ray irradiation,4) we sampled
embryos from seeds that had absorbed water at intervals of
0.5, 1, and 2 h after heavy-ion beam irradiation and isolated
their RNA. The total RNA was labeled using the Quick
Amp Labeling Kit (Agilent Technologies, Palo Alto, Calif.).
Microarray analysis was conducted using the Rice Gene
Expression Microarray, 4 × 44K (Agilent Technologies) and
data were analyzed on the Subio Platform (Subio,
Kagoshima, Japan). All experiments with C-ion and Ne-ion
beams were conducted twice and thrice, respectively.
We filtered out 4,228 gene models that showed low
signal intensity (raw signal intensity < 30) out of 45,221
gene models, and we further analyzed 40,993 gene models.
The expression levels of 1,374 and 3,159 gene models when
irradiated at 50 and 63 keV/μm of LET (LETmax) were
significantly different from those when not irradiated
(control), respectively (p < 0.01). The product set of the two
sets consisted of 455 gene models. Out of the 455 gene
models, the expression levels of 14 and 25 gene models
when irradiated at 50 and 63 keV/μm of LET (LETmax) were
at least twice as high as those at 22.5 keV/μm of LET,
respectively. The sum set of the two sets consisted of 31
gene models. All the 455 gene models when irradiated at
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22.5 keV/μm of LET did not show more than twice of the
expression level than that at LETmax.
In this study, we isolated 31 gene models which showed
at least two times higher expression when irradiated at
LETmax than at lower value of LET. Further analysis
including replication study by qPCR and functional analysis
will enable us to identify the LETmax marker gene.

Fig. 1. Relative expression levels of gene models that
showed higher expression levels when irradiated at 50 (A)
and 63 keV/μm (B) of LET than at 22.5 keV/μm of LET.
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Genetic analysis of the rice 22-4Y mutant
induced by heavy-ion beams
R. Morita, M. Nakagawa,＊1 S. Kogure, Y. Hayashi, H. Tokairin, H. Takehisa, T. Sato,＊2 and T. Abe
Many chlorophyll- and chloroplast-associated mutants
that affect leaf coloration and/or plant viability have been
identified and are referred to as albino, chlorina, stripe, and
virescent. Among them, the virescent mutants produce
chlorophyll (Chl)-deficient leaves during the early growth
stages and develop mostly green leaves during the late
growth stages. It is known that 13 virescent mutants exist in
rice, and 4 of their causative genes are identified1~3). To
understand the chlorophyll biosynthesis/chloroplast
biogenesis, we screened the rice virescent mutants from the
population generated by heavy-ion beam irradiation.
The 22-4Y has been obtained as a virescent mutant from
rice (Oryza sativa L. cv. Nipponbare) by irradiating with a
carbon-ion beam (20Gy, LET: 22.5 keV/μm). The 22-4Y
shows a temperature-sensitive phenotype, i.e., it develops
chlorotic leaves at a low temperature (20oC), but produce
mainly green leaves at a high temperature (30oC). To
measure the Chl content, we extracted Chl from the third
leaf when the fourth leaf was still expanding (early growth
stages). In the third leaf of 22-4Y, there was a trace amount
of Chls compared with the wild type (WT) at 20oC. 22-4Y
developed greener third leaves with much higher Chl
concentration (about 35% of the WT) at 30oC. Next, we
extracted Chl from a flag leaf (late growth stages). The
22-4Y accumulated almost the same amount of Chl as the
WT in a flag leaf. These results suggest that 22-4Y is a
temperature-sensitive virescent mutant.
Genetic mapping of the causative gene was performed
using F2 plants that were generated from a cross of 22-4Y
and Kasalath (indica cultivar). Using Polymerase Chain
Reaction markers, the causative gene was mapped to within
200 kb between two markers, E10886 and RM459, on the
long arm of chromosome 5 (Fig. 1). There is another
virescent gene, v10, which was mapped near the position of
marker E10886. To verify whether the causative gene of
22-4Y is the v10 gene or not, an allelism test was performed
using F1 plants that were generated from a cross of 22-4Y
and the v10 mutant. The F1 plant developed normal green
leaves at 20 oC, indicating that the causative gene of 22-4Y
is not identical to the v10 gene. To clarify the causative
gene of 22-4Y, we determined the DNA sequence of 16
genes existing within 200 kb of 22-4Y. We found that a
deletion of 13095 base pairs (bp) occurred at the gene
named
LOC_Os05g34040.
This
gene
encodes
monooxygenase.
It
has
been
predicted
that
LOC_Os05g34040 generates two spliced variants, named
LOC_Os05g34040.1 and LOC_Os05g34040.2.
LOC_Os05g34040.1 encodes a 720-amino-acid (aa)
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polypeptide and LOC_Os05g34040.2 encodes a
583-aa-polypeptide. To determine the major spliced variants
expressed in leaves, RT-PCR was performed. We used
primer pairs to distinguish LOC_Os05g34040.1 from
LOC_Os05g34040.2 by the sizes of the amplicons (345 bp
for
LOC_Os05g34040.1,
and
278
bp
for
LOC_Os05g34040.2). When the RT-PCR was carried out
using single-strand DNA, synthesized by total RNA
extracted from Nipponbare leaves, as a template, only
amplification of the 345 bp DNA fragment was observed,
indicating that the major spliced variant expressed in leaves
was LOC_Os05g34040.1. To confirm that the causative
gene of 22-4Y is LOC_Os05g34040, we constructed
transgenic 22-4Y mutants carrying the LOC_Os05g34040.1
cDNA driven by the maize ubiquitin promoter. One
transgenic line grown at 20 oC developed normal green
leaves, suggesting that LOC_Os05g34040 gene is the
causative gene of 22-4Y mutant.
In this report, we isolated a virescent mutant, 22-4Y, and
subsequently identified a novel virescent gene,
LOC_Os05g34040, which encodes monooxygenase. The
reason why the mutation involved in LOC_Os05g34040
causes a virescent phenotype is still unknown. To gain
further insights into the function of the gene, gene
expression and physiological analyses will be carried out.

Fig. 1 (A) Chromosomal location of the mutation of 22-4Y.
The number in the parenthesis indicates the number of
recombinant plants. The white circle indicates the position
of the gene LOC_Os05g34040. (B) Schematic
representation
of
the
genomic
sequence
of
LOC_Os05g34040. Black boxes indicate exons. The initial
codon (ATG) and the stop codon (STOP) are shown.
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Analysis of rice dwarf mutants induced by heavy ion beam
S. Kogure, R. Morita, Y. Hayashi, K. Ichinose, T. Wakana, H. Tokairin, K. Ishii, L. Ma, T. Sato,＊1 and T. Abe
Our team has studied the mutation induction in rice as an
effect of heavy-ion beam irradiation. Rice is a model plant
of monocots, which is useful in searching mutation sites
because its entire genome sequences are available. In this
study, we report the screening and analysis of dwarf
mutants induced by heavy ion beam.
This year, 114 dwarf mutant lines were isolated by
screening the 3824 lines of M2 generation obtained by
irradiation of imbibed rice seeds with a C-ion beam (15 Gy,
LET 50 keV/µm) and Ne-ion beam (15 Gy, LET 63
keV/µm). There are various phenotypes in that dwarf
mutants group. Four mutant lines showed the typical
phenotype of rice gibberellin (GA) related mutants, severe
dwarfness with wide leaf blades and dark green leaves1).
Five mutant lines showed plastochron (PLA)-like
phenotype, which mutants exhibit the rapid initiation of
vegetative leaves without affecting phyllotaxy2). 46 were
twisted, 12 showed premature death and 47 were of the
other type (Fig. 1).
Three GA-type mutant lines were identified as mutated
genes by sequence analysis. C-305 contained 2-bp deletion
in KAO, and Ne-612 contained 12-bp deletion in GA3ox2
(Fig. 2), and both of their mutated gene were involved in
GA biosynthesis3). C-1682 contained 72348-bp deletion,
and it lacked whole GA positive regulator, GID21). The last
1 GA-type mutant line is now being analyzed.
To identify more mutated regions of dwarf mutant lines,
we classified “other type dwarf mutant lines” by height and
fertility (Fig. 1). The mutant lines over 70% height of wild
type were categorized as semi-dwarf, under 30% as severe

dwarf, 30-70% as dwarf. One of the semi-dwarf mutant
lines, Ne-1159, showed short grain. There are 3 causative
genes already reported in that type of mutant. A sequence
analysis revealed that Ne-1159 contained 3-bp deletion in
D14) (Fig. 2). Next generation of other fertile semi-dwarf
mutant lines will be grown to observe branching in order to
judge MORE AXILLARY BRANCHING (MAX)5) mutants.
Five PLA-like mutant lines did not contain any mutation
in PLA genes. Some other unknown genes may have same
the role, and research on this is ongoing.
It is necessary to identify more mutated regions of rice
mutants for characterizing the mutations induced by
heavy-ion beam irradiation. We have continued analysis,
and some mutants will give us the deletion size, which is
caused by heavy-ion beam irradiation, and new gene
function. Furthermore, some semi-dwarf mutants may
useful for breeding.
KAO in C-305

2-bp deletion

100bp

ATG

STOP

GA3ox2 in Ne-612
12-bp deletion

114/3824
ATG

STOP

100bp

D1 in Ne-1159

3-bp deletion

C-305
Ne-612

ATG

C-1682

Fig. 2. Exon-intron structures of KAO, GA3ox2, and D1.
Each mutation site of C-305, Ne-612, and Ne-1159 are
shown.

Ne-1159
Fig. 1. Classification of rice dwarf mutant lines by typical
appearance and height. The numbers in parentheses indicate
the number of fertile lines. The mutant lines identified as
mutation sites are shown.
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Effects of heavy-ion beam irradiation on Brachypodium distachyon
Y. Onda,*1 Y. N. Tsuchiya,*2 Y. Kazama,*3 T. Abe, K. Mochida,*1,*2,*4 and K. Shinozaki*1,*2
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Fig. 2. The difference in leaf width among
heavy-ion-beam-irradiated mutant lines in the M3
generation. Each of gray bar represents the mean value ±
SD (n = 6–8, average = 7.91) for each mutant line. The
white bar represents the mean value ± SD (n = 8) for WT.
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Fig. 1. Germination and survival rates of seeds after
heavy-ion beam irradiation. Dry seeds were sown on wet
filter paper and germinated at 25°C. Seedlings were
transferred into soil and grown at 22°C.
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Further, we irradiated dry seeds with the 22.6-keV μm-1
carbon ions at doses of 100–300 Gy. The progeny of
heavy-ion-beam-irradiated seeds showed a variety of visible
phenotypic differences. We measured several morphological
phenotypes in the M3 generation. (e.g., leaf width) (Fig. 2).
Then, we screened for 3 different types of mutants: mutants
with narrower and longer leaf blades, which shows
abnormal root development (Fig. 3A), mutants with a dwarf
phenotype, and mutants with longer spikelets and more
florets (Fig. 3B).
In this study, we carried out morphometric measurements
of heavy-ion-beam-irradiated mutants. Our phenotyping
data in the M3 generation showed various visible
phenotypes. The heavy-ion beam irradiation could be an
efficient method to develop mutant resources for gene
discovery by a forward genetics approach in the model
grass.
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The grass family is one of the most widely distributed
plant families and includes many agriculturally and
economically important crops. Brachypodium distachyon, a
temperate annual grass, belongs to the subfamily Pooideae,
which also contains wheat, oats, and barley. Since B.
distachyon is characterized by a small size, simple growth
requirements, self-fertility, a short life cycle, and small
genome size (approximately 272 Mb),1) this species has
emerged as a new model system for research on cereals and
grasses. Moreover, B. distachyon is the first member of the
Pooideae subfamily with a sequenced genome2) and is,
therefore, an ideal system for functional genomic studies on
cereal and bioenergy crops.
We initiated studies on heavy-ion-beam-irradiated
mutants of B. distachyon with an aim of understanding the
molecular mechanisms underlying crop quality and
productivity. Heavy-ion beams are accelerated ions
produced by an accelerator, such as a cyclotron or
synchrotron, and induce double-strand DNA breaks more
effectively than other mutagenic techniques. For the beam
experiments at the RIKEN RI Beam Factory, we irradiated
dry seeds of the genome-sequenced accession Bd21 with
the 50-keV μm-1 carbon ions at doses of 100–175 Gy. The
germination and survival rates of the irradiated M1 seeds
decreased with increasing heavy-ion beam dose (Fig. 1).
The survival rate declined sharply between 100 and 125 Gy.
In the M2 generation, the frequency of albino plants (ratio
of number of albino individuals to the total number of
germinated seedlings) was 1.1% at 100 Gy. These results
suggest that the 50-keV μm-1 carbon ions at doses of
100–125 Gy effectively induce DNA alterations in the dry
seeds of B. distachyon.
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Innovation Center, RIKEN
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WT

5-2-d

Fig. 3. Visible phenotypic differences between wild type
and mutants in the M3 generation. (A) Mutants show
abnormal root development. Primary roots developed
along a surface of filter paper (WT) or developed
crookedly (8-22-b). Bars = 1 cm. (B) Mutants with longer
spikelets and more florets. Bars = 1 cm.
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Effect of heavy-ionbeam irradiation on survival rates in sorghum
N. Satoh-Nagasawa,*1 K. Asari,*1 R. Itoh,*1 N. Nagasawa,*1 K. Yasuda,*1 Y. Kobayashi,*1 H. Takahashi,*1 K. Sakurai,*1
A. Watanabe,*1 H. Akagi,*1 Y. Hayashi, and T. Abe
Sorghum is the fifth most important grain crop
worldwide based on tonnage, and it will continue to be of
increasing importance because of the increased demand for
limited freshwater supplies coupled with global climatic
trends and expanding populations. This crop has extreme
tolerance to low input levels, which is an essential trait for
agriculture in hot and dry areas of the world. Moreover, the
genome size of sorghum is relatively small, and its entire
genome sequencing has recently been completed1-3).
Agricultural field contamination with heavy metals is one
of biggest issues worldwide. Previous studies have reported
that sorghum (Sorghum bicolor L. Moench) is one of the
species that is useful for phytoextraction because of its
relatively high ability to absorb heavy metals along with its
high biomass4-6). Phytoextraction refers to the uptake of
contaminants from the soil by plant roots and their
translocation to any harvestable plant part. The plant used
for phytoextraction is one of the keys for its success7, 8).
Thus, we are planning to create hyper heavy metal
accumulator sorghum, which can uptake a considerable
amount of heavy metals from the soil and translocate them
from root to shoot by screening mutants.
In rice, several genes have been identified as important
factors for uptake or translocation of heavy metals. Among
them, Oryza sativa heavy metal P-type ATPase 3
(OsHMA3) is one of the most essential genes for cadmium
translocation 9, 10). In sorghum, homologous genes of
OsHMA3 have duplicated during evolution, and these genes
can exist in tandem. Therefore, we have chosen
heavy-ionbeams as the mutagen because of their ability to
mutate relatively large regions in the genome.
Here, we report the effect of heavy-ionbeam irradiation
on survival rates in the sorghum variety, BTx623. Dry seeds
of BTx623 containing around 10% of water were irradiated
by C-ion beams over a dose range of 75 to 125 Gy (LET:
22.6 keV/μm) and Ar-ion beams over a dose range of 5 to
25 Gy (LET: 283.9 keV/μm). The effect of each ion beam
was observed 3 weeks after sowing by measuring the seed
survival rates (Figs. 1, 2). From the obtained survival curves,
the lethal dose 50 (LD50) for dry seeds was estimated as
approximately 80 Gy of C-ion irradiation and 16 Gy of
Ar-ion irradiation. The Ar-ion beam had a stronger effect on
the seeds than the C-ion beam possibly because the LET of
Ar ions is higher than that of C-ions.
We will continue mutant screening for the
abovementioned purpose along with checking the frequency
of induced mutations.
*1

Fig. 1 Effect of C-ion beams on survival rate in BTx623,
sorghum. (n = 4000 for 75 Gy and 100Gy, n = 3000 for 125
Gy)

Fig. 2 Effect of Ar-ion beams on survival rate in BTx623,
sorghum. (n = 72)
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Deletion mapping of apomixis genomic region
using irradiation with heavy-ion beams
M. Takahara,＊1 M. Ebina,＊1 R. Morita, Y. Kazama,＊2 T. Abe, T. Takamizo,＊1 and H. Nakagawa＊3
Apomixis is an asexual mode of reproduction through
seeds. It is widely observed among wild plant species but is
almost completely absent among major crop species.
Apomixis has the potential to provide great benefits through
fixing hybrid vigor permanently in many crops such as
maize. Therefore, we aimed to isolate the gene(s)
controlling apomixis for application in major crops. Guinea
grass (Panicum maximum Jacq.), a major tropical forage
grass, has certain characteristics suitable for the study of
apomixis. However, recombination is suppressed at the
apomixis-controlling locus in guinea grass. To narrow down
the apomixis-controlling genomic region, we have
developed deletion mutants for this region by using
irradiation with heavy-ion beams.1), 2) In the present study,
we analyze deletion mutants with apomixis-specific
sequence-tagged site (STS) markers, which were expected
to be located in the apomixis-controlling genomic region.
Dry seeds of guinea grass (an apomictic cultivar
“Natsukaze”) were irradiated with 12C6+ (23 keV/μm) ions
at 300 and 400 Gy, 20Ne10+ (63 keV/μm) ions at 150 and 200
Gy, and 56Fe24+ (624 keV/μm) ions at 20 and 40 Gy.2) The
M2 plants generated from the seeds of M1 plants were
grown in a field. DNA was extracted from leaves, and

subjected to the polymerase chain reaction (PCR) and
amplified fragment length polymorphism (AFLP) analysis.
The mode of reproduction (apomixis or sexual) of each
mutant line was analyzed by AFLP fingerprinting. In 22
lines (AM-1–22), all M2 plants within a line showed the
same AFLP pattern (Fig. 1A). This result indicated that
these lines had maintained the apomixis mode of
reproduction, although they had lost some apomixisspecific markers (Fig. 2). In contrast, two lines (SM-1, 2)
showed different AFLP patterns between M2 plants within a
line (Fig. 1B), thereby suggesting that these two lines
propagated with the sexual mode of reproduction. This
result suggested that these sexual mutant lines lost the
gene(s) crucial to apomixis. PCR analysis revealed that
SM-1 lost two markers, and SM-2 lost only one marker (Fig.
2). However, it is possible that another deletion(s) that has
not been detected is critical to the loss of the apomixis trait.
Therefore, PCR analysis using more (over 100) STS
markers co-segregated with apomixis is in progress.
Moreover, the complete sequencing of this region by using
a next-generation sequencer will reveal the exact deletion
size for each mutant.

Fig. 1. AFLP patterns of three M2 plants in the apomixis
marker deletion line AM-2 (A) and four M2 plants in the
sexual mutant line SM-1 (B) detected by the ABI
3130xl capillary sequencer. The red arrows indicate
different peaks between individuals. The vertical axis
represents the intensity of the peaks, and the horizontal
represents the relative size of the peaks.

＊1

＊2
＊3

National Agriculture and Food Research Organization (NARO)
Institute of Livestock and Grassland Science
RIKEN Innovation Center
Japan International Research Center for Agricultural Sciences
(JIRCAS)

Fig. 2. Schematic results of PCR analysis using STS
markers co-segregated with apomixis. The boxes with the
minus symbols indicate the loss of markers in each
mutant line.
References
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A DFR-deficient mutant of Nicotiana tabacum induced by
C-ion beam irradiation†
Y. Kazama,＊1 M.T. Fujiwara, H. Takehisa, S. Ohbu, H. Saito, H. Ichida, Y. Hayashi, and T. Abe
Tobacco (Nicotiana tabacum L.), a natural allotetraploid,
is derived from the interspecific hybridization of ancestral N.
sylvestris and N. tomentosiformis. Thus, at least two copies
of every gene exist in the N. tabacum genome. In general, it
is difficult to induce null mutants of tobacco owing to its
amphidiploidy. Nevertheless, we have isolated three white
flower mutants, BY-4 white flower 1 (bwf1), Xanthi white
flower 1 (xwf1), and Xanthi white flower 2 (xwf2). To reveal
the mutation (s) induced in the allotetraploid genome, we
have investigated one of the white flower mutants, xwf1
(Fig. 1), which was induced by 12C6+-ion beam irradiation
(135 MeV/nucleon, 23 keV/µm) at a dose of 20 Gy.1)
To identify the gene(s) responsible for the white flower
phenotype of xwf1, we utilized the information of the
relevant genes of the anthocyanin biosynthetic pathway. We
previously revealed that the petals of xwf1 did not contain
cyanidin, but instead contained the cyanidin precursors
quercetin, kaempferol, and dihydrokaempferol. The data
suggested that dihydroflavonol 4-reductase (DFR),
anthocyanidin
synthase
(ANS),
or
flavonoid
3-O-glucosyltransferase (3GT) may be defective in the xwf1
mutant. Southern blot analysis revealed that the xwf1
mutant has a large deletion in one of the DFR gene
(DFR2).2) Sequence analysis demonstrated that one copy of
the DFR gene (NtDFR2) was absent from the genome of the
xwf1 mutant. The other copy of the DFR gene (NtDFR1)
contained a single-base deletion resulting in a frameshift
mutation, which is a spontaneous mutation in cv. Xanthi.
These results revealed that both DFR genes were mutated in
xwf1.
To examine if NtDFR1 and NtDFR2 were responsible for
the white-flowered phenotype of xwf1, we performed
transient transformation assays. NtDFR1 and NtDFR2 genes
were introduced into the xwf1 mutant by particle
bombardment, and pigmentation in the petal cells was
observed during the transient overexpression of these genes.
The full-length cDNAs of NtDFR1 and NtDFR2 of cv.
Xanthi were inserted downstream of the CaMV35S
promoter. The resulting constructs (p35S-NtDFR1,
p35S-NtDFR2) and p35S-YFP as an internal transformation
control were co-coated onto gold particles and bombarded
into petal limbs of xwf1. p35S-YFP-coated particles were
also bombarded as a transformation control. After 72 h of
incubation, we observed at least 1,000 epidermal cells in
each bombarded petal limb, and successfully detected more
than 100 YFP signals in all of at least 1,000 epidermal cells
in each bombarded petal limb under a fluorescence
microscope. Among them, pink spots were detected in every
†
＊1

Fig. 1 Photographs of wild type tobacco cv. Xanthi (a) and
white flower mutant (xwf1) (b). Bars = 1.5 cm.

Fig. 2. Complementation test of NtDFR2 gene in petal
limbs of xwf1 by particle bombardment. NtDFR2 gene
under the control of the CaMV35S promoter was introduced
into the xwf1 petal cells with an internal transformation
control, that is, the YFP gene under the control of the
CaMV35S promoter. After 72 h of incubation, the petal
limb cells were observed under both the bright-field (a) and
the fluorescence microscope (b).

YFP-positive cell of the p35S-NtDFR2-introduced petal
limbs (Fig. 2). In contrast, p35S-NtDFR1-introduced petal
limbs did not show a pink color.3) These results indicate that
anthocyanin formation in the xwf1 mutant was
complemented by the ransient expression of NtDFR2 cDNA,
but not by the transient expression of the spontaneously
mutated NtDFR1 gene. We also confirmed that the
introduction of non-mutated NtDFR1 successfully resulted
in a pink color in petal limbs. 3) These results suggested
that the NtDFR1 cDNA of cv. Xanthi encodes a
non-functional protein.
References
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A new early-flowering mutant line of strawberry cultivar‘Satsumaotome’
induced by C-ion irradiation
Y. Takenoshita,*1 M. Takemure,*1 H. Saito and T. Abe
In modern Japan, the demand for strawberries increases
sometime around Christmas. Although the strawberry
cultivar ‘ Satsumaotome ’ , which was developed in
Kagoshima Prefecture, has large fruits and is of good
quality, it is classified as a late-harvesting cultivar and
cannot be harvested during the period of high demand.
Therefore, we aimed to develop early-flowering mutants
derived from‘Satsumaotome’by ion-beam irradiation. We
estimated suitable doses of C-ion beams for irradiation on
multiple-shoot cultures,1) and selected an early-flowering
mutant line B0518.2, 3) We confirmed that B0518 was an
early-flowering line whose fruits retained the excellent
characteristics of‘Satsumaotome’.4) Since we want to
obtain mutants flowering earlier than B0518, we attempted
individual selection and line selection from the population
irradiated with ion beams in 2007.
In 2007, we irradiated C-ion beams (LET 23 keV/μm) at
doses up to 40 Gy, targeting in-vitro cultured multiple buds
derived from the shoot apex of‘Satsumaotome’. After the
irradiation, we cultured the multiple buds for mutant
screening and finally obtained 384 nursery plants. In 2008,
we selected 22 individuals from the 384 plants based on
their flowering and fruiting habits. In 2009, we propagated
the selected 22 individuals to 8 stocks respectively, and
planted them in a field for line selection. We investigated
the plant habits, day of flowering, size and shape of the
fruits, and color of the fruit peel and flesh, and selected one
promising line (B0701). From 2010 to 2011, we
investigated the flowering and fruiting habits and yield of
B0701 and B0518.

During the two-year observation from 2010-2011 in a
greenhouse at Minamisatsuma in Kagoshima, the terminal
inflorescence of B0701 flowered 6 days earlier than that of
‘Satsumaotome’, and 2 days earlier than that of B0518.
The primary axillary inflorescence flowered 20–28 days
earlier than that of‘Satsumaotome’and 1–4 days later than
that of B0518 (Table 1). These characteristics of flowering
showed similar tendency over the two years; therefore, we
concluded that the early flowering characteristics of B0701
were stable.
The terminal inflorescences of B0701 were harvested
earlier than that of‘Satsumaotome’and B0518 during the
two years; as a result, the fruit yield of B0701 by December
31 increased by 7–30 kg/a than that of‘Satsumaotome’, and
increased by 12 kg/a than that of B0518. The fruit yield by
February 29 increased 30–38 kg/a than that of
‘Satsumaotome’and increased by 0–11 kg/a than that of
B0518 (Tables 1 and 2).
In terms of the shape of the fruit, color of the peel, and
color of the flesh, B0701 was identical to‘Satsumaotome’
(data not shown).
From the results of this study, we confirmed that B0701
was an early-flowering and high-yielding line whose fruits
retained the excellent characteristics of‘Satsumaotome’.
Thus far, we have obtained several early-flowering lines,
and therefore, we concluded that ion beam breeding is
effective for developing early-flowering mutant lines of the
strawberry cultivar‘Satsumaotome’.
Currently, we are conducting a performance test for the
commercial production of B0701 in the production regions.

Table1. Flowering and harvest date of B0701 and B0518 in 2010-2011
Primary axillary inflorescence
Terminal inflorescence
Line・
Harvest dateb
Flowering datea
Harvest dateb
Flowering datea
Cultivar
2010
2011
2010
2011
2010
2011
2010
2011
B0701
Nov.11 Nov.2
Dec.17 Dec.8
Dec.21 Dec.8
Feb.7
Jan.30
B0518
Nov.13 Nov.4
Dec.24 Dec.13
Dec.20 Dec.4
Feb.14
Feb.1
Satsumaotome Nov.17 Nov.8
Dec.27 Dec.9
Jan.18 Dec.28
Feb.28 Feb.15
a

Flowering date:50% of plants at first flower

b

Harvest date:20% of plants at first harvest

Table2. Fruit yield of B0701 and B0518 by December 31 and by
February 29 in 2010-2011
Fruit yield by
Fruit yield by
Line・
December 31(kg/a)
February 29(kg/a)
Cultivar
2010
2011
2010
2011
48±6.2
33±3.8
177±8.5 147±10.8
B0701
166±5.3 147±6.6
36±3.2
21±4.5
B0518
26±4.2
147±11.2 109±14.2
Satsumaotome 18±2.0
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Effects of heavy-ion beam irradiation on survival and growth rates
in Parachlorella kessleri
S. Ota,*1 T. Matsuda,*1 T. Takeshita,*1 T. Yamazaki,*1 Y. Kazama,*2 T. Abe and S. Kawano*1
Chlorella and Parachlorella species are freshwater
unicellular algae belonging to Chlorophyta (green algae).
Microalgae offer potentially renewable sources of biofuel
that can be produced without compromising on the
production of food1). The Chlorella and Parachlorella
species are characterized by their high growth rate, and thus,
they are candidates for renewable sources for producing
biodiesel2).
In our study, we tried to breed P. kessleri via heavy-ion
beam irradiation. Very little is known about the effects of
heavy-ion beam irradiation on microalgae. Thus, it may be
important to report the survival curves and the effect on
growth rates under heavy-ion beam irradiation. In this study,
we plot the survival curves and study the growth of
heavy-ion-beam-irradiated P. kessleri cells.
First, the survival rates were determined by a
colony-forming unit (cfu) assay. Cells were irradiated by C
ions (LET: 22.6 keV/μm), Ne ions (LET: 105 keV/μm), Ar
ions (LET: 308 keV/μm) and Fe ions (LET: 788 keV/μm)
with a dose range from 0 to 300 Gy. The
heavy-ion-irradiated cells were spread onto TAP-agar plates
in a petri dish (8.5 cm in diameter), and 1-2 week(s) later,
the formed colonies were counted. Subsequently, the
relative survival rates were calculated. The experiments
were repeated three to five times. Among the heavy ions, Ar
ions exhibited the most lethal activity (Fig. 1). At a dose of
100 Gy, the cfu dropped to nearly 0%, thereby indicating
that the irradiated cells were lethally damaged by the Ar-ion
beam. The Ne-ion beam also exhibited high lethal activity
second only to the Ar-ion beam.
In the case of C- and Fe-ion beams, the survival curves
exhibited gentler slopes than that those obtained with Ne/Ar
ions (Fig. 1). Further, 17% and 31% of the irradiated cells
still survived when subjected to a dose of 100 Gy of Fe and
C ions, respectively. For irradiations stronger than 200 Gy,
the cfu dropped to nearly 0% for C ions; however, in the
case of Fe ions, some cells still survived at high doses. This
result shows that the killing effect seems to be dependent on
the beam’s LET. However, the killing effect of the Fe-ion
beam was less than that of the Ar-ion beams. One possible
explanation for this result is the overkilling effect, and
further studies are required to determine whether it is
indeed overkilling.
Second, we employed a high-throughput screening
method using 96-well microplates and a microplate reader
(Viento nano; DS Pharma Biomedical, Tokyo, Japan). We
spread the irradiated cells onto TAP-agar plates and
extracted early-forming and/or large colonies and
transferred them to a 96-well microplate (first plate
screening efficiency: 10-2). Next, potential mutants of
Department of Integrated Biosciences, Graduate School of Frontier
Sciences, University of Tokyo
＊2
RIKEN Innovation Center
＊1

high-growth were screened by optical density or visual
inspection (second plate, screening efficiency: 10-2). Finally,
we determined the high-growth mutant from the second
plate.
We compared the growth rate between the 0-Gy control
and the C-ion 50-Gy irradiated strains after the first
screening. We used the parameter μ to evaluate the growth
rate, which is expressed as μ = ln(OD2/OD1)/(T2 - T1) 3). The
parameter denotes the growth rate determined by optical
density at 600 nm (OD600) in a log-phase cell-cultivation
time scale (T2 - T1 (days)). In this time interval, we
measured the OD600 values of two-to-four-day-old cultures.
In the 96-well microplate assay, the heavy-ion beam
irradiated population (C ion, 50 Gy) and the control
population exhibited significantly different growth rates
(Fig. 2). The irradiated population growth rate was overall
faster than that of the control population, thereby indicating
that heavy-ion-beam irradiation leads to a somewhat
effective growth rate after the screening.

Fig. 1 Survival curves of Parachlorella kessleri. Cells were
irradiated with C, Ne, Ar, and Fe ions, and colony
formations were counted 1-2 weeks after spreading.

Fig. 2 Growth rate of non-irradiated (0-Gy control) and 50
Gy C-ion-beam-irradiated populations after the first
screening. The p value was determined using the
student’s t test.
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Effects of heavy-ion beam irradiation on gametophyte survival and
sporophyte formation in Undaria pinnatifida
Y. Sato,*1 T. Hirano, *2 M. Yamaguchi,*3 Y. Hayashi, N. Fukunishi, T. Abe
Undaria pinnatifida, called wakame in Japan, has a life
cycle with alternating gametophytic and sporophytic
generations (Fig.1). Since its full-scale cultivation occurred
after 1955 and the methods progressed, the yield has
increased rapidly.1) Recently, however, the yield has been
decreasing.2) This decrease may be attributed to complex
factors: changing environmental conditions, decreasing
population of fisherman, unimproved productivity, etc.
Consequently, the quality and price of U. pinnatifida have
not been stable, and these situations have also decreased its
market value. We think that breeding new cultivars with
properties, such as high yield, high environmental
adaptability, or high concentration of available contents for
human health, is effective for improving the yield of U.
pinnatifida.
RIKEN has developed a unique technology for mutation
induction by heavy-ion beams.3) In seaweed, red and green
mutant strains of Porphyra yezoensis were established by
heavy-ion irradiation to the gametophytic blades,4)
suggesting that heavy-ion mutagenesis will be an effective
tool for genetic research and breeding in algae. Therefore,
we started studying mutation breeding in U. pinnatifida by
heavy-ion beams. As the first step, we irradiated the
sporophylls with C-ion beams and analyzed the effects on
gametophyte survival and sporophyte formation.
Sporophylls of U. pinnatifida were collected from
Utatsu-Minato of Minami-Sanriku Cho in Miyagi prefecture.
The pieces (3 cm × 3 cm) were excised from the
sporophylls, cleaned by sterilized seawater and kept in a
paper towel at 5¡C for induction zoospores. After 12 hours,
the pieces were packed in plastic dishes and irradiated with
12 6+
C ions at a dose of 0.5Ð25 Gy. After each dose of
irradiation, the pieces were set on plastic dishes with
sterilized seawater, and zoospores were induced. The
zoospores were collected using a micropipette under a
microscope and placed into the other plastic dishes with 30
ml sterilized seawater. The dishes were incubated at 20¡C,
photoperiod of 12 h/12 h (light/dark), and a light intensity
of 20 µmol photons m−2 s−1.
Numbers of the germinated
male
and
female
gametophytes were counted
after 2 weeks and 6 weeks of
culture, and survival rate of
the
gametophytes
was
calculated by using eq. (1).
The male and female
Fig.1 Annual life cycle of
gametophytes irradiated at a
U. pinnatifida

*1 Riken Food Co.,Ltd
*2 Innovation Center, RIKEN
*3 Iwate Fisheries Technology Center
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same dose were crossed, and formation rate of sporophytes
was calculated by using eq. (2).
Survival rate of male or female gametophytes = (number
of gametophytes incubated after 6 weeks)/(that after 2
weeks) (1)
Formation rate of sporophytes after 6 weeks = (number
of sporophyte)/(number of all female gametophytes) (2)
Most zoospores germinated by 2 weeks of culture but
some germinated between 2 weeks and 6 weeks. Therefore,
the survival rate of gametophytes at 5 Gy and less was
occasionally over 100% (Fig. 2A). The survival rates of
gametophytes decreased above 5 Gy: the survival rates of
male gametophytes at 12.5 Gy and 25 Gy were 87.3% and
8.8%, respectively, whereas those of female gametophytes
at 12.5 Gy and 25 Gy were 65.3% and 42.9%, respectively.
The sporophyte formation in the female gametophytes
showed higher sensitivity to the dose than the gametophyte
survival (Fig. 2B). The formation rates were 53.3% at 5 Gy
and 6.4% at 12.5 Gy. Moreover, there was no sporophyte at
25 Gy although the survival rate of female gametophytes
was over 40%. These results indicate that in case of C-ion
irradiation to the sporophyll, suitable dose for mutant
screening in the sporophyte was less than 25 Gy. This range
of dose is less than the suitable dose for P. yezoensis
(25Ð150 Gy).4) Currently, the sporophytes derived from the
irradiated sporophylls are being cultured in a tank (patent
pending) for mutant screening in M1 generation and will be
maintained until sporophyll formation to obtain zoospores
for M2 screening.
A

B

Fig.2 Survival rates of male and female gametophytes
derived from sporophylls irradiated with C-ion beams (A).
Formation rate of sporophytes in female gametophytes
derived from sporophylls irradiated with C-ion beams (B).
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Program Advisory Committee meetings for nuclear physics and for
material and life science
H. Ueno, K. Ishida, and H. Sakai
Two Program Advisory Committees (PACs) are responsible for reviewing the submitted proposals in the
fields of nuclear physics (NP-PAC) and material and
life science (ML-PAC). The NP-PAC is co-organized
by the RIKEN Nishina Center (RNC) and the Center for Nuclear Study (CNS), the University of Tokyo.
The NP-PAC reviews experimental programs at RIBF,
whereas the ML-PAC reviews those at RAL and RIBF.
NP-PAC
The 11th NP-PAC meeting was held on June 18 and
19, 2012.1) Two PAC members have been replaced after the previous meeting. At the meeting, nine new
proposals and five re-submissions of previously discussed proposals that had been received were reviewed.
In addition, a new experimental program to use CRIB
was also described by the CNS director in accordance
with a new guideline adopted after the suspension of
the acceptance of CRIB proposals. Table 1 summarizes the outcome of the 11th NP-PAC meeting.
The 11th NP-PAC members are R. Tribble (Texas
A&M, the chair), R.F. Casten (Yale Univ.), H. Emling
(GSI), T. Glasmacher (MSU), M.N. Harakeh (KVI),
M. Huyse (KU Leuven), T. Kishimoto (Osaka Univ.),
M. Lewitowicz (GANIL), C.J. (Kim) Lister (UMass
Lowell), T. Nakamura (Tokyo Tech.), T. Nakatsukasa
(RNC), A. Ono (Tohoku Univ.), C. Scheidenberger
(GSI), T. Shimoda (Osaka Univ.), F.-K. Thielemann
(Univ. of Basel), M. Yahiro (Kyushu Univ.), and Y. Ye
(Peking Univ.).
Table 1. Summary of the outcome of the 11th NP-PAC
meeting. The sum of the proposals ranked with S and
A is listed in the “approval” columns.
11th NP-PAC (June 18–19, 2012)
proposal number
beam time (days)
request approval request approval
GARIS (RILAC)
1
1
6
6
RIPS (RRC)
0
0
0
0
BigRIPS/ZDS
7
2
45.5
15
SHARAQ
0
0
0
0
SAMURAI
5
5
37.3
24.8
Construction
1
1
−
−
Total
14
9
88.8
45.8

ML-PAC
The 9th ML-PAC meeting was held on September 4
and 5, 2012.2) The term of the ten PAC members were
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ended after the previous meeting, and nine members
have been newly appointed. At the meeting, twentythree RAL proposals and seven RIBF proposals received were reviewed. The summary of the outcome of
the meeting is given in Table 2.
The 9th ML-PAC members are J.-M. Poutissou
(TRIUMF, the chair), A. Amato (PSI), T. Azuma
(RIKEN), S. Giblin (ISIS, RAL), R. Kadono (KEK),
A. Kawamoto (Hokkaido Univ.), N. Kojima (Univ. of
Tokyo), K. Kubo (ICU), D.E. MacLaughlin (UC Riverside), S. Maekawa (JAEA), P. Mendels (Univ. ParisSud Orsay), H. Yamase (NIMS), S. Yoshida (Yokohama City Univ.), and X.G. Zheng (Saga Univ.).
Table 2. Summary of the outcome of the 9th ML-PAC
meeting.

RAL
RIBF
Total

9th ML-PAC (September 4–5, 2012)
proposal number
beam time (days)
request approval request approval
23
23
114
62
7
6
52
26.5
30
29
166
88.5
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Beam-time statistics of RIBF experiments
H. Ueno and H. Sakai
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Fig. 1. Bar chart showing the BT statistics for high-energymode experiments from FY2007 to FY2012. The statistics of accelerator tuning time are not included. For
details, see the text.
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This report describes the statistics of the beam
times (BTs) utilized at the RIBF facility. In the following discussion, the BTs are categorized into two
groups: high-energy-mode and low-energy-mode BTs.
In the former, beams were delivered in the acceleration
scheme of AVF, RILAC, or RILAC2 → RRC → (fRC
→ IRC →) SRC, where the accelerators in parentheses
can be skipped in the cascade acceleration, depending on the beam used. In the latter, the acceleration
scheme is AVF or RILAC (→ RRC).
BTs in the high-energy mode were scheduled for
April–July and November–December in FY2012 considering the restriction of utility-power use, budgetary
constraints, maintenance schedule of the accelerator
system and the co-generation system and other constraints. In these BTs, the primary beams of 18 O,
48
Ca, 124 Xe, 70 Zn, and 238 U were delivered to users
for TBT = 77.7 days to conduct 14 experimental programs approved by the RIBF Program Advisory Committees1) . In particular, the ﬁrst SAMURAI2) experiments, and the ﬁrst and the following EURICA3) experiments were performed as part of these BTs. It is
noteworthy that TBT = 77.7 days in FY2012 exceeds
the 71.5 days achieved in FY2010. This improvement
is due to the considerably improved stability of the
accelerator system and an eﬃcient BT schedule. Including TBT = 20.2 days used by RIKEN for facility
development programs, deﬁned as machine study (MS)
experiments, TBT = 97.8 days was used in total for the
experiments in the high-energy mode. The data summary of the high-energy mode BTs utilized in FY2012
is shown in Fig. 1 as a bar chart, where the total BTs
provided for the users’ experiments and those provided
for the MS experiments are indicated by blue and orange bars, respectively.
The data summary of FY2012 BTs conducted in
the low-energy mode is shown in Fig. 2. The BTs
are classiﬁed by the accelerator operation modes AVF,
RILAC, and RRC. Experiments in which the AVF or
RILAC were operated in the stand-alone mode were
conducted in parallel with the high-energy mode BTs.
As seen in Fig. 2, the total low-energy mode BT in
FY2012 was reduced by ∼100 days compared with that
in FY2011. This reduction is simply due to the fact
that a series of long-term BTs on the Z = 113 experiment conducted under the RILAC stand-alone operation was completed on October 1, 2012. Except for
this experiment, TBT = 89 days was used for 68 experiments, which is more than TBT = 75 days in FY2011.
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Fig. 2. Bar chart showing the BT statistics for low-energymode experiments from FY2007 to FY2012.
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Fee-based distribution of radioisotopes
T. Kambara, A. Nakao, A. Yoshida, H. Haba, J. Kanaya, Y. Wakitani, S. Yamamoto, and A. Ohtsubo
RIKEN distributes radioisotopes (RIs) produced at
RIBF to users in Japan for a fee. This project was
started in October 2007 in collaboration with the
Japan Radioisotope Association1) (JRIA), which is an
organization that has been established in order to support the utilization of RI in Japan. According to a
material transfer agreement drawn between JRIA and
RIKEN, JRIA mediates the transaction of the RIs
and distributes them for a ﬁxed fee to users. The
distributed RIs are 65 Zn (T1/2 = 244 days), 109 Cd
(T1/2 = 463 days), and 88 Y(T1/2 = 107 days).
The RIs have been produced by the RI Applications Team with 14-MeV protons from the AVF cyclotron. The 65 Zn, 109 Cd, and 88 Y nuclides are produced through the (p,n) reactions with natural Cu,
Ag, and SrO targets, respectively. Recently, we examined nuclear reactions of 109 Ag(d,2n)109 Cd and
65
Cu(d,2n)65 Zn to produce 109 Cd and 65 Zn with a 24MeV deuteron beam and found that the (d,2n) reactions are more eﬃcient and that the produced RIs have
almost the same speciﬁc activities compared with the
conventional (p,n) reactions.2) The RIs thus produced
have suﬃciently high quality for the fee-based distribution and both the reactions are currently being used
for their production.

earthquake that occurred on March 11, 2011, and it did
not recover in 2012. The amount of 109 Cd that was distributed also decreased in 2012. We can speculate that
the decrease in the demand is related to the Fukushima
Dai-ichi Nuclear Power Plant accident that occurred
after the earthquake, subsequent to which some of the
user groups began to work on new projects and caused
a decrease in the use of the RIs from RIKEN.
Information on the RIs can be obtained from
JRIA through their dedicated website (https://www.jram.net/jram/DispatchTopPage.do; in Japanese), FAX
(03-5395-8055), or E-mail (gyomu1@jrias.or.jp).
References
1) http://www.jrias.or.jp/ (Japanese),
http://www.jrias.or.jp/e/ (English).
2) J. Kanaya et al.: in this report.

Fig. 1. Amounts of 65 Zn and 109 Cd distributed yearly from
2007 to 2012.

In 2012, we delivered two shipments of 109 Cd with
a total activity of 20 MBq and 12 shipments of 65 Zn
with a total activity of 58.4 MBq. The ﬁnal recipients
of the RIs were six universities and two research institutes. Compared with 2011, the amount of 109 Cd
distributed in 2012 was about half (41 MBq in 2011)
and the amount of 65 Zn was lower by about 6 % (62.1
MBq in 2011). Figure 1 shows the yearly trends in
the amounts of the distributed RIs. Data on 88 Y have
not been included because we have not accepted any
relevant orders as yet.
The amount of distributed 65 Zn decreased after the
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Electric power condition in Wako campus in 2012
T. Fujinawa, M. Kato, E. Ikezawa, H. Yamasawa and M. Kase
The monthly power consumption data for RIKEN Wako
campus and RNC (RIKEN Nishina Center) and the energy
supply by CGS1) (Co-Generation System) are shown in
Fig.1. The total annual data are listed in Table1. The total
power consumption of RIKEN Wako campus in 2012 was
165,960 MWh, which was higher than that in 2011 by 10%.
On the other hand, the total power consumption of RNC in
2012 was 82,599 MWh, which was higher than that in
20112) by 23%. The maximum power supply to Wako
campus from TEPCO (Tokyo electric power
corporation) reached 21.24 MW with a CGS output
of 6.39 MW on June 28, 2012, when the RIBF
experiments using the uranium (238U) beam were
conducted. The increased price of electricity, which
was about 30% higher compared to of the previous
year, resulted in a shortage of operation budget of
RIBF accelerators.
We experienced instant voltage drops seven times: once in
January due to trouble with TEPCO transmission lines,
three times in April, and three times in September due to
thunderbolts. The RIBF operations were not affected by the
instant voltage drops.
We experienced earth-leakages thirty times of
which three were in the RIBF building, and were a
result of the contractor using poor electrical tools.
The remaining were in the RING-LINAC substation
with many ELBs trips. The causes are still under
research by utility maintenance section.
According to the special offer by TEPCO, which aimed to
reduce power consumption by no less than 30% between
the hours of 13:00 to 17:00 on specific days. When the
general power consumption was predicted to be very high,
RIKEN successfully managed to reduce power consumption
by 48% on average in the corresponding slots. There were
68 specific days in 2012 (before 2011, it was only 16 days),

resulting in a large profit for RIKEN.
After March 11, the day of the earthquake, CGS continued
nonstop operation till the end of the year. The periodic
inspection of 8,000 hours scheduled in January 2012.The
full overhaul of the gas turbine after 24,000 hours of
operation is scheduled in the spring of 2013.
The performances of the absorption chillers are becoming
worse year after year. The investigation was carried out in
the spring and showed that repairs are necessary. One
chiller was fully overhauled for renewal. Repair works for
the remaining chillers are in progress by the manufacturer
and will require time for completion.
Two sets of new CGSs in south area commenced
commissioning test on November 2012. The CGS central
control room of Nishina Center can monitor the electric
output (MW) of new CGSs on time, but cannot evaluate the
integrated value of electric energy (MWh). This makes it
difficult for the RNC to know the total consumption of
Wako campus
MWh

18,000
16,000
14,000
12,000

New CGS #2&3

10,000
8,000

CGS e-output

6,000

Wako campus
NISHINA e total

4,000
2,000
0

Jan Feb Mar Apr May Jun

Jul

Aug Sep Oct Nov Dec

2012
Fig.1

Electrical consumption in

Table 1 Energy supply and consumptions in 2012
2012
Total
Unit
Note
Wako purchase
138,822
MWh
All Wako-campus electric power from TEPCO
Wako total
165,960
MWh
CGSs+TEPCO
RNC ele.
57,261
MWh
RNC electric power from TEPCO
CGS e-output
25,338
MWh
CGS electrical power output
RNC e total
82,599
MWh
RNC total electric power
CGS thermal
44,208
tons
RNC thermal power
Reference

2012

% of 2011
120 %
110 %
178 %
72 %
123 %
98 %

1) T. Fujinawa and Y. Yano: Jpn. J. Particle Accel Society Vol.8,
No.1, (18-25) 2011.
2) T. Fujinawa et. al : RIKEN Accel.Prog.Rep.45 (232) 2012.
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Radiation safety management at RIBF
Y. Uwamino, H. Sakamoto, R. Hirunuma-Higurashi, H. Mukai, K. Tanaka, A. Akashio, T. Okayasu, H. Fukuda,
S. Hashiguchi, S. Fujita, T. Yamaki, K. Nakano, H. Aiso, K. Igarashi and S. Iizuka
Residual radioactivity at the deflectors of the cyclotrons
at RIBF (AVF, RRC, fRC, IRC, and SRC) has been
measured regularly since 1986 when maintenance work was
carried out, and the variations in the dose rates are shown in
Fig. 1. The beam intensity of AVF has been increased since
2006 for radioisotope production, and the dose rate has also
increased. Although the dose rate at RRC was usually
around 20 mSv/h for 13 years after 1994, it has changed
largely between 4 and 100 mSv/h since 2007. The dose rate
of SRC rose in 2011, and it attained a value similar to those
of AVF and RRC. The dose rates of IRC and fRC were
measured in 2012, and they were found to be 0.7 mSv/h and
0.2 mSv/h, respectively.
The residual radioactivity was measured along the beam
lines after almost every experiment. Points 1–23, marked
with solid circles in Fig. 2, indicate the locations at which
high dose rates were observed. Table 1 lists these dose rates
and the measurement dates, beam conditions, and the decay
periods after the end of facility operation. The maximum
dose rate was found to be 90 mSv/h at location 21, which
denotes the surface of the first quadrupole magnet after the
BigRIPS target.
We continuously monitor the radiation in and around the
RIBF facility by using neutron and gamma area monitors. It
has been very difficult to measure the environmental
gamma-ray dose because of the fallout due to the accident
at the Fukushima Dai-ichi power station. The natural
background radiation of gamma rays at the site boundary
near the BSI East Bldg. was 0.039 Sv/h in January, 2011.
It rose to 0.14 Sv/h on April 1, 2011, and decreased to
0.070 Sv/h on January 1, 2012, and to 0.062 Sv/h on
January 1, 2013.

Only the RIKEN linear accelerator, RILAC, was
operated in August, 2012, and its contribution to the dose
rate at the site boundary and at other facilities is negligibly
small. Therefore, dose rates at this period were assumed to
be due to natural background radiation at locations
excluding the RILAC. The net accumulated dose, i.e., the
dose excluding that of the background, at the site boundary
was smaller than the detection limit, which was assumed to
be 2 Sv/y for neutrons. The gamma-ray dose has always
been smaller than the detection limit, which is about 8
Sv/y, if the neutron dose is not detected. The annual dose
for 2012 was thought to be less than 10 Sv/y, which was
considerably lower than the allowable limit (1 mSv/y).
Three monitors are placed at the boundary of the
radiation-controlled area. One is positioned in the computer
room of the Nishina building, and the other two are
positioned on the roofs of the IRC and BigRIPS vaults of
the RIBF accelerator building. The highest radiation dose
value in 2012 was observed on the IRC roof as a result of
beam loss at the transport line between the SRC and
BigRIPS. The neutron dose was 42 Sv/y. The dose in the
computer room was 4.1 Sv/y for neutrons. The dose on the
BigRIPS roof was below the detection limit of 3 Sv/y for
neutrons. The annual neutron dose at these locations since
1999 is shown in Fig. 3.
Table 1. Dose rates measured at beam lines in 2012. Points
1−23 indicate measurement locations shown in Fig. 2.
Dose Date
Energy Intensity Decay
Point rate (M/D) Particle (MeV/u) (pnA) period
(μSv/h)
(h)

Fig. 1. Dose rates at the deflectors of five cyclotrons at
RIBF.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

310
450
150
190
1700
250
90
880
250
250
85
600
700
3100
9000
160
90
130
360
85
90000
800
85

1/4
8/1
2/27
2/27
4/20
2/27
1/4
1/4
2/27
2/27
7/25
4/20
4/20
4/20
7/25
7/25
7/25
4/20
7/25
1/4
7/25
7/25
7/25

Ne-22
Rb-85
d
d
O-18
d
Ne-22
Ne-22
d
d
U-238
O-18
O-18
O-18
Zn-70
Zn-70
Zn-70
O-18
Zn-70
Xe-124
Zn-70
Zn-70
Zn-70

110
3.8
294
294
230
294
110
110
294
294
50
230
230
230
345
345
345
230
345
345
345
345
345

1000
16
100
100
500
100
360
360
100
100
39
430
430
430
100
100
100
430
100
10
100
100
100

373
51
8
8
18
8
376
376
8
8
199
17
17
17
293
293
293
18
293
388
293
293
293
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Fig. 2. Layout of beam lines at RIBF. Locations at which high dose rates were observed are indicated by solid circles labeled
1–23.
Center, which is used not only by the personnel of the
Nishina Center for Accelerator-Based Science but also by
any researcher in the Wako campus. Researchers from the
Brain Science Institute (BSI) are relocating to the
Radioisotope Center, since the radioisotope handling
facility of the BSI east building has been closed. The
interiors of several rooms have been refurbished to
accommodate these new researchers.

Fig. 3. Accumulated leakage radiation at the boundary of
the radiation-controlled area.
The water used in the closed cooling systems at BigRIPS
was sampled twice; the first sampling was carried out after
facility operation with a 345-MeV/u 200-pnA (in average)
48
Ca beam in May and June, 2012, and the second sampling
was carried out after facility operation with a 345-MeV/u
6.7-pnA 238U beam in November and December, 2012.
Radionuclide concentrations were measured by using a
liquid-scintillation counter and a Ge detector. The results
are shown in Tables 2 [A] and [B]. After facility operation
with the intense 48Ca beam, the summation of the ratios of
the radionuclide concentrations to the prescribed limits for
the drain water of all the radionuclides at the BigRIPS
side-wall beam dump became larger than 1/10, and the
water was dumped into the drain tank. This policy has been
implemented to prevent contamination of the room in case
of water leakage. The water in the drain tank, which
contains drain water from other facilities, is released after
confirming that the concentration of radionuclides is lower
than the prescribed limit. This confirmation is required by
law.
We are also responsible for safety at the Radioisotope

Table 2. Radionuclide concentrations in cooling water of
BigRIPS, and the allowable limits for drain water, and the
ratio of the concentration to the allowable limit.
[A] Water was sampled on June 24, 2012.
Concentration[a] Limit[b] Ratio to
Cooling
Nuclide
water
(Bq/cm3)
(Bq/cm3) limit [a/b]
H-3
3.6
60
6.0e-21)
1.4e-4
Be-7
4.1e-3
30
BigRIPS
6.3e-4
Co-58
6.3e-4
1
F0 target
summation
6.1e-2
H-3
5.6
60
9.4e-2
BigRIPS
2.6e-2
30
8.7e-4
exit beam Be-7
dump
summation
9.4e-2
H-3
8.6
60
1.4e-1
BigRIPS
Be-7
7.8e-3
30
2.6e-4
side-wall
beam dump
summation
1.4e-1
[B] Water was sampled on January 9, 2013.
Concentration[a] Limit[b] Ratio to
Cooling
Nuclide
water
(Bq/cm3)
(Bq/cm3) limit [a/b]
H-3
3.3
60
5.5e-2
BigRIPS
F0 target
summation
5.5e-2
H-3
2.0
60
3.3e-2
Be-7
7.6e-3
30
2.5e-4
Co-57
1.2e-3
4
3.1e-4
BigRIPS
2.7e-3
1
2.7e-3
exit beam Co-58
Co-60
5.7e-4
0.2
2.8e-3
dump
Mn-54
6.0e-3
1
6.0e-3
summation
4.5e-2
H-3
3.3
60
5.4e-2
BigRIPS
Co-57
3.5e-4
4
8.8e-5
side-wall
beam dump
summation
5.4e-2
1) read as 6.0 × 10-2
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RILAC operation
E. Ikezawa, T. Ohki,*1 M. Kase, T. Nakagawa, N. Sakamoto, H. Okuno, N. Fukunishi,
M. Fujimaki, M. Nagase, T. Kageyama, M. Kobayashi-Komiyama, M. Kidera, Y. Higurashi,
T. Watanabe, K. Yamada, T. Maie, H. Hasebe, H. Kuboki, K. Suda, Y. Watanabe, H. Imao, K. Ozeki,
T. Aihara,*1 H. Yamauchi,*1 A. Uchiyama,*1 K. Oyamada,*1 M. Tamura,*1 and O. Kamigaito
The RIKEN heavy-ion linac (RILAC) has been operating
steadily throughout the reporting period and has been
supplying various ion beams for various experiments. Some
statistics regarding the RILAC operation from January 1 to
December 31, 2012, are given in Table 1. The total
beam-service time of the RILAC accounted for 91.6% of its
operation time. The two operation modes of the RILAC,
namely, the stand-alone mode and the injection mode, in
which the beam is injected into the RIKEN Ring Cyclotron
(RRC), accounted for 78.1% and 21.9% of the total
beam-service time of the RILAC, respectively.
For the beam experiments of the RI Beam Factory (RIBF),
a 2.695-MeV/nucleon 48Ca-ion beam accelerated by the
RILAC was injected into the RRC between April and June
2012.
Table 2 lists the beam-service times in the stand-alone
mode of the RILAC allotted to each beam course in the
RILAC target rooms in 2012. The e2 beam course in target
room No. 1 was used in the machine study of a new
gas-filled recoil ion separator (GARIS-Ⅱ). The e3 beam
course in target room No. 1 was used in research
experiments involving the heaviest elements and the study
of the physical and chemical properties of these elements
with the GARIS. The e4 beam course in target room No. 1
was used for radiation chemistry studies. The beam dump

(DMe1) in target room No. 1 was used in a periodic
inspection of the radiation facility.
This year, research experiments on the heaviest elements
were carried out for 27 days from January through February,
36 days from March through April, 21 days from June
through July, and 81 days from July through October.
Table 3 lists the operation time of the 18-GHz ECR ion
source (18G-ECRIS) in 2012. Ion beams of the seven
elements listed in the table were used for various
experiments.

Table 1. Statistics on RILAC operation from January 1 to
December 31, 2012.

Operation time of RILAC
Mechanical trouble

Table 2. Beam service time of the stand-alone RILAC
allotted to each beam course in target rooms
No. 1 and No. 2 in 2012.

Beam course

Total time (h)

e2
e3
e4
Beam dump (DMe1)
Total

58.0
3431.5

1.6
95.1

98.1
20.8

2.7
0.6

3608.4

100.0

Table 3. Operation time of the 18G-ECRIS in 2012.

Ion

Mass

Charge state

5043.5 h

O

16

5

72.0

250.3 h

F

19

6

335.8

Ar

40

11

120.0

Total time (h)

Stand-alone RILAC

3608.4 h

Ca

48

10, 11

1209.0

Injection into RRC

1013.2 h

Zn

70

15

4404.8

Total beam service time of RILAC

4621.6 h

Kr

86

16, 18

207.3

Xe

136

27

148.8

Total
*1

%

SHI Accelerator Service Ltd.
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We carried out the following improvements and overhauls
during the reporting period.
1) A data station system that was used as the front-end
controller to remotely control the power supplies of
RF systems No. 1, No. 2, No. 3, and No. 4 was replaced
with a programmable logic controller.
2) In the RF systems, the power supplies that were in their
final and intermediate stages of operation were
subjected to annual inspection. In addition, the major
components of mechanical parts were subjected to
simple inspection.
3) Two water pumps of the water-cooling system for the
RILAC cavities and vacuum pumps were overhauled.
The other water pumps were subjected to simple
inspection.
4) All cooling towers were subjected to monthly inspection
and annual cleaning.
5) In the vacuum system of the RILAC cavities No. 3 and
No. 4, a turbomolecular pump with a pumping speed for
nitrogen of 2400 l/s located in each cavity was replaced
with a cryogenic pump with a pumping speed for
nitrogen of 5000 l/s. In addition, the vacuum control
systems of these cavities were replaced with new ones.
6) All the turbomolecular pumps were subjected to annual
inspection. The cryogenic pumps used for the FC-RFQ
and the CSM cavities were overhauled.
We experienced the following mechanical problems during
the reporting period.
1) In the No. 5 RF system, the contact fingers of the
coaxial line supplying radio frequency (rf) power from
the final amplifier to the power feeder had melted due to
excessive rf current; therefore we repaired the coaxial
line. In addition, the faulty part was replaced with a
newly manufactured part.
2) Water was found to have splashed in the CSM-A4 cavity
because of leakage from a cooling pipe on the outside
wall of the cavity; therefore we repaired the pipe with a
repair material as a stopgap measure.
3) A section of the cooling pipe of stem-2 in the FC-RFQ
cavity had a vacuum leak; therefore we repaired the pipe
with a repair material as a stopgap measure. In addition,
the faulty part was replaced with a newly manufactured
part.
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Real time radiation monitoring of RIBF operations using ionization chambers
M. Nakamura, K. Yamada, A. Uchiyama,＊1 H. Okuno and M. Kase
In recent years, we have attempted to detect beam loss at
the RIBF by using self-made ionization chambers (ICs).1),2)
We input an alarm signal from the IC to the RIBF beam
interlock system (BIS) and confirmed that this system can
monitor the RIBF operations.3) However, there are some
problems regarding selection of the alarm level.3) For
selecting the level, we have to examine the calibration
tests2) for every ion used in the RIBF. Such tests are rather
consuming and now we are under investigation. Hence,
from a different viewpoint, we propose that the IC signals
can be applied for “real-time monitoring” of the RIBF
operations.
In this report, we investigated seven ICs in SRC and one
IC near the EDC in RRC. The position, size and
experimental conditions of these ICs have been described in
the previous reports.1),2) The input resistances of the
AMPs for ICs in SRC and RRC were set at 1 GΩ and 10 G
Ω , respectively.
Yokogawa MX100 and MW100
data-loggers were used for monitoring the signal of the ICs
in SRC and RRC, respectively.
Assuming a quick
response in the rapid RIBF operations, we collected ten data
values in 1 s. The data loggers were fixed with 10 Hz
noise filters. The signals from the loggers were sent to
PCs in the RIBF control room. We investigated the
monitoring of RRC and SRC operations, in which a 238U86+
ion beam was accelerated at 345 MeV/nucleon.
A screenshot of the real-time monitoring of 7 ICs in SRC
is shown in Fig. 1.

Fig. 1 A screenshot from one monitor in the RIBF control
room, showing SRC operations.
In this screenshot, the upper part shows the time-profile of
the 7 ICs signals and the lower part shows the real-time
*1

SHI Accelerator Service Ltd.

signal values. The maximum voltage in this profile was 5
V and the measurement time scale was 210 s. The signal
intensity of the IC near the EDC was the strongest and these
values sometimes exceeded 5 V. According to the GL800
data-logger1)-3), the maximum value of this signal was about
88.5 V. Other ICs signals were observed in the range of
this picture.
Through a comparison with the SRC
operations in the RIBF control room, we confirmed that
these data well reflected the SRC operation conditions.

Fig. 2 Screenshot from one monitor in the RIBF control
room, showing RRC operations.
Figure 2 shows a screenshot of the real-time monitoring
of the IC near EDC of RRC. The right side of this
screenshot shows the time-profile of the IC signal and the
left side shows the real-time signal value of the IC. The
range of signal intensity was ±6 V and the time scale was
160 s. The maximum signal intensity was about 1.4 V.
As shown in the figure, we observed a curve that
occasionally fell below 0 V. This signal is assumed to
contain certain unidentified noises from the RRC
components, resulting in such a curve. However, through
a comparison with the RRC operations in the RIBF control
room, we could confirm that these data well reflected the
RRC operation conditions.
These results indicate that many issues in the RIBF can
be avoided by employing such real-time monitoring.
Furthermore, we have incorporated the data for these ICs
into the MyDaq system. Hence, we can compare data,
such as, the intensity of magnetic fields, beam currents and
voltages and can simulate the conditions in the RIBF.
References

1) M. Nakamura et al.: RIKEN Accel. Prog. Rep. 43, 138 (2009)
2) M. Nakamura et al.: RIKEN Accel. Prog. Rep. 44, 293 (2010)
3) M. Nakamura et al.: RIKEN Accel. Prog. Rep. 45, 228 (2011)
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Operation of SRC cryogenic system
H. Okuno, T. Dantsuka, Y. Mori,∗1 M. Ohshima,∗1 H. Hazama,∗1 A. Mikami,∗1 H. Shiba,∗1 T. Suzuki,∗1
K. Tezuka,∗1 K. Yamamoto,∗1 and S. Watanabe∗1
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Fig. 1. Trend observed in liquid He level in the dewar and
main coil current for the SRC superconducting sector
magnet.
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The SRC cryogenic system, which consists of three
compressors, a He refrigerator, and four He buffer
tanks for cooling the 240-MJ superconducting magnets used for the SRC, has a cooling capacity of about
1 kW at 4.5 K and an inventory of 5000 l of liquid He.
The cooling system was operated for around 8 months
in 2012, with a three-month maintenance shutdown in
summer (July–September) and a shutdown to conserve
electrical power in January, as shown in Fig. 1. The
trend observed for the main coil current of the SRC sector magnet is also shown in this figure. During system
operation, no trouble was sufficiently major to stop the
He refrigerator and the compressor. However, we continued operation despite the following problem. The
cryogenic system had been suffering from a continuous
helium gas leak since autumn, 2011. Figure 2 shows
the total helium gas volume in the the buffer tank. The
trend graph clearly shows its reduction in volume until
the time of summer maintenance in 2013. The leak rate
was about 300 m3 /month, and therefore, we needed to
refill the helium gas once in two months. Despite our
intensive hunts for the leak in the summer maintenance
we could not find the leaks. However, we found the location of the leak whose rate increased immediately after we started making He gas flow in the current leads.
The leak corresponding to the flow in the current lead
led to the formation of a considerable amount of cold
water vapor. Further investigation revealed that the
O-rings containing indium (Fig. 3) were the reason for
the leak. The system’s heat cycle had caused the indium sealing to become loose. Torque checks of the
bolts revealed that the bolts had come loose by about
0.5 mm. We have had no trouble in the operation of
the He cooling system (Fig. 2) after we tightened the
bolts using a torque wrench. We inferred that we could
not find the leak during the summer maintenance because this leak does not appear when the current lead
is warm.
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Fig. 2. Total helium gas volume in the buffer tanks. A
pressure of 1 MPa corresponds to a volume of about
100 m3 . The red arrows indicate dates when the He
gas was refilled to the He cooling system.

He gas
O-ring

Current
Current Lead

Fig. 3. Photograph and structural schematic of the current
leads at which the leak occurred.
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Present status of liquid-Helium supply and recovery system
T. Dantsuka, H. Okuno, M. Nakamura, T. Maie, K. Ikegami, M. Kase, S. Tsuruma,
M. Ohshima,＊1 Y. Tezuka,＊1 H. Hazama,＊1 and H. Shiba,＊1
The liquid-helium supply and recovery system1), which
can produce liquid helium at a rate of 200 L/h from pure
helium gas, has been stably operated since the beginning of
April 2001. The volumes of liquid helium supplied each
year from 2001 to 2011 are shown in Fig. 1. The volume
gradually increased from 2001 to 2008 but sharply
increased in 2010, before decreasing sharply in 2011.
We extended the recovery pipe in the system at three
places. First, a new recovery pipe was connected to the
existing pipe at the Laser Science Laboratory at 1F and B1F.
Next, new recovery pipes were connected to the existing
pipe in the Main Research Building at B1F.
The purity of helium gas recovered from laboratories
gradually improved once the construction of the system was
completed. Currently, the impurity concentration in the
140000
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Low Temperature Physics Laboratory
Advanced Device Laboratory
Condensed Molecular Materials Laboratory
Molecular Characterizaon Team
Surface and Interface Science Laboratory
Surface Chemistry Laboratory
Radioacve Isotope Physics Laboratory
Exploratory Materials Team
Other laboratories

120000

Liquid Helium (L)

recovered gas is rarely more than 200 ppm. The volume of
helium gas recovered from each building in the Wako
campus and the volume transported to the liquid-helium
supply and recovery system were measured. The recovery
efficiency, which is defined as the ratio of the amount of
recovered helium gas to the amount of supplied liquid
helium, was calculated. The recovery efficiency for the
buildings on the south side of the Wako campus, such as the
Cooperation Center building of the Advanced Device
Laboratory, the Chemistry and Material Physics building,
and the Nanoscience Joint Laboratory building, increased to
more than 90%. The average recovery efficiency from
January 2008 to July 2012 is shown in Fig. 2. This value
also increased to over 90%.
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Fig.1. Volumes of liquid helium supplied to laboratories for each fiscal year from 2001 to 2011
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Fig.2. Average recovery efficiency measured from January 2008 to July 2012
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As of March 31, 2013

Organization Chart of Nishina Center
for Accelerator-Based Science

初田量子ハドロン物理学研究室
Quantum Hadron Physics Laboratory

初田 哲男
Tetsuo Hatsuda

中務原子核理論研究室
Theoretical Nuclear Physics Laboratory

中務 孝
Takashi Nakatsukasa

肥山ストレンジネス核物理研究室
Strangeness Nuclear Physics Laboratory

肥山 詠美子
Emiko Hiyama

橋本数理物理学研究室
Mathematical Physics Laboratory

橋本 幸士
Koji Hashimoto

ニコラス・サミオス
Nicholas P. Samios

理研BNL研究センター
RIKEN BNL Research Center

理研BNLセンター管理運営委員会
RBRC Management Steering Committee(MSC)

加速器研究推進課
Accelerator-based Research Promotion Section

延與 秀人
Hideto En'yo

森田 浩介
Kosuke Morita

玉川高エネルギー宇宙物理研究室
High Energy Astrophysics Laboratory

玉川 徹
Toru Tamagawa
望月 優子
Yuko Motizuki

望月雪氷宇宙科学研究ユニット
Astro-Glaciology Research Unit

上垣外 修一
Osamu Kamigaito

副部長 : 奥野 広樹 ( 大強度化担当 )/
福西 暢尚 ( 高安定化担当 )
Deputy Director: Hiroki OKUNO (Intensity Upgrade),
Nobuhisa FUKUNISHI (Stable and Efficient Operation)

RIBF Research
RIBF研究担当
副センター長：ウォルター・ヘニング
Deputy Director:Walter F. Henning

イオン源開発チーム
Ion Source Team
リニアックチーム
RILAC Team

若杉 昌徳
Masanori Wakasugi

実験装置開発室
Instrumentation Development Group

実験課題採択委員会
Program Advisory Committee
久保 敏幸
Toshiyuki Kubo

実験装置運転・維持管理室
Research Instruments Group

マシンタイム委員会
Machine Time Committee
広報委員会
Public Relations Committee

福西 暢尚
Nobuhisa Fukunishi

低速RIビーム生成装置開発チーム
SLOWRI Team

安全業務室
Safety Management Group
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上蓑 義朋
Yoshitomo Uwamino

奥野 広樹
Hiroki Okuno
加瀬 昌之
Masayuki Kase
和田 道治
Michiharu Wada

偏極RIビーム生成装置開発チーム
Polarized RI Beam Team

上野 秀樹
Hideki Ueno

短寿命核質量測定装置開発チーム
Rare RI-ring Team

若杉 昌徳
Masanori Wakasugi

RI・電子散乱装置開発チーム
SCRIT Team

若杉 昌徳
Masanori Wakasugi

超重元素分析装置チーム
GARIS Team

森本 幸司
Kouji Morimoto

RIビーム分離生成装置チーム
BigRIPS Team

吉田 光一
Koichi Yoshida

多種粒子測定装置開発チーム
SAMURAI Team

本林 透
Tohru Motobayashi

生物照射チーム
Radiation Biology Team
RI応用チーム
RI Applications Team

酒井 英行
共用促進・産業連携部
User Liaison and Industrial Cooperation Group
Hideyuki Sakai
副部長 : 上野 秀樹 ( 共用促進担当 )
Deputy Director: Hideki UENO(User Support)

池沢 英二
Eiji Ikezawa

運転技術チーム
Beam Dynamics & Diagnostics Team

計測技術チーム
Detector Team
阿部 知子
Tomoko Abe

中川 孝秀
Takahide Nakagawa

坂本 成彦
Naruhiko Sakamoto

情報処理技術チーム
Computing and Network Team

応用研究開発室
Accelerator Applications Research Group

奥野 広樹
Hiroki Okuno

サイクロトロンチーム
Cyclotron Team

加速器施設業務チーム
Infrastructure Management Team

共用促進委員会
Scientific Policy Committee

安全審査委員会
Safety Review Committee

加速器高度化チーム
Accelerator R&D Team

低温技術チーム
Cryogenic Technology Team

RIBF 施設共用コーディネーター：本林 透
RIBF synergetic-use coordinator:Tohru Motobayashi

運営調整会議
Coordination Committee

RIBF Research Division

上坂 友洋
Tomohiro Uesaka

Theoretical Research
理論研究担当
副センター長：初田 哲男
Deputy Director:Tetsuo Hatsuda

特別顧問：矢野 安重
Senior Advisor:Yasushige Yano
特別顧問：石原 正泰
Senior Advisor:Masayasu Ishihara

RIBF研究部門

櫻井 博儀
櫻井RI物理研究室
Radioactive Isotope Physics Laboratory Hiroyoshi Sakurai

加速器基盤研究部
Accelerator Group

仁科加速器研究センター
Nishina Center for Accelerator-Based Science

秋葉 康之
Yasuyuki Akiba

フィリップ・キング
Philip KING

RAL支所
RIKEN Facility Office at RAL

森田超重元素研究室
Superheavy Element Laboratory

基礎基盤研究推進部
Advanced Research Promotion Division

出渕 卓
Taku Izubuchi

実験研究グループ
Experimental Group

上坂スピン・アイソスピン研究室
Spin isospin Laboratory

和光研究所長 小川 智也
Director RIKEN WAKO Institute Tomoya Ogawa

ラリー・マクラレン
Larry McLerran

理論研究グループ
Theory Group
計算物理研究グループ
Computing Group

理研仁科センターアドバイザリーカウンシル
Nishina Center Advisory Council

RAL支所評価委員会
Advisory Committee for the RIKEN-RAL Muon Facility

Sub Nuclear System Research Division

岩崎 雅彦
Masahiko Iwasaki

岩崎先端中間子研究室
Advanced Meson Science Laboratory

理研BNLセンター評価委員会
RBRC Scientific Review Committee (SRC) Meeting

素粒子物性研究部門

延與 秀人
Hideto En'yo

延與放射線研究室
Radiation Laboratory

理事長 野依 良治
President RIKEN Ryoji Noyori

理論研究部門

Theoretical Research Division

共用促進チーム
User Support Office
産業連携チーム
Industrial Cooperation Team

市原 卓
Takashi Ichihara
竹谷 篤
Atsushi Taketani
阿部 知子
Tomoko Abe
羽場 宏光
Hiromitsu Haba
上野 秀樹
Hideki Ueno
吉田 敦
Atsushi Yoshida
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Members of Nishina Center for Accelerator-based Science
Executive Members
Hideto EN'YO (Director)
Walter F. HENNING (Deputy Director)
Tohru MOTOBAYASHI (RIBF synergetic-use coordinator)
Yasushige YANO (Senior Advisor)
Masayasu ISHIHARA (Senior Advisor)
Minami IMANISHI (Secretary)
Research Promotion Section Members
Shigeki ASAKAWA (Manager, Head of Accelerator-based Research Promotion Section)
Kyoji YAMADA
Hayato NISHIMURA
Yukari ONISHI
Masatoshi MORIYAMA
Yukiko SATO
Rie KUWANA
Yuko OKADA

Nishina Center's Committee Members
Nishina Center Advisory Council (NCAC) Members
not held
(Chair) Sydney GALES (GANIL, FRANCE)
Angela BRACCO (University of Milan, ITALY)
Wit BUSZA (MIT, USA)
Makoto INOUE (Kyoto University Research Reactor Institute)
Alexey KORSHENINNIKOV (Kurchatov Institute, RUSSIA)
Karlheinz LANGANKE (GSI, GERMANY)
Richard MILNER (MIT, USA)
Shoji NAGAMIYA (J-PARC Center)
Jean-Michel POUTISSOU (TRIUMF, CANADA)
WenQing SHEN (SINAP, P. R. CHINA)
Bradley SHERRILL (MSU, USA)
Tadashi SHIMODA (Osaka University)
Andrew TAYLOR (ISIS, UK)
Hiroshi TOKI (RCNP of Osaka University)
Robert TRIBBLE (Texas A & M University, USA)
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Scientific Policy Committee Members
September, 2012
(Chair) Hirokazu Tamura (Tohoku University)
Yasuhiko FUJII (Comprehensive Research Organization for Science and Society)
Yoshiyuki FUJII (National Institute of Polar Research)
Shoji FUTATSUGAWA (Japan Radioisotope Association)
Ryutaro HIMENO (RIKEN)
Yujiro IKEDA (J-PARC)
Ryosuke KADONO (KEK)
Tadafumi KISHIMOTO (RCNP of Osaka University)
Tomofumi NAGAE (Kyoto University)
Hitoshi NAKAGAWA (National Agriculture and Food Research Organization)
Hideo OHNO (JASRI)
Takaharu OTSUKA (CNS)
Kazuo SHINOZAKI (RIKEN)
Hirohiko TSUJII (NIRS)
Akira UKAWA (University of Tsukuba)
Kazuyoshi YAMADA (KEK)
Masanori YAMAUCHI (KEK)
Program Advisory Committee meeting for Nuclear Physics Experiments at RI Beam Factory (NP-PAC)
Members
June, 2012
(Chair) Robert TRIBBLE (Texas A & M University, USA )
Rick F. CASTEN (Yale University, USA)
Hans EMLING (GSI, GERMANY)
Thomas GLASMACHER (NSCL, MSU, USA )
Muhsin N. HARAKEH (KVI, NETHERLANDS)
Mark HUYSE (Instituut voor Kern- en Stralingsfysica, BELGIUM)
Tadafumi KISHIMOTO (RCNP, Osaka University, JAPAN)
Marek LEWITOWICZ (GANIL, FRANCE)
Christopher J. (KIM) LISTER (University of Massachusetts, Lowell, USA)
Takashi NAKAMURA (Tokyo Institute of Technology, JAPAN )
Takashi NAKATSUKASA (RIKEN, JAPAN )
Akira ONO (Tohoku University, JAPAN)
Christoph SCHEIDENBERGER (GSI, GERMANY)
Tadashi SHIMODA (Osaka University, JAPAN)
Friedrich-K. THIELEMANN (University of Basel, SWITZERLAND)
Masanobu YAHIRO (Kyushu University, JAPAN)
Yanlin YE (Peking University, P. R. CHINA)

- 283 -

Ⅴ. RNC ACTIVITIES

RIKEN Accel. Prog. Rep. 46 (2013)

Program Advisory Committee meeting for Materials and Life Science Researches at RIKEN Nishina Center
(ML-PAC) Members
September, 2012
(Chair) Jean-Michel POUTISSOU (TRIUMF, CANADA)
Alex AMATO (PSI, SWITZERLAND)
Toshiyuki AZUMA (RIKEN, JAPAN)
Sean GIBLIN (RAL, STFC, UK)
Ryosuke KADONO (KEK, JAPAN)
Atsushi KAWAMOTO (Hokkaido University, JAPAN)
Norimichi KOJIMA (University of Tokyo, JAPAN)
Kenya KUBO (ICU, JAPAN)
Douglas E. MACLAUGHLIN (University of California, Riverside, USA)
Sadamichi MAEKAWA (JAEA, JAPAN)
Philippe MENDELS (Laboratorie de Physique des Solides - Universite Paris-SUD, FRANCE)
Hiroyuki YAMASE (NIMS, JAPAN)
Shigeo YOSHIDA (Yokohama City University, JAPAN)
Xu-Guang ZHENG (Saga University, JAPAN)
Industrial Program Advisory Committee (In-PAC) Members
June, 2012
(Chair) Akihiro IWASE (Osaka Prefecture University)
Toshiyuki AZUMA (RIKEN)
Kenya KUBO (International Christian University)
Toshinori MITSUMOTO (Sumitomo Heavy Industries, Ltd.)
Hitoshi NAKAGAWA (Japan International Research Center for Agricultural Science)
Nobuhiko NISHIDA (Tokyo Institute of Technology)
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Theoretical Research Division
Quantum Hadron Physics Laboratory
1. Abstract
Atomic nuclei are made of protons and neutrons bound by the exchange of Yukawa's pion and other mesons. Also, protons and
neutrons are made of quarks bound by the exchange of gluons. These strong interactions are governed by the non-Abelian
gauge theory called the quantum chromodynamics (QCD). On the basis of theoretical and numerical analyses of QCD, we
study the interactions between the nucleons, properties of the dense quark matter realized at the center of neutron stars, and
properties of the hot quark-gluon plasma realized in the early Universe. Strong correlations common in QCD, graphene and
cold fermionic atoms are also studied theoretically.
2. Major Research Subjects
(1) Origin of the nuclear force
(2) Theory of spontaneous symmetry breaking
(3) Non-perturbative study of supersymmetric quantum field theories
(4) Physics of particles with resonant interactions
(5) QED calculation of the lepton anomalous magnetic moments
3. Summary of Research Activity
(1) Lattice Nuclear Force
Three-nucleon forces (3NF) have been studied in lattice QCD. The enormous computational cost is drastically reduced (by a
factor of 192) by developing a new algorithm (the unified contraction algorithm). The results with time-dependent HAL QCD
method indicates that repulsive 3NF exists at short distance in the triton channel.
(2) Theory of spontaneous symmetry breaking
Generalization of the Nambu-Goldstone theorem The general counting rule for Nambu-Goldstone modes is derived using
Mori's projection operator method in non-Lorentz invariant systems at zero and finite temperatures. The number of
Nambu-Goldstone modes is equal to the number of broken charges, Qa, minus half the rank of the expectation value of [Qa;
Qb].
(3) Non-perturbative study of supersymmetric quantum field theories
Although the supersymmetry is widely believed to play a fundamental role in elementary particle physics beyond the standard
model, non-perutbative formulation of supersymmetric field theories remains quite difficult. On this long-standing problem in
theoretical elementary particle physics, I made the following contribution In this fiscal year: (1) By using the generalized BRS
transformation, I clarified a mechanism that forbids the appearance of a cubic-fermion anomaly in the supersymmetic
Ward-Takahashi relation in lattice formulations of the four dimensional N=1 supersymmetric Yang-Mills theory. (2) On the
basis of the structure of the Ferrara-Zumino supermultiplet, I constructed the energy-momentum tensor in lattice formulations
of the four dimensional N=1 supersymmetric Yang-Mills theory that is conserved in the quantum continuum limit. It is
expected that physical quantities in the four dimensional N=1 supersymmetric Yang-Mills theory, which are related to the
energy-mementum tensor, can be computed by using this non-pertubative construction.
(4) Physics of particles with resonant interactions
The Efimov effect that arises for three particles with resonant interactions has been investigated numerically for atoms. The
three-body parameter that characterizes the Efimov effect has been shown to originate from a nonadiabatic deformation of the
three-atom system near their van der Waals radius. This explained the observed relation between the Efimov three-body
parameter measured in ultra-cold atomic experiments and the van der Waals radius.
(5) QED calculation of the lepton anomalous magnetic moments
All QED contributions up to the tenth order of perturbation theory to the anomalous magnetic moments of electron and muon
have been determined. The contribution from the tenth-order diagrams without a fermion loop has been finally determined
after serval years of extensive numerical work on RIKEN's supercomputer systems. This leads the best precise values of
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theoretical predictions of the muon and electron anomalous magnetic moments and the fine structure constant.
Head
Tetsuo HATSUDA
Members
Hiroshi SUZUKI
Takumi DOI
Yoshimasa HIDAKA
Pascal Raphaël Gabriel NAIDON
Special Postdoctoral Researchers
Daisuke KADOH
Arata YAMAMOTO
Kanabu NAWA
Yuji SAKAI
Foreign Postdoctoral Researchers
Michael Gordon ENDRES
Gergely Peter FEJOES
Contract Researchers
Makiko MATSUKAWA
Yoichi IKEDA
Visiting Scientists
Motoi TACHIBANA (Faculty of Science and Engineering, Saga University)
Toichiro KINOSHITA (Physics Department, Cornell University)
Sinya AOKI (Center for Computational Sciences, University of Tsukuba)
Taichi KAWANAI (Graduate School of Science, University of Tokyo)
Ryoichi SEKI (Physics Department, California State University)
Masahito UEDA (Graduate School of Science, University of Tokyo)
Tatsuyuki TAKATSUKA (Faculty of Humanities and Social Science, Iwate University)
Hong MAO (Hangzhou Normal University, China)
Sho OZAKI (Yonsei University, Korea)
Takashi OKA (Graduate School of Science., University of Tokyo)
Shoichi SASAKI (Graduate School of Science, Tohoku University)
Andreas IPP (Vienna University of Technology, Austria)
Keitaro NAGATA (Information Media Center, Hiroshima University)
Takashi INOUE (College of Bioresource Science, Nihon University)
Yoshitaka HATTA (Graduate School of Pure and Applied Science, University of Tsukuba)
Teiji KUNIHIRO (Graduate School of Science, Kyoto University)
Kenji MORITA (Yukawa Institute for Theoretical Physics, Kyoto University)
Kazuyuki KANAYA (Graduate School of Pure and Applied Science University of Tsukuba)
Makoto TAKIZAWA (Showa Phamaceutical University)
Sachiko TAKEUCHI (Faculty of Social Welfare, Japan College of Social Work)
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Visiting Researcher
Takashi SANO (Japan Society for the Promoation of Science)
Research Consultant
Hiroshi TOKI (RCNP, Osaka University)
International Program Associates
Nino BRATVIC (Phys. Dep., Technical Univ. Munich)
Fukun XU (Chinese Academy of Science)
Student Trainees
Bruno CHARRON (Graduate School of Science, University of Tokyo)
Akihiko MONNAI (Graduate School of Science, University of Tokyo)
Yasufumi ARAKI (Graduate School of Science, University of Tokyo)
Yuji HIRONO (Graduate School of Science, University of Tokyo)
Yusuke HAMA (Graduate School of Science, University of Tokyo)
Tomoya HAYATA (Graduate School of Science, University of Tokyo)
Yasuki TACHIBANA (Graduate School of Science, University of Tokyo)
Koichi MURASE (Graduate School of Science, University of Tokyo)
Kota MASUDA (Graduate School of Science, University of Tokyo)
Masaru HONGO (Graduate School of Science, University of Tokyo)
Yuya TANIZAKI (Graduate School of Science, University of Tokyo)
Ryuichi KURITA (Graduate School of Science, University of Tokyo)
Sho KAMATA (Graduate School of Science, Rikkyo University)
Masanori YAMADA (Graduate School of Pure and Applied Science, University of Tsukuba)
Secretaries
Yoko FUJITA
Yuri TSUBURAI
Kayo YAMAJI
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Theoretical Research Division
Theoretical Nuclear Physics Laboratory
1. Abstract
Nuclei are finite many-particle systems composed of protons and neutrons. They are self-bound at the femtoscale (10-15 m)
by the strong interaction (nuclear force), the study of which was pioneered by Hideki Yukawa. The uncommon properties of
the nuclear force (e.g., repulsive core, spin–isospin dependence, tensor force) prevent complete microscopic studies of
nuclear structure. A number of unsolved problems remain even at present. In addition, radioactive beam facilities reveal
novel aspects of unstable nuclei. We are tackling these old problems and new issues in theoretical nuclear physics,
developing new models and pursuing large-scale calculations of quantum many-body systems. We are also strongly
involved in research on other quantum many-body systems to resolve mysteries in quantum physics
2. Major Research Subjects
(1) Nuclear structure and quantum reaction theories
(2) First-principle calculations with density functional theory (DFT) for many-fermion systems
(3) Computational nuclear physics
3. Summary of Research Activity
(1) Regularized multireference energy density functional calculations with new Skyrme parametrizations
Symmetry restoration and configuration mixing using the generator coordinate method based on energy density functionals,
referred to as the multireference approach, has become widely used in studies of low-energy nuclear structure. It was
recently pointed out that these techniques are ill defined for standard Skyrme energy density functionals, and the results can
exhibit discontinuities or even divergences in the energy. Thus, a regularization procedure has been proposed to remove
such spurious contributions to the energy. This regularization procedure, however, imposes the use of integer powers of the
density for the density-dependent terms in the energy density functionals.
Therefore, we constructed new Skyrme parametrizations that have integer powers of the density dependence for
multireference energy density functional calculations with the regularization procedure. The reproduction of the
experimental binding energies and charge radii for a wide range of singly magic nuclei is significantly improved. With our
new Skyrme parametrizations, we performed regularized multireference calculations for a systematic study of the
spectroscopic properties of Mg isotopes. A good description of the B(E2:0+ → 2+) values was obtained. However, the first
2+ energies are overestimated for all the isotopes. One of the reasons for this overestimation could be the neglect of
time-odd terms when calculating the Hamiltonian kernel.
(2) Mean-field calculation including proton–neutron mixing
We have been developing a new code for Hartree–Fock (HF) calculation based on nuclear DFT including arbitrary mixing
between protons and neutrons. This is a first step toward DFT calculation including proton–neutron (p–n) pairing. To treat
the p–n pairing within the DFT framework, one needs to generalize the quasiparticle states as mixtures of protons and
neutrons. In connection with this extension, the density functionals should also be extended to those with mixing between
protons and neutrons. As a first step toward p–n pairing, we performed HF calculations (without pairing correlation)
including p–n mixing. The isospin of the system is controlled by a linear constraint on the isospin (called the isocranking
term). We made test calculations for A = 14 and 48 isobars. For A = 14 isobars, we calculated the energies of the well-known
isobaric analog states (IASs) with T = 1 in 14C, 14N, and 14O. We found that the IAS with Tz = 0 is described well as a state
consisting of single-particle states with p–n mixing. For A = 48 isobars, we found that we can obtain states with different
values of T and Tz by adjusting the isocranking frequency. We also implemented in our code an improved method for
optimization with constraints, known as the augmented Lagrange method, which is widely used in quantum chemistry. This
can be used, e.g., for calculating the excitation energies for high-isospin states in a single nucleus, from which we can
evaluate the nuclear symmetry energy.
(3) Microscopic study of the shape transition in chromium isotopes around N = 40
We investigated the nature of the quadrupole collectivity in the low-lying states of neutron-rich chromium isotopes, 58−66Cr,
by solving the five-dimensional (5D) collective Schroedinger equation. We determined the vibrational and rotational inertial
functions and the collective potential in the 5D quadrupole collective Hamiltonian microscopically derived using the
constrained Hartree–Fock–Bogoliubov plus local quasiparticle random phase approximation (RPA) method, which we
proposed recently. The results of the calculation are in good agreement with the available experimental data and suggest that
remarkable prolate deformation develops in the chromium isotopes around N = 40. However, the results also indicate that
they still possess transitional characteristics, and large-amplitude shape fluctuations dominate in their low-lying states. We

- 288 -

Ⅴ. RNC ACTIVITIES

RIKEN Accel. Prog. Rep. 46 (2013)

also discussed the similarities and dissimilarities of the quadrupole shape transition near 64Cr with N = 40 and that near 32Mg
with N = 20.
(4) Relativistic Slater approximation for Coulomb exchange effects
The relativistic local density approximation (LDA) for the Coulomb exchange functional in nuclear systems is presented.
This approximation consists of the well-known Slater approximation in the non-relativistic scheme and the corrections due
to the relativistic effects. The validity of the relativistic LDA in finite-nuclei calculations is examined by comparing it with
the results of the relativistic Hartree–Fock–Bogoliubov theory, where the non-local Coulomb exchange term is treated
exactly. The relative deviations of the Coulomb exchange energies in the relativistic LDA calculations are in general less
than 5% for semi-magic Ca, Ni, Zr, Sn, and Pb isotopes from the proton drip line to the neutron drip line. It is also worth
emphasizing that the relativistic corrections to the LDA are found to play substantial roles in improving the agreement with
the exact results by 3%~5%.
(5) Feasibility of the finite amplitude method in covariant density functional theory
The finite amplitude method in covariant density functional theory (CDFT) was developed, including both the so-called
iterative finite amplitude method (i-FAM) and matrix finite amplitude method (m-FAM). A benchmark test was performed
with the conventional RPA code for the isoscalar giant monopole resonance in 208Pb. The feasibility of the FAMs for CDFT
was proven. Furthermore, the calculated results in this study show that the existence of a Dirac sea does not introduce
additional difficulties for the present FAMs in the relativistic scheme, and the effects of a Dirac sea can be included
implicitly and automatically in the coordinate space representation. In addition, the rearrangement terms can be calculated
implicitly without extra computational costs in both m-FAM and i-FAM.
(6) Subroutine “kurotama” in PHITS
The total reaction cross section (σR) of nuclei is one of the most fundamental observables that characterize the geometrical
size of nuclei. It is also important in numerical simulations in the fields of accelerator technology, particle therapy, and
space radiation, as well as in many other fields that are related to particle and heavy-ion transport phenomena. The reason is
that, in the codes for such simulations, one needs to estimate the reaction rates systematically by using σR for various
combinations of colliding particles over a wide energy range. The Particle and Heavy Ion Transport code System (PHITS) is
one of the most powerful codes designed for these simulations. To systematically estimate σR for nucleus–nucleus reactions,
we apply the black sphere (BS) cross section formula. Owing to its suitability for systematics, the BS cross section formula
(“kurotama” in Japanese) with its extension to energies of less than 100 MeV/nucleon is now officially incorporated into
PHITS version 2.52.
(7) Black sphere approximation of deformed nuclei
Following the success of the BS approximation of spherical nuclei for systematic analyses of the total reaction cross
sections (σR), we extend this framework to reactions involving deformed nuclei. Instead of starting with the Fraunhofer
diffraction from a circular disk for spherical nuclei, we adopt the Fraunhofer diffraction from a spheroid for deformed nuclei
as the starting point. The study is now in progress.
(8) Low-energy electric dipole strength and dipole polarizability
We have shown that the low-lying electric dipole strength in neutron-rich isotopes is correlated with the neutron skin
thickness. However, this correlation is robust only for specific nuclei. In contrast, the dipole polarizability has a universal
correlation with the neutron skin thickness, especially when we subtract the contribution from the giant dipole resonance
(GDR). These studies were conducted using the canonical-basis time-dependent Hartree–Fock–Bogoliubov theory that we
proposed earlier.
(9) Extension of the phonon damping model to non-zero angular momentum
The phonon damping model (PDM) is extended to include the effect of angular momentum at finite temperature. The
formalism is based on the description of the non-collective (single-particle) rotation of spherical systems. This implies that
the total angular momentum J can be aligned along the z axis; therefore, it is completely determined by its projection M on
this axis alone. Numerical calculations were performed for two spherical nuclei, 88Mo and 106Sn. The analysis of the
numerical results shows that the GDR width increases with increasing M at a given value of T for T < 3 MeV. At higher T,
the GDR width approaches saturation at M > 60 for 88Mo and M > 80 for 106Sn. However, the region of M > 60 goes beyond
the maximum value of M up to which the specific shear viscosity η/s has values not smaller than the Kovtun–Son–Starinet
(KSS) lower-bound conjecture for this quantity. This maximum value of M is found to be equal to 46 and 55 for 88Mo and
106
Sn, respectively, if the value η(T = 0) = 0.6 × 10-23 MeV s fm-3 for the shear viscosity at T = 0 is used. A check using the
KSS lower-bound conjecture for the specific shear viscosity and the same η(0) = 0.6 × 10-23 MeV s fm-3 also shows that
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the experimental data for the GDR line shape in 88Mo at the initial temperature of T ~ 4 MeV and angular momentum of J =
44 of the compound nucleus leads to violation of the KSS conjecture. This calls for a reanalysis of the recent experimental
data for GDR in 88Mo at these large values of temperature and angular momentum.
(10) Description of the width of giant dipole resonance in 201Tl measured at low temperature
We calculated the width and strength function of the GDR in 201Tl at a finite temperature within the framework of the
quasiparticle representation of the PDM. Thermal pairing is taken into account by using the exact treatment of pairing
within the canonical ensemble (CE). This treatment allows us to calculate the exact equivalences to the pairing gaps for
protons and neutrons in a nucleus neighboring a proton closed-shell one. Because of thermal fluctuations owing to the
finiteness of the system, which are inherent in the CE, the exact CE thermal pairing gaps do not collapse at the critical
temperature Tc of the superfluid–normal phase transition, as in infinite systems, but decrease monotonically as T increases
and remain finite up to T as high as 5 MeV. The good agreement between the PDM predictions including thermal pairing
and the recent experimental data clearly demonstrates the manifestation of the effect owing to thermal pairing, which plays a
vital role in reducing the GDR width at low T in open-shell nuclei. Under the influence of thermal pairing, the GDR width
in 201Tl becomes as low as around 3.7 MeV at T = 0.8 MeV, and the width Г(0) of the GDR built on the ground state (T = 0)
can be as small as 3 MeV, which is smaller than the GDR width in 208Pb (4 MeV) at T = 0. The results obtained in the
present work as well as the previous predictions for the GDR width in 120Sn, where the important role of neutron thermal
pairing has been shown to reduce the GDR width at T < 1 MeV, confirm that, to yield an adequate description of GDR
damping at low T, a microscopic model needs to take into account thermal pairing at least up to T ~ 1.5 MeV.
(11) Specific shear viscosity in hot rotating systems of paired fermions
The Green–Kubo relation is used to calculate the specific shear viscosity from the retarded Green's function that describes
the propagation of quasiparticles within the quasiparticle mean field of a classically rotating system of nucleons that interact
via a monopole interaction. Thermal fluctuations are included within the improved version of the finite-temperature BCS
theory (called FTBCS1), whereas coupling to monopole pair vibrations is taken into account within the self-consistent
quasiparticle random phase approximation (SCQRPA). The general features of the specific viscosity η of this system can be
summarized as follows. At a given temperature T, η increases with increasing angular momentum M; that is, a rotating
system of paired fermions is more viscous. In medium-weight and heavy systems, η decreases with increasing T at T > 2
MeV, and this feature is not greatly affected by the angular momentum. However, in light systems, it increases with
increasing T at values of M close to Mmax, which is defined as the limiting angular momentum for each system. At T < 2
MeV, local minima and/or a local maximum appear because of the significant change in the curvature of the temperature
dependence of the thermal pairing gap. Thermal fluctuations and coupling to the quasiparticle pair vibrations within the
SCQRPA significantly increase η for small-N systems (N < 10), whereas η decreases for large N (>10) systems. All the
results of η obtained within the schematic model as well as realistic nuclei are always larger than the universal lower bound
of the specific shear viscosity up to T = 5 MeV.
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Theoretical Research Division
Strangeness nuclear physics Laboratory
1. Abstract
We proposed accurate few-body calculational method called “Infinitesimally shifted Gaussian lobe method”. Recently, we
developed this method to four-body systems and five-body systems. For example, we applied it to hypernuclear physics and
clarified what is important and impressed. In fact, we applied this method to three kinds of hypernuclear experiments
(KEK-E419, BNL-E930, and -E929) in the past, and we contributed to these experiments by discussing with
experimentalists, analyzing the data, and interpreting the data. And we applied the method double Λ hypernucleus, 11Be
of α+α+n+Λ+Λ five-body problem to identify the state of HIDA event which was
ΛΛ within the framework
observed recently by emulsion experiment (KEK-E373).
2. Major Research Subjects
(1) Hypernuclear structure from the view point of few-body problem
(2) Ultra clod atom
(3) Baryon-baryon interaction based on lattice QCD
(4) Clustering structure for 12C and 16O
3. Summary of Research Activity
(1) The structure of the isodoublet hypernuclei , 10BΛ and 10BeΛ within the framework of an α+α+Λ+N four-body
cluster model is studied. The Λ binding energies of 10BΛ and 10BeΛ are 8.70 MeV and 8.94 MeV, respectively. The
energy splitting of 1- and 2- does not contradict with the observed data of BNL-E930.
(2) By the quenched lattice QCD simulation for two nucleons with finite scattering energy, validity of the derivative
expansion of the general nucleon-nucleon potential is studied. The leading-order potentials obtained at different energies (E
～0 MeV and 45 MeV) show no difference within statistical errors, which validated the local approximation of the potential
up to E=45 MeV for the central and tensor potentials.
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Theoretical Research Division
Mathematical Physics Laboratory
1. Abstract
The aim of mathematical physics laboratory is to apply mathematical scheme to resolve long-standing issues in various
subjects of physics. Mathematics, in particular that originates in superstring theory, has universal feature which is common
to wide range of physics. This covers elementary particle physics, hadron physics, nuclear physics, cosmology, general
relativity and condensed matter physics. We apply mathematical scheme such as superstring theory, D-branes, AdS/CFT
correspondence, solitons, statistical mechanics and integrable systems. Topics which the laboratory covers currently include
non-perturbative analysis of quantum chromo-dynamics, superstrings, and models beyond the standard model of particle
physics, and soliton physics.
2. Major Research Subjects
(1) Application of Superstring Theory
(2) Non-perturbative analyses of strongly-coupled gauge theories
(3) Physics of Black Holes and Cosmology
(4) Solitons physics
(5) Condensed matter theory
(6) Transport phenomena
3. Summary of Research Activity
Interplay between mathematics and physics is indispensable, as any physics law is described in terms of mathematics.
However, the present status of various theoretical physics does not fully appreciate the usefulness of mathematics, as each
topics goes into details and has less interaction with other subjects even nearby. We integrate various subjects of physics, by
applying recent development of mathematics and mathematical physics, to solve long-standing issues in physics. In
particular, mathematical methods in superstring theory has been developed and is mature enough to be applied to other
physics. We put efforts on the application as described below, in addition to some other mathematical techniques such as
numerical simulations, solitons and integrable systems.
(1) Application of superstring theory
AdS/CFT correspondence and nuclear physics
The renowned AdS/CFT correspondence, which was initiated in superstring theory, is a useful and powerful tool for
analyzing strongly-coupled gauge theories. This has been applied to QCD, the dynamics of quarks. We studied how this
powerful tool can have an impact on nuclear physics. We computed an effective action of multi-baryon systems, which
should serve as a basic quantum action for nuclear physics. This turned out to reproduce nicely nuclear forces and baryon
spectrum. In addition, three-body nuclear force was computed.
(2) Theoretical condensed matter theory
The AdS/CFT correspondence can be also applied to condensed matter physics, in particular strongly correlated electron
systems. Our application lead to, for example, an analysis of a non-perturbative Luttinger theorem. In addition, various
symmetry-based arguments can facilitate nontrivial universal consequences, including for example counting of
Nambu-Goldstone modes in the Lorentz-violating systems. We explored spin-singlet fractional quantum Hall states and also
ultrasoft modes in transport phenomena, and viscoelastic electromagnetism and Hall viscosity. Relativistic hydrodynamics
from projection operator method was studied.
(3) String phenomenology and cosmology
We have studied large-volume compactification scenario in string cosmology, in particular the moduli problem and the
baryogenesis. In addition, dark radiation and the dark matter problem are studied extensively. When the supersymmetry
breaking scale is high, we studied high-scale supersymmetry in the hybrid inflation scenario.
(4) Lattice QCD
So-called Aoki phase was studied, with staggered-Wilson fermion formulation at the strong coupling of QCD. QCD phase
diagram with 2-flavor QCD was also studied. Together with them, Strong-coupling analysis of parity-phase structure was
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Sub Nuclear System Research Division
Radiation Laboratory
1. Abstract
Nucleons, such as protons and neutrons, are a bound state of constituent quarks glued together with gluons. The detail
structure of nucleons, however, is not well understood yet. Especially the mechanism to build up the spin of proton, which is
1/2, is a major problem in physics of the strong force. The research goal of Radiation Laboratory is to solve this fundamental
question using the world first polarized-proton collider, realized at RHIC in Brookhaven National Laboratory (BNL) in USA.
RHIC stands for Relativistic Heavy Ion Collider, aiming also to create Quark Gluon Plasma, the state of Universe just after
the Big Bang. RIKEN-BNL Research Center (RBRC) directed by N. Samios carries our core team at BNL for those exciting
researches using the PHENIX detector. We have found that the proton spin carried by gluons is indeed small, which is a very
striking finding beyond our expectations. Recently we successfully identified W boson both in the electron/positron and
muon decay channel, with which we established the method to determine how much anti-quarks carry the proton spin. Other
than the activities at RHIC we are preparing new experiments at SPring-8, J-PARC and Fermilab to study the nature of
hadron. We are also performing technical developments such as novel ion sources, fine pitch pixel detectors and neutron
optical devices.
2. Major Research subjects
1) Spin physics with relativistic polarized-proton collisions at RHIC
2) Study of nuclear matter at high temperature and/or at high density
3) Technical developments on radiation detectors and accelerators
3. Summary of Research Activity
（1）
Experimental study of spin structure of proton using RHIC polarized proton collider
[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]
In order to understand the spin-structure of the proton, we are currently studying the contributions from gluon and
antiquark spin, and orbital angular motion of quarks and gluons to the nucleon. We have been measuring quark and
antiquark spin contributions to the proton with W bosons produced in polarized-proton collisions by observing decay
electrons in the central detector and decay muons in the forward detector of the RHIC-PHENIX experiment. The
majority of the data is expected to be taken in 2013-2015 for this program. To study orbital motion of quarks and gluons
in the proton, one of the key measurements is the Drell-Yan process (quark-antiquark annihilation) with polarized
beams and/or targets. We are considering to perform such measurements at RHIC by upgrading the PHENIX detector
with forward-going electron/positron and muon detection capability. As a pilot for the fixed-target experiment, some of
us are participating in the SeaQuest experiment using 120-GeV unpolarized protons at Fermilab. One of the goals of the
experiment is to measure the flavor asymmetry of the antiquark distributions in unexplored kinematic regions.
Furthermore, measurements of azimuthal distribution of muon pairs with respect to the transverse vector of virtual
photon allow us to study the orbital motion of quarks in the nucleon with unpolarized beam and target.
Experimental study of quark-gluon plasma using RHIC heavy ion collider
[See also RIKEN-BNL Research Center Experimental Group for the activities at BNL]
In Wako we are operating a cluster computer system specialized to analyze huge data sets taken with the PHENIX
detector. In the cluster, 380 jobs can run simultaneously reading out 380 TB of local data storage under a house-made
job control system. The system was used extensively to analyze the first PHENIX VTX detector data in RUN11 AuAu
and RUN12 200GeV pp to get the first physics results from the detector. The first results of VTX on heavy flavor
measurement were presented in Quark Matter 2012 conference. We also support students who are working on ALICE
heavy ion experiment at LHC.

（2）

（3）
Study of properties of mesons with domestic accelerators
Preparation of the experiment E16 at J-PARC Hadron Experimental Hall is underway with the Grant-in-Aid for
Scientific Research on Innovative Areas (MEXT, No. 21105004). The experiment aims to perform the systematic study
of the mass modification of low-mass vector mesons in nuclei to explore the chiral symmetry in nuclear matter, i.e. the
mechanism to create the mass of hadrons. The development of Gas Electron Multiplier (GEM) tracker using Ar/CO2
gas was completed. A detailed mechanical design for the installation is ongoing. Newly made preamp board for the
tracker using the APV25 chip (CERN-made ASIC for Si vertex readout) is tested and the chip is found to be applicable
to our purpose. The design of the production type board is started. For the Hadron-blind Cherenkov detector (HBD: CsI
coated GEM with CF4 gas radiator) we achieved the pion-rejection power of 99% with keeping the electron efficiency
of 70% as required for the experiment. This performance was observed with a small-size test GEM (10x10cm2)with
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smaller-size readout pad than the conventional one, so that the confirmation using the large size GEM(30x30cm2) is yet
to be done. Front-end electronics and trigger system is under development, by learning from the Belle-II experiment
and by collaborating with domestic groups in J-PARC and LEPS-2. The high-momentum beam line, where this
experiment will be performed, is finally approved for the construction and the funding is secured in KEK. The first
beam will be in JFY 2015. The spectrometer magnet construction is scheduled at the end of JFY 2014, and the detector
installation is expected at the middle of JFY 2015.
（4）
Detector development for PHENIX experiment
The silicon vertex tracker (VTX) which was installed in December 2010, has demonstrated excellent performance in
determining the track information around a collision point. We found, however, several ladders of silicon detectors
malfunctioned due to the electric contact problem. Since the summer 2011, we have been reworking on those ladders
and successfully fixed large fraction of them on time for the data taking in 2012. We have also completed the
momentum-sensitive trigger system for the PHENIX forward muon arms under the collaboration with KEK, Seoul
National University, Kyoto and Rikkyo University. The new trigger system has demonstrated a satisfactory
performance in taking data of polarized proton collisions at energy of 500GeV, providing the first sea-quark
polarization measurements via W-boson production at forward rapidity. The entire trigger upgrade project has been
completed by integration of newly-installed resistive plate chambers.
（5）
Neutron optics
Cold or thermal neutron beam is a high-sensitivity probe to study not only the structure of condensed matter, but also
fundamental physics. We have been successful in developing of an interferometer using multilayer mirrors, which is
useful to test quantum mechanics and other fundamental physics, and of differential phase imaging to see an internal
structure of a bulk materials. Based on these activities, Social Infrastructure Technology Development Program in
RIKEN Innovation Center has established a new program and RANS(Riken Accelerator-driven compact Neutron
Source) has been constructed at the K1 space in the RIBF building. This year thermal neutron imaging is successfully
observed, and fast neutron with the energy over 1 MeV has also been detected by new detector system with plastic
scintillators. This activity completed its development stage and will be transferred to Neutron beam technology team of
RIKEN Center for Advanced Photonics from the next fiscal year.
（6）
Development of beam source
Under the collaboration with BNL and KEK, we are developing two types of laser ion sources (LIS) to produce high
brightness versatile heavy-ion beams. The first is to provide highly charged high current beams. Using a sub
nano-second laser system, we induce fully stripped carbon beams and highly charged gold beams those will be used in
an induction based synchrotron in KEK. The second project is to supply singly charged very low emittance heavy ion
beams to NASA space radiation laboratory in BNL. The new source engages with an electron beam ion source and
covers wide variety of species to represent cosmic rays.
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Sub Nuclear System Research Division
Advanced Meson Science Laboratory
1. Abstract
Particles like muons, pions, and kaons have finite lifetimes, so they do not exist in natural nuclei or matters. Implanting
these particles into nuclei/matters, exotic phenomena in varieties of objects can be studied from a new point of view.
Kaon is the second lightest meson which has strange-quark as a constituent quark. It is expected that if one embed a kaon
into nuclei, the sizes of the nuclei become smaller and forms a high density object beyond the normal nuclear density.
Study of this object could lead to better understanding of the origin of the mass of the matter, and may reveal the quark
degree of freedom beyond the quark-confinement. Those properties can be studied by precise heavy pionic atom research
in different angle. The other example is the weak interaction in nuclear matter. It can only be studied by the weak decay
of hypernuclei, which have lambda particle in the nuclei.
Muon provides even wider variety of study ranging from particle physics to condensed matter and life sciences. For
instance, stopping positively charged muon in a material, we obtain information on the magnetic properties or the local field
at the trapped site. Injecting negatively charged muon to mixture of deuterium and tritium, muon attracts surrounding
atoms and trigger nuclear fusions between deuterium and tritium. Ultra-slow muon beam can be used for the material
surface studies and also as a source of ultra-cold muon beam for precise muon g-2 measurement.
As is already clear, in our research we introduce different kind of impurities into nuclei/matters, and study new states of
matter, new phenomena, or the object properties.
2. Major Research Subjects
(1) Study of meson property and interaction in nuclei
(2) Origin of matter mass / quark degree of freedom in nuclei
(3) Condensed matter and material studies with muon
(4) Nuclear and particle physics studies via muon catalyzed fusion and ultra cold muon beam
(5) Non-perturbative aspects of string theory
3. Summary of Research Activity
Hadron physics at J-PARC and RIKEN-RIBF
Kaon and pion will shed a new insight to the nuclear physics. The recent discovery of deeply bound pionic atom enables us
to investigate the properties of mesons in nuclear matter. At RIKEN-RIBF, we have carried out the first precise experimental
study of the pionic atom. We have prepared another next generation kaon experiments (E15, E17 and E31) at J-PARC and is
ready for the first physics run in 2013. In these experiments, we are aiming at precise determination of the KN interaction,
and clarify the nature of kaon in nuclei and Λ(1405). By these experiments, we aim to be a world-leading scientific research
group using these light meta-stable particles.

1) Deeply bound kaonic nuclei
We have performed experimental exploration of theoretically predicted deeply bound kaonic nuclear states in 3He nucleus
K-ppn and K-pnn. Akaishi and Yamazaki first calculated large binding energy and narrow width for the K-ppn state. One of
the most interesting features of the kaonic nucleus is that the strong attraction of the kaon is expected to contract the
surrounding nucleons resulting in extremely high density of several times larger than normal nuclear density. Measurement
of the kaon properties at such high energy density will provide precious information on the origin of hadron masses and the
chiral symmetry breaking and its partial restoration.
The experimental principle adopted uses stopped K- on suprefluid helium target, and we focus on emitted nucleon momenta
measurement by Time-of-Flight (TOF) method. The last orbit of kaonic 4He atom is 2p and the branching ratio from the last
orbit to the nuclear kaon bound state accompanied with a nucleon emission was estimated to be 1 % at minimum.
The exploration was performed from 2002/September till 2005/December as series of experiments at the KEK-PS (E471,
E549, E570) with almost common experimental setup. The obtained spectral shape was rather smooth and elaborate analysis
showed upper limit of the kaonic nucleus formation for both K-ppn and K-pnn states.
After the completion of above series of experiments, the KEK-PS was shut down to switch to a new facility J-PARC. At the
J-PARC, we are focusing on the experiment to search for the simplest kaonic nucleus, K-pp bound state, via in-flight (K-,n)
reaction on liquid 3He target (J-PARC E15). For this experiment, new experimental apparatus, new liquid 3He target, large
cylindrical detector system to detect/identify decay products of K-pp bound state and large volume neutron counter to
measure momenta of the emitted neutron on the reaction by TOF method. The first engineering run of data taking has been
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performed during year 2012. Now we are waiting first physics data taking which is planned in March 2013.
2) Deeply bound pionic atoms
We have made precision spectroscopy of pionic lead and tin atoms, and extracted information on the in-medium interaction
between pion and nucleus, which leads to the exclusive quantitative evaluation of the chiral symmetry restoration in the
nuclear matter.
Our collaboration which mainly consists of the RIKEN and the University of Tokyo group conducted throughout the
experiments starting from R&D of pionic atom formation in nuclear reactions to its application to the precision
spectroscopy.
The experiment was carried out in GSI, Darmstadt. Our first discovery was pionic 2p state in the lead 207 nucleus where the
negative pion is accommodated in a delicate balance between the Coulomb attraction and the strong repulsion.
Following the discovery, we have performed experiments to measure 1s pionic lead 205 and 115Sn, 119Sn and 123Sn isotopes.
We have analyzed the experimental spectra elaborately and extracted in-medium isovector interaction between pion and
nucleus. In combination with experimental information on the pionic hydrogen and deuterium which gives the interaction in
vacuum, we have accomplished evaluation of the in-medium interaction modification. The modification is originating in the
partial restoration of the chiral symmetry in the nucleus, and we have quantitatively evaluated for the first time the reduction
of the chiral order parameter in the nuclear matter to be 33 %, which is consistent with theoretical prediction of 30 %.
Presently, we have been preparing for a sophisticated experimental setup of the pionic atom spectroscopy at the RIBF in
RIKEN and recently successfully observed pionic 121Sn atom for the first time. We expect about twice better experimental
resolution with much smaller systematic errors.
3) Precision X-ray measurement of kaonic atom
Simultaneously with the above experiment (1), we have performed an X-ray spectroscopy of atomic 3d→2p transition of
negatively charged K mesons captured by helium atoms. Many kaonic atoms are known to be measured with various
elements, however, there are very large deviations in the measured energy levels for the helium (and the oxygen) from the
systematic expectations. The deviation originates in technical issues in old experiments, and new and high precision data
have been long awaited for. Also, wave functions of the kaonic atoms are expected to reflect the information on the
existence of the inner structure, namely deeply bound kaonic states. As a result of the experiment, we have succeeded in
performing the spectroscopy and achieved the shift of 2±2(stat.) ±2(syst.) eV. The obtained results reject older data
without any doubt, and the above deviation is dissolved. Presently, aiming at the determination of the level width and yield,
we are analyzing the data. To clarify the KN interaction strength, we are preparing another x-ray measurement of the kaonic
helium-3 atom, which is another day-one experiment at J-PARC.
Muon science at RIKEN-RAL branch
The research area ranges over particle physics to condensed matter studies and life science. Our core activities are based on
the RIKEN-RAL Muon Facility located at the Rutherford Appleton Laboratory (UK), which provides intense pulsed-muon
beam. We have variety of important research activities such as muon-catalyzed fusion (CF) and condensed matter physics
by muon spin rotation / relaxation / resonance (SR).
(A) Condensed matter/materials studies with SR
An new international collaboration with Universiti Sains Malaysia (USM) on the muon science has been established on Nov.
1st in 2012 in order to enhance the scientific activity on the muon-site estimation. The main purpose of this collaboration is
to study muon sites in materials and hyperfine interactions at the muon sites. The RIKEN side will provide SR
experimental data which have been obtained at the RIKEN-RAL Muon Facility (RIKEN-RAL) and the USM side will act
on theoretical and computational analysis by using those data. For speedy and effective progress of the collaboration
activities, RIKEN also provides the computation atmosphere by using the RIKEN Integrated Cluster of Clusters (RICC).
The construction of a general program with user friendly front-end functions is being discussed to estimate the muon site.
Such a program is important for general researchers to enhance the understanding of their experimental results by using the
SR technique.
In 2012, some important scientific achievements for the material science have been obtained at the RIKEN-RAL on the
basis of SR collaborations as follows.
1) A magnetically ordered state has been confirmed in the pyrochlore iridate, Nd2Ir2O7 just below the metal-insulator
transition. This observation proves an important role of a hybridized state between Ir 5d and O 2p electrons for the
electro-magnetic state of the pyrochlore iridate.
2) The Li and Na diffusion behavior in candidate materials for the next generation of the battery have been investigated.
Diffusion constants of both atoms were quantitatively determined. This result has given a new scheme of the atomic
diffusion of the battery material which is important to design new materials which have higher performance as battery
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materials.
3) The electron diffusion in some organic solar-cell materials has been probed by using the SR technique. The
dimensionality of the diffusion behavior has been clarified to be changed from the 3D- to 1D-like motion. The hopping
frequency has been numerically obtained.
(B) Nuclear and particle physics studies via muon catalyzed fusion and ultra-cold muon beam
1) Muon catalyzed fusion (CF)
We are studying the muon catalyzed fusion (CF) processes in a wide range of hydrogen target conditions such as isotope
mixture, temperature, density and phase. We are continuing the study of the new high pressure and high density solid D 2
target system. Now we have confirmed the formation of solid D 2 at 33.6 K and 790 bar.
2) Generation of ultra-slow positive muon beam
Low energy muon beam, whose kinetic energy is variable from a few keV to a few tens of keV, will be useful for SR as
well as for the source of a very sharp beam for precision measurement of muon's anomalous gyro-magnetic ratio (g-2).
Progresses were made in several key techniques to produce low energy muons. We almost finished the analysis of the
muonium emission measurement from material surface of several silica aerogel samples done at TRIUMF. Based on that
information, we are planning schemes to increase the muonium emission rate. A new laser system is developed at RIKEN
Wako campus to increase the laser intensity and the ionization efficiency by 100 times. First Lyman-alpha was generated in
February 2013. Further study to increase and stabilize the laser power is in progress.
Theoretical Researches
1) Non-perturbative aspects of string theory
One of the most promising approach toward the understanding of the non-perturbative aspects of string theory is that
through matrix models. We have found a new dynamics in one of those matrix models. We have shown that one of matrix
models which related to non-critical string theory with the central charge one exhibits a novel critical behavior through the
phenomenon stems from the very quantum nature of the system, the tunneling phenomenon. We have pointed out that if the
potential of the model is set properly, there should occur certain tunneling called resonant tunneling put the system to certain
singular behavior, before the system reached the well-known criticality, where the Fermi surface reached the ridge of the
potential valley. The precise nature of this novel critical behavior is yet to be uncovered but this phenomenon will likely to
shed lights on non-perturbative aspects of string theory through its matrix model dynamics.
2) Physics of Quantum Hall system
We have investigated the interlayer phase coherence and the Josephson currents in the bilayer quantum Hall system based
on the noncommutative geometrical approach. We have demonstrated that the Josephson inplane current
provokes anomalous behaviors in the Hall resistance in counterflow and drag experiments. Furthermore, we investigate the
condition on the input current for the tunneling current to be coherent and dissipationless. Our results explain quite well the
experimental report on the input current due to the von Klitzing group. We have predicted also how the condition changes
when the sample is tilted in the magnetic field.
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Sub Nuclear System Research Division
RIKEN-BNL Research Center
1. Abstract
The RIKEN BNL Research Center was established in April 1997 at Brookhaven National Laboratory. The Center is
dedicated to the study of strong interactions, including spin physics, lattice QCD and RHIC physics through the nurturing of
a new generation of young physicists. The Center has three research groups: Theory Group led by L. McLerran,
Experimental Group led by Y. Akiba, and Computing Group led by T. Izubuchi. In addition to the strong research program
in these three groups, we have a joint-fellowship program with other Universities. The fellowship program enables a
talented researcher to maintain a tenure track position at his/her university as well as a Fellow position at RBRC for a
certain period of time.
2. Major Research Subjects
Major research subjects of the theory group are
(1) Perturbative QCD
(2) Phenomenological QCD
Major research subject of the experimental group are
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) PHENIX detector upgrades
Major research subject of the computing group is
(1)Lattice QCD numerical research
3. Summary of Research Activity
Summary of Research Activities of the three groups of the Center are given in the sections of each group.
Director
Nicholas P. SAMIOS (Ph.D)
Administrative Staff / RIKEN Japan
Shigeki ASAKAWA (Administration Manager, Accelerator-based Research Promotion Section)
Kazunori MABUCHI (Deputy Administration Manager, RBRC)
Keiko SUZUKI (Japan)
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Sub Nuclear System Research Division
RIKEN-BNL Research Center
Theory Group
1. Abstract
The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven National Laboratory in New
York, USA. The Center is dedicated to study of strong interactions, including hard QCD/spin physics, lattice QCD and
RHIC physics through nurturing of a new generation of young physicists. The Theory Group activities are closely and
intimately related to those of the Nuclear Theory, High Energy Theory and Lattice Gauge Theory Groups at BNL. The
RBRC theory group carries out research in three areas: numerical lattice QCD, perturbative QCD and phenomenological
QCD. It pioneered the use of the domain-wall fermion method in lattice QCD and has investigated various aspects of
hadron physics including the calculation of neutral Kaon CP-violations that is relevant for checking the
Cabibbo-Kobayashi-Maskawa theory. The perturbative QCD effort has developed various new methods required for
studying hadron structures, especially in spin physics research. The group has pioneered phenomenological QCD researches
of color superconductivity, isospin density, and small-x phenomena in extreme hadronic matters.
2. Major Research Subjects
(1) Perturbative QCD
(2) Phenomenological QCD
(3) Lattice QCD numerical research (From 2011, also at RBRC’s Computing group)
3. Summary of Research Activity
The RIKENBNL Research Center (RBRC) was established in 1997 to support the RIKEN activities at RHIC in BNL, and
also to promote theoretical studies related to RHIC, i.e. theories of strong interaction. The center’s first director was T. D.
Lee (Columbia University), and in October 2003, the former director of BNL, N. P. Samios, succeeded to the post of
director. H. En'yo, Chief scientist of RIKEN in Wako, is also associate director of RBRC. The center consists of a theory
group lead by L. Mclerran (BNL), an experimental group lead by Y. Akiba of RIKEN, currently resident at BNL, and a
computing group lead by T. Izubuchi (BNL&RBRC).
Research in the RBRC theory group focuses on a wide variety of phenomena caused by the strong interaction, one of the
four fundamental interactions in nature. The strong interaction is described theoretically by Quantum Chromodynamics
(QCD), and the research projects in the RBRC theory group aim to elucidate various phenomena brought about by the
strong interaction from the principles of QCD. Major subjects of our research include studies (a) based on lattice QCD, (b)
on spin physics based on perturbative QCD, and (c) on QCD in extreme conditions such as high temperature, high density
or high energy. RBRC offers RHIC Physics Fellowships, allowing joint appointments with universities. These Fellowships
enable a talented researcher to maintain a tenure track position at his/her university as well as a Fellow position at RBRC for
a certain period of time. This system was established in order to increase the research potential of RBRC and to disseminate
its research activities and results.
At present, RBRC has cooperative agreements with Arizona State University, the City University of New York,
University of Connecticut, Pennsylvania State University, the State University of New York at Stony Brook, Texas A&M
University, as well as with BNL and with Lawrence Berkeley National Laboratory.
(1) Perturbative QCD and spin physics
The ongoing RHIC spin experiments have motivated much of the parallel theoretical developments at RBRC. In the
area of transverse spin physics, novel predictions have been obtained for the single transverse-spin asymmetry in open
charm production in pp collisions at RHIC. This asymmetry probes three gluon correlations in polarized proton. In
addition, radiative QCD corrections to single-spin observables were investigated, providing the relevant evolution equations.
Further work focused on hyperon production at RHIC, and on azimuthal asymmetries in the Drell-Yan process.
In the spin and perturbative QCD program, a major contribution from the hadronization process to the single transverse spin
asymmetry in inclusive hadron production was obtained, which is likely to explain the recent experimental anomaly
between the eta and pi mesons. In addition, the evolution and the universality properties of the so-called naive
time-reversal odd fragmentation function has been obtained. Other work includes the investigation of the universality
properties of the unintegrated gluon distribution a small x .
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(2) Phenomenological QCD -- QCD under extreme conditions -To establish a detailed picture of relativistic heavy ion collisions, QCD-based theoretical approaches are in progress.
Especially the idea of “color glass condensation (CGC)” can be a key to understand the initial condition of the heavy ion
collision. Other phenomenological approaches are in progress to understand the characteristics of strongly interacting
quark gluon plasma. A recent effort has been initiated to understand heavy ion elliptic flow in term s of viscous
hydrodynamics. A new finite temperature effective field theory is being developed for the strongly interacting quark gluon
plasma to explain the suppression of sheer viscosity in the region of the phase transition.
Efforts on RHIC phenomenology proceed on a broad front. Recent efforts include improving hydrodynamic
computations using state of the art equations of state derived from lattice gauge theory. Understanding the nature of matter
at high baryon number density has generated the idea of Quarkyonic Matter, that may have implications for an upcoming
low energy run at RHIC and eventual experiments in the future at FAIR and NICA. An issue being studied is the nature of
mass generation and the breaking of translational invariance. A central focus of work at RBRC, the Color Glass
Condensate and the Glasma, matter that controls the high energy limit of QCD, is being realized in experiments at RHIC.
A workshop held in May 2010 summarized activity in this field, and proceedings will come out as a special edition of
Nuclear Physics A. Much activity focuses on the relation between observations at LHC and the implications made at
RHIC.
Group Leader
Larry McLERRAN
Deputy Group Leader
Robert PISARSKI
Members
Derek TEANEY *2
Adrian DUMITRU *2
Cecilia LUNARDINI *2
Anna STASTO *2
Jinfeng LIAO *2
Fedor BEZRUKOV *2
Ho-Ung YEE *2
Zhongbo KANG *3
Adam BZDAK *3
Shu Lin *3(RIKEN FPR)
Koji KASHIWA *4
Visiting Members
Miklos GYULASSY (Columbia Univ., USA)
Robert L. JAFFE (Massachusetts Inst. Technol., USA)
Edward SHURYAK (State Univ. New York, Stony Brook, USA)
Testufumi HIRANO (U. Tokyo)
Feng YUAN (LBNL)
Secretarial Staff
Kerry KIRCHHOFF (Secretary to Director N. P. Samios)
Pamela ESPOSITO (Theory and Computing Group Secretary)
Taeko ITO (Experimental Group Secretary and Assistant to Account Manager for
Administration)
*1 RIKEN BNL Fellow *2 RHIC Physics Fellow,
*3 Research Associate, *4 Special Postdoctoral Researcher, *5 RHIC visiting
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Sub Nuclear System Research Division
RIKEN BNL Research Center
Computing Group
1. Abstract
The Computing Group at the RIKEN BNL Research Center (RBRC) was split from the Theory Group at the RBRC in
October 2011.
The main mission of the group is to provide important numerical information that is indispensable for theoretical
interpretation of experimental data using the theories of particle and nuclear physics. Their primary area of research is
lattice quantum chromodynamics (QCD), in which the strong interactions between quarks and gluons are simulated
from first principles on large-scale computers.
A unique feature of their studies is the use of quark fields on lattices with chiral symmetry, called domain-wall quarks,
which has been extensively developed in the RBRC since 1996. The Computing Group has strong ties to the High
Energy Theory, Nuclear Theory, and Lattice Gauge Theory Groups at BNL as well as with theory groups at other US
universities such as Columbia University and the University of Connecticut. As part of their activities, they form one of
the largest lattice QCD collaborations, the RIKEN BNL Columbia (RBC) Collaboration, which began in 2000 and was
extended in 2005 to include another active collaboration, the UKQCD collaboration, based primarily at the University
of Edinburgh and the University of Southampton.
2. Major Research Subjects
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics, especially in the
framework of the Cabibbo–Kobayashi–Maskawa (CKM)
(2) Dynamics of QCD and related theories
(3) Theoretical and algorithmic development for lattice field theories
3.

Summary of Research Activity
In 2011, QCD with Chiral Quarks (QCDCQ), a third-generation lattice QCD computer that is a pre-commercial version
of IBM’s Blue Gene/Q, was installed as an in-house computing resource at the RBRC. The computer was developed by
a collaboration among RBRC, Columbia University, the University of Edinburgh, and IBM. Two racks of QCDCQ
having a peak computing power of 2 × 200 TFLOPS are in operation at the RBRC. In addition to the RBRC machine,
one rack of QCDCQ is owned by BNL for wider use for scientific computing. In 2013, 1/2 rack of Blue Gene/Q is also
installed by US-wide lattice QCD collaboration, USQCD. The group has also used the IBM Blue Gene supercomputers
located at Argonne National Laboratory and BNL (NY Blue), and the cluster computers at RIKEN (Japan), Fermi
National Accelerator Laboratory , the Jefferson Lab, and others.
Such computing power enables the group to perform precise calculations using up, down, and strange quark flavors
with proper handling of the important symmetry, called chiral symmetry, that quarks have. Several projects are
ongoing: flavor physics in the framework of the CKM theory for kaons and B mesons; the electromagnetic properties of
hadrons; hadronic contributions to the muon’s anomalous magnetic moment; the proton’s and neutron’s electric dipole
moments; proton decay; nucleon form factors, which are related to the proton spin problem; and QCD thermodynamics
in finite temperature/density systems such as those produced in heavy-ion collisions at the Relativistic Heavy Ion
Collider. Major breakthroughs on important problems such as the direct CP violation process (K  , / ) will be
attempted using this computer.

Group Leader
Taku IZUBUCHI *1
Members
Tomomi ISHIKAWA *1
Brian TIBURZI *2
Eigo SHINTANI *3
Christoph LEHNER *3(RIKEN FPR)
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Visiting Members
Yasumichi AOKI (Nagoya Univ.)
Robert MAWHINNEY (Columbia Univ., USA)
Shigemi OHTA (KEK)
Thomas BLUM (University of Connecticut)
Chulwoo JUNG (BNL)
Meifeng LIN (Yale Univ.)
Yusuke TANIGUCHI (Tsukuba Univ.)
Takeshi YAMAZAKI (Nagoya Univ.)
Secretarial Staff
Kerry KIRCHHOFF (Secretary to Director N. P. SAMIOS)
Pamela ESPOSITO (Theory and Computing Group Secretary)
Taeko ITO (Experimental Group Secretary and Assistant to Account Manager for Administration))
*1 RIKEN BNL Fellow *2 RHIC Physics Fellow,
*3 Research Associate, *4 Special Postdoctoral Researcher,
*5 RHIC visiting Fellow
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Sub Nuclear System Research Division
RIKEN-BNL Research Center
Experimental Group
1. Abstract
RIKEN BNL Research Center (RBRC) Experimental Group studies the strong interactions (QCD) using RHIC accelerator
at Brookhaven National Laboratory, the world first heavy ion collider and polarized p+p collider. We have three major
activities: Spin Physics at RHIC, Heavy ion physics at RHIC, and detector upgrades of PHENIX experiment at RHIC.
We study the spin structure of the proton using the polarized proton-proton collisions at RHIC. This program has been
promoted by RIKEN’s leadership. The first focus of the research is to measure the gluon spin contribution to the proton spin.
Our recent data analysis has shown that the proton spin carried by the gluons is small, which is a very striking finding
beyond our expectations.
The aim of Heavy ion physics at RHIC is to re-create Quark Gluon Plasma (QGP), the state of Universe just after the Big
Bang. Two important discoveries, jet quenching effect and strong elliptic flows, have established that new state of dense
matter is indeed produced in heavy ion collisions at RHIC. We are proceeding to understand the nature of the matter.
Recently, we have measured direct photons in Au+Au collisions for 1<pT<3 GeV/c , where thermal radiation from hot QGP
is expected to dominate. The comparison between the data and theory calculations indicates that the initial temperature of
300 MeV to 600 MeV is achieved. These values are well above the transition temperature to QGP, which is calculated to be
approximately 170 MeV by lattice QCD calculations.
We has major roles in detector upgrades of PHENIX experiment, namely, the silicon vertex tracker (VTX) and muon
trigger upgrades. Both of these two upgrade projects have been completed recently and we took the first data using the
upgrade detectors.
2. Major Research Subjects
(1) Experimental Studies of the Spin Structure of the Nucleon
(2) Study of Quark-Gluon Plasma at RHIC
(3) PHENIX detector upgrades
3. Summary of Research Activity
The RIKEN-BNL Research Center was established in 1997 to support the RIKEN activities at RHIC in BNL, and also
to promote theoretical studies related to RHIC, i.e. theories of strong interaction. The center’s first director was T. D. Lee
(Columbia University), and in October 2003, the former director of BNL, N.P. Samios, succeeded to the post of the director.
The center consists of a theory group lead by L. McLerran, a computing group lead by T. Izubuchi, and an experimental
group lead by Y. Akiba, a vice chief scientist of RIKEN in Wako.
We study the strong interactions (QCD) using the RHIC accelerator at Brookhaven National Laboratory, the world first
heavy ion collider and polarized p+p collider. We have three major activities: Spin Physics at RHIC, Heavy ion physics at
RHIC, and detector upgrades of PHENIX experiment.
(1) Experimental study of spin structure of proton using RHIC polarized proton collider
How is the spin of proton formed with 3 quarks and gluons? This is a very fundamental question in Quantum
Chromodynamics (QCD), the theory of the strong nuclear forces. The RHIC Spin Project has been established as an
international collaboration between RIKEN and Brookhaven National Laboratory (BNL) to solve this problem by colliding
two polarized protons for the first time in history. This project also has extended the physics capabilities of RHIC.
The first goal of the RHIC spin physics program is to elucidate a contribution of the gluon spin in the proton spin. We
have measured double-helicity asymmetries of neutral pions to study gluon polarization in proton. Our most recent
publication from 2006 run have shown that the gluon polarization in the proton is small, and only about half of proton spin
can be accounted by gluon spin in the measured region of gluon momentum in proton. The remaining part must be carried
by gluons in lower momentum region where the measurement is not sensitive, and/or reside in the orbital-angular
momentum of quarks and gluons.
To finalize the smallness of the gluon-spin contribution, we need to measure double helicitiy asymmetry in direct photon
production. This process is dominated by a single and the simplest process, gluon Compton scattering, in perturbative QCD,
and is the golden channel to determine the gluon density and the gluon polarization in the proton. We published a paper on
direct photon cross section in p+p collisions at RHIC. Preliminary results on double-helicity asymmetry of direct photon
from the 2006 run have been obtained.
We have also accumulating transversely-polarized proton collision data to measure single transverse-spin asymmetries of
processes which are predicted to be sensitive to the orbital-angular momentum of quarks and gluons. In 2006, 2008, and
2012 PHENIX recorded 2.7/pb, 4.5/pb, and 9.2/pb respectively, of transversely-polarized proton collisions data at 200 GeV
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to investigate single transverse-spin asymmetries. Several transverse spin analyses of these high statistics data are on going.
The 2009 run of RHIC is a major spin run. We had the first 500 GeV p+p run and a long p+p run at 200 GeV. The main
purpose of the 500 GeV run is to measure anit-quark polarization from the single longitudinal asymmetry A L in the W boson
production. Approximately 14/pb of data were recorded in PHENIX in the 5 weeks of 500 GeV data taking period. From
this data we have observed the first signal of We decays in p+p collisions in PHENIX central arm. We measured the
production cross section of the W boson and a large spin asymmetry A L in the W production. These results have been
recently published in Physical Review Letters.
We have the second 500 GeV polarized p+p run in 2011. New steel absorber and new muon trigger system have been
installed in PHENIX before the run to improve our capability to measure muons from the W decays. Approximately 25/pb
of data were recorded during the run. Recently we had preliminary results of single spin asymmetry AL of W in the 2011
run.
In addition to the study of polarized p+p collisions at RHIC, we study quark fragmentation function. With collaboration
with the BELLE experiment at High Energy Accelerator Research Organization (KEK), we discovered that the spin
direction of a quark can be determined from its hadronic fragments. Precise data of the quark fragmentation function can be
used to understand the cross sections and the spin dependences of particle production in polarized p+p collisions at RHIC.
We continue the study of the quark fragmentation function at BELLE.
(2) Experimental study of Quark-Gluon Plasma using RHIC heavy-ion collider
The goal of high energy heavy ion physics at RHIC is study of QCD in extreme conditions i.e. at very high temperature and
at very high energy density. Experimental results from RHIC have established that dense partonic matter is formed in
Au+Au collisions at RHIC. The matter is very dense and opaque, and it has almost no viscosity and behaves like a perfect
fluid. These conclusions are primarily based on the following two discoveries:
 Strong suppression of high transverse momentum hadrons in central Au+Au collisions (jet quenching)
 Strong elliptic flow
The focus of the research in heavy ion physics at RHIC is now to investigate the properties of the matter. RBRC have
played the leading roles in some of the most important results from PHENIX in the study of the matter properties. These
include (1) measurements of heavy quark production from the single electrons from heavy flavor decay (2) measurements of
J/y production (3) measurements of di-electron continuum and (4) measurements of direct photons.
The most important recent result is the measurement of direct photons for 1<pT<5 GeV/c in p+p and Au+Au through their
internal conversion to e+e- pairs. If the dense partonic matter formed at RHIC is thermalized, it should emit thermal photons.
Observation of thermal photon is direct evidence of early thermalization, and we can determine the initial temperature of the
matter. It is predicted that thermal photons from QGP phase is the dominant source of direct photons for 1<pT<3 GeV/c at
the RHIC energy. We measured the direct photon in this pT region from measurements of quasi-real virtual photons that
decays into low-mass e+e- pairs. Strong enhancement of direct photon yield in Au+Au over the scaled p+p data has been
observed. Several hydrodynamical models can reproduce the central Au+A data within a factor of two. These models
assume formation of a hot system with initial temperature of Tinit = 300 MeV to 600 MeV. This is the first measurement of
initial temperature of quark gluon plasma formed at RHIC. These results are recently published in Physical Review Letters.
Y. Akiba received 2011 Nishina Memorial Prize for this work.
Recently, we have constructed and installed a silicon vertex tracker VTX as written in the next section. Measurements of
heavy quark production in p+p and A+A collisions using the new detector is the main focus of the group in the coming years.
First VTX data is obtained in 2011 Au+Au run. More data in p+p, Cu+Au and U+U were obtained in 2012 run. We are
working on the analysis of these data sets.
(3) PHENIX detector upgrade
The group has major roles in several PHENIX detector upgrades, namely, the silicon vertex tracker (VTX) and muon trigger
upgrades.
VTX is 4 layers of silicon tracker, jointly funded by RIKEN and the US DOE. The inner two layers are silicon pixel
detectors and the outer two layers are silicon strip detectors. The detector has been completed in November 2010 and has
been installed in PHENIX IR. With this new detector we can measure heavy quark (charm and bottom) production in p+p
and heavy ion collisions. We took the first data with the new detector in 2011.
Muon trigger upgrades are needed for W mu measurement at 500 GeV. New trigger electronics (Muon Trigger FEE)
have been installed in the muon arms. New muon trigger detectors based on RPC technology have been also installed. With
these new trigger-systems, we started measuring the W production in forward and backward direction in 2011 and recorded
approximately 25/pb of polarized p+p collision data. Approximately twice of the data was obtained in 2012 run.
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Group Leader
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*3 Research Associate, *4 Special Postdoctoral Researcher,
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RIBF Research Division
Radioactive Isotope Physics Laboratory
1. Abstract
This laboratory explores exotic nuclear structures and dynamics in exotic nuclei that have never been investigated before,
such as those with highly unbalanced proton and neutron numbers. Our aim is to discover new phenomena and properties in
exotic nuclei by developing new experimental techniques using fast radioisotope beams. Another important subject is the
equation of state (EOS) in asymmetric nuclear matter and its association with the origin of elements and with neutron stars.
For instance, we are attempting to better understand the underlying mechanism for exotic stability enhancements of very
neutron-rich fluorine isotopes, the large deformation of the nucleus of Mg-34 with N = 22 despite its closeness to the N = 20
magic neutron number, and anomalous collectivity in 16C. We are further extending these studies to medium- and
heavy-mass regions by developing facilities, detectors, and unique methods at the Radioisotope Beam Factory (RIBF),
thereby leading the challenging task of finding new exotic phenomena.
2. Major Research Subjects
(1) Study of structure and dynamics of exotic nuclei through development of new tools in terms of reaction- and
technique-based methodology
(2) Research on EOS in asymmetric nuclear matter via heavy-ion-induced reactions
(3) Detector development for spectroscopy and reaction studies
3. Summary of Research Activity
(1) Missing mass method
The missing mass technique is promising for programs at the RIBF. Detection of recoil particles from a target is essential in
determining the excitation energy of particle unbound states assuming no particle and gamma decay processes, and also
obtaining the transfer angular momentum from the angular distribution measurement. We developed a solid hydrogen target
as well as a detector system called ESPRI for proton (in)elastic scattering. In 2010, the first missing mass spectroscopy was
performed at the RIBF, where the state-of-art detector MUST2 was solicited from France to investigate the matter
distributions and unbound excited states of 24O and its neighboring nuclei via proton elastic and inelastic scattering. The
data are now being analyzed.
At the RIPS facility, a missing mass program under the PKU-RIKEN collaboration was conducted in 2009. In this program,
the (p,p alpha) reaction was employed to investigate molecular structure in 6He and 8He, as well as the 7H structure.
(2) In-beam gamma spectroscopy
In the medium- and heavy-mass region explored at the RIBF, the collective natures of nuclei are an important subject; they
are obtained through the production and observation of high-excitation and high-spin states. To populate these states,
heavy-ion-induced reactions such as fragmentation and fission are useful. To date, we have developed a two-step
fragmentation technique as an efficient method of identifying and populating excited states, and lifetime measurements to
deduce the transition strength. At the end of 2008, the first spectroscopy on the nuclei island-of-inversion region was
performed, and the resulting data for the first excited state in 32Ne were published in PRL in 2009. At the end of 2009, the
second in-beam gamma spectroscopy campaign was organized, and backgrounds originating from atomic processes in
heavy targets were investigated. At the end of 2010, the island-of-inversion region was revisited, and the region at N = 28
was also investigated. A multitude of data were obtained via the inelastic, nucleon knock-out, and fragmentation channels.
In 2011, preliminary results obtained from the 2010 data were presented at the ARIS11 conference. In October and
November, in-beam gamma spectroscopy for a 78Ni region and the vicinity of 132Sn was conducted. In 2012, Coulomb
excitation of 104Sn was conducted, and excited states in 53Ca and 54Ca were observed.
(3) Decay spectroscopy
Beta and isomer spectroscopy are among the most efficient methods of studying nuclear structure, especially at non-yrast
levels. We accumulated experimental techniques at the RIPS facility to investigate nuclear structure in the light-mass region
via beta–gamma and beta–p coincidence. Concerning the medium- and heavy-mass region available at the RIBF, we
developed two position-sensitive active stoppers to achieve low background via position correlation: strip-silicon detectors
and a cylindrical active stopper called CAITEN. At the end of 2009, the first decay spectroscopy on neutron-rich nuclei with
A ~ 100 was performed at the new RIBF facility. The half-lives of 18 neutron-rich nuclei were determined for the first time,
and the results were published in PRL, where we discussed them in comparison with theoretical predictions as well as in
terms of the r-process path. The 2009 data set produced two more letters on a new deformed magic number, N = 64, in the
Zr isotopes (PRL) and development of axial symmetry in 110Mo (PLB). At the same time, the CAITEN detector was
successfully tested with fragments produced with a 48Ca beam.
To further promote decay spectroscopy, the EUroball-RIKEN Cluster Array (EURICA) collaboration has begun. A few
workshops were organized to discuss physics cases. Under the EU-RIKEN collaboration, 12 Euro Cluster Arrays have been
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installed at the RIBF. At the end of March 2012, the EURICA was commissioned and found to have the expected
performances. Since June 2012, the EURICA setup has produced a multitude of data at the RIBF. In 2013, the EURICA
setup was strengthened by the addition of Surry and Brighton LaBr3 detectors solicited to measure the lifetime of excited
states.
(4) Equation of state via heavy-ion central collisions
The EOS in asymmetric nuclear matter is a major subject in the physics of exotic nuclei. Concerning RIBF programs, a
detector for pions produced in heavy-ion collisions is being tested at the HIMAC. A time projection chamber (TPC) for the
SAMURAI spectrometer (SAMURAI-TPC) is being constructed under a collaboration with MSU and will be installed in
2014. The first EOS experiment is scheduled for fall of 2014.
(5) Nucleon correlations and cluster states in exotic nuclei
Nucleon correlations and cluster in nuclei are the central focus in a “beyond mean-field” picture. The relevant programs
with in-beam gamma and invariant-mass techniques will depict nucleon condensations and correlations in nuclear media as
a function of the density and temperature. Neutron halos and skin nuclei are laboratories for examining dilute neutron matter
at the surface. By changing the excitation energies in neutron-rich nuclei, clustering phenomena and the role of neutrons
will be investigated. In spring 2013, cluster states in 16C have been sought via inelastic alpha scattering at the SAMURAI
spectrometer, and benchmark data on the proton–neutron correlation in 12C have been obtained via nucleon knock-out
reactions with a C target.
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RIBF Research Division
Spin isospin Laboratory
1. Abstract
A nucleus is a finite-body quantum system of hadrons and is a self-organizing system governed by the strong interaction.
How do "variety" and "regularity" develop and coexist in the nuclear world? We are aiming at clarifying its mechanism
through experimental studies of radio-active nuclei produced at the RI Beam Factory.
In particular, the Spin-Isospin Laboratory pursues research activities putting focus on interplay of spin and isospin which are
manifestations of symmetry of nature.
We are, at present, performing experiments with spin-polarized protons to solve the magicity-loss problem appearing far
from the beta-stability line.
2. Major Research Subjects
(1) Experimental studies of radioactive nuclei via direct reactions
(2) Search for undiscovered states through RI-beam induced reactions
(3) Production of spin-polarized nuclei
(4) Study of nucleo-systhesis with heavy-ion storage ring
3. Summary of Research Activity
(1) Experimental studies of radioactive nuclei via direct reactions
Direct reactions induced by light-ions serve as powerful spectroscopic tools to investigate various aspects of nuclei. We
are advancing experimental programs with the light-ion induced reactions with RI-beams in inverse kinematics, by
developing new detector systems and advanced target systems. Spin asymmetry measurements for the proton elastic
scattering from neutron-rich 6,8He nuclei were performed at 71 MeV/u with a spin-polarized solid proton target. Results of
the experiment indicate drastic weakening of the spin-orbit coupling in 6,8He. In 2011, a missing-mass technique was
brought into the (p,n) reaction studies in the inverse-kinematics with a newly-developed neutron detector array WINDS. The
first experiment for 12Be at 200 MeV/u was highly successful and provided us with rich information on Gamow-Teller
strength in the nucleus.
(2) Search for yet-to-be-discovered states through RI-beam induced reactions
RI-beam induced charge exchange reactions have unique properties which are missing in stable-beam induced reactions
and can be used to reach yet-to-be-discovered states. The capabilities of RI-beam induced charge exchange reactions are
based on availabilities of
・ A variety of selectivities in transferred quantum numbers, ΔS, ΔT, ΔTz, ΔL etc, and
・ Kinematical conditions which can not be reached via the stable-beam induced reactions.
Several experiments have been done or are planned with the SHARAQ spectrometer at RIBF. In 2009, the first (t, 3He)
experiment with the SHARAQ spectrometer was performed for 90Zr and 208Pb targets and the results clearly shows a bump
structure identified to be β+-type isovector spin monopole resonances. A series of experiments to search for other isovector
monopole resonances were conducted in 2010.
(3) Production of spin-polarized nuclei
A spin-polarized solid proton target is developed for use in RI-beam experiments. The polarization principle based on
electron spin alignment in photo-excited triplet states in aromatic molecule enables the target operation in a low magnetic
field of 0.1 T, which makes the polarized target unique for use in RI-beam experiments.
(4) Study of nucleo-systhesis with heavy-ion storage ring
The r-process of nucleo-synthesis is essentially important in accounting abundances of elements heavier than iron. Despite
of its importance, not so much is known about the r-process. Determination of masses of neutron-rich nuclei with mass
numbers of 60 or higher is crucial in pinning down the r-process path, which in turn lead us to a deeper understanding of the
nucleo-sythesis. A new isochronous storage ring, called “Rare RI ring” is planned to be constructed to determine masses of
very rare isotopes with a precision of Δm/m =10-6.
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RIBF Research Division
Superheavy Element Laboratory
1. Abstract
The elements with their atomic number Z>103 are called as trans-actinide or superheavy elements. The chemical
properties of those elements have not yet been studied in detail. Those elements does not exist in nature therefore, they
must be produced artificially for scientific studies. In our laboratory, we have been studying the physical and chemical
properties of the superheavy elements utilizing the accelerators in RIKEN and various methods of efficient production for
the superheavy elements.
2. Major Research Subjects
(1) Search for new superheavy elements
(2) Decay spectroscopy of the heaviest nuclei
(3) Study of the chemical properties of the heaviest elements
(4) Study of the reaction mechanism of the fusion process
(5) Development and maintenance of devices related to study of the superheavy elements
3. Summary of Research Activity
(1) Searching for new elements
To expand the periodic table of elements and the nuclear chart, we will search for new elements.
(2) Spectroscopic study of the nucleus of heavy elements
Using the high sensitivity system for detecting the heaviest element, we plan to perform a spectroscopic study of nuclei
of the heavy elements.
(3) Chemistry of superheavy elements
Study of chemistry of the trans-actinide (superheavy element) has just started world-wide, making it a new frontier in
the field of chemistry. Relativistic effects in chemical property are predicted by many theoretical studies. We will try to
develop this new field.
(4) Study of a reaction mechanism for fusion process
Superheavy elements have been produced by complete fusion reaction of two heavy nuclei. However, the reaction
mechanism of the fusion process is still not well understood. When we design an experiment to synthesize nuclei of the
superheavy elements, we need to determine a beam-target combination and the most appropriate reaction energy. This
is when assists of the theory become important. We will try to develop a reaction theory useful in designing an
experiment by collaborating with the theorists.
(5) Development and maintenance of devices related to study of the superheavy elements
Gas-filled recoil separator has been used as the main experimental device for the study of superheavy elements. We are
developing and maintaining the related devices including detectors for physical and chemical study. We will also offer
user support if a researcher wishes to use the devices for his/her own research program.
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RIBF Research Division
High Energy Astrophysics Laboratory
1. Abstract
In the immediate aftermath of the Big Bang, the beginning of the universe, only hydrogen and helium existed.
However, nuclear fusion in the interior of stars and the explosion of supernovae in the universe over the course of 13.8
billion years led to the evolution of a world brimming with the many different elements we have today. By using man-made
satellites to observe X-rays and gamma-rays emitted from celestial objects, we are observing the synthesis of the elements at
their actual source. Our goal is to comprehensively elucidate the scenarios for the formation of the elements in the universe,
together with our research on sub-atomic physics through the use of an accelerator.
2. Major Research Subjects
(1) Nucleosynthesis in Stars and Supernovae
(2) Particle Acceleration Mechanism in Astronomical Objects
(3) Physics in Extremely Strong Magnetism and Gravity
(4) Research and Development of Innovative X-ray and Gamma-ray detectors
3. Summary of Research Activity
High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of
nucleosynthesis in the universe, and to observe exotic physical phenomena in extremely strong magnetic and/or
gravitational field. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and
galaxies with X-ray astronomical satellites.
Dr. Satoru Katsuda won the Young Scientist Award of the Physical Society of Japan in the study of expansion
dynamics of supernova remnants. We have measured the supernova remnant SN1006 with the Chandra satellite, and
compared the image taken in 2012 with one taken in 2001. The comparison revealed that the northwest rim of the supernova
remnant was expanding with the velocity of 3000 km/s. We observed the Pup A supernova remnant with the X-ray grating
optics onboard the XMM-Newton satellite, and found that a fragment of ejecta showed the Doppler shift with a velocity of
1500 km/s toward us. The observed width of an oxygen line indicated that the ion temperature of plasma was about 30 eV.
Measuring the ion temperature is an important breakthrough to know the acceleration efficiency of cosmic-rays at the
supernova remnant.
We, Dr. Shin’ya Yamada et al., conducted unified X-ray spectral and timing studies of Cygnus X-1 in the low/hard and
hard intermediate state using broadband Suzaku data. The 0.5-300 keV source luminosity changed over 1-5% of the
Eddington limit for 15 solar masses. Variations on short (1-2 seconds) and long (days to months) time scales require at
least three separate components: a constant component localized below ~ 2 keV, a broad soft one dominating in the 2-10
keV range, and a hard one mostly seen in 10-300 keV range. In view of the truncated disk/hot inner flow picture, these are
respectively interpreted as emission from the truncated cool disk, a soft Compton component, and a hard Compton
component.
We (Dr. Takao Kitaguchi, Dr. Asami Hayato and Dr. Teruaki Enoto et al.) continue to construct the Gravity and
Extreme Magnetism Small Explorer (GEMS) under the collaboration with NASA Goddard Space Flight Center (USA).
GEMS is the first dedicated satellite for the X-ray polarimetry, which is opening a new field in Astrophysics and Astronomy.
In this fiscal year, we have done: a) polarization measurements and calibrations for the engineering test units of the X-ray
polarimeter, b) a lifetime test of the detector, a measurement of a relationship between the basic performance (e.g., gas gain
and energy resolution) and the outgassing from the materials inside detector, c) a performance test of the Modulated X-ray
Source, the small X-ray generator for the calibration in space, and d) the performance test of the flight-designed Gas
Electron Multiplier, which is a key device to multiply electron signals, developed by RIKEN. We developed a Monte-Carlo
simulation to calculate the polarimeter response function to X-rays as well as to estimate the background spectrum produced
by cosmic radiation. The predicted polarization capability to 4.5 keV X-rays agrees well with that with actual data. Besides,
the in-orbit background rate is estimated to be lower than the count rate produced by observation targets. Unfortunately, the
project was in the pending state due to the cost overrun on the US side. We are trying to resume the project.
We (Dr. Teruaki Enoto et al.) have tried to reveal the nature of a mysterious subclass of neutron stars, magnetars. We
analyzed the Suzaku X-ray observation of an activated magnetar 1E 1547.0-5408, and found that accumulated spectrum of
weak short bursts resembles the persistent emission of this source.
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RIBF Research Division
Astro-Glaciology Research Unit
Our Astro-Glaciology Research Unit, organized in July 2011, promotes both theoretical and experimental studies to open up
a new interdisciplinary research field between astrophysics and glaciology. On the theoretical side, we numerically simulate:
(1) Changes in the chemical composition of the stratosphere induced by high-energy photons and/or particles emitted
from explosive astronomical phenomena, such as solar proton events and galactic supernovae, and
(2) The explosive nucleosynthesis, including the rapid neutron capture process (the r-process) for the creation of the
elements heavier than iron, arising in the environment of core-collapse supernova explosions.
Subjects (1) and (2) themselves are very important in solar–terrestrial research and nuclear astrophysics, respectively;
furthermore, the items (1) and (2) are intended to be coupled with experimental studies described below.
On the experimental side, we analyze the ice cores drilled at the Dome Fuji station in Antarctica in collaboration with the
National Institute of Polar Research, Tokyo. These ice cores correspond to time capsules of the past. In particular, the ice
cores obtained at Dome Fuji are known to be unique because they contain much more information on conditions in the
stratosphere than any other ice cores recovered from other locations in either hemisphere. This means that the Dome Fuji ice
cores may have an original advantage to study astronomical phenomena of the past, since -rays and high-energy protons
emitted from astronomical events affect the chemical and isotopic compositions in the stratosphere and not those in the
troposphere. Accordingly, we measure:
(3) Variations in the nitrate ion (NO3-) concentrations in the ice cores, in order to seek the proxy of past solar activity and
the footprints of supernovae in our galaxy,
(4) Variations in the water isotopes (18O and 2H) in the ice cores, in order to reconstruct past temperature changes on the
earth, and
(5) Variations in the nitrate isotope (15N) in the ice cores, in order to investigate the possibility of this isotope becoming a
new and a more stable proxy for solar activity and/or galactic supernovae.
Items (3), (4), and (5) have been analyzed with Dome Fuji ice cores with a temporal resolution of about 1 year. By
comparing the results for items (3) and (4), we aim to understand the correlation between solar activity and climate changes
in the past on the millennium scale. The basis for item (4) is already established in glaciology. Item (5) will be the one of
very first measurements taken in ice cores. The theoretical studies related to items (1) and (2) will provide a background for
distinguishing the characteristics of the astronomical events from meteorological noise that usually appears in the ice core
data. Finally, we note that the supernova rate in our galaxy is crucial to understand the r-process nucleosynthesis but yet
remains unknown. Our item (3) is also intended to diagnose the galactic supernova rate ultimately.
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Ai SHIMADA
Keiko FUKUSHIMA
Secretary
Yu KAWAMURA
Manami MARUYAMA
Yuri TSUBURAI
Yoko FUJITA
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RIBF Research Division
Accelerator Group
1. Abstract
The accelerator group, consisting of seven teams, pursues various upgrades programs involving the new-generation
heavy-ion accelerator facility, the Radioisotope Beam Factory (RIBF), to improve the accelerator performance and
operation efficiency. The programs include research and development of a superconducting electron cyclotron resonance ion
source, charge stripping systems, beam diagnostic devices, radiofrequency systems, control systems, and beam simulation
studies. We also maintain the large infrastructure necessary to realize effective operation of the RIBF and are actively
promoting the application of the facility to a variety of research fields.
Our primary mission is to supply intense, stable heavy-ion beams to users through effective operation, maintenance, and
upgrading of the RIBF accelerators and related infrastructure. The director members listed below govern the development
programs that are not dealt with by a single group, such as intensity upgrades and effective operation. They, along with
other laboratories belonging to the RIBF research division, also explore future plans for the RIBF accelerators.
2. Major Research Subjects
(1) Intensity upgrade of RIBF accelerators (Okuno)
(2) Effective and stable operation of RIBF accelerators (Fukunishi)
(3) Investigation of future projects (Kamigaito, Fukunishi, Okuno)
3. Summary of Activity
(1) A new gas stripper system based on helium gas has been successfully commissioned.
(2) The bending power of the fRC cyclotron has been upgraded from K570 to K700 to accomodate the gas stripping
scheme.
(3) High-intensity 238U beam (max. 15 pnA) was supplied to users with high reliability (> 90 % in December).
(4) Deuterons, 18O, 48Ca, 124Xe, and 70Zn beams were also supplied to users with high intensities and reliabilities.
(5) Possible future plans were explored by considering the potential performance of RIBF accelerators and activities at
rare-isotope beam facilities worldwide.

Group Director
Osamu KAMIGAITO
Deputy Group Director
Hiroki OKUNO (Intensity Upgrade)
Nobuhisa FUKUNISHI (Stable and Efficient Operation)
Members
Masayuki KASE
Secretary
Karen SAKUMA
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RIBF Research Division
Accelerator Group
Accelerator R&D Team
1. Abstract
We are developing the key hardware in the upgrade of the Radioisotope Beam Factory (RIBF) accelerator complex. Our
primary focus is the charge stripper, which plays an essential role in the complex. Charge strippers remove many electrons
from ions and realize efficient acceleration of heavy ions by greatly enhancing the charge state. The intensity of uranium
beams is limited by the lifetime of the carbon foil stripper conventionally installed in the acceleration chain. Improving the
stripper lifetime is essential to increasing the beam power toward the final goal of the RIBF in the future. We are developing
a low-Z gas stripper. Gas strippers are generally free from lifetime-related problems but produce a low equilibrium charge
state because of the absence of density effects. A low-Z gas stripper, however, can produce an equilibrium charge state as
high as that in carbon foil because the electron capture process is suppressed. Another focus is the upgrade of the world's
first superconducting ring cyclotron.
2. Major Research Subjects
(1) Development of charge strippers for high-power beams (foil, low-Z gas)
(2) Upgrade of the superconducting ring cyclotron
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for beam extraction/injection
3. Summary of Research Activity
(1) Development of charge strippers for high-power beams (foil, low-Z gas)
Okuno, H., Imao, H., Hasebe, H., Kuboki, H.
(2) Upgrade of the superconducting ring cyclotron
Okuno, H., Ohnishi, J.
(3) Maintenance and R&D of the electrostatic deflection/inflection channels for beam extraction/injection
Okuno, H., Ohnishi, J.
Team Leader
Hiroki OKUNO
Members
Jun-ichi OHNISHI
Hiroshi IMAO
Nishina Center Engineer
Hiroo HASEBE
Special Postdoctoral Researcher
Hironori KUBOKI
Visiting Scientists
Noriyosu HAYASHIZAKI (Tokyo Institute of Technology)
Mitsuhiro FUKUDA (RCNP, Osaka Univ.)
Andreas ADELMANN (PSI, Switzerland)
Research Consultants
Yoshiaki CHIBA
Isao YAMANE
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RIBF Research Division
Accelerator Group
Ion Source Team
1. Abstract
Our aim is to operate and develop the ECR ion sources for the accelerator-complex system of the RI Beam Factory. We
focus on further upgrading the performance of the RI Beam Factory through the design and fabrication of a superconducting
ECR heavy-ion source for production of high-intensity uranium ions.
2. Major Research Subjects
(1) Operation and development of the ECR ion sources
(2) Development of a superconducting ECR heavy-ion source for production of high-intensity uranium ions
3. Summary of Research Activity
(1) Operation and development of ECR ion sources
T. Nakagawa, M. Kidera, Y. Higurashi, T. Ozeki, H. Haba, T. Urabe, and T. Kageyama
We routinely produce and supply various kinds of heavy ions such as zinc and neon ions for the super-heavy element
serach experiment as well as uranium ions for RIBF experiments. We also perform R&D’s to meet the requirements for
stable supply of high-intensity heavy ion beams.
(2) Development of a superconducting ECR ion source for use in production of a high-intensity uranium beam
T. Nakagawa, J. Ohnishi, M. Kidera, Y. Higurashi, T. Ozeki, and H. Haba
The RIBF is required to supply uranium beams with very high intensity so as to produce RI’s. We have designed and are
fabricating an ECR ion source with high magnetic field and high microwave-frequency, since the existing ECR ion
sources have their limits in beam intensity. The coils of this ion source are designed to be superconducting for the
production of high magnetic field. We are also designing the low-energy beam transport line of the superconducting ECR
ion source.

Team Leader
Takahide NAKAGAWA
Nishina center csientist
Masanori KIDERA
Yoshihide HIGURASHI
Special temporary employee
Tadashi KAGEYAMA
Special postdoctral reseracher
Takakazu OHZEKI
Tatsuya URABE
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RIBF Research Division
Accelerator Group
RILAC Team
1. Abstract
The operation and maintenance of the RIKEN Heavy-ion Linac (RILAC) have been carried out. There are two operation
modes: one is the stand-alone mode operation and the other is the injection mode operation. The RILAC has been used
especially as an injector for the RIKEN RI- Beam Factory accelerator complex. The RILAC is composed of the ECR ion
source, the frequency-variable RFQ linac, six frequency-variable main linac cavities, and six energy booster cavities (CSM).
2. Major Research Subjects
(1) The long term high stability of the RILAC operation.
(2) Improvement of high efficiency of the RILAC operation.
3. Summary of Research Activity
The RILAC was started to supply ion beams for experiments in 1981. Thousands hours are spent in a year for delivering
many kinds of heavy-ion beams to various experiments.
The RILAC has two operation modes: one is the stand-alone mode operation delivering low-energy beams directly to
experiments and the other is the injection mode operation injecting beams into the RRC. In the first mode, the RILAC
supplies a very important beam to the nuclear physics experiment of “the research of super heavy elements”. In the second
mode, the RILAC plays a very important role as upstream end of the RIBF accelerator complex.
The maintenance of these devices is extremely important in order to keep the log-term high stability and high efficiency of
the RILAC beams. Therefore, improvements are always carried out for the purpose of more stable and more efficient
operation.
Team Leader
Eiji IKEZAWA
Member
Yutaka WATANABE
Research Consultants
Toshiya CHIBA
Masatake HEMMI
Yoshitoshi MIYAZAWA

- 339 -

Ⅴ. RNC ACTIVITIES

RIKEN Accel. Prog. Rep. 46 (2013)

RIBF Research Division
Accelerator Group
Cyclotron Team
1. Abstract
Together with other teams of Nishina Center accelerator division, maintaining and improving the RIBF cyclotron complex.
The accelerator provides high intensity heavy ions. Our mission is to have stable operation of cyclotrons for high power
beam operation. Recently stabilization of the rf system is a key issue to provide 10 kW heavy ion beam.
2. Major Research Subjects
(1) RF technology for Cyclotrons
(2) Operation of RIBF cyclotron complex
(3) Maintenance and improvement of RIBF cyclotrons
(4) Single turn operation for polarized deuteron beams
(5) Development of superconducting cavity for the rebuncher system
3. Summary of Research Activity
Development of the rf system for a reliable operation
Development of highly stabilized low level rf system
Development of superconducting rebuncher cavity
Development of the intermediate-energy polarized deuteron beams.
Team Leader
Naruhiko SAKAMOTO
Nishina Center Research Scientist
Kenji SUDA
Foreign Postdoctoral Researcher
Lu LIANG
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RIBF Research Division
Accelerator Group
Beam Dynamics and Diagnostics Team
1. Abstract
In order to operate RIBF accelerator complex with the world-highest-intensity beams more efficiently, upgrades of beam
diagnosis, computer control and power supplies are now in progress.
2. Major Research Subjects
(1) Stable and efficient operations of RIBF accelerator complex.
(2) Beam diagnostics.
(3) Accelerator control system.
(4) Stabilization of all the power supplies used in RIBF.
3. Summary of Research Activity
(1) Beam diagnosis
Two kinds of non-destructive beam current monitors including the world first HTc-SQUID monitor have been developed.
(2) Accelerator control system
EPICS-based control system and a homemade beam interlock system have been stably operated. A Java-based data archive
system has been also developed.
(3) Bending-power upgrade of RIKEN fixed-frequency Ring Cyclotron (fRC)
RIKEN fRC has been successfully upgraded in its bending power (K = 700 MeV) to accept 238U64+ ions obtained by the
helium gas stripper launched recently.
(4) Upgrade of aging power supplies used for Riken Ring Cyclotron (RRC)
New power supplies having higher stabilities will be installed to further stabilize our old injector cyclotron RRC.
Team Leader
Nobuhisa FUKUNISHI
Members
Masaki FUJIMAKI
Keiko KUMAGAI
Tamaki WATANABE
Kazunari YAMADA
Contract Technical Scientist
Misaki KOBAYASHI-KOMIYAMA
Hiroshi WATANABE
Makoto NAGASE
Postdoctral Researcher
Takuya MAEYAMA
Visiting Scientists
Hiromichi RYUTO (Photonics and Electronics Science and Engineering Center, Kyoto University)
Jun-ichi ODAGIRI (Accelerator Laboratory, High Energy Accelerator Research Organization (KEK))
Research Consultants
Jiro FUJITA
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RIBF Research Division
Accelerator Group
Cryogenic Technology Team
1. Abstract
We operate the cryogenic system for the superconducting ring cyclotron at the Radioisotope Beam Factory (RIBF). We also
operate the helium cryogenic system in the southern part of the RIKEN Wako campus and deliver liquid helium to users at
RIKEN. Our goal is to collect 100% of the helium gas after liquid helium usage on the Wako campus.
2. Major Research Subjects
(1) Operation of the cryogenic system for the superconducting ring cyclotron at the RIBF
(2) Operation of the helium cryogenic plant in the southern part of the Wako campus and delivering liquid helium to users
on the Wako campus
3. Summary of Research Activity
(1) Operation of the cryogenic system for the superconducting ring cyclotron at the RIBF
Okuno, H., Dantsuka, T.
(2) Operation of the helium cryogenic plant in the southern part of the Wako campus and delivering liquid helium to users
on the Wako campus
Dantsuka, T., Nakamura, M., Maie, T., Ikegami, K., Tsuruma, S., Okuno, H.
Team Leader
Hiroki OKUNO
Members
Masato NAKAMURA
Nishina Center Engineer
Takeshi MAIE
Technical Staff-I
Tomoyuki DANTSUKA
Research Consultant
Kumio IKEGAMI
Part-Time Staff
Shizuho TSURUMA
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RIBF Research Division
Accelerator Group
Infrastructure Management Team
1. Abstract
The RIBF accelerators are an incomparable multi-stage accelerator complex. For the long and stable operations of these
accelerators, their infrastructures become very important. Our team supports their infrastructure; buildings, electric
facilities, cooling system, vacuum system and so on. It also concerns the regular operation and maintenance of all the
accelerators, and improves or renews the old parts of the accelerators.
2. Major Research Subjects
Management of the RIBF accelerator infrastructure; buildings, electric facilities, cooling system, vacuum system and so on.
3. Summary of Research Activity
The current research subjects are summarized as follows:
(1) Operation and maintenance of infrastructure for RIBF accelerators.
(2) Improvement or renewal of the, especially old, accelerators.
(3) Support of accelerator operations.
Team Leader
Masayuki KASE
Members
Hiromi YAMASAWA
Temporary Employee
Tadashi FUJINAWA
Visiting Scientists
Hideshi MUTO (Tokyo Univ. of Sci. Suwa)
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RIBF Research Division
Instrumentations Development Group
1. Abstract
This group develops experimental installations for the RI Beam factory. Experimental installations currently planned
include designs containing common elements enabling multiple use, as well as others that are highly program specific. All
are designed to maximize the research potential of the world's most intense RI beams, made possible by the exclusive
equipment available at the RI Beam Factory.
2. Major Research Subjects
(1) SCRIT Project
(2) SLOWRI Project
(3) Rear RI Ring Project
3. Summary of Research Activity
We are developing beam manipulation technology in carrying out above listed project. They are the high-quality slow RI
beam production (SCRIT and SLOWRI), the beam cooling and stopping (SCRIT and SLOWRI), and the beam
accumulation technology (Rare RI Ring). The technological knowhow accumulated in our projects will play a significant
role in the next generation RIBF. Future Plan for each project is described in subsections. SCRIT is now under construction
and partially tested using stable isotopes, and RI production, for instance 132Sn, has already been succeeded. Rare RI Ring
construction has been started in last year. Construction of SLOWRI facility is scheduled to be started in this year. They will
be powerful tool for nuclear structure study for short-lived unstable nuclei.

Group Leader
Masanori WAKASUGI
Secretary
Minami IMANISHI
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RIBF Research Division
Instrumentation Development Group
SLOWRI Team
1. Abstract
A next-generation slow radioactive nuclear ion beam facility (SLOWRI), providing high-purity, low-energy, small
emittance ion beams for all elements, is being built as one of the principal facilities at the RIKEN RI-beam factory (RIBF).
High-energy radioactive ion beams from the projectile fragment separator BigRIPS are thermalized in a large gas catcher
cell. The thermalized ions in the gas cell are guided and extracted to a vacuum environment by a combination of dc electric
fields and inhomogeneous rf fields (rf carpet ion guide). From there the slow ion beam is delivered via a mass separator
and a switchyard to various devices: such as an ion trap, a collinear fast beam apparatus, and a multi-reflection time of flight
mass spectrometer. In preliminary R&D work at the prototype SLOWRI facility, an overall efficiency of 5% for a 100A
MeV 8Li ion beam was achieved at the projectile fragment separator RIPS and the dependence of the efficiency on the ion
beam intensity was investigated.
First optical spectroscopy experiments at the prototype SLOWRI were performed on Be isotopes. Energetic ions of
7,10,11
Be from RIPS were trapped and laser cooled in a linear rf trap after being extracted from a prototype gas cell; precision
spectroscopy was performed. The evaluated ion temperature of <10 mK demonstrates that a reduction of more than 15
orders of magnitude for the kinetic energy of radioactive Be was achieved online. Precise investigation of the hyperfine
structure could be used to confirm the anomalous mean radius of the valence neutron of the so-called neutron halo nucleus.
First online mass measurement with a multi-reflection time-of-flight mass spectrograph (MRTOF-MS) was also performed
at the prototype SLOWRI setup. A slow continuous beam of 8Li+ ions from the gas cell was bunched and cooled in two rf
quadrupole ion traps and injected into an electrostatic multi-reflection mirror pair and ejected after several hundred
revolutions. The time-of-flight, defined by the trap-ejection pulse and an ion’s arrival on a micro channel plate detector, was
measured precisely and compared with reference ions. A high mass resolving power of 160,000 was achieved with 5 ms
TOF and the mass of 8Li was determined with an uncertainty of 6.6x10-7 with 150 total ions. This new mass spectrograph is
best suited for very heavy ions such as super heavy elements. Using a compact rf-carpet gas catcher at the GARIS facility,
we will perform direct mass measurements of nuclei heavier than uranium with the MRTOF-MS.
The construction of SLOWRI has started and will be completed by the end of FY2013. The new facility will consist of two
gas catcher cells: one a large He gas cell with rf-carpet ion guide for use with the main beam from BigRIPS, while the other
is a small Ar gas cell which will be located in the vicinity of F2 slits of BigRIPS for parasitic production of slow RI-beams.
Ions that would usually be abandoned in the slits can be caught in the cell and neutralized; RI will be selectively re-ionized
by resonant ionization lasers in the vicinity of the exit of the cell. The beams from these two gas catchers will be mass
separated by electro-magnetic isotope separators and merged into one beam transport line. They can each then be
transported to the experimental room where various precision spectroscopy experiments will be performed. The
commissioning is scheduled in FY2014 and the first experiment at the new facility will be performed by the end of FY2014.
2. Major Research Subjects
(1) Development and construction of the next-generation slow RI-beam facility
(2) Laser spectroscopy of trapped radioactive Beryllium isotopes.
(3) Development of a multi-reflection time-of-flight mass spectrograph for precision mass measurements of short-lived
nuclei.
(4) Development of parasitic slow RI-beam production method using resonant laser ionization.
3. Summary of Research Activity
(1) Development of universal slow RI-beam facility
WADA, Michiharu, SONODA, Tetsu, SCHURY Peter, ITO, Yuta, NAIMI, Sarah, MITA, Hiroki, ARAI Fumiya, KUBO,
Toshiyuki, KUSAKA Kensuke, Fujinawa Tadashi, MAIE Takeshi, YAMASAA Hideyuki, WOLLNIK, Hermann,
KATAYAMA Ichiro, TAKAMINE, Aiko, OKADA, Kunihiro,
A next-generation slow radioactive nuclear ion beam facility (SLOWRI) which provides low-energy, high-purity, small
emittance ion beams for all elements is being built as one of the principal facilities at the RIKEN RI-beam factory
(RIBF). High-energy radioactive ion beams from the projectile fragment separator BigRIPS will be thermalized in a large
gas catcher cell. The thermalized ions in the gas cell are guided and extracted to a vacuum environment by a combination
of dc electric fields and inhomogeneous rf fields (rf carpet ion guide). From there the low-energy ion beam is delivered
via a mass separator and switchyard to various devices, e.g. an ion trap, a collinear fast beam apparatus, and a
multi-reflection time-of-flight mass spectrograph. In R&D work at the prototype SLOWRI setup, an overall efficiency of
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5% for a 100A MeV 8Li ion beam from the projectile fragment separator RIPS was achieved, and the dependence of the
efficiency on the ion beam intensity was investigated.
A new mode of ion transport on the rf-carpet, the so-called ion surfing mode, was investigated with a coaxial circular
rf-carpet for the first time. In addition to the ion-barrier rf signal, a four-phase audio frequency traveling wave signal was
superimposed on the rf-carpet. Depending on the direction of the traveling wave, ions were transported to either the
outermost electrode or the central exit with almost unity efficiency. This new mode can transport ions without need for a
dc potential gradient along the carpet, allowing us to achieve a drift velocity of 100 m/s using a large size carpet without
discharge problems.
(2) Laser spectroscopy of trapped radioactive beryllium isotope ions
WADA, Michiharu, TAKAMINE, Aiko, SCHURY Peter, SONODA Tetsu, OKADA, Kunihiro, KANAI, Yasuyuki,
YOSHIDA, Atsushi, KUBO, Toshiyuki, YAMAZAKI, Yasunori, WOLLNIK, Hermann, SCHUESSLER, Hans, NODA,
Koji, OHTANI, Shunsuke, KATAYAMA Ichiro
As a first application of the prototype SLOWRI setup, we applied hyperfine structure spectroscopy to Beryllium
isotopes to determine, in particular, the anomalous radius of the valence neutron of the neutron halo nucleus 11Be, and to
determine the charge radii of these beryllium isotopes through laser-laser double resonance spectroscopy of laser-cooled
ions. Laser cooling was an essential prerequisite for these experiments. The first laser spectroscopy experiments for
Beryllium isotopes were performed to measure the resonance frequencies of the 2s 2S1/2 - 2p 2P3/2 transition of 7Be+,
9
Be+, 10Be+ and 10Be+ ions; the nuclear charge radii of these isotopes were determined. The hyperfine structure of 11Be+
and 7Be+ ions using the laser-microwave double resonance spectroscopy were also performed and the magnetic hyperfine
constants of 7Be+ and 11Be+ ions were determined with a relative accuracy of 10-7. A measurement of Zeeman splitting in
high magnetic fields, which is required to precisely determine the nuclear g-factor, is under preparation.
(3) Development of a multi-reflection TOF mass spectrograph for short-lived nuclei
SCHURY Peter, WADA, Michiharu, ITO, Yuta, NAIMI, Sarah, NAKAMURA, Sousuke, TAKAMINE, Aiko, SONODA
Tetsu, MITA, Hiroki, ARAI Humiya, OKADA, Kunihiro, WOLLNIK, Hermann,
The atomic mass is one of the most important quantities of a nucleus and has been studied by various methods since the
early days of physics. From among many methods we have chosen to implement a multi-reflection time-of-flight
(MR-TOF) mass spectrograph. Slow RI beams extracted from the RF ion-guide are bunched and injected into the
spectrometer with a repetition rate up to ~500 Hz. The spectrometer consists of two electrostatic mirrors between which
the ions travel back and forth repeatedly. These mirrors are designed such that energy-isochronicity in the flight time is
guaranteed during the multiple reflections while the flight time varies with the masses of ions. A mass-resolving power of
160,000 has been obtained with a 2.3 ms flight time for 40K+ and 40Ca+ isotopes. It is equivalent to using a 180 T magnet
for a Penning trap mass spectrometer. This mass-resolving power should allow us to determine ion masses with a relative
accuracy of 10-7. The advantages of the MR-TOF spectrometer are: 1) short measurement periods, typically <5 ms, which
allows all neutron rich nuclei to be investigated, 2) the device is compact and its operation is simple, especially, it is
independent from the all upstream devices, accelerators and fragment separators, 3) ions of multiple isobars can be
measured simultaneously, so that mass reference can easily be established in the mass spectra. In total, the number of
measurable nuclides within a limited beam time would be larger than that can be achieved by other methods. It should be
noted here also that this method could be used even during a low-duty parasitic beam time.
Online mass measurements of the short-lived lithium isotope 8Li (T1/2 = 840 ms) have been performed in FY2012. A low
energy continuous 8Li+ beam from the prototype SLOWRI was accumulated in a tapered linear rf quadrupole ion trap and
stored in a flat rf quadrupole ion trap for further cooling and bunching. The ion bunch was injected into the MRTOF-MS
and after several hundreds revolutions (a few milliseconds), the ions were ejected and detected by a micro-channel plate
detector. The total TOF was compared with that of reference ions to determine the mass of 8Li with a relative uncertainty
of 6.6x10-7. We found that a single reference ion is sufficient to determine the mass of unknown ions by the square of the
TOF ratio. In the 8Li measurement, 12C+ --- the atomic mass standard --- was used for the reference. Even though the
masses differ by 50%, the systematic uncertainty due to a possible TOF offset of 10 ns is still within the present accuracy.
This new mass spectrograph is best suited for direct mass measurements of very heavy nuclei, such as super heavy
elements. We have started a project, SHE-MASS, aiming to comprehensively measure masses of nuclei heavier than
uranium at the GARIS facility. For any time-of-flight mass spectrometers, mass references are indispensable. We
developed an electro-spray ion source for molecular ions, which can produce a variety of molecular ions in a wide mass
range. We used a compact rf-carpet for accumulating molecular ions with low abundant isotopes and found that there are
isobaric molecules in many mass numbers. We have also confirmed that the accuracy of mass determination is always
within the precision of the mass measurements in tests with isobaric triplets
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(4) Development of parasitic slow RI-beam production scheme using resonance laser ionization
SONODA Tetsu, WADA, Michiharu, MITA, Hiroki, TOMITA, Hideki, SAKAMOTO, Chika, TAKATSUKA Takaaki,
MATSUO Yukari, FURUKAWA, Takeshi, MIYATAKE Hiroari, JEONG, Sun Chan, ISHIYAMA, Hironobu, IMAI, Nobuaki,
HIRAYAMA Yoshikazu, KATAYAMA Ichiro, IIMURA, Hideki, SHINOZUKA Tsutomu, WAKUI, Takashi, HUYSE, Mark,
VAN DUPPEN, Piet, KUDRYAVTSEV, Yuri
More than 99.9% of RI ions produced in projectile fission or fragmentation are simply dumped in the first dipole magnet
and the slits. A new scheme, named PALIS, to rescue such precious RI using a compact gas catcher cell and resonant laser
ionization has been proposed. The thermalized RI ions in a cell filled with Ar gas can be quickly neutralized and transported
to the exit of the cell by gas flow. Irradiation of resonance lasers at the exit selectively ionizes neutral RI atoms efficiently.
The ionized RI ions can be further purified by a magnetic mass separator and transported to the SLOWRI experimental area
for spectroscopy experiments. The resonant ionization scheme itself can also be a useful method to perform precision
optical spectroscopy on RI of many elements.
An off-line setup for resonant ionization in a gas cell has been prepared. Extraction from a 500 mbar Ar gas cell by
resonant ionization method for Ni, Cu, Ti, Nb, Co, Fe and In ions was demonstrated. Differential pumping from 500 mbar to
10-5 mbar using multiple small pumps and an rf sextupole ion beam guide (SPIG) has been achieved. Construction of a new
gas cell to be placed at the second focal plane (F2) of BigRIPS is scheduled in FY2013.
An electrostatic lens made by a surface current on a uniform resistive material coated on a ceramic plate was also
investigated. Such a lens can be placed at the exit of the cell to quickly and efficiently transport ions from the cell even at
atmospheric pressure.
Head
Michiharu WADA
Members
Tetsu SONODA
Peter SCHURY
Sarah NAIMI
Yuta ITO
Sousuke NAKAMURA
Hiroki MITA
Shigeaki ARAI
Kensuke KUSAKA
Tadashi FUJINAWA
Takeshi MAIE
Hideyuki YAMASAWA
Humiya ARAI
Takaaki TAKATSUKA
Yoshitaka ADACHI
Aiko TAKAMINE
Kunihiro OKADA
Ichiro KATAYAMA
Hideki IIMURA
Hideki TOMITA
Hans SCHUESSLER
Hermann WOLLNIK
Hirokane KAWAKAMI
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RIBF Research Division
Instrumentation Development Group
Polarized RI Beam Team
1. Abstract
The team conducts research and development studies of a technique for the production of spin-oriented radioactive-isotope
beams (RIBs) and applies it to research in nuclear physics, fundamental physics, and materials science. Microscopic
investigation of physical and chemical processes is performed on the basis of nuclear physics techniques that take advantage
of intrinsic nuclear properties and phenomena (e.g., spins, electromagnetic nuclear moments, decay modes). In particular,
the precession/resonance of an oriented nuclear spin under an external field is observed via a change in the angular
distribution of radiation in the study of nuclear structures through nuclear moments. Experimental methods and devices for
fundamental physics research with polarized nuclei have also been developed. The same methods are used to investigate
condensed matter, such as semiconductors, ferromagnets, fullerenes, and systems with dilute magnetic impurities, by
exploiting radioactive nuclei as microscopic probes into them. All these research activities are to be extended to a wide
variety of unstable nuclei provided by the Radioisotope Beam Factory (RIBF). A method of producing beams of highly
polarized radioactive nuclei, taking full advantage of the RIBF, is being developed.
2. Major Research Subjects
(1) Nuclear moment measurements of unstable nuclei utilizing fragmentation-induced spin-oriented RI beams
(2) RIKEN Projectile Fragment Separator (RIPS) upgrade and the development of highly polarized slow RI beams
(3) Fundamental physics: Study of symmetry
(4) Condensed matter studies using radioactive nuclear probes
3. Summary of Research Activity
(1) Nuclear-moment measurements of unstable nuclei utilizing fragmentation-induced spin-oriented RI beams
Our earlier work revealed that spin-oriented RIBs can be produced as a function of their outgoing momenta and emission
angles in the projectile fragmentation reaction. With the obtained spin-polarized nuclei, ground- and excited-state nuclear
moments can be determined by means of the β-ray-detected nuclear magnetic resonance (β-NMR) and time differential
perturbed angular distribution (TDPAD) methods, respectively. The sub-themes are the following:
– Development of a new method of producing highly spin-aligned RIBs by two-step projectile fragmentation
combined with the momentum dispersion matching technique and the magnetic moment measurement of isomeric
states in 32Al by the TDPAD method
– Nuclear structure study of neutron-rich aluminum isotopes 30–32Al on the border of the island of inversion and 33–34Al
on/beyond it
– Investigation of a new island of inversion around N = 28 and nuclear moment measurements of neutron-rich isotopes
– Ground-state electric quadrupole moment measurements of 23Al for the study of the T = 3/2 mirror symmetry
– Study of nuclei around the Fe region: isospin symmetry study by means of the magnetic moment of the 10 + isomer in
54
Ni, and study of magicity in the vicinity of 68Ni through the quadrupole moment of the 13/2+ isomeric state in 69Cu
and the isomeric state in 65Fe
(2) RIPS upgrade and the development of highly polarized slow RI beams
The upgrade of the RIPS was proposed in the phase II programs. In the cyclotron-cascade acceleration scheme, beams are
accelerated to an energy of E/A = 115 MeV by an intermediate-stage ring cyclotron (IRC). In this upgrade, the former
fragment separator RIPS was equipped with a new beam line that delivers beams of heavy ions of E/A = 115 MeV from the
IRC cyclotron. RI beams produced by the primary beams at this intermediate energy are energetic enough to produce RIBs
via projectile fragmentation reactions and suitably low in energy to be stopped in a sample material of limited thickness.
Compared with the production yield of RIBs in the present azimuthally varying field (AVF) Riken Ring Accelerator (RRC)
acceleration scheme, the yield is dramatically increased. Our team is conducting a design study of the upgrade program. We
noted that RIBs produced at E/A = 115 MeV can be spin-oriented so that further nuclear moment measurements can be
conducted. Further, the addition of a new atomic beam resonance method combined with fragmentation-based RIBs to this
program, which is under development, will enable the production of highly spin-polarized RIBs in a low beam energy
region. Thus, they could be useful not only for nuclear moment measurements but also for spin-related subjects in nuclear
physics, fundamental physics, and materials science.
(3) Fundamental physics: Study of symmetry
The nuclear spins of stable and unstable isotopes sometimes play important roles in fundamental physics research. New
experimental methods and devices have been developed for studies of the violation of time reversal symmetry (T-violation)
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using spin-polarized nuclei. These experiments aim to detect the small frequency shift in the spin precession or measure the
T-odd angular correlation in β decay as T-violating signals arising from new mechanisms beyond the Standard Model. The
sub-themes are the following:
–
Precise measurement of spin-precession frequency with a new type of nuclear spin maser for atomic electric dipole
moment (EDM) search
–
Development of highly sensitive atomic magnetometer for EDM experiments
–
Development of a new Mott polarimeter for T-violation experiment using β decay of polarized unstable nuclei
(4) Condensed matter studies using radioactive nuclear probes
Online time differential perturbed angular correlation experiments have been conducted through γ-ray measurements by
using RIBs as a probe. The microscopic structures and dynamics of ferromagnets and the properties of semiconductors have
been investigated using the deduced internal local fields and the spin relaxation of the probe in materials. The
β-NMR/nuclear quadrupole resonance (NQR) method is also used for these condensed matter studies. The methods and
apparatus for these studies have been developed. In addition, basic studies of the probe nuclei have been conducted. The
sub-themes are the following:
– Study of Fe impurities in silicon solar cells with online Mössbauer spectroscopy of implanted 57Fe
– Development of an on-line perturbed angular-correlation method with 19O beams as a new probe
– Study of the fast diffusion of Cu impurity atoms in Si through β-NMR/NQR with implanted 58Cu
– Study of the superconductivity of diamond by heavy ion implantation
Team Leader
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RIBF Research Division
Instrumentation Development Group
Rare RI-ring Team
1. Abstract
We are developing the isochronous storage ring to precisely measure the mass for rare radioactive isotopes (Rare RI ring). It
is assumed that uranium is synthesized by neutron capture process after the supernovae explosion (r-process). To prove
r-process, mass measurements for the rare RI are indispensable. To deduce the mass, we measure the circulation time
(cyclotron frequency) for the rare RI inside the ring. RI beams produce in RIBF have some energy spread. To compensate
the spread, isochronicity inside the ring is indispensable (isochronous storage ring). We will inject the rare RI one by one to
the ring (individual injection) to identify the RI event-by-event.
2. Major Research Subjects
Developments of isochronous storage ring to measure mass of rare RI.
3. Summary of Research Activity
Developments of isochronous storage ring to measure mass of rare RI.
Construction of Rare-RI Ring has been started in last year, and major components including infrastructure of the ring were
already completed. To minimize construction cost, we re-used TARN-II bending magnets with additional trim coils as main
components of the ring. A quick activated kicker magnet system required for one by one injection was also installed. In this
year, we will make all instrumentations ready for commissioning of the ring.
Team Leader
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Nishina Center Research Scientist
Yoshitaka YAMAGUCHI
Visiting Scientists
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RIBF Research Division
Instrumentation Development Group
SCRIT Team
1. Abstract
We aim at the investigation of internal nuclear structure of short-lived radioactive nuclei (RI) by means of electron
scattering. Electron scattering for RI's has never been performed duo to inability to make target of these nuclei. An
electron-RI collider system, which requires a huge accelerator complex, has so far been unique solution to overcome the
difficulty. We have developed a novel internal target system named SCRIT (Self-Confining RI Ion Target) in an electron
storage ring to make the experiment easier with much compact experimental system.
2. Major Research Subjects
Development of the SCRIT technology and electron scattering for unstable nuclei.
3. Summary of Research Activity
Development of a novel internal target of unstable nuclei (SCRIT) in an electron storage ring for electron scattering
experiment.
(Wakasugi, Ohnishi, Ichikawa, Kurita, Suda, Tamae, Wang, Hori, Hara)
We have almost completed the construction of the SCRIT electron scattering facility, while some components are still under
construction. We succeeded in test experiment of SCRIT electron scattering using stable Cs and Xe isotopes supplied from
an ISOL system named ERIS. The collision luminosity between electron beam and target ions trapped in the SCRIT device
exceeds 1027 /(cm2s) at the electron beam current of 200 mA. We succeeded in RI beam extraction from ERIS. RIs were
produced by photo-fission of UCx target with an electron beam irradiation. We plan to start electron scattering experiment
for RI supplied from ERIS in 2013.
Team Leader
Masanori WAKASUGI
Technical Researcher
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Research Consultant
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Toshitada HORI
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RIBF Research Division
Research Instruments Group
1. Abstract
The research instruments group is the driving force at RI Beam Factory (RIBF) for continuous enhancement of activities
and competitiveness of experimental research. Consisting of five teams, we are in charge of the design, construction,
operation and improvement of the core research instruments at RIBF, such as BigRIPS separator, ZeroDegree spectrometer,
GARIS spectrometer and SAMURAI spectrometer, and the related infrastructure and equipments. The group also conducts
related experimental research as well as R&D studies on the research instruments.
2. Major Research Subjects
Design, construction, operation and improvement of the core research instruments at RIBF and related R&D studies.
Experimental studies on exotic nuclei.
3. Summary of Research Activity
The current research subjects are summarized as follows:
(1) Production and delivery of RI beams and related research
(2) Design, construction, operation, and improvement of the core research instruments at RIBF and their related
infrastructure and equipments for continuous enhancement of activities and competitiveness of experimental research
(3) R&D studies on technical issues of the core research instruments and related equipments at RIBF
(4) Experimental research on exotic nuclei using the core research instruments at RIBF

Group Director
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RIBF Research Division
Research Instruments Group
GARIS Team
1. Abstract
Development and maintenance of devices related to the study of superheavy elements
2. Major Research Subjects
(1) Maintenance and development of a recoil separator and related devices
(2) Development of rapid chemistry devices
3. Summary of Research Activity
(1) Maintenance and development of recoil separator
A gas-filled recoil separator has been used as the main experimental device for the study of superheavy elements. We will
develop and maintain the related devices. We will also offer user support if a researcher wishes to use the devices for his/her
own research program.
(2) Development of devices for fast chemistry
We research and develop devices for fast chemistry of superheavy elements. We also offer user support to potential users.
Team Leader
Kouji MORIMOTO
Nishina Center Research Scientist
Daiya KAJI
Nishina Center Technical Scientist
Akira YONEDA
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RIBF Research Division
Research Instruments Group
BigRIPS Team
1. Abstract
This team is in charge of design, construction, development and operation of BigRIPS in-flight separator and its related
research instruments at RI beam factory (RIBF). They are employed not only for the production of RI beams but also the
experimental studies using RI beams.
2. Major Research Subjects
Design, construction, development and operation of BigRIPS in-flight separator, RI-beam transport lines, and their related
research instruments
3. Summary of Research Activity
This team is in charge of design, construction, development and operation of BigRIPS in-flight separator, RI-beam
transport lines, and their related research instruments such as ZeroDegree spectrometer at RI beam factory (RIBF). They
are employed not only for the production of RI beams but also various kinds of experimental studies using RI beams.
The research subjects may be summarized as follows:
(1) General studies on RI-beam production using in-flight scheme.
(2) Studies on ion-optics of in-flight separators, including particle identification of RI beams
(3) Simulation and optimization of RI-beam production.
(4) Development of beam-line detectors and their data acquisition system.
(5) Experimental studies on production reactions and unstable nuclei.
(6) Experimental studies of the limits of nuclear binding.
(7) Development of superconducting magnets and their helium cryogenic systems.
(8) Development of a high-power production target system.
(9) Development of a high-power beam dump system.
(10) Development of a remote maintenance and remote handling systems.
(11) Operation, maintenance and improvement of BigRIPS separator system, RI-beam transport lines, and their related
research instruments such as ZeroDegree spectrometer and so on.
(12) Experimental research using RI beams.
Team Leader
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Members
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RIBF Research Division
Research Instruments Group
SAMURAI Team
1. Abstract
In collaboration with research groups in and outside RIKEN, the team designs, develops and constructs the SAMURAI
spectrometer and relevant equipment that are and will be used for reaction experiments using RI beams at RI Beam Factory.
The SAMURAI spectrometer consists of a large superconducting dipole magnet and a variety of detectors to measure
charged particles and neutrons. After the commissioning experiment in March 2012, the team prepared and conducted, in
collaboration with researchers in individual experimental groups, the first series of experiments with SAMURAI in May
2012. The team also provides basis for research activities by, for example, organizing collaboration workshops by
researchers who are interested in studies or plan to perform experiments with the SAMURAI spectrometer.
2. Major Research Subjects
Design, development, construction and maintenance of the SAMURAI spectrometer and its related research instruments.
Help and management for SAMURAI-based research programs.
3. Summary of Research Activity
The current research activities are summarized as follows:
(1) Operation, maintenance and improvement of a large superconducting dipole magnet that is the main component of the
SAMURAI spectrometer.
(2) Design, development and construction of various detectors that are used for nuclear reaction experiments at SAMURAI.
(3) Preparation for planning experiments using SAMURAI spectrometer.
(4) Maintenance and improvement of the SAMURAI beam line
(5) Formation of a collaboration platform called “SAMURAI collaboration”.
Team Leader
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RIBF Research Division
Research Instruments Group
Computing and Network Team
1. Abstract
This team is in charge of development, management and operation of the computing and network environment, mail and
information servers and data acquisition system and management of the information security of the RIKEN Nishina Center.
2. Major Research Subjects
(1) Development, management and operation of the general computing servers
(2) Development, management and operation of the mail and information servers
(3) Development, management and operation of the data acquisition system
(4) Development, management and operation of the network environment
(5) Management of the information security
3. Summary of Research Activity
This team is in charge of development, management and operation of the computing and network environment, mail and
information servers and data acquisition system and management of the information security. The details are described
elsewhere in this progress report.
(1) Development, management and operation of the general computing servers
We are operating Linux/Unix NIS/NFS cluster system for the data analysis of the experiments and general computing.
This cluster system consists of eight computing servers with 28 CPU cores and totally 160 TB RAID of highly-reliable
Fibre-channel HDD. Approximately 600 user accounts are registered on this cluster system. We have replaced the data
analyses servers and RAID file systems for the experimental data in the spring of 2012. Details are described elsewhere in
this volume. We are adopting the latest version of the Scientific Linux (X86_64) as the primary operating system, which is
widely used in the accelerator research facilities, nuclear physics and high-energy physics communities in the world.
(2) Development, management and operation of the mail and information servers
We are operating RIBF.RIKEN.JP server as a mail/NFS/NIS server. This server is a core server of RIBF Linux/Unix
cluster system. Postfix is used for mail transport software and dovecot is used for imap and pop mail services. These
software packages enable secure and reliable mail delivery. Sophos Email protection advanced (PMX) installed on the mail
front-end servers tags spam mails and isolates virus-infected mails. The probability to identify the spam is approximately
95-99%. We are operating several information servers such as WWW servers, Wiki servers, Groupware servers,
Windows-Media and Quick-Time streaming servers, and an anonymous FTP server (FTP.RIKEN.JP).
(3) Development, management and operation of the data acquisition system
We are developing a data-acquisition system for the RIBF. This system has functions of network-distributed data processing,
hierarchical event building and parallel readout. To get better readout speed, we have developed the tiny VME readout
system based on FPGA. It can achieve the best readout speed of the VME bus. In collaboration with CEA Saclay and
GANIL, the development of the multi-detector data base system is in progress. This system merges data taken by different
DAQ systems based on the time stamp.
(4) Development, management and operation of the network environment
We have been managing the network environment collaborating with Advanced Center for Computing and
Communications (ACCC). All the Ethernet ports of the information wall sockets are capable of the Gigabit Ethernet
connection (10/100/1000BT). Many wireless LAN access points have been installed to cover the almost entire area of
Nishina Center including the radiation control area.
(5) Management of the information security
It is essential to take proper information security measures for information assets.
We are managing the information security of Nishina Center collaborating with ACCC.
Team Leader
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RIBF Research Division
Research Instruments Group
Detector Team
1. Abstract
This team is in charge of development, fabrication, and operation of various detector for nuclear physics experiment in
RIKEN Nishina center. Also the team organizes collaboration work for detector technology among related research groups
in order to improve mutual share of knowledge and experience.
2. Major Research Subjects
(1)
(2)
(3)
(4)
(5)
(6)

Improvement of beam line detectors
Development of high dynamic range preamplifier for silicon strip detector
Development of time projection chamber
Construction and maintenance of silicon pixel detector.
Search for extra dimensions by measuring short-range gravity
Radiation detector for education

3. Summary of Research Activity
(1) Improvement of beam line detectors
BigRIPS has various beam line detector. Parallel Plate Avalanche Chamber (PPAC) and Ionization chamber (IC) are
most popular detectors. We fabricated a PPAC from scratch as succession of technology. We tried to improve it by
considering its elementary process as well as the IC. The discharge process of the PPAC under the high beam rate
environment is analyzed and we proposed to introduce the high speed high voltage switching in order to reduce the
damage from discharge. The factors which determine delta-E resolution of the IC were considered. The delta-E affects
it with major fraction. The horizontally striped pads should be suitable for better delta-E resolution.
(2) Development of high dynamic range preamplifier
Coulomb break up experiment at RIBF needs high dynamic range silicon strip detector in order to identify the charged
particle from proton to Sn. We have two solutions for analog amplifiers. One is dual gain preamplifier and other is
square root response amplifier. Dual hybrid preamplifiers of application specific integrated circuit has been designed
and fabricated by collaboration with KEK. The new chips were tested at test beam experiment with readout
electronics made by Washington University and Texas A&M. and confirmed the performance. Also other square ROOT
type amplifier was fabricated as a ASIC and achieved design performance by charge injection test.
(3) Development of time projection chamber
A time projection chamber will be used for SAMURAI spectrometer. RIKEN, Kyoto, Rikkyo and MSU are building
TPC. For the electronics development, we developed 1st prototype board for monitoring of timing synchronization
among. The board satisfies the basic requirements.
(4) Development of silicon pixel detector.
RIKEN, Rikkyo, KEK, and JAEA group is responsible for the pixel ladder fabrications for the RHIC PHENIX detector
upgrade. The ladder is a module which is composed of pixel sensor modules, support frame, and readout bus. We
completed the fabrication of ladders and installed them into the PHENIX apparatus in December 2010 and started
operation successfully. Due to differences in CTE between the pixel stave and the silicone encapsulant, thermal cycling
promoted the breaking of wire bonds during 2011 operation. The malfunctioned ladders have been repaired and spare
ladder fabrication is ongoing.
(5) Search for extra dimensions by measuring short-range gravity
Short range gravity force is measured by using torsion pendulum. If the gravity force is deviated from the inverse
square law, it will be the indication of the new physics. We are measuring the movement of the torsion pendulum by
using CCD with online fashion analysis tools.
(6) Radiation detector for education
After Fukushima reactor accident, people are so worried about the radiation. The detector team has collaboration with
University professors and high school teaches, for developing an educational system for knowledge of radiation. We
concluded it is necessary to have radiation detector assemble kit with reasonable price. Our team developed the
prototype detectors with spectrum display.
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RIBF Research Division
Accelerator Applications Research Group
1. Abstract
Accelerator Applications Research Group promotes various applications of ion beams from RI Beam Factory. Radiation
Biology Team studies biological effects of fast heavy ions and develops heavy-ion breeding. RI Applications Team studies
production and application of radioisotopes and develops new technologies of accelerator mass spectrometry for the
trace-element analyses. Details of these activities are described by each team elsewhere.
2. Major Research Subjects
Research and development in biology and chemistry utilizing heavy-ion beams from RI Beam Factory.
3. Summary of Research Activity
(1) Biological effects of fast heavy ions.
(2) Development of heavy-ion breeding.
(3) Production and application of radioisotopes.
(4) Developments of trace elements analyses.
Group Director
Tomoko ABE
Secretary
Yoshiko SAKATA
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RIBF Research Division
Accelerator Applications Research Group
Radiation Biology Team
1. Abstract
The radiation biology team conducts studies of various biological effects of fast heavy ions. It is also involved in the
development of a new technique for breeding plants by heavy-ion irradiation. Fast heavy ions can cause dense, localized
ionization of matter along their tracks, in contrast to photons (e.g., X-rays and g-rays), which cause randomly distributed
isolated ionization. The localized, dense ionization can cause double-strand DNA breaks in cells induced by; these breaks
are not easily repaired, and they are more effective at inducing mutations than single-strand DNA breaks. A unique feature
of our experimental facility at the RIKEN Ring Cyclotron (RRC) is that living bodies in helps them the atmosphere or
bottles can be irradiated because the delivered heavy-ion beams have sufficiently high energy to penetrate matter to a
significant depth. The radiation biology team uses a dedicated beam line (E5B) of the RRC to irradiate microbes, plants, and
animals with a wide variety of ion beams, ranging from C to Fe. The research subjects include physiological studies of DNA
repair, genome analyses of mutation, and mutation breeding of plants by heavy-ion irradiation. Some new cultivars have
already been introduced to the market.
2. Major Research Subjects
(1) Biological effects of heavy-ion irradiation
(2) Ion-beam breeding and genome analysis
(3) Innovative applications of heavy-ion beams
3. Summary of Research Activity
The radiation biology team focuses on the biological effects of fast heavy ions from the RRC by using 135 MeV/u C, N, and
Ne ions, 95 MeV/u Ar ions, and 90 MeV/u Fe ions. It is also involved in the development of a breeding technique for
microbes and plants. The main topics covered are as follows:
(1) Biological effects of heavy-ion irradiation
A uniform dose distribution is the key to systematic studies and thus to improvement of the mutation efficiency. Therefore,
plants and microbes are treated using ions with a stable linear energy transfer (LET). The deletion size appears to depend on
the LET: Almost 90% of deletions are less than 53 bp in Arabidopsis when using C ions (22.5~30 keV/μm). This type of
irradiation is suitable for examining breeding and reverse genetics systems in conjunction with single-nucleotide
polymorphism detection systems, for example, targeting induced local lesions in genomes. Among the deletions, the
proportion of large deletions (>100 bp) was about 54% for Ar-ion irradiation and about 64% for C-ion irradiation.
Heavy-ion beams of 290 keV/μm are efficient inducers of large deletions.
(2) Ion-beam breeding and genome analysis
An LET of 30 keV/μm with C and N ions is the most effective for inducing mutations in Arabidopsis. In rice, the highest
number of mutations is observed with C and Ne ions in the LET range of 61 to 74 keV/μm. Thus, the LET of the ion beam
is an important factor affecting mutagenesis. Many types of mutations that produce variegated, dwarf, early- or
late-flowering, high-yielding, and salt-tolerant phenotypes are found in M2 plants. Over the last decade, molecular biology
has made great advances through technological innovation. We use high-throughput DNA sequencing techniques such as
next-generation sequencing instruments and microarray technologies to analyze gene mutations. Mutants have become more
and more useful and important in modern genetic studies, enabling the discovery of genes that control important traits, and
revealing the functions and mechanisms underlying their operations. The discovery of genes using mutants may lead to the
emergence of a new field in biology, ‘mutagenomics’.
(3) Innovative applications of heavy-ion beams
An international heavy-ion breeding research consortium has been organized, with 156 national user groups and 15
international institutes in 2011. The consortium includes agricultural experimental stations, universities, and seed and
horticulture companies. The radiation biology team irradiated about 2200 different samples for a total beam time of 40
hours in one year. The advantages of heavy-ion mutagenesis include, a low dose with high survival rates, induction of high
mutation rates, and a wide range of variation. The ion beam used often changes only a single characteristic. Thus, a new
variety can be obtained by selecting a mutant that exhibits modification to a target trait while retaining the existing valuable
traits. This approach has been particularly successful in flower breeding. The consortium has introduced 22 new cultivars of
plants and 2 of microbes to the market in Japan, the USA, Canada, and the EU since 2001. The development period for
these new varieties was only three years.

- 362 -

Ⅴ. RNC ACTIVITIES

RIKEN Accel. Prog. Rep. 46 (2013)

Team Leader
Tomoko ABE
Members
Katunori ICHINOSE
Koutaro ISHII
Masako IZUMI
Ryouhei MORITA
Teruyo TSUKADA
Kazuhide TSUNEIZUMI
Special Postdoctoral Researcher
Yusuke KAZAMA
Technical Staff I
Yoriko HAYASHI
Sachiko KOGURE
Technical Staff II
Sumie OHBU
Part-time Staffs
Yuko HAYASHI
Yuki SHIRAKAWA
Hideo TOKAIRIN
Satoko YASUDA
Taeko WAKANA
Visiting Scientists
Ryutaro AIDA (Natl. Inst. Floricult. Sci.)
Mari AMINO (Tokai University Hospital)
Chang-Hyu BAE (Sunchon Natl. Univ., Korea)
Hiroyuki DAIMON (Osaka Pref. Univ.)
Ali FERJANI (Tokyo Gakugei Univ.)
Makoto FUJIWARA (Grad. Sch., Col. Arts Sci., Univ. of Tokyo)
Eitaro FUKATSU (Forest tree beeding Cet.)
Yoshiya FURUSAWA (Natl. Inst. Radiol. Sci.)
Toshinari GODO (Botanic Gardens Toyama)
Misako HAMATANI (Hiroshima City Agric. Forest. Promot. Cen.)
Yasuhide HARA (Kanagawa Inst. Agric. Sci.)
Masanori HATASHITA (Wakasa Wan Energy Res. Cen.)
Atsushi HIGASHITANI (Grad. Sch. Life Sci., Tohoku Univ.)
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Yuji ITO (Natl. Agric. Res. Cen., Hokkaido Region)
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Masanori TOMITA (CRIEPI)
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Kozo TSUKADA (Nippon Veterinary and Life-sci. Univ.)
Makoto UBUKATA (Hokkaido Univ.)
Masao WATANABE (Fac. Agri., Tohoku Univ.)
Takuji YOSHIDA (Takii Seed Co., Ltd.)
Yasuko YOSHIHARA(Japan Atomic Energy Agency)
Koichiro YOSHIOKA (Tokai University Hospital)
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Shunsuke IMANISHI (Natl. Inst.Veg. and Tea Sci.)
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Hiroaki KISAKA (Ajinomoto, Co., INC.)
Yuri KURUMATANI (Chiba Pref. Agr. Res. Cent.)
Chikara KUWATA (Chiba Pref. Agr. Res. Cent.)
Tadanori MINO (Wadomari Cho Agr. Exp. Station)
Miyuki NISHI (Saga Agricultural Experiment Station)
Kyousuke NIWA (Hyogo Pref. Res. Inst.)
Tadahito OOTUBO (Wadomari Cho Agr. Exp. Station)
Eikou OOYABU (Saga Pref. Agr. Res. Cen.)
Takenori SAITO (Shizuoka Tea Exp. Station)
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Naoji WAKITA (Wadomari Cho Agr. Exp. Station)
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Hiroyuki SAITO
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Tetsuya OKABE (Fac. Sci., Tokyo Univ. of Sci.)
Hiroki TAOKA (Fac. Sci., Tokyo Univ. of Sci.)
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RIBF Research Division
Accelerator Applications Research Group
RI Applications Team
1. Abstract
The RI Applications Team develops production technologies for radioisotopes (RIs) at the RIKEN RI Beam Factory (RIBF)
for application studies in physics, chemistry, biology, medicine, and pharmaceutical and environmental sciences. Purified
RIs such as 65Zn and 109Cd are delivered to universities and institutes for fee-based distribution through the Japan
Radioisotope Association. Furthermore, we develop new mass spectrometry technologies for trace element analyses using
accelerator technology and apply them to scientific research fields such as cosmochemistry, environmental science, and
archaeology. We also develop chemical materials for electron cyclotron resonance (ECR) ion sources for acceleration of
heavy ion such as 48Ca, 70Zn, and 238U at the RIBF.
2. Major Research Subjects
(1) Research and development of RI production technology at the RIBF
(2) RI application research
(3) Development of trace element analysis using accelerator techniques and its application to geoscience and environmental
science
(4) Research and development of chemical materials for ECR ion sources at the RIBF
3. Summary of Research Activity
(1) Research and development of RI production technology at the RIBF
Using heavy-ion accelerators at the RIBF, we are developing RI production technologies for application studies in
physics, chemistry, biology, medicine, and pharmaceutical and environmental sciences. With proton and deuteron beams
from the azimuthally varying field cyclotron (AVF), we produce about 30 radiotracers. Among them, 65Zn, 109Cd, and 88Y
are delivered to the Japan Radioisotope Association for fee-based distribution to the general public in Japan. Since 2007, we
have accepted 65 orders for 65Zn with a total activity of 363.5 MBq and 23 orders for 109Cd with 164.0 MBq of activity. On
the other hand, radionuclides of a large number of elements are simultaneously produced from metallic targets such as natTi,
nat
Ag, natHf, and 197Au irradiated with a 135 MeV nucl.–1 14N beam from the RIKEN Ring Cyclotron (RRC). This multitracer
is also provided to universities and institutes for collaborative research.
(2) RI application research
The chemistry of newly discovered superheavy elements (SHEs, atomic numbers Z ≥ 104) is an interesting and
challenging research subject in nuclear and radiochemistry. We are developing SHE production systems as well as rapid
chemistry apparatuses at the RIKEN Linear Accelerator (RILAC) and AVF. At the RILAC, a gas-jet transport system has
been coupled to the gas-filled recoil ion separator (GARIS). We are developing a gas chromatograph apparatus directly
coupled to the GARIS that enables in-situ complexation and gas chromatographic separation of a large variety of volatile
SHE compounds. We have also installed a gas-jet-coupled SHE production system on the AVF beam line. Aqueous
chemistry apparatuses for ion exchange and solvent extraction are under development together with automated rapid α
particle and spontaneous fission detection systems. Using intense heavy-ion beams from the RILAC and AVF, SHEs such as
261
Rf, 262Db, and 265Sg are produced, and their chemical properties are investigated on a single-atom scale.
(3) Development of trace element analysis using accelerator techniques and its application to geoscience and environmental
science
We developed two new mass spectrometry technologies for trace element analyses as an application of accelerator
technology to various fields such as cosmochemistry, environmental science, and archaeology. One is a new type of
accelerator mass spectrometry at the RILAC equipped with an ECR ion source. This system is available for measuring trace
elements (10–14–10–15 level) and is expected to be especially effective for measurements of low-electron-affinity elements
such as 26Al, 41Ca, and 53Mn. As a preliminary study, the ECR ion source system was evaluated and the basic data were
obtained for the detection and quantitative analysis of trace nuclides in archaeological samples (cinnabar) and functional
metals. We attempted to develop another technology by customizing a mass spectrometer equipped with a stand-alone ECR
ion source for analyses of elemental and isotopic abundances. In 2012, we examined the Mo isotope measurements of metal
samples using sputtering methods. Furthermore, we analyzed lead isotope ratios for vermilion (cinnabar) found in grave
burials to examine their origins.
(4) Research and development of chemical materials for ECR ion sources at the RIBF
We prepared CaO, ZnO, and metallic U for ECR ion sources at the RIBF for acceleration of 48Ca, 70Zn, and 238U ions,
respectively, in collaboration with Ion Source Team at the RIKEN Nishina Center.
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RIBF Research Division
User Liaison and Industrial Cooperation Group
Abstract
The essential mission of the “User Liaison and Industrial Cooperation (ULIC) Group” is to maximize the research
activities of RIBF by attracting users in various fields with a wide scope.
The ULIC Group consists of two teams.
RIBF User Liaison Team provides various supports to visiting RIBF users through the RIBF Users Office. Managing RIBF
beam time and organizing the Program Advisory Committee Meetings to review RIBF experimental proposals are also
important mission of the Team in order to enhance common use of the RIBF. The Industrial Cooperation Team supports
potential users in industries who use the beams for application purposes or for accelerator related technologies other than
basic research. Production of various radioisotopes by the AVF cyclotron is also one of the important mission. The produced
radioisotopes are distributed to researchers in Japan for a charge through the Japan Radioisotope Association.
Group Director
Hideyuki SAKAI
Deputy Group Director
Hideki UENO (Synergetic Common Use)
Members
Aiko NAKAO
Mieko KOGURE
Special Temporary Employee
Tadashi KAMBARA
Senior Visiting Scientists
Ikuko HAMAMOTO
Munetake ICHIMURA
Visiting Scientist
Byung-taik KIM
Assistants
Yoshiko SAKATA
Tomoko IWANAMI
Emiko ISOGAI
Katsura IWAI
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RIBF Research Division
User Liaison and Industrial Cooperation Group
RIBF User Liaison Team
1. Abstract
To enhance synergetic common use of the world-class accelerator facility, the Radioactive-Isotope Beam Factory (RIBF), it
is necessary to promote a broad range of applications and to maximize the facility’s importance. The facilitation and
promotion of the RIBF, as well as public relations activities on the RIBF, are important missions charged to the team.
Important operational activities of the team include: i) the organization of international Program Advisory Committee (PAC)
meetings to review experimental proposals submitted by RIBF users, ii) RIBF beam-time operation management, and iii)
promotion of facility use by hosting outside users through the RIBF Independent Users program, which is a new-user
registration program begun in FY2010 at the RIKEN Nishina Center (RNC) to enhance the synergetic common use of the
RIBF. The team opened the RIBF Users Office in the RIBF building in 2010, which is the main point of contact for
Independent Users and provides a wide range of services and information.
2. Major Research Subjects
(1) Promotion of the use of the RIBF
(2) Facilitation of the use of the RIBF
(3) Public relations activities of the RIBF
3. Summary of Research Activity
(1) Promotion of the use of RIBF
–
The team has organized an international PAC for RIBF experiments; it consists of leading scientists worldwide
and reviews proposals in the field of nuclear physics (NP) purely on the basis of their scientific merit and
feasibility. The team also assists another PAC meeting for material and life sciences (ML) organized by the RNC
Advanced Meson Laboratory. The NP and ML PAC meetings are organized twice a year.
–
The team coordinates beam times for PAC-approved experiments and other development activities. It manages
the operating schedule of the RIBF accelerator complex according to the decisions arrived at by the RIBF
Machine Time Committee.
–
To enhance collaborative use of the RIBF by researchers outside of RIKEN, the team has been developing
research envelopments of RIBF Independent Users and the members of the Partner Institutions.
–
To promote research activities at RIBF, proposals for User Liaison and Industrial Cooperation Group
symposia/mini-workshops are solicited broadly both inside and outside of the RNC. The RIBF Users Office
assists in the related paperwork.
–
The team is the point of contact for the RIBF users’ association. It arranges meetings at RNC headquarters for the
RIBF User Executive Committee of the users’ association, and supports their activities.
(2) Facilitation of the use of the RIBF
The RIBF Users Office, formed by the team in 2010, is a point of contact for user registration through the RIBF
Independent User program. This activity includes:
–
registration of users as RIBF Independent Users,
–
registration of radiation workers at the RIKEN Wako Institute,
–
provision of an RIBF User Card (a regular entry permit) and an optically stimulated luminescence dosimeter for
each RIBF Independent User, and
–
provision of safety training for new registrants regarding working around radiation, accelerator use at the RIBF
facility, and information security, which must be completed before they begin RIBF research.
The RIBF Users Office is also a point of contact for users regarding RIBF beam-time-related paperwork, which
includes:
–
contact for beam-time scheduling and safety review of experiments by the In-House Safety Committee,
–
preparation of annual Accelerator Progress Reports, and
–
maintaining the above information in a beam-time record database.
In addition, the RIBF Users Office assists RIBF Independent Users with matters related to their visit, such as invitation
procedures, visa applications, and the reservation of on-campus accommodation.
(3) Public relations activities of the RIBF
–
The team conducts publicity activities, such as arranging for RIBF tours, development and improvement of the
RNC official web site, and delivery of RNC news via email and the web.
–
The team participates in exhibitions for public.
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RIBF Research Division
User Liaison and Industrial Cooperation Group
Industrial Cooperation Team
1. Abstract
The scope of the industrial cooperation team includes industrial application of RIBF facility and research and development
for industrial application of accelerator associated technologies.
2. Major Subjects
Investigation of novel industrial applications of the accelerator beam and its related technologies.
Development of wear diagnostics for industrial parts implanting RI beams.
Distribution of radioisotopes Zn-65, Cd-109 and Y-88 produced at RIKEN AVF Cyclotron.
3. Summary of Research Activity
(1) Industrial application of RIBF
This team manages and supports the non-academic applications of heavy ion and RI beams at the RIBF facility. Until 2012,
three private companies utilized the heavy-ion and RI beams. A development of a wear analysis technique using RI-beam, a
heavy-ion irradiation test for semi-conductors of space use was carried out.
(2) Fee-based distribution of radioisotopes
At RIBF, various specific radioisotopes for research have been produced with the cyclotrons and used for research projects.
This team handles fee-based distribution of radioisotopes Zn-65, Y-88 and Cd-109, which are produced by the RI
application team at the AVF cyclotron, to non-affiliated users under a Material Transfer Agreement between Japan
Radioisotope Association and RIKEN. In 2012, total amount of 58MBq of Zn-65 and 20MBq of Cd-109 were distributed. In
addition, we started distribution of Y-88 in February 2010.

Team Leader
Atsushi YOSHIDA
Members
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RIBF Research Division
Safety Management Group
1. Abstract
The RIKEN Nishina Center for Accelerator-Based Science possesses one of the largest accelerator facilities in the world,
which consists of two heavy-ion linear accelerators and five cyclotrons, and a proton linac. This is the only site in Japan
where uranium ions are accelerated. The center also has electron accelerators of microtron and synchrotron storage ring.
Our function is to keep the radiation level in and around the facility below the allowable limit and to keep the exposure of
workers as low as reasonably achievable. We are also involved in the safety management of the Radioisotope Center, where
many types of experiments are performed with sealed and unsealed radioisotopes.
2. Major Research Subjects
（１）Safety management at radiation facilities of Nishina Center for Accelerator-Based Science
（２）Safety management at Radioisotope Center
（３）Radiation shielding design and development of accelerator safety systems
3. Summary of Research Activity
Our most important task is to keep the personnel exposure as low as reasonably achievable and to prevent accidents.
Therefore, we patrol the facility daily; measure the ambient dose rates; maintain the survey meters, shield doors, and
exhaust air and wastewater facilities; replenish the protective supplies; and manage radioactive waste. We also provide
advice, supervision, and assistance for major accelerator maintenance work.
The radiation safety interlock system of the RIBF building has been modified in conjunction with the construction of the
EURICA detector. The access control system, which is a part of the Nishina safety interlock system, was extended to the
gate of the RIBF building. The SCTIT interlock system was modified to meet the start of the experiment with unstable
nuclides. A new interlock system was installed at the compact neutron source with a proton linac.
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Center for Nuclear Study, Graduate School of Science, University of Tokyo.
1. Abstract
The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states
where the Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding
of the matter based on common natures of many-body systems in various phases. We also aim at elucidating the explosion
phenomena and the evolution of the universe by the direct measurements simulating nuclear reactions in the universe. In
order to advance the nuclear science with heavy-ion reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in
the large-scale accelerators laboratories RIBF. We promote collaboration programs at RIBF as well as RHIC-PHENIX and
LHC-ALICE with scientists in the world, and host international meetings and conferences. We also provide educational
opportunities to young scientists in the heavy-ion science through the graduate course as a member of the department of
physics in the University of Tokyo and through hosting the international summer school.
2. Major Research Subjects
(1) Accelerator Physics
(2) Nuclear Astrophysics
(3) Nuclear spectroscopy of exotic nuclei
(4) Quark physics
(5) Nuclear Theory
(6) SHARAQ project
(7) Active Target Development
3. Summary of Research Activity
(1) Accelerator Physics
One of the Major tasks of the accelerator group is the AVF upgrade project that includes development of ion sources,
upgrading the AVF cyclotron of RIKEN and the beam line to CRIB. Development of ECR heavy ion sources is to provide
a new HI beams, higher and stable beams of metallic ions, and to improve the control system. Two ECR sources now
provide all the beams for the AVF cyclotron and support not only CRIB experiments but also a large number of RIBF
experiments. One of the major developments performed for upgrading the AVF cyclotron is the increase of the energy up to
K78 by the installation of a new central module. New beam monitors at the ion sources, the beam line, and the AVF were
installed and used for diagnose various beams in order to improve the transmission efficiency.
(2) Nuclear Astrophysics
The nuclear astrophysics group is studying relevant astrophysical reactions and special nuclear structures using a
low-energy RI beam separator, CRIB. Our main interest is on stellar thermonuclear reaction processes at high temperatures,
such as hot p-p chain, hot CNO cycle, rp-process, and αp-process.
In 2012, proton resonant scattering measurement of 22Na+p and 17F+p were carried out in collaboration with Chinese
groups (CIAE and IMP), and we observed resonances in the compound nuclei. We can evaluate resonant reaction rates using
the resonant parameters we obtained. A production test of 44Ti beam was also performed with KEK group, and we gained a
prospect of producing a 44Ti beam of 104 per second. We planned to use the beam for a measurement of 44Ti(α,p) reaction
cross section, which provide us a precise evaluation of the production rate of cosmic gamma ray from 44Ti. We are also
working for the development of the active target with GEM (GEM-MSTPC), to use it for decay detection measurements in
the future. As an industrial application, it was proposed that the intense 7Be beam at CRIB should be used for diagnostics of
industrial materials. This project was proposed by RIKEN group, and an irradiation test was successfully performed in
2012.
(3) Nuclear structure of exotic nuclei
The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic structures in high-isospin
and/or high-spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity) is a
major apparatus for high-resolution in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is
going to start as another approach on exotic nuclei. In 2012, the following progress has been made.
Analysis of  inelastic scattering data from nuclei in the island of inversion, which was taken by using GRAPE, has
progressed, which gives information of the border of the island-of-inversion in the nuclear chart. Experiments of searching
new isomers by using 238U and 124Xe primary beams from SRC were performed and 19 new isomers were found by the
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analysis of the obtained data.
A plunger system for recoil distance method was developed for the approved experiments of the lifetime measurements of
neutron-rich fp-shell nuclei. The readout system of 12 detectors of the CNS GRAPE was upgraded, where digital pulse
data taken by sampling ADCs are analyzed by FPGAs on boards.
The double-charge exchange reaction 4He(8He,8Be)4n was measured at 200 A MeV for studying tetra neutron system, whose
analysis is now in progress. Gamma-ray spectroscopy of neutron-rich Ca isotopes was performed, which shows low-lying
spectra of the 53,54Ca nuclei.
(4) Quark Physics
Main goal of the quark physics group is to understand the properties of hot and dense nuclear matter created by colliding
heavy nuclei at relativistic energies. The group has been involved in the PHENIX experiment at Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory, and the ALICE experiment at Large Hadron Collider (LHC) at CERN.
As for PHENIX, the group has been concentrating on the physics analysis involving leptons and photons; direct photon
production at low transverse momentum using the virtual-gamma method, J/ production in ultra-peripheral Au+Au
collisions, and electron measurement from semi-leptonic decay of heavy flavor mesons which uses the Si VTX detector
subsystem.
As for ALICE, the group has involved in the data analyses, which include production of multi-particle correlation in
Pb+Pb collisions, nuclear modification of energetic neutral pions in Pb+Pb collisions, and measurement of low-mass lepton
pairs. The group has also been playing a leading role in the development of forward calorimeter for future upgrade. In
2012, the group started to involve in the ALICE-TPC upgrade using a Gas Electron Multiplier (GEM). Systematic studies of
gain stability, ion back flow, and energy resolutions with various field configurations are underway at CNS and at CERN.
R&D of GEM and related techniques has been continuing. Development of resistive GEM with resistive anodes and
GEM with glass insulator have been progressing in collaboration with the Tamagawa group of RIKEN.
(5) Nuclear Theory
The nuclear theory group has been promoting the RIKEN-CNS collaboration project on large-scale nuclear structure
calculations since 2001 and maintaining its PC cluster. Based on this experience and its achievements, we participated in
activities of HPCI Strategic Programs for Innovative Research (SPIRE) Field 5 "The origin of matter and the universe" in
2011. The SPIRE project aims at an integral understanding of the origin and structure of matter and the Universe utilizing the
K computer, which was the world's fastest supercomputer in 2011.
In the SPIRE project, we are in charge of the elucidation of nuclear properties using ultra large-scale simulations of quantum
many-body systems and its applications. In order to perform large-scale shell-model calculations, we developed an efficient
computer program of the Monte Carlo Shell Model (MCSM) method for massive parallel computation, and performed
benchmark calculations at K computer. We have been performing production runs at the K computer since September 2012. In
parallel, we studied the effective interaction of medium-heavy nuclei which is essential for the large-scale shell-model
calculations.
(6) SHARAQ project
A main subject of the SHARAQ program is charge-exchange reactions induced by heavy-ion beams, with which a variety
of selectivities in transferred quantum numbers, ΔS, ΔT, ΔTz, ΔL etc, are available. This year, the SHARAQ group carried
out the measurement of the exothermic double-charge exchange (8He,8Be) reaction on liquid 4He target to study the
tetra-neutron system. Here the exothermicity of the (8He, 8Be) reaction is advantageous in populating the fragile
tetra-neutron states from 4He since the energy needed in the target excitation is almost completely compensated by the
positive Q-value in the projectile. The missing mass was obtained successfully by simultaneously detecting two α particles
produced by the decay of residual 8Be nucleus.
The other research subject is directed toward the study of the structure of unstable nuclei. The polarized proton target was
introduced for the first time at SHARAQ and the (pol-p,2p)/(pol-p,pn) reaction on unstable oxygen isotopes 14,22,24O were
performed (See article of Spin Isospin Lab of RIBF Research Division).
The dispersion-matching ion optics of SHARAQ was reexamined by using fragments of A/Z = 2 nuclei and the beam tuning
procedure was simplified for rapid tuning. Also the time-of-flight components of transport matrix were measured by CVD
diamond detectors. To achieve high momentum resolution in the system, event-by-event correction of beam trajectory was
made by examining the hit positions at foci. A momentum resolution of 1/8100 (FWHM) was successfully obtained.
(7) Active Target Development
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The aim of the active target project is to utilize the missing-mass spectroscopy in inverse kinematics by
developing the active targets. We have developed two types of gaseous active targets, which are
GEM-based TPCs, for high-energy (100-300MeV/u) beam experiments, where β+-type Gamow-Teller
transition and inelastic scattering are studied, and for low-energy (a few MeV/u) beam
experiments, where the (α,p) reactions are studied from the viewpoint of astrophysical interest.
A pilot experiment of the active target for high-energy beam (CAT) was performed at HIMAC.
Secondary beam of 14O at 100 MeV/u was produced and bombarded the CAT, which was operated with
three GEMs and 1-atm deuterium gas. The property of thick GEMs with low-pressure deuterium was
studied for the low-pressure operation of the CAT.
As for the other type of the active target of CNS (GEM-MSTPC), we made a development for a pulsing
operation of GEM with an external gate signal. GEM-MSTPC is going to be used in a beta delayed alpha
particle decay measurement with a high-intensity beam.
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RNB (Radioactive Nuclear Beam) group, IPNS (Institute for Particle and Nuclear Studies), KEK (High Energy
Accelerator Research Organization)
1. Abstract
We have been developing an element-selective isotope separator, KISS (KEK Isotope Separation System) at RIKEN to
investigate the -decay properties of heavy neutron-rich nuclei with neutron numbers of N = 126 relevant to the r-process of
heavy element nucleosynthesis in cosmos. The main components of the KISS installed in FY 2011 are now under on-line
test to confirm the performance (efficiency and selectivity for isotopes of interest). Some other activities are also included.
2. Major Research Subjects
(1) Radioactive isotope beam production and manipulation for nuclear experiments.
(2) Explosive nucleosynthesis (rp- and r-process).
(3) Heavy ion reaction mechanism for producing heavy neutron-rich nuclei.
(4) Single particle states of neutron-rich nuclei by isobaric analog resonances.
(5) Development of RNB probes for materials science applications.
3. Summary of Research Activity
For the on-line test of the KISS, where will be confirmed the full processes in the KISS for stopping (thermalization and
neutralization) and transporting by buffer gas (argon gas-flow of ~50 kPa in a gas-cell), and re-ionizing by laser irradiation
energetic heavy ions, a stable 56Fe beam from the RRC was directly injected into the gas-cell. Before the beam experiment,
we firstly performed an off-line test to search for an efficient ionization scheme for Fe atom evaporated from a heated
filament in the gas-cell. We have found a new ionization scheme, whose transitions are two steps for resonant excitation and
ionization from the ground state of neutral Fe atom; 3d6 4s2 (J = 4) → 3d6 4s4p (J = 5) (λ1 = 248.402 nm) → auto ionization
state (λ2 = 423.784 nm). The saturation power of the 1st step laser (λ1) irradiation was 15 μJ/pulse, which is available in our
present laser system. Secondly, we investigated the mass-distribution of ions extracted from the gas-cell of the KISS. Those
ions primarily produced by -particle irradiation from Am -source (~40 kBeq), are supposed to be transformed to
molecular side bands via associative chemical reactions with impurities existing in the gas cell. Therefore, the pattern of the
mass distribution could be a good indicator of how much and many impurities exist in the gas cell. Indeed, we have watched
how the mass distribution is evolved during our purification processes, i.e. such as baking, activation of the gas purifiers etc.
In this way, we can check the impurity compositions in the gas cell; it is more or less qualitative at this moment, but, we are
sure, accessible down to the level of impurity compositions of sub ppb. We have performed on-line test two times so far, but
unfortunately could not succeed to confirm Fe ions that are resonantly ionized after all physical processes in the gas cell as
mentioned above. After comprehensive discussions about possible reasons for our failure and continuous efforts, we have
improved some critical problem points: purity in the gas-cell as well as the argon-gas supply system, and injection condition
of the primary beam into the gas cell (so far, the Fe beam of 95 MeV/u was energy-degraded to ~0.5 MeV/u by a thick Al
plate located about 2 m upstream of the gas cell. Now the main degradation will be conducted just in front of the gas-cell.)
Another on-test will be performed soon with the improved conditions.
As an effort for developing resonant laser ionization system, the alpha decays of neutron-deficient gold and astatine isotopes
were measured at CERN/ISOLDE. The isotopes were resonantly ionized by using three color lasers. For the astatine,
Rydberg states were successfully measured, allowing us to determine the ionization potential for the first time.
In order to investigate the feasibility of the multi-nucleon transfer (MNT) in the reaction system of 136Xe on 198Pt for
producing heavy neutron-rich isotopes around the mass number of 200 with the neutron magic number of 126,
measurements of the MNT reaction cross sections with the large acceptance magnetic spectrometer VAMOS++ and the high
efficiency gamma detector array EXOGAM were performed at GANIL in March 2012. The complete identification of the
projectile-like fragments (PLFs) detected by the spectrometer was achieved. And it makes possible the comparison of the
isotope distributions of the PLFs for different proton transfer channels, which shows a comparable strength of the proton
pick-up and proton stripping channels. It is the first time to be experimentally measured and very much different from the
case of the MNT reactions with light collision partners (up to Zr), where the neutron pick-up channels and proton stripping
channels dominate. Compared with GRAZING calculations, the measured isotopic distributions of the PLFs show much
enhanced cross sections in pick-up channels of more than one proton, correspondingly higher production of target-like
fragments of our present interests could be anticipated. The analysis will be continued for the determination of the absolute
cross sections of the PLFs production and identification of the target-like fragments (TLFs) with the gamma-rays detected
by the EXOGAM array, which allows us to estimate the cross sections (presumably their lower limit) of TLFs.
For direct measurements of the reaction cross section of 44Ti (, p) 47V, which is one of key reactions to evaluate 44Ti yield
in supernova nucleosynthesis, we performed the 44Ti beam development at CRIB in FY2012. Using the production reaction
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of 3He (42Ca, 44Ti), the intensity for 44Ti was observed to be 130 - 350 pps with the 42Ca beam of 1 pnA, corresponding to
0.9 – 2 * 104 pps when an available beam current of 42Ca (70 pnA) at AVF cyclotron was assumed. As a first usage of the
beam, an experiment searching for three-cluster states (40Ca + + among excited states of the compound system 48Cr is
considered by using 44Ti ( resonant elastic scatterings.
We performed experiments of the proton resonance elastic scatterings of 30Mg and 20Na which were accelerated by the
REX-ISOLDE, as our continuing effort for investigating the nature of the single particle states of light neutron-rich or
-deficient nuclei by using the thick target inverse kinematics (TTIK) method. With the 30Mg beam of 2.92 MeV/u, we
observed the isobaric analog resonances of the low-lying bound state in 31Mg, giving us the information on the
spectroscopic factors of the these states. Analysis is underway.
Group Leader
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TORIJIN (Todai-RIKEN Joint International Program for Nuclear Physics)
1.

Abstract
University of Tokyo and RIKEN have agreed to corporate with each other in the field of nuclear physics and have
established Todai-RIKEN Joint International Program for Nuclear Physics (TORIJIN) in June 2006. The aim of this
organization is to promote the international collaborations, such as JUSTIPEN (Japan-US Theory Institute for Physics with
Exotic Nuclei). JUSTIPEN was launched in June 2006 in order to facilitate collaborations between U.S. and Japanese
scientists whose main research thrust is in the area of the physics of exotic nuclei.

2.

Main activities
Promote the international collaborations of both theoretical and experimental nuclear physicists under JUSTIPEN.

3.

Summary of Research Activity
Under the JUSTIPEN program, 10 nuclear scientists in the U.S. have visited Japan in this fiscal year (Apr. 2012--Mar.
2013). Theoretical Nuclear Physics Laboratory and User Liaison and Industrial Cooperation Group were mainly responsible
for the US visitors’ accommodation and other arrangements. Under this project, a number of collaborations have been
established. We also organized the 6th LACM-TORIJIN-JUSTIPEN workshop at Oak Ridge National Laboratory from Oct.
31 to Nov. 2, 2012 in Oak Ridge. Fifteen Japanese scientists attended the workshop and we had fruitful discussions. Also
“JUSTIPEN workshop on supercomputing at CCP2012” was held on Oct. 15--16, at the “Conference on Computational
Physics (CCP2012)” in Kobe, Japan.
The 11th CNS international summer school was organized from Aug. 29 to Sep. 4, 2012, for which we invited 9 lecturers,
4 of them from abroad.
Chair
Takaharu OTSUKA (University of Tokyo)
Vice chair
Hiroyoshi SAKURAI (University of Tokyo/RIKEN)
Steering board members
Susumu SHIMOURA (University of Tokyo)
Takashi NAKATSUKASA (RIKEN)
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Events from April 2012 to March 2013
2012

2013

Apr. 18

Opening Seremony of Renewed RIBF Garaly

Apr. 20

RIKEN Wako Institute's Open House

Apr. 23

The paper published in 2010 on "Identification of 45 New Neutron-Rich Isotopes Produced
by In-Flight Fission of a 238U Beam at 345 MeV/nucleon", J. Phys. Soc. Jpn. 79,
073201(2010) was chosen as one of the "Most Cited Articles in 2011" by Journal of the
Physical Society of Japan

Apr. 24

Newcomers of Nishina Center2012

May. 01

The SAMURAI experiment using beam commenced

May. 29

RIKEN and BNL Sign extension of RIKEN-BNL MoU on spin physics projects

May. 29

18th Meeting of the Managing and Steering Committee

Jun. 18-19

The 11th Program Advisory Committee for Nuclear Physcis Experiments at RI Beam Factroy

Jun. 26

Temperature at RHIC is recognized by Guinness World Records as the "Hightest Man-made
temperature"

Jul. 05

"Element Genesis: RIKEN RI Beam Factory", a video introducing RIKEN, was
shown at the opening ceremony of Synradome, the dome projection theater in
the Science Museum

Aug. 6-10

Seoul National University-Nishina School

Sep. 04-05

The 9th Program Advisory Committee for Materials and Life Science Experimets at RIKEN
Nishina Center

Sep. 27

Search for element 113 concluded at last! prove third time's a charm

Oct. 02-12

Peking University-Nishina School

Oct. 22

RIKEN and Tokyo Institute of Technology issued a joint press release on the research result
obtained by using the RIBF facility for "A new method for producing highly spin-aligned RI
beams by employing a two-step projectile-fragmentation process in combination with the
momentum-dispersion matching technique"

Nov. 07-08

Scientific Review Committee at RIKEN BNL Ceter

Nov. 08

A paper on the discovery of 18 new isomers via research performed at RIBF
was accepted by "Physical Review C"

Nov. 10-11

Science Agora in Odaiba

Nov. 22

Press release for Discovery of 18 new nuclear isomers

Jan. 08

Signing of the MoU on the collaboration between RIKEN Nishina Center and the European
Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*)

Jan. 22

Interim Review of Radioactive Isotope Physics Labratory

Feb. 19

Interim Review of Instrumentation Development Group
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2013

Feb. 19

Interim Review of Research Instruments Group

Feb. 22

Interim Review of Accelerator Applications Research Group

Mar. 05

Interim Review of Safety Management Group

Mar. 07

Interim Review of Theoretical Nuclear Physics Laboratory

CNS
Aug. 29 - Sep. 04 The 10th CNS Summer School (CNSSS11)
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Awards From April 2012 to March 2013
Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Masaharu Okano (Safety Management Group)
The Yoshikawa Eiji Cultural Prize
Yoshikawa Eiji Cultural Foundation
Apr. 11, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Ryouhei Morita (Ion Beam Breeding Laboratory)
Outstanding Presentation Award
Japanese Society of Breeding
May 15, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Masako Yamada (Radiation Laboratory)
Takegoshi Award
Graduate School of Science/ Faculty of Science, Kyoto University
Jun. 26, 2012

Awardee & Laboratory

Taku Izubuchi (RIKEN BNL Research Center, Theory Group), Christoph Lehner (RIKEN
BNL Research Center, Computing Group), Thomas Blum (RIKEN BNL Research Center,
Computing Group)
Ken Wilson Lattice Award
International Symposium on Lattice Field Theory
Jun. 29, 2012

Name of Award
Sponsoring organization
Date of award
Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Yoshihide Higurashi (Accelerator Group, Ion Source Team), Jun-ichi Onishi (Accelerator
Group, Accelerator R&D Team), Tsuneaki Minato (Mitsubishi Electric)
PASJ Award for Technical Contributions
Particle Accelerator Society of Japan
Aug. 09, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Hiroshi Imao (Accelerator R&D Team )
Oral Presentation Award
Particle Accelerator Society of Japan
Aug. 10, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Masanori Dozono (Spin Isospin Laboratory)
Award of outstanding young physicists ---Experimental Nuclear Physics--Nuclear Experimental Physics Forum (Kakudan)
Sep. 13, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Hiroaki Matsubara (Spin Isospin Laboratory)
Award of outstanding young physicists ---Experimental Nuclear Physics--Nuclear Experimental Physics Forum (Kakudan)
Sep. 13, 2012
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Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Kenjiro Miki (Spin Isospin Laboratory)
Award of outstanding young physicists ---Experimental Nuclear Physics--Nuclear Experimental Physics Forum (Kakudan)
Sep. 13, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Tetsuo Hatsuda (Quantum Hadron Physics Laboratory), Shinya Aoki (Quantum Hadron
Physics Laboratory), Noriyoshi Ishii (Radiation Laboratory),
Tsukuba Prize
The Science and Technology Promotion Foundation of Ibaraki
Oct. 17, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

RIKEN Nishina Center
Science Agora Prize
Japan Science and Technology Agency
Nov 20, 2012

Awardee & Laboratory
Name of Award

Tadashi Fujinawa (Accelerator Group)
Special award at the 45th annual meeting of the College of Industrial Technology, Nihon
University, for giving lectures at many of the college's annual meetings
College of Industrial Technology, Nihon University
Dec. 01, 2012

Sponsoring organization
Date of award
Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Tetsuo Hatsuda (Quantum Hadron Physics Laboratory), Shinya Aoki (Quantum Hadron
Physics Laboratory), Noriyoshi Ishii (Radiation Laboratory),
Nishina Memorial Award
Nishina Memorial Foundation
Dec 06, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Kosuke Morita (Superheavy Element Laboratory)
NISTEP Award
National Institute of Science and Technology
Dec 20, 2012

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Masaki Sasano (Spin Isospin Laboratory)
Young Scientist Award
The Physical Society of Japan
Mar 26, 2013

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Tetsuya Onishi (Instrumentation Development Group), Toshiyuki Kubo (Research
Instruments Group) et, al.
Award for Academic Papers on Physics
The Physical Society of Japan
Mar 28, 2013

Awardee & Laboratory
Name of Award
Sponsoring organization
Date of award

Satoru Katsuta (High Energy Astrophysics Laboratory)
Young Scientist Award
The Physical Society of Japan
Mar 28, 2013
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RIKEN Nishina Center for Accelerator-Based Science
Publications
[Journal]
（Original Papers） *Subject to Peer Review
Higurashi Y., Nakagawa T., Kidera M., Aihara T., Kase
M., and Yano Y.: “Enhancement of Ar8+ Current Extracted from RIKEN 18 GHz Electron Cyclotron Resonance Ion Source by Moving the Plasma Electrode toward the Resonance Zone”, Jpn. J. Appl. Phys. 40,
5134–5135 (2001). ＊
Higurashi Y., Nakagawa T., Kidera M., Kageyama T.,
Kase M., Goto A., and Yano Y.: “Production of Highly
Charged Ga Ions from Organic Metal Comppound Using
the Liquid-He-Free Superconducting Electron Cyclotron
Resonance Ion Source at RIKEN”, Jpn. J. Appl. Phys.
41, 5442–5443 (2002). ＊
Higurashi Y., Nakagawa T., Kidera M., Aihara T., Kase
M., and Yano Y.: “Enhancement of Ar8+ Ion Beam
Intensity from RIKEN 18 GHz Electron Cyclotron Resonance Ion Source by Optimizing the Magnetic Field
Conﬁguration”, Jpn. J. Appl. Phys. 42, 3656–3657
(2003). ＊
Higurashi Y., Nakagawa T., Kidera M., Kageyama T.,
Aihara T., Kase M., and Yano Y.: “Optimization of
magnetic ﬁeld conﬁguration for the roduction of Ar ions
from RIKEN 18 GHz ECR ion source”, Nucl. Instrum.
Methods Phys. Res. A 510, No. 2, pp. 206–210 (2003).
＊
Higurashi Y., Kidera M., Kase M., Nakagawa T., and Yano
Y.: “Emittance measurement for intense beam of heavy
ions from RIKEN 18 GHz ECRIS”, Rev. Sci. Instrum.
75, 1467 (2004). ＊
Higurashi Y., Kidera M., Nakagawa T., Aihara T., Kase
M., and Yano Y.: “Eﬀect of Plasma Electrode Position
of RIKEN 18 GHz Electron Cyclotron Resonance Ion
Source on Beam Intensity of Highly Charged Ar Ions”,
Jpn. J. Appl. Phys. 44, 5216–5218 (2005). ＊
Higurashi Y., Kidera M., Nakagawa T., Aihara T., Kase
M., Goto A., and Yano Y.: “Production of 70Zn Beam
from RIKEN 18 GHz Electron Cyclotron Resonance Ion
Source”, Jpn. J. Appl. Phys. 44, 8138–8140 (2005). ＊
Higurashi Y., Nakagawa T., Kidera M., Aihara T.,
Kobayashi K., Kase M., Goto A., and Yano Y.: “Effect of the plasma electrode position and shape on the
beam intensity of the highly charged ions from RIKEN
18 GHz electron cyclotoron resonanse ion source”, Rev.
Sci. Instrum. 77, No. 2, p. 03A329 (2006). ＊
Higurashi Y., Nakagawa T., Kidera M., Haba H., Aihara
T., Kase M., Goto A., and Yano Y.: “Production of U
beam from RIKEN 18 GHz electron cyclotron resonance
ion source”, Rev. Sci. Instrum. 79, No. 2, p. 02C714
(2008). ＊
Chevrier R., Daugas J., Gaudefroy L., Ichikawa Y., Ueno
H., Hass M., Cottenier S., Aoi N., Asahi K., Balabanski

D. L., Fukuda N., Furukawa T., Georgiev G., Hayashi
H., Iijima H., Inabe N., Inoue T., Ishihara M., Ishii Y.,
Kameda D., Kubo T., Nanao T., Neyens G., Ohnishi
T., Rajabali M. M., Suzuki K., Takeda H., Tsuchiya M.,
Vermeulen N., Watanabe H., and Yoshimi A.: “Is the
7/21− isomer state of 43 S spherical?”, Phys. Rev. Lett.
108, 162501-1–162501-5 (2012). ＊
Hatsuda T.: “Application of Fixed Scale Approach to
Static Quark Free Energies in Quenched and 2 + 1 Flavor Lattice QCD with Improved Wilson Quark Action”,
Prog. Theor. Phys. 128, No. 5, pp. 955–970 (2012). ＊
Sato H., Kubo T., Yano Y., Kusaka K., Ohnishi J.,
Yoneda K., Shimizu Y., Motobayashi T., Otsu H., Isobe
T., Kobayashi T., Sekiguchi K., Nakamura T., Kondo
Y., Togano Y., Murakami T., Tsuchihashi T., Orikasa
T., and Maeta K.: “Superconducting dipole magnet for
SAMURAI spectrometer”, IEEE Trans. Appl. Supercond. 23, No. 3, pp. 4500308-1–4500308-8 (2013). ＊
[Book・Proceedings]
（Original Papers） *Subject to Peer Review
Yamada K., Arai S., Fujimaki M., Fujinawa T., Fujisawa
H., Fukunishi N., Goto A., Higurashi Y., Ikezawa
E., Kase M., Komiyama M., Kumagai K., Maie T.,
Nakagawa T., Ohnishi J., Okuno H., Sakamoto N., Sato
Y., Suda K., Watanabe H., Watanabe T., Watanabe Y.,
Yano Y., Yokouchi S., and Kamigaito O.: “Construction of new injector linac at RIBF”, CYCLOTRONS’10,
Lanzhou, 2010–9, JaCoW, Lanzhou, pp. 1–3 (2010).
Yamada K., Arai S., Fujimaki M., Fujinawa T., Fujisawa
H., Fukunishi N., Goto A., Higurashi Y., Ikezawa E.,
Kamigaito O., Kase M., Komiyama M., Kumagai K.,
Maie T., Nakagawa T., Ohnishi J., Okuno H., Sakamoto
N., Sato Y., Suda K., Watanabe H., Watanabe Y., Yano
Y., and Yokouchi S.: “Construction of new injector linac
for RI Beam Factory at RIKEN Nishina Center”, Proceedings of of the 1st International Particle Accelerator
Conference (IPAC’10), Kyoto, 2010–5, JaCoW, Kyoto,
pp. 789–791 (2010).
（Others）
Yamaguchi Y., Wakasugi M., Suzuki H., Fujinawa T.,
Uesaka T., Yano Y., Ozawa A., Nagae D., Yamaguchi T.,
Suzuki T., Kikuchi T., Jiang W., Sasaki T., and Tokuchi
A.: “Present status of Rare-RI Ring project in RIKEN
RI Beam Factory”, Proceedings of Science (PoS), Frascati, Italy, 2011–10, SISSA, Fascati, p. 070 (2012).
Oral Presentations
(International Conference etc.)
Higurashi Y., Nakagawa T., Kidera M., Aihara T., Kase
M., and Yano Y.: “Eﬀect of plasma electrode position
on the beam intensity and emittance of RIKEN 18 GHz
ECRIS”, 16th International Conference on ECR Ion
Sources (ECRIS 04), ( Lawrence Berkeley National Laboratory ), Berkeley, USA, Sept. (2004).
Yamada K., Okuno H., Fujimaki M., Fukunishi N., Goto
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A., Hasebe H., Ikegami K., Kamigaito O., Kase M.,
Kumagai K., Maie T., Nagase M., Ohnishi J., Sakamoto
N., Yokouchi S., and Yano Y.: “Status of the Superconducting Ring Cyclotron at RIKEN RI Beam Factory”,
11th European Particle Accelerator Conference (EPAC
2008), (INFN-LNF), Genoa, Italy, June (2008).
Yamada K., Dantsuka T., Fujimaki M., Fujinawa T.,
Fukunishi N., Goto A., Hasebe H., Higurashi Y., Ikezawa
E., Kamigaito O., Kase M., Komiyama M., Kuboki H.,
Kumagai K., Maie T., Nagase M., Nakagawa T., Ohnishi
J., Okuno H., Sakamoto N., Sato Y., Suda K., Wakasugi
M., Watanabe H., Watanabe T., Watanabe Y., Yano
Y., and Yokouchi S.: “Progress on the commissioning of
Radioactive Isotope Beam Factory at RIKEN Nishina
Center”, 11th International Conference on HEAVY ION
ACCELERATOR TECHNOLOGY (HIAT09), (INFNLNL), Venezia, Italy, June (2009).
Yamada K., Arai S., Fujimaki M., Fujinawa T., Fujisawa
H., Fukunishi N., Goto A., Higurashi Y., Ikezawa E.,
Kamigaito O., Kase M., Komiyama M., Kumagai K.,
Maie T., Nakagawa T., Ohnishi J., Okuno H., Sakamoto
N., Sato Y., Suda K., Watanabe H., Watanabe Y., Yano
Y., and Yokouchi S.: “Construction of New Injector
Linac for RI Beam Factory at RIKEN Nishina Center”, 1st International Particle Accelerator Conference
(IPAC’10), (High Energy Accelerator Research Organization), Kyoto, May (2010).
Yamada K., Arai S., Fujimaki M., Fujinawa T., Fujisawa
H., Fukunishi N., Goto A., Higurashi Y., Ikezawa
E., Kase M., Komiyama M., Kumagai K., Maie T.,
Nakagawa T., Ohnishi J., Okuno H., Sakamoto N., Sato
Y., Suda K., Watanabe H., Watanabe T., Watanabe Y.,
Yano Y., Yokouchi S., and Kamigaito O.: “Construction of New Injector LINAC at RIBF”, 19th International Conference on Cyclotrons and their Applications
(CYCLOTRONS 2010), (IMP), Lanzhou, China, Sept.
(2010).
Kuboki H., Okuno H., Hershcovitch A., Dantsuka T.,
Hasebe H., Ikegami K., Imao H., Kamigaito O., Kase
M., Maie T., Nakagawa T., and Yano Y.: “Development of Plasma Window for gas charge strippers at
RIKEN RIBF”, 26th World Conference of the International Nuclear Target Development Society, (Johannes
Gutenberg-Universitat and GSI), Mainz, Germany, Aug.
(2012).
Enyo H.: “Nuclear Physics in Japan, Prospects being engaged in RIBF, J-PARC and other facilities -”, 2012 Fall
Meeting of the APS Division of Nuclear Physics, (American Physical Society), Newport Beach, CA, USA, Oct.
(2012).
Sato H., Kubo T., Yano Y., Kusaka K., Ohnishi J.,
Yoneda K., Shimizu Y., Motobayashi T., Otsu H., Isobe
T., Kobayashi T., Sekiguchi K., Nakamura T., Kondo
Y., Togano Y., Murakami T., Tsuchihashi T., Orikasa
T., and Maeta K.: “Superconducting dipole magnet
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Coming 5 Years”, EXON2012(International Symposium
on Exotic Nuclei), (EXON2012 Organizing Commetee),
Vladivostok, Russia, Oct. (2012).
Yamaguchi Y., Wakasugi M., Ozawa A., Uesaka T., Yano
Y., Fujinawa T., Fukunishi N., Inabe N., Kamigaito
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ture”, Suzaku conference 2011, California, USA, July
(2011).
Yamaguchi H.:
“Innershell Ionization & Fluorescence/Auger Yield: Need of a New Code, Required from
Observations”, AtomDB Symposium, Cambridge, USA,
Aug. (2011).
Yoshikawa A., Tamagawa T., Asami F., Iwahashi T.,
Takeuchi Y., Hayato A., hamagaki h., ueno k., gunji
t., akimoto r., hayashi s., Rui O., nukariya a., and ochi
a.: “Development of Resistive Electrode Gas Electron
Multipliﬁer (RE-GEM)”, 2nd International Conference
on Micro Pattern Gaseous Detectors, Kobe, Aug.–Sept.
(2011).
Yamaguchi H.: “Elemental Abundances in the Supernova
Remnant G344.7-0.1 Studied with Suzaku”, American
Astronomical Society, HEAD Meeting, Newport, USA,
Sept. (2011).
Bamba A.: “Supernova Remnants as Chemical Element Distributors”, Chemical Evolution of the Universe,
Tokyo, Oct. (2011).
Kawaharada M.: “Japanese plans and technologies for future high-energy astrophysics”, IAC2011, Cape Town,
South Africa, Oct. (2011).
Konami S., Tamagawa T., Gandhi P., Matsushita K.,
and Tsuru T. G.: “A comparison of metal abundance
patterns of inter-stellar medium in starburst and nonstarburst galaxies”, Workshop on Chemical Evolution
of the Universe, (Tokyo Metropolitan University), Hachioji, Oct.–Nov. (2011).
Konami S., Tamagawa T., Gandhi P., Matsushita K.,
and Tsuru T. G.: “A comparison of metal abundance
patterns of inter-stellar medium in starburst and nonstarburst galaxies”, 11th International Symposium on
Origin of Matter and Evolution of Galaxies (OMEG11),
Wako, Nov. (2011).
Konami S., Tamagawa T., and Matsushita K.: “A comparison of metal abundance patterns of inter-stellar medium
in starburst and non-starburst galaxies with X-ray observation”, INAF seminar, (INAF), Rome, Italy, Jan.
(2012).
Konami S., Tamagawa T., and Matsushita K.: “The abundance pattern of O, Ne, Mg, and Fe in the X-ray emitting
interstellar medium of a spiral and starburst galaxies”,
MAP seminar, (MPA), Garching, Germany, Feb. (2012).
Nakagawa Y., Makishima K., Enoto T., and Sakamoto T.:
“Wide-Band Spectra of Magnetar Burst Emission”, IAU
Symposium 279, Nikko, Mar. (2012).
Nakagawa Y., Makishima K., Enoto T., Sakamoto T.,
Mihara T., Sugizaki M., Yamaoka K., Hurley K.,
Yoshida A., Gandhi P., Tashiro M. S., and Morii M.:
“Wide-Band Spectra of Magnetar Burst Emission”,
Positrons in Astrophysics, Murren, Switzerland, May
(2012).
Ohsuga K.: “Radiation-MHD simulations of accretion
ﬂows and outﬂows around Black Holes”, ASTRONUM
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2012, Big Island, Hawaii, , USA, June (2012).
Yamaguchi H.: “X-ray studies of Type Ia supernova remnants and prospect for future observations”, Energetic
Astronomy, Annapolis, USA, June (2012).
Terada Y.: “Review on High Energy observations in
searches for Non-thermal emissions from Accelerated
particles in Magnetic White Dwarfs”, the 13th Marcel Grossmann Meeting, Stockholm Univ., Konungariket
Sverige, June (2012).
Ohsuga K.: “Overview of recent advances in accretion disk
theory”, 2012 X-ray Binaries, Boston, MA, USA, July
(2012).
Harayama A., Terada Y., Ishida M., Bamba A.,
and Hayashi T.: “Restrictions on non-thermal X-rays
from isolated magnetic white dwarfs with Suzaku”, Marcel Grossmann Meetings on general relativity, Stockholm,, Konungariket Sverige, July (2012).
Terada Y., Harayama A., Ishida M., Bamba A., Hayashi
T., Dotani T., Mukai K., Yrata Y., Makishima K., Nitta
A., and Jager O. d.: “Review on High Energy Observations in Search for non-thermal Emissions from Accelerated Particles in Magnetic White warfs”, Marcel
Grossmann Meetings on general relativity, (University of
Rome), Stockholm, Konungariket Sverige, July (2012).
Hayashi T., Terada Y., Ishida M., and Harayama A.:
“Suzaku searches for WD pulars with a spectral model
of post-shock regions”, Marcel Grossmann Meetings
on general relativity, Stockholm, Konungariket Sverige,
July (2012).
Kitaguchi T., Tamagawa T., Iwahashi T., Hayato A.,
and GEMS t.: “Monte-Carlo Estimation of In-orbit
Background for X-ray Polarimeter onboard GEMS”,
The 39th COSPAR Scientiﬁc Assembly, (COSPAR),
Mysor, India, July (2012).
Kitaguchi T., NuSTAR t., Tamagawa T., and GEMS
t.: “Observation plans of X-rays from white dwarfs
with NuSTAR and future polarimeters”, The Thirteenth
Marcel Grossmann Meeting, (ICRANet), Stockholm,
Sweden, July (2012).
Yamaguchi H.: “NEI modeling What do we have? What
do we need?”, AtomDB Workshop, Cambridge, USA,
Aug. (2012).
Nakagawa Y., Enoto T., Makishima K., Nakazawa
K., Sakamoto T., Yoshida A., Yamaoka K., Hurley
K., and Rea N.: “Wide-Band Spectra of Magnetar
Emission”, 8th INTEGRAL Workshop ”The Restless
Gamma-Ray Universe”, Dublin, Ireland, Sept. (2012).
Ohsuga K.: “Simulations of the radiation-pressure instability of disk and outﬂow”, Accretion ﬂow instabilities,
Warsaw, Poland, Sept. (2012).
Yamada S.: “Inhomogeneous coronae and a stable disk
of Cyg X-1 revealed with Suzaku”, HALF A CENTURY OF X-RAY ASTRONOMY, (ESA), MYKONOS,
Greece, Sept. (2012).
Yamaguchi H.: “X-ray spectroscopy of young supernova
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remnants: revealing stellar nucleosynthesis their environment”, Rutgers Univ., Rutgers Univ., USA, Sept.
(2012).
Ohsuga K.: “Launching mechanisms”, The Physics of
Accretion onto Black Holes, Bern, Switzerland, Oct.
(2012).
Terada Y., Harayama A., Hayashi T., Dotani T., Ishida
M., Bamba A., Makishima K., Mukai K., Urata Y., Nitta
A., Okkie d. J., Chadwick P., Wagner S., Buckley D.,
Tashiro M. S., Kozu T., Koyama S., and Yamazaki R.:
“X-ray searches for new Galactic Particle-Acceleraration
sites with Suzaku”, X-ray astronomy towards the next
50 years, (INAF), MIlano, Italy, Oct. (2012).
Katsuda S., Yamada S., and Tamagawa T.: “Discovery of
a Pulsar Wind Nebula Candidate in the Cygnus Loop”,
X-ray Astronomy: towards the next 50 years!, ( Astronomical Observatory of Brera and the Istituto di Astroﬁsica Spaziale e Fisica Cosmica of INAF), Milan,
Italy, Oct. (2012).
Yamaguchi H.: “Element Abundances in Supernova Remnants”, X-ray Astronomy: towardsthe next 50 years!,
Milano, Italy, Oct. (2012).
Nakagawa Y., Makishima K., Enoto T., Sakamoto T.,
Mihara T., Sugizaki M., Yamaoka K., Hurley K.,
Yoshida A., Gandhi P., Tashiro M. S., and Morii M.:
“Wide-Band Spectra of Magnetar Persistent and Burst
Emission”, X-ray Astronomy: towardsthe next 50 years!,
Milano, Italy, Oct. (2012).
Ohsuga K.: “Radiation Magnetohydrodynamics of Black
Hole Accretion Flows and Outﬂows”, East Asia Numerical Astrophysics Meeting, Kyoto, Oct.–Nov. (2012).
Yamaguchi H.: “X-ray Spectroscopy of Non-Equilibrium
Plasmas in Supernova Remnants - Discoveries of
new Spectral Features”, Seminar, (NASA/GSFC),
NASA/GSFC, USA, Dec. (2012).
An H., Kitaguchi T., and NuSTAR t.: “A magnetic white
dwarf binary, AE Aquarii, in the 3–79 keV band with
NuSTAR”, 221th Meeting of the American Astronomical
Society, (American Astronomical Society), Long Beach,
USA, Jan. (2013).
Miyasaka H., Kitaguchi T., and NuSTAR t.: “Commissioning and in-ﬂight calibration of the nuclear spectroscopic telescope array (NuSTAR)”, 221th Meeting of the
American Astronomical Society, (American Astronomical Society), Long Beach, USA, Jan. (2013).
Kaspi V., Kitaguchi T., and NuSTAR t.: “NuSTAR observations of magnetars and rotation-powered pulsars”,
221th Meeting of the American Astronomical Society,
(American Astronomical Society), Long Beach, USA,
Jan. (2013).
Wik D., Kitaguchi T., and NuSTAR t.: “NuSTAR’s hard
look at clusters and relics: bullet cluster ﬁrst results”,
221th Meeting of the American Astronomical Society,
(American Astronomical Society), Long Beach, USA,
Jan. (2013).

Nynka M., Kitaguchi T., and NuSTAR t.: “NuSTAR’s
preliminary results of the pulsar wind nebula G21.5-0.9”,
221th Meeting of the American Astronomical Society,
(American Astronomical Society), Long Beach, USA,
Jan. (2013).
Tomsick J., Kitaguchi T., and NuSTAR t.: “The NuSTAR program for galactic binaries”, 221th Meeting of
the American Astronomical Society, (American Astronomical Society), Long Beach, USA, Jan. (2013).
Madsen K., Kitaguchi T., and NuSTAR t.: “The NuSTAR
program for pulsar-wind nebulae”, 221th Meeting of the
American Astronomical Society, (American Astronomical Society), Long Beach, USA, Jan. (2013).
Grefenstette B., Kitaguchi T., and NuSTAR t.: “The
NuSTAR program for supernova remnants”, 221th
Meeting of the American Astronomical Society, (American Astronomical Society), Long Beach, USA, Jan.
(2013).
(Domestic Conference)
馬場彩: “RCW86 逆行衝撃波での宇宙線加速の可能性”,
SNR 研究会, 名古屋, 4 月 (2010).
高橋労太: “『ブラックホール』は実在するのか?”, ひらめき
☆ときめきサイエンス, (独立行政法人 日本学術振興会),
愛知教育大学, 7 月 (2010).
大須賀健: “AGN の新理論”, 『ALMA-近傍 AGN 観測』検
討会, 国立天文台三鷹, 8 月 (2010).
小波さおり, 玉川徹, 松下恭子, 鶴剛: “「すざく」衛星による
スターバースト銀河 M82 の重元素組成比の決定”, 日本天
文学会 2010 年秋季年会, (社団法人 日本天文学会), 金沢,
9 月 (2010).
馬場彩: “「すざく」衛星による宇宙線加速超新星残骸 HESS
J1731-347 の観測”, 日本天文学会 2010 年秋季年会, 金沢
市, 9 月 (2010).
中川友進, 榎戸輝揚, 牧島一夫, 中澤知洋, 坂本貴紀, 吉田篤正,
山岡和貴: “マグネターのバースト/X 線定常放射の広帯域
スペクトルの研究”, 日本天文学会 2010 年秋季年会, 石川,
9 月 (2010).
川原田円: “Abel 1689 銀河団周辺部の高温ガスの観測的研
究”, 日本物理学会, (日本物理学会), 九州工業大学, 9 月
(2010).
馬場彩: “次世代 X 線天文台と ALMA-Subaru で探る超新星
での元素合成”, ALMA-Subaru Workshop 2010, 東京, 9
月 (2010).
稲田直久: “HSC を用いた重力レンズクエーサーサーベイ、
およびその『巨大ブラックホールと銀河の共進化』への寄
与”, 超広域サーベイで明かす巨大ブラックホールと銀河の
共進化： 理論モデルと観測戦略, 東北大学, 9 月 (2010).
稲田 直久: “Evolution of Galaxy Light Distributions in
Galaxy Clusters”, 日 本 天 文 学 会 2010 年 秋 季 年 会, 金
沢大学, 9 月 (2010).
馬場彩: “CTA Japan が狙う SNR Science”, 宇宙線研究所
共同利用研究会「ガンマ線天文学 日本の戦略 」, 千葉,
10 月 (2010).
大須賀健: “放射磁気流体シミュレーションの拓く世界”, 松
山ブラックホールワークショッフ, 愛媛大学, 10 月 (2010).
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川原田円: “X 線天文衛星 ASTRO-H”, JAXA 宇宙航空技術
研究発表会, (JAXA), 東京, 11 月 (2010).
馬場彩: “超新星残骸プラズマとアバンダンス”, Astro-H に
関するワークショッフ, 東京, 12 月 (2010).
馬場彩: “「すざく」衛星による宇宙線加速超新星残骸 HESS
J1731-347 の観測 (II)：他波長との比較”, 日本天文学会
2011 年秋季年会, 鹿児島市, 3 月 (2011).
馬場彩: “「すざく」による TeV ガンマ線未同定天体 HESS
J1507-582 の観測”, 日本天文学会 2011 年春季年会, 筑波
大学, 3 月 (2011).
原山淳, 寺田幸功, 堂谷忠靖, 石田学, 馬場彩, 林多佳由, 浦田
裕次, 玉川徹: “「すざく」による強磁場激変星 V2487 Oph
と IGR J00234+6141 の観測”, 日本天文学会 2011 年春季
年会, 筑波大学, 3 月 (2011).
中川 友進, 三原 建弘, 杉崎 睦, 小浜 光洋, 芹野 素子, 松岡 勝,
河合誠之, 森井幹雄, 薄井竜一, 杉森航介, 吉田篤正, 山岡
和貴, 中平 聡志, 根來 均, 中島 基樹, 磯辺 直樹, 他 MAXI
チーム: “全天 X 線監視装置 MAXI によるマグネターの
観測”, 日本天文学会 2011 年春季年会, 茨城, 3 月 (2011).
馬場彩: “CTA 報告 9:CTA で狙う物理 SNR”, 日本物理学
会第 66 回年次大会, 新潟大学, 3 月 (2011).
中川友進: “マグネターの X 線・γ線による観測的研究”, コ
ンパクト天体で探る極限物理, 京都, 3 月 (2011).
中川友進: “マグネターの X 線・γ 線による観測的研究”, 超
新星からのマルチメッセンジャー, 三鷹, 3 月 (2011).
稲田 直久: “Evolution of Galaxy Light Distributions in
Galaxy Clusters. II.”, 日 本 天 文 学 会 2011 年 春 季 年
会, 筑波大学, 3 月 (2011).
寺田幸功, 原山淳, 石田学, 堂谷忠靖, 馬場彩, 林多桂由, 浦田
裕次, 林紅妙: “ハードな強磁場白色矮星からの非熱放射の
探査”, 日本物理学会 2011 年春季大会, (日本物理学会), 新
潟, 3 月 (2011).
大須賀健: “RHD/RMHD-Simulations of Super-Eddington
Accretion Flows & Outﬂows; 超 光 度 X 線 源 は superEddington 天体か?”, 滞在型研究会「全天体形成」, 北海
道大学, 8 月 (2011).
大須賀健: “ブラックホール降着円盤およびジェットの輻射磁
気流体 シミュレーション”, 滞在型研究会「全天体形成」,
北海道大学, 8 月 (2011).
小波さおり, 玉川徹, 松下恭子: “X 線で探る天体の高エネル
ギー現象”, 奈良高専セミナー, (奈良高等工業専門学校), 大
和郡山, 8 月 (2011).
金子健太, 幸村孝由, 玉川徹, 山田真也, 岩橋孝典, 阿佐美ふみ,
吉川瑛文, 武内陽子, 岩切渉, 早藤麻美: “X 線偏光観測衛
星 GEMS 搭載のガス電子増幅器 (GEM) の電子増幅度の
時間変動調査”, 日本天文学会 2011 年秋季年会, (鹿児島大
学), 鹿児島県, 9 月 (2011).
中川
友進,
牧島
一夫,
榎戸
輝揚,
「すざく」衛星 SGR/AXP 観測チーム,
HETE-2 T.:
“マグネターのバースト/定常放射のスペクトルの研究”, 日
本天文学会 2011 年秋季年会, 鹿児島, 9 月 (2011).
小波さおり, 玉川徹, 松下恭子: “温度の低い S0 銀河 NGC1553
と他の早期型銀河の重元素組成比の比較”, 日本天文学会
2011 年秋季年会, (社団法人 日本天文学会), 鹿児島, 9 月
(2011).
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馬場彩: “ASTRO-H / CTA で探る Pulsar System”, High
Energy Observation of Pulsar Systems for Future Missions, 埼玉, 9 月 (2011).
原山 淳: “単 独 強 磁 場 白 色 矮 星 の Suzaku, INTEGRAL,
MAXI を使った探査”, Pulsar Systems 研究会, 埼玉, 9 月
(2011).
馬場彩: “SNR と CTA”, 宇宙線研究所共同利用研究会 「マル
チメッセンジャー宇宙物理学と CTA」, 千葉, 9 月 (2011).
勝田哲: “XMM-Newton RGS を用いた Puppis A 超新星残
骸の X 線分散スペクトル解析”, 日本天文学会 2011 年秋季
年会, (日本天文学会), 鹿児島大学, 9 月 (2011).
馬場彩: “X 線観測による銀河系内宇宙線加速源の研究”, 日
本天文学会 2011 年秋季年会研究奨励賞受賞記念講演, 鹿児
島市, 9 月 (2011).
阿佐美ふみ, 玉川徹, 飯高陽介, 宮川健太, 北口貴雄, 山田真也,
岩橋孝典, 吉川瑛文, 武内陽子, 小波さおり, 岩切渉, 金子
健太, 幸村 (孝由), 早藤麻美: “ジメチルエーテル中での
GEM の電子増幅度および放電特性”, 日本物理学会, (日本
物理学会), 弘前大学, 9 月 (2011).
吉川瑛文, 玉川徹, 武内陽子, 阿佐美ふみ, 早藤麻美, 岩橋孝典,
浜垣 秀樹, 上野 一樹, 郡司 卓, 秋元 亮二, 林 真一, Rui O.,
越智敦彦, 忽滑谷淳史: “Resistive Electrode Gas Electron
Multiplier (RE-GEM) の電子増幅度調査と開発状況”, 日
本物理学会 2011 年秋季大会, (日本物理学会), 弘前大学,
9–9 月 (2011).
大須賀健: “ブラックホール降着・噴出流およびガス雲の形成
について”, HSC 活動銀河核探査によるサイエンス, 京都
大学, 11 月 (2011).
川原田円: “A1689 銀河団の外縁部プラズマの研究と今後の
展望”, 銀河団 ワークショップ, 箱根, 12 月 (2011).
馬場彩: “すざくで観測した HESSJ1731-347”, ワークショッ
プ「超新星残骸」, 名古屋, 1 月 (2012).
川原田円: “X 線で見る激動の宇宙-ASTRO-H の挑戦”, 宇宙
学校せたがや, (宇宙航空研究開発機構), 東京, 1 月 (2012).
川原田円: “ASTRO-H で診る銀河団の進化に伴う銀河団ガ
スの加熱と粒子 加速”, 日本天文学会 2012 年春季年会, (日
本天文学会), 京都市, 3 月 (2012).
小波さおり, 竹井洋, 大橋隆哉, 佐藤浩介, Irina Z., Eugene
C., Rashid S.: “Astro-H で探る銀河団中心における共鳴
散乱の直接観測”, 日本天文学会 2012 年春季年会, (社団法
人 日本天文学会), 京都, 3 月 (2012).
勝田哲, 玉川徹: “Astro-H に向けて XMM-Newton RGS で
試みる SNR のプラズマ診断”, 日本天文学会 2012 年春季
年会, (日本天文学会), 龍谷大学, 3 月 (2012).
山口弘悦: “Development of Plasma Codes for High- Resolution X-Ray Spectroscopy and Prospects for Future
Observations of Non-Equilibrium Plasma”, 日本天文学
会 2012 年春季年会, (日本天文学会), 京都市, 3 月 (2012).
山口弘悦: “Establishing Type Iα Origins of RCW 86 and
G334.7-0.1, Galactic Supernova Remnants Associated
with Star Forming Regions”, 日 本 天 文 学 会 2012 年 春
季年会, (日本天文学会), 京都市, 3 月 (2012).
中川友進, 牧島一夫, 榎戸輝揚, 坂本貴紀, 三原建弘, 杉崎睦,
山岡和貴, 吉田篤正, Gandhi P., 田代信, 森井幹雄, Hurley
K., HETE-2 T.: “「すざく」衛星・HETE-2 衛星による
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マグネターのバースト/定常放射の X 線スペクトルの研
究”, 日本天文学会 2012 年春季年会, 京都, 3 月 (2012).
北口貴雄, 玉川徹, 岩橋孝典, 山田真也, 阿佐美ふみ, 吉川瑛文,
武内陽子, 飯高陽介, 宮川健太, 岩切渉, 幸村孝由, 金子健太,
早藤麻美: “Ｘ線偏光観測衛星 GEMS に搭載するガス検出
器の偏光応答モンテカルロシミュレータの開発”, 日本天文
学会 2012 年春季年会, (日本天文学会), 京都, 3 月 (2012).
川原田円: “ASTRO-H 衛星搭載硬 X 線撮像検出器 (HXI)
の開発の現状”, 日本物理学会, (日本物理学会), 関西学院大
学, 3 月 (2012).
勝田哲, 玉川徹: “白鳥座ループ超新星残骸中のパルサー星雲
候補の発見”, 日本天文学会, (日本天文学会), 龍谷大学, 3
月 (2012).
阿佐美ふみ, 玉川徹, 飯高陽介, 宮川健太, 北口貴雄, 山田真也,
岩橋孝典, 吉川瑛文, 武内陽子, 小波さおり, 岩切渉, 幸村
孝由, 金子健太, 早藤麻美: “ジメチルエーテル中の不純物
ガスによる電子吸着の GEM 動作への影響調査”, 日本物理
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2012, Washington, D.C., USA.
Gunji T. for the ALICE Collaboration (Oral): “Future
Perspectives of the ALICE Experiment and ALICE detector upgrades”, 4th Asian Triangle Heavy Ion conference (ATHIC2012), Nov. 14–17, 2012, Grand Hotel, Pusan, South Korea.
Nagaoka T., Gunji T., Hamagaki H., Hatsuda T., Hirano
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T. (Oral): “Sequential melting of quarkonia in quarkgluon ﬂuid at RHIC and LHC”, 4th Asian Triangle
Heavy Ion conference (ATHIC2012), Nov. 14–17, 2012,
Grand Hotel, Pusan, South Korea.
Hori Y. for the ALICE collaboration (Oral): “Mixed har√
monic azimuthal correlations in sN N = 2.76 TeV PbPb collisions measured with the ALICE experiment at
the LHC”, 23rd International conference on ultrarelativistic nucleus-nucleus collisions, Aug. 13–18, 2012,
Washington D.C., USA.
Hori Y. for the ALICE collaboration (Oral): “Mixed har√
monic azimuthal correlations in sN N = 2.76 TeV PbPb collisions measured with the ALICE experiment at
the LHC”, International Symposium on Multiparticle
Dynamics 2012, Sep. 16–21, 2012, Kielce, Poland.
Akimoto R. for the PHENIX Collaboration (Poster):
“Measurement of charm and bottom yields in Au+Au
collisions at RHIC-PHENIX experiment”, 23rd International conference on ultrarelativistic nucleus-nucleus
collisions, Aug. 13–18, 2012, Washington D.C., USA.
Tsuji T. for the ALICE Collaboration (Oral): “Neutral
√
pion measurements in Pb-Pb Collisions at sN N =
2.76 TeV with ALICE at the LHC”, The 4th Asian Triangle Heavy Ion Conference (ATHIC 2012), Nov. 14–17,
2012, Grand Hotel, Pusan, South Korea.
Hayashi S., Hamagaki H., Gunji T., Tanaka M., Ikeda H.
(Oral): “Development of a Wide-Dynamic Range FrontEnd ASIC for W + Si calorimeter”, 2012 IEEE Nuclear
Science Symposium and Medical Imaging Conference,
Oct. 29–Nov. 3, 2012, Disneyland Hotel, Anaheim, USA.
Sekiguchi Y., Tokieda H., Ota S., Michimasa S., Dozono
M., Tamagawa T., Gunji T., Yamaguchi H., Hamagaki
H., Tamagawa T., Uesaka T. (Oral): “Performance of
GEM with Deuterium Gas and GEM with Glass Insulator”, 2012 IEEE Nuclear Science Symposium and Medical Imaging Conference, Oct. 29–Nov. 3, 2012, Disneyland Hotel, Anaheim, USA.
Sekiguchi Y., Gunji T., Hamagaki H., Hayashi S., Hori
Y. (Oral): “Development of W+Si Based Electromagnetic Calorimeter for the Upgrade of the LHC-ALICE
Experiment”, 2012 IEEE Nuclear Science Symposium
and Medical Imaging Conference, Oct. 29–Nov. 3, 2012,
Disneyland Hotel, Anaheim, USA.
Sekiguchi Y., Hamagaki H., Gunji T., Arai Y., Imamura
T., Ohmoto T., Iwata A. (Poster): “Development of
SOI Pixel Sensor for Environmental Radiation Monitor”, 2012 IEEE Nuclear Science Symposium and Medical Imaging Conference, Oct. 29–Nov. 3, 2012, Disneyland Hotel, Anaheim, USA.
Gunji T. (Oral): “Simulation Study of Ion Back Flow
for the GEM-TPC upgrade for ALICE”, RD51 Miniworkshop, June 13–15, 2012, CERN, Switzerland.
Akimoto R. for the PHENIX Collaboration (Oral): “Measurement of charm and bottom contributions to electrons from heavy quark decay at RHIC-PHENIX ex-
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periment”, 5th International workshop on heavy quark
production in heavy-ion collisions, Nov. 14–17, 2012,
Utrecht University, Netherland.
Shimizu N. (Oral): “Recent deveploments toward largescale shell-model calculcations”, International Molecule
“Nuclear forces and neutron-rich matter”, Mar. 15, 2012,
YITP, Kyoto, Japan.
Otsuka T. (Oral, Invited): “Novel structure of exotic
nuclei and nuclear forces”, 14th National Conference
on Nuclear Structure in China, Apr. 12 (12–14), 2012,
Huzhou, China.
Otsuka T. (Oral, Invited): “Shell evolution in exotic nuclei”, Symposium for the 40th Anniversary of DNP of
KPS, Apr. 26 (24–27), 2012, Daejeon, Korea.
Otsuka T. (Oral, Invited): “Spin properties of eﬀective
two-body interaction extracted from three-body forces”,
EMMI Program The extreme matter physics of nuclei:
from universal properties to neutron-rich extremens,
May 3 (Apr. 16–May 11), 2011, GSI, Darmstadt, Germany.
Otsuka T. (Oral, Invited): “Shell evolution in exotic nuclei”, Workshop on RI Physics Theory, May 11–12, 2012,
Riviera Hotel, Daejeon, Korea.
Otsuka T. (Oral, Invited): “Shell evolution with tensor
and three-body forces”, 11th International Conference
on Nucleus-Nucleus Collision, May 27-June 1, 2012, San
Antonio, Texas, USA.
Otsuka T. (Oral, Invited): “Exotic nuclei and nuclear
forces”, Nobel Symposium on Physics with Radioactive
Beams, June 10–15, 2012, Goteborg, Sweden.
Utsuno Y. (Oral, Invited): “Monte Carlo shell model and
its applications to exotic nuclei”, International Workshop “Nuclear Theory in the Supercomputing Era”,
June 18–22, 2012, Khabarovsk, Russia.
Otsuka T. (Oral, Invited): “Rotating around atomic nuclei
and my cup of models”, Gelberg 90 Colloqium, June 28,
2012, IKP, Koeln, Germany.
Otsuka T. (Oral, Invited): “Perspectives of Monte Carlo
Shell Model”, International Symposium Nuclear Structure and Dynamics II, July 9–13, 2012, Opatija, Croatia.
Utsuno Y. (Oral, Invited): “Tensor-force driven shell evolution in correlated nuclei”, International Symposium on
Perspective in Isospin Physics - Role of non- central interactions in structure and dynamics of unstable nuclei,
Aug. 27–28, 2012, Wako, Japan.
Otsuka T. (Oral, Invited): “Three-body forces and
neutron-rich exotic nuclei”, 20th International IUPAP
Few-Body Conference Aug. 20–25, 2012, Fukuoka international Congress Center, Japan.
Yoshida T., Shimizu N., Abe T., Otsuka T. (Oral): “Intrinsic structure of light nuclei in Monte Carlo Shell
model calculation, The 20th Internatinal IUPAP Conference on Few-Body Problems in Physics (FB20)”
Aug. 20–25, 2012, Fukuoka international Congress Center, Japan.
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Otsuka T. (Oral, Invited): “Nuclear Structure towards the
driplines: understanding many-body forces and correlations”, Zakopane Conference on Nuclear Physics Extremes of the Nuclear Landscape, 47th in the series of
Zakopane Schools of Physics, Aug. 27–Sep. 1, 2012, Zakopane, Poland.
Yoshida T., Itagaki N., Katō K. (Oral): “Algebraic approach for cluster structure in 12C and 16O”, 10th International Conference on Clustering Aspects of Nuclear
Structure and Dynamics, Sep. 25 (24–28), 2012, Debrecen, Hungary.
Utsuno Y. (Oral, Invited): “Recent shell model results
for exotic nuclei”, VIII Tours Symposium on Nuclear
Physics and Astrophysics, Sep. 2–7, 2012, LenzkirchSaig, Germany.
Otsuka T. (Oral, Invited): “Perspectives of Physics of Exotic Nuclei”, APCTP mini-workshop on nuclear structure, APCTP headquarter, Sep. 21–22, 2012, Pohang,
Korea.
Utsuno Y. (Oral, Invited): “Evolution of the shell structure probed by energy levels of exotic nuclei”, 3rd RIBF
discussion on “Gamma-Ray Spectroscopy of MediumMass Neutron-Rich Nuclei,” Sep. 24, 2012, Sendai,
Japan.
Ebata S., Nakatsukasa T., Inakura T. (Oral): “Systematic
study of low-lying E1 strength from light to heavy nuclei”, Collective Motions in nuclei under EXtreme conditions (COMEX4), Oct. 22–26, 2012, Shonan Village
Center, Hayama, Kanagawa, Japan.
Otsuka T. (Oral, Invited): “New horizon of computational
nuclear structure physics in the K computer era – A
shell-model perspective –”, International Conference on
Computational Physics, Oct. 15–18, 2012, Kobe, Japan.
Ebata S. (Oral): “Simulation of heavy ion collision using time-dependent density functional theory including nuclear superﬂuidty”, Conference on Computational
Physics (CCP2012), Oct. 14–18, 2012, Nichii Gakkan
Kobe Port Island Center, Hyogo, Japan.
Yoshida T., Shimizu N., Abe T., Otsuka T. (Oral): “Cluster structure obtained from Monte Carlo shell model
calculation”, Conference on Computational Physics
(CCP2012), Oct. 14–18, 2012, Nichii Gakkan Kobe Port
Island Center, Hyogo, Japan.
Utsuno Y. (Oral, Invited): “Towards uniﬁed description of
the shell evolution”, International Symposium “Exotic
Nuclear Structure From Nucleons”, Oct. 10–12, 2012,
University of Tokyo, Japan.
Shimizu N., Abe T., Tsunoda Y., Utsuno Y., Yoshida
T., Mizusaki T., Honma M., Otsuka T. (Oral, Invited):
“History and future perspectives of the Monte Carlo
shell model”, International symposium “Exotic Nuclear
Structure from Nucleons”, Oct. 10–12, 2012, University
of Tokyo, Japan.
Ebata S., Nakatsukasa T., Inakura T. (Oral): “Systematic investigation of E1 strength for the isotopes from Z

= 28 to 50”, International symposium “Exotic Nuclear
Structure from Nucleons”, Oct. 10–12, 2012, University
of Tokyo, Japan.
Yoshida T., Shimizu N., Abe T., Otsuka T. (Oral): “Density proﬁles in the intrinsic frame of light nuclei obtained from Monte Carlo shell model calculation”, International symposium “Exotic Nuclear Structure from Nucleons”, Oct. 10–12, 2012, University of Tokyo, Japan.
Otsuka T. (Oral, Invited): “Advanced Monte Carlo
Shell Model calculations and exotic nuclei around
Z=28”,
LACM-TORIJIN-JUSTIPEN
workshop,
Oct. 31–Nov. 2, 2012, Oak Ridge, USA.
Yoshida T., Shimizu N., Abe T., Otsuka T. (Oral):
“Study of intrinsic states for light nuclei in Monte Carlo
shell model calculation”, The 6th LACM-TORIJINJUSTIPEN Workshop, Oct. 31–Nov. 2, 2012, Oak
Ridge, USA.
Otsuka T. (Oral, Invited): “An Overview of Exotic Nuclei and Nuclear Forces, and Monte Carlo Shell Model”,
7th Italy-Japan Symposium, Nov. 20–23, 2012, Milano,
Italy.
Utsuno Y. (Oral, Invited): “Shell evolution in neutronrich calcium isotopes”, 7th Italy-Japan Symposium on
Nuclear Physics, Nov. 20–23, 2012, Milan, Italy.
Utsuno Y. (Oral, Invited): “Manifestation of the shell evolution in energy levels of exotic nuclei”, RCNP International Workshop on Physics Opportunities Using Compton Suppressed Ge Clover Array (Clover12), Dec. 7–8,
2012, Osaka, Japan.
Shimizu N. (Oral): “New Generation of the Monte Carlo
Shell Model for the K-Computer Era”, one-day workshop on “ab initio study of nuclear structure and reaction”, Dec. 11, 2012, RCNP, Osaka Univ. Japan.
Otsuka T. (Oral, Invited): “Low-lying continuum states
of drip-line Oxygen isotopes”, Resonance workshop,
Dec. 13 (12–13), 2012, RIFP, Kyoto, Japan.
(Domestic Conference)
Ota S. (Oral): “Development of ActiveTarget GEM-TPC
using Deuterium Gas”, 9th MPGD workshop, Dec. 7–8,
2012, Nagasaki Institute of Applied Science, Nagasaki,
Japan.
Hamagaki H. (Oral): “LHC ALICE 実験における GEMTPC
計画について 〟、第 9 回 Micro-Pattern Gas Detector 研
究会、2012 年 12 月 7 日.8 日、長崎総合科学大学，長崎.
Hori Y. (Oral): “Mixed harmonic charge dependent azimuthal correlations in relativistic HIC”, 14th Heavy
Ion Pub, May 5, 2012, the University of Hiroshima, Hiroshima, Japan.
Yamaguchi Y.L (Oral): “Direct Photons at RHIC”, Dynamics of Classical and Quantum Fields at RHIC/LHC,
July 7th, 2012, RIKEN, Saitama, Japan.
Torii H. (Oral): “Photon at LHC”, Dynamics of Classical and Quantum Fields at RHIC/LHC, July 7th, 2012,
RIKEN, Saitama, Japan.
Torii H. (Oral): “Hard Probe” 22th Heavy Ion Cafe and
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15th Heavy Ion Pub, September 6th, 2012, Nagoya University, Nagoya
川瀬頌一郎，上坂友洋，下浦享，矢向謙太郎，大田晋輔，
道正新一郎，時枝紘史，宮裕之，Tang Tsz Leung，木佐
森慶一，高木基伸，久保田悠樹，李清秀，横山輪，藤井
俊彦，小林幹，笹野匡紀，銭廣十三，松原礼明，堂園昌
伯，Jenny Lee，酒井英行，久保敏幸，吉田光一，稲辺
尚人，柳澤善行，竹田浩之，日下健祐，福田直樹，亀田
大輔，鈴木宏，河原朋美，涌井崇志，坂口聡志，野呂哲
夫，若狹智嗣，安田淳平，福永拓，前田幸重，Wooyoung
Kim，Sanghoon Hwang，Samvel Stepanyan，Alexandre
Obertelli，Alfredo Galindo-Uribarri，Elizabeth Padilla〝 偏極陽子標的を用いた陽子ノックアウト反応によ
Rodal、
る 14,22,24O のスピン軌道分離の研究 〟、日本物理学会
2012 年秋期大会、2012 年 9 月 11 日.9 月 14 日、京都産
業大学、京都.
李清秀，大田晋輔，時枝紘史，松原札明，堂園昌伯，川瀬頌
一郎，道正新一郎，久保田悠樹，山口英斉，酒向正己，大
津秀暁，浜垣秀樹，上坂友洋，川畑貴裕，久保野茂，前田
幸重, 〝 アクティブターゲットにおける高エネルギー反跳
粒子の測定 〟, 日本物理学会 2012 年秋期大会、2012 年 9
月 11 日.14 日、京都産業大学、京都.
Miya H., Shimoura S., Kisamori K., Baba H., Baba T.,
Dozono M., Fukuda N., Fujii T., Go S., Ideguchi E.,
Inabe N., Ito M., Kameda D., Kawabata T., Kawase
S., Kikuchi Y., Kubo T., Kubota Y., Kobayashi M.,
Kondo Y., Lee C.S., Maeda Y., Matsubara H., Miki
K., Michimasa S., Nishi T., Nishimura M., Noji S., Ota
S., Sakaguchi S., Sakai H., Sasamoto Y., Sasano M.,
Sato H., Shimizu Y., Suzuki H., Takaki M., Takeda H.,
Takeuchi S., Tamii A., Tokieda H., Tsumura M., Uesaka
T., Yanagisawa Y., Yako K., Yokoyama R., Yoshida K.,
Assie M., Beaumel D., Fariouz H., Stolz A.: “Study
of spin-isospin response via exothermic charge exchange
(8 He, 8 Liγ)”, JPS Autumn meeting , Sep. 11–14, 2012,
Kyoto Sangyo University, Miura-gun, Kyoto, Japan.
Kobayashi M., Shimoura S., Yako K., Ota S., Kawase S.,
Kisamori K., Kubota Y., Sasano M., Takaki M., Dozono
M., Michimasa S., Miya H., Lee C.S. (Oral): “Development of a system for (p, n) measurements in inverse
kinematics”, at the JPS Autumn meeting, Sep. 11–14,
2012, Kyoto Sangyo University, Kyoto, Japan.
Kisamori K., Shimoura S., Lee C., Ideguchi E., Inabe
N., Ito M., Uesaka T., Ota S., Kameda D., Kawabata
T., Kawase S., Kikuchi Y., Kubo T., Kubota Y., Go
S., Kobayashi M., Kondo Y., Sakaguchi S., Sakai H.,
Sasamoto Y., Sasano M., Sato H., Shimizu Y., Suzuki
H., Takaki M., Tamii A., Takeda H., Takeuchi S.,
Tumura M., Tokieda H., Nishi T., Nishimura M., Noji
S., Baba H., Baba T., Dozono M., Fukuda N., Fujii T.,
Maeda Y., Matsubara H., Miki K., Michimasa S., Miya
H., Yanagisawa Y., Yako K., Yokoyama R., Yoshida
K., Assie M., Beaumel D., Fariouz H., Stolz A. (Oral):
“Missing mass spectroscopy of 4n system by exothermic double-charge exchange reaction 4 He(8 He,8 Be)4n”,
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at the JPS Autumn meeting, Sep. 11–14, 2012, Kyoto
Sangyo University, Kyoto, Japan.
Go S., Kameda D., Kubo T., Inabe N., Fukuda N., Takeda
H., Suzuki H., Yoshida K., Kusaka K., Tanaka K.,
Yanagisawa Y., Ohtake M., Ohnishi T., Sato H., Shimizu
Y., Baba H., Kurokawa M., Nishimura D., Iwasa N.,
Chiba A., Yamada H., Ieki K., Murai D., Ideguchi E.,
Yokoyama R., Fujii T., Nishibata H., Momota S., Sato
Y., Hwang J., Kim S., Tarasov O.B., Morrissey D.J.,
Sherrill B.M., Simpson G.: “Isomers at N=100 in neutron rich region”, JPS Autumn meeting, Sep. 11–14,
2012, Kyoto Sangyo University, Kyoto, Japan.
横山輪，久保敏幸，稲辺尚人，福田直樹，竹田浩之，亀田
大輔，鈴木宏，吉田光一，日下健祐，田中鐘信，柳沢善
行，大竹政雄，大西哲哉，佐藤広海，清水陽平，馬場秀
忠，黒川明子，西村太樹，家城和夫，村井大地，井手口栄
治，郷慎太郎，藤井俊彦，岩佐直仁，山田拓，千葉鮎子，
百田佐多生，西畑洸希，O.B. Tarasov，D.J. Morrissey，
B.M. Sherrill，佐藤義輝，Kim Sunji，Hwnag Jongwon，
G. Simpson (Oral): 〝 中性子過剰 Z=60 近傍のアイソマー
探索 〟, 日本物理学会 2012 年秋期大会、2012 年 9 月 11
日.14 日、京都産業大学、京都.
Yamaguchi Y.L for the ALICE Collaboration (Oral, Invited): “LHC-ALIC 実験の初期成果から将来展望まで”,
JPS Autumn Meeting, Sept. 11–14, 2012, Kyoto-Sangyo
University, Kyoto, Japan.
Akimoto R. for the PHENIX Collaboration (Oral): “Measurement of electrons from charms and bottoms created
√
in Au+Au collisions at sN N = 200 GeV at the RHICPHENIX experiment”, JPS Autumn meeting, Sep. 11–
14, 2012, Kyoto Sangyo University, Kyoto, Japan.
Tsuji T. for the ALICE Collaboration (Oral): “π 0 mea√
surements on Pb-Pb collisions at sN N = 2.76 TeV with
ALICE at the LHC”, JPS Autumn Meeting, Sep. 11–14,
2012, Kyoto-Sangyo university, Kyoto, Japan.
Sekiguchi Y., Hamagaki H., Gunji T., Arai Y., Imamura
T., Ohmoto T., Iwata A. (Oral): “環境放射線センサーの
ための SOI ピクセル検出器の開発”, JPS Autumn Meeting, Sep. 11–14, 2012, Kyoto-Sangyo University, Kyoto,
Japan.
Utsuno Y., Shimizu N., Honma M., Mizusaki T., Otsuka
T. (Oral): “Shell evolution in antimony isotopes”, JPS
2012 Autumn Meeting, Sep. 11–14, 2012, Kyoto Sangyo
Univ, Kyoto, Japan.
Ebata S. (Oral): “Application of Cb-TDHFB to nuclear
collision II”, JPS 2012 Autumn Meeting, Sep. 11–14,
2012, Kyoto Sangyo Univ, Kyoto, Japan.
Shimizu N., Mizusaki T., Kaneko K. (Oral): “Extension
of Monte Carlo method on nuclear shell model diagonalization”, JPS 2012 Autumn Meeting, Sep.11–14, 2012,
Kyoto Sangyo Univ, Kyoto, Japan.
Shimizu N. (Oral): “Nuclear structure calculations aimed
at K computer”, JPS 2012 Autumn Meeting, Sep.11–14,
2012, Kyoto Sangyo Univ, Kyoto, Japan.
Yoshida T., Itagaki N., Katö (Oral) K.: “Study of linear-
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chain structure of 16 O in alpha cluster model”, JPS 2012
Autumn Meeting, Sep.11–14, 2012, Kyoto Sangyo Univ,
Kyoto, Japan.
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Radioactive nuclear beam group
Workshop on Dynamics and Correlations in Exotic NuIPNS (Institute for Particle and Nuclear Studies)
clei DCEN2011). ,*
KEK (High Energy Accelerator Research Organization) Hashimoto T., Kubono S., Yamaguchi H., Hayakawa S.,
Kahl D. M., Ota S., Michimasa S., Tokieda S., Ishiyama
Publications
H., Watanabe Y.X., Hirayama H., Imai N., Miyatake
[Journal]
H., Jeong S.C., Yamaguchi K., Arai I., Komatsubara
（Original Papers） *Subject to Peer Review
T., Fukuda T., Mizoi Y., Das S.K., Iwasa N., Yamada
Ishiyama H., Jeong S.C., Watanabe Y.X., Hirayama Y.,
T., Chen A. A., He J. J., “Direct measurement of the
Imai N., Miyatake H., Oyaizu M., Katayama I., Sataka
18Ne(α, p)21Na reaction”, AIP Conference Proceedings
M., Osa A., Otokawa Y., Matsuda M., Makii H., “To1484 (2012) 454-456.
ward Online Nanoscale Diﬀusion Measurements Using
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Radioactive 8 Li Tracer”, Jpn. J. Appl. Phys 52 (2013)
K., Okada M., Imai N., Watanabe Y.X., Hirayama Y.,
010205,*
Jeong S.C., Shima T., Nishinaka I., Mitsuoka S., Nishio
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lution and gas gain study of GEM-MSTPC for measureAIP Conference Proceedings 1484 (2012) 269-274.
ment of 44 Ti(α, p)47 V reaction”, Bangladish Journal of
Physics 12 (2012) 1-7,*
Oral Presentations
Sonoda T., Wada M., Tomita H., Sakamoto C.,
(International Conference etc.)
Takatsukasa T., Noto T., Matsuo Y., Iimura H.,
Watanabe Y.X.,: Hirayama Y.,: Imai N.,: Ishiyama H.,:
Shinozuka T., Wakui T., Kubo T., Schury P., Ito Y.,
Imai N.,: Jeong S.C.,: Miyatake H.,: Oyaizu M.,: Okada
Naimi S., Nakamura S., Mita H., Furukawa T., Miyatake
M.,: Matsuo Y.,: Sonoda T.,: Wada M.,: Huyse M.,:
H., Jeong S.C., Ishiyama H., Imai N., Watanabe Y.X.,
Kudryavtsev Yu.,: Van Duppen P.,: “KEK Isotope SepHirayama Y., “Development of a resonant laser ionizaaration System(KISS) at RIKEN”, Workshop on Lowtion gas cell for high–energy, short,ived nuclei”, Nucl.
Energy Radioactive Isotope Beam (RIB) Production
Instrum. meth. B. 295 (2013) 1-10,*
By In–Gas Lazer Ionization for Decay Spectroscopy at
Ueno H., Miyatake H., Yamamoto Y., Tanimoto S.,
RIKEN, 10–11 December, 2012, RIKEN
Shimoda T., Aoi N., Asahi K., Ideguchi E., Ishihara M.,
Hirayama Y.,: Jeong S.C,: Miyatake H.,: Ishiyama H.,:
Izumi H., Kishida T., Kubo T., Mitsuoka S., Mizoi Y.,
Watanabe Y.X.,: Imai N.,: Oyaizu M.,: Wada M.,:
Notani N., Ogawa H., Ozawa A., Sakai M., Shirakura
Sonoda T.,: Matsuo Y.,: Van Duppen P.,: Kudryavtsev
T., Takahashi N., Yoneda K., “β–delayed neutron and
Yu.,: Huyse M.,: “On and Oﬀ–line test results of the
γ–ray spectroscopy of 17C utilizing spin–polarized 17B”,
KISS gas cell ”, Workshop on Low-Energy Radioactive
Phys. Rev. C C87 (2013)034316.,*
Isotope Beam (RIB) Production By In–Gas Lazer Ion[Book ・ Proceedings ]
ization for Decay Spectroscopy at RIKEN, 10–11 De（Original Papers） *Subject to Peer Review
cember, 2012, RIKEN
Shimoda T., Tajiri K., Odahara A., Suga M., Hamatani
Watanabe Y.X.,: Hirayama Y.,: Imai N.,: Ishiyama H.,:
N., Nishibata H., Takatsu J., Yokoyama J., Hirayama
Imai N.,: Jeong S.C.,: Miyatake H.,: Clement E.,:
Y., Imai N., Miyatake H., Person M.C., Levy C.D.P.,
France G. de,: Navin A.,: Rejmund M.,: Schmitt C.,:
Jackson K.P., Leguillon R.D., Petrache “Structure of
Pollarolo G.,: Corradi L.,: Fioretto E.,: Montanari D.,:
mg isotope studied by β–decay spectroscopy of spin–
Choi S.H.,: Kim Y.H.,: Song J.S.,: Niikura M.,: Suzuki
polarized na isotopes: Shape coexistence in 30mg”,
D.,: Nishibata H.,: Takatsu J.,: “Study of collisions of
136
Prog. of Theor. Phys. Suppl. 196 (2012) 310-315; FronXe + 198 Pt for the KEK isotope separation system”,
tier Issues in Physics of Exotic Nuclei of the Yukawa InXVI International Conference on Electromagnetic Isoterneational Seminar 2011 (YKIS2011) and Long–Term
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