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Preface

This is the annual report of the Center for Nuclear Study (CNS), Graduate School of Science, the
University of Tokyo, for the fiscal year 2013 (April 2013 through March 2014). During this period, a
lot of research activities in various fields of nuclear physics have been carried out and a wide variety of
fruitful results have been obtained at CNS. This report summarizes research such activities. I hereby
mention some highlights of the report.

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 started a new project OEDO for a new energy-degrading scheme
is proposed, where a RF deflector system is introduced to obtain a good quality of low-energy beam.
We promote collaboration programs at RIBF as well as RHIC-PHENIX and ALICE-LHC with sci-
entists 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.

The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic struc-
tures in high-isospin and/or high-spin states in nuclei. The CNS GRAPE (Gamma-Ray detector Ar-
ray 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 2013, the following progress has been made. Experimental programs under the
EURICA collaboration were performed for studying evolution of deformation in neutron-rich Z ∼60
nuclei, which are being analyzed now. High-spin states in A ∼40 nuclei were measured at Tandem
ALTO facility at IPN Orsay by using fusion reaction, where a new candidate of superdeformed states
were found in 35S. Gamow-Teller transitions of 8He were studied by the (p,n) reaction in inverse
kinematics, where a prominent sharp peak at Ex ∼8 MeV was found to be the Gamow-Teller reso-
nance. Exothemic charge exchange reactions (8He,8Li∗(1+)) on 12C and 4He are being analyzed now.
Experiment on the tetra-neutron system via the 4He(8He,8Be)4n reaction is being analyzed, where
several tens of events were identified to be candidates of the 4n system just above the threshold. The
readout system of 14 detectors of the CNS GRAPE was upgraded, where digital pulse data taken by
sampling ADCs are analyzed by FPGAs on boards.

The nuclear astrophysics group in CNS is working for experiments using the low-energy RI beam
separator CRIB. In September, 2013, beta-delayed alpha decay of 16N, which is relevant for the
astrophysical 12C(α, γ) reaction rate, was measured at CRIB using an active target system (GEM-
MSTPC). Many decay events were detected from 16N beam particles stopped in the active target.
15O and 10Be beams were produced for the first time at CRIB, and both beams will be used for
resonant scattering experiments. Based on recent collaboration on nuclear astrophysics at CRIB, two
memoranda of understanding on the collaborated research have been made between CNS and IBS
(Korea), and CNS, INFN-LNS (Italy) and CNS-SKKU (Korea).

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 ALICE, the group has
been involved in the data analyses, which include the analysis of the nuclear modification of ener-
getic neutral pions in Pb-Pb collisions, and measurement of low-mass lepton pairs in Pb-Pb and p-Pb



collisions. The group has been involved in the ALICE-TPC upgrade using a Gas Electron Multiplier
(GEM) since 2012. Systematic studies of gain stability, ion back flow, and energy resolutions with
various field configurations and space-charge density are underway at CNS and at CERN. Perfor-
mance evaluation of the COBRA-GEM for the ALICE-TPC upgrade has been measured.

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, ∆S, ∆T, ∆Tz, ∆L etc,
are available. This year SHARAQ group made preparations for the coming two experiments. One
was for the development of parity-transfer probe (16O, 16 F(g.s.)) reaction. A MWDC was installed at
the exit of the first dipole magnet of SHARAQ to track the proton produced from the instant decay of
16F(g.s.) → 15F + p. The other was for the mass measurement around A ∼50 isotopes including 54Ca
by the Bρ-TOF method. For this purpose, a set of CVD diamond detectors was developed and we
attained a time resolution of 27 ps. Also a detector system for tagging the isomers at the final focal
plane of the SHARAQ was developed. As a project of near future, a letter of intent was submitted to
NP-PAC aiming at studying spin-isospin response of isomers by (p, n) reaction.

In a project of active target development, technical development of gating operation of GEM has
been done for one active target and the alpha emission following the beta decay of 16N was measured
with the same active target. The development for the high intensity beam injection is being performed
for the other active target. The test experiment with a high intensity 132Xe beam was performed.

One of the Major tasks of the accelerator group is the AVF upgrade project that includes develop-
ment 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. The Hyper ECR and the Super ECR sources provide all the beams
for the AVF cyclotron and support not only CRIB experiments but also a large number of RIBF ex-
periments. Injection beam monitoring and control are being developed and studied. Detailed study of
the optics from the ion sources are expected to improve transmission and qualities of beams for the
RIBF facility.

The nuclear theory group has been promiting the RIKEN-CNS Collaboration project on large-scale
nuclear structure calculations since 2001 and maintain 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 universe since 2011. The SPIRE project aims at an integral
understanding of the origin and structure of matter and the universe utilizing the K computer. 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 per- formed benchmark calculations at K
computer. We have studied both the medium-heavy and light nuclei with large model space on K
computer in 2013. In medium-heavy nuclei, we successfully describe the shape coexistence for 68Ni.
In light nuclei, systematic calculations have been performed with increasing the number of the major
shells. The α cluster structure in Be isotopes has been also studied.

The 12th CNS-EFES International Summer School (CNS-EFES13) has been organized in August
2013 with many invited lecturers including four foreign distinguished physicists.

Finally, I thank Mr. Yoshimura and other administrative stuff members for their heartful contribu-
tions throughout the year.

Takaharu Otsuka
Director of CNS
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α-cluster states are known to emerge in many nuclei, in-
cluding carbon isotopes. Among α-cluster states, linear-
chain cluster states have been considered as exotic and of
interest for a long time. In spite of the long history of theo-
retical investigation, we have obtained no clear experimen-
tal evidence for such states for the moment.

The search for linear-chain cluster structure in carbon or
other nuclei has a long history. The early work by Mori-
naga [1] suggested that the Hoyle state in 12C may corre-
spond to a state of three α particles ordered in a line. Later
it was pointed out by Horiuchi [2, 3] using the orthogonal-
ity condition model (OCM) that the Hoyle state could be a
molecular-like level of 8Be+α, or equivalently three α parti-
cles weakly coupled to each other, instead of a linear chain.

As for the other carbon isotopes, Itagaki et al. [4] dis-
cussed linear-chain states in 12,14,16C using a microscopic
model. They investigated breathing and bending motions
and concluded that 16C might have a linear-chain structure
with a stability but at high excitation energies Eex above 20
MeV. In their following work [5], it was discussed that an
equilateral-triangular shaped cluster structure is expected to
appear in 14C. Such a structure should be reflected to a ro-
tational band with Kπ = 3−, the first members of which
may correspond to the known Eex = 9.80 MeV (spin and
parity Jπ = 3−) and 11.67 MeV (4−) states. In the work
by Oertzen et al. [6], prolate K = 0± bands in 14C were
proposed. It was discussed that the states in these bands
may have a linear cluster structure, but the reasoning was
only based on the relatively large momentum of inertia, and
the Jπ values had been confirmed only for low-lying levels
(0+, 1−, and 2+) in the bands. Thus, a clear evidence of
linear chain structure was not presented.

Suhara and En’yo [7, 8] also obtained a band (0+5 , 2+
6 ,

4+6 ) which could be explained as linear-chain cluster levels.
It was predicted that these levels appear a few MeV or more
above the 10B+α threshold, unlike the prolate bands in [6].
The investigation in [8] shows that the AMD wave function
has a configuration in which two α particles and two neu-
trons are closely located, while the remaining α particle is
more distant. This implies states having such a linear-chain
configuration could be accessed from the 10Be+α channel.

The excited states in 14C had been studied by various re-

actions such as 9Be(6Li, p)14C. Some recent studies were
motivated by the interest on the cluster structure in 14C,
and performed with 7Li(9Be, 14C∗)d [9], 2n-transfer [6],
reactions of 12C(6He, α)14C [10], 14C(13C, 14C∗) [11],
14C(14C, 14C∗) [12], and 12C(16O, 14O)14C∗ [13], where
14C∗ could be detected as 10Be+α or 13C+n. There are res-
onances commonly observed in several methods, but only
the energies are determined. To discuss the structure more
precisely, we need additional information such as their Jπ

and α widths, which are still not known.
The purposes of the present work can be summarized

as follows: 1) To search a linear-chain configuration via
10Be+α resonant scattering, and 2) To determine resonant
parameters of the high excited states (13-18 MeV) of 14C,
which are still mostly unknown.

In the present study, the thick-target method in inverse
kinematics [14] was used, which has been applied for many
measurements at CRIB and produced fruitful results. In
particular, there are two resonant scattering experiments
at CRIB recently performed, 7Li+α [15] and 7Be+α [16].
Strong α resonances in 11B and 11C were successfully ob-
served, and we newly determined Jπ and αwidths for some
of the resonant states. We proposed negative-parity cluster
bands in 11B and 11C, and the moment of inertia of the for-
mer one was well reproduced with the theoretical calcula-
tion by Suhara and En’yo [17]. Using a similar experimen-
tal setup but with a 10Be beam, we can study resonances in
14C above the 10Be+α threshold energy (12.01 MeV).

The first production of the 10Be beam at CRIB was per-
formed for Jan. 17-19, 2014. Using a 5.57 MeV/u primary
11B beam from the AVF cyclotron and a 500-Torr cryo-
genic deuterium target, 10Be particles were produced via
the 11B(d, 3He)10Be reaction in inverse kinematics. We
selected the charge state of 4+ with the dipole magnet.
The produced 10Be4+ beam had a small contamination of
10B4+, which was mostly excluded by inserting a 0.7 µm-
thick Mylar film as a charge stripper at the F1 focal plane.
The best 10Be beam production rate was 2 ×104 pps at the
final focal plane (F3), The beam energy was 3.51 MeV/u
before Parallel-Plate Avalanche Counters (PPACs) installed
for the beam monitoring.

We also performed a test measurement of alpha resonant
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scattering using a chamber filled with helium-gas at 760
Torr, which served as the target of elastic scattering. The
chamber had a beam-entrance window made of a 25 µm-
thick Mylar film. A pair of silicon detectors, which had
thicknesses of 20 µm and 480 µm respectively, were placed
in the gas-filled chamber, consisting a “∆E-E” telescope.
The telescope was located at 482 mm from the Mylar en-
trance window, exactly on the direction of the beam axis.
The beam was degraded and stopped in the thick-gas tar-
get and α particles from elastic scatterings were reaching
the telescope. The energy spectrum of the α particles had
a structure with several peaks as shown in Fig. 1, which
should correspond to resonances in 14C.

In summary, we successfully produced an 10Be beam at
CRIB for the first time, and also showed that the alpha res-
onant scattering measurement is feasible. A main measure-
ment of 7.5 days is planned to be performed in 2015.

Figure 1: Energy spectrum of α particles. The data were
accumulated for 9 hours.
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P. Figuera, D. Miljanić, A. Musumarra, A. Ninane,
A. Ostrowski, M. Pellegriti, A. Shotter, N. Soić, C. Spi-
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Alpha-cluster structures have been an interesting subjects
of study. Several investigations of alpha-cluster structures
have been conducted on 4N nuclei such as 8Be, 12C, 16O,
and 20Ne [1–3]. In the case of 19Ne, because the system
of nuclei can be regarded as 20Ne plus one hole, weakly
coupled states of the alpha and hole have been studied the-
oretically in the low-excitation energy region, but limited
experimental data are available, till date. Therefore, exper-
imental study of alpha elastic scattering on 15O is very cru-
cial for understanding how alpha clustering is manifested in
proton-rich nuclei. Unknown alpha-cluster states of 19Ne
from 1− and 3− members (Kπ= 0− cluster band of 20Ne)
as well as 4+ and 6+ members (Kπ= 0+ cluster band of
20Ne) can be identified by performing alpha elastic scat-
tering on 15O. Because the study of alpha cluster states of
19Ne has been carried out theoretically, this experimental
result can be used to confirm the alpha-cluster structure of
Z>N nuclei of Ne isotopes [4, 5].

In addition to the alpha clustering study, the 18F(p, α)15O
reaction is astrophysically important because the amount of
18F produced in a nova depends sensitively on the reaction
rates of 18F(p, α)15O and 18F(p, γ)19Ne. [6] To date, ex-
perimental studies using 18F beams as well as theoretical
works have been reported competitively. However, reso-
nance parameters of relevant states above the proton thresh-
old atEx = 6.411 MeV have not been confirmed and remain
controversial [7–9]. Therefore, if the resonance properties
of 19Ne using 15O(α, p)18F are studied, which is a time re-
verse reaction of 18F(p, α)15O, we can expect better results
because the 15O + α threshold energy is only 3.53 MeV(Ex

of 19Ne). In this study, the 15O(α, α)15O reaction was mea-
sured in the energy range Ec.m. = 1.50− 7.30 MeV, which
corresponds to Ex = 5.03− 11.03 MeV of 19Ne.

Alpha elastic scattering on 15O was performed using the
thick target method, which can provide a continuous exci-
tation function in inverse kinematics because energy loss
occurs steadily through thick gas cell filled with 4He. The
primary beam, 15N (7.0 MeV/u, 0.6 pµA), was transported
from the AVF cyclotron of the RIKEN Accelerator Re-
search Facility to the low-energy RI beam separator, called
CRIB at the Center for Nuclear Study, University of Tokyo
[10] and impinged on a hydrogen gas target with a thickness
of 1.09 mg/cm2. The primary target was cooled to 80 K by
liquid nitrogen in order to avoid breaking the target window
by heat [11].

The secondary beam, 15O, was produced by the
p(15N,n)15O reaction. Fig. 1 shows beam identification
for 15O and other contaminations on the F2 focal plane.
The main contamination of the secondary beam was 15N,

Figure 1: Secondary beam identification on the F2 focal
plane.

but it was clearly distinguished from the 15O beam by using
the timing information between two PPACs(Parallel Plate
Avalanche Counters) [12]. The 14O beam was selectively
purified by a Wien filter system so that the beam purity was
90% at the focal plane (F3) of CRIB. The final intensity of
15O beam was 6× 105 counts/s at the target. The F3 cham-
ber was filled with the helium gas of 760 Torr, which was
maintained at room temperature. For detecting the recoiling
alpha particles, one set of the ∆E-E telescope at 0 degrees
was installed directly in the F3 chamber, which was located
at a distance of 200 mm from the entrance window of the
chamber. The effective target thickness was 3.32 mg/cm2

considering the position of the telescope in the F3 chamber.
The thicknesses of two detectors are 20µm and 480µm, re-
spectively. The energy of the 15O beam was well-defined
with 34 ± 0.5 MeV after the entrance window (Mylar 25
µm-thick) of the F3 chamber. Fig. 2 shows a schematic
view of the experimental set-up.

Figure 2: Schematic view of the experimental setup.
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The particle identification was clearly performed through
the ∆E-E method as shown in Fig. 3. Most of recoiled
particles were α and the proton was rarely produced owing
to that the proton threshold is about 3 MeV higher than the
alpha threshold. The green spot in the alpha particle group
was verified with coming from the primary target through
the background measurement using the Ar gas target. The
data are currently being analyzed.

Figure 3: Particle identification in ∆E-E telescope.
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The importance of measuring the cross section of the
nuclear reaction 12C(α, γ)16O at astrophysical energies is
well known. Despite half a century long efforts to perform
this measurement, our knowledge regarding this cross sec-
tion remains unsatisfactory.
The 12C(α, γ)16O reaction is known to proceed mainly
through two radiative capture modes of alpha particles on
12C to 16O. One is the E1 capture with contributions from
the 16O state at Ex = 9.585 MeV (Er = 2.418 MeV) and the
subthreshold 16O state at Ex = 7.117 MeV (Er=−45 keV).
The other mode is E2 capture and it is dominated by the
contributions from direct capture and by the contribution
of the subthreshold 2+ state at Ex=6.917 MeV (Er=−245
keV). Given the cross section values recalled above, it is
clear why all direct measurements done so far were not
able to descend below Ec.m.=890 keV. As it is often the

Figure 1: The diagram shows the levels of the 16N nucleus
relevant for the present study. The branching ratios to the
16O states of interest are also indicated.

case in nuclear astrophysics, these data are then extrapo-
lated into the energy region of astrophysical interest using
some theoretical approach, usually R-matrix calculations.
This led to a situation where the published astrophysical
factors range from 1 to 288 keVb for SE1(300) and 7 to 120
keVb for SE2(300) because the high energy data are not
very sensitive to the contributions from subthreshold reso-
nances. To improve the reliability of these extrapolations,
data from complementary experiments, such as elastic and
quasi-elastic α scattering on 12C, α-transfer reactions to
16O, and 16N decay are usually included in the analyses.
Here the contribution from this latter to the study of the
12C(α, γ)16O reaction is considered, and a completely new
experimental technique is suggested together with the use
of a 16N beam. The state of the art on these studies is still
represented by a paper by Tang and collaborators [3].
The decay of 16N into 12C+α proceeds through a first step
governed by a weak process, the beta decay of 16N into
16O∗, which can in turn decay to 12C+α. The level scheme
of 16N is shown in figure 1. Information on the E1 com-
ponent of the astrophysical factor of the 12C+α reaction,
SE1 can be extracted from the relative height of the of the
peak located at roughly 0.9 MeV in the β-delayed α spec-
trum. The peak at 900 keV originates from the interference
of the high-lying 1− state of 16O at 9.585 MeV with the
subthreshold one at 7.117 MeV. This is presently consid-
ered the best method to constrain the value of SE1 . Note
that the branching ratio for the 16O decay in the channel of
interest is 10−5. In order to improve the available results
on the measurements of the spectrum of the alpha particles
emitted in the decay of 16N, we proposed a new experi-
mental approach based on the use of the Multi Sampling
Time Projection Chamber (MSTPC) of the Center for Nu-
clear Study (CNS) of the University of Tokyo. The limita-
tions arising from the use of implantation foils adopted in
all previous experiments were eliminated in the presented
study, because the chamber itself becomes the implantation
material, and the detection efficiency of the decay products
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is also increased.
The 16N nucleus has a half-life time T1/2=7.1 s and mean-
life time τ=10.24 s. If one imagines to send a beam of such
particles inside a collection system where they slow down
until being stopped the number of particles present at a cer-
tain instant of time t will be given by n(t) = R

λ (1 − e−
t
τ ).

where R is the rate of incoming particles and λ = 1/τ . As
expected, the number of particles inside the system does
not increase beyond a certain asymptotic value given by
n(t = ∞) = R/λ.
A key point in the experiment was the necessity of using
the MSTPC in pulsed mode: an implantation period, during
which the beam is sent and stopped in the middle of the ac-
tive region of the MSTPC, is followed by a time period in
which the primary beam is stopped before entering CRIB
and the 16N decay events are detected and registered by the
MSTPC and its data acquisition system. In order to prevent
the destruction of the two gas electron multipliers (GEMs)
during the phase when the beam is entering the system, a
gating grid was added to the MSTPC to stop electron multi-
plication during the 16N beam implantation period. Hence

Table 1: Number of decays in 24 hours

∆T1 (s) ∆T2 (s) decays/day

0.1 0.1 215974
0.5 0.5 215932
1 1 215805
5 5 211793
10 10 200319
20 20 166234
10 1 70840
5 10 184734

the duty cycle of the experiment will consist in a succes-
sion of ”beam on, TPC off” and ”beam off, TPC on” states.
Let’s assume that the duration of these states is ∆T1 and
∆T2 respectively. The transient time between the on and
off states was of the order of a few microseconds and hence
completely negligible with respect to all other typical time
scale parameters of the experiment, namely ∆T1, ∆T2 and
τ . The number of decays that it is ideally possible to detect
depends on the values ∆T1, ∆T2 and τ . The total number
of decays can be easily calculated by summing the decays
that will take place during the time periods when the TPC
is acquiring data, (i.e. the ∆T2). Various ∆T1, ∆T2 pairs
have been considered, as shown in the Table 1 above. The
calculations are made assuming a beam of 106 pps and a
branching ratio into the interesting channel of 10−5. In fig-
ure 3 the number of particles accumulated in the TPC dur-
ing the beam on-beam off periods is sketched. The on-off
timing showed here are not the optimal ones chosen during
the experiment. From the calculation above it follows that a
on/off time of the order of 1 s or less is favorable in terms of
number of decays. The timing finally adopted was an equal
duration of 50 ms for these two periods.
The experiment required a long technical development
phase. During this phase, two 16N beam production test
runs were performed at the CNS Radiocative Ion Beam
(CRIB) facility with very good results. The intesities of the
16N beam obtained during these tests reached 106 ions per
second. Despite the fact that during the final run of the ex-

Figure 2: Panel a): energy loss in the TPC along the beam
axis: spectrum shape is consistent with a typical Bragg’s
peak in which we are in presence of two particles, one (more
massive) looses its energy faster than the other. Panel b):
the same event projected onto yz plane. The track of a back
to back decay can be reconstructed.

periment, that took place in September 2013,the intensities
of the beam reached a value that was lower than expected,
the experiment was technically successful. In figure 4, a
candidate decay event obtained from a rough on-line data
selaction is shown. New software programs needed to de-
code and analyze data are presently being developped in
orther to start the data analysis.
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The spin-orbit coupling plays a significant role in nuclear
system; it causes the energy splitting of the nucleon spin-
doublet i.e., single particle levels having the same orbital
angular momentum but with opposite direction of the nu-
cleon spin. It was originally introduced by Mayer [1] and
Jensen [2] to explain the magic numbers which are devel-
oped in stable nuclei and is accounted as a significant suc-
cess. However, recent studies reveal that the disappearance
and appearance of the magic number occur in the region of
unstable nuclei [3, 4] and therefore the spin-orbit coupling
in that region draws increasing attention. From the exper-
imental point of view, we cannot experimentally measure
the spin-orbit coupling itself but alternatively the spin-orbit
splitting can be experimentally determined. It is defined as
the energy difference of spin-doublets of nucleons and di-
rectly reflects the strength of the spin-orbit coupling.

The most straightforward way to observe the spin-orbit
splitting is to deduce the single-particle or single-hole ex-
citation energy spectra through direct reactions such as nu-
cleon transfer or nucleon knockout reactions. For that pur-
pose, the exclusive measurement of the (p⃗, pN ) reaction is
an effective spectroscopic tool. 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 dependence [5]. After that, the spin-
orbit splitting can be obtained as a difference of the effective
single-particle energy (ESPE) of the spin doublet.

We performed 14,22−24O(p⃗, 2p) reaction measurements
(SHARAQ04 experiment) with a polarized proton target
at RIKEN RIBF to measure single-particle spectra and to
determine spin-orbit splitting of 1p proton single particle
orbits in 14,22−24O as a function of their neutron num-

†Present address: Research Center for Nuclear Physics, Osaka University
∗Present address: Center for Nuclear Study, Graduate School of Science,
the University of Tokyo
‡Present address: Advanced Science Research Center, Japan Atomic En-
ergy Agency
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Figure 1: TOF–∆E plot for beam nuclei. Abscissa is TOF
from F3 to FH9 focal plane and ordinate is energy loss in a
plastic scintillator at FH9.

ber. For the experimental setup, see ref. [6]. We identi-
fied 14,22−24O(p⃗, 2p) reaction via the particle identification
(PID) of both incident and residual nuclei in addition to the
PID of two scattered protons. The particles are identified
via the TOF–∆E method on an event-by-event basis. For
residuals, only their atomic numbers are identified for this
time. Figure 1 and 2 show the time-of-flight (TOF)-∆E
correlations for incident and residual particles in 14O runs,
respectively. In addition, a selection by the reaction ver-
tex position which deduced from the tracking information
of the multi-wire drift chambers located at upstream of the
target and at both sides of the beam line. was also applied.
This selection reduces the background which came from the
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Figure 2: TOF–∆E plot for residual nuclei. Abscissa is
TOF from the target position to S0 downstream (S0D) and
ordinate is energy loss in a plastic scintillator at S0D.
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Figure 3: 13N excitation energy spectra via the 14O(p, 2p)
reaction for N, C, B residual nuclei

reaction at the target holder and the surrounding materials.
The proton separation energy (Sp) from the target nuclei

was calculated from the scattering angles and the momenta
of two scattered protons:

Sp = (1− γ)mp − γ(T1 + T2) + βγ(p1∥ + p2∥), (1)

where γ and β are the Lorentz factor and the velocity of
the beam, respectively: mp is the proton mass, T1 and T2
are the kinetic energies of the scattered protons, and p1∥
and p2∥ are the momenta of the scattered protons. In this
formula, the momentum of the residual nucleus is ignored
because its effect to Sp is negligibly small compared with
the resolution of Sp. The excitation energy of 13N was cal-
culated asEx(

13N) = Sp−4.627 MeV. Figure 3 shows the
13N excitation energy spectrum for the 14O(p, 2p) reaction
for each residual nucleus. The strengths from the (p, 2p)
reaction were succsessfully observed in the spectra with N

and C residuals. The background is mainly coming from
the 14O(12C,2p) reaction in polarized proton target which
includes carbon nuclei and some proton knockout reactions
occurred in the surrounding materials. The spectrum for
14O(p, 2p)N should include only the ground state of 13N be-
cause no excited state of 13N exists below the proton decay
threshold of 13N at 1.944 MeV and almost all strength of the
excited states instantly decays with proton emission. How-
ever, the peak in 14O(p, 2p)N spectrum locates at slightly
higher energy region than 0 MeV. The origin of this shift is
unknown at this time and will be investigated.

We intend to continue the analysis of these results by in-
vestigating different gating and energy correction methods
that may improve the efficiency, resolution, and S/N ratio.

The analysis for the other oxygen isotopes is in progress.
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1. Introduction
In SHARAQ04, a (p,2p) knocout experiment was studied

by employing polarized proton target [1, 2]. The analysis
of the proton-proton elastic scattering (PPES) will be pre-
sented in this report. There are two purposes of the analysis:
1) Extraction of the absolute magnitude of spin polarization
of the target, and 2) Determination of the angular resolu-
tion of the recoil protons and the energy resolution of the
experimental setup.

Figure 1: The setup of the detectors in SHARAQ04 experi-
ment. The beam was coming from left to right. The coordi-
nate is defined on the upper left corner.

2. Experimental setup of PPES
The experiment was performed in RIBF, RIKEN Nishina

Center. A detailed explanation on the target was described
in Ref. [2]. A proton beam at 260 MeV was delivered by
BigRIPS to SHARAQ spectrometer. The setup around the
target system is shown on Fig. 1. Two low-pressure multi-
wire drift chambers (LP-MWDC) (DCX1 and DCX2) [3]
were installed on the upstream of the target for tracking of
the beam. They were used in beam tuning and turned off
during PPES measurement because of low efficiency. Two
sets of MWDC [4] and plastic scintillator were placed on
the left and right side downstream. The planes of MWDCs
and plastic scintillators were set 30◦ with respect to the Y-Z

plane of laboratory’s frame (see Fig. 1). The perpendicu-
lar distance from the target to the MWDCs and the plastic
scintillators were 1022 mm and 1400 mm respectively. The
detectors covered forward angles from 20◦ to 70◦. Scatter-
ing angle of the protons in the center of momentum (CM)
frame (θNN ) was ranging from 40◦ to 140◦.

3. Spin polarization of the proton target
The polarization of the target was calibrated by PPES for

which the analyzing power is known [5]. The scattering an-
gle was divided into 5 sectors equally in the CM frame. The
yield of each sector was used to compute the asymmetry. A
combined yields (Eq. (1)) formed on left and right detector
sets and spin-up and spin-down runs were used to eliminate
asymmetry, which originated from the misalignment of the
experimental setup or detector’s nonuniform efficiency,

yL(i) =

√
Y ↑
L (i)Y

↓
R(i), yR(i) =

√
Y ↑
R(i)Y

↓
L (i) (1)

where Y (i) is the yield from the i-th angular sector, the sub-
script represents left or right and the superscript represents
spin-up or spin-down. The asymmetry (ϵ) of the elastic scat-
tering of each sector was calculated by Eq. (2).

ϵ(i) = Ay(i)P =
yL(i)− yR(i)

yL(i) + yR(i)
(2)

where Ay(i) is the analyzing power, which is known for
PPES [5], of the i-th sector and P is the polarization of
the target. In relativistic PPES, the laboratory opening an-
gle ∆θ = θ1 + θ2 is ranging from 86◦ to 89◦ depend-
ing on the scattering angle θNN . Here θ1 and θ2 are the
scattering angle of the protons in laboratory frame. The
background was eliminated by gating on the opening angle,
85◦ < ∆θ < 90◦. The results of the yield and the asym-
metry are shown in Fi. 2. The deduced magnitude of spin
polarization was 31 ± 15%. Note that the magnitude of the
spin polarization was assumed to be equal for spin-up and
spin-down runs (Ref. [2], Fig. 2).

11



Figure 2: Combined yields of yL (blue) and yR(red), and
asymmetry (green) versus the scattering angle in CM frame
(θNN ).

4. Cross section of proton-proton elastic scattering
The number of incident proton was 2.13×109. The target

thickness was 1.00 ± 0.05 mm and the number of proton in
the target was 4.3(2) × 1021 cm−2. The fraction of beam,
which hit on the target, was inspected from optics runs and
the result was 33%. The DAQ live time was 77%. The com-
bined efficiency of MWDCs was 76%. The total yield was
5032. The cross section was then 2.7 ± 0.3 mb. The er-
ror mainly came from the target thickness. The result was
compared with data of PPES in the database [5]. The calcu-
lation of the cross section from the database (including the
detectors acceptance) was 2.51 mb. Our result was consis-
tent with the database.

5. Angular and energy resolution
The opening angle around |θNN − 90◦| < 5◦ is al-

most a delta distribution with width 0.0141◦. Therefore,
the resolution of the opening angle can be evaluated by
gating on θNN . A gate from azimuthal opening angle
∆ϕ = (ϕ2 − 180◦) − ϕ1 was applied for more restricted
condition for PPES. Here ϕ1 and ϕ2 are the laboratory az-
imuthal angle of scattered protons. Fig. 3 shows the dis-
tribution of the opening angle by gating on the scattering
angle |θNN − 90◦| < 5◦ and the azimuthal opening angle
|∆ϕ| < 7.5◦. The background (red line) was estimated by
negation of the azimuthal opening angle gate. The resolu-
tion of the opening angle was 0.49◦. Assuming the angu-
lar resolutions for both recoil protons were the same, i.e.
σ(θ1) = σ(θ2), then the angular resolution was 0.35◦ for
each proton.

Figure 3: (Left) The distribution of opening angle near
θNN = 90◦ (see main text). The blue line is signal. The
red line is estimated background. (Right) The background
subtracted signal with Gaussian fitting.

The energy resolution was deduced from the width of the
excitation energy spectrum in PPES. Fig. 4 shows the spec-

trum. The spectrum was gated by the same opening angle
and azimuthal opening angle gates. The background (red
line) was estimated by negation of the azimuthal opening
angle gate. The background subtracted signal was fitted
with a Gaussian. The standard deviation of the Gaussian
was 2.88 ± 0.07 MeV, which was the resolution of the exci-
tation energy in (p,2p) reaction. This resolution agrees with
kinematics calculation, in which the angular resolution and
the time resolution of recoil protons were set to be 0.35◦

and 500 ps respectively.

Figure 4: (Left) The distribution of excitation energy with
gates (see main text). The blue line is signal. The red line is
estimated background. (Right) The background subtracted
signal with Gaussian fitting.

6. Conclusion
The analysis of proton-proton elastic scattering have

shown that the magnitude of the proton spin polarization in
the target was 31 ± 15%, the cross section was consistence
with the nucleon-nucleon scattering database, the angular
resolution for the recoil proton was 0.35◦, and the separa-
tion energy resolution was 2.88 ± 0.07 MeV. These values
help later analyses on the (p,2p) reactions.
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Since possible candidate of bound tetra-neutron was
firstly reported [1], multi-neutron systems in nuclei have
attracted keen attentions of both the experimentalists and
theorists. On the other hand, theoretical studies using ab-
initio calculations [2] have suggested that the tetra-neutron
cannot exist as a bound system.

We performed missing-mass spectroscopy of the 4n sys-
tem via an exothermic double-charge exchange reaction
4He(8He,8Be)4n. The purpose of this experiment was to
obtain information on few-body forces, such as the T=3/2
three body force, and the correlations between in multi-
body scattering states that reflect final state interactions of
sub-systems, such as di-neutron correlations. In order to
produce the 4n system with a small momentum transfer of
less than 20 MeV/c, a secondary beam of 8He with a large
internal energy, 190 AMeV, was used.

The experiment was performed at the RIKEN RI Beam
Factory (RIBF) using the SHARAQ spectrometer and a liq-
uid He target system. The Be target at BigRIPS-F0 was
bombarded by a primary beam of 18O at 230 AMeV to pro-
duce the 8He secondary beam. We measured the momen-
tum of the 8He in event-by-event at BigRIPS-F6 with the
High-Resolution-Beamline and also measured the momen-
tum of two alpha particles, which were the decay products
of the 8Be ejectile, with the SHARAQ spectrometer.

Because a small cross section was expected for this re-
action, it was important to achieve a large yield and good
S/N ratio. The highest 8He beam intensity in this experi-
ment was 2× 106 counts/sec at the secondary target, which
was produced by the 13.7 MHz AVF cyclotron. Because
of the high intensity, the percentages of events recorded
two 8He particles, which we call here multi-particle events,
were about 15 % in the same beam bunch, about 15 % in
the neighboring bunches, respectively.
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Figure 1: Example of an event snapshot. The MWDC at
F6 consists of 4 planes (U(30◦)-U’(30◦)-V(60◦)-V’(60◦)).
Solid lines represent hit wires. Blue solid and red meshed
bands represent the drift length of U(U’) and V(V’) planes,
respectively. We can track the position (indicated by yellow
circle) if there are 4 candidates. The yellow cross denotes
the particle in the next bunch of triggered particle.

We developed a new analysis framework that contains in-
formation of multi particles arranged in a bunch structure as
a new dimension. Previous frameworks have assumed that
one trigger event corresponds to only one particle. By com-
bined with the new framework and multi-hit TDC, we iden-
tified beam bunches containing reaction-induced 8He beam.
This method helped to increase the number of usable events
for missing-mass analysis by 12 %. Such multi-particle
events often provoke wrong hit positions by the MWDC,
since the drift time of MWDC is larger than the RF period
of the beam. To reduce miss tracking of MWDC, we use the
sum of drift time in two planes half shifted to each other,
which is constant for one particle hits. We are able to deter-
mine hit positions of both two particles when their distance
is more than a half cell size of MWDC (4.5 mm). By using
this condition, we improved the number of tracking events
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by about 10 %.
At the final focal plane of the SHARAQ spectrometer,

two-alpha events can be tracked using cathode readout drift
chamber [4] (CRDCs). We identified approximately about
a hundred candidate events of the 4n system.
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Figure 2: Correlation of candidate events between horizon-
tal position of F6 and S2 focal plane which correspond to
the momentum of 8He beam and momentum of 8Be ejectile
respectively. Shaded line shows the threshold of 4n.

To identify 4n events, we selected events which satisfy
the following conditions; 1) Tof measurement between sec-
ondary target and final focal plane plastic scintillator and
energy loss at the plastic scintillator, 2) rejection of events
of multi-particle in one-bunch, 3) identification of a true
track which made by a trigger event, 4) identification of 2α
particles at final focal plane in coincidence, 5) confirmation
of the position of the target and 6) other fiducial cuts.

We identified about a hundreds of events as candidate
of 4n events, including backgrounds which correspond to
about 150 nb as total cross section. Figure 2 shows the cor-
relation of candidate events between the horizontal position
of F6 and S2 dispersive focal plane which correspond to a
momentum of 8He beam and a momentum of 8Be ejectile
respectively. Shaded line correspond to the threshold of 4n
(excitation energy of 4n: E4n = 0 MeV). For the energy
calibration we used a known peak of 8He(p,n)8Li reaction
and Bρ scaling of the SHARAQ spectrometer. Uncertainty
of the calibration still has about ±3 MeV (RMS) which cor-
respond to a width of gray shaded line. The missing mass
spectrum can be obtained by projecting diagonally along
the E4n = 0 MeV line. Since the number of events per
unit area above the line of the threshold are larger than be-
low, reasonable correlation was obtained between the mo-
mentum of 8He beam and 8Be ejectile while there are still
unphysical events below the 4n threshold. Further analysis
is now in progress. We try to select the interested events by
impose the kinematical condition of the reaction.
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We performed the exothermic charge-exchange (CE) re-
action of (8He, 8Li) at the RIKEN RIBF facility by us-
ing the BigRIPS, the High-Resolution Beamline, and the
SHARAQ spectrometer [1, 2]. Missing mass spectra in the
4He(8He, 8Li∗(1+)) reactions were measured at the beam
energy of 190 MeV/nucleon. This experiment aimed at
studying spin-isospin response, especially spin-dipole tran-
sition in 4He by RI-beam induced CE reaction. In order to
identify 8Li∗(1+), we measured the 980-keV γ-ray corre-
sponding to the 1+ → 2+ transition in 8Li. The coincident
detection of 8Li and the 980-keV γ-ray is an evidence of
the occurrence of the CE reaction. The CE reaction is pos-
sible to reach the highly excited state at the condition of the
time-like region.

Figure 1 shows the schematic view of the BigRIPS, the
High-Resolution Beamline, and the SHARAQ spectrome-
ter. A 8He beam at 190 MeV/nucleon was produced via
the projectile fragmentation reaction of the 18O beam at
230 MeV/nucleon with a Be target at F0. The intensity
of 8He was approximately 2 × 106 cps at S0, where the
secondary targets of liquid 4He were installed. The target
thicknesses of the liquid 4He were 120 mg/cm2. The liq-
uid 4He target was made using the CRYPTA system. [3]
The beam trajectory was measured by µ-hodescope [4] and
low-pressure multi-wire drift chambers [5] (LP-MWDCs)
in the BigRIPS and the High-Resolution Beamline. The
µ-hodescope was installed at F3 to measure beam posi-
tion whose spot size is as small as 1 cm (FWHM). The
momentum of 8He was measured at F6, which is the mo-
mentum dispersive focal plane. At S0, the beam position
and incident angle into the targets were determined. The
scattered 8Li was momentum analyzed with the SHARAQ
spectrometer and detected by cathode readout drift cham-
bers (CRDCs) [6] at S2. The 980-keV γ-rays emitted from
8Li were detected by the NaI(Tl) detector array (DALI2 [7])
located near the secondary target.

Figure 1: Schematic view of BigRIPS, High-Resolution
Beamline, and SHARAQ Spectrometer.

The secondary RI beam has momentum distribution. In
order to perform high-resolution missing mass spectroscopy
with the RI beam, measurement of the beam momentum
(δ) of incoming and outgoing particles at the target is re-
quired. At the momentum-dispersive focal planes, δ is cor-
related with the beam trajectory. In High-resolution achro-
matic transport mode, it is important to measure the trajec-
tory, the horizontal position (x), at the BigRIPS-F6 and the
SHARAQ-S2. δ couples with the beam transfer matrix el-
ements of x and horizontal angle (a). The matrix elements
should be measured to obtain the missing mass energy in the
CE reaction. The 8Li beam was transported to S2 for check-
ing the matrix elements of (x|x) and (x|a) of the beamline
and the SHARAQ spectrometer in the experiment.

Figure 2(a) shows the correlations of xS0 with xS2 for the
momentum correction of the 8Li beam. The five loci corre-
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Figure 2: Correlation of xS0 with xS2 (a) before and (b) af-
ter correction.The five loci correspond to the particles with
δ = -1%, -0.5%, ... ,1%, which were tagged at the BigRIPS-
F6.

spond to the particles with δ =−1%, −0.5%, ... ,1%, which
were tagged at F6. The inclinations of the loci indicate the
matrix element of (x|x). The difference in the inclinations
for different δ’s is due to the effect of the second-order ma-
trix element of (x|xδ). This defference enables enabled us
to obtain the δ at high resolution by correcting the correla-
tion, as shown in Fig. 2(b). The matrix elements of (x|a)
and (x|aδ) were determined to correct the tilt of the focal
plane. These higher-order matrix elements of the beamline
at F6 were determined by checking the correlation with tag-
ging the beam momentum at S2. The missing mass resolu-
tion was evaluated to be 3.2 MeV in FWHM by using the
matrix elements and 4.6 MeV in FWHM before the correc-
tion.

Further analysis of the missing mass and angular distri-
bution is now in progress.
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1. Introduction
(p, n) reactions at intermediate energies (E > 100 MeV)

provide powerful tools to study spin-isospin responses in
nuclei, in particular Gamow-Teller (GT) transitions. The
GT giant resonance (GTGR), which exhausts a large part
of the model independent GT sum rule, is a representive
collective mode of excitation.

A key feature of (p, n) reactions at intermediate energies
is that there is a close proportionality between cross sections
at 0◦ and the GT transition strengths B(GT) [1]. Since, in
contrast to β-decay, charge-exchange reactions do not suf-
fer from any Q-value limitation, they can be used to study
transitions to excited states at relatively high energies, in-
cluding GTGR, as well as the low-lying states.

While numerous (p, n) studies have been performed on
stable nuclei, high-intensity radioactive isotope (RI) beams
have recently made it possible to measure (p, n) reactions
on unstable nuclei [2].

In the present work, we focused on the neutron-rich nu-
cleus 8He, which has the largest neutron-to-proton ratio
among all known particle-stable nuclei (N/Z = 3), to study
the spin-isospin correlation in neutron-rich light nuclei. In
the past, some information on the spin-isospin responses
of 8He has been reported from β-decay studies (for exam-
ple [3, 4]).

2. Experiment
Measurement of the 8He(p, n)8Li reaction in inverse

kinematics was performed at the RIKEN RI Beam Factory.
Figure 1 shows the experimental setup around the

secondary target, which was 0.39-g/cm2 polyethylene.
The neutron detector array WINDS (Wide-angle Inverse-
kinematics Neutron Detectors for SHARAQ) [5] , which is
an array of plastic scintillators, surrounded the secondary
target at a distance of 180 cm. A superconducting triplet
quadrupole magnet was installed between the focal plane
FH9 and the downstream one FH10.

In the present work, missing mass spectroscopy was em-
ployed. Excitation energies (Ex) of 8Li and the scattering
angle in the center-of-mass frame (θcm) were constructed
from measurements of kinetic energies (Tn) and scattering
angles in the laboratory frame (θlab) of neutrons. Tn was de-
termined by measuring the neutron time-of-flight, and θlab
was determined from the location of the scintillator bar in
which the scattered neutron was detected.

To improve the signal-to-noise ratio, the residual nucleus
from the 8He(p, n) reaction was detected by auxiliary beam
line detectors, i.e., the plastic scintillator and Low-Pressure
Multi-Wire Drift Chambers [6] at FH10, in coincidence
with detection of neutrons in WINDS. In the present exper-
iment, Li isotopes, including the residual nucleus 8Li and
its decay product 7Li, were tagged.

Figure 1: Experimental setup around the secondary target.

3. Results
Double differential cross sections for the 8He(p, n)8Li

reaction at excitation energies of 0–20 MeV and neutron
energies of 2.0–4.4 MeV, which correspond to momen-
tum transfers of q = 0.31–0.46 fm−1, respectively, were
obtained. Figure 2 provides an excitation energy spec-
trum for Tn = 2.6–3.2 MeV. In this spectrum, two peaks
were observed at ∼1 MeV and ∼8 MeV. The lower-energy
peak corresponds to the first excited 1+ state in 8Li lo-
cated at 0.98 MeV, which is known to have GT strength of
B(GT) = 0.24 according to a previous β-decay study [3].
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Figure 2: (Preliminary.) Double differential cross sections
for neutron energies of Tn = 2.6–3.2 MeV.

The angular distributions of the differential cross sections
for the ∼ 1 MeV and ∼ 8 MeV peaks are displayed in
Fig. 3, where the transmission efficiencies of the Li isotopes
between the target position and detection focal plane have
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been corrected for. The transmission efficiencies were eval-
uated by a Monte Carlo simulation.
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Figure 3: (Preliminary.) Angular distributions of the mea-
sured cross section for the 0.98-MeV (black) and the 8-MeV
(red) peaks. The error bars represent statistical errors only.

The angular distributions were compared to distorted
wave impulse approximation (DWIA) calculations. The an-
gular distribution of the peak at ∼1 MeV, which displays a
flat distribution, was reproduced well by a sum of the distri-
butions from the 0.98-MeV state (Jπ = 1+) and the ground
state (Jπ = 2+). TheB(GT) value for the 8-MeV state was
derived using the extracted cross sections at q = 0 and the
known B(GT) value for the 0.98-MeV state. The obtained
GT strength for the neutron decay channel of the 8-MeV
state was B(GT) = 8 ± 4, which is ∼70% of the sum rule
value of 3(N − Z) = 12.
β-decay studies of 8He provided the excitation energy

and B(GT) values for the GT state in 8Li from R-matrix
theory, but these values have not been fixed [4, 7–9]. It is
noted that only the triton emission channel of the GT state
was considered in obtaining these values; Borge et al. [4]
measured a β-delayed triton branch, and obtainedB(GT) =
5.18 at the excitation energy of Ex = 9.3 MeV. Figure 4
shows the decay scheme of 8He, including the resonance
state observed in the present measurement as well as excited
states observed in previous β-decay studies. It is not clear
whether the GT state observed in the present measurement
and that observed in the β-decay measurement are the same.
We conclude that the observed state with large transition
strength at ∼ 8 MeV is the GTGR, which is the first direct
observation of the GTGR in 8He.
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One of the most interesting features in atomic nuclei is
the variety of spin and isospin responses. The Gamow–
Teller (GT) transition is the simplest spin–isospin response
within one-phonon excitations, and it has been well stud-
ied. In contrast, data on multi-phonon excitations have been
scarce. The double GT giant resonance (DGTGR) [1] is
the simplest two-phonon excitation mode. However, DGT-
GRs have not been observed so far. The discovery of the
DGTGR is an essential step in extending the research of the
spin–isospin responses to multi-phonon space. Another in-
terest for studying DGTGRs relates to its relevance in neu-
trino physics; the DGT transition is induced by the same
transition operator as the ββ-decay is , i.e., στστ . How-
ever, the ββ-decay has quite small DGT strength. A major
part of the DGT strength lies in highly excited states in the
DGTGR. A promising spectroscopic method to search for
DGTGRs is heavy-ion double charge exchange (HIDCX)
reactions, which can induce two-phonon excitations with
spin and isospin transfer by two units.

In 2011, we conducted a HIDCX 12C(18O, 18Ne)12Be
reaction experiment and found a large cross section of
1.5 µb/sr for the second 0+ (0+2 ) state in 12Be at 0◦ [2].
This is probably because all the initial 12C(0+g.s.), interme-
diate 12B(1+g.s.), and final 12Be(0+2 ) states are dominated
by a 0~ω configuration [3–5]. This led us to a new idea
to use the (12C, 12Be(0+2 )) reaction as a tool to investigate
DGTGRs. In this method, the excitation energies of target
nuclei are measured using a missing mass technique. Sev-
eral final states in 12Be can degrade the signal-to-noise ra-
tio of an observed spectrum in the method. The key of this
method is to avoid the contamination by tagging the two
511–keV γ-rays emitted back-to-back from the e+e− decay
with the mean life-time of 331 ns [6]. In order to demon-
strate the feasibility of the delayed γ-ray tagging method,
we performed the HIDCX 18O(12C, 12Be(0+2 ))

18Ne reac-
tion measurement using the Grand Raiden (GR) spectrom-
eter at RCNP, Osaka University. The primary 12C beam
at 100A MeV bombarded a 20-mg/cm2 H2

18O ice target.
The momenta of outgoing particles were analyzed using
GR. The two 511–keV γ-rays from 12Be(0+2 ) were detected
using a NaI(Tl) array surrounding a plastic-scintillator stop-
per at the GR focal plane.

In the analysis, we require detection of 511-keV γ-rays
emitted back-to-back and within 10 ns time difference for
the (12C, 12Be(0+2 )) event selection. Figure 1 shows the
excitation energy spectra of 18Ne. The peak of the spec-
trum without the γ-ray tagging, which originates from the
18Ne ground state, is rather broad and has a tail. The broad-

ening is probably due to contributions from different final
states in 12Be, and the tail originates from accidental co-
incidence events of 9Li and 6He. On the other hand, in
a spectrum with γ-ray tagging, the peak is narrower, and
the background has mostly vanished. The energy resolution
was ∼3 MeV mainly limited by the energy-loss difference
in the target, and thus the difference between the peak po-
sitions of the two spectra is within the resolution. More

Ex (MeV)
-20 -15 -10 -5 0 5 10 15 20

C
ou

nt
s 

(A
.U

.)

0

20

40

60

80

100

120

140

160

180

Excitation Energy

prelim
inary

Ne(gnd)
18

-ray tagγw/o 

 10×-ray tag γw/ 

Figure 1: Excitation energy spectra of 18Ne with or with-
out γ-ray tagging. For the γ-ray tagged spectrum, detection
efficiency of 10% is considered for the NaI(Tl) array.

convincingly, a time spectrum of observed two 511 keV γ-
rays, shown in Fig. 2, exhibits a decay with a time constant
of τ = 395+173

−92 ns which is consistent with the known life-
time of 12Be(0+2 ) (331 ns) reported in Ref. [6] within the
error.

Now, we conclude the HIDCX (12C, 12Be(0+2 )) reaction
with the delayed γ-ray coincidence serves as a powerful
probe to the DGTGR. Based on experiences obtained in the
test experiment, we will be able to further optimize the de-
tector setup and readout electronics, which will enable us to
achieve a better signal-to-noise ratio.

Our next step is to apply this method to nuclei exhibit-
ing ββ-decay. An experimental proposal, which aims to
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Figure 2: Timing spectrum of the NaI(Tl) detectors. Events
with 12Be were selected by the coincidence with the back-
to-back 511 keV γ-rays emission.

observe the DGTGR in 48Ti via the 48Ca(12C, 12Be(0+2 ))
reaction, has been approved at RCNP. The experiment will
be performed in FY 2014.
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Recently superdeformed states were systematically in-
vestigated in the A∼40 nuclei, 36Ar [1], 40Ar [2], 40Ca [3]
and 44Ti [4]. It was suggested that the f7/2 intruder or-
bitals play an important role for superdeformation in A∼40
since the SD-shell gaps would be caused by the crossing
f7/2 and d3/2 orbitals. In the lighter mass region, a superde-
formed state in 32S has been studied by various theoretical
models [5–8], though it has not been observed experimen-
tally. Investigations of the orbitals responsible in this region
are of importance to verify the existence of superdeformed
states in 32S. Especially, the spin-parity of superdeformed
band heads in odd-mass isotopes gives direct information
about involved orbital for the large deformation. with su-
perdeformation. An odd-mass sulfur isotope, 35S is a good
candidate to study the role of the f7/2 orbital since a large
gap at N = 20 would be caused by 3/2−[321] originated
from the f7/2 orbital and 1/2+[200] from the d3/2 orbital
(see Woods-Saxon orbitals in Ref. [3]).

The high-spin states in 35S were investigated using a
26Mg(18O, 2α1n)35S fusion-evaporation reaction at the
Tandem-ALTO facility of Institut de Physique Nucleáire
d’Orsay. The optimal 18O beam energy was selected to be
80 MeV. The energy was determined by comparing the ra-
tio of the observed transitions from high-spin states to those
from low-spin states in 35S among a set of measurements
using 70, 80, 95 and 110 MeV 18O beams in the JAEA
Tokai Tandem Accelerator [9]. A stack of self-supporting
26Mg foils of 0.5 mg/cm2 each was used as the target.
Charged particles such as protons and alpha particles evapo-
rated from the compound nucleus were detected by an array
of segmented silicon detectors, Si-Ball [10]. The signals
from Si-Ball were successfully used to select the reaction
channels with 2α-emission. The germanium detector array
ORGAM, based on the EUROGAM [11] coaxial HPGe de-
tectors, was employed for the γ-ray detection. A total of 13
detectors was installed at 5 different angles, which enabled
us to measure the angular distribution of the γ rays.

The obtained γ-ray spectrum is shown in Fig 1. The
peaks labeled with the triangles at 732-, 1576-, 2421- and
2869-keV are newly observed transitions in the present
work. The other energies of γ rays were consistent with the
previous experimental result [12]. γ-ray coincidence analy-
sis, angular correlation analysis using Angular Distribution

from Oriented states (ADO ratio [13]), and the measure-
ment of the linear polarization of γ rays at CYRIC [14] were
used to deduce the spin-parity of the levels. As a result, the
high-spin levels up to 19/2 were identified (see Fig. 2).

Energy (keV)
0 500 1000 1500 2000 2500 3000 3500 4000

C
ou

nt
s

0

100

200

300

400

500

19
91

46
6

73
2

84
4

86
8 97

8
10

07
10

56

12
28

13
89

15
76

18
24

20
32

20
63 22

84

24
21 28

69

35
94

In-band transitions

with 1302 keV gate

Figure 1: γ-ray energy spectrum gated on a 1302-keV tran-
sition. The 1576-, 1302- and 978-keV transitions belong to
the same band transition. The peaks labeled with the trian-
gles are new transitions of 35S.

The relative intensities indicate the band structure from
19/2−

1 at 8756 keV to 7/2−3 at 4900 keV. The 1302-keV
transition from 15/2− to 11/2−3 states was observed while
the direct transitions from the 15/2− level to the 11/2−1,2
levels were not observed in spite of the dominance of higher
energy transitions expected from Weisskopf estimates. In
addition, the 978-keV transition from 11/2−3 to 7/2−

3 was
observed while the transition from 11/2−3 to 7/2−1 was not.
These facts imply that the transitions, 1576-, 1302- and 978-
keV, from 19/2−

1 at 8756 keV to 7/2−
3 at 4900 keV belong

to the same band.
The high-collectivity of the band is indicated by the half-

life of the in-band transition. The half-life of the 1576-keV
transition was determined to be 25+26

−23 fs from the amount
of the residual Doppler shift. The half-life was deduced
from the comparison with Monte-Carlo simulations consid-
ering the velocity of the fusion product in the target [15].
The velocities were calculated by the stopping power of the
target [16, 17] and the kinematics of the fusion-evaporation
reaction. Since the no feeding state was observed in the ex-
periment, the feeding effect was negligible. The obtained
half-life is 340 times shorter than the Weisskopf estimate,
which means that the transition has collective character.
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Figure 2: J(J + 1) vs. level energy for 35S. The red and
blue points are positive and negative parity states, respec-
tively. The short-life E2 transition from 19/2−1 to 15/2−

was observed and the relative intensities from 15/2− to
11/2−3 and 11/2−3 to 7/2−3 characterize the band structure
of 35S.

These experimental facts indicate that the negative-parity
band from 19/2−1 to 7/2−3 has superdeformed band struc-
ture. However, the superdeformed band head which is ex-
pected to be Kπ = 3/2− by the down-sloping 3/2−[321]
of f7/2, was not observed in this study. The possible reason
is that the intensity of the intra-band transition from 7/2− to
3/2− is not so strong due to the other paths of the transition
to the low-spin levels. Further study with increased statis-
tics would be important to identify the band head 3/2− and
higher spin states in the band. It will enables us to discuss
the superdeformed shell structure in more detail.
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After the systematic investigations of superdeformed (SD)
structure in various mass regions [1], a new ’island’ of SD
nuclei was found in A∼40 region (i.e., 36,40Ar [2, 3], 40Ca
[4, 5], 44Ti [6]). These nuclei are magic or near magic sys-
tems whose ground state have a spherical shape. However,
in the excited states, these nuclei show strong collectivity
after the cross-shell excitations involving both the sd and
pf shells and the superdeformed structure emerges.

Among these A∼40 SD nuclei, high-spin level structure
in 44Ti was previously studied by C.D. O’Leary et al . [6]
and the rotational band structure built on the 0+2 level up to
12+ state was identified. It was interpreted as a SD band
with 8p-4h configuration, but the size of deformation was
not experimentally determined. By the life time measure-
ment using the Doppler shift attenuation method, its tran-
sition quadrupole moment can be measured and the size of
deformation will be deduced. In addition, the observation
of higher spin levels above 12+ level will further elucidate
the properties of SD structure such as a role of g9/2 intruder
orbitals. Therefore, it is important to populate high-spin
states of 44Ti and deduce life times of excited levels.

Figure 1: Excitation function of 24Mg + 24Mg fusion-
evaporation reaction calculated by the statistical model code
PACE4 [7].

In order to examine the SD structure of 44Ti, we plan
to perform an in-beam gamma-ray spectroscopy experi-
ment using 24Mg + 24Mg fusion-evaporation reaction. The
choice of beam energy should be optimized to maximize the
production cross section. According to the statistical model
calculation (PACE4 [7]) as shown in Fig. 1, the cross sec-

tion to populate 44Ti in the 24Mg+24Mg fusion-evaporation
reaction is gradually increasing as a function of 24Mg beam
energy from 80 to 110 MeV region. Among the other evap-
oration channels, 39K and 45Ti will be strongly populated.
In order to examine the population of A∼40 nuclei in the
24Mg+24Mg reaction, an excitation function measurement
was performed.

The experiment was performed at the ALTO facility of
Institut de Physique Nucleáire d’Orsay. The 24Mg beam
was extracted as a 24MgH− molecule to inject the tandem
accelerator, and the positive ions of 24Mg were acceler-
ated after the carbon stripper at the terminal. In order to
avoid the possible contaminant of 12C4+ ions, which has
the same A/q values of 24Mg8+ ions, the charge state of 7+
was selected for the 24Mg beam. For the excitation func-
tion measurements, the beam energies of 84, 96, 104 MeV
were used. A 24Mg target of 0.5 mg/cm2 with Pb backing
of 13 mg/cm2 was used. The γ rays were measured by us-
ing the Compton suppressed Ge detector array, ORGAM,
based on the EUROGAM coaxial HPGe detectors [8]. A
total of 17 coaxial detectors and 2 clover type Ge detectors
were used. The charged particles emitted in the reaction
were measured by using the array of silicon detectors, Si-
Ball [9].

Figure 2 shows the measured γ-ray energy spectra for
three different beam energy settings. The peak at 1369 keV,
which corresponds to the 2+ to 0+ transition in 24Mg, is due
to the target Coulomb excitation. The γ-ray energy peak at
2813 keV, which corresponds to the low-lying transition of
39K as one of the strongest channels, was observed. The
relative intensity of the 2813 keV peak is increasing with
changing the beam energy from 84 to 104 MeV. Other γ-
ray peaks associated with the 24Mg + 24Mg reaction were
not clearly observed. The intensity of 2813 keV peak was
relatively weaker than the other intense peaks observed in
the spectra. The origin of these γ peaks were examined by
the γ-γ coincidence analysis and attributed to 35Cl (filled
circle), 36Cl (open circle), 33S (filled diamond), 35P (filled
square), 29S (open square), 34S (filled spade), and 30K
(open triangle). These nuclei have lower Z numbers than
those estimated by the PACE4 calculation and they cannot
be populated strongly in the 24Mg+24Mg reaction. This
may indicate the contaminant of other ions of low Z parti-
cles in the beam such as carbon, nitrogen, and oxygen, and
these particles reacted with the 24Mg target to make above
mentioned nuclei.

The relative intensities of the observed strong contam-
inants were plotted as a function of 24Mg beam energies
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Figure 2: Gamma-ray energy spectra for three different
beam energy of 24Mg, i.e. 84 MeV (a), 96 MeV (b),
104 MeV (c).

as shown in Fig. 3. In this plot, the 35Cl peak observed
at 84 MeV 24Mg beam setting was normalized to 100. As
shown in the figure, γ peaks associated with the 35Cl nu-
cleus strongly appeared in the spectra. One of the pos-
sible reactions to populate 35Cl and other observed nuclei
strongly is 14N + 24Mg reaction.

Figure 3: Relative γ yields of strong peaks appeared in
three different beam energy settings. Corresponding beam
energy of 14N contaminant is also indicated on top of the
figure.

Excitation function for the 14N + 24Mg reaction was es-
timated by the PACE4 [7] calculation as shown in Fig. 4.
Dashed lines in the figure correspond to the three different
energy setting of 24Mg beam, i.e. 84, 96, and 104 MeV. By
assuming the charge state of 14N is 4+ and the same Bρ val-
ues of 24Mg7+ beams, energies of 14N beam are estimated
to be 47.0, 53.7, and 58.2 MeV, respectively. As shown
in Fig. 4, the overall trend of observed contaminant are re-
produced by the PACE4 calculation although 29Si appears
stronger than 35Cl. This result may indicate the existence
of 14N contaminant in the 24Mg beam.

Further analysis is now in progress.

Figure 4: Calculated excitation function for 14N+24Mg
reaction using PACE4 [7].
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Figure 1: Schematic diagrams of the BigRIPS and ZeroDe-
gree spectrometer beam line (a), and the stopper and detec-
tor setups at F11 (b). A passive stopper was installed in
front of the WAS3ABi system only in the isomer runs.

Neutron-rich Z ∼ 60 nuclei have been known to have
large prolate deformation as shown by the systematics of
excitation energies of first 2+ states of even-even nuclei.
(See FIG.1 of [1].) The deformed nuclei in this region
have attracted much attention due to the existence of many
quasi-particle K-isomers with µs half-lives. These isomers
have been studied by delayed γ-ray measurements of spon-

taneous or neutron-induced fission of heavy nuclei [2, 3].
By compairing the experimental results with QPRM calcu-
lations, they obtained information on the structure of sin-
gle particle orbitals around Fermi surface. Isomer spec-
troscopy also provides information on the low-lying collec-
tive states of the ground state. The existence of K-isomers
in large numbers of nuclides in this region enables system-
atic study on the development of deformation and single
particle structure in highly neutron-rich nuclei.

In N = 100 isotones, Kπ = 4− isomers have been sys-
tematically observed in Z = 62 to 68 [4, 5] nuclei. Simillar
K-isomers are expected in more neutron-rich (Z < 62) iso-
tones. Such neutron-rich nuclei had not been studied well
on their excited states due to the experimental difficulties
in their production and identification. Systematic studies of
quasi-particle states with lower-Z isotopes by isomer spec-
troscopy will give further insight to the development of sin-
gle particle states in the neutron-rich deformed nuclei.

We have performed isomer and β-γ spectroscopy on
neutron-rich Z = 56 to 61 isotopes at the RI Beam Fac-
tory at RIKEN Nishina Center. By using in-flight fission of
345 MeV/u 238U beam at RIBF, it became possible to pro-
duce such neutron-rich nuclei with high production rates
for the first time. The primary 238U beam bombarded 4-
mm thick Be production target. The typical intensity of the
primary beam was ∼ 7 pnA. Fission fragments were sepa-
rated and identified in the BigRIPS in-flight separator [6].
The particle identification was carried out by measuring the
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Figure 2: Preliminary γ-ray energy spectra of 158Pm,
159Pm and 161Pm. The time windows of 158Pm and 159Pm
are up to 5 µs and that of 158Pm is up to 16 µs. Events close
to the timing of the ion implantation are excluded. Half-
lives of 159Pm and 160Pm are obtained from the 330 keV
and 728 keV γ rays respectively. A γ-ray peak of 138Ce
is observed in the spectra of 158Pm and 159Pm. This origi-
nates in the activity of LaBr3 detectors placed at vacant slot
of the EURICA array, which is not mentioned in the text.

time-of-flight (TOF) and magnetic rigidity (Bρ) in the sec-
ond stage of the BigRIPS and by measuring the energy loss
(∆E) in an ion chamber at the final focal plane, F11. The
schematic view of the beam line is shown in Fig.1 (a). The
TOF was obtained from the time difference between plastic
scintilators at the F3 and F7 focal planes. TheBρ value was
obtained by the trajectory reconstruction from position and
angular information measured by position-sensitive parallel
plate avalanche counters (PPACs) at F3, F5 and F7. De-
tailed explanation of the particle identification at the Bi-
gRIPS is found in [7].

The measurement was conducted in two different stopper
setups at F11. One was optimized for isomer spectroscopy
by using a copper passive stopper in order to accept a wide
range of nuclides with high implantation rates ∼ 1 kHz. In
the other setup, an active stopper WAS3ABi [8] which con-
sists of five layers of Double-Sided-Silicon-Strip-Detectors
(DSSSDs) with 40× 60 strips was used in order to measure
β-γ events. In the latter setup, the total implantation rate of
ions was limited up to ∼ 100 Hz.

The delayed γ rays from the implanted ions were de-
tected by EURICA [9] array with 12-cluster Ge detectors.
Each cluster consists of seven crystals that enable adding
back Compton-scattered events in the neighbouring crys-
tals. The total detection efficiency of the array for photons
of 1332 keV was 8.4%. The energies and timigs of delayed
γ rays were measured in a time window of 16 µs following
the ion implantation for isomer spectroscopy. The detector
setup at the F11 focal plane is shown in Fig.1 (b).

Figure 2 shows the delayed γ-ray spectra of neutron-rich
Pm isotopes observed in this work. Half-lives of each γ ray
were obtained by likelihood fitting of the timing spectrum

gated by the γ-ray energy with a function that consists of
exponential decay and constant background. A single γ-
ray peak was observed at 121 keV in 158Pm. The half-life
of this γ ray is much longer than the 16-µs time window.
Seven γ rays were observed in 161Pm. The half-lives ob-
tained from each γ ray agree with each other within the er-
rors, which means that only one isomeric state with micro-
second-or-longer half-life is present. The weighted mean
value of the half-life of 161Pm was 0.89(6) µs. More than
30 delayed γ rays were observed in 159Pm. The half-life of
159Pm obtained from the most intense peak at 330 keV was
4.64(21) µs.

The obtained half-life of 161Pm in this work is similar
to those of Kπ = 4− isomers in other N = 100 isotones.
We expect that the isomer of 161Pm also has the same two
quasi-particle excitation of neutrons with a configuration of
ν7/2[633]⊗ν1/2[521]. Detailed analysis including relative
intensities and coincidences between γ rays are being exam-
ined to construct decay schemes of the observed isomers.
Analysis of β-decay events are also in progress. This may
help understanding low-lying states of those nuclei. Results
of these Pm isomers will give further information on the
sigle particle and collective structures of neutron-rich nu-
clei in mass 160 region.
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Prolate-deformed nuclei are found to appear in
the neutron-rich part of the nuclear landscape around
Z = 60 and beyond N = 90, after the systematic studies
of excited states. In strongly deformed nuclei, quantum
number K is known to be a good quantum number. Since
transitions with large changes in K are suppressed, many
nuclei in this region have isomeric states. In addition to
the quadrupole deformation, appearances of higher-order
deformations such as octupole and hexadecapole deforma-
tions have been predicted [1]; however, they are not yet
understood well. Isomer spectroscopy is a useful method to
gain information on such structures of these nuclei.

Neutron-rich 60Nd isotopes have been investigated by
means of isomeric γ-ray spectroscopy. Such isotopes were
produced by the in-flight fission of 238U beam accelerated
up to 345 MeV/u at RI Beam Factory in RIKEN Nishina
Center, and were selected and identified by using the Bi-
gRIPS [2] separator. The identification of the nuclei was
performed on the basis of the ∆E-TOF-Bρ method, where
∆E, TOF, and Bρ denote energy loss, time of flight and
magnetic rigidity. These quantities were measured using an

Figure 1: Particle identification perfomed in the BigRIPS
separator.

ion chamber at the F11 final focal plane, plastic scintillation
counters and PPACs at focal planes in the second stage, and
calculated by the trajectory reconstruction method. This al-
lows an event-by-event determination of atomic number Z
and the mass-to-charge ratioA/Q. Fig. 1 shows the particle

identification plot for the ions of interest in our study.
The identified particles were implanted into passive and

active stoppers. A passive stopper made of Cu was used for
the measurement at a high count rate, while the WAS3ABi
[3] active stopper consisting of five double-sided silicon
strip detectors was used for the β-γ spectroscopy.

Delayed γ rays emitted by implanted particles were de-
tected by a high-efficient γ-ray spectrometer, EURICA [4].
The spectrometer consists of 12 cluster germanium detec-
tors, and each cluster detector consists of 7 crystals. By
gating on the particle identification plot shown in Fig. 1,
γ rays from the previously known 5− K-isomeric state of
156Nd [5] were observed as shown in Fig. 2 (a). To obtain
half-life, time spectrum gated on each γ-ray energy peak
was fitted as shown in Fig. 3 (a). The obtained half-life
of the isomer in 156Nd is consistent with the previously re-
ported value.

In the same way, new isomeric states of heavier even-
even isotopes, i.e., 158Nd and 160Nd were discovered as
shown in Fig. 2 (b) and (c). The data taken with the pas-
sive and active stoppers were both included in these spectra.
We have observed three strong peaks at 151.6, 233.4, and
1198.2 keV for 158Nd, and two strong peaks at 150.2 and
893.0 keV for 160Nd. Fig. 3(b) and (c) shows time spectra
for 158Nd and 160Nd. The half-lives of γ rays were deduced
as 0.339(20) µs and 1.63(21) µs, respectively.

From the systematics of Nd isotopes, the energy of the
first 2+ states is expected to be around 70 keV. However,
such low-energy γ transition is mostly converted, and ac-
cordingly, the 70-keV peaks could not be observed clearly.

According to ref. [5], 67.2-, 155.0- and 238.6-keV γ rays
of 156Nd are understood as intraband transitions of ground
state rotational band and the 970.6- and 1209.0-keV are
transitions from the K isomeric state to 6+1 and 4+

1 states.
Assuming similar level structures in neighboring isotopes,
∼70-, 151.6- and 233.4-keV γ-rays of 158Nd and ∼70-,
150.2-keV of 160Nd are assigned as intraband transitions of
ground state rotational bands. The other γ rays at 1198.2-
keV in 158Nd and 893.0 keV in 160Nd are considered as
transitions decaying from the isomer to the ground state
band. Transition energies from 4+1 to 2+1 are increasing as
neutron number increases. This may indicate that collectiv-
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Figure 2: Gamma-ray energy spectra for (a)15660 Nd98,
(b)15860 Nd98 and (c)16060 Nd100. Marked peaks are the γ rays
of 156Nd that previously known [5], and arrowed peaks are
the γ rays identified newly. The spread peak at ∼ 700 keV
comes from (n, n′) reaction with Ge.

ity is increasing in neutron-rich Nd isotopes.
For a further understanding of new isomers, the hin-

drance factor Fw was calculated. Here, Fw is defined as

Fw =
T1/2(exp)

T1/2(Weisskopf)

where T1/2(exp) and T1/2(Weisskopf) denote measured and
Weisskopf estimated half-life. In 158Nd and 160Nd, the hin-
drance factors are deduced to be 2.4 × 109 and 3.8 × 109,
respectively. Such strong hindrance may imply the onset of
a transition with large-∆K in the deformed nucleus. From
the systematic study of K isomers [6], it is known that such
large hindrance emerges in ∆K = 4, 5, 6 or 7 trainsi-
tions. Based on the coincidence relations and the decay
pattern, spin parity of new isomers are supposed to be 7−

for 158mNd and 4− for 160mNd. The isomers in 156Nd and
160Nd can be understood as K isomers with Kπ = 7− and
Kπ = 4−, respectively.

To investigate non-yrast state of Nd isotopes and spin par-
ity of neighboring odd-even and odd-odd nuclei β-γ analy-
sis is now in progress.
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We report here on the in-beam γ-ray spectroscopy in very
neutron-rich even-even nuclei of 28,30Ne and 34,36Mg using
a liquid hydrogen target with inverse kinematics. The 30Ne
has a conventional magic number of 20, and 36Mg nucleus
is located in the middle of the shell closures of N = 20
and 28. They are closer to the neutron drip line than nuclei
belonging to the so-called “island of inversion (IOI)” [1].
We have studied evolution of quadrupole deformation in the
side with more neutrons and less protons than IOI. The re-
port is a condensed matter of our published paper [2].

The experiment was performed using the RIPS beamline
at the RI Beam Factory. The radioactive secondary beam,
containing neutron-rich nuclei 32,34,36Mg and 28,30Ne, was
produced by fragmentation reactions from 63-MeV/nucleon
48Ca. Details about the experimental setup around the sec-
ondary target and beam conditions are provided in Ref. [2].
The average energies of secondary beam particles were ap-
proximately 50 MeV/nucleon at the center of the reaction
target. Total intensities of 30Ne and 36Mg were 1.5 and 0.3
particles per second, respectively, in the present experiment.
The secondary target was a 95-mg/cm2 thick liquid hydro-
gen that was produced and maintained by the CRYPTA sys-
tem [3]. The γ rays were detected by the DALI2 array [4].

The angle-integrated cross sections for population of the
2+1 states were calculated from the yields of the 2+1 → 0+1
transition with γ-detection multiplicity (Mγ) equal to one.
The cross sections for population of the excited states were
observed by a decomposition analysis using simulated re-
sponse functions of the de-excitation γ rays [5,6]. The spec-
tra are referred to Figs. 3–6, 8 in Ref. [2], since there is no
space in this report. The deduced cross sections are sum-
marized in Table 1. The deduced deformation lengths and
parameters are also summarized in Table 1.

The present results extend the measurements of
quadrupole collectivity along Ne and Mg isotopic chains by
providing improved deformation lengths in 28,30Ne, 34Mg
and a new measurement for 36Mg. The systematic trends of
the deformation lengths are displayed in Fig. 1(a) and (b).
In the panels, the filled and open circles indicate the de-
formation lengths deduced in the present work and those
that have been estimated using the WP09 potential from
the previous results [6–8], respectively. The thin black
and thick orange error bars on the circles represent statis-

tical and systematic errors, respectively. The squares in the
panels indicate results determined from Coulomb excita-
tion [9–15]. The deformation lengths of 28Ne and 32,34Mg
deduced from the both reactions are identical within exper-
imental uncertainties. It indicates that neutron collectivities
of these systems are similar to their proton collectivities.
Accordingly, the closed-shell structure of neutron orbitals
is not significant in these systems.

Figures 1(a) and (b) also display several theoretical
studies that can be compared to the experimental re-
sults; The solid blue, dashed red lines are predictions by
AMPGCM [16] and the shell model with the SDPF-M ef-
fective interaction [17], respectively. The shell model cal-
culations in a 0~ω model space are shown by the green
dotted [18] and orange dotted [19] lines. For Mg isotopes,
the AMPGCM and SDPF-M calculations, which implement
configuration mixing around N = 20, reproduce the sys-
tematic trend of experimental deformation lengths obtained
in a satisfactory manner. Also, they agree with the trend
of the Ne isotopic chain, although they both systematically
overestimate the experimental results.

In order to clarify a difference of deformation evolutions
in Ne and Mg chains, we consider here the ratio of defor-
mation lengths of Ne and Mg isotones, δ(Ne)/δ(Mg). Fig-
ure 1(c) provides the ratios as a function of neutron num-
ber. The lines in the figure show theoretical predictions in
the same manner of the panels (a) and (b). The experimental
tendency is flat and does not depend on whether the isotones
lie inside or outside of IOI, although the theoretical calcula-
tions predict that an increase of the ratio occurs in IOI. This
suggests that the structures of Ne and Mg isotones develop
in a similar manner as the function of neutron number.

In order to verify the development of 2~ω configuration
in Mg isotopes more thoroughly, Fig. 1(d) provides the ra-
tio of deformation lengths of Mg and Si isotopes with the
same neutron number, δ(Mg)/δ(Si). The experimental de-
formation lengths of the Si isotopes were adopted from
Refs. [9, 20]. The experimental ratio gradually increases
with neutron number, starting from isotopes at stability, and
then begins to decrease beyond N = 20. It should be
realized that the low-lying states in Si isotopes discussed
here are described well by 0~ω configurations and therefore
the enhancement of δC(Mg)/δC(Si) highlights the devel-
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Table 1: Angle-integrated cross sections for the 2+1 states in 28,30Ne and 32,34,36Mg, and deformation lengths deduced
from these cross sections.

Nucleus σ(2+1 ) (mb) δ(p,p′) (fm) β(p,p′)

28Ne 23(2) 1.33± 0.06 (stat) ±0.05 (syst) 0.39± 0.02 (stat) ±0.01 (syst)
30Ne 37(4) 1.59+0.08

−0.09 (stat) ±0.07 (syst) 0.45+0.02
−0.03 (stat) ±0.02 (syst)

32Mg 40+9
−8 1.85± 0.20 (stat) ±0.08 (syst) 0.51+0.06

−0.05 (stat) ±0.02 (syst)
34Mg 63(5) 2.30+0.09

−0.10 (stat) ±0.16 (syst) 0.62± 0.03 (stat) ±0.05 (syst)
36Mg 47(8) 1.90+0.16

−0.17 (stat) ±0.16 (syst) 0.50+0.04
−0.05 (stat) ±0.04 (syst)

opment of intruder configurations in Mg isotopes relative to
their Si isotonic counterparts. The SDPF-M shell model
predicts an increase in the intruder configuration mixing
from 30Mg to 32Mg, and then a decrease from 32Mg to
36Mg. The overall trend of SDPF-M expresses well the
evolution of the intruder configuration mixing along the Mg
isotopic chain.

Concerning configuration mixing in 36Mg, the decrease
in the experimental ratio of the deformation lengths can
be considered to be ascribed to the reduction in the dom-
inance of intruder configurations from 34Mg to 36Mg, since
SDPF-M also reproduces the the 2+1 energies of 34Mg and
36Mg in a satisfactory manner. The SDPF-M shell model
predicts that intruder (normal) configurations are present at
60% (40%) in the ground state, and the previous study [21]
stated that 36Mg contains a 0~ω component at a level of
approximately 40%. The present result for 36Mg is also
consistent with the SDPF-M shell model. Furthermore, the
result may indicate that 36Mg is located in a competitive re-
gion between normal and intruder configuration, since the
ratio deduced in the present work is located between the
predictions of SDPF-M and the 0~ω shell model.

Figure 1: Systematics of deformation lengths around the
island-of-inversion region. Panels (a) and (b) show defor-
mation lengths of Ne and Mg isotopes, respectively. Pan-
els (c) and (d) show ratios of deformation lengths of iso-
tones around the island of inversion. Panel (c) [(d)] is the
ratios of Mg and Ne [Si and Mg] isotones. Details are de-
scribed in the text.
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Experimental studies of nuclei that lie far from stabil-
ity on the chart of nuclides have become possible over re-
cent years owing to the advent of very intense radioactive
beams. Investigations into the evolution of nuclear shell
structure in systems with large neutron-to-proton ratios has
been one of the focal points in the fields of both experimen-
tal and theoretical nuclear physics. For example, the onset
of a new magic number at N = 16 has been reported in
exotic oxygen [1, 2], while the disappearance of the stan-
dard neutron magic number N = 28 has been investigated
in 42Si [3, 4]. In the neutron-rich fp shell, the onset of
a new subshell closure at N = 32 in the radioactive iso-
tones 52Ca [5, 6], 54Ti [7, 8], and 56Cr [9, 10] has been doc-
umented by measuring excited state energies and reduced
transition probabilities. More recently, theN = 32 subshell
gap was confirmed by high-precision mass measurements
of exotic calcium isotopes [11]. Moreover, a large subshell
closure at N = 34 in calcium isotopes was predicted over
a decade ago [12]; however, investigations of 54Ca on the
experimental front were hindered in the past owing to the
insufficient intensities of appropriate radioactive beams. It
is noted that experimental investigations into the structures
of 56Ti [8, 13] and 58Cr [9, 10], which lie closer to stability
relative to 54Ca, indicate that no significant N = 34 sub-
shell closure is present in those nuclei.

In the framework of tensor-force-driven nuclear shell
evolution [14], development of the N = 32 and 34 sub-
shell closures occurs because the strength of the attractive
monopole interaction between protons in the πf7/2 single-
particle orbital (SPO) and neutrons in the νf5/2 SPO de-
creases as the proton number is reduced from Z = 28 to
20. Thus, the νf5/2 SPO shifts up in energy relative to the
νp3/2–νp1/2 spin-orbit partners, consequently forming new
subshell closures above N = 32 and 34. In order to con-
firm the presence of the predicted N = 34 subshell closure
in calcium, excited states in 54Ca were investigated in the
present work for the first time.

The experiment was performed at the RIKEN Ra-
dioactive Isotope Beam Factory using in-beam γ-
ray spectroscopy with 9Be(55Sc,54Ca+γn)X and
9Be(56Ti,54Ca+γn)X (where n ≥ 1) proton knockout
reactions. The total number of events recorded to disk for
the respective reactions were ∼ 1.4 × 104 and 9.1 × 103.

The structure of 53Ca was also investigated; in this case the
9Be(55Sc,53Ca+γn)X and 9Be(56Ti,53Ca+γn)X multi-
nucleon removal reactions were adopted. The secondary
beam, which contained 55Sc and 56Ti amongst other con-
stituents, was produced using the particle fragmentation
technique with a primary beam of 70Zn30+ ions at 345
MeV/u and a maximum intensity of ∼ 100 pnA. Particle
identification of the secondary beam was performed by
measuring ion magnetic rigidities (Bρ), times of flight (T ),
and energy losses (∆E) with the BigRIPS separator [15];
the particle identification plot is displayed in Fig. 1. The
rates of 55Sc and 56Ti transmitted through BigRIPS were
∼ 12 and 125 ions per second per pnA of primary beam,
respectively. The radioactive beam was focused on a 10-
mm-thick 9Be reaction target at the eighth focal plane of
the BigRIPS separator to induce nucleon removal reactions;
the reaction products, which are presented in Fig. 1, were
identified with the ZeroDegree spectrometer [15] using the
same general (Bρ–T–∆E) techniques as discussed for Bi-
gRIPS. The reaction target was surrounded by DALI2 [16],
an array of 186 high-efficiency NaI(Tl) γ-ray detectors po-
sitioned at angles of ∼ 20◦–150◦ relative to beam line, to
measure γ rays emitted from nuclear excited states.

The γ-ray energy spectrum, measured in coincidence
with 54Ca ions in the ZeroDegree spectrometer and either
55Sc or 56Ti ions in the BigRIPS separator, is displayed in
Fig. 2(a) for events with a total γ-ray multiplicity (Mγ) of

Figure 1: Particle identification plots for ions measured us-
ing the BigRIPS separator (left) and ZeroDegree spectrom-
eter (right). Events enclosed by the circle (right panel) are
54Ca.
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Mγ = 1. All γ-ray peaks are reported in the present study
for the first time. The most intense γ-ray line in the spec-
trum, the peak at 2043(19) keV, is assigned as the transi-
tion from the first 2+ state (2+1 ) to the 0+ ground state.
Thus, the energy of the 2+1 state in 54Ca is comparable
to the value in 52Ca (2.56 MeV) [5, 6] and is, therefore,
suggestive of a sizable subshell closure at N = 34 in cal-
cium. In order to investigate the nature of the N = 34 gap
in more detail, shell-model calculations using a modified
GXPF1B Hamiltonian [17] were performed in the full fp
model space without restrictions. Indeed, the calculations
indicate that the N = 34 subshell gap (the νp1/2–νf5/2
SPO energy gap) in 54Ca is similar in magnitude to the
N = 32 gap (the νp3/2–νp1/2 SPO energy gap) in 52Ca,
thus, providing direct evidence for a new nuclear magic
number in calcium for the first time. Other transitions were
measured at 1656(20) and 1184(24) keV and are assigned
to 54Ca. The 1656(20)-keV γ ray is proposed to depopulate
the first 3− state at 3699(28) keV based on γγ coincidences,
which are presented in Fig. 2(b), γ-ray relative intensities,
systematics observed in lighter Ca isotopes, and predictions
of shell-model calculations performed in the sdfp model
space. Placement of the 1184(24)-keV transition in the level
scheme is rather ambiguous; however, it is suggested to run
in parallel to the 1656(20)-keV line based on the observa-
tion of a transition at ∼ 472 keV in the γγ coincidence
spectrum of Fig. 2(b).

The structure of 53Ca, which may also reflect the magni-
tude of the N = 34 subshell closure, was also investigated
in the present work. The Doppler-corrected γ-ray energy
spectrum (Mγ = 1), measured in coincidence with 53Ca
ions in the ZeroDegree spectrometer and either 55Sc or 56Ti
ions in the BigRIPS separator, is presented in Fig. 2(c);
two transitions at 1753(15) and 2227(19) keV were iden-
tified. The line at 2227(19) keV is consistent in energy with
a peak previously assigned to 53Ca in a decay study [18],
while the 1753(15)-keV peak is reported in the present
work for the first time. The γγ coincidences displayed in
Fig. 2(d) indicate that the two γ rays are not in coincidence
and, therefore, the transitions are placed in parallel in the
53Ca level scheme where two excited states at 1753(15)
and 2227(19) keV both decay directly to the ground state.
The spins and parities of the two excited states are tenta-
tively assigned 5/2− and 3/2−, respectively, based on the
result of Ref. [18] and predictions of the modified GXPF1B
effective interaction and other nuclear theories, for exam-
ple, Refs. [19–21]. The excited states at 1753(15) and
2227(19) keV are primarily understood as single neutron
excitations across the N = 34 (νp1/2 → νf5/2) and 32
(νp3/2 → νp1/2) subshell closures, respectively. Further
details on 53Ca and 54Ca are provided in Ref. [22].
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GEM-TPC Upgrade for the ALICE Experiment
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1. ALICE Upgrade after LS2
The ALICE experiment is dedicated to the studies of the

properties of the strongly interacting QCD medium (Quark-
Gluon Plasma, QGP) by conducting ultra-relativistic heavy-
ion collisions at the LHC [1]. A significant increase of the
luminosity for heavy ions is expected in RUN 3 after Long
Shutdown 2 (LS2), which implies a collision rate of about
50 kHz and Lint = 10 nb−1. This luminosity upgrade pro-
vides a substantial enhancement of capabilities for measur-
ing the sensitive observables for the characterization of the
QGP at the highest temperatures [2]. In order to exploit the
scientific potential of the high-luminosity heavy-ion pro-
gram in RUN 3, ALICE plans to extend its physics reach
by upgrading the ALICE detector.

2. ALICE TPC Upgrade
The Time Projection Chamber (TPC) is one of the

main devices in the central barrel of the ALICE detec-
tor. It provides precise charged-particle tracking, momen-
tum measurement, and particle identification in very high-
multiplicity heavy-ion collisions [3]. The readout rate of
the TPC is currently limited by the necessity to prevent ions
generated in the amplification region of the MWPC-based
readout chambers from drifting back into the drift volume,
which is achieved through active ion gating by operating a
dedicated gating grid. The relevant ion drift times limit the
maximum trigger rate of the TPC to about 3.5 kHz.

Operation of the current TPC with the MPWC-based
readout scheme and the current active ion gating scheme
at 50 kHz Pb-Pb collisions in RUN 3 cannot be possi-
ble. On the other hand, operation of the current TPC with
continuously open gating grid cannot be the solution since
back-drifting ions from the amplification region will lead to
excessive ion charge densities and distortions of the elec-
tric field in the drift volume. The proposed scheme to ac-
quire high rate operational capability and a small number
of the back-drifting ions is to replace the existing MWPC-
based readout chambers and gating grid system by a multi-
layer Gas Electron Multiplier (GEM) system and to run the
TPC in an ungated continuous mode. GEMs have been de-
veloped to cope with the stringent requirements for high-
luminosity experiments [4] and have proven to provide ex-
cellent position resolution, to have very high rate capabil-
ity, and to have better ion blocking capability compared to
MWPC. The main considerations for the TPC upgrade and
the design requirements are as follows [5]:

• The maximum ion backflow (IBF) that can be toler-
ated is about 1% at a gain of 2000 in Ne-CO2-N2 (90-
10-5), i.e 20 back-drifting ions per incoming primary
electron.

• In case of IBF=1%, space charge field distortions
reach 20 cm and 8 cm in r and rϕ at small r and
z (|η| ∼ 0) in the TPC, respectively. In order to pre-
serve the present momentum resolution, online and
offline distortion corrections with a precision better

than 500 µm, i.e. a few times 10−3, are required.

• Due to the limited bandwidth of the data acquisition
system, reduction of data flow size by a factor of 20
is needed in the online reconstruction by finding the
clusters associated to tracks.

• The upgraded TPC must preserve the performance of
the existing system in terms of particle identification
via dE/dx, implying a local energy resolution better
than 12% for 55Fe (5.9 keV).

3. Status of R&D Activities
An extensive R&D program has been started in 2012 to

study the performance of GEM-based detectors (IBF, gain
stability, discharge probability), technology choice (GEM
stacks including the combination of GEMs with different
pitches, COBRA-GEM, 2 GEM + Micromegas system),
large prototype production by single mask technology, elec-
tronics R&D, and simulation studies to establish the strat-
egy for space charge distortion corrections.

Our baseline solution comprises stacks of 4 GEM layers,
where 1st and 4th GEMs are standard GEMs with 140 µm
pitch, 50 µm thickness, and 70 (50) µm outer (inner) hole
diameter, and 2nd and 3rd GEMs are large pitch GEM foils
with 280 µm pitch, 50 µm thickness, and 70 (50) µm outer
(inner) hole diameter. This setup allows to block ions ef-
ficiently by employing low/high fields above/below GEMs
and foils with low optical transparency. Figure 1 shows the
results of the measured IBF and energy resolution at 5.9
keV at a gain of 2000 for a 4-GEM system, where the volt-
age across GEM1 increases from left to right along the x-
axis. It can be seen that an IBF of 0.7% is achieved at an
energy resolution of 12% (at 5.9 keV). The observed anti-
correlation between ion backflow and resolution is related
to the gains of the first two GEMs: higher electron multi-
plication at the early stages improves energy resolution but
also increase the number of ions escaping into the drift vol-
ume.

Detailed simulations based on Garfield++ [6] were per-
formed to describe the observed IBF performance. It was
found that IBF is very sensitive to the alignment of the GEM
holes in consecutive layers, which can not be controlled ex-
perimentally. The measured IBF values are best reproduced
in simulations, if a random misalignment of the holes is as-
sumed, corresponding to the most probable relative geomet-
rical position of GEM foils in a stack.

An alternative solution is a system combining 2 GEMs
with a Micromegas detector. Micromegas (MM) provides
low IBF due to the larger ratio of the electric field values
in the small amplification gap to the drift field above the
MM. If the MM employs a fine mesh (400-1000 LPI), IBF
is close to the ratio between two fields itself [7]. The IBF
and energy resolution for this hybrid 2-GEM + MM system
were measured using 10 × 10 cm2 prototype detector. The
results are shown in Fig. 2, where an IBF of 0.2% is reached
at an energy resolution of 12% (at 5.9 keV). A large-scale
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Figure 1: Correlation between ion backflow and energy res-
olution at 5.9 keV in a 4 GEM setup (S-LP-LP-S) in Ne-
CO2-N2 (90-10-5) for various settings of voltage of GEM2.

solution for the inner and outer TPC readout chambers and
the operational stability will be verified in the future.
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4. Summary and Outlook
To exploit the full potential of the high luminosity of the

LHC in RUN 3, the ALICE program for RUN 3 requires
an upgrade of the TPC. The current idea to fulfill the re-
quirements is to replace the MWPC-based readout cham-
bers by detectors employing micro-pattern detectors includ-
ing GEMs to allow TPC operation in continuous mode. Ex-
tensive detector R&D and simulations have been conducted
and a baseline scenario for the detector design has been es-
tablished. Quadruple stacks of GEM layers with different

GEM pitches provide the required IBF and energy reso-
lution. Also a design based on a hybrid configuration of
GEMs and Micromegas is studied. Large size of the proto-
types (IROC) for 4 GEM stacks and 2 GEM + MM system
are being built and beam test will be carried out at the PS
and the SPS in 2014.
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1. Introduction
It has been observed that the yield of charged particles at

a high transverse momentum (pT ) is strongly suppressed in
central Pb+Pb collisions at (

√
sNV ) = 2.76 TeV at the Large

Hadron Collider (LHC) facility at CERN compared to the
expected yield from the scaling with the number of nucleon-
nucleon 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 suppres-
sion is called jet quenching. This suppression can be quan-
tified by to the nuclear modification factor (RAA) where
the ratio between the measured yield and the expected yield
from the p + p result is scaled by the thickness function
⟨TAA⟩ of the two nuclei

RAA(pT ) =
1

< TAA >

(1/Nevt
AA)d

2NAA/dpT dy

d2σpp/dpT dy
. (1)

RAA can be equally well described by several theoreti-
cal models with different approaches that calculate the en-
ergy loss by the hard scattering partons as they traverse the
dense medium. To discriminate among these models we
need to increase our experimental control of the path length
L, since these theoretical models can be discriminated using
their different path length dependence. A quadratic depen-
dence on the path length is predicted for a static medium if
the dominant energy-loss mechanism is the bremsstrahlung
radiation of gluons surviving the destructive interference
caused by multiple scattering [1]. For an expanding plasma
the quadratic increase should be moderated to a linear de-
pendence [2]. Thus, the measurement of the energy loss
with respect to the path length is expected to enable us to
obtain the detail information about the mechanism of the
parton energy loss.

The single particle observable RAA typically has smaller
statistical errors and higher pT reach. In semi-central ion-
ion collisions, the overlap region of the nuclei is not az-
imuthally isotropic. The average path length of partons in
QGP varies as a function of the angle with respect to the
event plane. 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,

RAA(pT , cent,∆ϕ) = F (∆ϕ, pT ) ·RAA(pT , cent), (2)

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

F (∆ϕ, pT ) =
N(∆ϕ, pT )∫
dϕN(∆ϕ, pT )

, (3)

where N(∆ϕ, pT ) can be expressed in terms of a Fourier
expansion with ∆ϕ.

N(∆ϕ, pT ) ∝ 1 + 2
inf∑
n=1

(vn cos(n∆ϕ)), (4)

where vn is the magnitude of the harmonics of n-th order.
The second harmonics, v2, represents the strength of elliptic
azimuthal anisotropy. The anisotropy v2 at low pT is cre-
ated by the collective flow, which is an origin of the back-
ground in measuring theRAA(pT ,∆ϕ) for investigating the
energy loss. Therefore, energy loss mechanism is studied
with π0 for a wide momentum range.

2. Basic performance of detectors
The π0 yield is extracted using the photon spectrometer

(PHOS) of the ALICE experiment. The present PHOS de-
tector consists of three modules installed at a distance of
4.60 m from the interaction point. PHOS covers the accep-
tance of 260 ◦ < ϕ < 320 ◦ and |η| < 0.12 in pseudo
rapidity. Each module has 3584 detection channels in a
matrix of 64 × 56 cells. Each detection channel consists
of a lead tungsten, PbWO4, crystal of 2.2 × 2.2 cm × 18
cm3, coupled to an avalanche photo diode with a low-noise
charge-sensitive preamplifier. PHOS is operated at a tem-
perature of −25 ◦C where the light yield of the PbWO4

crystal is about 3 times larger than the yield at room temper-
ature. PHOS was calibrated by equalizing mean deposited
energies in each channel using events with pp collisions [4].

Event plane is measured in V0A and V0C detectors,
which are scintillation detector and covering 2.8 < η < 5.1
and −3.7 < η < −1.7, respectively. The V0A and V0C
is fixed at the front face of the front absorber, 340 cm and
90 cm from the interaction point, respectively. Each detec-
tor is segmented into 4 rings in radial direction and each ring
is divided into 8 sectors in azimuthal direction.The psudo-
rapidity coverage of each ring ranges between 0.4 and 0.6.
The elementary sector consists of scintillator material with
embedded WaveLength Shifting (WLS) fibres. The light
from the WLS is collected by clear fibers and transported
to PhotoMultiplier (PM) installed at 3 - 5 m from the detec-
tors, inside the L3 magnet [3].

3. Expectation of π0 v2 values
π0v2 is extracted with relation between raw yield and the

azimuthal angle from the event plane.

Figure 1: Left: Correlation between the number of PHOS
clusters and centrality. Right: Trigger efficiency in p+p col-
lisions as a function of pT in each module. Higher values
indicate better resolution.
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Figure 1 (left) shows PHOS cluster multiplicity. Cen-
trality is defined by V0 detectors. There is expected mul-
tiplicity correlation between V0 detectors and PHOS. Fig-
ure 1 (right) shows the event plane resolution of V0A and
V0C. The event plane resolution with sub-event i can be
calculated in the three sub-event method by as following:

R =

√
⟨cos[2(Ψi −Ψj)]⟩⟨cos[2(Ψi −Ψl)]⟩

⟨cos[2(Ψj −Ψl)]⟩
, (5)

where subscripts j and l represent other two sub-events. In
this analysis, in order to calculate the V0A and V0C event
plane resolutions, TPC standalone tracks at −0.8 < η <
0.8 are used. The resolution is centrality dependent and
V0C has better resolutions, as shown in Fig. 1 (right).

Figure 2: Left: Invariant mass distribution with pT = 4 -
5 GeV/c and centrality = 10% - 50% with ∆ϕ = 0◦ - 15◦.
Right: The number of π0 as a function of the azimuthal
angle. Red line shows fitting function Eq. (1).

π0 are identified using invariant mass with reconstructed
energy by PHOS. Figure 2 (left) shows the invariant mass
distribution with pT = 4 - 5 GeV/c and centrality = 10% -
50% with ∆ϕ = 0◦ - 15◦. The invariant mass distribution is
fitted with Gauss function and linear function and the raw
yield of π0 is calculated to integrate the number of entries
of the distribution within 3 σ. Figure 2 (right) shows the
number of π0 as a function of azimuthal angle for pT =
4 - 5 GeV/c and centrality = 10% - 50%. It is confirmed
that the number of π0 depends on the azimuthal angle from
the event plane. As shown Fig. 2 (right), v2 is obtained by
fitting the azimuthal angular distribution of π0 with

N(∆ϕ, pT ) = N(1 + 2v2 cos(2∆ϕ)). (6)

At first, π0 was identified up to pT = 40 GeV/c by PHOS
with all data in 2011 run. Figure3 shows π0v2 values as a
function of pT . In this figure, all data for semi-central trig-
gered events in 2011 are analyzed. In this plot, π0v2 values
denote the same tendency of the v2 values of the charged
particles qualitatively [4]. The comparison of measured
π0v2 with several model predictions are presently ongoing.

4. Summary and Outlook
Jet quenching is sensitive to the density and path length

of QGP. Study of dependencies of RAA on path length
and azimuthal angle has been started with the photon spec-
trometer (PHOS) at the ALICE experiment. Analysis with
PHOS is advantaged that π0 can be identified at widest pT
region. π0 v2 is extracted and calculations of π0v2 are on-
going.

Figure 3: v2 values as a function of pT . Bars in each bins
show statistical errors of fitting function Eq. (1).
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Study of dielectron production in p-Pb collisions at √sNN = 5.02 TeV using
ALICE-TRD triggered data
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1. Introduction
The principal aim of the heavy ion collisions at the Large

Hadron Collider (LHC) is to investigate the properties of the
deconfined matter, the quark-gluon plasma (QGP). Heavy
quarks like charm and bottom quarks are produced in the
hard scattering process at the initial stage of the collisions.
The measurements of the transverse momentum spectrum,
and the azimuthal angular correlation of cc and bb provide
the key information on the interaction of heavy quarks in
the medium.

Since heavy quarks are produced via gluon fusion, gluon
splitting, and flavor excitation at the LHC energy, cold nu-
clear matter effects such as gluon shadowing, gluon satura-
tion, and Cronin effect cannot be negligible [1]. p-A colli-
sions are suitable to study cold nuclear matter effects. The
measurement of electron-muon correlation at PHENIX in
d+Au collisions, where the same Bjorken-x can be acces-
sible in the midrapidity at the LHC (x ∼ 10−3), shows
the large suppression of back-to-back correlation [2]. In p-
Pb collisions at the LHC, transverse momentum spectra of
open heavy flavors shows no modification from the heavy
flavor production in pp collisions [3]. However, electron
and charged hadron correlation from heavy flavor decays in
p-Pb collisions shows the long-range azimuthal correlation
which may be due to the gluon saturation or collective ex-
pansion of the system [4]. In the dielectron mass spectrum,
electron-positron pairs from semi-leptonic decays of heavy
quarks are dominant at mee > 1 GeV/c2. The contributions
from cc→ e+e− and bb→ e+e− can be separated with the
invariant mass and pair pT .

ALICE is one of the main experiments at the LHC and is
dedicated for heavy ion collisions. The Transition Radiation
Detector (TRD) is one of the detectors in ALICE, which
provide the electron trigger. The integrated luminosity of
the TRD triggered data in p-Pb collisions is 1.4 nb−1. It
corresponds to 20 times larger statistics than the minimum
bias data (0.067 nb−1). This report presents the status of
the dielectron analysis with TRD triggered data.

2. TRD trigger performance
TRD consists of 6 layers of MWPCs and the radiators

(polypropylene fiber mat) for the transition radiation [5]. It
can be used for the electron identification at pT > 1 GeV/c.
During p-Pb runs, two different electron triggers with TRD
were available. One (HSE) is the single electron trigger
with an electron identification cut for pT > 3 GeV/c. The
other is the single electron trigger with tighter online elec-
tron identification for pT >2 GeV/c (HQU). Data taken by
both triggers are used in the analysis.
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Figure 1: Single electron yields for the minimum bias trig-
ger and TRD trigger.
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positrons.

Figure 1 shows the number of electrons per events in min-
imum bias data and TRD triggered data. The event after
rejections of HSE and HQU triggers are 1/170 and 1/240
of the original, respectively. To reject the events triggered
by the late conversions, which are created at larger radii (∼
2.5-3 m from the collision point), online TRD tracks are
associated with the offline global tracks reconstructed with
the Inner Tracking System (ITS) and the Time Projection
Chamber (TPC) [6]. This online-offline track matching fur-
ther rejects the events by a factor of 20.

The trigger efficiency is estimated using the minimum
bias data. Figure 2 shows the trigger efficiency calculated as
the number of triggered electrons divided by the minimum
bias electron samples The online tracking performance of
TRD depends on the charge sign due to the Lorentz angle
(the angle of drifting electrons with respect to the electric
field lines). The trigger efficiency of negative and positive
tracks is about 10% and 7%, respectively.
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3. Electron identification
In the central barrel of the ALICE detector, charged

tracks are reconstructed by ITS and TPC [7]. Electrons are
identified by deposited charged in the TPC and hadrons are
rejected by the ToF detector. ToF is essential to remove con-
taminations of kaons, protons and deuterons up to 2 GeV/c.
The pion rejection cut with dE/dx in the TPC is also ap-
plied because TPC dE/dx distributions of electrons and pi-
ons merge at high pT . Figure 3 shows the hadron contami-
nation in electron samples. With the pion rejection cut, the
hadron contaminations can be reduced less than 3% up to
10 GeV/c.

4. Pair analysis
In the pair analysis, conversion electrons are removed by

using “ϕv” cut, where ϕv is defined as the angle between the
pair plane and the direction of magnetic field. The photon
conversion pairs are localized at ϕv = π in the small mass
region. Therefore, more than 90% of conversion pairs can
be rejected by applying ϕv and mass cut.

The background was estimated using the same event like-
sign pairs. They should contain not only the combinato-
rial background but also correlated pairs such as cross pairs
which are produced from hadron decays with two e+e−

pairs in the final state, Jet contribution, and BB oscillation.
Due to the acceptance difference between unlike-sign pairs
and like-sign pairs, acceptance correction is needed. In this
analysis, the acceptance correction factor is obtained using
the mixed events as following,

R =
N+− +N−+

2
√
N++N−−mixed

, (1)

where, N+− and N−+ are the number of mixed unlike-sign
pairs andN++ andN−− are mixed like-sign pairs. Figure 4
shows the invariant mass distributions of the unlike-sign
pairs and like-sign background, while Fig. 5 shows the sub-
tracted yield in p-Pb collisions. The clear J/ψ peak is seen.
The signal-to-background reaches 1 at mee > 5 GeV/c2.
The extraction of the invariant yield up to 10 GeV/c2 is on-
going.

5. Summary and outlook
The subtracted yield up to mee = 10 GeV/c2 is obtained

with the TRD triggered data. The single electron trigger ef-
ficiency of TRD trigger is extracted to be 10%. As a next
step, the invariant cross section of the dielectron spectrum
will be extracted. cc and bb cross section will also be de-
duced with the help of theoretical models.
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traction for the TRD triggered data.
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Study of Space-charge effect on IBF in GEM-TPC detector
K. Yukawa, H. Hamagaki, T. Gunji, Y.L. Yamaguchi, and K. Terasaki

Center for Nuclear Study, Graduate School of Science, the University of Tokyo

1. Introduction
The Multi Wire Proportional Chamber (MWPC) is

widely used for the amplification stage in a Time Projection
Chamber (TPC). To prevent ions created in the amplifica-
tion region from drifting back into the drift space (IBF, Ion
BackFlow), gating grid system is widely used in the TPC.
One of the drawbacks of the gating grid system in the TPC
is the limitation of the data taking rate. Therefore, it is nec-
essary to develop another technology to suppress the IBF in
the high rate experiments.

Micro-Pattern Gaseous Detectors (MPGD) are the possi-
ble solutions to achieve sufficiently low IBF and high rate
capability. Gas Electron Multiplier (GEM) can absorb pos-
itive ions on its electrode by applying relatively low electric
field above GEM.

In this study, we study the capability of the suppression of
the IBF with GEM and its dependence on the space-charge
density in the drift space.

2. Experimental Setup

Collimator  Diameter=8mm	

HV1>HV2	

drift region	

Shield	

d[mm]	

3mm	

Xrays 

HV2	

HV1	

A

A
IPad	

IMesh	

Ed	

GEM	

Ne/CO2(90:10) �

shield region	

induction region	

Figure 1: Setup for the measurements

The setup is shown in Fig. 1. The system consists of
shield region, drift region, amplification region, and induc-
tion region. The induction region is the space between the
readout pad and the bottom of GEM, and the length is 2 mm
with the electric field of 3 kV/cm. The amplification region
is between top and bottom electrodes of GEM, and field
strength is the order of 50 kV/cm (∆VGEM/GEM thick-
ness). The drift region is a space between top electrode of
GEM and mesh, and its length d and the electric field Ed

are varied in the measurements. The shield region is the
space above mesh and the length is 3mm with the the oppo-
site electric field of −Ed. Primary electrons created in the
shield region do not contribute to the multiplication of the
GEM.

The size of GEM is 10×10 cm2 and the size of pad
is 3×3 cm2. The chamber is filled with Ne/CO2 (90/10,
1atm), and the X-ray is injected perpendicular to GEM foil
and collimated by 8 mm diameter.
Ipad and Imesh are the current of pad and mesh respec-

tively. We define Idrift=Imesh − Iprim, where Iprim is the
current of the primary ions at the mesh. The gas gain and
IBF are defined as follows:

gain =
Ipad

Iprim · d
d+3mm

(1)

IBF =
Idrift
Ipad

(2)

3. Space-charge effect on IBF

Figure 2: Gain and IBF of GEM

Gain and IBF as a function of ∆VGEM is shown in shown
in Fig. 2. The drift length and drift field are 3mm and
400 V/cm in these measurements. Gain reaches 1600 at
∆VGEM = 500 V and IBF decreases as ∆VGEM increases
and reaches 15%.

Left of Fig. 3 shows IBF as a function of the space-charge
density for different drift length, where the space-charge
density is estimated by Eq. (3), where A and vion are the
spot size of the X-ray and ion mobility of Ne+ in Ne/CO2

(90/10), respectively,

ρ =
Idrift
A · vion

(3)

Here A is a beam profile (A = πr2, r = 0.4 cm). In these
measurements, ∆VGEM and Ed are fixed to be 500 V and
400 V/cm, respectively, and the rate of X-ray is varied. The
velocity of Ne+ ion in Ne gas is vion = 4.08Ed [V/cm].
We haven’t taken into account the effect of drifting CO+

2
ions [1].

Right panel of Fig. 3 shows the IBF as a function of ρd.
One can see that the trend is better scaled by ρd and that the
decrease of the IBF starts at ρd ∼ 3× 104 [fC/cm2].

To consider the reason of sudden reduction of IBF, we
roughly calculate the electric field with space-charge in drift
region by assuming space-charge density is uniform. The
electric field can be calculated as the following:

d2ϕ(z)

dz2
= −ρ

ε
(4)

E(z) = Ed −
ρd

2ε
+
ρ

ε
z (5)
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Figure 3: Space-charge dependence of IBF: ∆VGEM and
Ed are set to 500 V and 400 V/cm respectively.

where z is the distance from top of GEM. Fig. 4 shows
IBF as a function of ρd

2εEd
. One can see that the trend is

very similar for different Ed and onset of decrease of IBF is
around ρd

2εEd
∼ 0.3, which doesn’t strongly depend on Ed.
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Figure 4: IBF dependence on space-charge

4. Summary and outlook
We studied the capability of the IBF suppression by

GEM. We found that IBF strongly decreases as space-
charge density gets higher and the onset of decrease of IBF
is characterized as functions of drift length, drift field, and
rate of X-ray. The onset starts at ρd

2εEd
∼ 0.3 and this

doesn’t depend on d and Ed.
We are going to examine the space-charge effect for the

MicroMegas [2] detector which has different surface struc-
ture. We will evaluate IBF as a function of space-charge
density for multi-GEM layers and GEM + MicroMegas sys-
tems.
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Reduction of Ion Backflow with COBRA-GEM and Application for the TPC
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Center for Nuclear Study, Graduate School of Science, University of Tokyo

Table 1: The geometries of COBRA-GEMs (in µm).

Insulator Hole Hole Rim Metal
thickness pitch Diameter width width

COBRA200 200 577 150 50 50
COBRA100 100 400 100 0 50

1. Introduction
Secondary ions generated in an electron-avalanche pro-

cess in gaseous detectors go back into the drift space, which
is called as “Ion Backflow (IBF).” Because IBF distorts the
electric field in the drift space, reduction of IBF is essential
for the TPC in order to keep the performance of charged
particle tracking and particle identification. Gating grid sys-
tem is widely employed to reduce the IBF, however, opera-
tion of the gating grid system limits the data taking rate up
to the order of kHz. Therefore, it is not suitable for high
rate experiments. The rate of heavy-ion collisions at the
LHC will be the order of 10 kHz in 2019. ALICE-TPC
plans to read out the data of Pb-Pb collisions continuously,
which requires IBF to be less than 1.0% at gain ∼ 2000 in
Ne/CO2 (90/10) [1].

Gas Electron Multiplier (GEM) has some advantages in
the point of high rate capability and suppression of IBF with
stack configuration. COBRA-GEM, which was originally
developed for RICH detector by F.D. Amaro et al. [2] has
two isolated electrodes on a surface. By applying potential
difference between these two electrodes, ions can be effec-
tively trapped with one electrode and further reduction of
IBF is achievable. We developed COBRA-GEMs for the
application of the TPC and studied its basic performance.

2. Thick COBRA-GEM
A microphotograph of the surface and a schematic view

of a cross section of COBRA-GEM are shown in Fig. 1. IBF
can be efficiently reduced by applying a potential differ-
ence between these two COBRA electrodes, ∆VAC. Here,
∆VAC is defined as Vin − Vout, where Vin,out are the po-
tential at inner and outer COBRA electrodes, respectively.
Two types of COBRA-GEMs were developed in collabora-
tion with SciEnergy Co., Ltd. [3]; One has 200-µm-thick
insulator (COBRA200) and the other has 100-µm thick-
ness (COBRA100) (see Table 1). The glass epoxy laminate
(FR5) and Liquid Crystal Polymer (LCP) are used as an in-
sulator for COBRA200 and 100, respectively.

Figure 2 shows the drift lines of ions starting from bot-
tom of COBRA-GEM for COBRA200 in Ar/CO2(70/30)

Figure 1: A microphotograph of COBRA-GEM surface
(left). Cross-section drawing of COBRA-GEM (right).

calculated by Garfield [4]; The left and right panels are for
the case of ∆VAC = 100 and 300 V with the voltage across
the GEM (∆VGEM) of 850 V. As is expected, higher ∆VAC

is more effective for the suppression of IBF.

Figure 2: The drift lines of ions starting from bottom of
COBRA-GEM (COBRA200) at ∆VGEM = 850 V for the
case of ∆VAC = 100 V (left) and 300 V (right).

3. Measurement Setup
Figure 3 shows a schematic view of the measurement

setup. The chamber gas is Ne/CO2 (90/10) at atmospheric
pressure and the X-ray beam is injected perpendicular to
the surface of COBRA-GEM. The drift length, between the
mesh and the top of GEM, is 3 mm. The induction length,
between the bottom of the last GEM and the anode pad is
2 mm. The size of anode pad is 10 × 10 cm2 and it has a
isolated readout pad (3× 3 cm2) at the center.

The electric fields in the drift and induction regions, Ed,i

are 0.4 kV/cm and 3 kV/cm, respectively. Then, two
different configurations are adopted; One single COBRA-
GEM is installed to measure its characteristics (Fig. 3(a))
and one standard GEM and two COBRA-GEMs to investi-
gate the performance with stack configuration (Fig. 3(b)).

Gain is calculated as Ia/(I0c /2) and IBF is defined as
(Ic − I0c )/Ia, where Ic and Ia are the current readout at
the mesh and the pad plane, respectively, and I0c is the mesh
current from primary ionization. Energy resolution is deter-
mined as peak width (standard definition) / position of peak
with 55Fe source.

4. Gain and IBF with the stack configuration
Figure 4 shows gain and IBF for the stack configura-

tion of COBRA200 as a function of ∆VAC. ∆VGEM of
the standard GEM was 200 V and those of two COBRA-

Figure 3: A schematic view of the measurement setup: (a)
the single COBRA configuration, (b) the stack configura-
tion.
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GEMs were varied as follows; (∆VGEM2,∆VGEM3) =
(430 V, 430 V), (350 V, 510 V), and (260 V, 590 V). The
primary current density was tuned to match the value ex-
pected in 50 kHz Pb-Pb collisions. At ∆VAC = 250 V,
IBF reached 0.1-0.5% with gain around 1000.
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Figure 4: Gain (left) and IBF (right) for the stack configu-
ration of COBRA200 as a function of ∆VAC. ∆VGEM2,3 =
430, 430 V (square), 350, 510 V (triangle), 260, 590 V (cir-
cle).

∆VAC dependence of gain has been evaluated by the sim-
ulations based on ANSYS [5] and Garfield++ [6]. The in-
crease of gain (with ∆VAC < 150 V) is described by the
increase of the field inside the hole due to a higher ∆VAC.
The gain decrease (with ∆VAC > 150 V) is due to the fact
that the electric field above GEM starts to be reversed and
that less number of seed electrons reach the hole of GEM.

5. Charging-up effect and energy resolution
Measurements of long-time stability of gain were per-

formed with the stack configuration for both COBRA-
GEMs. The cathode mesh was replaced by a 10 × 10 cm2

cathode pad. 55Fe source was placed in the chamber.
The gas gain of COBRA200 gradually increased until

t ∼ 200 min. This was due to the charging-up effect. After
gain reached the plateau, energy resolution became around
20%, which was worse by a factor of 2 compared to the one
achieved with a triple-standard-GEM configuration. This
worse energy resolution was also observed in the single
COBRA-GEM measurements. From the simulation stud-
ies, the worse energy resolution with COBRA200 is due to
the fact that the collection efficiency of seed electrons is not
100% because of the large pitch between GEM holes. Since
the collection efficiency and the gain depend on the relative
position between seed location and the hole of GEM, the de-
viation of effective gain can be large. The gain distribution
given by the simulation studies for the single COBRA200
is about 14%, which is about twice worse than that for the
single standard 100 µm-thick GEM (6%).

The charging-up effect was more clearly visible for CO-
BRA100. Figure 5 shows gain and energy resolution for the
single COBRA100. The horizontal axis shows the accumu-
lation of the seed electron density. It shows that we need to
wait until the charge density of the order of 10−7 C/cm2

is accumulated on COBRA-GEM, which takes ∼ 1 day
in 50 kHz Pb-Pb collisions. Simulation studies reveal that
the charging-up effects happen at the insulator surface be-
tween inner and outer electrodes and the trend of the gain
as a function of the total charge density is reproduced. It
shows that the collection efficiency of electrons is almost
zero at the beginning of the irradiation and incremented as
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Figure 5: Gain (left) and energy resolution (right) in the
single configuration of COBRA100 as a function of the total
charge density of electrons produced by the strong X-ray.

the number of electrons on insulator increases because the
potential around the insulator becomes lower.

6. Summary and outlooks
Two types of COBRA-GEMs with different geometries

have been fabricated and IBF reaches 0.1-0.5% with the
stack configuration. Measurement of long-time stability of
gain shows that gain varies significantly due to the charging-
up effect. Simulation studies show that the collection effi-
ciency of seed electrons depends on their positions and that
bare insulator between two electrodes is responsible for the
charging-up effect. For the application in the TPC, further
investigation of the charging-up effect, energy resolution,
and the optimization of the geometry of COBRA-GEM is
required.
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1. Introduction
We have developed a prototype SOI pixel sensor, called

RADPIX, for a radiation monitor. This is based on the
silicon-on-insulator (SOI) pixel CMOS technology being
developed by Y. Arai et al [1]. The RADPIX is to be used
for natural environmental radiation measurements. The
RADPIX has many advantages in the cost and the para-
sitic capacitance over hybrid pixel detectors. The aim of
the RADPIX is to count the rate of the radiation and to vi-
sualize the hit pattern. The analysis of hit patterns allows
to identify the components of unknown radiation field, sim-
ilar to the strategy described in [2]. There are two main
features in RADPIX; one is the leakage compensation cir-
cuit in each pixel for long exposure, and the other is both
analog and digital readout from each pixel to develop a par-
ticle identification. Figure 1 shows the schematic view of
the Nested-Well structure SOI detector (p-in-n type sensor).
The RADPIX is a monolithic pixel detector that consists of
a thin CMOS readout array (40 nm, 10 Ω), a buried oxide
layer (200 nm), and a thick high resistivity Si-sensor (260
µm, 700 Ω) vertically on a single chip. The holes generated
within the fully depleted bulk drift onto the buried p-well
(BPW) by application of a sufficiently high positive voltage
to a backside and result in the modulation of the channel
current. The buried n-well (BNW) is fixed to 1.8 V to re-
duces the back gate effect and the sensor cross talk. The
result of basic performance test is reported in this paper.

200 nm
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40 nm

n-

BPW(Buried p-Well)

BNW(Buried n-Well)

CSA

CMOS circuit

Box(Buried Oxide) 

p+

- -
- --
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Figure 1: A schematic view of SOI structure with BPW and
BNW.

2. Detector Specification
RADPIX is fabricated with 0.2 µm FD-SOI CMOS tech-

nology developed by LAPIS Semiconductor. Co., Ltd. [3].
It is 2.9 × 2.9 mm2 size and active area is 1mm x 1mm.
There are 32 × 32 pixels, where each pixel has a size of
40 µm × 40 µm. For comparison sake, the test chip has
4 different kinds of preamplifiers simple; source follower
(simple SF), low gain and high gain charge sensitive am-
plifiers (CSA), and high gain CSA with current mirror. A
microscopic photo is shown in Fig. 2. The analog and dig-

ital signal signals are readout through each column buffer
and readout pixel is selected by the address decoder. Wire-
ORed digital signals are used as trigger. Figure 3 shows
the schematics diagram for the CSA type pixels. Leakage
current compensation circuit is employed in the charge sen-
sitive preamp to measure the radiation for a long time [4].
The high gain CSA type and the low gain CSA type have 1
fF and 5 fF feedback capacitors, respectively. Two inverter-
chopper type comparators are used to generate a digital out-
put. The comparator output is latched by SR latch circuit
and also delayed to store the analog signal.
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Figure 2: A microscopic photo of RADPIX.
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Figure 3: Schematics of for the high gain CSA type and the
low gain CSA type.

3. Results
3.1. Gain

Gain[µV/electron] =
Vout × e

4[fF]×Vtest
(1)

Sensor nodes are connected to a test input with 4 fF ca-
pacitor (See Fig. 3). A negative output pulse (Vout ) result
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from positive input (Vtest ). The gain is calculated by Eq.
(1). e is the elementary charge. Figure 4 shows the pixel-to-
pixel gain variation in the low gain CSA type and the high
gain CSA type at Vtest =200 mV. The average gain is 20
µV/electron (RMS∼1.3) and 80 µV/electron (RMS∼5.1)
for the low gain CSA type and the high gain CSA type, re-
spectively. It shows a good pixel-to-pixel gain uniformity.
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Figure 4: The pixel-to-pixel gain variation in the low gain
CSA type (Upper) and the high gain CSA type (down).

3.2. Comparator
We reset the comparator by adjusting VREF (See Fig. 3).

When VREF is set to threshold voltage (reset voltage), this
comparator is inactive (active). The difference between the
threshold voltage and the reset voltage is denoted as Vth .
Figure 5 shows the number of events triggered by the com-
parator as a function of threshold voltage without any sig-
nal inputs. To keep the noise hit rate significantly low Vth
should be set at 150 mV (the low gain CSA type) and 350
mV (the high gain CSA type). These voltages correspond to
the energy of gamma-ray of 26 keV and 15 keV for the low
gain CSA type and the high gain CSA type, respectively.
The reason of the large noise is under investigation.

Vth（mV）	 Vth（mV）	

Figure 5: The number of the digital output counts with dif-
ferent threshold voltage for four pixels. (These pixels are
the third pixel from the outside for column and law).

3.3. Response to the radiation
We irradiated RADPIX with 22.4 and 31 keV X rays

from 109Cd and 133Ba sources, respectively. Figure 6 shows
the pulse height histogram for the low gain CSA type. As
shown in Fig. 7, the gain is ∼18µV/electron by fitting two
energy points. The gain is consistent with the one per-
formed with test pulse.
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Figure 6: Pulse height histogram of Cd (left) and Ba (right).
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Figure 7: The calibration with Cd and Ba.

4. Summary
We are developing a prototype detector for radiation

monitor, called RADPIX. Individual leakage current com-
pensation circuit is integrated to be able to measure for a
long time. RADPIX is designed to readout both analog
and digital signals. We evaluated the basic performance
for the high and the low gain CSA type. The gain is ∼20
µV/electron and ∼80 µV/electron for the high gain CSA
type and the low gain CSA type, respectively. Threshold
voltage must be set relatively high value at present. The
reason is under investigation. By irradiating with 109Cd and
133Ba X rays and the gain is consistent with the one with the
test pulse.
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Equation of State (EoS) of nuclear matter governs the
bulk property of nuclei in femto-scale and the property of
neutron stars in universe at the same footing. Isoscalar Gi-
ant Monopole Resonance (ISGMR) is related to the incom-
pressibility of the nucleus, which is one of the parameters in
the EoS. The ISGMR can be studied via the inelastic scat-
tering (d, d′). To extract the ISGMR strength, the differen-
tial cross-section at the forward angle is important since the
monopole strength has peak at the forward angle. As well
as the forward angle scattering, the wide angular acceptance
is required for the multipole decomposition analysis to de-
duce the ISGMR strength distribution in the continuum re-
gion above the particle emission threshold.

We are developing the gaseous active target system, CNS
Active Target (CAT) to measure the low-energy recoil parti-
cles corresponding to the forward angle scattering [1]. The
CAT consisted of the time projection chamber (TPC) and
NaI detector array surrounding the field cage of TPC. It
was operated with 1-atm deuterium gas in the measurement
of (d, d′) reaction on 14O nucleus. The status of the data
analysis is reported by Tokieda et al. [2]. The CAT will
be employed in the series of the ISGMR measurements in
the A = 132 isobar such as 132Sn measurement at RIBF
in RIKEN and 132Xe measurement at HIMAC in NIRS. In
this report the developments in FY2013 toward these mea-
surements will be summarized.

The CAT has been modified to have high sensitivity to
the forward angle scattering and to have smaller inactive
gap between the TPC and the solid detector [1]. The NaI
detector array surrounding the TPC has been replaced by Si
detector array to reduce the inactive region produced by the
entrance window of the NaI detector. In order to measure
the low-energy recoil particle at the forward angle scatter-
ing, the gas pressure was optimized. The rough yield esti-
mation was performed for the deuteron inelastic scattering
off 132Sn. Figure 1 shows the relative yield deduced using
the Monte-Carlo simulation without the tracking efficiency
for various pressure settings. Lower gas pressure provides
the higher efficiency for the forward angle scattering. How-
ever, the number of target particles becomes smaller with
the lower gas pressure. The gas pressure of 0.4 atmosphere
was chosen to have the sensitivity at around the 2-degrees in
the center-of-mass frame and to have the moderate number
of target particles. In the low-pressure gas, the Thick Gas
Electron Multiplier (THGEM) is known to have higher gas
gain. The gas gain of THGEM in low pressure gas has been
studied by C.S. Lee et al. [3] and the achieved gain was 104
with three layers of THGEMs, which is the typical value
for the detection of high energy recoil deuterons. The other
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Figure 1: Relative yeld estimation of the deuteron scattering
off 132Sn assuming the angular distribution of the 0-th order
of spherical Bessel function and the tracking efficiency of
100%. Blue dotted, red solid and green dashed line show
the estimated acceptance for 0.2-, 0.4- and 1-atm deuterium
gas, respectively.

gas properties such as drift velocity, diffusion and the effect
of oxygen contamination are reported by Y.N. Watanabe et
al. [4].

The test experiment (HIMAC collaborative research
12H307) for the low-pressure operation of CAT was per-
formed at HIMAC in Chiba. Stable nucleus beam of
132Xe was directed into the CAT at the incident energy of
100 MeV/u and 190 MeV/u. The trajectory of recoil parti-
cle was successfully measured even in the cloud of the delta
electrons produced by the beam particle. Two MWDCs
were located at upstream of the CAT to provide the ref-
erence trajectory for the evaluation of the resolution and
the effect of the distortion of the electric field by the space
charge created by the heavy ion beam. The data analysis is
in progress.

The measurements of the ISGMR in A = 132 isobar will
be performed with high intensity heavy ion beam at the in-
cident energy of 100 MeV/u. The goal of the intensity of
132Xe stable beam is 106 particles per spill (pps), which
is almost equivalent to 1 MHz. The energy loss of 132Xe
in 0.4-atm. deuterium gas is 140 keV/mm. If the elec-
trons created by the ionization are multiplied by THGEM
with 104 gain, the current at the last stage of the multipli-

49



cation part become 56 µA along the 10-cm flight path in
active area. This current value is too high for the stable
operation of the THGEMs. We need to reduce the effec-
tive gain for the beam region by two orders of magnitude
with keeping the gain for the recoil region high enough.
To overcome this difficulty, we tried two different meth-
ods to reduce the effective gain along the beam path. One
method is to change the hole and pitch size of THGEM in
the region and the other is to introduce a meth grid along
the beam path. It was turned out from the offline measure-
ment that the change of hole and pitch size was not enough
to reduce the effective gain. The other method is to set a
mesh grid. It has been turned out from the experiment per-
formed at HIMAC same as described previously that the
mesh grid can reduce the effective gain by two orders of
magnitude successfully and the intensity of 105 pps can be
used in the measurement. However the change of the volt-
age value of THGEM was observed during the irradiation
of higher intensity beam such as 106 pps. The detail of this
measurement will be reported by C.S. Lee et al. [5]. It was
also found that the energy resolution became worse since
the number of the primary electrons was reduced by the ab-
sorption by the mesh grid. In order to solve these problems,
the modification of the protection circuit to reduce the volt-
age drop at this circuit and the new electrode structure of
THGEM will be introduced in near future.

In summery, the CAT was operated with low-pressure
deuterium gas at 0.4 atmosphere for the first time and the
trajectory of recoil particle was measured in deuteron scat-
tering off 132Xe. The gas properties of low-pressure deu-
terium gas was studied for the first time. The effective gain
of THGEMs along the beam path was successfully reduced
by using the mesh grid although the energy resolution be-
came worse. The farther development for the gain reduce-
tion with keeping energy resolution will be performed to-
ward the measurements of ISGMRs in 132Sn and 132Xe
with high intensity beams.
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1. Introduction
We are developing a GEM-TPC-based gaseous active tar-

get with a pure deuterium gas, called CNS Active Target
(CAT) [1], for the measurement of deuteron inelastic scat-
tering. The CAT is operated with a low-pressure (0.2-0.5
atm) deuterium gas for measuring the scattering to the for-
ward angle closer to 0◦. Three 400-µm Thick Gas Electron
Multipliers (THGEMs) are used for the CAT to achieve a
gas gain of 104 in a low-pressure deuterium gas ; its per-
formance was investigated for the first time in our previous
work [2, 3]. The gas gain of THGEMs is set to 104 in order
to detect high-energy recoil particles (dE/dx ≈ 5 keV/cm for
132Sn(d,d’) at 100 MeV/u with 0.4-atm D2) as well as low-
energy recoil particles (dE/dx ≈ 50 keV/cm for the same
condition). However, this gain is too large for the measure-
ment of beam particle since the energy loss of heavy ion
beam such as 132Xe is 10-100 times larger than that of recoil
particle and the high intensity beam irradiation with such a
high gain causes the instability of the THGEMs.The effec-
tive gas gain along the beam trajectory (BT) area should be
reduced by an order of 10-100, keeping the effective gas
gain in the region where the recoil particles (RP) are mea-
sured.

2. Development of a dual gas gain multiplication
2.1. Dual-Gain THGEM : DGGEM

A new type of THGEM, called DGGEM (Dual-Gain
THGEM), was manufactured via mechanical drilling. Ta-
ble 1 shows the design of DGGEM which is investigated in
this work. The DGGEM was used to study the dependence
of the gain on the hole diameter.

Property BT region RP region
Thickness [µm] 400 400

Hole diameter [µm] 450 300
Pitch [µm] 700 900

Table 1: Design of DGGEM with a comparison between
Beam Trajectory (BT) and Recoil Particle (RP) regions.

Considering a weaker electric field strength and a smaller
Townsend coefficient at the larger hole diameter, a gas gain
in the RP region is expected to be lager by a factor of four
than that in the BT region with a single DGGEM. Figure
1 shows the obtained gain curves in single, double, and
triple DGGEM layer setups as functions of the induction
field strength Einduction in kV/cm/atm. The measured dif-
ference of gas gain between the BT and RP regions was
much smaller than expected. The dependence of the gas
gain on the hole diameter seems to be smaller than our ex-
pectation. It should be investigated by a full simulation
study with various hole diameter conditions.
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Figure 1: Results for each configuration of DGGEM. For
each measurement, the drift field strength was 1 kV/cm/atm
and the transfer field strength was 2 kV/cm/atm.

2.2. Combination of THGEM and a mesh-type grid
Another method to reduce the effective gas gain was

tested. A mesh grid was put inside the drift region. The
mesh grid covered only the area along the beam path. By
changing the strength of the electric field in the drift field
using the mesh grid along the beam path, a partial gain re-
duction and a more stable operation of CAT is to be avail-
able. An offline test to evaluate the effect of the grid with
a triple THGEM configuration was done with a setup as
shown in Figure 2. The specification of the mesh grid is
summarized in Table 2. The mesh grid with 2-cm width
was set 2-mm above the THGEMs along the alpha particle
path. Figure 3 shows the gain ratio of BT to RP as a func-
tion of the electric field between the mesh grid and the top
electrode of THGEM3, Egrid. The effective gas gain at RP
region was set to around 7000.

Material SUS304
Type Mesh
Pitch 0.05 mm

Diameter of wire 18 µm
Aperture ratio 41 %

Table 2: Specification of the grid.

A gain reduction down to 1.6 % was achieved with a
combination of the mesh grid and the triple THGEM con-
figuration, and this setup is adopted to the CAT to perform
experiments at high-intensity heavy-ion beam conditions.
Figure 6 shows the relation between the sampled charges
after multiplication and readout pad ID. The widely covered
area, pad ID 60-340, corresponds to the entire beam trajec-
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Figure 2: A schematic view of the offline measurement by
using an alpha source 241Am.

 [kV/cm/atm]gridE

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

G
ai

n 
R

at
io

 o
f B

T
 to

 R
P

0

0.05

0.1

0.15

0.2

0.25

0.3

 

Figure 3: Gain ratio of BT to RP as a function of Egrid. Each
electric field strength was 1 kV/cm/atm, 2.7 kV/cm/atm and
3.6 kV/cm/atm at the drift, transfer and induction regions,
respectively.

tory region and the narrowly covered area, pad ID 130-270,
includes the grid. A significant reduction of gain only on
the grid area was achieved.

A test experiment was performed with a high-intensity
132
54 Xe (100 MeV/u) beam at the HIMAC. Figure 4 shows
the obtained gain curve at BT region as a function of Egrid.
The effective gas gain of the RP region was set to around
5000 and a gain reduction up to 0.86 % was achieved. Fig-
ure 5 shows a correlation between the charge resolution and
the effective gas gain. The charge resolution is gradually
getting worse below the gas gain of about 90, even δQ/Q at
a gas gain of 90 is about 10 %.
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Figure 4: Obtained gain curve
at the BT region. The effec-
tive gas gain of RP region was
set to around 5000.
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Figure 5: A correlation be-
tween the charge resolution
and the effective gas gain.
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Figure 6: An example of correlation between sampled
charges after the multiplication and readout pad IDs with
a defocused beam injection. Reduced multiplication of
charges is achieved under the grid area.

3. Summary and Outlook
Development of a dual gas gain multiplication at CNS

Active Target was tested with i) the Dual-Gain THGEM
(DGGEM) and ii) a combination of the mesh grid and the
triple THGEM configuration. For the case of DGGEMs,
the gain reduction at BT region was insufficient to perform
experiments at high-intensity beam conditions, on the other
hand, for the case of the mesh grid, a sufficient gain reduc-
tion order of about 100 was achieved and its performance
test was done by using 132Xe beam. The charge resolu-
tion was evaluated and it is getting worse below the gas
gain of about 90. The CAT was stably operated via the op-
timized grid operation under a high-intensity injection of
132Xe beam up to 105 particles per pulse, in combination
with tuning of the protection circuit for the high-voltage
supply. However, further development is needed with the
aim of the CAT operation at 106 Hz heavy-ion beam con-
dition as well as the gain reduction on the beam trajectory
region, keeping the resolution in a few percent level. The
drift field is slightly distorted by the grid inside in the mesh
grid case, such an effect should be taken into account by
further analysis and simulation study.
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1. Introduction
We are developing a deuterium gas active-target called

CAT (CNS Active Target), to perform the missing-mass
spectroscopy via (d,d’) reaction with heavy ions in inverse
kinematics [1]. To measure low energy recoil particles,
CAT is operated in low pressure deuterium gas at around
40 kPa. For the track reconstruction of charged particles,
understanding of the properties of drifting electron in an
electric field such as drift velocity and diffusion are very
important. As a first step, we measured the properties of
electron in pure hydrogen gas and compare the measured
properties with the properties calculated using Garfield.

2. Measurement and results
2.1. Overview of CAT

CAT consists of a deuterium gas-filled TPC and sur-
rounding silicon detectors. Inside the chamber, there is a
height field cage where electric field of around 1 kV/cm/atm
is applied into downward direction and electrons drift up-
ward. The height of the field cage is 25 cm and the cross
section is 21.5 × 11.0 cm2. Above the field cage, triple
stacked 10 × 10 cm2 THGEMs are installed. Electrons are
multiplied by the GEMs and then read by a 10 × 10 cm2

by a electrode which has triangular readout pads. The pulse
shape is recorded by Flash-ADC. During the measurements,
the pressure of CAT was kept around 40 kPa and hydrogen
gas was used instead of deuterium gas.
2.2. Measurement of drift velocity

The setup of drift velocity measurement is shown in Fig.
1 (a). An alpha source was set on a flange and two 500 µ-
thick 10 × 10 cm2 silicon detectors were installed on the
opposite side. An acryl cover with three horizontal slit of 2
mm was attached in front of the silicon detectors (see Fig.1
(b)).This cover limited the path of α particles which enters
the silicon detectors. We can calculate the drift velocity
by measuring the time difference between the pulse at the
readout pads and that in the silicon detectors at the slit po-
sitions. The measurement was done for three points around
E∼ 1 kV/cm/atm.

Fig. 2 shows the relationship between the arrival time of
pulse and the z position. In the figure, there are three clus-
ters corresponding to each drift path. Each clusters were
fitted by a linear function. In order to estimate the drift ve-
locity, two methods were employed:

• (1) angle of each fitted linear functions

• (2) time difference of each paths at the center of read-
out pad in z direction

Fig. 3 shows the result of each method. Square points
represents the result of method (1), and triangle points are
method (2). Garfield calculation are also plotted in the cir-
cle points. Although the points at 0.97 keV/cm/atm volt-
age deviate from the Garfield calculation, the other points
are well reproduced by the calculation. This deviation was
explained by a small discharge around a feed-through con-

nector, which decreased the field cage voltage and made the
drift velocity slower.

(a) (b)

Figure 1: (a) Setup for drift velocity and attachment mea-
surement. An alpha source was put on a flange and two sil-
icon detectors was installed on the opposite side. An acryl
cover with three horizontal slit was put in front of the sili-
con detector to limit the path of alpha particle. (b) Silicon
detector with an acryl cover.
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Figure 2: (a) Time difference between the pulse at readout
pads and the silicon detectors vs its z position. (b) Mea-
sured drift velocity(square points are method (1) and trian-
gle points are method (2) and Garfield calculation results
(circle points).

2.3. Measurement of attachment
When electrons drift in a gas, some electrons are captured

by gas molecules. The number of electron surviving after
drift distance y is

N(y) = N(0)× exp(−y

η
),

where N(0) is the number of initial electron, and η the is
attachment coefficient.

Although hydrogen gas has small attachment coefficient,
contaminants such as O2 or H2O molecule have the large at-
tachment coefficients. There was a leakage of air and hydro-
gen gas was contaminated with about 0.5% O2 and possibly
H2O molecules. This situation was improved by replacing a
bad flange, and the contaminants are kept low now. We esti-
mated the effect of attachment before and after exchanging
the flange using the same setup as the measurement of drift
velocity.

Fig. 4 shows the pulse shape distribution when the O2

was around 0.5% (a) and 0.03% (b). In Fig.3 (a), the pulse
shape becomes smaller due to the attachment with longer
drift time. We can estimate the attachment coefficient from
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these results. The deduced attachment coefficient was about
0.1 /cm. From the Garfield calculation, the attachment co-
efficient of the gas mixture of 97.5% H2, 2.0% N2 and 0.5%
O2 is around 0.6 /cm. The measurement corresponds to the
calculation with 0.1% O2. The measured value was smaller
than calculated one. This difference is considered to be due
to the gas flow system and position of O2 monitor. During
the measurement, H2 gas was continuously flowed and was
discharged from the bottom of chamber, which will serve
efficient O2 venting. The O2 contamination was monitored
at the exit of the chamber. Therefore, the actual O2 con-
centration in the chamber may be lower than the measured
value.

On the other hand, Fig. 3 (b) shows relatively small pulse
height decrease and the effect of attachment is now very
limited with low contamination of O2.
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Figure 3: TPC pulse shape distribution taken by fADC. O2

contamination was 0.5% in (a) and 0.03% in (b). (a) indi-
cates the pulse height decreases with longer drift time when
O2 contamination is large. On the other hand, only small
attachment was observed in (b).

2.4. Measurement of transverse diffusion
In an electric field, electrons drift along the electric field

in average, but they diffuse from the line due to colli-
sions.The distribution of electrons in transverse direction
can be expressed as,

f(x) ∝ exp(
−x2

2(D
√
y)2

),

where D is diffusion constant, x is the deviation from the
drift line and y is the drift path length.

To estimate the diffusion constant in low pressure hydro-
gen gas, let us consider an event in which alpha particles
go through the center of the pad(See Fig.4 (a)) . Here, we
defined a quantity R which characterises the magnitude of
diffusion defined as below:

R =
QA

QA +QB +QC
,

where QA, QB and QC represent the observed charge in
pad A, B and C, respectively. Fig. 4 (b) shows the rela-
tionship between R and diffusion size, which is equivalent
to D

√
y. R becomes small with larger diffusion and vice

versa. Therefore, we can estimate the diffusion constant by
measuring R and the drift path.

In the measurement, an alpha source was attached to a
side wall of CAT, and the data was taken with TPC self-
trigger. O2 concentration was about 0.05%. We measured
the R ratio with drift length of 6.0 cm and 14.0 cm by chang-
ing the alpha source position. Fig. 6 shows the distribution
of R for each measurement. With 6.0 cm drift length, R
was around 0.83 and with 14.0cm drift R was around 0.74.
These results indicate the diffusion constant is about 400
µm/

√
cm. The diffusion constant calculated by Garfield is

380 µm/
√
cm, which is in good agreement with the mea-

surement.

(a) (b)

Figure 4: (a) A schematic drawing of the event which is
considered in the measurement of diffusion. (b) R, which is
defined in the text, vs diffusion. As the diffusion increases,
R becomes small.
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Figure 5: R ratio distribution for drift length of 6.0 cm
(a), and 14.0 cm(b). With longer drift length, R becomes
smaller and large diffusion is observed.
3. Summary and Future prospect

We measured drift velocity, diffusion and attachment of
electrons in a low pressure hydrogen with an electric field of
1 kV/cm/atm. The measurement of drift velocity except for
one point and diffusion was well reproduced by the Garfield
calculation although attachment was not reproduced.

Since the cause of the discharge is now fixed, we will
measure the drift velocity at the last point of voltage again.
Furthermore, the next step would be measurement with deu-
terium gas instead of hydrogen gas.
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In order to extend scientific opportunities in nuclear physics
experiments at the RIBF, we propose a new energy-
degrading scheme of RI beams produced by fragmentation
or in-flight fission of intermediate-energy heavy-ion beams.
The RIBF provides numerous kinds of exotic isotope beams
with A > 100 typically above 200 A MeV via the Bi-
gRIPS separator [1, 2]. This energy region is unique and
suitable for studies by using impulse interaction such as
inelastic, charge exchange, and knockout reactions, which
mainly provide information on ground states, low-excited
states and impulse response of exotic nuclei. On the other
hand, low-energy nuclear reactions with energies compara-
ble with or below the Fermi momentum in nuclei have ad-
ditional kinds of aspects on the studies of nuclear structure
and nuclear dynamics, since nucleon, cluster and angular
momenta as well as energies can be transferred to nuclear
systems.
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Figure 1: Territory of major RI-beam Facilities on the map
of the incident-energy versus mass.

Figure 1 shows a map of several RI beam facilities (sep-
arators and spectrometers; operating and future) on the in-
cident energy versus mass number plane. We can find un-
touched region of 5 to 100 A MeV for A > 50. In this
region, the following physics programs for heavy exotic nu-
clei can be expected:

• Nucleon transfer reactions (10 – 50 A MeV)
Evolution of shell structure seen in unoccupied or-
bitals are studied by single-particle states populated
by (d,p) and (d,n) reactions below 20 A MeV. Cross
sections of nucleon transfer also provide informa-
tion on neutron/proton capture cross section via the
asymptotic normalization constants (ANC).
For orbitals with higher angular momenta are studies
by (α,t), (α,3He) reactions at 30–50 A MeV.

• Pair transfer / Cluster transfer (10 – 20 A MeV)
Di-neutron pickup reactions such as (p,t) provide us

information on di-neutron correlation in nuclei espe-
cially for very neutron-rich region where BCS-BEC
cross-over is predicted.
Cluster transfer reactions, such as (6Li,d), (7Li,p)
and so on, are expected to populate excited clus-
ter states in neutron-rich nuclei, where new degrees-
of-freedom from weakly bound neutrons may af-
fect clustering such as glue-effects, interplay between
molecular and atomic orbitals, deformation in mean
fields, and so on.

• Deep inelastic collisions (incomplete fusion) (5 – 30
A MeV) / Fusion reaction (∼ 5 A MeV)
Dynamics of dissipating reactions of exotic nuclei
is interested as leading candidates of synthesizing
methods for heavy-mass nuclei, various kinds of
deformed/high-spin states, and so on. Use of unsta-
ble nuclei provides opportunities to control reaction
Q-values, excitation energies of compound system,
maximum angular momenta by changing combina-
tion of reactions.

• Coulomb excitation reactions for low-energy γ-rays
(∼ 50 A MeV)
In-beam spectroscopy using inelastic scattering at
high incident energies above 100 A MeV suffers
from huge backgrounds of low-energy photons from
atomic processes, which limits the gamma-ray ener-
gies above several hundreds of keV. Beams at 50A
MeV or less enable us to measure Coulomb excita-
tion for highly deformed neutron-rich nuclei.

In order to approach this vacant region, energy degrad-
ing methods are proposed at the RIBF facility [3]. How-
ever, there are inevitable difficulties in degrading procedure,
which causes large image sizes and energy spreads due to
increase of phase spaces, charge-state distribution, and con-
taminants in the beam. For example, in ref. [3], the beam
size is estimated to be a 10-cm for mass-100 nuclei with a
few A MeV, where higher-order aberrations are neglected.

As a simple example, we examine optics with mono-
energetic degrader. Figure 2 schematically shows the optics
as well as the phase space in x vs δp. A wedge-shaped de-
grader at dispersive focus acts as both degrading energy and
compressing energy spread. However, after the degrader the
beam size (x) becomes large and cannot be focus by static
optical devices. The reducing factor of the energy spread
is the same as enlargement factor of the beam size (x) at
achromatic focus.

The difficulty can be solved by introducing another
degree-of-freedom, t, which is conjugate to δ. Fortunately,
the primary beam at RIBF is produced by the cyclotron
having RF structure. All the produced RI has the same
RF structure at the production target. Because of velocity
spread, the arrival time (t) of a beam particle at a dispersive
focus depends on its horizontal position (x): higher (lower)
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Figure 2: Schematic optics of beam line with mono-
energetic degrader.

momentum corresponds to earlier (later) timing. As shown
in Fig. 3, an RF deflector placed in the point-to-parallel po-
sition kicks beam particles back by means of timing so as
to focus the beam.

Figure 3: Beam optics with mono-energetic degrader and
RF deflector.

The basic specification of the RF deflector is determined
based on the experience in the presently used RF deflector
at the RIPS facility in RIKEN [4], which is a vertically kick
system for purification of RI beams. It is noted that the
proposed RF deflector is operated after energy degrading to
about 50 A MeV, which is almost same as the RIPS facility.
Present design of the new RF deflector is about twice in size
in order to increase acceptances and quality (Table 1).

Frequency 17.6 ± 1.5 MHz
Maximum voltage 300 kV
Gap between electrodes 200 mm
Length of electrodes 1000 mm
Width of electrodes 400 mm
Vacuum 5× 10−6 Pa

Table 1: Specification of RF deflector.

Among possible sites for the OEDO system in the RIBF,
we decided to construct it in the SHARAQ beam line [5]
under the following consideration:

• There should be a suitable dispersive focal plane be-
fore an enough length of straight line, which is sat-
isfied by the FH8 focus in the SHARAQ beam line
satisfies.

• The height of the roof should be enough for the size
of the RF cavity (about 4m).

• Some possible physics programs require a spectrom-
eter for charged particles. The first part (QQD) of

the SHARAQ can be used for a broad-range mag-
netic spectrometer. It is noted that the SHARAQ is
rotatable to 15◦.

Figure 4 shows our conceptual design of the beam line.
Two STQ’s and RF deflector are placed in the E20 experi-
mental room.

STQ-SR1 
	
STQ-SR2	
FH9’ (slit)	

RF Deflector	

FH8 (degrader)	

FH8	
STQ-SR1	 STQ-SR2	

FH9’	

Existing	

Figure 4: Design of Beamline.

Based on the above scheme and design, we call the new
project as OEDO (Optimized Energy Degrading Optics for
RI beam: 大江戸, which is the old name of the Tokyo
metropolitan area). Detailed optical simulation including
aberrations, charge states, energy straggling is started for
actual design of the beam line.
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1. Introduction 

The AVF cyclotron in RIKEN has been providing 
gaseous and solid ion beams for the users, such as the 
CRIB group [1]. In the year 2013, we produced solid ion 
beams such as 7Li2+, 7Li3+, 11B4+, 40Ca12+ and 56Fe15+ by 
using the Hyper ECR ion source and injected those 
beams to the AVF cyclotron. 

The beam intensities from the non-gaseous material 
increased to be twice by improving the evaporation 
system of the ion source. For the refractory elements, a 
rod of the solid material (SMR) such as CaO or FeO was 
installed near the wall of the plasma chamber, while for 
the non-refractory elements a micro oven (MO) filled 
with 6Li or 7Li was used. By using either method, we 
obtained beam currents of 280, 75, 28, and 7 eµA for 
7Li2+, 7Li3+, 40Ca12+, and 56Fe15+, respectively. We 
describe the two methods in this report. 
 
2. Evaporation system of Hyper ECR Ion Source 

The SMR or MO was inserted near the ECR zone to 
evaporate the material elements. Figure 1 shows a 
cross-sectional view of the Hyper ECR ion source with 
the SMR. In the case of Fe beams, a rod of FeO with a�
geometry of 60 × 4 × 4 mm3 was inserted into the plasma 
chamber through a window of the RF wall. The tip of the 
rod was bombarded by the electrons from the ECR 
plasma for heating the rod.  

Star-shaped scorches were observed at the both edge 
walls of the ion source. Figure 2 (a) shows the scorch 
patterns by electrons stopped at the RF wall. When SMR 
was inserted through the scorch region, the beam 
intensity was turned to be fluctuated [2]. Furthermore, 
the beam intensity reduced when the SMR was placed 
closer to the ECR zone. To avoid the problems, SMR 
was inserted through the 210° window F at a radius 17.5 
mm from the center of the RF wall outside the star-like 
scorch.  

Figure 3 (a) shows a front view of the new MO with 5 
holes with 2-mm diameters for extraction of the material.�
Another hall of 4 mm diameter was made to supply the 
material sample. The hall was closed after the 
supplement. Figure 3 (b) shows a heat shield surrounding 
the vessel to keep a constant temperature gradient. With 
the previous MO method [3], it was difficult to sustain a 
high voltage because too much current was generated. 
Consequently, the high-voltage power supply sometimes 
tripped when the RF power of 480 W was fed into the 
ECR ion source.  
 
 

 
 

 
 

Fig. 1: Cross-sectional view of Hyper ECR Ion Source. 
(1): Plasma chamber, (2): ECR zone, (3): Solid material 
rod, (4): RF wall, (5): Vacuum Vessel, (6): Mirror Coil 1 
(MC1), and (7): Mirror Coil 2 (MC2). 
 

 
 
Fig 2: (a) and (b) Schematic view of the new SMR 
method. A: ECR zone, B: RF wall, C: SMR, D: distance 
between the RF wall and tip of SMR, E and F: windows 
inserting rod, and G: Area of star-shaped plasma scorch 
(solid line: gas inlet side and dashed line: beam 
extraction side). 
 

 
 

Fig. 3: Cross-sectional view of new MO. A: vessel filling 
solid material, B: heat shield and C: holes. 
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Fig. 4: Ion beam intensity of 40Ca12+ as a function of the 
distance of CaO rod inserting from opening F. (a) ion 
beam intensity and (b) total current of extraction 
electrode. The solid lines are eye-guides. 
 
3. Operation of the evaporation system  

High intensity beams were provided constantly by 
using the new SMR method. A 40Ca12 + ion beam, for 
example, was generated by inserting the SMR of CaO 
from the window (F) (see Fig. 2(a)). Figure 4 shows the 
ion beam intensity of 40Ca12+ as a function of the distance 
of CaO rod from the RF wall. Total current from the ion 
source decreased slowly, while the analyzed ion beam 
current (a) increased rapidly as the distance increased. 
The tip of the rod was close to the ECR zone when the 
distance was 84mm. In this case, an ion beam intensity 
of 28 eµA was obtained by using the SMR. Now we are 
using the insertion method from window (F) as a 
standard method, since the control of the vapor pressure 
of refractory material is possible. 
 
4. Consumption rate and beam intensities of the 
non-gaseous ion beams 

When the tip of the SMR is close to the ECR zone,� a 
stable and high intensity beam can be obtained.� Table 1 
shows beam intensities of the typical ion species from 
the ion source. The new SMR method is being applied to 
high melting point (m.p.) materials. Typical examples 
are 28Si9+, 40Ca12+, 59Co15+ ions, produced from materials 
of SiO2 CaO, Co, respectively. The melting points and 
extracted beam intensities of these ions are listed in the 
table. In these operations, the vacuum pressures and the 
RF power were adjusted in order to achieve the best 
currents.  

In the case of the new MO method, we optimized 
number of openings of the crucible to control the 
evaporation rate of low m.p. materials. Typical examples 
are 7Li2+, 6Li3+ and 32S9+ ion beams, produced by the new 
MO with the numbers of the open holes 5, 3, and 1, 
respectively. 

 
The beam intensities of these ions are listed in Table 1. 
In the case of the 7Li2+ ion, an intense beam of 280 eµA 
was obtained. The consumption rate of the material was 
about 13 mg/h and the capacity of the crucible was 10 
ml. 
  By employing the new MO method, we achieved 
continuous evaporation and even under the high RF 
power condition we could keep stably high extraction 
voltage. After the ion source operation, excess material 
remaining in the plasma chamber was mostly in small 
granules, and they could be easily removed. The 
consumption rate of materials by evaporation also 
reduced to 1/3. This method is good for the low melting 
point materials. 
 
5. Contribution to the Nuclear Experiments 

Development of the evaporation system is contributing 
significantly to the nuclear physics experiments. For 
example, the 28Si9+ ion beam was continuously and 
stably operated for 17 days. With the new MO method, 
we also achieved a continuous 12-days operation for the 
6Li3+ ion beam.  

 
6. Summary 

We succeeded in development of the new evaporation 
systems of solid materials used for the extraction stable 
and high intensity beams, which is adequate for most of 
the nuclear physics experiments at CNS and RIKEN.  
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Table 1: Beam intensities of the typical ion species. 
Ion 

Species 
Beam 

Intensities 
(eµA) 

Charged Materials m.p. 
(°C) 

 
7Li2+ 
6Li3+ 

11B4+ 
24Mg8+ 
28Si9+ 
31P9+ 

32S9+ 
40Ca12+ 

56Fe15+ 
59Co15+ 

 

 
280 
75 
50 
45 
35 
29 
47 
28 
7 

20 

 
7Li pure metal (Oven) 
6Li pure metal (Oven) 
B10H14 (MIVOC) 
Mg pure metal (Oven) 
SiO2 (Rod)  
P2O5 (Oven) 
S grain (Oven)   
CaO (Rod) 
FeO (Rod) 
Co pure metal (Rod) 

 
180 
180 
99  

650 
1500 
563 
119 

2572 
1420 
1495 
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1. Introduction 
    Hyper-ECR ion source has been successfully 
used for RIKEN Azimuthal Varying Field (AVF) 
cyclotron as an injector and in the process of 
production of the multi-charged ion beams of 
high intensity [1]. A grating monochromator was 
installed at the Hyper-ECR ion source, and optical 
line intensities of gaseous and metallic ion beams 
were observed during tuning [2,3]. During beam 
tuning, the charge distribution of ions extracted 
from ECR plasma which has selected by a 
Faraday cup. After a q/m selected, the ion beam 
intensity was maximized. Since the ECR plasma 
can ionize any species in the plasma chamber, 
some background ions which have close q/m are 
contaminated in the beam. The separation of such 
contaminants are almost impossible only by using 
the magnet. Conceptual diagram of this work is 
shown in Fig. 1.� In this study the optical line 
spectra of multi-charged 24Mg8+ and 7Li3+ ions 
were measured and the relation between light 
intensity of optical line spectrum and their ion 
beam intensities was investigated. 
 

 
Fig. 1. Beam separation by an optical 
monochromator. Among the ions produced by the 
ECR plasma which have q/m=1/2, we observed 
the light emission from the 6Li3+ ions. 
 
2. Experimental set up 
    The straight course of the beam analyzer 
magnet of the hyper- ECR ion source is equipped 
with a fused quartz window. A grating 

monochromator (JASCO CT-25C) was located 
outside of the window and connected to a 
photomultiplier (Photosensor module H11462-031, 
Hamamatsu Photonics) [2,3]. The distance from 
the ECR plasma to the entrance slit of the 
monochromator is 1.5 m. The spectral bandwidth 
determined by the grating is 0.1 nm (FWHM). 
Gratings of 1200 lines/mm was used. L-37 and 
R-64 filters are used for preventing both second 
and third order light signals. The grating dial is 
remotely controlled. The light intensity spectra 
were recorded by a X-Y pen recorder. 
 
3. Results and discussions 
Figures 2 (a) and (b) show the optical line spectra 
of the Hyper-ECR plasma under the plasma 
chamber baking and during operation of 24Mg8+ 
ion beam respectively. High intensity 24Mg8+ ions 
were produced by the Hyper-ECR ion source 
using a metal rod method [1]. MgO rod was 
installed through the RF wall. The rod was heated 
by the ECR plasma. Before an ordinary beam 
tuning, a degassing of the plasma chamber must 
be conducted for one or two days.  
 

 
Fig. 2. (a) Optical line spectrum during chamber 
baking; (b) Optical line spectrum during 24Mg8+ 
beam tuning. 
 
During this process, a high RF power (~500W) 
has been sustained without a metal rod until 
obtaining a required vacuum condition. The light 
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intensities of Fe I and II lines were observed in 
the plasma during baking the chamber as shown 
in fig. 2 (a), because the previous beam time was 
56Fe15+ beam, and FeO rod method had been used 
for one week before the baking so that some of Fe 
atoms were attached to the plasma chamber. 
Plasma chamber is made of stainless steel. After 
baking the chamber, tuning of a 24Mg8+ beam was 
started. The light luminescence of Mg VIII was 
clearly observed as shown in Fig. 2 (b). Almost 
all Fe lines disappeared after baking. Usually, Fe 
and O optical lines are disturbing observation of 
the desired lines. Those contaminated lines are of 
a substantial number, and a major issue. In this 
operation we succeeded in reducing Fe line 
intensities drastically. However, it is not clear, 
whether Magnesium has a pomp effect like 
Titanium, or not. Mo I line was also observed in 
the spectrum. Molybdenum cover is usually used 
for a smooth heat transfer to the tip of the metal 
rod from the plasma [3]. Wavelengths of the lines 
were assigned in accordance with the NIST 
Atomic Spectra Database [4]. 
    Figure 3 shows an optical line spectrum of 
the Hyper-ECR plasma under operation for 7Li3+ 
ion beam. Light luminescence of 7Li III line was 
observed at λ = 449.83 nm. Figure 4 shows time 
charts of 7Li3+ beam current and 7Li III light 
intensity during beam tuning recorded by a pen 
recorder. The result clearly shows a linear 
correlation of these two values. Therefore, the 
light luminescence signal from the 
photomultiplier is obviously an essential 
information for tuning the only the beam 
interested. 
 

 
Fig 3. Optical line spectrum of 7Li III observed at 
λ = 449.83 nm. 
 
4. Conclusions 
    Optical emission spectroscopy of the ECR 
plasma has been proved to be a useful technique 
for tuning the ion source. By this method, the 
observation of the desired ion species in the 

plasma has been simplified, and tuning of the ion 
source without interrupting beam time by an 
observation of the light intensity voltage of 
photomultiplier was successfully demonstrated. In 
this experiment we conducted the 7Li3+ beam 
tuning. The 6Li3+ beam is thought to be a 
considerably more difficult to separate from He2+ 
and H2

+ etc. He gas is usually used as a 
supporting gas for keeping a necessary plasma 
condition. Therefore, a further development of 
our plasma observation technique must be 
needed. 
 

 
Fig. 4. Time charts of 7Li3+ beam intensity (down 
panel) and 7Li III light luminescence (upper 
panel) during beam tuning. In this figure both 
beam intensity and light intensity were increasing 
because of raising RF power from 442 to 445 W. 
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Large-scale shell model calculation project for double-beta decay
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Neutrino is a mysterious particle, which is a candidate
for the Majorana particle. The identification of neutrino
as the Majorana particle is expected to bring about a high
impact on physics that even requires the modification of
the standard model of electro-weak interaction. At present
such an identification can be verified only by observing
neutrino-less double-beta decay processes, where two types
of double-beta decay exist depending on whether neutrino
is emitted or not: zero-neutrino double-beta decay and two-
neutrino double-beta decay. There are more than 50 candi-
dates known as the double-beta decay nuclei, among which
the two-neutrino double-beta decay has been observed for
48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 150Nd,
and 238U [1]. Zero-neutrino double-beta decay and two-
neutrino double-beta decay are the processes:

AX → AY+ 2e−,

AX → AY+ 2e− + 2ν̄,

where X and Y mean the proton numbers satisfying Y-X=2,
and A denotes the mass number. Zero-neutrino double-beta
decay does take place only if the neutrino is the Majorana
particle, while two-neutrino double-beta decay takes place
if the neutrino is either the Majorana particle or the Dirac
particle. The lepton number conservation is violated in the
former case, but not in the latter case.

Two-neutrino double-beta decay has already been ob-
served, and the corresponding half-life is measured. The
half-lives of the double-beta decay are represented by

[T 0ν
1/2]

−1 = G0ν |M0ν |2 m2
ββ , (1)

[T 2ν
1/2]

−1 = G2ν |M2ν |2, (2)

where T n
1/2, Gn, and Mn are the half life, the phase space

factor and the nuclear matrix element, respectively; the in-
dex n = 0ν corresponds to the zero-neutrino double-beta
decay, and n = 2ν to the two-neutrino double-beta de-
cay. Here mββ denotes the effective mass of neutrino, so
that zero-neutrino double-beta decay takes place only if
mββ is not equal to zero. It is worth mentioning that the
neutrino oscillation has been observed, which is a strong
suggestion for neutrino to have nonzero mass. There are
many experimental efforts to observe zero-neutrino double-
beta decay all over the world: e.g., AMoRe, CANDLES,
COBRA, CUORE, DCBA/MTD, EXO, GAGG, GERDA,
KamLAND-Zen, LUCIFER, Majorana, MOON, NEXT,
SNO+, SuperNEMO, Xe ELCC, XMASS, and Zr-loaded
LS. In these experiments the half-life of zero-neutrino
double-beta decay is expected to be measured. If it is mea-
sured, the effective mass of neutrino is determined by means
of Eq. (1).

m−2
ββ = G0ν |M0ν |2 T 0ν

1/2.

Table 1: Concerning the double-beta decay of 48Ca, m-
scheme diagonalization dimension is shown for two differ-
ent conditions. The model space and the truncation adopted
in shell calculations are presented in the first column. The
dimension in case of “sdpf , 0~ω” is exactly the same as
that in case of “pf , no truncation”.

48Ca (0+) 48Ti (0+) 48Sc (1+)
sdpf , 0~ω 12,022 634,744 135,741
sdpf , 2~ω 108.21 109.30 108.85

Since the neutrino mass is quite light, the precise calcula-
tion of M0ν is indispensable. Indeed, the twice of M0ν

value results in the half value of the mass, while the twice
of G0ν value or T 0ν

1/2 value results in 1/
√
2 times smaller

value of the mass. The precise calculation of M0ν is the
primal aim of our project.

The large-scale shell model calculations are carried out,
where the shell model code KSHELL [2] is used. KSHELL,
which is designed for the hybrid parallelization (MPI and
OpenMP parallelization) available in the latest supercom-
puters, realizes the diagonalization of matrix based on the
Lanczos method. The ultimate goal of our research project
is, for the candidate nuclei, to present the matrix element of
zero-neutrino double-beta decay with the highest accuracy
so far, and to predict both possible half-life of neutrino-less
double-beta decay and possible effective mass of neutrino.
This project is executed as one of the HPCI Strategic Pro-
gram for Innovative Research (SPIRE) Field 5 “The ori-
gin of matter and the universe” [3]. Among HPCI facili-
ties in Japan, FX10 supercomputer system at the Informa-
tion Technology Center, The University of Tokyo has been
exploited as far as the research for the double-beta decay
is concerned. The FX10 supercomputer system consists
of Oakleaf-FX and Oakbridge-FX, where the total theo-
retical performance of Oakleaf-FX and Oakbridge-FX are
1.1300 PFLOPS and 0.1362 PFLOPS, respectively. This
system enables us to take the model space as large as the
two-major shell, in which the excitation across the two dif-
ferent major shells can be taken into account.

In terms of increasing the precision of the calculations, it
is preferable to choose one of the candidate nuclei, whose
two-neutrino double-beta decay half life and the corre-
sponding Gamow-Teller transition strength are known. In
particular, the results form Gamow-Teller transition exper-
iments provide rather detail constraint on the structure of
initial and final states of double beta decay. Accordingly
we have decided to begin with studying the double-beta de-
cay of 48Ca, where 48Ca is the lightest double-beta decay
candidate. Particularly we performed two-major shell cal-
culations (considering sd and pf shells) of 48Ca. Since the
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Figure 1: Adjustment of the gap between sd-shell and pf -
shell. The vertical axis (corresponding to the criterion)
shows the excitation energy of second 0+ state of 48Ca. The
experimental value is taken from Ref. [7].
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Figure 2: Energy levels of 1+ states of 48Sc. The energy
along the vertical axis is that measured from the first 1+

state of 48Sc. Experimental values are taken from Ref. [8],
in which the Gamow-Teller transition up to 5.0 MeV from
the ground state (corresponding to 2.47 MeV from the first
1+ state of 48Sc in experiment) has been observed. The
former one-major shell calculation employing GXPF1A [9]
is shown for comparison.

size of two-major shell calculations is quite large, it is nec-
essary to introduce suitable truncation. Here we truncate the
possible excitations up to 2~ω. The dimension of the matrix
in the calculations are shown in Table I, where in fact more
than 1010 dimension is necessary to perform non-truncated
calculation in sdpf -shell.

In terms of studying zero-neutrino double-beta decay of
48Ca, a procedure consisting of two steps is scheduled. In
the first step, utilizing existing two kinds of experimental
data as reference, we find/obtain nuclear interaction with
the precise description of two-neutrino double-beta decay,
and we obtain precise initial, final and virtual intermediate
states. In the second step, utilizing those obtained in the first
step, we calculate the matrix element of zero-neutrino pro-
cess. That is, the two-neutrino double-beta decay is mainly
considered in the first step, and the zero neutrino double-
beta decay is considered in the second step.

SDPF-MU interaction [4] is employed in our launch cal-
culation to investigate

48Ca →48 Ti + 2e− + 2ν̄.

The obtained result does not provide so precise description
as reproducing the high energy part of the Gamow-Teller

transition strength (for the detail, see Figures of Ref. [5]). In
Ref. [5] one crucial factor for such a discrepancy has been
pointed out to be a small number of proton excitation in the
second 0+ state of 48Ca (see Table I of Ref. [5]). Indeed,
0+ state of 48Ca is experimentally suggested to be a proton
excitation state [6]. It is expected that the gap between sd
and pf shells are so large that the proton excitation from
sd to pf shells is hindered. We adjust the gap by reducing
the single particle energies of the pf -shell orbits (for both
protons and neutrons). The gap-adjustment incremented by
0.10 MeV (Fig. 1) for fitting the excitation energy of sec-
ond 0+ state of 48Ca shows that the suitable reduction of
the gap is 2.40 MeV. The energy levels obtained after the
adjustment is compared to the experiment in Fig. 2. Several
levels are obtained around the observed state at 2.26 MeV
by the SDPFMU-db interaction (adjusted one), while the
corresponding level is missing in case of GXPF1A interac-
tion.

The adjustment brings about more proton excitation
across the major shells. For the second 0+ state of 48Ca
the excited proton number across the shell is up to 1.64 (for
non-adjusted case, see typically 0.10 to 0.25 as in Table
I of [5]). As a result, the proton and neutron excitations
across the major shells are mixed into the initial and final
states; the corresponding proton and neutron numbers are
0.27 and 0.17 for the ground state of 48Ca, and 0.37 and
0.29 for the ground state of 48Ti, respectively.
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The structure of exotic nuclei around N = 28 has re-
cently received much attention from the viewpoint of shell
evolution because the N = 28 magic number disappears
in 42Si [1]. The N = 28 isotone 44S has also very inter-
esting properties. The B(E2; 2+1 → 0+1 ) value indicates
moderate deformation in spite of the N = 28 singly magic
nucleus, and the very low-lying 0+2 state suggests shape co-
existence. Most surprisingly, the E2 transition from 4+1 to
2+1 is strongly hindered: B(E2; 4+1 → 2+1 ) < 1 W.u. [2].
A similar strong hindrance in the E2 transition is also ob-
served for the E2 decay from 7/2+1 to 3/2+1 in 43S [3].
While the shell-model calculation well reproduces those ex-
otic isomeric states [2], the origin of the isomerism is quite
ambiguous. This is partly because the shell-model calcula-
tion does not directly give intrinsic properties. The present
study aims at clarifying the nature of isomerism in sulfur
isotopes by performing state-of-the-art beyond-mean-field
analyses in the shell model [4].

The shell-model calculations are carried out in the π(sd)-
ν(pf) shell using the SDPF-MU interaction [5]. As pre-
sented in Ref. [5], those shell-model calculations well re-
produce the structure of exotic nuclei in the N ∼ 28 region
including the disappearance of the N = 28 magic num-
ber in 42Si. In order to deduce the intrinsic properties of
shell-model wave functions, we conduct the variation af-
ter angular-momentum projection (AM-VAP) calculation in
the shell-model space. The wave function adopted in the
AM-VAP is

|IMσ⟩AM−VAP =
∑
K

gIMσ
K P̂ I

MK |Φ(IMσ)⟩, (1)

where P̂ I
MK denotes the usual angular-momentum pro-

jection operator with I , M and K denoting the to-
tal angular momentum and its z components along
the laboratory and intrinsic frames, respectively, and
each state with a given (I,M) is labeled with σ.
|Φ(IMσ)⟩ is a Slater determinant, and is thus re-
garded as the intrinsic state of |IMσ⟩AM−VAP. The
form of |Φ(IMσ)⟩ and the coefficient gIMσ

K , which
characterizes the mixing between different K values,
are determined to minimize the energy E(Iσ) =
⟨IMσ|H|IMσ⟩AM−VAP/⟨IMσ|IMσ⟩AM−VAP.

In Fig. 1, the energy levels calculated with the AM-VAP
are compared with experimental data and those of the full
shell-model calculation. The AM-VAP calculation success-
fully reproduces the anomalously hindered B(E2; 4+1 →
2+1 ) value as well as the full shell-model calculation. The
similarity between the full shell-model AM-VAP results is
confirmed from the overlap probabilities between the wave
functions obtained by those two calculations. For the states
shown in Fig. 1, those overlap probabilities are greater than
0.8. Thus, it is quite reasonable to discuss many-body prop-
erties in 44,43S on the basis of the AM-VAP states.
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Figure 1: Energy levels and B(E2) values (in e2fm4) in
44,43S compared among experiments (Expt.), the full shell-
model calculation (Full Calc.), and the AM-VAP approx-
imation to the shell model (AM-VAP). The spin-parity is
denoted as Jπ for 44S and 2Jπ for 43S.

The intrinsic properties of each state are obtained di-
rectly from the Slater determinant |Φ(IMσ)⟩. The intrinsic
quadrupole moments Q0 and Q2 are defined as its expec-
tation values of the mass quadrupole operators r2Y20 and
r2Y22, respectively, where the intrinsic axes are determined
to diagonalize the quadrupole tensor and to satisfy the order
⟨Qzz⟩ ≥ ⟨Qxx⟩ ≥ ⟨Qyy⟩. Using Q0 and Q2, the deforma-
tion parameters β and γ are extracted in the usual way [6].
Since the intrinsic axes are thus determined, theK quantum
number is well defined apart from its sign. The distribution
of K, which is normalized to unity, is calculated by follow-
ing the method described in Ref. [6].

The intrinsic properties of 44S, including the distribution
of K and deformation parameters β and γ, are listed in
Table 1. The 0+1 , 2+1 , 4+2 and 6+1 states are dominated by
the K = 0 configurations as expected for the ground-state
band, while the K = 1 component enlarges with increasing
spin due to the Coriolis coupling. On the other hand, the 4+1 ,
5+1 and 6+2 states are dominated by the K = 4 configura-
tions. Although the possibility of the dominance of K = 4
in the 4+1 level was mentioned in Ref. [2], this suggestion
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Iπσ |K| β γ
0 1 2 3 4 5 6

0+1 1.00 0.24 33
2+1 0.98 0.00 0.01 0.26 23
4+2 0.92 0.08 0.00 0.00 0.00 0.28 14
6+1 0.76 0.23 0.01 0.00 0.00 0.00 0.00 0.28 13
4+1 0.00 0.00 0.00 0.07 0.93 0.23 28
5+1 0.00 0.00 0.01 0.08 0.85 0.07 0.23 24
6+2 0.00 0.01 0.01 0.14 0.80 0.04 0.00 0.23 26

Table 1: Distribution of |K| and deformation parameters
(β, γ) (γ: in deg.) in the AM-VAP states for 44S.

was rather hypothetical based on a naive analogy to heavy
nuclei. The succeeding microscopic calculations [7, 8] do
not support the K = 4 hypothesis of Ref. [2]. Hence, the
present calculation is the first to unambiguously show the
dominance ofK = 4 in the 4+1 level of 44S. TheK forbide-
ness ∆K − ν = 2, where ν is the multipolarity of γ ray,
accounts for the strong hindrance of the E2 decay from 4+1 .

The 4+1 state in 44S is classified as one of the high-K
isomers which are observed in heavier-mass regions. It is
widely accepted that high-K isomers occurs only in nuclei
having stable axially-symmetric deformation in order that
the K quantum number is conserved. In the case of 44S,
the 4+1 state has an approximately good quantum number in
spite of significant triaxiality as presented in Table 1. The
present analysis shows that although strong K mixing oc-
curs in the intrinsic state |Φ(4+1 )⟩, the resulting AM-VAP
state |4+1 ⟩AM−VAP in Eq. (1) has an approximately good K
number after diagonalizing the Hamiltonian in theK space.
Thus, this is a new kind of high-K isomer.

What is still unclear is why theK = 4 state lies below the
normal K = 0 state in 44S. The structure of 43S provides
crucial information on this question. As presented in Fig. 1,
the 7/2−1 state is located very close to the ground state and
its E2 strength between them are quite small [3]. A similar
AM-VAP analysis is done for 43S and the resulting intrin-
sic properties are displayed in Table 2. This E2 hindrance
is also due to the K forbideness: the 3/2−1 and 7/2−1 states
are dominated byK = 1/2 andK = 7/2, respectively. The
K = 1/2 and K = 7/2 states are regarded as the Ω = 1/2
and Ω = 7/2 one-quasiparticle states on top of the 42S core,
respectively, where Ω stands for the z component (in the in-
trinsic frame) of the angular momentum for a quasiparticle
state. Since those quasiparticle levels lie very close from ex-
perimental 3/2−1 and 7/2−1 levels in 43S, two-quasiparticle
states occupying Ω = 1/2 and/or Ω = 7/2 become low-
lying states. The possible two-quasiparticle states in 44S
are two K = 0 states ((νΩ = 1/2)2 and (νΩ = 7/2)2),
a K = 4 state (νΩ = 1/2 ⊗ νΩ = 7/2), and a K = 3
state (νΩ = 1/2 ⊗ νΩ = 7/2). The K = 4 state is higher
than the K = 0 states in terms of the intrinsic energy even
though the Ω = 1/2 and Ω = 7/2 levels are degenerate
because pairing correlation lowers the K = 0 state alone.
One the other hand, high-K states have smaller energy loss
in rotational energy which amounts to (I(I+1)−K2)/2I.
Here we consider the competition of the 4+ states with
K = 0 and K = 4. The pairing energy estimated from the
binding energies of 43−45S is about 2.5 MeV, which corre-
sponds to the excitation energy of the 4+ level dominated
by K = 4. The 4+ level dominated by K = 0 estimated
from the experimental 2+1 level in 44S and a normal ratio

Iπσ |K| β γ
1/2 3/2 5/2 7/2 9/2 11/2

1/2−1 1.00 0.27 15
3/2−1 0.98 0.02 0.25 17
5/2−1 0.97 0.03 0.00 0.27 16
7/2−2 0.96 0.04 0.00 0.00 0.25 16
9/2−2 0.96 0.04 0.00 0.00 0.00 0.28 15
11/2−1 0.91 0.09 0.00 0.00 0.00 0.00 0.25 16
7/2−1 0.00 0.01 0.01 0.98 0.22 31
9/2−1 0.00 0.01 0.04 0.95 0.01 0.23 31

11/2−2 0.00 0.01 0.01 0.08 0.03 0.87 0.25 37

Table 2: Same as Table 1 but for 43S.

Ex(4
+)/Ex(2

+) = 2.5 is about 3 MeV. The competition
between pairing energy and rotational energy thus accounts
for the reason why the 4+ level withK = 4 is located lower
than the one with K = 0.

In this way, we are successful in giving a unified and
comprehensive picture about the occurrence of isomeric
states in neutron-rich sulfur isotopes.
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Ab initio calculations have recently started for light nu-
clei A ≤ 14. One example is the Green’s function Monte
Carlo (GFMC) [1] approach. In its analysis of A = 8
nuclei, the two-α-cluster shape emerges a priori from the
density distribution. This achievement is important for the
shell-model calculations. The problem when we use the
usual shell-model space is that the single-particle orbits are
expanded around the one center of the harmonic oscillator
potential. Therefore, discussions for the α-cluster configu-
ration in view of intrinsic shape has been difficult so far. Re-
cently, the size of the model space which is tractable in the
shell-model calculation has increased due to the develop-
ment of parallel computers and methodology of shell-model
calculations. In fact, the deformation and cluster-like shape
for Li isotopes have been investigated by using no core full
configuration (NCFC) approach [2]. Another approach is
the Monte Carlo shell model (MCSM) [3] method which
has been applied to various nuclei by using recent paral-
lel computers with sophisticated energy-minimum search
where the conjugate gradient method and energy-variance
extrapolation [4, 5] are combined.

In this report, we show the exsitence of the α-cluster
strucutre based on the MCSM. We focus on the ground state
of 8,10Be which are expected to have the two-α-cluster con-
figuration. In the case of 10Be, the density for the valence
neutrons is discussed. We extend the size of the model
space from the previous study [6] by taking large number
of basis states into account. The detail of the definition of
the intrinsic wave function based on the MCSM has been
discussed in Refs. [5, 7]. In Fig. 1, the proton densities for
the 0+ ground state of 8Be are shown. Here, the densities
in the laboratory system, which have spherical shape are
shown in the left figures. The densities of the wave function
Φ (before alignment) are shown in the middle figures. The
intrinsic densities of the wave function Φintr are shown in
the right figures.

Here, we use the JISP16 NN interaction which repro-
duces NN scattering data and properties of deuteron and
other light nuclei [8]. We depict the density of Φintr by
changing the number (Nb) of the bases states, which are
described by a Slater determinant of Φ. As shown in the
results of Nb = 1, a clear deformation and its neck struc-
ture to be called dumbbell shape appear. We can see that as
the number of the Slater determinants increases, the densi-
ties before the alignment (middle) becomes vaguer because
of the mixture of different directions of principal axes of the
basis states. On the other hand, the intrinsic densities (right)
have clearer dumbbell-like structure for any Nb. In addi-
tion, the density distribution of the intrinsic state is almost
unchanged with respect to Nb. This result indicates the ap-
pearance of cluster structure. Since the number of particles
for opposite sides of the principal axis is almost the same,
this state can be considered as two α clusters. This result is
similar to that of the GFMC [1].

Figure 1: 8Be proton densities in the laboratory system
with J-projected states, (left) and before alignment of prin-
cipal axes of unprojected basis states, (middle) and of in-
trinsic state (right) for variousNb and slices along yz plane.
The numbers of basis states are Nb = 1, 10 and 100 for the
lower, middle and upper figures, respectively. Slices along
yz plane are x = 0 fm plane for each figure. The size of
each box is 8 × 8 fm2. The model space and harmonic os-
cillator energy are Nshell=4 and ~ω=20 MeV, respectively.

Figure 2: The densities of the 0+ ground state for 10Be
are shown. The number of basis states is Nb = 100. The
model space and harmonic oscillator energy are Nshell=4
and ~ω=25 MeV, respectively. The intrinsic densities for
matter and valence neutrons are shown (left and right fig-
ures, respectively).

We perform the same analysis for the 0+ ground state of
10Be. Here, we use the number of major shell, Nshell=4
and harmonic oscillator parameter, ~ω=25 MeV. The wave
function is determined by the conjugate gradient method,
where the number of basis states is Nb = 100. We de-
pict the densities as shown in Fig. 2. The valence-neutron
density is estimated by subtracting the proton density from
the neutron density. We find the 8Be-like core in the mat-
ter density which has two-α-cluster structure. We see that
the valence neutrons are located mainly at z ∼ 0 region.
The asymmetric distribution indicates the appearance of the
correlation between the valence neutrons. This picture is
consistent with the behavior of π-orbit in the molecular or-
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bital model of 10Be [9]. However, it is necessary to clar-
ify whether the present analysis is valid with larger model
spaces with respect to Nshell. The effects of the Coulomb
interaction and contamination of spurious center of mass
motion should be studied in the future.

This work has been supported by the SPIRE Field 5 from
MEXT, and the CNS-RIKEN joint project for large-scale
nuclear structure calculations. We would like to thank Prof.
Pieter Maris, Prof. James P. Vary and Prof. Yutaka Utsuno
for fruitful discussions. The numerical calculations were
performed on the T2K Open Supercomputers at the Univer-
sity of Tokyo and Tsukuba University.
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GPGPU application to the Monte Carlo shell model
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General-Purpose computing on the Graphics Processing
Unit (GPGPU) can be implemented with comparative ease
in the Monte Carlo shell model since the main computa-
tional problems are attributed to the operations of matrices
and/or vectors in the computation of the Hamiltonian matrix
elements. Recent computation with a Graphics-Processing-
Unit (GPU) accelerator demonstrates greater performance
for matrix operations than CPU computing [1]. Hence, we
attempt to apply GPGPU to the computation of Hamiltonian
matrix elements in the Monte Carlo shell model for higher
performance. In our work, the CPU computing is also as-
signed to operations which are not well suited for the GPU
computing such as hybrid CPU-GPU platforms [2]. The
detail of this work is reported in [3].

The computational method is summarized in the follow-
ing. The Slater determinant of the state q in the Monte Carlo
shell model is represented as

|Φ(q)⟩ = P Jπ

MK

Nf∏
i

(
Ns∑
l

D(q)lic
†
l

)
|−⟩,

where P Jπ

MK is the projection operator for a give spin and
parity (Jπ), Nf and Ns are the numbers of fermions re-
garded as nucleons and the number of single-particle states
of a harmonic-oscillator orbit, respectively. D(q)li is a
complex Ns × Nf (Ns ≥ Nf ) matrix and c†l is a creation
operator which generates the single-particle state of a nu-
cleon from a vacuum |−⟩. The main computational problem
is attributed to calculate the norm and Hamiltonian matri-
ces. The norm matrix N(q′, q) and the Hamiltonian matrix
H(q′, q) are written as

N(q′, q) =

Nm∑
r

W rdet
(
D(q′)† ·D(qr)

)
,

H(q′, q) =

Nm∑
r

W rdet
(
D(q′)† ·D(qr)

)
H0(q′, qr),

where qr denotes the rotated state of q by a Euler angle Ωr,
W r is the WignerD function for Ωr, andNm is the number
of mesh points for a three-dimensional integration over the
Euler angle in the Jπ projection. H0(q′, qr) is written as

H0(q′, qr) =

Ns∑
l1l2

tl1l2 ρl2l1(q
′, qr)

+
1

2

Ns∑
l1l2l3l4

ρl3l1(q
′, qr) v̄l1l2,l3l4 ρl4l2(q

′, qr),

where tl1l2 and v̄l1l2,l3l4 denote the one- and two-body ma-
trix elements, respectively, and ρ(q′, qr) is the density ma-
trix: ρ(q′, q) = D(q) ·

(
D(q′)† ·D(q)

)−1 · D(q′)†. The

numerical calculation directly using the above equation is
inefficient because v̄l1l2,l3l4 is very sparse. Hence, we con-
vert the sparse matrix v̄l1l2,l3l4 into the block-dense matrix
as described in [4]:

1

2

Ns∑
l1l2l3l4

ρl3l1(q
′, qr) v̄l1l2,l3l4 ρl4l2(q

′, qr)

=
1

2

∑
∆m

∑
k′k

ρ̃ (−∆m, q′, qr)k′ ×

ṽ (−∆m,∆m)k′k ρ̃ (∆m, q′, qr)k,

where the sets of (l1, l3) and (l2, l4) with ∆m13 = jz(l1)−
jz(l3) and ∆m24 = jz(l2) − jz(l4) being ∆m13 =
−∆m24 = −∆m, respectively, are indexed by k′ and
k. This equation is regarded as a t(vector) × (matrix) ×
(vector) operation to be tρ̃ · ṽ · ρ̃ =

∑
∆m

tρ̃(−∆m) ·
ṽ(−∆m,∆m) · ρ̃(∆m). The (matrix) × (vector) opera-
tion ṽ · ρ̃, which costs most of the computational time, is
repeated a number of times for different ρ̃’s: ṽ · ρ̃(1),...,
ṽ · ρ̃(Nm). By binding Nb’s vectors ρ̃(1), ..., ρ̃(Nb) into a
matrix θ ≡ (ρ̃(1), ..., ρ̃(Nb)), repeated (matrix) × (vector)
operations are carried out by a (matrix) × (matrix) opera-
tion ṽ · θ. Here, Nb can be chosen arbitrarily as the chunk
parameter. In the previous work [4], the matrix multiplica-
tion of ṽ · θ computed by the BLAS interface allowed us to
achieve efficient performance in the CPU computing. In the
present work, the computation of ṽ · θ is performed by the
cuBLAS [1] interface on a GPU device.

As the computational benchmark system, we consider the
0+ states composed of eight protons and eight neutrons with
no inert core, i.e., 16O, and the Hamiltonian is taken as a
JISP16 interaction [5]. We introduce Nshell as the number
of major shells and adopt the model space for Nshell = 4,
5, 6 and 7. For the measurement of estimating the elapsed
time, we compute the Hamiltonian matrix elements among
5 different Slater determinants, which lead to 15 different
matrix elements due to the Hermiticity of the Hamiltonian
matrix.

The present computational environment is composed of
an AMD Opteron 6274 processor with a clock speed of 2.20
GHz and a NVIDIA Tesla K20X GPU accelerator. The the-
oretical peak performance of the CPU is 17.6 GFLOPS per
a CPU core. The GPU accelerator has the theoretical peak
performance of 1.31 TFLOPS for double precision. Our
code, written in Fortran 90/95/2003, is compiled by PGI
Accelerator Fortran Compiler Version 13.10 with the option
to designate NVIDIA CUDA Version 5.0.

Figure 1 shows the GPU computing achieves about 42
and 27 times better performance of the single-threaded pro-
cess of the CPU in the case of Nshell = 7 for the two-body
part in Hamiltonian matrix elements and total computation,
respectively. In Fig. 2, the performance of the GPU in
FLOPS shows the execution efficiency reaches about 50%
of the theoretical peak performance of 1.31 TFLOPS for
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Figure 1: Speedup of the performance of the GPU comput-
ing to the single-threaded process of the CPU for the two-
body part in Hamiltonian matrix elements labeled ’2-body’
and total computation labeled ’total’ in each Nshell.
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Figure 2: Performance in FLOPS of the GPU computing
for the two-body part in Hamiltonian matrix elements in
each Nshell.

the computation of Nshell = 7. While the performance
of the single-threaded process of the CPU changes slightly
from about 10 to 15 GFLOPS with the increase of Nshell,
which represents the saturation of the performance of the
CPU process, the performance of the GPU computing is
improved gradually for larger model space. The present re-
sults demonstrate the applicability with high performance
of GPGPU for the case of large model space in the Monte
Carlo shell-model calculation. However, since the memory
size of the two-body matrix elements ṽ requires more giga-
bytes for Nshell ≥ 8 as shown in Fig. 3 of [4], in the larger
model space, one GPU computing would not be feasible and
it would be indispensable to introduce multi-GPGPU envi-
ronment. We now extend this computation to multi-GPU
parallelization.

This work is supported by High Performance Comput-
ing Infrastructure (HPCI) Strategic Programs for Innova-
tive Research (SPIRE) Field 5 from MEXT. We acknowl-
edge Mr. A. Naruse, Dr. S. Morino, and Mr. Y. Hirano at
NVIDIA for fruitful discussions and comments.
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Code development for nuclear shell-model calculations
N. Shimizu

Center for Nuclear Study, Graduate School of Science, University of Tokyo

Nuclear shell-model calculation has been playing an impor-
tant role to understand low-energy nuclear physics [1, 2].
In shell-model calculations, we usually use a harmonic-
oscillator basis as a single-particle orbit, and define a certain
group of active orbits (e.g. valence shell) as a model space.
Then, we solve many-body problem including many-body
correlation fully inside the model space and discuss physi-
cal quantities, such as low-lying spectra. The contribution
from outside the model space is renormalized into the ef-
fective interaction.

The simplest representation for many-body basis state is
called “M-scheme” state and described as

|Mi⟩ =
A∏

α=1

c†
M

(α)
i

|−⟩ (1)

where A, |−⟩ are a number of active nucleons and an in-
ert core, respectively. The c†

M
(α)
i

denotes a creation oper-

ator of the singles-particle state, M (α)
i . M

(α)
i denotes a

single-particle state which is occupied by α-th active nu-
cleon. Mi = {M (1)

i ,M
(2)
i , ...,M

(A)
i } is called “config-

uration” and means that 1st, 2nd, ..., A-th particles oc-
cupy M

(1)
i ,M

(2)
i , ...,M

(A)
i single-particle states respec-

tively. Since the model space is completely spanned by the
M -scheme basis states, the shell-model wave function is
expressed as a linear combination of them such as

|Ψ⟩ =
D∑
i=1

vi|Mi⟩. (2)

The number of theM -scheme basis,D, is calledM -scheme
dimension. The coefficients vi are obtained by solving
Schrödinger’s equation in M -scheme such as

D∑
j=1

⟨Mi|H|Mj⟩vj = Evi. (3)

The D tends to be huge and, for example, reaches 109

in the case of 56Ni with pf -shell model space. Therefore,
it is important to develop a computer program for utilizing
supercomputers in order to solve Eq.(3) efficiently.

In the last two decades, more than a dozen of shell-model
codes had been developed (e.g. [3–8]). However, there
is no code which is available to the public and applicable
to MPI parallel computation still now. Hence, we devel-
oped a new code “KSHELL” fully from scratch for mas-
sive parallel computation with OpenMP-MPI hybrid. This
code is written in Fortran 95 with ISO TR15581 extension.
It is equipped with dialogue-type user interface written in
python 2.

In KSHELL, Eq.(3) is solved numerically utilizing
Thick-Restart Lanczos method [9], which is a kind of the
Lanczos method and suppresses the number of the Lanczos
vectors causing the reduction of reorthogonalization pro-
cess. During the Lanczos iteration, the state vector is pro-
jected out to a good total-angular-momentum state option-
ally. This projection is performed by doing the Lanczos

method recursively to minimize the expectation value of to-
tal angular momentum. This option is convenient for the
computation of highly excited non-yrast states.

In the Lanczos algorithm, the bottle neck of computa-
tion is matrix-vector product. The code is based on the M -
scheme basis and proton-neutron factorization algorithm
similarly to some preceding codes [5–7]. The matrix-vector
product is performed with “on-the-fly” generation of the
Hamiltonian matrix elements utilizing proton-neutron fac-
trorization of a M -scheme basis. An M -scheme basis state
is expressed and manipulated by the bit representation ef-
ficiently. The basic concept of this algorithm is found at
Ref. [7].

In order to fit massive parallel computation and to apply
arbitrary truncation scheme, the whole M -scheme space is
split into subspaces by specifying the occupation numbers
of each single-particle orbit and z-component of angular
momentum of protons. A unit of this subspace is called
a “partition” or a “sector”. We split the matrix-vector prod-
uct into small parts corresponding to these partitions and
calculate them in parallel.

A major restriction of the capability of large-scale shell-
model calculations is the necessity of large memory. In
practical calculations, at least two Lanczos vectors should
be stored on main memory for efficient matrix-vector mul-
tiplication. The size of the two Lanczos vectors reaches
huge, e.g. 80GB in the case of 1010 dimension, and sur-
passes typical memory size of a PC. This restriction is over-
come by splitting the Lanczos vectors in units of “partition”
and distributing them on the main memories of MPI nodes
on an equal footing. Moreover, utilizing a large number of
nodes allows us to store the whole Lanczos vectors (∼ 100
vectors) on memory. It shortens the time to reorthogonalize
these Lanczos vectors drastically.
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Figure 1: Parallel performance of “KSHELL” code at K
computer and FX10 supercomputer. The lines are shown to
guide the eye.

Figure 1 shows the parallel performance of KSHELL at
K computer and FX10 supercomputer at the University of
Tokyo. We measured the computation time of the Lanc-
zos one iteration for 56Ni with pf shell and KB3 interac-
tion [10]. The inverse of time is plotted against the number
of CPU cores . The computation time is in inverse propor-
tion to the number of CPU core almost perfectly. It shows
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good strong scaling up to 8192 cores at FX10. Utilizing
8192 cores, it takes 145 seconds to compute the ground-
state energy of 56Ni in pf -shell, corresponding the eigen-
value problem of 1,087,455,228-dimension matrix. This
code copes with O(1010)M -scheme dimension and, hope-
fully, larger dimension. This code runs also on a PC and its
performance scales almost perfectly to the number of CPU
cores with OpenMP threads.

This code can also compute quadrupole and magnetic
moments, and E2 and M1 transition probabilities without
additional manipulation. Three-body force is out of its pur-
pose.

This development is supported by a Grant-in-Aid for Sci-
entific Research (25870168) from JSPS, the HPCI Strate-
gic Program field 5 from MEXT, and the CNS-RIKEN
joint project for large-scale nuclear structure calculations.
We utilized K computer at RIKEN AICS (hp130024), and
FX10 supercomputer at the University of Tokyo. I ac-
knowledge Profs. Y. Utsuno, T. Mizusaki, Y. Tsunoda, M.
Honma, and T. Otsuka for their valuable discussions.
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Laboratory Exercise for Undergraduate Students
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Nuclear scattering experiments were performed as a labo-
ratory exercise for undergraduate students of the University
of Tokyo. This program was aiming at providing under-
graduate students with an opportunity to learn how to study
subatomic physics by using an ion beam from an accelera-
tor. In 2013, 31 students attended this program.

The four beam times were scheduled in the second
semester for third-year students, and 8 students participated
in each beam time. The experiments were performed at
the RIBF using a 26-MeV alpha beam accelerated in the
AVF cyclotron. The alpha beam extracted from the AVF
cyclotron was transported to the E7B beam line in the E7
experimental hall. The scattering chamber has two separate
target ports which enable us to perform two independent
experiments. In each beam time, the students were divided
into two groups and took one of the following two subjects:

1. Measurement of elastic scattering of incident alpha
particle with 197Au, to learn how to determine nu-
clear size.

2. Measurement of gamma rays emitted from the cas-
cade decay of highly excited 154Gd and 184Os, to
learn on the nuclear deformation.

Before the experiment, the students took a course on the
basic handling of the semiconductor detectors and elec-
tronic circuits at the Hongo campus, and attended a radi-
ation safety lecture at RIKEN. They also joined a tour to
the RI beam factory at RIKEN.

In the α+197Au measurement, the Au target with a thick-
ness of 1.42 mg/cm2, and α particles scattered from the Au
target were detected using a silicon PIN-diode located 11
cm away from the target. A collimator with a diameter of 6
mm was attached on the silicon detector. The energy spec-
trum of the scattered α particles was recorded by a multi-
channel analyzer (MCA) system. The beam was stopped by
a Faraday cup in the scattering chamber. The cross section
for the alpha elastic scattering was measured in the angular
range of θlab = 25−160◦.

The measured cross section was compared with the cal-
culated cross section for the Rutherford scattering. The
cross section was also analyzed by the potential model cal-
culation, and the radius of the gold nucleus was discussed.
Some students obtained the radius of ～10 fm by using a
classical model where the trajectory of the α particle in the
nuclear potential is obtained using the Runge-Kutta method.
Others tried to understand the scattering process by calcu-
lating the angular distribution using the distorted wave Born
approximation method with a Coulomb wave function and
a realistic nuclear potential.

In the measurement of gamma rays, excited states in
154Gd and 184Os nuclei were populated by the 152Sm(α,2n)
and 182W(α,2n) reactions, respectively. The gamma rays
emitted from the cascade decay of the rotational bands were
measured by a high-purity germanium detector located 50-
cm away from the target. The energy of the gamma ray

were recorded by the MCA system. The gain and the effi-
ciency of the detector system had been calibrated with stan-
dard gamma-ray sources of 22Na, 60Co, 133Ba, and 137Cs.
The gamma rays from the 10+ and 8+ states in 154Gd and
184Os were successfully identified. Based on the energies
of the gamma rays, the moment of inertia and the defor-
mation parameters of the excited states were discussed by
using a classical rigid rotor model and a irrotational fluid
model. The students found that the reality lies between the
two extreme models. The initial population among the lev-
els in the rotational band was also discussed by taking the
effect of the internal conversion into account.

It was the first time for most of the students to use large
experimental equipments. They learned basic things about
the experimental nuclear physics and how to extract physics
from the data. We believe this program was very impres-
sive for the students. The authors would like to thank
Dr. Y. Uwamino, the CNS accelerator group, and the RIBF
cyclotron crew for their helpful effort in the present pro-
gram.
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Irradiation of 7Be and 22Na beams for wear diagnostics application
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In order to develop a method for wear diagnostics of
industrial material using RI beams as tracers [1], irradia-
tion experiments of intense 7Be and 22Na beams were per-
formed using CRIB facility. These experiments were sched-
uled under the collaborative research agreement among
RNC, CNS and private companies. RI nuclei are implanted
in a near surface of the machine parts, and its wear-loss
is evaluated by the decrease in the measured radioactivity.
Continuous detection of γ rays from the outside of the ma-
chine enables real-time diagnostics of wear in running ma-
chines. For this purpose, intense beams of RI nuclei 7Be
(T1/2 = 53d) and 22Na (T1/2 = 2.6y) were provided using
CRIB.

The 7Be beam was produced via p(7Li,7Be)n reaction.
A primary beam of 7Li2+ with the energy of 5.7 MeV/u
and intensity of 1.7 particle µA (pµA) in average was in-
troduced to the cryogenic H2 gas target. 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 30 slm . The
calculated energy loss in the gas target was 1.4 and 5.9 Watt
at the exit Havar foil of 2.5 µm in thickness and in the target
gas, respectively. During two days experiment, the target
was stable, but the primary beam intensity was a bit unsta-
ble. CRIB control program became unresponsive two times,
it seems related to high radiation dose of neutron caused by
the RI beam production reaction. The produced 7Be beam
was introduced to the F2 focal plane without degrader foil
at F1. At the F2 focal plane, a dedicated vacuum chamber
fabricated by the industrial cooperation team (RNC) was in-
stalled. A position sensitive Si-detector (PSD, Hamamatsu
S5378-02), a rotating energy degrader and a rotating irra-
diation sample holder were installed in the chamber. The
profiles of secondary beams were measured using the PSD
detector. The energy and beam spot size of the 7Be4+ beam
was 29.1 MeV (4.16 MeV/u) and 4.8×8.1 mm in fwhm, re-
spectively, with a momentum slit of ± 3.1% (± 50 mm) at
F1. The beam spot size was a bit large. It seems related to a
halo of beam spot at the gas target. The implanted dose rate
of the 7Be beam was 60 kBq/h, approximately, obtained by
the following γ-ray measurement.

The 22Na beam was produced via the p(22Ne,22Na)n re-
action. A primary beam of 22Ne7+ with energy of 6.1
MeV/u and intensity of 0.25 pµA in average was introduced
to the gas target. The H2 gas at a pressure of 400 Torr was
cooled to 90 K and circulated to the gas cell at a rate of
20 slm . The calculated energy loss in the gas target was
2.1 and 4.5 Watt at the exit Havar foil and at the target gas,
respectively. The Havar foil was broken when the primary
beam intensity exceeded 0.30 pµA. During three days ex-
periment, the primary beam intensity was almost stable, but
the CRIB control program became unresponsive two times.
The produced 22Na beam was introduced to the F2 focal
plane without degrader foil at F1. The energy and size of the

22Na11+ beam was 80.8 MeV (3.67 MeV/u) and 4.7×4.3
mm in fwhm, respectively, with a momentum slit of ± 3.1%
(± 50 mm) at F1. The implanted dose rate was 0.3 kBq/h,
approximately.

In order to control the implantation depth close to the
surface, a rotating energy degrader (Fig.1 ) was newly in-
troduced. Eight sets of aluminum foils can be mounted on
a rotating wheel of 14 cm diameter. The wheel rotates with
12 rpm in speed using a vacuum motor. A beam collimator
of 10 mm diameter is assembled at the down-stream of the
wheel and a fixed-thickness degrader foil can be mounted
on it. The stability of the secondary beam intensity was
monitored by measuring a current from the collimator us-
ing a pico-ampere meter during the irradiation.

Figure 1: Rotating energy degrader unit.

To investigate the implantation-depth profile, a stack of
2-µm-thick aluminum foils were irradiated. After irradi-
ation, the stack was disassembled and the intensity of the
γ ray was measured using a Ge detector. As an example,
22Na beam of narrow momentum distribution (± 1 % at F1)
was irradiated to the stack passing through seven sets of
aluminum degrader foils; 4.9, 7.6, 11.9, 16.9, 23.8, 27.4,
31.7 µm in thickness. An obtained depth profile is shown
in Figure 2. The black circles indicate a normalized frac-
tion of each Al-foil measured by the stacked foil method
using the Ge detector. The X and Y error bars indicate
the thickness and the statistical error of each Al-foil data
point. The range of 22Na beam in aluminum is calculated
by the SRIM code [2] using a measured beam energy spec-
trum obtained by the PSD detector. The dotted line is the
continuous range spectrum. Below 5 µm in thickness, the
range spectrum could not be measured as it was below the
detector threshold, unfortunately. The triangles indicate a
normalized fraction of each Al-foil calculated by re-binning
of the continuous range spectrum. Here, a factor of 0.97
was applied for the stopping power calculated by the SRIM
code, and then a good agreement between the data points
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of Ge and PSD was obtained. We can conclude that the en-
ergy measurements using a Si detector gives a continuous
implantation-depth profile with good accuracy.

Figure 2: Implantation-depth profile of 22Na beam into a
stacked aluminum foils. The X error bars indicate the thick-
ness of each foil as 2 µm, approximately.

The accuracy of this implantation-depth profile is the
most important data for successive wear-loss diagnostics.
The conventional stacked foil method is reliable, because it
directly measures implanted dose in the material. But it has
a limitation for depth-resolution. The resolution depends
how thinner foils with same implantation material we can
provide. Even though the thin foils are provided, the as-
sembling of many thin foils as a stack is a hard work. On
the other hand, the energy measurement using Si detector is
simple, but it should rely on a range calculation. Here, we
should introduce a small correction factor for the stopping
power of unstable 22Na beam in aluminum calculated by the
SRIM code. But we can determine the factor experimen-
tally using the pulse-shaped depth profile beam mentioned
above. Thus, a precise measurement of implantation-depth
profile can be performed using Si detector and the SRIM
code calibrated by the stacked foil method.
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The 12th CNS International Summer School (CNSSS13)
was organized jointly by the Center for Nuclear Study
(CNS), the University of Tokyo in the period of August
28–September 3, 2013. The summer school was held at
the Nishina hall in the Wako campus of RIKEN and at the
Koshiba hall in the Hongo campus, the University of Tokyo.

This summer school aimed at providing graduate stu-
dents and postdocs with basic knowledge and perspectives
of nuclear physics. It consisted of lectures by leading sci-
entists in the fields of both experimental and theoretical nu-
clear physics. Each lecture started with an introductory talk
from the fundamental point of view and ended with up-to-
date topics in the relevant field.

The list of lecturers and their title are shown below.
Baha Balantekin (University of Wisconsin-Madison,
US),
“Neutrinos, nuclear astrophysics, and exotic nuclei”
Peter Egelhof (GSI, Germany),
“Nuclear Physics with Radioactive Beams at Storage
Rings and with Active Targets”
Navin Alahari (GANIL, France),
“Old Wine in a new Bottle : Reactions with exotic beams
at energies around the Coulomb barrier”
Reprecht Machleidt (University of Idaho, US),
“Nuclear forces”
Shoji Asai (The University of Tokyo, Japan),
“Higgs and SUSY”
Silvio Cherubini (INFN LNS, Italy),
“Quasi-free reaction mechanisms as a tool for studying nu-
clear processes of interest for astrophysics: Trojan Horse
Method and Virtual Neutron Method”
Atsushi Tamii (RCNP, Japan),
“Electric dipole resonance, neutron skin and symmetry en-
ergy”
Yutaka Utsuno (JAEA / CNS, Japan),
“Large-scale shell-model calculations for exotic nuclei”
Pieter Doornenbal (RNC, Japan),
“In-beam gamma-ray spectroscopy of fast RI beams”

This year, 9 lecturers and 104 participants attended from
nine countries. Five lecturers and 29 participants were from
foreign institutes. Attendances communicated with each
other in the free discussion time between the lectures and in
the welcome and farewell parties in a relaxed atmosphere.

Five lectures on August 29 were held at the Koshiba hall
in the Hongo campus and were broadcasted via Internet.

Young scientist sessions were also held in the school. 24
talks and 22 posters were presented by graduate students
and postdocs.

All the information concerning the summer school is
open for access at the following URL:

http://www.cns.s.u-tokyo.ac.jp/summerschool/cnsss13

This summer school was supported in part by the Inter-
national Exchange Program of the Graduate School of Sci-
ence, the University of Tokyo. The financial support from
the program was indispensable to successfully organize this
summer school. The organizers deeply appreciate various
accommodations provided by RIKEN Nishina center for
this school. They are also grateful to administration staffs of
the CNS and the Graduate School of Science for their help-
ful supports. They thank graduate students and postdocs in
the CNS for their dedicated efforts. Finally, the organiz-
ers acknowledge all the lecturers and participants for their
contributions to this summer school.
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Symposium, Workshop, Seminar, Colloquium, and PAC

A. Symposium and Workshop

1. The 12th international symposium on Origin of Matter and Evolution of Galaxies (OMEG12)
November 18-22, 2013, Tsukuba

B. CNS Seminar

1. Dr. Shinya Wanajo (NAOJ):“重元素の起源:超新星爆発 vs. 中性子星合体”, Jul. 23, 2013, Hongo Campus.

2. Dr. Haozhao Liang (RIKEN Nishina Center): ”Nuclear charge-exchange excitations in covariant density functional
theory”, Oct. 31, 2013, Hongo Campus.

3. Dr. Toshiyuki Sumikama (Tohoku University):“中性子過剰 ZrおよびMo同位体の質量数 110近傍での形状
変化”, Nov. 7, 2013, Hongo Campus.

4. Dr. Jirina Stone (University of Oxford / University of Tennessee-Knoxville): ”Neutron Rich Matter in Stellar
Processes” Nov. 22, 2013, Hongo Campus.

5. Prof. Michio Kohno (Kyushu Dental University):“カイラル有効理論の 3体力に基づく核子多体系の微視的理
解”, Nov. 28, 2013, Hongo Campus.

6. Prof. Bruce R. Barrett (University of Arizona): ”The No Core Shell Model within an Effective Field Theory
framework”, Nov. 27, 2013, Hongo Campus.

7. Dr. Kosuke Nomura (GANIL): ”Interacting boson model and nuclear mean field”, Dec. 26, 2013, Hongo Campus.

8. Dr. Noriyoshi Ishii (University of Tsukuba): ”LS force and anti-symmetric LS force from lattice QCD”, Jan. 21,
2014, Hongo Campus.

C. Program Advisory Committee for Nuclear-Physics Experiments at RI Beam Factory

1. The 12th NP-PAC meeting
Date: June 28 and 29, 2013
Place: RIBF Conference Hall on the 2nd floor of the RIBF Building

2. The 13th NP-PAC meeting
Date: December 13 and 14, 2013
Place: RIBF Conference Hall on the 2nd floor of the RIBF Building
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#91 Mixed harmonic azimuthal correlations in
√
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April, 2013
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Edited by S. Ota and Y. Soma March, 2014
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A. Conferences

1. H. Yamaguchi (oral,invited), “Nuclear astrophysics and structure studies using low-energy RI beams”, Pioneering
Symposium: “The Third Generation of RIB Facilities” in Korean Physical Society Meeting, Apr 24–26, 2013,
Daejeon, Korea.

2. H. Yamaguchi (oral), “Studies on nuclear reaction and structure using low-energy RI beams at CRIB”, Workshop
on the INFN-RIKEN collaboration on nuclear physics activities May 17, 2013, Istituto Italiano di Cultura di Tokyo,
Sala “G Puccini” 2-1-30 Kudan Minami, Chiyoda-ku, Tokyo

3. H. Yamaguchi (oral), “Studies on alpha-induced astrophysical reactions using the low-energy RI beam separator
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4. H. Yamaguchi (oral), “Recent activities at CRIB - nuclear astrophysics, reaction, and structure studies with low-
energy RI beam” RIBF Users Meeting 2013, June 26–27, 2013, RIKEN, Wako, Saitama, Japan.

5. H. Yamaguchi (oral), “Studying alpha-cluster structure using low-energy RI beam”, RCNP Workshop; Clustering
phenomena in multi nucleon and hyperon system, Jul 26–27 2013, Kansai Gakuin University, Yokohama, Japan.

6. H. Yamaguchi (oral), “Studies on astrophysical reactions using low-energy RI beam at CRIB”, SKKU Symposium
on Astrophysics and Cosmology: from Particle to Universe, Oct. 4 and December 2-4, 2013, SKKU Natural
Sciences Campus, Suwon, Korea.

7. H. Yamaguchi (oral), “Recent status of the low-enrgy RI beam separator CRIB”, 1st RIKEN-RISP Joint Workshop,
Nov. 7–8, 2013, IBS, Daejeon, Korea
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sium on Origin of Matter and Evolution of the Galaxies (OMEG12), Nov 18–22, 2013, Epochal Tsukuba, Tsukuba,
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C. R. Hoffman,R. Hughes,E. Ideguchi,K. Ieki,D. Jenkins, N. Kobayashi, Y. Kondo, R. Kruken, T. Le Bleis, G. Lee,
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H. Otsu, H. Sakurai, M. Shinohara, T. Sumikama, S. Takeuchi, K. Tanaka, Y. Togano, K. Yamada, M. Yamaguchi,
K. Yoneda (Poster), “Proton inelastic scattering study on 30Ne and 34,36Mg isotopes” International Nuclear Physics
Conference (INPC2013), June 2-7, 2013, Firenze, Italy.
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15. S. Shimoura (Oral), “Experimental opportunities for the high-resolution spectroscopy using GRAPE and/or
SHARAQ”, Sunflower Workshop, Sept. 10-11, 2013, Darmstadt, Germany
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16. K. Yako (Invited), ”(p,n) measurements in inverse kinematics at SHARAQ-WINDS”, JUSTIPEN-JUSEIPEN Work-
shop, Dec. 9–12, 2013, RIKEN.

17. S. Shimoura (Invited), “Energy degrading project for RI beams in CNS”, JUSTIPEN-JUSEIPEN Workshop, Dec.
9-12, 2013, Wako

18. S. Shimoura (Invited), “Energy degrading project of RI beams in CNS – OEDO project”, Workshop on Physics
Opportunities using Compton Supressed Ge Clover Array (CAGRA13), Dec. 16-17, 2013, Osaka University

19. S. Michimasa (Oral), “Physics Oppotunity via transfer reaction measurements with gamma-ray detectors” Work-
shop on Physics Research with Grand Raiden Forward-mode Beam Line, Nov. 28-29, 2013, RCNP, Osaka Univer-
sity.

20. M. Dozono (Oral), “Research for 0− states via (16O,16Nγ) reaction” Workshop on Physics Research with Grand
Raiden Forward-mode Beam Line, Nov. 28-29, 2013, RCNP, Osaka University.

21. M. Takaki (Oral), “Research for double GT states via (12C,12Beγ) reaction” Workshop on Physics Research with
Grand Raiden Forward-mode Beam Line, Nov. 28-29, 2013, RCNP, Osaka University.

22. S. Shimoura (Invited), “OEDO project”長寿命核分裂核廃棄物の核変換データとその戦略ワークショップ, Mar.
6–8, RIKEN

23. M. Kobayashi, K. Yako, S. Shimoura, M. Dozono, S. Kawase, K. Kisamori, Y. Kubota, C.S. Lee, S. Michimasa,
H. Miya, S. Ota, H. Sakai, M. Sasano, M. Takaki (Oral), “Measurement of the 8He(p, n)8Li reaction at intermediate
energy in inverse kinematics”, APPC12, Jul. 14–19, 2013, Makuhari, Japan

24. K. Yako, ”Recent physics programs at SHARAQ spectrometer”, RIBF Users Meeting 2013, Jun. 26–27, 2013,
RIKEN.

25. C.S. Lee, S. Ota, H. Tokieda, R. Kojima, Y. Watanabe, and T. Uesaka ”Properties of Thick GEM in Low-pressure
Deuterium” (Oral) Micro-Pattern Gaseous Detector (MPGD) 2013, Jul.1–4, 2013, Zaragoza, Spain.

26. S. Go, E. Ideguchi, M. Kobayashi, R. Yokoyama, K. Kisamori, S. Michimasa, S. Shimoura, M. Niikura, A. Yagi,
H. Nishibata, I. Matea, D. Verney, F. Azaiez, M. Koizumi, Y. Toh, A. Kimura, H. Harada, K. Furukata, S. Nakamura,
F. Kitatani, Y. Hatsukawa, M. Ohshima (Oral), “Study of high spin states in 35,36S” 2nd Workshop on the physics
at the Tandem-ALTO facility, May 14–15, 2013, Orsay, France

27. S. Go, E. Ideguchi, R. Yokoyama, M. Kobayashi, K. Kisamori, S. Michimasa, S. Shimoura, M. Niikura, A. Yagi,
H. Nishibata, I. Matea, D. Verney, F. Azaiez, M. Koizumi, Y. Toh, A. Kimura, H. Harada, K. Furukata, S. Naka-
mura, F. Kitatani, Y. Hatsukawa (Oral), “Study of high spin states in 35S” French-Japanese Symposium on Nuclear
Structure Problems, Sep. 30–Oct. 3, 2013, Paris, France

28. H. Hamagaki (invited), “ALICE Experiment”, at PHENIX Workshop on Physics Prospects with Detector and Ac-
celerator Upgrades; from 29 July 2013 to 2 August 2013 at RIKEN

29. T. Gunji (invited), “ALICE Physics Perspectives and GEM-TPC upgrade”, Heavy Ion Meeting, Nov 2, 2013, 3 Inha
University, Korea

30. T. Gunji (invited), “Probing the hot and dense QCD medium with hard probes at RHIC and LHC”, Pioneering
Symposium for heavy ion collisions, in Korean Physical Society Meeting, Oct 30, 2013, Pusan, Korea.

31. T. Gunji (invited), “LHC-ALICE実験の第一次運転成果と今後の展望”, Heavy Ion Pub, May 31, 2013, Osaka,
Japan

32. K. Terasaki for the ALICE Collaboration (poster), “Study of Ion Back Flow suppression with thick COBRA GEM”,
The 3rd International Conference on Micro Pattern Gaseous Detectors (MPGD203), July 1-4, 2013, Zaragoza,
Spain.

33. Y. Yamaguchi for the ALICE Collaboration (oral), “ALICE実験におけるGEM-TPC開発”,第 10回Micro-Pattern
Gas Detector研究会, Dec. 12–13, 2013, Kyoto, Japan

34. K. Terasaki, for the ALICE Collaboration (oral), “Thick COBRA GEMによるイオンバックフロー抑制”,第 10
回Micro-Pattern Gas Detector研究会, Dec. 12–13, 2013, Kyoto, Japan

35. K. Yukawa (oral), “スペースチャージによるイオンバックフローへの影響の研究”,第 10回Micro-Pattern Gas
Detector研究会, Dec. 12–13, 2013, Kyoto, Japan

36. H. Hamagaki (invited), “Study of hadron properties in QCD medium using the high-energy heavy-ion collisions”,
workshop on Hadrons in Nucleus, Oct. 31 Nov. 2, 2013, Kyoto, Japan
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37. K. Terasaki, (oral), “R&D of Thick COBRA GEM for the application of the GEM-based TPC”, 2013 IEEE Nuclear
Science Symposium and Medical Imaging Conference (2013 NSS/MIC), Oct 27 Nov 02, 2013, Seoul, Korea

38. Y. Sekiguchi (poster), “Basic performance of SoI pixel detector for radiation monitor”, 2013 IEEE Nuclear Science
Symposium and Medical Imaging Conference (2013 NSS/MIC), Oct 27 Nov 02, 2013, Seoul, Korea

39. Y. Yamaguchi for the PHENIX Collaboration (oral), “A Search for Beyond the Standard Model Particles with the
PHENIX detector at RHIC”, APS Division of Nuclear Physics, Fall Meeting, October 23-26, 2013, New- port
News, VA,

40. T. Yoshida, N. Shimizu, T. Abe and T. Otsuka (oral), “Density of ligh nuclei obtained from Monte Carlo shell
model”, HPCI Strategic Program Field 5 Symposium, Fujisoft Akiba Plaza, Tokyo, Japan, March 5-6, 2013.

41. S. Ebata, T. Nakatsukasa, T. Inakura (oral), “Density functional approaches to nuclear dynamics”, HPCI Strategic
Program Field 5 Symposium, Fujisoft Akiba Plaza, Tokyo, Japan, March 5-6, 2013.

42. T. Otsuka (oral), “Ultra large-scale Simulations of quantum many-body systems for nuclear properties and its ap-
plications”, HPCI Strategic Program Field 5 Symposium, Fujisoft Akiba Plaza, Tokyo, Japan, March 5-6, 2013.

43. Y. Iwata, T. Otsuka and S. Heinz (oral), “Fission dynamics of superheavy compound nuclei”, Fission 2013, Caen,
France, May 2013.

44. Y. Utsuno (invited), T. Otsuka, N. Shimizu, M. Honma, T. Mizusakia, Y. Tsunoda and T. Abe (oral), Recent shell-
model results for exotic nuclei 25th International Nuclear Physics Conference (INPC 2013), Florence, Italy, June
3-7, 2013.

45. Y. Iwata, T. Otsuka and S. Heinz, “Fission dynamics of superheavy compound nucle”, International Nuclear Physics
Conference 2013 (INPC2013), Florence, Italy, June 3-7, 2013.

46. Y. Iwata, T. Otsuka and S. Heinz, “Fission dynamics of superheavy compound nuclei”, The 12th Asia Pacific
Physics Conference of AAPPS (APPC 12), Chiba, Japan, July 14-19, 2013.

47. T. Yoshida, N. Shimizu, T. Abe and T.Otsuka (poster), “Density profiles of light nuclei in Monte Carlo shell-model
calculation”, International Nuclear Physics Conference 2013 (INPC2013), Florence, Italy, June 3-7, 2013.

48. T. Yoshida, N. Shimizu, T. Abe and T.Otsuka (poster), ”Density profiles of light nuclei in Monte Carlo shell-model
calculation”, The 12th Asia Pacific Physics Conference, Chiba, Japan, July 14-19, 2013.

49. Y. Iwata, “Fission dynamics of superheavy compound nuclei”, The 12th Asia Pacific Physics Conference, Chiba,
Japan, July 14-19, 2013.

50. T. Otsuka (invited), “Monte Carlo Shell Model and shape phase transitions in exotic nuclei”, Int. Conf. on Nuclear
Theory in the Supercomputing Era - 2013, Ames, USA, May 13-17, 2013.

51. T. Otsuka (invited), “Fukushima Nuclear Power Plant Accident and Nuclear Physicists”, International Nuclear
Physics Conference 2013 (INPC2013), Florence, Italy, June 3-7, 2013.

52. T. Otsuka (invited), “Driving forces of shell evolution and shapes of exotic nuclei”, Gordon Conference on Nuclear
Chemistry, Colby-Sawyer College, New London, USA, June 9-14, 2013.

53. T. Otsuka (invited), “Structure Evolutions in Exotic Nuclei”, 12th Asia Pacific Physics Conference, Makuhari,
Chiba, Japan, July 15-19, 2013.

54. Y. Iwata (invited), “The TDDFT calculations for low-energy heavy-ion collisions”, French-Japanese Symposium
on Nuclear Structure Problems, Paris, France, September 30, 2013.

55. T. Otsuka (invited), “Perspectives beyond the Shell Evolution”, French-Japanese Symposium on Nuclear Structure
Problems -Organized in the framework of FJNSP LIA-, CNRS, Paris, September 30-Oct. 3, 2013.

56. T. Otsuka (invited), “Structure Evolutions in Exotic Nuclei”, Mini-Symposium on Experiment and Theory for
Nuclei Close to the Driplines, 2013 Fall Meeting of the APS DNP, Newport News, USA, October 23-26, 2013.

57. T. Otsuka (invited), “Perspectives of physics of exotic nuclei beyond the shell evolution”, First African Symposium
on Exotic Nuclei (IASEN-2013), Cape Town, South Africa, December 2-6, 2013.

58. Y. Utsuno (invited), “Shell evolution along the Sn isotopes”, 10th ASRC International Workshop “Nuclear Fission
and Decay of Exotic Nuclei”, JAEA Nuclear Science Research Institute, Tokai, Japan, March 21-22, 2013.
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59. S. Ebata and T. Nakatsukasa (oral), “Pairing effects in fusion phenomena utilizing a time-dependent mean field
theory”, 10th ASRC International Workshop “Nuclear Fission and Decay of Exotic Nuclei”, JAEA Nuclear Science
Research Institute, Tokai, Japan, March 21-22, 2013.

60. Y. Iwata, T. Otsuka, T. Otsuka and S. Heinz (oral), ”Fission dynamics of superheavy compound nuclei”, The 10th
ASRC International Workshop “Nuclear Fission and Decay of Exotic Nuclei”, JAEA Nuclear Science Research
Institute, Tokai, Japan, March 21-22, 2013.

61. Y. Utsuno, T. Otsuka, N. Shimizu, T. Mizusaki and M. Honma, “Tensor-force driven shell evolution studied with
large-scale shell-model calculations”, RCNP Workshop on the Importance of Tensor Interactions in Nuclear and
Hadron Structures, Osaka, Japan, July, 2013.

62. T. Yoshida, “Density distributions of Be isotopes based on Monte Carlo shell model”, RCNP研究会核子・ハイペ
ロン多体系におけるクラスター現象, Kanagawa, Japan, July 26-27, 2013.

63. Y. Iwata (invited), “TDDFT calculations for the symmetry energy research”, RIBF-ULIC Mini Workshop 027
“Nuclear symmetry-energy and nucleus-nucleus collision simulation”, Saitama, Japan, July 2-4, 2013.

64. Y. Iwata, T. Otsuka, T. Otsuka and S. Heinz (oral), ”Fission dynamics of superheavy compound nuclei”, Fission
2013, Caen, France “Fifth International Workshop on Nuclear Fission and Fission Product Spectroscopy”, May
28-31, 2013.

65. Y. Utsuno (invited), “Shell-model approach to shape coexistence in light nuclei”, IOP Workshop “Shape Coexis-
tence Across the Chart of Nuclides, York, UK, April, 2013.

66. T. Otsuka (invited), “Tensor force and shell structure - A personal history - ”, RCNP Workshop on the Importance
of Tensor Interactions in Nuclei and Hadron structure, RCNP, Osaka, Japan, July 11-12, 2013.

67. N. Shimizu, “Large-scale shell-model calculations and Monte Carlo shell model”, JUSTIPEN-JUSEIPEN Work-
shop, Saitama, Japan, December 9-12, 2013.

68. T. Otsuka, “ICN status”, JUSTIPEN-JUSEIPEN Workshop, Saitama, Japan, December 9-12, 2013.

69. Y. Iwata (invited), “Charge equilibration and its application to symmetry energy research”, ECT* workshop “Ad-
vances in time-dependent methods for quantum many-body systems”, Trento, Italy, October, 2013.

70. Y. Iwata (invited), “A study of nuclear reaction mecha- nism based on TDDFT calculations”,第 3回 HPCI戦略プ
ログラム分野 2分野 5異分野交流研究会, Institute for Molecular Science, Aichi, Japan, November 2013.

71. T. Otsuka (invited), “Shell model calculations with more than one shell”, INT workshop “Computational and The-
oretical Advances for Exotic Isotopes in the Medium Mass Region”, INT, Seattle, USA, March 25-Aprl 19, 2013.

72. T. Otsuka (invited), “Shape coexistence and shell evolution in exotic Ni isotopes”, International Workshop on
“Shape Coexistence Across the Chart of the Nuclides”, Kings Manor, York, UK, April 15-16, 2013.

73. T. Otsuka (invited), “Shapes of medium-mass exotic nuclei and MCSM calculations”, ECT*/HIC for FAIR work-
shop “From Few-Nucleon Forces to Many-Nucleon Structure”, ECT*, Trento, Italy, June 10-14, 2013.

B. JPS Meetings

1. M. Kobayashi, K. Yako, S. Shimoura, M. Dozono, S. Kawase, K. Kisamori, Y. Kubota, C.S. Lee, S. Michimasa,
H. Miya, S. Ota, H. Sakai, M. Sasano, M. Takaki, “Spin-isospin response of a neutron rich nucleus 8He via (p, n)
reactions in inverse kinematics”, at the JPS Fall meeting, Sep. 20–23, 2013, Kochi University, Japan

2. H. Miya, S. Shimoura, K. Kisamori, H. Baba, T. Baba, M. Dozono, N. Fukuda, T. Fujii, S. Go, E. Ideguchi N. Inabe,
M. Ito, D. Kameda, T. Kawabata, S. Kawase, T. Kubo, Y. Kubota, M. Kobayashi, Y. Konodo, C.S. Lee, Y. Maeda,
H. Matsubara, K. Miki, S. Michimasa, T. Nishi, M. Nishimura, S. Ota, S. Sakaguchi, H. Sakai, M. Sasano, H. Sato,
Y. Shimizu, H. Suzuki, M. Takaki, A. Tamii, H. Takeda, S. Takeuchi, H. Tokieda, M. Tsumura, T. Uesaka, Y. Ya-
nagisawa, K. Yako, R. Yokoyama, K. Yoshida, M. Assie, D. Beaumel, H. Fariouz, A. Stolz, “Study of spin-isospin
response via exothermic charge exchange (8He, 8Liγ) for 4He nuclei” at the JPS Fall meeting, Sep. 20–23, 2013,
Kochi University, Japan
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3. K. Kisamori, S. Shimoura, H. Miya, H. Baba, T. Baba, M. Dozono, N. Fukuda, T. Fujii, S. Go, E. Ideguchi N. Inabe,
M. Ito, D. Kameda, T. Kawabata, S. Kawase, T. Kubo, Y. Kubota, M. Kobayashi, Y. Konodo, C.S. Lee, Y. Maeda,
H. Matsubara, K. Miki, S. Michimasa, T. Nishi, M. Nishimura, S. Ota, S. Sakaguchi, H. Sakai, M. Sasano, H. Sato,
Y. Shimizu, H. Suzuki, M. Takaki, A. Tamii, H. Takeda, S. Takeuchi, H. Tokieda, M. Tsumura, T. Uesaka, Y. Yana-
gisawa, K. Yako, R. Yokoyama, K. Yoshida, M. Assie, D. Beaumel, H. Fariouz, A. Stolz, “二重荷電交換反応をも
ちいた 4中性子系質量欠損核分光実験”, at the JPS Fall meeting, Sep. 20–23, 2013, Kochi University, Japan

4. S. Go, E. Ideguchi, M. Kobayashi, R. Yokoyama, K. Kisamori, S. Michimasa, S. Shimoura, M. Niikura, A. Yagi,
K. Nishibata, I. Matea, D. Suzuki, D. Verney, F. Azaiez, M. Sugawara, M. Koizumi, Y. Fuji, T. Shizuma, A. Kimura,
H. Harada, K. Furutaka, S. Yakamura, F. Kitatani, Y. Hatsukawa, M. Oshima “35Sにおける高スピン状態の研究”,
at the JPS Fall meeting, Sep. 20–23, 2013, Kochi University, Japan

5. M. Dozono, T. Uesaka, M. Sasano, J. Zenihiro, H. Matsubara, S. Shimoura, K. Yako, S. Michimasa, S. Ota, H. Tok-
ieda, H. Miya, S. Kawase, R. Tang, K. Kisamori, M. Takaki, Y. Kubota, C.S. Lee, T. Fujii, R. Yokoyama, H. Sakai,
T. Kubo, K. Yoshida, Y. Yanagisawa, N. Fukuda, H. Takeda, D. Kameda, N. Inabe, T. Wakasa, K. Fujita, S. Sak-
aguchi, M. Ichimura, H. Sagawa “パリティ移行核反応による原子核の 0-状態の研究”, at the JPS Fall meeting,
Sep. 20–23, 2013, Kochi University, Japan

6. R. Yokoyama, E. Ideguchi, G. Simpson, M. Tanaka, S. Nishimura, G. Lorusso, H. Sumikama, P. Doornenbal,
H. Baba, T. Isobe, P-A.Sderstrm, J. Wu, Z. Xu, R. Browne, Z. Patel, S. Rice, L. Sinclair, Z. Li, H. Watanabe, G. Gey,
E. Sahin, F. Bello, Z. Vajra, I. Kuri, J. Taprogge, A. Odahara, Y. Fang, R. Daido, A. Yagi, K. Nishibata, N. Aoi,
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