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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 2011 (April 2011 through March 2012). In the CNS,
during this period, a large number of scientific activities in various fields of nuclear physics have
been carried out and a wide variety of fruitful results have been obtained. This report presents
a report of such activities. Some highlights of the report are mentioned here.

The NUSPEQ (NUclear SPectroscopy for Extreme Quantum system) group studies exotic
structure in high-isospin and/or high-spin states in nuclei. The CNS GRAPE (Gamma-Ray
detector Array with Position and Energy sensitivity) is a major apparatus for high-resolution
in-beam gamma-ray spectroscopy. Missing mass spectroscopy using the SHARAQ is going to
start as another approach on exotic nuclei. In 2011, the following progress has been made.

Analysis of ! inelastic scattering data from nuclei in the island of inversion, which was
taken by using GRAPE, has progressed. Experiments for searching new isomers by using 238U
and 124Xe primary beams from SRC were performed and the analysis of the obtained data
is in progress. A plunger system for recoil distance method was developed for the approved
experiments of the lifetime measurements of neutron-rich fp-shell nuclei. The readout system
of 12 detectors of the CNS GRAPE was upgraded, where digital pulse data taken by sampling
ADCs are analyzed by FPGAs on boards. Experimental setup of studying tetra neutron system
using the double-charge exchange reaction 4He(8He,8Be)4n at 200 A MeV was developed for
the measurement at the SHARAQ in April 2012.

The nuclear astrophysics group is studying astrophysical reactions particularly at high tem-
perature phenomena, such as supernovae and X-ray bursts, using the low-energy beam separa-
tor, CRIB. In 2011, the operation of CRIB was shut down for half a year, due to the earthquake.
“Review Meeting on CRIB Activities”, which summarizes the activities at CRIB for 10 years,
was held in June. After the operation was restarted, we performed several experiments under
international collaborations. An active target (GEM-MSTPC) had been developed and used
for (!, p) reaction measurements in the previous years, and a direct measurement of 22Mg(!,
p), proposed by Vietnamese group, was performed with the active target. 16N beam production
was first tested at CRIB with Italian group (INFN-LNS), and the beam will be used for indirect
measurement of 12C(!, ") reaction rate. A proton resonant scattering experiment of 22Na+p
was also performed, with Chinese collaborators in CIAE and IMP. OMEG11, the 11th sympo-
sium on nuclear astrophysics, was held in November, hosted by CNS with other institutions.
Prof. Kubono, who has been working for CRIB for more than a decade, retired at the end of
the fiscal year.

One of the Major tasks of the accelerator group is the AVF upgrade project that includes
development of ion sources, upgrading the AVF cyclotron of RIKEN and the beam line to CRIB.
Development of ECR heavy ion sources is to provide a new HI beams, higher and stable beams
of metallic ions, and to improve the control system. Two CNS ECR sources provide all the
beams for the AVF cyclotron and support not only CRIB experiments but also a large number
of RIBF experiments. Injection beam monitoring and control are being studied. New ion-source
beam diagnosis and monitoring system (ISDM) was designed. This new beam monitor becomes
a powerful tool for all the RIBF facility.

The SHARAQ group performed a physics experiment to investigate the spin-isospin exci-
tations of magicity-melted 12Be nucleus by the (p,n) reaction in the inverse kinematics. A
neutron-detector array, called WINDS, was newly constructed to measure the slow neutrons
produced by the (p,n) reaction. WINDS was installed so that it surrounds the reaction target
and operated successfully throughout the experiment. Thus we have acquired a new method
to explore the spin-isospin properties of unstable nuclei.

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 in the ALICE experiment at Large Hadron Collider (LHC) at CERN. In
PHENIX, the group has been concentrating on the physics analysis involving leptons and pho-
tons, the main topics of which are direct photon production using the virtual-gamma method,
and J/# production in ultra-peripheral Au+Au collisions. The Si VTX detector, whose con-
struction and commissioning the CNS group has been involved in, has been successfully used
in the Au+Au runs performed in the spring of 2012. In ALICE, the group has been involved
in the installation/commissioning of the Transition Radiation Detector (TRD), and calibration
and performance study of Time Projection Chamber (TPC). The group has significant contri-
bution to the data analysis in ALICE. The main topics of the analysis are collective flow of
the medium, parton energy loss in the medium, and dilepton production in Pb-Pb collisions.
The group has also been working for the development of FoCal (forward calorimeter) for future
ALICE upgrade. Significan progress of the prorotype R&D has been made in 2011.

R&D of gas electron multiplier (GEM) and related techniques has been continuing. De-
velopment of resistive GEM with resistive anodes and Glass-GEM has been progressing in
collaboration

In a project of active target development launched as an intergroup collaboration in 2009,
two types of active target have been developed. The GEM-MSTPC for the astrophysics interest
is used in the measurement of (!,p) reactions as mentioned above. The other type of active
target called CAT was tested in the test experiment using 56Fe of 250 MeV/u and the data
analysis is in progress.

The nuclear theory group has been promoting the RIKEN-CNS collaboration project on
large-scale nuclear structure calculations since 2001 and maintaining its parallel computing
clusters. Based on this experience, we participated in activities of HPCI Strategic Programs
for Innovative Research (SPIRE) Field 5 “The origin of matter and the universe” since 2011.
The SPIRE project aims at the comprehensive understanding of the origin and structure of
matter and the Universe utilizing the K computer. In 2011, we developed the program of the
Monte Carlo shell model to perform large-scale shell model calculations in massively parallel
computers and described nuclear structure of some exotic nuclei such as neutron-rich Ni isotopes
and Ba isotopes microscopically.

The 10th CNS International Summer School (CNSSS11) has been organized in September
2011 with many invited lecturers including three foreign distinguished physicists. There were
82 participants from 5 countries mainly from Asia.

For the accidents at the Fukushima Daiichi Nuclear Power Plant in March 2011, members of
the CNS participated to the radiation screening of evacuated people in Fukushima just after the
accidents. Radiation maps in wide area around the power plant were made by a collaboration
of scientists from various universities and institutes. CNS acted as a hub of the collaboration,
where tasks such as receiving and checking about 6000 samples from Fukushima; sending them
to 22 analysis groups depending on their capacities; and collecting, checking, and summarizing
the results were performed.

Finally, I thank Ms. M. Hirano and other administrative and technical sta! members for
their heartful contributions throughout the year.

Takaharu Otsuka
Director of CNS
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We have studied the 11C(!, p)14N stellar reaction
which bridges the pp-chain elements to the CNO-cycle
elements [1] in high-temperature hydrogen-burning
processes, and is important for the nucleosynthesis
to the heavier nuclei. We aimed at determination
of the total reaction rate including both the ground-
state transition (!, p0) and the excited-state transitions
(!, p1) and (!, p2) relevant to the stellar temperature
T9 = 1.5–3 (T9 # 1 GK). For a more detailed introduc-
tion, see the reference [2]. Here we report a progress in
the analysis.

We performed a direct measurement of this reaction
as one of the first few successful experiments for the
!p-process reactions [3]. We observed the 11C(!, p)14N
reaction events in a center-of-mass energy range Ecm =
1.2–4.5 MeV by means of the thick target method
[4] in inverse kinematics with 11C radioactive beams.
The 11C beams were produced by the in-flight tech-
nique with CRIB (Center for Nuclear Study Radioac-
tive Ion Beam separator [5]). A 11B3+ primary beam at
4.6 MeV/u and with a maximum intensity of 1 pµA was
bombarded to a cryogenic 1H2 gaseous target with a
thickness of 1.2–1.7 mg/cm2. The secondary ions were
purified by the double achromatic system and the Wien
filter of CRIB. We created 11C beams at two di!erent
on-target energies 10.1±0.9 MeV and 16.9±0.7 MeV
in order to cover a wide energy range. The experimen-
tal setup consisted of two beam-line monitors (PPAC:
Parallel Plate Avalanche Counter [6] or MCP: Mi-
croChannel Plate detector [7]), a 4He gaseous target,
and "E-E position-sensitive silicon detector telescopes
at three di!erent angles. We carefully designed the tar-
get length (140 mm), the pressure (400 Torr) and the
incident beam energies in order to di!erentiate each
transition in time of flight (TOF) between the first
PPAC and the silicon telescopes, corresponding to dif-
ferent reaction positions in the target gas for a certain
detected energy of ejected protons.

Although the separations in time between di!erent

1Present address: Istituto Nazionale di Fisica Nucleare, Labora-
tori Nazionari del Sud

transitions were not very clear, we successfully ex-
tracted the mixing ratios of the numbers of events of
each transition by Gaussian fittings to the time spec-
tra at every center-of-mass energy bin through the fol-
lowing improved procedure: 1) modifying the TOF by
shifting at every energy so that the (!, p0) line to be
settled at t = 0, 2) converting laboratory energy to
center-of-mass energy for each transition, 3) project-
ing the spectrum to the time axis at each center-of-
mass energy bin, 4) determining the mixing ratios of
the transitions at each energy by fitting with Gaussian
functions. To obtain better results from low-statistics
data, we reduced the degrees of freedom by fixing the
peak positions of the Gaussian functions based of the
calculated value, and fixing the widths of the Gaussian
functions based on those of the (!, p0)-only events. An
example of the procedure of this analysis is demon-
strated in Fig. 1, where the left figure represents the
population of several transitions on the modified TOF–
energy histogram with calculation lines for (!, p0)–
(!, p5), and the right one demonstrates a projection
to the time axis for a single energy bin with the fitted
Gaussian functions for each transition. We assumed
isotropic angular distributions although we had lim-
ited angular range of measurement, since the angular
distributions did not show strong dependence on an-
gle. In Fig. 2, the obtained astrophysical S$factors for

Figure 1. Example of the procedure to determine the

numbers of events of each transition.
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(!, p0) (top), (!, p1) (middle) and (!, p2) (bottom) are
shown. In the top figure, the previous (!, p0) S-factors,
obtained from the time-reversal reaction data, of the fit
with a quadratic function with its error (“CF88” [8,9]),
and of the Padé approximation (“Takacs03” [10]), and
the Hauser-Feshbach statistical model calculation by
the code NON-SMOKERWEB [11] are shown together.
In the middle and the bottom figures, the original
Hauser-Feshbach calculations and the normalized ones
by the logarithmic least-squares method with their er-
rors are shown. The errors of the CF88 S-factor for
(!, p0) and the Hauser-Feshbach S-factors for (!, p1)
and (!, p2) are defined as the logarithmic standard de-
viations from the present experimental data. We con-
firmed that the present (!, p0) excited function is even-
tually consistent with Takacs03. For the whole-energy
S-factor of (!, p0), we adopted and those of CF88,
and Takacs03 below and above the experimental en-
ergy range, respectively. For the whole-energy (!, p1)
and the (!, p2) S-factors, we tentatively used the nor-
malized Hauser-Feshbach ones as extrapolations.

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 0.5  1  1.5  2  2.5  3  3.5  4

R
ea

ct
io

n 
ra

te
 re

la
tiv

e 
to

 C
F8

8

T9

νp-process
temperature

(α,p0) CF88 (Reference)
(α,p0) CF88 + (α,pex) Hauser-Feshbach
(α,p0) This work
(α,p0-2) This work
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Figure 3 shows the present (!, p0) and total reac-
tion rates and the previous recommended rate rela-
tive to the CF88 rate. The errors of the present rates
are drawn in hatches. In the 'p-process temperature
range [12], shown in the gray area, the present (!, p0)
reaction rate is enhanced from the CF88 rate by 30% at
most, mainly due to the resonance at 1.25 MeV which
was not taken into account previously. The contribu-
tion from the (!, p1) and (!, p2) reaction rate to the
total reaction rate is about 15% of the (!, p0) at most.
The error of the total reaction rate is about 25% at
T9 = 1.5 and 10% at T9 = 3. We confirmed that
the previous total reaction rate is eventually consistent
with the present one within its error, and the di!erence
is less than 20%, which could results in no significant
change on the stellar models.
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A nuclear astrophysics experiment was performed at
CRIB (CNS low-energy Radioactive-Ion Beam separa-
tor) on Mar. 2011. The goal of this experiment was
to study the rate of the 18Ne(!,p)21Na reaction, which
is considered to be a key breakout reaction from the
hot CNO cycle to the explosive hydrogen burning,the
rp-process [2]. Yet, the reaction rate is not well under-
stood.

Explosive hydrogen burning is thought to be the
main source of energy generation and a source of nu-
cleosynthesis in X-ray burst and nova [3, 4]. In X-ray
burst, for example, at the typical temperature of 0.4-
2 GK, the hydrogen burning occurs in the hot CNO
cycle:

12C(p,()13N(p,()14O(e+')14N(p,()15O(e+')

15N(p,!)12C

where the 13N(e+')13C reaction in the CNO cycle
is bypassed by the 13N(p,()14O reaction. With the
progress of compressing and exothermic nuclear reac-
tions, the temperature of the accretion disk increases.
When the temperature reaches about 0.4 GK, the sec-
ond hot CNO cycle becomes dominant:

12C(p,()13N(p,()14O(!,p)17F(p,()18Ne(e+')18F(p,!)

15O(e+')15N(p,!)12C

It is predicted [3, 4] that the 18Ne waiting point in
the second hot CNO cycle can be bypassed by the
18Ne(!,p)21Na reaction at T ! 0.6 GK, and sub-
sequently, the reaction chain breaks out to the rp-
process. Hence it is very important to study this reac-
tion rate. An 89 MeV 21Na radioactive beam produced

by CRIB bombarded a 93 µm thick polyethylene tar-
get, and the cross section data for 18Ne(!,p)21Na could
be obtained indirectly by measuring those for the time-
reversal reaction of 21Na(p,!)18Ne. The 21Na beam in-
tensity was about 2%105 pps, with a purity of about
70% on the target. In this study, we mainly focused
on the 8.51 and 8.61 MeV resonance states in the com-
pound 22Mg nucleus. In a previous experiment [1], we
tentatively made new spin-parity assignments for these
states. In this experiment, it is aimed to confirm the
assignments with much higher statistics. The proper-
ties of the resonances (such as J!,#", and #p) of the
compound 22Mg nucleus were studied by measuring the
21Na+p resonant elastic/inelastic scattering cross sec-
tions. As shown in Fig. 1, we used two PPACs for
determining the timing and the direction of the inci-
dent beam particles and three sets of "E-E silicon tele-
scopes for measuring the energies and scattering angles
of the recoiled particles. A NaI array was placed for
detecting the (-rays. Several runs with a carbon target
were performed for C background subtraction

NaI

299.5�mm304.0�mm

P
P

A
C

b

313.5�mm

Target�Station
CH Target:�f30mm,90um�thick

C Target:f30mm,�50um�thick
2

F3�target�chamber setup

P
P

A
C

a

21Na11+@ Target
Energy:89�MeV
Intisity:I2x105pp
Purity:�70%

Micron�Si Telescopes:
DE:300um�16x16�strips�PSD
E:�1500um�SSD

Figure 1. Schematic view of the detector setup.

We could measure successfully the cross section of
the time-reversal reaction 21Na(p,!)18Ne.Thus, the for-
ward 18Ne(!,p)21Na cross section could be calculated
by using the detailed balance theorem.

Fig. 2 shows a typical particle identification plot.
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Figure 3. Proton spectrum and R-matrix fitting result

Fig. 3 shows the R-matrix fitting of the c.m. di!er-
ential cross section for the resonant elastic scattering
of 21Na+p measured at )c.m. &175". The red levels in
Fig3 refer to the levels which have a new spin-parity
assignment based on present analysis. Further data
analysis is on-going.
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1. Introduction
The stellar reaction 22Mg(!, p)25Al and proton cap-

ture 22Mg(p,()23Al play important roles in explosive
Hydrogen burning stage under high temperature and
high density condition such as X-ray bursts and type II
supernovae. The nucleosynthesis involves up to 22Mg
and leading to break-out from HCNO cycles. It is be-
lieved that the 22Mg is a waiting point in !p-process
[1]. At high temperatures, the 22Mg(!, p)25Al reac-
tion is expected to be the dominant but there is no
experimental data up to date. In nuclear structure,
resonance states of 26Si above the alpha threshold 9.17
MeV is still limitted comparing to the mirror nucleus
26Mg [2]. Therefore, we have a plan to measure di-
rectly the 22Mg + ! system in invert-kinematics using
the 22Mg beam so that we can investigate the stellar
reaction 22Mg(!, p)25Al and proton-rich nucleus 26Si
above the alpha threshold. For its feasibility, we per-
formed a measurement of the production rates of a low
energy 22Mg beam by using CRIB (Center for Nuclear
Study (CNS) low-energy RI Beam separator of the Uni-
versity of Tokyo) [3].

2. Experiment
The 22Mg of 3.73 MeV/u beam was produced by

using CRIB spectrometer located at RIKEN in Oc-
tober, 2011. The radioactive ions are produced via
3He(20Ne,22Mg)n reaction by bombarding a Havar-
windowed cryogenic gas target [4] of 3He at 90 K with
the primary beam 20Ne of 6.2 MeV/u from AVF cy-
clotron [5]. We optimized the intensity together with
purity of 22Mg beam based on pressure of production
target and intensity of the primary beam of 20Ne. We
tested di!erent thicknesses of production target and
adjusted slightly the primary beam intensity to find
out the maximum yield of 22Mg at the interested en-
ergy. The RI beam including contaminants is more
preferentially populated at achromatic focal plane F2
using dipole magnets and identified by beam moni-
tors PPACs [6]. The contaminants are further sepa-
rated in velocity by using the Wien Filter before com-

20Ne10+ Purity of Intensity of
beam 22Mg12+ 22Mg12+

0.450 eµA 29 % 0.74 % 103 pps
0.700 eµA 30 % 1.20 % 103 pps
1.000 eµA 21 % 0.86 % 103 pps
1.300 eµA 17 % 0.44 % 103 pps
1.800 eµA 11 % 0.22 % 103 pps

Table 1. Purity and intensity of 22Mg12+ produced at F3

focal plane.

ing through active-target, and therefore, a high purity
of 22Mg can be obtained on the experimental plane
F3. Particle identification of di!erent species from pro-
duction reaction is carried out by radiofrequency time
of flight (ToF) and energy of particles measured by
PPACs at F2 and F3.

3. Results and discussion
The intensity of 22Mg12+ at 3.73 MeV/u reaches to

maximum value with the production target 3He at 170
torr of pressure and 700 enA of primary beam current.
In such condition, the 22Mg12+ beam is 30% of purity
and 1.2 % 103 pps of intensity on the active target
at F3. As can be seen in Table 1, the intensity of
the 22Mg12+ is not always proportional to the intensity
of the 20Ne beam.The phenomena is considered to be
caused by heating e!ect on the beam axis.

Although the 22Mg12+ has poor purity of 5% at F2,
it is easily distinguished from the contaminants by ToF
of RF signal and energy measured at F2. The beams
after the Wien Filter, almost all the contaminants are
separated, and the remains are only the leaky beams
of 20Ne10+ and 21Na11+, as shown in Fig. 1. By using
the Wien Filter, the purity of the beam is improved at
F3 with 30%. The transmission of Wien Filter investi-
gated is 40% with a high voltage supply of ±65 kV. It
is expected that the yield of the interest beam will be
increased if the Wien Filter works with higher voltage.

In general, the 22Mg beam of 3.73 MeV/u is pro-
duced successfully for direct measurement of the 22Mg

7



Figure 1. The histogram indicates X-position of the parti-

cles on the PPACa at F3 plane. Here, the main contam-

inants are only primary beam 20Ne10+ and 21Na11+. We

can distinguish the interested beam by RF signal and

energy at F3.

+ ! system at CRIB. In order to get the experimental
data with higher statistical accuracy, it is necessary to
continue developing the beam production. The heat-
ing power in the gas along the beam axis a!ecting on
the yield of the beam should be treated. It is necessary
to investigate this problem for beam production using
3He gas. In addition, the thickness of production tar-
get and energy of primary beam should be optimized
in appreciation case. And improvement of purity of
the beam and transmission of the Wien Filter gives an
opportunity for a high yield of RI beam production in
future.
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The rp-process following a path away from stable
isotopes through beta-unstable nuclei is competed by
!p-process under high temperature and high density in
X-ray bursts [1]. Under such burning conditions, the
nucleosynthesis including a series of (!,p) reactions
up to Z ! 20 involves mainly through the chain of
14O(!,p)17F(p,()18Ne(!,p)21Na(p,()22Mg(!,p)25Al(p,()
26Si(!,p)29P(p,()30S(!,p)33Cl(p,()34Ar(!,p)37K(p,()38Ca.
The stellar reaction 22Mg(!,p)25Al is one of significant
links in the sequence. It would a!ect considerably
the observation of 1.275 MeV gamma-ray, abundance
of 22Na as well as the isotopic anomalies of ratio
20Ne/22Ne in meteorites called Ne-E problem [2, 3].
The reaction also plays an important role in ex-
planation for suspicion of the waiting point 22Mg
in the rp-process. Indeed, the evolution of nucle-
osynthesis can pass through three ways, proton cap-
ture 22Mg(p,()23Al, &+decay 22Mg(&+)22Na and the
22Mg(!, p)25Al reaction. And the (!, p) reaction
is thought to dominate even if it has been underesti-
mated by a factor 100 [4]. Because of the small Q-value
(0.125MeV) for 22Mg(p,()23Al, the photodisintergra-
tion of 23Al prevents a significant flow through the
23Al(p,()24Si reaction.

The 22Mg(!, p)25Al reaction is related also to the nu-
clear structure of 26Si just above the alpha-threshold (E
= 9.17 MeV). Though only limited numbers of level are
known for 26Si, a lot more levels should exist above the
threshold, since many levels are identified in the mirror
nucleus 26Mg. A special interest is possible !-structure
in some of the levels expected by the threshold rule for
finding !-cluster states. The non-statistical contribu-
tion from resonances with large !-widths would en-
hance the cross section as compared to the statistical
model calculation by, for example, the NON-SMOKER
code [5] based on the Hauser-Feshbach model.

There was an e!ort of extracting the reaction rate [6]
but its accuracy is still limited due to lack of precise
experimental data, which have not been measured yet.
In order to obtain experimental data of the stellar re-

Target Purity 22Mg at F3
0.726 mg/cm2 30 % 1.2 % 103 cps

Table 1. 22Mg12+ of 3.73 MeV/u was produced with the

primary beam of 700 enA.

Figure 1. Experimental setup of the 22Mg(!,p)25Al ex-

periment.

action 22Mg(!, p)25Al, we performed a direct measure-
ment in inverse kinematics in the center-of-mass energy
range from 1 to 4.2 MeV, corresponding to Gamow
windows at temperatures from 1 to 3 Giga Kelvin of
astrophysical interest.

We carried out the experiment by means of thick-
target method using the active-target detector MSTPC
[7] with a radioactive beam of 22Mg produced by CRIB
(CNS Radioactive Ion Beam separator) [8] at the Cen-
ter for Nuclear Study (CNS), the University of Tokyo
in October 2011. The 22Mg beam was produced via
the 3He(20Ne,22Mg)n reaction. Primary beams of 20Ne
of 6.2 MeV/u energy extracted from CNS HyperECR
ion source and accelerated by the AVF cyclotron bom-
barded a cryogenic gas target [9] of 3He cooled to 90K
with 2.5 袖m Harvar-windows. See Table 1 for details.

The target and detection system were set at the ex-
perimental plane F3 of CRIB as shown in Fig. 1. The
target was gas mixture of 4He+CO2(10%) at 140 torr

9



Figure 2. Energy loss spectra of 22Mg,21Na and 20Ne in

the gas target were measured by the MSTPC. A Bragg

curve can be deduced from the spectra to obtain the

interested events.

at the room temperature filled in a chamber in which
electrode structures of MSTPC and arrays of telescopes
of silicon detectors were installed.

The trajectory and timing information of incoming
22Mg were measured by the beam monitors for par-
ticle identification. The monitors also provided event-
trigger signals. In the experiment, the events due to the
elastic scattering 22Mg(!,!)22Mg or the 22Mg(!,p)25Al
reaction were discriminated from the ones due to pro-
duction of beam contaminants, based on the Bragg
curves of the outgoing 22Mg and 25Al, which is de-
termined from energy loss measured by MSTPC as
shown in Fig. 2. On the other hand, protons and al-
phas were detected by the silicon detectors installed
around MSTPC.

The elastic scattering and the interest reaction data
were measured during 7 days. The data analysis is in
process. Extraction of the experimental cross section
and R-matrix analysis [10] to obtain the reaction rate
will be made in future.
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A classical nova is produced by thermonuclear out-
burst that takes place on the surface of a white dwarf
component in a close binary system. According to José
et al. [1], at the onset of accretion of H-rich matter
to the top of the white dwarf, the evolution of 22Na
is mainly dominated by the chain of nuclear reactions
20Ne(p, ()21Na(&+)21Ne(p, ()22Na(&+)22Ne(p, ()23Na.
When the temperature at the burning shell reaches
T=5%107 K, the main nuclear reaction of the NeNa
cycle is 21Ne(p, ()22Na, which results in the signifi-
cant production of 22Na. When T=7%107 K, the 22Na
abundance will begin to decrease near the burning shell
due to the proton captures through 22Na(p, ()23Mg re-
action. When the temperature reaches 108 K, the reac-
tion chain through 20Ne(p, ()21Na(p, ()22Mg(&+)22Na
starts to contribute, which plays a crucial role in the
synthesis of 22Na at the late stages of the outburst.
While there are two formation modes for the pro-
duction of 22Na depending upon the temperature,
the 22Na(p, ()23Mg reaction rates a!ect crucially the
overall 22Na abundance in the ejected shells.

Figure 1. Schematic level diagram of the compound

nucleus 23Mg.

To the 22Na(p, ()23Mg reaction, large uncertain-

ties still remain that directly a!ect the predicted 22Na
abundances [2]. Very recently, a new direct measure-
ment using radioactive 22Na targets was reported with
di!erent strengths of the known resonances [3]. In only
about 600 keV above the proton threshold, there are
known about ten energy levels showing already a very
complicated picture of the level structure of 23Mg, see
Fig. 1.

In this work, we performed the 22Na+p resonance
scattering via thick-target inverse kinematic method,
which can cover a wide region in center-of-mass frame
due to the continual energy-loss of the incident 22Na
beam.

The 22Na11+ secondary beam was produced by using
a 6.0 AMeV, 500 enA primary beam of 22Ne via the
22Ne(p, n)22Na reaction in inverse kinematics at the
low-energy RI beam facility of the Center for Nuclear
Study(CNS), CRIB(CNS Radioactive Ion Beam sep-
arator) [4]. At the F0 chamber of CRIB, the 80 mm
gas target for producing the 22Na beam was filled with
hydrogen gas up to 400±3 Torr by the flow-gas system,
and cooled down to 90 K by liquid nitrogen.

Figure 2. Typical beam particle identification at F3 focal

plane.

During the experiment, a 78.3 MeV(magnetic
rigidity(B*)=0.5437 Tm) 22Na11+ secondary beam was
produced with the intensity of about 2.5%105 pps.
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Fig. 2 shows a typical particle identification of the 22Na
secondary beam at F3 focal plane.

The experimental setup at F3 chamber is shown in
Fig. 3. Before the 300 mm gas target, two PPACs
were used to record the position and timing of the sec-
ondary beam particles. After penetrating through the
PPACs and the front window of the gas target(2.5 µm
Havar), the energy of 22Na entering the hydrogen
gas is 37.1 MeV, which is given by a calibrated SSD
(Single Silicon Detector) before experimental measure-
ment. To identify the reaction products, we used three
sets of detector telescope, which are composed by thin
PSDs(Position Sensitive Detector) and SSDs. Dur-
ing the 22Na+p measurement runs, the hydrogen gas
pressure in the 300 mm target was maintained within
310±2 Torr by a flow-gas system, which can fully stop
the 22Na particles.

Figure 3. Experimental setup at F3 chamber.

A typical particle identification of the lighter reac-
tion products is shown in Fig. 4. A large amount of
data were accumulated for 22Na+p, and 22Na+! as
well, data analysis is in progress to obtain the exper-
imental excitation function and extract the resonance
parameters.

Figure 4. A calibrated scatter plot for the energy loss

in PSD(!E) and total energy(Et) measured with the

detector telescope.
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11175261 and 11021504.
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The rapid proton capture process (rp process) is a dom-
inant reaction sequence in explosive hydrogen burning,
which synthesizes heavier elements, especially proton-
rich unstable nuclides. In explosive stellar environ-
ments, processing occurs mostly via the rp process,
a sequence of (p, () reactions, (!, p) reactions and &
decays. Therefore, accurate reaction rates for nuclear
reactions on the rp process are essential for an under-
standing of the nucleosynthesis processes and energy
production.

We studied proton resonant states in 26Si and 27P via
elastic scattering to investigate the 25Al(p,()26Si and
26Si(p,()27P reactions, which are important ones in the
rp-process path for the understanding of the nucleosyn-
thesis in explosive hydrogen burning [1, 2, 3]. These
reactions are also relevant to the production of 26Al.
The 25Al(p,()26Si reaction becomes significantly faster
than & decay of 25Al [4] at the higher temperatures.
Moreover, the 26Si(p,()27P reaction competes with &
decay of 26Si to 26mAl, which can produce 26gsAl via
thermal excitation, therefore the destruction of 26Si by
proton capture is important and the rate of this reac-
tion should be determined accurately.

The states in 26Si have been studied with di!erent
reactions of the (p,t), (3He,6He), (3He,n), (4He,6He),
and proton elastic scattering. Although many states
have been discovered, their parameters relevant for the
higher temperatures are not determined yet. More-
over, a comparison with its mirror nucleus 26Mg reveals
that missing states still remain. The structure of 27P
has been studied with measurements of the (3He,8Li),
(7Li,8He), and and Coulomb dissociation. However,
the knowledge of the structure of this nucleus is still
insu$cient because of uncertain resonance parameters,
such as resonance energies and spin-parity assignments.

The measurement of the 25Al+p and 26Si+p elastic
scattering were performed at the low-energy RI beam
facility CRIB (CNS Radioactive Ion Beam separator)

Table 1. Beam specification

Beam 25Al 26Si
Energy (MeV) 71.58 ± 0.54 79.01 ± 0.60
Intensity (pps) 3.3 % 104 1.2 % 104

Purity (%) 62 23

of the Center for Nuclear Study (CNS), the University
of Tokyo [5, 6], by bombarding a 26Si radioactive ion
beam onto a H2 gas target in inverse kinematics [7]
and detecting scattered protons using silicon detec-
tors for a "E-E telescope. We applied the thick-target
method [8,9] to scan the entire energy region of interest
simultaneously. The excitation function was obtained
from the scattered proton energy spectrum by a kine-
matics conversion process. The experimental setup is
shown in Fig. 1. A 24Mg primary beam with an energy
of 7.5 MeV/A and an intensity of 1.6 eµA extracted
from the AVF cyclotron bombarded a 3He gas target
which was at 550 Torr and 90 K. Then secondary beams
of 25Al and 26Si were produced by the 3He(24Mg,25Al)d
and 3He(24Mg,26Si)n reactions, respectively and were
separated by CRIB using the in-flight method. Beam
properties in front of the secondary target are sum-
marized in Table 1. Protons elastically scattered to
forward angles in the laboratory frame were detected
by a "E-E telescope, which consisted of a 75-µm-thick
double-sided 16-channel-by-16-channel strip Position-
sensitive Silicon Detector (PSD) and two 1.5-mm sin-
gle channel Silicon Strip Detectors (SSDs), both with
an area of 5 % 5 cm2.

By calculating the kinematics, including energy loss
in the target, the measured proton energy of each event
was converted to a center-of-mass energy. Then the ex-
perimental di!erential cross sections of the proton scat-
tering events were calculated from the number of se-
lected proton events and incident beam ions, the target
thickness, and the di!erent solid angles depending on
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Figure 1. Experimental setup of the measurement of the
25Al+p and 26Si+p elastic scattering in inverse kine-

matics at the final focal plane.

the interaction position in the thick target. The excita-
tion functions of 25Al+p and 26Si+p elastic scattering
cross sections obtained in this work are shown in Fig. 2
and 3, respectively. Structures with several peaks were
clearly observed. We performed an analysis using the
R-matrix calculation code (SAMMY-8.0.0) [10, 11] to
deduce resonance parameters such as excitation energy
Ex, spin J , parity #, and proton partial width #p of
resonance states. Figure 2 and 3 show best-fit results
for the excitation function.

For resonant states in 26Si spin-parity assignment
for the fourth resonance at 2.14 MeV and fifth reso-
nance around 2.46 MeV could not be determined be-
cause fitting results of both J! = 2+ and 3+ were
consistent with experimental data. These results are
di!erent from previous ones [12], which also performed
proton resonant elastic scattering with solid CH2 tar-
get at CRIB facility. Our gas target is free from back-
ground contributions over the scanned energy region
of interest owing to the pure hydrogen gas in compari-
son with a solid polyethylene (CH2) target, which can
contribute to the background by carbon atoms.
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Figure 2. Final results for the excitation function of
25Al+p as the best fits for J! = 2+, 4+, 2+, (2+, 3+),

1!, and (2+, 3+) are shown but without firm spin-par-

ity assignment for the fourth at 2.14 MeV and fifth at

2.46 MeV prominent resonant peaks.

Six new resonant states in 27P have been suggested,
and we mostly determined their resonance parameters
such as resonance energy, width, and spin-parity with
the R-matrix calculation. These parameters of reso-
nant states in 27P are expected to contribute to the nu-

clear data as input for nuclear reaction network calcula-
tion of the rp-process nucleosysnthesis. Moreover, pre-
vious estimate of the total reaction rate of 26Si(p,()27P,
which was evaluated by Iliadis et al. [13], should be re-
analyzed with the nuclear physics input newly obtained
in present work.
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1. Intoroduction
The 9He nucleus has a large A/Z ratio of 4.5. Al-

though it is unbound, the first excited state of 9He is
reported to have a remarkably narrow width at a level
of 100 keV [1]. Because the 10He ground state is also
unbound, neutron pickup reactions, such as (p, d) and
(d, t) reactions, can not be applied to investigate the
level structure of 9He. Thus, small number of works
have been devoted to study the energy levels, widths
and spin-parities in 9He. Most of the spin-parities and
widths, however, are still uncertain or scarcely known,
as summarized in Table 1.

We have developed a new powerful probe to study
neutron rich nuclei, which is heavy-ion double charge
exchange (HIDCX) (18O, 18Ne) reaction by making
use of the high resolution spectrometer Grand Raiden
(GR) at the Research Center for Nuclear Physics
(RCNP), Osaka University. This probe has noticeable
advantages, i.e. (a) unstable nuclei can be investigated
even by using stable nuclei for the target and for the
beam, (b) missing mass measurement enables us to ob-
serve an excitation function both below and above the
particle threshold, (c) out-going particles of 18Ne can
be clearly identified through the spectrometer because
the 9B nucleus is unbound and thus the A/Q=9/5 is
unique for 18Ne, and (d) the HIDCX transition rate be-
tween 18Og.s. and 18Neg.s. is expected to be relatively
large because of the overlapping of their wavefunctions
in r-space, which arises from the fact that they are in
the super-multiplet members. It should be noted that
the advantage (d) is essential for the HIDCX measure-
ment since a double charge exchange transition is con-
sidered to be a two-step reaction and its rate is usually
small. Therefore, the (18O, 18Ne) reaction that has a
large transition rate would provide us some informa-
tion to investigate the unbound nucleus 9He from the
stable nucleus 9Be.

2. Experimental setup
The experiment was performed at the WS course of

the RCNP. A primary beam of 18O was accelerated up
to 1432 MeV (79.6 MeV/nucleon), which is the maxi-
mum at the RCNP, by the coupled cyclotrons. A typi-
cal beam intensity was 20 pnA. A beam energy spread
was 1 MeV (FWHM) including a width owing to de-
tector system at the focal plane of the GR spectrom-

Table 1. Energy levels, spin-parities, and widths in 9He.

Ex (MeV) J! # (MeV)
0.0 1/2+

1.10 1/2! 0.1
2.26 0.7
4.2
5.0
8.0

eter. The 18O beam bombarded a self-supporting foil
target of 9Be with an areal density of 5.0(1) mg/cm2,
where the isotopic abundance of 9Be is naturally 100%.
The scattered particles were momentum-analyzed by
the GR spectrometer. Then, they were detected by
the focal plane detector system, which consists of two
vertical drift chambers (VDC’s) and two plastic scin-
tillation counters. Thicknesses of the two scintillators
were 1 and 3 mm from the upstream. Coincident sig-
nals from the scintillation counters were used to trigger
the data acquisition (DAQ) system. The detail of the
experiment can be found in Ref. [2].

3. Result and discussion
The particle identification to select 18Ne was realized

by using the information of Time-of-Flight between RF
from the accelerator and the triggering signals and by
making use of its unique A/Q value. Detailed descrip-
tions for the analysis may be found in Ref. [3]. An
excitation energy spectrum of the 9Be(18O, 18Ne)9He
reaction at 0-0.6" is compared with that of 12Be(18O,
18Ne)12Be reaction as shown in Fig. 1. Although the
same beam, the same detector system, and the same
analysis procedure were applied for both 9Be and 12C,
only continuous increment caused by quasi-free scat-
tering are seen in the spectrum of 9He. There are no
prominent structures. Figure 2 shows coupled-channel
calculations by the code ECIS [4] with assuming two-
phonon states to reproduce the HIDCX transition. The
microscopic form factors were obtained [5] by folding
the projectile and the target transition densities with
the USD [6] and SFO [7] e!ective interactions, respec-
tively. The simplest transition path assumed for the
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Figure 1. Excitation energy spectra for the 9Be(18O,
18Ne)9He and the 12C(18O, 18Ne)12Be reactions at #lab

= 0-0.6".

calculation is double Gamow-Teller transitions from
the 9Be(3/2!g.s.) to the 9He(1/2!g.s.) via the 9Li(3/2!g.s.).
The calculation indicates that the di!erential cross
section is less than 1 nb/sr owing to a tiny B(GT)
value from the 9Be(3/2!g.s.) to the 9Li(3/2!g.s.). Be-
cause 10 nb/sr was the lower detection limit in the
previous experimental condition, the cross section of
the 9Be(18O, 18Ne) reaction producing 9He was too
small to be observed. Spatial deformation of 9Be [8] is
supposed to cause small overlapping of wavefunctions
between 9Be and 9Li, resulting in a small cross section
of the 9Be(18O, 18Ne)9He reaction.

As a next step for the establishment of the HIDCX
(18O, 18Ne) reaction as a spectroscopic tool, we are
planning to measure 13C(18O, 18Ne)13Be reaction since
the 13Be nucleus is unbound. A calculation predicts the
di!erential cross section of 20-40 nb/sr at 0" for the
transition reaction to 13Beg.s.. Because the cross sec-
tion predicted is one thirds of 12C(18O, 18Ne)12Beg.s.,
the HDCX (18O, 18Ne) reaction on 13C would be the
first successful application for spectroscopy of unbound
nucleus.
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Neutron-rich nuclei have attracted much attention due
to their exotic phenomena such as halo–structures, dis-
appearance of conventional magic numbers and low–
lying intruder states.

The neutron-rich nucleus 12Be provides the crutial
evidence for the disappearance of the neutron magic
number N = 8 [1,2]. Configurations of the ground (0+

1 )
and 0+

2 states in 12Be are of much current interest. Ear-
lier experimental and theoretical studies highlighted
that the normal (0s)4(0p)8 “0!+” configuration mainly
contributes to the 0+

2 state, while the (0s)4(0p)6(0sd)2
“2!+” configuration mainly contributes to the 0+

1 state.
However, the levels of the mixing of the 0!+ and 2!+
configurations to the 0+ states remain as a subject of
intense debate [3, 4, 5, 6, 7].

We have developed a spectroscopic tool, which is the
&+-type heavy-ion double-charge exchange (HIDCX)
(18O, 18Ne) reaction at an intermediate energy with a
missing mass method. The spectroscopic tool can be
an e$cient probe to investigate light neutron-rich nu-
clei because those near or over the neutron drip line
can be studied even by using stable nuclei as a tar-
get and observing its excitation energy spectrum below
and above the particle threshold on the same footing.
Another obvious advantage of the (18O, 18Ne) reaction
is that the transition probability between the ground
states 18O and 18Ne is expected to be large because
the ground states of 18O and 18Ne are members of the
same super-multiplet. In addition, the 18Ne having a
unique A/Q value of 1.8 which makes particle identi-
fication of 18Ne easier in this experiment since 9B is
unbound.

The HIDCX 12C(18O, 18Ne)12Be reaction experi-
ment was performed to study the low-lying states of
12Be by using the high resolution Grand Raiden (GR)
spectrometer at the WS course of Research Center for
Nuclear Study (RCNP), Osaka University. The GR
spectrometer was set at 0 degree. The 18O beam with
an energy of 79.6 MeV bombarded a natural carbon
target with an areal density of 2.2(1) mg/cm2. The
typical 18O beam intensity was 25 pnA. Scattering par-
ticles were momentum–analyzed by the GR spectrom-
eter, and then detected by the focal plane detectors

which are two vertical drift chambers (VDCs) and two
plastic scintillators. Particle identification was done
with the energy loss in the plastic scintillators and the
A/Q value derived from the time-of-flight and the B*
information. The detail of the particle identification is
found in Ref. [8]. We obtained the excitation energy
spectrum of 12Be with the total energy resolution of
1.1 MeV mainly limited by the incident beam energy
spread of ! 1 MeV. We also obtained angular distribu-
tions of the cross section for the low-lying states of 12Be
within the GR spectrometer acceptance of 0.0"–2.5".

Figure 1. Excitation energy spectrum of 12Be within the

scattering angle range of 0.0"–0.3" (upper panel) and

0.3"–0.6" (lower panel).

Figure 1 shows the excitation energy spectrum of
12Be. One can find three clear peaks with the exci-
tation energy of 0.0, 2.2 and 4.5 MeV, respectively.
12Be has the three states that can contribute to the
2.2 MeV peak: 2+

1 (2.11 MeV), 0+
2 (2.24 MeV) and

1!1 (2.68 MeV). The peak with the excitation energy
of 7.5 MeV that appears at the scattering angle range
of 0.0"–0.3" (upper panel of Fig. 1) might be the 0+

3
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state which has not been observed so far [3,5]. Figure 2
shows angular distributions of di!erential cross sections
for the 12C(18O, 18Ne)12Be reaction. The ground state
has a forward peaking shape. The 0+

2 state is the main
component of the 2.2 MeV peak because its angular
distribution is also forward peaking, as well as the an-
gular distribution for the ground state. In contrast, the
4.5 MeV state has a flat shape. The 4.56 MeV state has
been suggested its spin-parity is 2+ [9]. Therefore the
angular distribution of the 4.5 MeV peak might be a
"L = 2 distribution. The present result indicates that
the HIDCX reaction at an intermediate energy has the
sensitivity to multipolarities.

Figure 2. Angular distributions of di"erential cross sec-

tions for the observed three peaks: the ground state

(closed circle), the 2.2 MeV peak (open circle) and the

4.5 MeV peak (closed square).

In summary, we succeeded in the observation of three
isolated peaks, corresponding to the ground and low-
lying excited states of 12Be, by employing the HIDCX
12C(18O, 18Ne)12Be reaction. It is noted that this
experiment is the first case which clearly observed
the clear peaks and obtained its angular distribution
with the HIDCX reaction at an intermediate energy.
Now, we develop a reaction calculation method for the
HIDCX. After we establish the calculation method, we
will perform a multipole decomposition analysis to ex-
tract the 0!+ components of 0+

1 and 0+
2 states. Then,

we can deduce the levels of the 0!+ contribution for
the 0+ states.
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The pion is the most important particle for understand-
ing nuclear forces. The pseudo-scalar nature of the
pion leads to a strong tensor correlation, which plays a
characteristic role in nuclear structure. The investiga-
tion of tensor correlation in nuclei is thus indispensable
in understanding the fundamental nature of a nuclear
many-body system.

The spin-isospin excitations provide a unique oppor-
tunity to study the tensor correlation e!ects in nuclei.
The spin-dipole (SD) 0! excitations are of particu-
lar interest as they carry the same quantum number
as a pion. Recently, the e!ects of tensor correlations
on the 0! excitations have been investigated by using
self-consistent HF+RPA calculations [1, 2]. According
to the calculations, it was found that the tensor cor-
relations produce a strong hardening (shifting toward
a higher excitation energy) e!ect on the collective 0!
resonance, and the e!ect is very sensitive to the magni-
tude of the tensor strength. Therefore, from the study
of 0! states, we are able to identify the tensor cor-
relation e!ects. However, in spite of this importance,
experimental information on 0! states is very limited.
The lack of experimental tools suited for 0! studies is
responsible for this situation.

In this report, we propose a new probe, a parity-
transfer reaction for the 0! study. The parity-transfer
reaction is a direct nuclear reaction where the probe
particle changes from the initial 0+ state to the final
0! state (0+ ' 0!). This reaction has advantages over
other reactions used so far. Table 1 shows the J! states
that are excited by using the parity-transfer reaction
and traditional reactions such as (p, n)[1/2+ ' 1/2+]
and (d, 2He)[1+ ' 0+]. With all the traditional reac-
tion probes, it is very di$cult to separate 0! states
from the 1! and 2! states as these SD states are ex-
cited with the same "L = 1. On the other hand, the
new probe, the parity-transfer reaction, excites only
one J! component with each "L. Thus, the J! com-
ponents can be assigned uniquely from the angular dis-
tribution. In addition, due to its unique feature as an
exclusive probe of unnatural-parity states, the contri-
bution from the natural-parity 1! excitation is negli-
gible. Thus, the parity-transfer reaction can be a pow-
erful tool for reliable determination of the 0! strength
distribution.

This technique is based on the transition from the
0+ g.s. of 16O to the 0! g.s. of 16F (See Fig. 1). All

Figure 1. Energy level diagram for 16F

the states in 16F are unbound to 15O + p. We perform
the coincidence measurements of the decayed 15O + p
pairs, and the 0! g.s. of 16F is identified by using
the invariant-mass method. In this method, the tran-
sitions to the other spin-dipole states, 1! state at Ex =
0.19 MeV and 2! state at Ex = 0.42 MeV, can also be
observed simultaneously. Using these transitions, we
can also study the 1! and 2! strength distributions
in nuclei. For example, the (16O,16 F#(1!, 0.19 MeV))
reaction selectively excites 1! states with "L = 0, en-
abling us to observe the 1! strength distribution at
0".

The RIBF accelerators at RIKEN in combination
with the SHARAQ spectrometer [3] provide the op-
portunity for studies of the parity-transfer (16O, 16F)
reaction at an energy of 200–300 MeV/A. In this en-
ergy region, the single-step process is dominant [4], and
thus, we can extract the nuclear structure information
reliably. In order to confirm the validity of the method
of the parity-transfer reaction, we plan to perform a
12C(16O, 16F)12B experiment at 250 MeV/A. The 12C
target has been often investigated by using charge-
exchange reactions [5,6,7], and there is the known 0!
state at Ex = 9.3 MeV in 12B. Therefore, this state
serves as a benchmark to verify the e!ectiveness of the
parity-transfer reaction. Figure 2 shows a schematic
layout of the experimental setup. A primary 16O beam
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Table 1. The spin-parity states excited via the parity-transfer reaction and traditional reactions.

"L = 0 "L = 1 "L = 2 · · ·
Parity-trans. (0+ ' 0!) 0! 1+ 2! · · ·

(p, n), (d, 2He) etc. 0+, 1+ 0!, 1!, 2! 1+, 2+, 3+ · · ·

of 250 MeV/A is transported onto a 12C target. The
outgoing 16F ' p + 15O are momentum analyzed in
the SHARAQ spectrometer. The analyzed 15O are de-
tected with the focal plane detector of SHARAQ, while
the protons are detected with the detector at the low-
momentum side of the first dipole magnet. Once this
new method is established, it will open new opportu-
nities for the study of the 0! strengths in nuclei and
for exclusive excitation feeding to the unnatural-parity
states in general.
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Figure 2. Experimental setup of the 12C(16O, 16F)12B ex-

periment.
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1. Introduction
Isovector non-spin-flip monopole resonance (IVMR)

is of particular interest, because it is an oscillation
mode of isovector density *IV = *n $ *p and its en-
ergy and width should be closely related to properties
of asymmetric nuclear matter [1] and to isospin mix-
ture in nuclei [2].

In spite of its importance, however, experimental
data on IVMR are scarce so far. Pion charge exchange
reactions (#±,#0) [3] and heavy-ion charge exchange
(HICE) such as, (13C, 13N) [4,5] and (7Li, 7Be) [6], have
been used to study IVMR. These reactions provided
inconsistent results of excitation energy, width, and/or
multipolarity of the state [4].

To understand nature of IVMR, a HICE probe selec-
tive to the non-spin-flip ("T = 1, "S = 0) modes is es-
sentially important. We propose the the super-allowed
Fermi type charge exchange (10C, 10B(IAS)) reaction.
This selectivity is achieved only with the RI beam in-
duced reaction [7]. Our idea to probe the isovector non-
spin-flip states is based on the use of a super-allowed
Fermi transition between isobaric analog states in the
projectile. The analog state of the 10C ground state
locates at Ex=1.74 MeV in 10B as shown in Fig. 1.
The transition from the 10C ground state to the 1.74-
MeV state in 10B can be experimentally identified by
observing the emitted ( ray of 1022 keV. Thus, coinci-
dent detection of 10B and 1022-keV ( rays in the final
state will be a clear signature of 0+ ' 0+ transition
in the projectile, and consequently, of the non-spin-flip
excitation in the target.

We have applied the (10C,10B(IAS)) reaction at 10C
beam energy of 200 MeV/nucleon to 7Li. In this report,
we report the experimental result to identify the isovec-
tor non-spin-flip excitation by the (10C,10B(IAS)) re-
action.

2. Experiment and result
The experiment was performed at the RIBF facil-

ity in RIKEN using the SHARAQ spectrometer [8].
The secondary 10C beam was produced as fragments of
250 MeV/u 14N using a 9Be target with a thickness of
20 mm. A purity of approximately 95% was achieved
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Figure 1. Levels in 10B. The analog state of the 10C ground

state is found at Ex=1.74 MeV in 10B.

for 10C by using an Al wedge-type energy degrader
with thickness of 810 mg/cm2. The intensity of the
10C beam was approximately 2 % 106 pps at the sec-
ondary target. The beam trajectories were measured
by the multiwire drift chambers [9] upstream of the sec-
ondary target to determine the position and incident
angle of the beam. High-resolution beamline was set to
the dispersion-matched mode so as to cancel the e!ect
of energy spread of the beam itself [10]. A secondary
90Zr target with a thickness of 150 mg/cm2 was used.
The emitted 1022-keV (-rays to define the non-spin-
flip transition were detected by the NaI detector array
(DALI2 [11]) located near the secondary target. Scat-
tered 10B particles were momentum analyzed by the
SHARAQ spectrometer.

We successfully obtained the (-ray spectra char-
acteristic of the spin-flip/non-spin-flip transitions in
the 7Li target with a reasonably small background as
shown in Fig. 2. For the heavier target, the (-ray
spectra su!ered from background contributions. The
background contributions are caused by the secondary
bremsstrahlung and the emission of ( rays from the
target nuclei.

The results from the 7Li(10C,10B() reaction allowed
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us to evaluate the e!ectiveness of this reaction. We
confirmed that the isovector non-spin-flip transition is
extracted by using the 1022-keV ( ray based on the
results as follows. It is found that the feedings from
highly excited GT states are negligibly small because
prominent (-ray peaks, expected when the highly GT
states are populated, were not observed in the obtained
(-ray spectrum. We concluded that the feedings for
the non-spin-flip transition are less than 10% on the
assumption that there is the feeding from the three
excited states at Ex=2154, 3587 and 5164 keV in 10B,
and the contribution from 2868- and 3009-keV ( rays
and background distribution in the (-ray spectrum.

We confirmed a non-spin-flip selectivity as can be
seen in coincident (-ray spectra. Left panel of Fig. 3
shows a two-dimensional plot of coincident ( rays. The
horizontal and vertical axes show the highest (-ray en-
ergy with Doppler-shift correction and the other ener-
gies of coincident ( rays without Doppler-shift correc-
tion for each secondary-beam event. To confirm the
(-ray coincidences, we produced spectra by gating on
Doppler-corrected (-ray energies. Right panel of Fig. 3
show spectra with (-ray energy gating in the range
of 590–750 keV (spin-flip) with dashed line and 950–
1250 keV (non-spin-flip) with solid line, respectively.
The coincident events are observed between 718-keV
( rays with Doppler-shift corrections and 430-keV (
rays without Doppler-shift corrections as shown with
the dashed line. On the contrary, 1022-keV ( rays with
Doppler-shift corrections are not coincident with 430-
keV ( rays without Doppler-shift corrections as seen
in the solid line. This indicates that a non-spin-flip
transition is identified by using (-ray energies because
430-keV ( rays without Doppler-shift corrections are
emitted through the spin-flip transition of the target.

3. Summary
Our idea to excite isovector non-spin-flip states selec-

tively is based on a super-allowed Fermi transition be-
tween isobaric analog states in the projectile. We have
applied this reaction to the 7Li target and successfully
observed the 1022-keV ( rays emitted from 10B(IAS)
which is a signature of the non-spin-flip transition. We
concluded that the the feedings for the non-spin-flip
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transition are less than 10% using the obtained (-ray
spectrum. We also confirmed a non-spin-flip selectivity
using the obtained coincident (-ray spectra with 430-
keV ( rays without Doppler-shift corrections which are
emitted through the spin-flip transition of the target.
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Nuclear reactions using accelerated beams have been
successfully employed in the study of nuclear structure
through the response of the nucleus. The spin-isospin
responses in particular have been extensively studied
by charge-exchange reactions [1] induced by nucleon
beams, light-ion beams, and heavy-ion beams at inter-
mediate energies. Since radioactive-isotope beams have
become available recently, measurements of nuclear re-
actions induced by radioactive-isotope beams are now
possible [2]. Such reactions introduce kinematical con-
ditions and selectivities in transferred quantum num-
bers, which cannot be realized by stable-beam-induced
reactions.

In this work, we studied the 90Zr(12N, 12C)90Nb re-
action at 175MeV/u. This is the first exothermic
charge-exchange reaction study at intermediate energy
ever performed. This reaction realizes small momen-
tum transfer for high excitation energy, owing to the
large positive mass di!erence of the projectile and the
ejectile, ,m = +16.83MeV (See Fig. 1). By selecting
the final state of 12C by detecting the de-excitation (
rays, the transferred spin and isospin can be exclusively
specified to be (,S,,T ) = (1, 1) and (1, 0). The e!ec-
tiveness of the reaction can therefore be demonstrated
through the observation of the Gamow-Teller giant res-
onance (GTGR) and the isobaric analog state (IAS).
In addition to the above-mentioned advantages, this
reaction is absorptive because this is a heavy-ion re-
action. This means that this reaction is particularly
sensitive to the IVSMR. The usefulness of the reaction
can be reinforced by the observation of the IVSMR.
Therefore, we chose 90Zr as the target nucleus for the
present study, since the GTGR and IAS of this nucleus
have been well-studied and signatures of the IVSMR
in the &! direction have been reported in the previous
experiments [3,4]. However, this reaction is associated
with a background process due to the in-flight & de-
cay of the 12N projectile, whose half-life is 11.0ms [5].

1Present address: National Superconducting Cyclotron Labora-
tory, Michigan State University.

Figure 1. Energy relationship between 12N and 12C.

This process produces 12C nuclei, the amount of which
is about 102 times larger than that of the true charge-
exchange reaction products. This requires additional
detectors to remove this background contribution since
these 12C nuclei are not separable with the response of
the focal plane detectors.

The experiment was performed at the RI Beam Fac-
tory (RIBF) of RIKEN Nishina Center. The pri-
mary 14N beam at 250MeV/u was converted to the
secondary 12N beam at 175 MeV/u via the projectile
fragmentation reaction. The maximal intensities of
the primary and secondary beams were 400 pnA and
1.8Mcps, respectively. The secondary 12N beam was
separated by the BigRIPS fragment separator [6, 7]
and transported by using the dispersion matching tech-
nique [8] to the reaction target. The target was
90Zr with a thickness of 154 mg/cm2 and with an iso-
topic enrichment of 99.4%. The 12C reaction product
was momentum analyzed by the SHARAQ spectrom-
eter [9]. The trajectories of the incoming beam par-
ticles were measured with the LP-MWDCs [10] and
those of the reaction products were measured with
the CRDCs [11]. The de-excitation ( rays were de-
tected with the NaI(Tl) scintillator array DALI2 [12]
surrounding the target. In addition, for the rejection
of the aforementioned background events due to the &
decay of 12N, a pair of plastic scintillators was installed
immediately upstream and downstream of the 90Zr tar-

23



Figure 2. The double di"erential cross section data for the
90Zr(12N, 12C)90Nb reaction for the (%S,%T ) = (1, 1)

and (0, 1) modes.

get. These plastic scintillators worked well to remove
the background contribution of that large amount.

The double di!erential cross section data for the
90Zr(12N, 12C)90Nb reaction at the angular range of 0–
3" and the excitation energy range of 0–70 MeV were
successfully obtained for both of the (,S,,T ) = (1, 1)
and (0, 1) modes. Figure 2 shows the double di!eren-
tial cross section spectra. The energy resolution was
,E = 8 MeV (FWHM), which includes the intrinsic
energy spread of the beam of 4.6MeV and the di!er-
ence of the energy loss of 6 MeV of the 12N projec-
tile and the 12C ejectile. The angular resolution was
,) = 0.6" (FWHM).

In the (,S,,T ) = (1, 1) mode, the GTGR peak at
Ex & 10MeV was observed. Another peak at 30 MeV
was observed, which we concluded to correspond to
the IVSMR. In the (,S,,T ) = (1, 0) mode, the IAS
peak at Ex & 5MeV was observed. The angular dis-
tributions of the cross sections were compared with
the DWBA calculation, and they showed a good agree-
ment. These results demonstrated that this probe was
useful to study the (,S,,T ) = (1, 1) and (0, 1) modes
separately. Therefore, this probe is a powerful spectro-
scopic tool with these selectivities. They also showed
that it has a sensitivity to the excitation of the IVSMR.

In addition, the ratio of the cross section of the
GTGR per Gamow-Teller transition strengths of the
target-residual and projectile-ejectile systems, -̂#

GT, to
that of the IAS per Fermi transition strengths, -̂#

F, was
found to be -̂#

GT/-̂#
F ! 18, which is large compared

with the (p, n) cross sections [1]. This enhancement is
attributed to the absorptive nature of this probe, which
can emphasize the longer-range spin-isospin-flip force
V#$ compared to the shorter-range isospin-flip force
V$ [13].
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Charge-exchange reactions at intermediate energies are
excellent probes of spin-isospin excitations in nuclei,
which are characterized by changes in the spin and the
isospin ("S = "T = 1). The (p, n) and (n, p) re-
actions are among the most successful probes in the
spin-isospin studies of stable nuclei owing to the sim-
ple reaction mechanism. Therefore, we constructed a
facility at SHARAQ where (p, n) reactions on unstable
nuclei can be studied in inverse kinematics.

In June 2011, we performed the measurement of the
12Be(p, n) reaction as the first (p, n) measurement in
inverse kinematics at RIBF. The 12Be nucleus is a
neutron-rich nucleus with a large isospin asymmetry
factor . # (N $ Z)/A = 0.33. Although the neutron
number N = 8 indicates a simple structure, it is known
to possess exotic properties, e.g., breaking of N = 8
p-shell closure [1] and cluster/molecular structure like
2! + 4n configuration [2]. It is interesting to see how
these properties change the aspects of Gamow-Teller
(GT, "S = "T = 1,"L = 0) and spin-dipole (SD,
"S = "T = "L = 1) excitations.

A primary beam of 18O was accelerated up to 250A
MeV, and it was focused on the production target of
20-mm-thick Be at BigRIPS-F0, yielding a secondary
12Be beam of 200A MeV by projectile fragmentation.
12Be with a purity of 95% was selected at F3 and then
transported in the achromatic mode to a liquid hy-
drogen target with a thickness of 14 mm at the pivot
position of SHARAQ (S0). The size of the beam spot
was - = 7 mm (5 mm) in the horizontal (vertical) di-
rection on the target. The typical beam intensity was
5 % 105 counts/s with a 100 pnA primary beam.

The missing mass spectra of the 12Be(p, n) reaction
were derived from the scattering angle of the neutron
()lab) and its kinetic energy (Tn). These were mea-
sured by the time-of-flight (TOF) method using a set of
newly developed neutron counters (WINDS) [3]. The
timing information of the TOF start was obtained from
the plastic counter (1 mmt) at F-H10 located 2 m up-
stream of the SHARAQ target position. To obtain
clean TOF spectra for relatively slow neutrons with
Tn ! 2 MeV, A beam buncher at RILAC was operated
with a frequency that was 1/4 of base frequency of the
cyclotrons, so that the interval of beam bunches was
122 ns. SHARAQ and the detectors at its focal plane
(S2) were used to tag the residual nucleus (12B) or its

decay products (11B or 10B).
Figure 1 shows the spectrum of the 12Be(p, n)12B

reaction with tagging of 12B at S2, covering the excita-
tion energy region of 0 to 3.4 MeV. Here, the angular
distributions of GT and SD components are expected
to have peaks at )cm = 0" (Tn ! 0 MeV) and 8–12"
(Tn = 4.5–8.0 MeV), respectively. The observed locus
is due to the GT transition to the ground state of 12B,
for which the B(GT) value is known to be 3.8. Data
analysis for the GT and SD strengths is in progress.

Figure 1. Preliminary spectrum of the 12Be(p, n)12B

reaction with tagging of 12B at S2.
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Strong spin-orbit coupling, which was introduced in-
dependently by Mayer and Jensen to explain magic
numbers in nuclear system, is essential in nuclear struc-
ture. It is so strong that it can shu%e the level se-
quences with di!erent principal quantum numbers, or
in di!erent major shells. The spin-orbit splitting is a
direct measure of the strength of the spin-orbit cou-
pling. We are interested in how the spin-orbit splitting
changes as a function of nucleon number in isotopes.
There are three reasons to study oxygen isotopes: (i)
they have “proton magicity” and the shell model pic-
ture is thought to work well; (ii) they have moder-
ate number of nucleons, therefore ab-initio calculation
will be realized in near future; (iii) isotopes from pro-
ton drip-line to neutron drip-line are available at the
RIKEN RI Beam Factory (RIBF).

The ("p, pN) reaction at the higher energy can be con-
sidered as a direct knockout of a nucleon in nucleus by
injected proton. Therefore it is a suitable probe for the
investigation of single hole states in nuclei. The sep-
aration energy (Sp) is calculated using the scattering
angles and momenta of two scattered nucleons. Each
peak in separation energy spectrum corresponds to the
hole states in residual nuclei. The orbital angular mo-
mentum of the states can be directly determined by
analyzing missing momentum dependence of the cross
section. Due to the polarization of proton, we can
also determine total angular momentum (J) by ana-
lyzing momentum dependence of the vector analyzing
power [1].

We performed a pilot experiment at RCNP, Osaka
University in June 2010 for the verification of J deter-
mination capability by measuring ("p, 2p) reaction on
oxygen stable isotopes [2]. Spin-parities for several
states were determined successfully. The result indi-
cates the 1p spin-orbit splitting of 18O is reduced by
several hundred keV from that of 16O. Even in sta-
ble isotopes the change of spin-orbit splitting are not
negligible. Therefore the study in unstable isotopes is
necessary to understand the nuclear structure.

The experiment will be performed at RIKEN RIBF
and the experimental setup has been considered as
follows. Beams of 14O, 22–24O at energy of around
250 MeV is generated from 48Ca via projectile-
fragmentation reaction. They are transportated into
the high-resolution beamline, separated from contam-
inants by using BigRIPS, and bombard the polarized
proton target [3] mounted at SHARAQ S0 focal plane.

The beam particles are tracked by two low pressure
mutiwire drift chambers (LP-MWDC) [4] located at
upstream of the target. Recoil particles are detected
by a pair of detector systems located at the both side of
beamline. Each detector system consists of a multiwire
drift chamber (MWDC) [5], a trigger plastic scintillator
of the size of 13 % 1500 % 500 mm3 and a neutron ho-
doscope. The neutron hodoscope consists of 40 plastic
scintillators with a dimension of 65 % 65 % 2200 mm3.
The MWDC and the trigger scintillator are used to
measure scattering angle and time of flight (TOF), re-
spectively. The neutron hodoscope is used to measure
the scattering angle and TOF for neutrons. The cov-
ered range of scattering angle is 25" < ) < 65". Mo-
mentum of residual particles are analyzed by an LP-
MWDC and an MWDC located upstream and down-
stream of quadropole (Q) and dipole (D) magnets.
Schematic drawing of the setup is shown in Fig.1.

Q magnet

LP-MWDC

D magnet

LP-
MWDC

MWDC
Trigger Plastic

Neutron hodoscope

MWDCPlastic

Pol.
target

p/n

p/n

beam

residu
al

Figure 1. Schematic drawing of the setup for (&p, pN) reac-

tion measurement

We also developed a new chamber for the polarized
proton target. This chamber is dually structured such
as a vacuum flask and consists of (outer) vacuum cham-
ber and (inner) cooling chamber. Inside of the inner
chamber is cooled with liquid nitrogen to keep the po-
larized target at low temperature as 100 K. The win-
dow of the chamber through which beam and recoil
particle go out is designed to achieve su$ciently large
acceptance (horizontal opening: ±72", vertical open-
ing: ±16.5") for the knockout reaction. This design
also allows the future enlargement of the target crys-
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tal.

Figure 2. New inner chamber for the polarized target

This experiment is scheduled in May 2012. The
preparation of the target and the detectors are in
progress.
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We report here on the in-beam (-ray spectroscopy us-
ing the very neutron-rich 32,34,36Mg beam and a hydro-
gen target. The 36Mg nucleus is located in the middle
of the shell closures of N = 20 and 28 and is closer
to the neutron drip line than nuclei belonging to the
so-called ‘island of inversion’. In previous experimen-
tal studies on neutron-rich magnesium isotopes, 32Mg
was reported to be a well-deformed nucleus [1], and
the disappearance of the magicity at N = 20 was in-
dicated. The deformation of 34Mg was reported to be
larger than that of 32Mg [2]. The excitation energy of
the 2+

1 state in 36Mg was reported to be 660 keV [3]
and this may indicate that 36Mg is deformed as large
as that of 34Mg. The present study is aiming to inves-
tigate evolution of nuclear deformations up to 36Mg as
a function of the neutron number.

The experiment was performed at the unstable nu-
clear beam line RIPS [4] in RIKEN. Ions of 48Ca were
accelerated up to 63 MeV/nucleon using the accelera-
tion scheme of RFQ-RILAC-CSM-RRC and impinged
on a 150-µm 181Ta plate. A radioactive 36Mg beam was
isotopically separated. Particle identification of the
secondary beam was performed by a standard method
based on the energy loss, time of flight and magnetic
rigidity. The secondary beam bombarded a liquid hy-
drogen target [5] of 95 mg/cm2.

To obtain a su$cient mass resolution for the reaction
products, the TOF spectrometer [6] was placed down-
stream of the secondary target. The scattered particles
were detected using a telescope placed at the end of
the spectrometer. The telescope consisted of a silicon
detector of 500-µm thick and two NaI(Tl) calorime-
ters. Most of the scattered particles passed through
the silicon detector and stopped in the NaI(Tl) crys-
tals. Scattered particles were identified based on TOF
through the spectrometer, energy loss in the silicon de-
tector and total energy measured using the calorime-
ter. Evaluated detection e$ciency of the telescope for
scattered particles was more than 90%.

De-excitation ( rays from the inelastically scattered
particle were detected using 160 NaI(Tl) scintillators
(DALI2) [7] surrounding the secondary target. Further
details on the experiment setup and condition of the
secondary beam were described in Ref. [8].

To estimate the angular-integrated cross section to
populate the 2+

1 state, We calculated the yield of the
2+
1 ' 0+

1 transition with (-ray multiplicity (M%) equal
to one. The (-ray multiplicity was defined to be the
number of detected ( rays in an event of inelastic
scattering. The limitation of M% worked to eliminate
the cascade events, where produced nuclei emit two
or more photons. The M% limitation for determining
the cross section of the 2+

1 state was performed as in
Ref. [9] and worked well.

The spectra on 32,34,36Mg gated by M% = 1 are
shown in Figs. 1. In the figures, the plots with er-
ror bars show the experimental data. The thin his-
tograms show the background and simulated ( spec-
trum of 2+

1 ' 0+
1 transition, and the thick line is the

sum of the thin lines.
In 32Mg, the cross section to populate the 2+

1 state
was determined to be 40+9

!8 mb from the data shown
in Fig. 1(a). The present value is consistent with
47.6(5.3), which was the result of the precise proton in-
elastic scattering study on 32Mg by Takeuchi et al. [10].

The (-ray spectrum of inelastic scattering on 34Mg
gated by M% = 1 is shown in Fig. 1(b). A clear
peak was found at 658(4) keV, and was consistent
with the reported excitation energy of the first 2+

state [11, 12, 13]. The cross section to populate the
2+ state was determined to be 63(5) mb and that of
2+
1 ' 0+

1 transition to be 78(6) mb. The total cross
section of the transition is consistent with the previous
measurement [13]. The 2+ population is estimated to
dominate as much as 80% of the 658-keV transition.

An excited state in 36Mg was reported at 660(6) keV
in Ref. [3] and the present result is consistent with
this result as shown in Fig. 1(c). The (-ray energy
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(a)

(c)

(b)

Figure 1. Gamma-ray spectra from the

(a) 1H(32Mg,32Mg$), (b) 1H(34Mg,34Mg$), and (c)
1H(36Mg,36Mg$) reactions with $-ray multiplicity equal

to one. The solid circles with error bars show the experi-

mental data. The thin histograms show the background

and simulated $ spectrum of 2+
1 ! 0+

1 transition, and

the thick solid histogram is the sum of the thin lines.

determined in present experiment is 656+15
!11 keV. The

cross sections to populate 2+ state and of the 656-keV
transition were determined to be 50(8) mb and 48(8)
mb. The rate of 2+-state populating to the total 656-
keV transition was estimated to be almost unity, and
( rays from higher states were not identified in the
present experiment.

To study a systematic trend of quadrupole defor-
mations in the interested region, angular-integrated
cross sections obtained by M% = 1 event selection
were analyzed by the coupled-channel calculation us-
ing the ECIS97 code. For the initial and exit channels,
the global potential WP09 [14] was employed. The
WP09 potential was suggested recently to provide the
isospin dependent optical potential for analyzing pro-
ton/neutron scattering by nuclei far from stability. It
was determined based on the data not only of global
stable isotopes but also of light unstable nuclei. This
potential is fully suitable for the present experiment
in the beam energies, masses and isospins of interested
nuclei.

Obtained deformation lengths /(p,p!) are summarized
in Table 1, and illustrated in Fig. 2. In the figure,
the closed circles show deformation lengths determined
from the present experiment. The open circle indicates
the deformation length estimated from the 2+

1 cross
section reported by Takeuchi et al. [10]. The defor-
mation lengths of 32Mg well agree between the present
and previous works.

In 32,34Mg, the deformation lengths obtained from
the proton inelastic scattering and Coulomb excitation
experiments are equivalent within the errors. Accord-
ing to Ref. [15], their collectivities are considered to
attribute to both protons and neutrons in the nuclei.

In the magnesium isotopes with N = 20–24, the de-
formation length increases from N = 20 to 22 as shown

Table 1. Deduced deformation lengths ('(p,p!)) and de-

formation parameters (((p,p!)) of 32,34,36Mg.

Nucleus -(2+
1 ) (mb) /(p,p!) (fm) &(p,p!)

32Mg 40+9
!8 1.85 ± 0.20 0.51+0.06

!0.05

47.6(53) 1.83+0.10
!0.11

# 0.50 ± 0.03#
34Mg 63(5) 2.30+0.09

!0.10 0.62 ± 0.03
36Mg 48(8) 1.92+0.16

!0.17 0.51 ± 0.04
#The !(p,p!) and "(p,p!) were estimated by using the WP09

optical potential from the reported cross section for the 2+
1

state [10].

Figure 2. Deduced deformation lengths in 32,34,36Mg.

The closed circles show the present results. The open

circle shows the value estimated from the 2+
1 cross sec-

tion by Takeuchi et al. [10]. The squares indicate the

deformation lengths deduced from the Coulomb excita-

tion works [1, 11, 12].

in Fig. 2. The deformation length of 36Mg is smaller
than that of 34Mg and is a similar value with 32Mg,
although the excitation energies of the 2+

1 states in
34,36Mg are quite similar. Therefore, the collectivity in
36Mg is considered to decrease from 34Mg, and 34Mg is
expected to have a peak of the quadrupole deformation
along neutron-rich even-even magnesium isotopes. We
need further discussions on the mismatching between
the systematics of the 2+ energies and of the collectiv-
ities in 34,36Mg.
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The 32Mg nucleus has attracted much interest because
its nature is disagree with the N=20 magic number.
Until now, several studies have been conducted to re-
veal the nature of this nucleus. For example, the
B(E2; 0+

g.s. ' 2+
1 ) value was measured by the coulomb

excitation [1], and the value of B(E2) = 454(78)e2

showed that 32Mg has large deformed ground state. &
decay study [2] made the level structure. They found
the states are completely dominated by intruder states
comparing with the Monte Carlo shell model calcula-
tion. In the present work, we discuss the deformation
parameter of nuclei around 32Mg with !-inelastic scat-
tering. !-inelastic scatteing is considered as a best tool
for investigating the isoscalar multipole excitation since
the ! particle is a T=0, S=0 probe. Using this probe
and cocktail beam, we can study the deformation of nu-
clear matter systematically around N=20 region. The
purpose of this study is to investigate how the breaking
of magic number shows up in this systematics.

The experiment was performed at RIKEN [3]. A
63 MeV/nucleon 40Ar beam from the ring cyclotron
was fragmented in a 1 mm-thick carbon target. And
fragmentation products was separated by RIKEN pro-
jectile fragentation separator, RIPS [4]. A particle
identification was accomplished by measuring the en-
ergy loss in a silicon detector and time-of-flight(TOF).
The TOF was obtained from the timing imformation
of RF-signal and a plastic detector at the third focal
plane(F3). Then, the secondary 32Mg beam bonbarded
a liquid helium target. The Gamma-Ray detector Ar-
ray with Energy and Position sensitivity(GRAPE [5])
was positioned around the reaction target to tag indi-
vidual excited states populated in the reaction. Each
segment of GRAPE has position sensitivity by about 3
mm FWHM, so the doppler shift of ( ray from outgoing
particle moving at & !0.26 can be corrected. For out-
going particles’ identification, TOF-Spectrometer [6]
was used. The TOF was obtained from the timing
imformation of two plastic scintillators. The flight
length between them is 386 cm, which is long enough
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Figure 1. Doppler corrected $ ray spectrum for the
32Mg(!,!#)32Mg reaction. One clear peak positions at

887 keV.There is a small peak around 1436 keV. This

peak corresponds to 4+
1 ! 2+

1 .

to separate each nucleus. Super-conducting Triplet
Quadrupole magnets (STQ) [6] was used in order to
focus the outgoing particles which spread while a long-
distance flight. The energy loss was measured by sili-
con detectors. For the purpose of mass identification,
NaI Wall [7] was positioned at the end of the beam
line, and it enabled us to measure the total energy of
outgoing particles. The incoming beam and scattered
particles were measured with PPAC’s. Three of them
were placed upstream of the target, and two was placed
downstream. By these PPAC’s we could obtain the re-
action position in the target and the scattering angle.

The ( ray spectrum after doppler correction is shown
in Fig. 1. To obtain this spectrum, we selected the
event which the beam particle and scattered particle
were both considered to be 32Mg. We can see a clear
peak at 887 keV which corresponds to de-excitation
from the first excited 2+ state at 885 keV to the ground
state of 32Mg. An energy resolution after doppler cor-
rection is 27 keV for 887 keV peak. We can also see
smaller peak at 1437 keV from 2321 keV state to the
first 2+ state. Selecting the events correspond to in-
dividual excitations by this spectrum and using the
information of scattering angle measured by PPAC’s,
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the di!erential cross section is going to be obtained.
In comparing the obtaind cross section data with the
calculated one using ECIS [8] code, the deformation pa-
rameter of 32Mg finally will be deduced. Fig.2 shows
the result of particle identification of the secondary
beam. We can see the 32Mg as the most abundant
nucleus. And there is a 36Si, which is also even-even
nucleus. We plan to study these nuclei. Data analysis
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Figure 2. !E versus TOF plot for the secondary beam.

RF signal and plastic scintillator at F3 were used for

TOF. Energy deposits were measured by a silicon de-

tector at F2.

is in progress, and We will report the results later.
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Figure 1. Beam line from F0 target to final focal plane

F12. The information of time of flight (TOF) and B)

is used to deduce mass to charge ratio A/Q. !E was

measured by ion chamber at F7 and Si detectors at F12.

Nuclei around doubly-magic 100Sn exhibit a rich va-
riety of phenomena. Recently spin aligned neutron-
proton pairs were reported in 92Pd [1]. The isoscalar
component of the neutron and proton interaction is es-
sential to explain the spin-gap isomer of 96Cd [2]. In
94Ag, an inversion of in the spin ordering of the 19+

and 21+ occurs owing to an additional correlation en-
ergy of protons, and the evidence of the two proton de-
cay was reported [3]. In addition, nuclei in this region
is of astrophysical importance as the rapid proton cap-
ture process lies around 100Sn [4]. The largest Gamow-
Teller strength so far was measured in 100Sn [5]. To de-
termine the structure of the nuclei in this region has an
important meaning for understanding these phenom-
ena.

To find new isomeric states in this region, isomer
spectroscopy was performed at RIBF. Isomeric nuclei
were produced by the fragmentation reaction of the
124Xe beam at an energy of 345 MeV/u on a 9Be tar-
get of 4 g/cm2 thickness. The intensity of the primary
beam was about 8 pnA. The secondary beam was iden-
tified by using the BigRIPS separator [6], and trans-
ported to the final focal plane F12 (See Fig. 1).

The particle identification (PID) was based on the
"E-TOF-B*method, in which the energy loss ("E) of
the particle, time of flight (TOF), and magnetic rigid-
ity (B*) were measured to deduce the atomic number
Z and the mass-to-charge ratio A/Q of particle. The
TOF was measured by using plastic scintillators be-
tween the focal plane F3 and F7, and the "E was
measured by using an ion chamber placed at F7. The
average total counting trigger rate at F7 was about
1.5 kcps. A stack of Si detectors, placed on the final
focal plane F12, served as the active stopper of the iso-
topes. The "E and the total kinetic energy (E) were
measured. The (-rays emitted from the excited state
of nuclei were detected by 4 clover-type Ge detectors
placed around the stack of Si detectors. These detec-
tors were placed perpendicular to the beam axis. The
dynamic range of (-ray energy was set up to 4 MeV.
The time window of TDC was up to 20 µs from the
timing of trigger signal. By analyzing the delayed com-
ponent, (-rays associated with many transitions were
identified. Observed known (-ray transitions in this
experiment are summarized in Table 1. For example,
the known transition in 98Cd observed at 147, 198, 688,
1395 keV were successfully identified [12], and 103 keV
in 106Sb was observed [14]. These information served
as confirmation of the particle identification.

Figure 2 shows the gamma-ray spectrum of 96Pd
summed up for all the Ge detectors. Here the tim-
ing gate of t > 500 ns after the prompt (-ray emission
was adopted to avoid the background due to the beam
irradiation. Strong peaks were observed at 106, 352,
684, and 1415 keV. These transitions agree with the
reported values [11]. The decay curve obtained by gat-
ing on the isometric (-ray at 106.2 keV is presented in
Fig. 3. The half life is preliminarily deduced to be 1.9
± 0.4 µs. This value agrees with the value reported
half life, 2.2 µs within errors.

In summary, we have performed isomer spectroscopy
around 100Sn at RIBF. Nuclei were produced by the
fragmentation reaction of the 124Xe beam, and the (-
rays from the excited states of these nuclei were mea-
sured. As a result, many known isomers were observed.
There is the possibility of finding new isometric transi-
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Figure 2. $-ray energy spectrum of 96Pd in this experi-

ment. Inset shows a partial level scheme of 96Pd [11].

The observed energies agree with the reported values.

Figure 3. Decay curve spectrum of 96Pd gated by the

known transition at the energy of 106.2 keV. The de-

duced half life agrees with errors the reported value 2.2

µs [11].

tion in this region, and the analysis is now in progress.
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Nucleus Elevel T1/2 Transition Energy
(keV) (µs) (keV)

76Rb [7] 317 3.20 (4+) 3! 71
246 3(!) 2(!) 145
246 3(!) 1(!) 246
101 2(!) 1(!) 101

81Sr [8] 79 0.40 5/2! 1/2! 79
82Nb [9] 1180 0.09 5+ 4+ 124

1056 4+ 2+ 638
418 2+ 0+ 418

86Tc [10] 1524 1.59 (6+) (4+) 81
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593 (2+) (0+) 593

96Pd [11] 2531 2.2 8+ 6+ 106
2424 6+ 4+ 325
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1415 2+ 0+ 1415

98Cd [12] 2423 0.17 8+ 6+ 147
2280 < 0.02 6+ 4+ 198
2082 4+ 2+ 688
1395 2+ 0+ 1395

102Sn [13] 1472 0.62 2+ 0+ 1472
106Sb [14] 103 0.23 (4+) (2+) 103

Table 1. Observed known $-ray transitions in this exper-

iment (partial). Half lives on the order of microsecond
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isotopes. These information served as the confirmation

of the particle identification.
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In-flight fission of the 238U beam at RIBF, RIKEN
enables the production of the beams of highly neutron-
rich radioisotopes (RIs) with a wide range of atomic
masses. Before RIBF, little has been known about the
excited states of neutron-rich medium-heavy-to-heavy
nuclides. It is expected that some isomeric states are
excited in the production of the RI beams. If the life
of an isomer is su$ciently long, it can be measured by
(-ray spectroscopy at the end of the separator beam
line.

Previously, neutron-rich isotopes from Z ! 20 to
Z ! 50 region had been investigated by the in-flight
fission of a 238U beam at the RIBF in 2008 [1]. In
2011, the research was expanded to Z ! 60 region.
The schematic view of the RIBF beamline is shown in
Fig.1. The primary 238U beam was bombarded to the
production target (made of Be with 4.93mm thick for
higher Z setting, and 3.96mm thick for lower Z setting)
placed at the F0 focal plane. The energy and the inten-
sity of the primary beam were 345 MeV/nucleon and
0.31pnA respectively. The produced RI beams were
identified event-by-event by their proton number (Z)
and mass-to-charge ratio (A/Q). These quantities was
obtained by the measurement of the magnetic rigidity
(B*), time of flight (TOF), and energy loss ("E) in
the BigRIPS separator. The TOF was obtained by the
time di!erence between plastic scintillation counters at
F3 and F7. More detailed explanation of the particle
identification at the BigRIPS is shown in Ref [1]. In
addition, a total kinetic energy (TKE) detector was in-
stalled in the F12 focal plane at the end of the BigRIPS
beamline. This is to identify ions with di!erent atomic
charge states, which becomes important for Z > 60 el-
ements. The TKE detector consists of 14 layers of Si
detectors and is designed to stop all ions of interest. A
set of PPACs was also installed just before the TKE

1present address: Department of Physics, Tokyo University of
Science
2present address: RCNP, Osaka University

detector, as a tracker of the ions implanted to the TKE
detector.

Figure 1. (a) Schematic view of the RIBF beamline. (b)

the detector setup at F12.

The ( rays from the ions stopped at F12 were
detected by four clover-type HPGe detectors placed
around the TKE detector. The energies and timings of
delayed ( rays were detected within a time window of
20 µs following the implantation of the beam. Isomers
with lives shorter than the time of flight between the
production target and the F12 decay during the trans-
portation. Therefore, this measurement is adequate
for the detection of the ( rays from isomeric states
with half-lives on the order of microseconds or sub-
microseconds. The clover-type Ge detector consists of
four crystals which are to improve the signal-to-noise
ratio by adding back Compton-scattered events in the
neighboring crystals.

To search for new isomers, energies and half-lives of
the ( rays from each isotope were examined by gating
on the RI in the PID. The PID is confirmed by the mea-
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surement of the ( rays from nuclides with known iso-
meric states. In order to reduce the background from
beam irradiation, the ( events close to the timing of
the beam implantation were excluded.
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fitting to enhance signal to noise ratio.

Relative intensities of the ( rays were also obtained
for the isotopes which have two or more isomeric ( rays
observed. The detection e$ciency of ( rays was esti-
mated by Monte Carlo simulation using Geant4. The
total detection e$ciency for a ( ray emitted from the
center of the detector array was estimated to be 2.5% in
1333keV. Since the properties of the beams at F12 are
di!erent in each isotope, the simulation was performed
for each of them. Experimental data of the position
of beam implantation were used as the source point of
the (-ray emission in the simulation. The position was
obtained from the information of the Si detectors in
the TKE detector and PPAC tracker at F12.

Figure 2 shows the preliminary energy spectra and
the decay curves of the delayed ( rays for 154Nd and
156Nd. The (-ray energies are obtained by chi-square
fitting of the peaks with Gaussian plus linear back-
ground. The half-lives are obtained by fitting the de-
cay curves by the likelihood method with the function
which consists of exponential decay and constant back-
ground. These quantities obtained in this study are
consistent with those in Ref [2].

In addition, the relative intensity obtained in this
study and the level scheme reported in the reference

are compared in Fig.3. The simple sum of the relative
intensities of the ( rays above and below a state is con-
served. The di!erences between above and below are
0.36(40) for 67keV state, 0.052(285) for 222keV state,
and 0.088(209) for 460keV state. They are all zero
within the range of the errors, which supports the level
scheme in Ref [2]. Several candidates for new isomers
have also been identified in Z ! 60, A ! 100 region.
Further analysis of these new isomers is in progress.
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1. Introduction
In heavy ion collisions, the azimuthal anisotropic

flow is one of the most informative observables for the
understanding of the collision dynamics and the col-
lective properties of the nuclear matter created under
the extreme conditions. In non-central collisions, the
initial spatial anisotropy in the azimuthal direction is
converted into a large anisotropy in the azimuthal di-
rection of the particle momentum space if constituents
of the matter interact strongly enough.

Anisotropic azimuthal flow is usually quantified by
the coe$cients vn in the Fourier decomposition of the
azimuthal distribution with respect to the reaction
plane. Since the success of the ideal hydrodynamic de-
scription of the elliptic flow v2 for Au-Au collisions at
RHIC [1], the hydrodynamics is considered as the most
appropriate theory to describe a thermalized phase in
the time evolution of the system created in a heavy-ion
collision. Furthermore at the LHC energy, it is found
that the non-identified charged particle v2 can be rea-
sonably well described by the hydrodynamics [2].

Another important test of the hydrodynamic de-
scription is an interplay between the radial flow (az-
imuthally symmetric radial expansion, which can be
indirectly measured by a slope of the pT spectra) and
anisotropic flow. It is expected that this interplay re-
sults in the particle mass dependence of the identified
particle elliptic flow at small transverse momenta.

2. Flow measurement methodology
The collision reaction plane, which is defined by the

impact parameter and the colliding nuclei direction, is
not known experimentally and the anisotropic flow co-
e$cients can be only extracted from azimuthal multi-
particle correlations between produced particles. A
scalar product method (SP) is one of the two-particle
correlation method and the di!erential flow in SP is
defined as:

vn(pT, %) =
(Qn · u#

n,i(pT, %))
2
!
(Qa

n · Qb#
n )

(1)

where () denotes the average over all particles in all
events. un,i # (cosn0i, sinn0i) is the unit vector of
the i-th particle and Qn # (

"
cosn0,

"
sinn0) is the

event flow vector [3]. In this analysis, un,i is calculated
by tracks at |%| <0.8 reconstructed with the time pro-
jection chamber (TPC) and Qa,b

n is calculated by the
VZERO detector at $3.1 < % < $1.7, 2.8 < % < 5.1
(Qn = Qa

n + Qb
n), which consists of plastic scintilla-

tion counters. It is empirically known that non-flow
e!ects on the two-particle correlations can be removed
by introducing % gaps among un,i, Qa

n and Qb
n [3].

Pions, kaons and protons/antiprotons are identified
using dE/dx and time information measured by the
TPC and the time-of-flight detector (TOF). For K0

s ,
&/&̄ and 0, an invariant mass method of the two

daughter candidates is used for identification and re-
construction.

If the reconstruction e$ciency strongly depends on
the local particle density at the detector, this results
in the decrease (increase) of the positive (negative) el-
liptic flow. We conducted a study with monte carlo
simulations to estimate this e!ect and assigned a few
% systematic error for this e!ect.

3. Results of identified particle elliptic flow
Figure 1 shows the results of identified particle ellip-

tic flow in Pb-Pb collisions at
"

sNN = 2.76 TeV at col-
lision centrality 10-20% measured by the ALICE exper-
iment. As expected by the hydrodynamics, v2 values of
the heavier particles shift toward to higher pT direction
at the low pT region. This can be regarded as a sign
of hydrodynamic pressure on particles by large radial
flow. The mass dependence of v2 in pT <2.5 GeV/c, is
reasonably reproduced by viscous hydrodynamic model
calculations with the color glass condensate initial con-
dition (solid curves in Fig. 1) [2]. Models consider-
ing the hadronic cascade phase can better describe the
data, particularly for heavier particles.
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Figure 1. The pT di"erential elliptic flow v2 of *, k, p̄,

K0
s , # and + with theoretical predictions at centrality

10-20% [4]

4. Kaon elliptic flow via decay topological iden-
tification

In Fig. 1, the elliptic flow of the K0
s is systematically

lower than that of TOF-TPC Kaon although the dis-
crepancy is within systematic errors. We also measured
kaons by the kink topology method as an alternative
identification method [5]. Kaons have two main de-
cay modes, K ' µ' (Branching ratio 63.55%) and K
' ##0 (Branching ratio 20.66%). These decay modes
can be recognized as a kink topology in the TPC active
area. Kaon can be identified at wider range of pT with
the kink topology than TOF-TPC method as shown
in Fig. 2. The following kink identification cuts are

39



applied if kink daughters are associated to the mother
track by the kink finding algorithm.

• E!ective volume cuts: 120 cm < radius from a
decay point < 220 cm

• Decay angle cuts:
1.2%MaxDecayAngleOfPiMu < decay angle <
0.98%MaxDecayAngleOfKmu

• Invariant mass cuts : 0.4 < invariant mass < 0.55

• qT cuts : 0.12 < qT < 0.24 GeV/c

• kink DCA (Distance of Closest Approach) cuts :
DCA < 0.1 cm

• Mother track TPC dE/dx cuts : < 3.5-

The large fraction of kinks from pion decays and
random association kinks are removed because they
have a sharp peak at around decay angle!0 and
qT !0. MaxDecayAngelOfKmu and MaxDecayAngle-
OfPimu are calculated by the measured momentum of
mother track and the following formula.

()lab)max =
p

(E

1!
&2 $ p2/E2

(2)

The decay angle distribution as a function of signed
pT is shown in Fig. 3. After the decay angle cuts, an
invariant mass is calculated with the muon daughter
assumption. Therefore, the invariant mass distribution
has a peak at kaon mass for K ' µ' and another peak
below kaon mass for K ' ##0 as shown in Fig. 4.

Figure 2. Kink kaon decays

Contamination is estimated by counting the entries
in the side band area of the two-dimensional plots on
invariant mass and qT and by the TPC dE/dx distri-
bution. It is confirmed to be less than 7%.

Figure 5 shows the comparison between the elliptic
flow of the TOF-TPC kaon, K0

s and kink kaon. They
reasonably agree, but still the TOF-TPC kaon v2 has
a bit larger values.

5. Summary
The elliptic flow of the identified particles was mea-

sured in Pb-Pb collisions at LHC energy and we found
a larger mass splitting in v2 at the low pT region than
observed at RHIC top energy.
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1. Introduction
It has been observed in central Pb+Pb collisions at

(
"

sNN ) = 2.76 TeV at Large Hadron Collider (LHC)
in CERN that the yield of charged particles at high
transverse momentum (pT ) is strongly suppressed com-
pared to the expected yield from p+p collisions assum-
ing the scaling with the number of binary collisions.
This suppression is attributed to the energy loss of hard
scattered partons within quark-gluon plasma (QGP)
created in heavy ion collisions. This phenomenon is
called as jet quenching. A useful way to quantity this
suppression of high-pT hadrons is to introduce the nu-
clear modification factor (RAA) where the p + p cross
section is scaled by the thickness function (TAA) of the
two nuclei

RAA(pT ) =
1

< TAA >

(1/Nevt
AA)d2NAA/dpT dy

d2-pp/dpT dy
.

Experimental data can be well reproduced by multi-
ple models with di!erent approaches that calculate the
energy lost by the hard scattered partons as they tra-
verse the dense medium. To discriminate among these
models we need to increase our experimental control
of the path length L, since the energy lost by a high-
pT parton increases rapidly with the distance traveled
through the medium. A quadratic dependence on the
path length is predicted for a static medium if the dom-
inant energy-loss mechanism is the bremsstrahlung ra-
diation of gluons surviving the destructive interference
caused by multiple scattering [1]. For an expanding
plasma the quadratic increase should be moderated to
a linear dependence [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.

While dihadron correlation measurements are a suc-
cessful approach to constrain L of the parton in the
medium [3], the single particle observable RAA typi-
cally has smaller statistical errors and higher pT reach.
In addition, if RAA is measured as a function of the
azimuthal angle with respect to the event plane of the
collision, the average path length L can be constrained.
In all but the most central ion-ion collisions, the overlap
region of the nuclei is not azimuthally isotropic. The
average distance the parton traverses before emerging
and fragmenting varies as a function of the angle with
respect to the event plane. Therefore, di!erential ob-
servable RAA("0) directly probes the path length de-
pendence of the energy loss.

The RAA(pT , cent, "0) with respect to the az-
imuthal angle is factorized as,

RAA(pT , cent, "0) = F ("0, pT ) · RAA(pT , cent),

where F ("0, pT ) is ratio of the relative yield given as,

F ("0, pT ) =
N("0, pT )#
d0N("0, pT )

,

where N("0, pT ) can be expressed in terms of a Fourier
expansion with "0.

N("0, pT ) * 1 + 2
inf$

n=1

(vn cos(n"0)),

where vn is the magnitude of the harmonics of n-th or-
der. The second harmonics, v2, represents the strength
of elliptic azimuthal anisotropy. The anisotropy v2 at
low pT is created by the collective flow, which is an ori-
gin of the background in measuring the RAA(pT ,"0)
for investigating the energy loss.

2. Basic performance of detectors
Energy loss mechanism is studied with #0 for a

wide momentum range using the photon spectrome-
ter (PHOS) at the ALICE experiment. The present
PHOS detector consists of three modules installed at a
distance of 4.60 m from the interaction point. PHOS
covers the acceptance of 0 = 260 " - 320 " in azimuthal
angle and |%| < 0.12 in pseudorapidity. Each module
has 3584 detection channels in a matrix of 64 % 56
cells. Each detection channel consists of a lead tung-
sten, PbWO4, crystal of 2.2 % 2.2 cm2 cross section and
18 cm length, coupled to an avalanche photo diode and
a low-noise charge-sensitive preamplifier. PHOS oper-
ates at a temperature of $25 "C at which the light yield
of the PbWO4 crystal is increased by about a factor 3
compared to room temperature. PHOS was calibrated
by equalizing mean deposited energies in each channel
using events with pp collisions [4].

Event plane is defined by V0C detector, which is a
scintillation detector and covers from -3.7 to -1.7 in
pseudo rapidity. The V0C is fixed at the front face
of the front absorber, 90 cm from the vertex. This
detector is segmented into 32 elementary counters dis-
tributed in four rings. Each ring covers 0.4 - 0.6 unit of
pseudo-rapidity. The rings are divided into eight sec-
tors of 45 ". The elementary counter consists of scin-
tillator 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 detectors, inside the L3
magnet [4].

Figure 1 (left) shows PHOS cluster multiplicity.
There is expected multiplicity correlation between V0
detectors and PHOS. Figure 1 (right) shows PHOS
trigger e$ciency. PHOS trigger e$ciency is more than
80% for photons with energies larger than 3 GeV/c in
two PHOS module. On the other hand, the e$ciency
of 3rd of PHOS has loose curve. #0 can be identified
at high pT region using PHOS trigger from this figure.
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Figure 1. Left: Correlation between the number of PHOS

clusters and centrality. Right: Trigger e$ciency in p+p

collisions as a function of pT in each module.

If PHOS trigger is used, the number of events is 0.9M,
which correspond to about 145M using minimum bias
trigger. Therefore, analysis on PHOS triggered data
has an advantage over that on minimum bias triggered
data in identifying #0 in high pT region.

3. Estimation of #0 v2 statistical errors
#0 v2 is extracted with dN/d0 method. In this

method, v2 is obtained by fitting the azimuthal angular
distribution of #0 with

N("0, pT ) = N(1 + 2v2 cos(2"0)).

#0 are reconstructed using invariant mass with recon-
structed energy by PHOS. Figure 2 shows the invariant

Figure 2. Invariant mass distribution with pT = 6 - 7

GeV/c and centrality = 10% - 50%. Left: !+ = 90" -

120". Right: !+ = 120" - 150".

mass distribution with pT = 6 - 7 GeV/c and centrality
= 10% - 50%. Figure 2 (left) and Fig. 2 (right) show
distribution with "0 = 90" - 120" and "0 = 120" -
150", respectively. In these plots, the number of #0 is
confirmed to depend on the azimuthal angle from the
event plane. Calculations of #0v2 are ongoing.

Finally, the statistical errors in #0v2 was estimated.
At first, #0 was identified up to pT = 40 GeV/c by
PHOS with no division of angle. A statistical error
of v2 is inversely proportional to the one-half power of
twice as much as the number of events. Figure 3 shows
v2 values as a function of pT . Square points and circle
points show v2 values of charged pion and charged par-
ticle, respectively. In this figure, estimated amplitude
of statistical errors from half data of all PHOS trig-
gered events in 2011 is shown as square bars. In these
plots, mean values of #0 v2 are conformed to those of

Figure 3. v2 values as a function of pT . Square points and

circle points show v2 values of charged pion and charged

particle, respectively. Square bars shows estimated am-

plitude of statistical errors from half data of all PHOS

triggered events in 2011.

charged pion v2. Therefore, statistical errors of #0 v2
are comparable in size to that of charged pion in 2010
run data.

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 spectrometer (PHOS) at the ALICE experi-
ment. Analysis with PHOS triggered data is advan-
taged relative to that with minimum bias triggered
data finding #0 in high pT region. #0 v2 is extracted
with dN/d0 method and calculations of #0v2 are on-
going. Estimated statistical errors of #0 v2 are compa-
rable in size to that of charged pion in 2010 run data.
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1. Introduction
We present the measurements of the photoproduc-

tion of J/$ in ultra-peripheral Au+Au collisions at"
sNN = 200 GeV at RHIC. An Ultra-Peripheral Colli-

sion (UPC) is a collision in which impact parameter is
greater than the sum of nuclear radii. Measurement of
J/$ in UPC serves as a considerable role for determin-
ing gluon density in nuclei at small Bjorken x(!0.01),
where the gluon density is expected to be suppressed
due to gluon shadowing e!ect and has not been con-
strained by theoretical calculations [1, 2, 3]. PHENIX
has measured integrated cross section of J/$ in UPC
in 2004 [4]. However, due to small statistics, it was
very di$cult to quantitatively discuss the gluon dis-
tribution in Au nuclei. In 2007 and 2010, PHENIX
collected integrated luminosity of 527.45 ± 23 µb!1

and 1390.±37 µb!1 in Au+Au collisions, which corre-
sponds to 3 and 9 times larger statistics compared to
in 2004. Measurement of J/$ photoproduction in UPC
as a function of transverse momentum pT and rapidity
y has been done by using data taken in 2007 and 2010.

2. Data analysis
The definition of central UPC trigger is at least 1

neutron hit at one of Zero Degree Calorimeter(ZDC),
no hit at both of Beam-Beam Counters, and hit at the
EMCal with energy of above 1 GeV. Here, the reason
that ZDC trigger was included is to enhance the purity
of the UPC trigger over the BBC and EMCal triggers.
The definition of UPC trigger at forward rapidity is 1
or more neutron detection at both sides of ZDC, no hit
on BBC and muon candidate measured by the muon
spectrometer. The reason of neutron tagging by both
ZDCs is to calculate the collisions vertex in beam going
direction. In the o%ine, the events, which has only two
electron and muon tracks in central and forward rapid-
ity, are selected additionally. Figure 1, 2, and 3 show
invariant mass spectra of dielectrons in central rapidity
and dimuons in positive and negative rapidities. The
number of measured J/$ is corrected by the detection
e$ciency, trigger e$ciency, and integrated luminosity
to extract the invariant cross section. Since BBC can-
not detect 7% of most-peripheral collisions, contami-
nation from most peripheral events in the UPC events
was estimated. Figure 4 and 5 show the comparison
of the number of reconstructed tracks distributions at
central rapidity in UPC events and p $ p collisions,
where the event has dielectron and dimuon pair with
the invariant mass from 2.7 to 3.5 GeV/c2. Those fig-

ures show even number of collision =1 1 limit, almost
2.7!3.5 GeV/c2 dilepton events have 1 or more addi-
tional tracks. Most peripheral J/$ contamination for
dielectron was estimated to be 0 in UPC events for
central arm analysis and 3 in UPC events for forward
rapidity analysis from 0 additional tracks events per 1
or more additiona tracks ratio of those distributions.

Figure 6 shows the preliminary results of the pT
distribution of J/$ cross section in UPC, where cir-
cle, triangle and square wave correspond to the cross
section at mid-rapidity with one neutron tagged by
ZDC, -2.2<y<-1.2 and 1.2<y<2.2 with two neutron
tagged at both sides of ZDC, respectively. From Fig.7
, cross section at mid-rapidity in low pT is very large
compared to that at forward-rapidity. This is due to
the dominance of coherent J/$ production at low pT
in mid-rapidity, while incoherent production is dom-
inated at forward rapidity. The upper limit of inte-
grated cross section for coherent J/$ production was
extracted to be 46.7±13±15 µb by integrating the
cross-section from 0 to 0.4 GeV/c Since the cross
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Figure 2. 2010 North arm (dimuon) invariant mass yields.

2010 South arm (dimuon) invariant mass yields.
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collisions with dimuon with the invariant mass between

2.7 and 3.5 GeV/c2

section without any nuclear e!ects such as gluon shad-
owing is expected to be 118µb [5]. Suppression of the
gluon density at small-x (x=0.01) is naively the order
of

!
(46.7/118) = 0.6 .

Figure 7 shows the cross section as a function of y,
where both side neutrons are tagged. The comparison
with the theoretical calculations is underway.

3. Summary and Outlook
Measurement of J/$ in UPC has been performed by

using 2007 and 2010 data. From the cross section as
a function of pT , the coherent production of J/$ can
be seen and integrated cross section is suppressed by a
factor of 1.5 compared to the value without any nuclear
e!ects. Further studies for both neutron tagging and
theoretical understanding are on going.
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Neutral pion and % meson production in proton-proton collisions
at

#
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#
s = 7 TeV
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Hadron production measurements in proton-proton
collisions at the Large Hadron Collider (LHC) ener-
gies open a new domain in particle physics, which al-
lows validation of the predictive power of Quantum
Chromo Dynamics (QCD). A quantitative description
of hard processes is provided by perturbative QCD
(pQCD) supplemented with parton distribution func-
tions (PDF) f(x) and fragmentation functions (FF)
D(z). Due to the higher collision energy at the LHC,
the PDF and FF can be probed at lower values of x
and z, respectively, than in previous experiments. Such
measurements can provide further constraints on these
functions, which are crucial for pQCD predictions for
LHC energies. Furthermore, while pion production at
the Relativistic Heavy Ion Collider (RHIC) is consid-
ered to be dominated by gluon fragmentation only for
pt < 8 GeV/c , at LHC energies it should remain domi-
nant for pt < 100 GeV/c [1,2]. Here, the measurement
of the #0 and % at LHC energies provides constraints
on the gluon to pion fragmentation in a new energy
regime.

The proton-proton collision data used in this anal-
ysis were collected by the ALICE experiment in 2010
with the minimum bias trigger [3]. This trigger re-
quired the crossing of two filled bunches and a signal
in at least one of the two SPD [4] pixel layers or in one
of the VZERO [5] counters. An o%ine selection based
on time and amplitude signals of them was applied to
reject beam-induced and noise background. Pileup col-
lision events were identified imposing a criterion based
on multiple primary vertices reconstructed with the
SPD detector, and removed from the further analysis.
The cross sections for the minimum bias trigger have
been calculated from other measured cross sections at
the same energies with appropriate scaling factors and
from a Van-der-Meer scan [6].

Neutral pions and % mesons are measured in ALICE
via the two-photon decay channel. The photons are
detected with two methods in two independent sub-
systems, with the Photon Spectrometer (PHOS) [7]
and with the photon conversion method (PCM) in the
central tracking system employing the Inner Tracking
System (ITS) [4] and the Time Projection Chamber
(TPC) [8]. The latter reconstructs and identifies pho-
tons converted to e+e! pairs in the material of the
inner detectors. Neutral pions and % mesons are re-
constructed as excess yields, visible as peaks at their
respective rest mass, above the combinatorial back-
ground in the two-photon invariant mass spectrum.
Invariant mass spectra demonstrating the #0 and %
mesons peak in some selected pt slices are shown in
Fig.1. The background is determined by mixing pho-
ton pairs from di!erent events and is normalized to
the same event background at the right side of the me-
son peaks. A residual correlated background is further
subtracted using a linear or second order polynomial

Figure 1. Invariant mass spectra in selected pt slices in

PHOS (top) and PCM (bottom) in the *0 and - meson

mass regions. The histogram and the bullets show the

data before and after background subtraction, respec-

tively. The curve is a fit to the invariant mass spectrum

after background subtraction.
fit. The invariant mass spectrum after background
subtraction was fitted to obtain the #0 and % peak pa-
rameters. We vary the normalization and integration
windows to estimate the related systematic uncertain-
ties.

The reconstruction e$ciency and acceptance are cal-
culated in Monte Carlo simulations tuned to reproduce
the detector response. In the PHOS case, the tuning
included a 4.5% energy non-linearity observed in real
data at E < 1 GeV and was not reproduced by the
GEANT simulations and an additional 6% channel-
by-channel decalibration. In the PCM case, an addi-
tional smearing given by - =

!
-2

0 + -2
1 · p2 with -0 =

0.011 GeV/c and -1 = 0.007 was necessary to repro-
duce the measured width of the #0 peak. PYTHIA [9],
PHOJET [10], and a single particle event generator
were used as input. The small photon conversion prob-
ability of about 8.5%, compensated by the large TPC
acceptance, at pt > 1 GeV/c and decreases at lower
pt due to the decrease of the e$ciency of soft elec-
tron reconstruction and conversion probability. In the
PHOS case, the acceptance is zero for pt < 0.4 GeV/c,
increases with pt, and saturates at about 2.0 % 10!2
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at pt > 15 GeV/c. At high pt > 25 GeV/c the e$-
ciency decreases due to cluster merging. The combined
spectrum is calculated as a weighted average using sta-
tistical and systematic errors of the individual analy-
ses [11]. The combined production cross sections are
shown in Fig. 2 a) together with fitting results with the
Tsallis function [12].

Figure 2. Di"erential invariant cross section of *0 produc-

tion in pp collisions at
"

s = 7 TeV (circles) and 0.9 TeV

(squares) and of - meson production at
"

s = 7 TeV

(stars) and their ratios to fitting results with the Tsallis

function [12]. The lines and the boxes represent the sta-

tistical and systematic error of the combined measure-

ment, respectively. The uncertainty on the pp inelastic

cross section is not included and is represented by the

full boxes at unity. NLO pQCD calculations using the

CTEQ6M5 PDF and the DSS (AESS for - mesons) FF

for three scales µ = 0.5pt, 1pt and 2pt are shown.
We compare our results with Next-to-Leading

Order (NLO) pQCD calculations using the PDF
CTEQ6M5 and DSS #0 [13], BKK #0 [14] and AESSS

% [15] NLO fragmentation functions, see Fig. 2 a). The
data and NLO predictions are compared via a ratio
with the fit to the measured cross section. This is
shown in the bottom panels b), c) and d) in Fig. 2.
In the NLO calculations the factorization, renormal-
ization and fragmentation scales are chosen to have
the same value given by µ. At

"
s = 0.9 TeV the

NLO calculations at µ = 1 pt describe the measured
#0 data well, while at

"
s = 7 TeV the higher scale

(µ = 2 pt) and a di!erent set of fragmentation func-
tions are required for a description of the data. How-
ever, the latter parameter set does not provide a good
description of the low energy data. In any case, the
NLO pQCD calculations show a harder slope com-
pared to the measured results. Using the INCNLO
program [16], we tested di!erent parton distribution
functions (CTEQ5M, CTEQ6M, MRS99) and di!er-
ent fragmentation functions (BKK, KKP, DSS) and
found a similar result: pQCD predicts harder slopes,
and variation of PDFs and FFs does not change the
shape . A similar trend is observed for the % meson ,
although the discrepancy is less significant due to the
larger error bars and smaller pt reach.
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Measurement of Di-electrons in Pb-Pb Collisions at LHC-ALICE
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1. Introduction
The Large Hadron Collider (LHC) started its op-

eration since 2010 and the ALICE experiment, which
is dedicated to high energy heavy-ion collisions, has
been successfully commissioned [1]. During the first
two heavy-ion runs, the ALICE experiment recorded
about 10 µb!1 and 100 µb!1 of integrated luminosity
with Pb-Pb collisions at the center of mass energy per
nucleon pair of 2.76 TeV in the fall of 2010 and 2011,
respectively.

Di-electron production in heavy-ion collisions pro-
vide valuable information on the properties of the hot
and dense QCD medium. In the low mass region (be-
low 1 GeV/c2), di-electron production is expected to be
sensitive to the in-medium modification of the spectral
function of vector mesons (*, 0, and +) [2]. Measure-
ments of the line shape of the invariant mass and the
yield of the low mass vector mesons reveal some in-
sights of the chiral symmetry restoration. In this mass
range and relatively high pair pT region (pT + mee), di-
electrons are dominated by the quasi-real virtual pho-
tons produced by a higher order QED correction to the
real photon emission process. Therefore, their yield
and transverse momentum distribution are related to
the photon production in heavy-ion collisions (thermal
photons and prompt pQCD photons).

A large enhancement of the di-electron yield in the
low mass region in heavy ion collisions has been dis-
covered by the CERES experiment at the CERN SPS,
the PHENIX and the STAR experiment at the BNL
RHIC [5,6]. Moreover, enhanced yield above hadronic
sources is observed in low mass region and relatively
high pT region [7]. Treating the enhancement as vir-
tual photon emission from thermalized medium, the in-
variant yield of direct photon is deduced and the yield
is in qualitative agreement with hydrodynamical mod-
els with initial temperatures of 300-600 MeV and for-
mation times of 0.6-0.15 fm/c. It is highly required
to measure the di-electron pairs in low mass region to
study the properties of the medium and chiral symme-
try restoration at the LHC energy, where the collision
energy is 10 times larger than that at RHIC.

2. The ALICE detector
The ALICE detector is composed of central barrel,

muon arm, and forward detectors. The central bar-
rel covers the pseudo-rapidity of |%| , 0.9 and 2#
in the azimuthal angle and is placed inside a large
solenoidal magnet with a magnetic field of 0.5 T. It
comprises an Inner Tracking System (ITS) of high spa-
tial resolution silicon detectors, a cylindrical Time-
Projection Chamber (TPC), and particle identification
detectors of Transition Radiation Detector (TRD) and
of Time-Of-Flight (TOF) detector. There are addi-
tional central detectors, non-covering 2# azimuth, such
as High Momentum Particle Identification with ring-
imaging Cherenkov device (HMPID), a high energy-

resolution PHOton Spectrometer (PHOS) and an Elec-
troMagnetic Calorimeter (EMCal). Forward detectors
(VZERO, TZERO, FMD, ZDC, and PMD) are used
for triggering, multiplicity measurements and central-
ity determination

3. Electron Identification
Electron identification has been performed

with the combination of ITS+TPC+TOF and
ITS+TPC+TOF+TRD+EMCal for low pT (pT ,
1 GeV/c) and high pT , respectively. It is required
that an associated hit is found in the first ITS layer
to minimize the contribution from photon conversions.
Figure 1 and Figure 2 show the measured dE/dx in
TPC without any TOF cuts and with the TOF cut for
electrons (3- of the TOF for electrons), respectively.
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It is seen that electrons with low pT can be identi-
fied with the ITS+TPC+TOF cuts. From the dE/dx
distributions, contamination of hadrons is lower than
2% below 0.5 GeV/c and 8% around 0.5 GeV/c and
1 GeV/c with -1.5, -dE/dx ,3 for electrons, For the
electrons with higher pT , dE/dx and transition radi-
ation measurement with TRD and energy-momentum
matching with EMCal improve the purity of electron
samples.

4. Pair Analysis
After electron samples are selected with

ITS+TPC+TOF cuts, invariant mass is calculated for
each pair. For the moment, identification and rejection
of the pairs from photon conversions have not been
performed. Combinatorial background is estimated by
like-sign pairs from same events as well as both the
unlike-sign and like-sign pairs from mixed events. The
di!erence in the acceptance between unlike-sign and
like-sign pairs is estimated using the pairs from mixed
events.
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Figure 3. Like-sign and Unlike-Sign distributions for di–

electrons in central Pb+Pb event. Pair pT is from 1 to

2 GeV/c.
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Figure 3 and Figure 4 show the invariant mass dis-
tributions of unlike-sign pairs and like-sign pairs cor-
rected by the di!erent acceptance between unlike and
like-sign pairs for the pair pT of 1-2 GeV/c and 4-
6 GeV/c, respectively. Strong peak in like-sign mass
spectra around mee ! 0 GeV/c2 is due to the corre-
lated pairs from #0 double Dalitz decay and contam-

ination of very late conversions randomly associated
with hits at inner detectors. The signal to noise ra-
tio is larger than 1 for mee , 0.05 GeV/c2 and 0.01
for mee + 0.15 GeV/c2. Figure 5 shows background
subtracted invariant mass distributions for the pair pT
of 1-2, 2-3, 3-4, and 4-6 GeV/c, respectively. Further
analysis such as background evaluation from correlated
pairs, conversion rejection, and e$ciency corrections
are on going.
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region in the di-electron channel.

5. Summary and Outlook
The analysis of low mass di-electrons in Pb-Pb colli-

sions at the ALICE has been started. First look at the
invariant mass spectra of unlike-sign and like-sign pairs
in same events and mixed events is performed. Further
analysis will be done and thermodynamical proprieties
of the medium will be discussed through the measure-
ments of di-electrons.

References
[1] ALICE Collaboration, Physics Performance Re-

port Vol. 1 J. Phys. G 30 (2003) 1517.
[2] W. Liu, R. Rapp, Nucl. Phys. A796, (2007), 101;

K. Dusling, I. Hid, Nucl. Phys. A825, (2009), 212;
E. L. Bratkovskaya, W. Cassing, O. Lianna, Phys.
Lett. B670, (2009), 428; G. E. Brown and M. Rho,
Phys. Rev. Lett. 66, (1991), 2720

[3] . R. Rapp, Phys. Rev. C63, (2001), 054907; C. M.
Hung, E. V. Shuryak, Phys. Rev. C 56, (1997), 453;
K. Gallmeister, B. Kampfer, and O. P. Pavlenko,
Phys. Rev. C 57, (1998), 3276

[4] T. Matsui and H. Satz, Phys. Lett. B178, (1986),
416

[5] G. Agakichiev et al. (CERES collaboration), Phys.
Rev. Lett. 75, (1995), 1272

[6] A. Adare et al., (PHENIX collaboration), Phys.
Rev. C81, (2010), 034911; J. Zhao et al., (STAR
Collaboration), arXiv:1106.6146

[7] A. Adare et al., (PHENIX collaboration), Phys.
Rev. Lett. 104, (2010), 132301

48



Direct virtual photon measurement in
#

s = 200 GeV p+p collisions
at RHIC-PHENIX

Y.L. Yamaguchi, H. Hamagaki, Y. Akibaa, and T. Gunji, for the PHENIX collaboration

Center for Nuclear Study, Graduate School of Science, University of Tokyo
a RIKEN (The Institute of Physical and Chemical Research)

1. Introduction
Direct photons in p+p, d+Au and Au+Au colli-

sions have been successfully measured at RHIC with a
wide pT coverage through independent measurements
of real and nearly-real virtual photons [1, 2, 3, 4]. The
real photon measurement is statistically robust for
pT > 5 GeV/c. At pT < 5 GeV/c, however, a finite en-
ergy resolution of an electromagnetic calorimeter pre-
cludes separation of the direct photon signal from a
huge amount of background photons from hadron de-
cays [3]. The key to measurements of the direct photon
production at pT < 5 GeV/c is the use of virtual pho-
tons since the background of photons from #0, % ' 2(
can be greatly reduced. For pT < 2.5 GeV/c, a clear
enhanced yield of direct photons above the expectation
from the p+p result with binary-collision scaling was
observed in central Au+Au collisions, while the d+Au
result is consistent with the binary-scaled p+p result
within uncertainties [4]. This fact suggests the exis-
tence of an additional source producing direct photons
other than initial state e!ects in Au+Au collisions [9].

A perturbative QCD (pQCD) calculation is not
available due to a large ambiguity of the fragmenta-
tion function typically for pT < 2 $ 3 GeV/c, where
an excess of direct photons was observed for Au+Au.
Therefore, only the measured p+p data can serve as
a reference to the data for heavy ion collisions. The
accuracy of the p+p data is crucial to discuss non-
perturbative e!ects on direct photon production which
can alter the direct photon spectrum compared to that
for p+p. In this report, we present the latest result
of direct photon measurement in

"
s = 200 GeV p+p

collisions for 1 < pT < 20 GeV/c. The data taken
in the Year-2006 RHIC run were combined with the
previously published p+p data [1, 5].

2. Analysis
In this analysis, e+e! pairs with mee < 0.3 GeV/c2

from internal photon conversions are detected by the
two central arms of the PHENIX detector at midrapid-
ity. It is quite important to separate signal e+e! pairs
from pairs originating from hadron decays. Any pro-
cess producing a real photon has an associated higher
order process with a low mass e+e! pair via a vir-
tual photon, and the relation between them can be
expressed as [1, 6]

d2nee

dmee
=

2!
3#

1
mee

%

1 $ 4m2
e

m2
ee

&
1 +

2m2
e

m2
ee

'
S(mee)dn% ,

(1)
where ! is the fine structure constant and me,mee
are the masses of the electron and the e+e! pair,
respectively. A process dependent factor S is im-
portant because its mass dependence varies accord-
ing to a production process. For internal conversions

e.g. gluon Compton scattering (q + g ' q + (#), S
approaches 1 as mee ' 0 or mee - pT . How-
ever, for Dalitz decays of hadrons [6] S is given by
S(mee) = |F (m2

ee)|2
(
1 $ m2

ee/m2
h

)3 which limits the
production rate due to the finite mass of the par-
ent hadron mh. Here F (m2

ee) denotes the form fac-
tor. Consequently, the contribution of internal con-
versions can be distinguished from hadron contam-
inations in the e+e! mass distribution by utilizing
the di!erence in mass dependence of S. Practically,
e+e! pairs are made from combinations between all
electrons and positrons with pT > 0.3 GeV/c in an
event, and then various background pairs arising from
random combinations, material conversions, correlated
background from double Dalitz decays of #0, % and
jet induced correlations are removed by analysis tech-
niques [1]. Then, a two component function, f(mee) =
(1$r%)fc(mee)+r%fdir(mee) is fitted to the e+e! mass
distribution for 0.10 < mee < 0.30 GeV/c2 to deter-
mine the direct photon fraction denoted by r% . Here
fc(mee), fdir(mee) are the mass shapes of the hadronic
cocktail and internal conversion direct photons, respec-
tively. Figure 1 shows the e+e! mass distribution in
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Figure 1. The e+e! mass distribution in p+p collisions for

2.0 < pT < 2.5 GeV/c together with the two-component

fit result.

p+p collisions for 2.0 < pT < 2.5 GeV/c together with
the result of two-component fit shown with a thick solid
line. The fit result extended for mee > 0.3 GeV/c2,
shown as a dotted line, also well describe the data.

3. Results
The direct photon fraction in p+p collisions for

1.0 < pT < 5.0 GeV/c is obtained, and the obtained
result is combined with the published data [1]. Fig-
ure 2 shows the combined direct photon fractions as
a function of pT . The statistical and systematic un-
certainties are shown by the bars and bands, respec-
tively. Expectations from a NLO pQCD calculation [8]
are also shown as curves with cuto! mass scale depen-
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dence: µ = 0.5pT , 1.0pT , 2.0pT . The p+p data points
are much improved statistically compared to the pre-
viously published data, especially above 3 GeV/c and
the data are in good agreement with the NLO pQCD
expectations.

The inclusive photon yield is determined from the
yield of e+e! pairs for mee < 0.03 GeV/c2 with the
relation of d2nee

dmee
= 2"

3!
1

mee
dn% . Multiplying the di-

rect photon fraction by the inclusive photon yield leads
to the direct photon yield. Figure 3 shows the direct
photon cross section in p+p collisions. The both re-
sults from virtual and real photon measurements are in
agreement in the overlap region, and the real photon
measurement extends to 20 GeV/c. The NLO pQCD
calculations agree with the data for a wide pT range,
and show a preference for the choice µ = 0.5pT shown
as a dash line. Unfortunately, the NLO pQCD cal-
culation with a low scale is not available for pT <
2.0 GeV/c. Thus, an empirical parameterization in-
spired by a NLO pQCD formulation for p + p ' (X,

E
d3-

dp3
= ap!(b+c ln xT )

T (1 $ x2
T )n, (2)

is introduced [4]. Here a, b, c, n are free parameters
and xT = 2pT /

"
s. The factor (1 $ x2

T )n comes from
the convolution of two parton distribution functions in
colliding protons, and naturally leads to a drop of the
cross section to 0 at xT = 1. The fit is made for both
virtual and real photon results simultaneously. The
point-to-point uncertainty of the data is considered at
the fit, and the quadratic sum of the fit uncertainty
and pT -correlated uncertainty of the data is assigned
as the total fit uncertainty shown with the data over
the fit. The fit describes the data very well for the
entire pT range within uncertainties as shown in the
bottom panel of Fig. 3.
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Figure 3. (a) The invariant cross section of the direct

photon in p+p collisions. (b) The p+p data over the fit.

4. Summary
Direct photons have been measured at 1 < pT <

5 GeV/c for p+p collisions via the virtual photon anal-
ysis with the data taken in 2006 at the PHENIX experi-
ment. The p+p spectrum has been much improved sta-
tistically by combining with the previously published
data. The improved p+p data are parameterized by an
empirical fit function inspired by a pQCD formulation.
The fit describes the data very well for the entire pT
range. The result serves as a reference to the data for
other collision systems.
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1. Introduction
At ultra high energy hadron-hadron collisions, par-

tonic structure inside proton and nuclei has an impor-
tant role for the dynamics of collisions. Abundance of
gluons inside proton is getting larger and larger with
higher energy, but at some point, the abundance is
expected to be saturated due to the balance of gluon
fusion and gluon recombination (gluon saturation).

In order to study the gluon saturation, W+Si based
sampling calorimeter (FOCAL) has been proposed as
one of the upgrade plans of the LHC-ALICE experi-
ment. FOCAL intends to measure prompt (, neutral
mesons and jets at forward rapidity (2.5< % <4.2) at
LHC-ALICE [2]. FOCAL is planned to be located at
! 3.5 m away from interaction point, covering 2.5 !
4.2 in % and 2# in 0.

Since the distance between 2( from #0 is quite small
(2.5 mm for #0 pT ! 50 GeV), FOCAL needs to have a
fine granularity. For this purpose, tangusten, which has
small Moliere radius of 9.3mm, is used as an absorber
and Si pads is used as a readout detector.

Figure 1 shows the longitudinal segmentation of FO-
CAL. FOCAL is composed of 3 longitudinal segments,
which is composed of 7 layers of W with 3.5mm thick-
ness each and 64 Si pads with 1.1 cm % 1.1 cm size of
each pad. Si strip or pixel detector will be installed in
the preshower stage to identify 2 ( from #0.

FOCAL is assumed to measure both of MIP and
( E ! 500 GeV, and then the front-end circuits for
FOCAL are needed to cover a wide dynamic range. A
good time response is also needed from the requirement
of the trigger generation in LHC-ALICE. As one of
the good candidates, the ASIC which consists of the
preamplifiers with current coveyors is being developed.
In this report, the current status of the development of
front-ent ASIC for FOCAL is reported.

Figure 1. The longitudinal segmentation of FOCAL.

2. Requirement of Si pad readout

Parameter Value
Dynamic range 50 fC - 200 pC
ENC < 3% 104e!

Cross talk < 1 %
Trigger generation < 650 ns from collisions
Number of channel ! 25000

Table 1. Requirement of front-end circuits for FOCAL

The signals from Si pads are summed up longitudi-
nally in each segment. The capacitance of each Si pad
is 25 -30 pF and the detector capacitance for each read-
out channel is about 200 pF. The main requirements
for Si pad readout are summarized in Table 1.

In addittion to the signal readout, FOCAL needs to
provide a level 0 (L0) trigger. Due to the L0 require-
ment from the ALICE, FOCAL needs to issue the L0
trigger within 650nsec after the collisions. Therefore,
the electronics should have a capability of the fast sig-
nal processing.

3. Design of front-end ASIC for FOCAL
Analog ASIC has been developed to cope with the

requirements of the FOCAL readout. We employ cur-
rent conveyor as a first stage of the amplifier since cur-
rent amplifier has a good potential for the fast signal
processing [4]. A wide dynamic range is achieved by
implementing di!erent gain for the mirrored current.
Designing of ASICs has been done with the collabora-
tion of OpenIT project [3].

Figure 2 shows the schematic of one readout channel
of the ASIC. One chip has 6 readout channels. The
ASIC contains current conveyors with 4 di!erent gains,
shapers, and analog memory cells (AMC). The shaper
is a second order low pass filter with the peaking time
of 250nsec. The AMC has 32 depth and is operated
with 5MHz-10MHz writing rate.

Trigger signal is generated by summing up the mir-
rored current signal with 1/4 gain from 6 channels.

Expected performance with this ASIC has been in-
vestigated using HSPICE and TSPICE simulators. A
current conveyor is constituted with input MOS and
current mirror circuits. Naively, the input impedance
is expressed as

Zin =
1"

4kIbias
, (1)

where Ibias is the current of the input MOS and k =
1
2µ0CoxW0/L0. Cox is the oxide thickness of input
MOS. Input impedance needs to be as small as pos-
sible, however, large bias current contributes to large
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Figure 2. Schematic of one readout channel circuit

shot noise. The left panel of Fig. 3 shows the noise level
as a function of frequency for di!erent bias current.

Figure 3. Left: Dependence on input bias current of the

noise level of the current conveyor. Right: Linearity

of shaper outputs in SPICE simulation (Blue: #1/512,

Green: #1/64, Red:#1/8, Black: #1/2).

Equivalent Noise Charge (ENC) corresponds to
2.19 % 104. If an input bias current is 10 µA, S/N
ratio for MIP is expected 14.2 when shaping time is
250 ns. We decide to set the input bias current of 10uA
since S/N gets worse if input bias current is larger than
10uA. There is a peak around 60 kHz which depends
on the detector capacitance. This peak is due to the
series noise caused by the fluctuation of gm of input
MOS. The right panel of Fig. 3 shows the output volt-
age as a function of input charge for 4 di!erent gains.
A good linearity of 1are expected to be achieved.

Figure 4 shows the pulse shape of trigger output. It
is quite possible to trigger the signal for larger than
20 pC, which corresponds to the pT of ( of 5 GeV.
AMCs are operated with 10 MHz writing clock and 5

Figure 4. Pulse shape of trigger generations when output is

terminated by 50 % resistance. Input charges are 20pC,

100pC, 200 pC, respectively.

MHz readout clock. The analog signals holded by AMC
are serialized at each gain and output. Readout time is
! 4(sample)% 6(readout channels)% 200 ns(clock) =
4.8µs

4. Layout
The layout mask for the ASIC chip was done by SILI-

CON ARTIST TECHNOLOGY [5]. Figure 5 shows the
layout of overview of ASIC chip. These layouts passed
a design rule check and a layout versus schematic check.
This chip was fabricated by UMC

Figure 5. Layout of front-end ASIC for FOCAL

5. Summary and Outlook
The front-end ASIC for FOCAL has been developed.

In order to cover a wide dynamic range, the ASIC has
4 di!erent gain (1/2, 1/8, 1/64, 1/512) current con-
veyors at one readout chain. In the simulation study,
wide dynamic range of 104 and good linearity has been
achieved. A good noise performance is also achieved
in the simulation. The S/N ratio for MIP reaches to
more than 10, satisfying the requirement of the front-
end circuit for FOCAL.

After the fabrication of this ASIC, some performance
tests sich as noise, linearity, cross talk and so on, will
be executed. This ASIC will be used for the beamtest
of the prototype calorimeter.
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1. Introduction
The ALICE experiment at the Large Hadron Col-

lider (LHC) in CERN is dedicated for the study of hot
and dense QCD medium created in relativistic heavy-
ion collisions [1]. First two-year running of Pb+Pb
collisions at the center of mass energy per nucleon
(
"

sNN = 2.76 TeV) in ALICE reveals many experi-
mental observations on the formation of strongly in-
teracting medium [2,3,4]. Quantitative understanding
of the medium properties requires detailed understand-
ing of the initial state before collisions, dynamics of the
interaction of strong color field, and space-time evolu-
tion of the system.

The W+Si electromagnetic sampling calorimeter is
being proposed as one of the upgrade plans for the
ALICE experiment. The role of this upgrade is to add
capabilities to measure direct photons, neutral pions
and jets over the full azimuth in the forward pseudo-
rapidity range (2.5, % ,4.5). The physics goal with
the calorimeter is to understand high density gluonic
field at small Bjorken x in heavy nuclei and dynamics
of the collisions shortly after the collisions.

2. W+Si sampling calorimeter
For the electromagnetic calorimeter, a small shower

size is essential to minimize occupancy e!ects and to
optimize the photon shower separation. In order to
maintain a compact electromagnetic calorimeter with
small Moliere radius and to implement a fine lateral
granularity readout, tungsten is the absorber material
due to its small Moliere radius (9.3 mm) and Si is cho-
sen as a sensitive volume. Figure 1 shows the schematic
view of the longitudinal structure of a W+Si sampling
calorimeter. The size of this tower is 10 %10 %15 cm3

and 132 towers will be installed to cover the rapid-
ity of 2.5, % ,4.5 and the full azimuth. A W+Si
calorimeter consists of three or four longitudinal seg-
ments, where one segment is composed of 5-7 layers of
tungsten ( 3.5 mm thickness/layer) followed by active
silion pad sensors (1%1 cm2). First segment contains
2-4 layers of high resolution Si-micro-pad (1 % 1 mm2)
or Si-pixel (100 % 100 µm2) detectors for the position
measurement of electromagnetic showers and #0/single
( separation.

3. Detector Prototype R&D
A prototype segment with W+Si-pad layers and a

prototype of a front-end ASIC have been developed in
2011. Figure 2 shows one layer of W+Si pad module.
Heavy Alloy (94W+4Ni+2Cu) with 9.3 % 9.3 cm2 is
used in the prototype and attached by the Si sensor.
The size of Si-pad sensor is 9.3 cm % 9.3 cm % 535 µm
(thickness) and it contains 64 readout pads with pad
size of 1.1 % 1.1 cm2. This Si sensor is common cath-
ode n-doping, negative bias (-100V as full depletion

Figure 1. Schematic view of the longitudinal structure of

a W+Si sampling calorimeter

voltage) is provided on each pad through 10M' regis-
ter, and the common cathode is biased to GND. Signal
from the pad is readout through the coupling capaci-
tance of 10nF. The signals from all pads are brought
o! the sensor readout board via ribbon cable to the
passive summing board. For each pad, the summing
board performs a passive longitudinal sum of the sig-
nals from all of the individual sensor layers, to form a
tower signal from the multi-layer segment. 18 layers
of W+Si pad modules were produced in 2011 and 8 of
them were used in the beamtest in November, 2011.

Figure 2. The view of one layer W+Si pad module (seen

from the pad side).

In parallel with the prototype preparation, readout
analog ASIC has been developed. Our ASIC needs to
cover wide dynamic range from 10 fC to 200 pC and
the noise should be less than 3x104 in Equivalent Noise
Charge (ENC). Cross-talk needs to be suppressed less
than 1% to achieve good energy measurement. We
have designed a prototype ASIC, which is composed of
current conveyor with 4 di!erent gain outputs, shaping
amplifier, analog memory cell, and multiplexer. The
overall performance is reported in Ref [5].

4. Beamtest at CERN-PS in 2011
A beam test of the prototype W+Si-pad calorimeter

was conducted at the T9 beamline in the CERN-PS in
November 2011. A prototype segment with 8 W+Si-
pad layers was tested during this beam test. The beam
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energy used in this beamtest was 3, 4, and 5 GeV with
mixed pion and electrons.

Figure 3 shows the experimental setup of the beam
test. In front of the prototype, three layers of single-
sided silicon strip detectors with the spatial resolution
of 40 µm were installed for the tracking of beam parti-
cles. Cherenkov counter for electron and pion separa-
tion and two scintillators for trigger were also installed
in the beam line.

Figure 3. Experimental setup around the prototype at the

beamtest in CERN-PS.

Figure 4 shows the energy distributions of the
charged pion (blue) and pedestal noise (red) after
removal of correlated noise. The MIP signal from
charged pions is clearly separated from the noise with
a S/N of around 6-10, depending on pad or electronics.

Figure 4. (color online) Energy distributions of charged pi-

ons (blue) and pedestal noise (red) for di"erent Si-pad.

Figure 5 shows the signal distributions for electrons
at beam energy of 3 (upper left), 4 (upper right), and
5 (lower left) GeV, where the energy summation was
taken over 3 % 3 pads. It is seen that the peak position
clearly increases with the beam energy and that the
relative resolution improves as the energy increases.

5. Summary and Outlook
We have developed W+Si-pad based electromag-

netic calorimeter for the upgrade of LHC-ALICE ex-
periment. Beamtest performed in 2011 at CERN-PS
showed that our prototype successfully measured elec-
tromagnetic showers for 3, 4 and 5 GeV electrons and
the energy deposition for the minimum ionizing charge
particles with reasonable S/N ratio. We are planning
to have another beamtest in 2013 and overall perfor-
mance for higher energy electrons will be evaluated.
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1. Introduction
Heavy quark (charm and bottom) is one of the

key probes to study the properties of Quark Gluon
Plasma (QGP). A silicon vertex tracker (VTX) de-
veloped mainly for the measurement of heavy quarks.
VTX is a barrel detector with four barrels and two arms
surrounding the beam pipe, shown in Fig. 1. A silicon
pixel detector [1] is used for the inner two barrels and
a silicon stripixel detector [2] for the outer two barrels.
Each of the VTX arms covers pseudo-rapidity of ±1.2
and azimuthal angle of 140". VTX has been success-
fully installed for the use in the PHENIX experiment
at RHIC and p + p and Au + Au collision data were
taken during RHIC-RUN11 and RHIC-RUN12 periods.

In this report, details and performances of the track-
ing with VTX are described.

Figure 1. Left : Overall view of one arm of VTX. Right

: cross-sectional view of VTX.

2. Flavor identification and tracking method
There are two methods to identify flavor of heavy

quarks; one is a full reconstruction with all decay prod-
ucts of the hadronic decay and the other is a measure-
ment of electron and positron from the semi-leptonic
decay. The measurement of charmed hadrons has been
made via hadronic decays [3]. However, a measurement
of bottomed hadrons with the hadronic decay mode is
di$cult due to huge hadronic background in central
Au + Au collision events and small branching ratio.
The branching ratio of the hadronic decay modes of
B mesons with two charged daughters is around 10!5

and with three charged daughters is around 10!4. The
branching ratio increases as the number of daughters
increases, but background also increases exponentially.
On the other hands, the background in the measure-
ment with the semi-leptonic decay mode is smaller than

that in the measurement with the hadronic decay mode
and the branching ratio of the semi-leptonic decay is
around 10 %. Therefore, the semi-leptonic decay mode
is appropriate for the measurement.

Charm and bottom contributions in the electrons
and positrons from heavy quark decay can be sepa-
rated by using the di!erence in their distributions of
the distances of the closest approach (DCA)2 for the
beam collision vertex. When magnetic field does not
exist, the DCA of a decay particle is represented by
L · sin ), where L is the flight length of its mother par-
ticle and ) is the angle between the momentum vectors
of the mother and the decay particles. Therefore, the
DCA distribution depends on the lifetime of the mother
particle and the q-value of the decay mode.

Figure 2 shows DCA distributions of the electrons
and positrons from charmed and bottomed hadrons.
Charms and bottoms are created, hadronize, and decay
in the calculation of PYTHIA code [5]. RMS widths
of the DCA distributions for charmed and bottomed
hadrons are about 120 µm and 300 µm, respectively.
Therefore, the DCA resolution is required to be much
smaller than their di!erence, 180 µm, in order to dis-
tinguish charm and bottom contributions.
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Figure 2. DCA distributions of electrons and positrons

from charmed and bottomed hadrons. The solid and

dashed lines show the distributions from charmed and

bottomed hadrons, respectively. The transverse mo-

mentum (pT ) range of the electron and positron is

1 GeV/c < pT < 1.5 GeV/c.

There are two tracking methods using VTX. One
is stand-alone tracking of VTX and the other is the

2In this report, DCA in the xy-plane is called as DCA. The x
and y directions are defined at Fig. 1 and the beam direction is
defined as z direction.
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tracking using both the PHENIX central spectrome-
ter (CNT) [4] and VTX (CNT+VTX tracking). Both
track trajectories and the beam collision vertex are nec-
essary for the DCA measurement. The stand-alone
tracking is suitable for the collision vertex measure-
ment since the acceptance of CNT is limited, ±0.35 in
pseudo-rapidity and 180" in azimuthal angle, which is
smaller than that of VTX.
The CNT+VTX tracking is used for the trajectory
measurement. The pT resolution of CNT is better, and
thus the DCA resolution should be better than those
of the stand-alone tracking.

3. Tracking performance
3.1. Beam collision vertex resolution

The collision vertex resolution was evaluated as fol-
lows:

• the collision vertex was calculated using the re-
constructed tracks for each arm;

• from the distribution of the di!erence between
the reconstructed vertices for two arms, the col-
lision vertex resolution was evaluated.

If the numbers of tracks reconstructed at two arms are
the same, the collision vertex resolution is represented
as

-full =
1"
2
-one =

1
2
-di! ,

where -full, -one, and -di! are the resolution of the col-
lision vertex reconstructed with tracks at both of two
arms, that reconstructed with tracks at one arm, and
the width of distribution of the vertex di!erence, re-
spectively. The collision vertex resolution is assumed
to be scaled by an inverse of a square root of the num-
ber of reconstructed tracks.

Figure 3 shows the collision vertex resolutions of x,
y, and z directions as a function of the number of
hits on the innermost barrel. Closed and open cir-
cles show measured values and simulation results by
HIJING code [6]. The collision vertex resolutions were
better than 180 µm but the measured resolution was
worse than the simulated one. The cause for the dif-
ference is not fully understood but it is possible to be
due to a misalignment or an insu$cient evaluation of
hot and dead areas.
3.2. DCA resolution

The DCA resolution was evaluated by fitting the
DCA distribution with a Gaussian. Figure 4 shows
the DCA resolution as a function of pT when the num-
ber of hits on the innermost barrel is larger than 800.
When pT was larger than 1 GeV/c, the resolution was
less than 100 µm, satisfying the requirement.

4. Summary and outlook
The track reconstruction with VTX was performed

and the performance was evaluated with measured
data. The DCA resolution is less than 100 µm when pT
is larger than 1 GeV/c and the number of hits on the
innermost barrel is larger than 800. It satisfies the re-
quirement for the flavor identification of heavy quarks,
180 µm. However, the resolution evaluated with mea-
sured data is worse than that with simulation, and the
reason is not fully understood.
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Figure 3. The circle, square, and star points show the res-

olution of the collision vertex in x, y, and z directions

as a function of the number of hits on the innermost

barrel, respectively. Closed and open circles represent

measured data and simulation, respectively. The reso-

lution in x direction is picked up and is shown at the

left top panel for an example.

Figure 4. The DCA resolution as a function of pT when

the number of hits on the innermost barrel is larger than

800.

The outlook is that we can understand the reason by
studying more detail about detector alignment and de-
tector response.
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1. Introduction
A Gas Electron Multiplier (GEM) is one of the

micro-pattern gaseous detectors developed by F. Sauli
in 1996 [1]. GEM has a simple structure with an in-
sulator foil with typical thickness of !50 µm, coated
with metal foils on both sides used as electrodes. The
foil has punched-through holes with typical diameter of
!70 µm aligned in close-packed hexagonal lattice with
typical distance of !140 µm. Application of di!erent
potential between upper and lower electrodes creates
a high electric field inside the holes. As a result, in
the holes, electrons following the electric field lines are
multiplied because of the very high field.
Although most GEMs utilize Kapton, Liquid Crystal

Polymer (LCP) or other organic materials as insulator
materials, it has been pointed out that the hydrogen
contained in the organic insulator is a significant back-
ground source because hydrogen has a relatively large
elastic cross section for thermal neutrons [2]. More-
over, organic insulators are decomposed by irradiation
of ions and electrons and release outgas which becomes
a serious problem under the operation without gas flow.
To overcome these di$culties, we have developed a
new GEM with an inorganic insulator and we chose
glass as an insulator. GEM with glass insulator (Glass
GEM) was manufactured by SciEnergy CO. LTD. [3],
using the light etching technique, with a help of HOYA
Corp. [4].

2. Glass GEM
Figure 1 shows the view of the prototype Glass GEM

(left) and its closs section view (right). The prototype
Glass GEM has cross area of 2.5%2.5 cm2, thickness
of 100 µm, hole diameter of 70 µm, and hole pitch of
140 µm. A photosensitive glass substrate (PEG3C)
producted by HOYA Corp. is employed as the insula-
tor. The fabrication procedure is shown in Fig. 2. The
glass substrate is exposed to UV light with a metal
mask, and the exposed portion of glass is crystallized.
The crystallized portions are removed to form holes by
wet etching. The substrate is exposed to UV again,
and heating process follows to harden the substrate.
Finally, copper is deposited on the glass.

Figure 1. Photo of Glass GEM (left) and That of its cross

section(right)

Figure 2. The fabrication procedure of Glass GEM

3. Measurement of Basic Properties
Measurements of gain and short-term gain stability

for one single Glass GEM were carried out. Figure 3
shows the experimental setup for the measurements.
A cathode mesh is mounted 7 mm above the upper
electrode of GEM and readout pads (2.5%2.5 cm2) are
placed 2.5 mm below from the lower electrode of GEM.
The electric field for the drift region and the induction
region were ED!130 V/cm and EI!2 kV/cm, respec-
tively. Di!erent high voltage sources were used to sup-
ply the voltage di!erence between the upper and the
lower electrodes of the GEM. Ar 90% + CH410% was
used at atomospheric pressure and room temperature.
5.9 keV X-ray from 55Fe was used in the measurements.
Then, the signal was read with the preamplifier which
has 1pF feedback capacitor and 100 M' feedback reg-
ister.

Figure 3. A scheme view of the test setup

Figure 4 shows the charge distribution with
VGEM=550 V. A full absorption peak corresponding
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to 5.9 keV and an escape peak are clearly seen. The
energy resolution is obtained to be approximatery 10%
by fitting with Double-Gaussian.

Figure 4. charge distribution at VGEM = 550 V

Gain as a function of VGEM is shown in Fig. 5 for P10
gas. The measured gain exponentially increases with
increase of VGEM. Figure 6 shows the gain stability us-
ing P10 without correction by P/T dependence of the
gain, where P and T are the pressure and the tempara-
ture in the chamber. The rate of signal is a few Hz.
VGEM is kept 560 V during the measurement. Dis-
charge happens often during the measurement, more
studies are needed to understand the reason.

Figure 5. VGEM dependence of gain for P10.

Figure 6. Gain stability with VGEM=560V for P10.

4. Summary and outlook
We have successfully developed a new type of GEM

with glass for insulator, called Glass GEM. The basic
properties of the Glass GEM such as VGEM dependence
of the gain and the gain stability have been investigated
with P10. But there is the problem with discharge.
More studies are on-going with Ne based gases which
has large w value. The Ne gases are expected to have
less incident of discharge.
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The progress of SHARAQ project in the fiscal year
2011 is reviewed in this article. We have performed one
physics run [1] with the SHARAQ spectrometer [2] and
the high-resolution beam line [3] in May 2011. We have
also done detector developments and and ion-optics
study of an achromatic beam transport for upcoming
experiments.

1. Achromatic optics development for experi-
ments in SHARAQ

The ion-optics of SHARAQ beam line has been com-
putationally studied and obtained solutions of the dis-
persion matching (DM) mode and the high-resolution
achromatic (HA) mode. The DM mode was actu-
ally used in FY2010 for the charge-exchange experi-
ments [4,5]. The HA transport mode was developed in
May, 2011 and applied to the following physics exper-
iment [1].

Ion-optics calculation of the achromatic transport
of the high-resolution beamline and SHARAQ is illus-
trated in Fig. 1. The HA mode has the momentum

+1%

momentum
!p/p

0%
"1%

Figure 1. First-order ion-optical calculation of BigRIP-

S-SHARAQ beamline. The solid lines show the beam

trajectories of !p/p = +1%, 0% and $1%. Angular

spreads in X (Y ) axis are ±10 (±30) mr.

acceptance of 2%, and has the intermediate dispersive
focus at F6 with a resolution of "p/p = 1/8500. The
target position of SHARAQ spectrometer, S0, is de-
signed to be an achromatic focus. Beam tracking at
the F6 dispersive focus provides a beam momentum

tagging in event-by-event basis. In Fig. 1, the solid
lines show beam trajectories of "p/p = +1%, 0% and
$1%. Angular spreads in X and Y axes are ±10 mr
and ±30 mr, respectively.

The tuning of HA transport started from the F3
of BigRIPS, where the secondary beam had momen-
tum spread of "p = 2%, spot sizes of X: 3.2 mm,
Y : 2.9 mm, and angular spreads of X: 10.1 mr,
Y : 14.2 mr.

Figure 2 shows the beam spots and angular spreads
measured at S0.
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Figure 2. Distributions of horizontal position (X), vertical

position (Y), horizontal angle (A), and vertical angle

(B) at S0.

By the first-order optics calculation between F3 and
S0, the beam profile at S0 is estimated to be X: 4.8 mm,
Y : 4.1 mm, A: 6.7 mr and B: 9.9 mr, respectively. The
observed beam profile was roughly consistent with the
estimate, but the spot sizes (X, Y ) were slightly larger
while the angular spreads (A, B) were smaller than the
estimate. The analysis about these di!erence between
observation and evaluation is now in progress.

2. Physics run: Charge-exchange excitations in
unstable 12Be nucleus

Physics experiment on isovector type responses in
unstable nucleus 12Be with the SHARAQ spectrometer
was performed after the development of the HA ion op-
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tics. The experiment is characterized by inverse kine-
matics measurement of the (p,n) reaction from 12Be.
In the experiment, we adopted new detector array for
low-energy neutrons (WINDS) [6] in combination with
the SHARAQ spectrometer for the first time. Details
on the experiment will be described in Ref. [1].

3. Development of two-particle detection at the
final focal plane

The pulse processing system of tracking detectors [7]
of SHARAQ spectrometer, which are installed at the
final dispersive focal plane, was developed to achieve
capability of two-particle detection. The capability is
necessary for a approved experiment for investigating
the stability of four neutron system via the exothermic
double charge-exchange 4He(8He,8Be)4n reaction, be-
cause two ! particles produced by an immediate decay
of an outgoing 8Be particle travel to the SHARAQ final
focal plane. To identify two-particle detection events,
flash ADC and multi-hit TDC modules were adopted
for data acquisition of the charge and timing of anode
signals, respectively. The identification algorithm was
checked by using the data of (12Be,8Be) channel ad-
ditionally obtained in the (12Be,10B) measurement [1].
Details on the development will be described in Ref. [8].
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Event-by-event tracking with high-intensity beam such
as 106 Hz/cm2 is required for the experimental studies
of exotic nuclei, especially for high energy resolution
experiments. Position information at object point of
ion optics or at dispersive focus is required for a high-
resolution measurement of momentum. At dispersive
focus, the beam size becomes larger and the intensity
per unit becomes smaller. Then, we can use MWDCs
there as described in Ref. [1]. At the object point of ion
optics, the beam size is as small as 1 cm (FWHM), and
it is di$cult to use MWDCs. We usually use MWDCs
because of their high resolution of 300 µm and small
amount of materials along the beam path. However, at
the object point, the resolution of 1 mm is enough and
relatively large amount of materials can be used since
the angular information can be measured elsewhere be-
fore the target.

The requirements for tracking detector are

1. Position resolution better than 1 mm (FWHM),

2. Withstand high beam intensity above 1 MHz,

3. E$ciency close to 100%.

We are developing a plastic scintillator hodoscope
consisting of 1-mm2%30-mm plastic scintillator bars,
which is designed to have the position resolution of
1 mm and !100% detection e$ciency. We use bulk
scintillator bar without any light shield instead of the
scintillating fiber to minimize the dead space due to
the optical cladding. The plastic scintillator bars were
produced by a company, CI-Kougyou, by cutting out
a 1-mm thick plastic scintillator plate.

Since there could be crostalks among plastics and
fibers, we need to extract the charge information as
well as timing information.

The light emitted from scintillator bar is transmitted
using optical fiber (CLEAR-PS) produced by a com-
pany, kuraray. The shape of the cross section is rect-
angular shape and the width is 1 mm, which is same
as the plastic scintillator bar. The transmission loss
is around 0.5 dB/m, which is small enough since the
maximum length of optical fiber is 2 m.

We used a 64-ch multi-anode photo-multiplier
H7546B (Hamamatsu) for the conversion and ampli-
fication of signals. In a traditional system, the charge
information is obtained using charge-sensitive ADCs.
But in such a system, there are large dead time
due to the conversion time and no multi-hit capabil-
ities which is important for the operation with high-
intensity beam. If we measure the time over threshold
instead of the charge, we overcome these di$culties. A
combination of preamplifier discriminator card RPA-
132 (REPIC) and multi-hit TDC V1190 (CAEN) is
one of the solutions. The leading edge and width of
1Corresponding author

output logic signal of the RPA-132 correspond to the
timing and charge information of signals, respectively.
The time constant of RPA-132 is 16 ns and the input
dynamic range is from $1pC to +1pC. To adjust the
charge of output signal from the PMT, we supply a
HV of 700 V to the PMT, which much smaller than
the rated voltage, 850 V. The V1190 can detect the
leading and trailing edge of input logic signal and can
record some hits in a search window. The least signif-
icant bit is 100 ps, which is smaller than the expected
time resolution.

A test experiment was performed at EN course in
RCNP. The aim was to evaluate the intensity de-
pendence of the e$ciency. Primary beam of 12C at
250 MeV bombarded two PPACs for the beam track-
ing and µHodoscope. Two PPACs were located 482-
mm apart from each other and the µHodoscope was lo-
cated at 78-mm downstream of the downstream PPAC.
Timing signal of the upstream PPAC was used for the
trigger of DAQ system. Each anode signal was am-
plified and discriminated by the RPA-132 and the the
leading- and trailing-edge timings were recorded by us-
ing the V1190. The signal from last dynode of the
H7546B was input to a QDC module V792 and the
V1190 as a reference to anode signal.
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Figure 1. Correlation between charge and width informa-

tion. Horizontal and vertical axis show the charge of

dynode signal measured with V792 QDC and the width

of anode signal measure with V1190 TDC.

Figure 1 shows the correlation between the charge
of dynode signal and the width of anode signal. The
width is found to be good measure to the charge since
there are positive correlation between them. There are
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many hits which have a small pulse width. These hits
seem to be crosstalk )and can be discriminated clearly
from the true signal by setting certain threshold to the
pulse width. After this discrimination, we can deter-
mine the position which corresponds to the geometri-
cal position of plastic scintillator bar where the pulse
width is largest among the hits.

We measured the detection e$ciency which is de-
fined as the ratio of the number of event tracked by the
hodoscope to the number of event tracked by PPAC.
The e$ciency for the 10-kHz, 100-kHz and 500-kHz
beam are 95.1±0.5%, 94.5±0.8% and 96.7±3.0%, re-
spectively.

Figure 2. Two-dimensional position measured with

µHodoscope. Horizontal and vertical axes show the se-

quential number of 1-mm scintillator bars which corre-

sponds to the position with 1-mm accuracy.

Figure 2 shows the online spectrum of two-
dimensional position measured with µHodoscope for
56Fe at HIMAC although the result is preliminary.
In this analysis the maximum signal width does not
always give the correct position since gain di!er-
ence among the scintillator bars and the existence of
crosstalks make strong correlation of signal widths be-
tween certain pairs of horizontal and vertical scintil-
lator bars. To reject such a fake signal of maximum
width, the second maximum is chosen for some com-
binations of fired scintillator bars. The analysis is in
progress.
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with high intensity RI beam
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We have developed Low-Pressure Mutiwire Dift Cham-
ber (LP-MWDCs) to measure tracks of the high
instensity RI beam (Z:He–N; beam energy: 100–
300 MeV/nucleon; intensity: 1–2 MHz) [1]. The LP-
MWDCs are used in BigRIPS and High Resolution
Beam Line (HRBL). At SHARAQ spectrometer [2],
high resolution missing mass spectroscopies are per-
formed. The tracks information are needed to cor-
rect the angular and the momentum spread of the RI
beams. The LP-MWDCs are required to be opera-
tional under the high intensity circumstances.

F-H10F-H9

F-H7

F-6

F-5

F-3

F-2

F-1

F-0

F-4

F-8

BigRIPS

HRBL

SHARAQ

Figure 1. Layout of BigRIPS, high resolution beam line,

and SHARAQ spectrometer.

In the Spring of 2012, measurement of exothermic
charge exchange reactions of (8He, 8Li() and (8He,
8Be) are planed, which uses the BigRIPS, the High
Resolution Beam Line (HRBL), and the SHARAQ
spectrometer shown in Fig. 1. The 8He beam at the en-
ergy of 190 MeV/nucleon are transported in the high-
resolution achromatic mode. The intensity of the 8He
is 2 % 106 cps at the secondary target.

The experiment is performed with the missing mass
method. The momentum of in-coming and out-going
particles at the targets need to be measured. In the
beam line, the momentum of the 8He beam is mea-
sured at the F-6 , which is a momentum dispersive
focal plane: Designed dispersion value is 76.7 mm/%.
The expected momentum resolving power is p/"p =
7000 in full width at half maximum (FWHM) at the
F-6. The momentum resolution corresponds to the en-
ergy resolution of 0.5 MeV. The tracking detector is
required to have a position resolution less than 500 µm
(FWHM). The momentum of the produced particles at
the targets is analyzed by the SHARAQ spectrometer
and detected by cathode readout drift chambers [3].

The beam tracks on the targets have to be deter-
mined with angular and position resolutions of 1 mrad
(FWHM) and 0.5 mm (FWHM). Tracking detectors
are required to have a position resolution less than
350 µm (FWHM) when the three detectors are in-
stalled at a distance of 500 mm from each other.

For the experiment, we developed the new LP-
MWDCs using at the F-6 and the F-H10. We report
here on the developments of the LP-MWDCs.

In the beam line of the BigRIPS and the HRBL, LP-
MWDCs are installed at F-3, F-6, F-H7, F-H9, and
F-H10. A list of the LP-MWDCs is shown in table 1.
The counter gas is pure isobutane at the pressure of
10 kPa. With thish low pressure operation, the e!ect
of multiple scattering in the gas can be made diminish-
ingly small. The all LP-MWDCs are used for tuning
beam ion optics. At the Physcis run of (8He, 8Li() and
(8He, 8Be), the tracks of high intensity RI beams are
measured with the LP-MWDCs at F-6 and F-H10.

The LP-MWDC using at the F-6 consists of four an-
ode planes with wire operations (V :30", U :-30"). By
using the inclined wire planes, the counting rate per
cell can be reduced for the high intensity beam. The
e!ective area and the cell size are 216 % 144 mm2

and 9 % 9 mm2, respectively. The e!ective area corre-
sponds to the momentum spread of ±1% at the F-6.

At the F-H10, the three LP-MWDCs are placed to
measure the tracks to the target. The spot size on the
target is 30 mm&. For nearest detector from the target,
the cell size have to be smaller than two upstream de-
tectors. The LP-MWDC consists of four anode planes
with wire operation (X:0", Y :90"). The e!ective area
and the cell size are 96 % 96 mm2 and 6 % 6 mm2,
respectively.

In summary, We have developed the LP-MWDC
which are used as the beam tracking detector in the
high resolution experiments using high intensity RI
beams at the SHARAQ spectrometer. These LP-

Table 1. List of LP-MWDCs in BigRIPS and HRBL.

Focal
plane

Active
area

(mm2)

Cell
size

(mm2)
Config

-uration
Physics

runs
F-3 80%80 5%4.8 (X-X’-Y-Y’)2

80%80 5%4.8 X-X’-Y-Y’
F-6 216%144 9%9 V-U-U’-V’ .
F-H7 216%144 9%9 X-U-Y

216%144 9%9 V-U-Y
F-H9 216%144 9%9 X-U-Y
F-H10 216%144 9%9 X-U-V’ .

216%144 9%9 X-U-V .
96%96 6%6 X-X’-Y’-Y’ .
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MWDCs are installed in the BigRIPS and the HRBL
for the experiment of the exothermic charge exchange
reactions in April 2012.
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The spin-isospin excitations in nuclei is a unique tool
for studying a nuclear structure. Although charge-
exchange reactions, such as (p, n) and (3He, t) reac-
tions at intermediate energies, are established probes
used to study these excitations in stable nuclei, the
charge-exchange study of unstable nuclei is currently
only in its early stage. Experiments in inverse kine-
matics are challenging mainly because the recoils on
the probe particle are small. Generally, the detection
of recoil particles with kinetic energies below !3 MeV
is required for the study of Gamow-Teller excitations
(See Fig. 1 in Ref. 1 for a specific case of a 12Be(p, n)
measurement).

We constructed a facility at SHARAQ where the
(p, n) reactions on unstable nuclei can be studied.
It consists of a liquid-H2 (LH2) target in a scatter-
ing chamber made of 1.6 mm-thick aluminum, the
magnetic spectrometer SHARAQ, and the wide-angle
inverse-kinematics neutron detectors for SHARAQ
(WINDS). A schematic view of the facility is shown
in Fig. 1. The missing mass spectra of the (p, n) re-
action are obtained from the scattering angle of the
neutron ()lab) and its kinetic energy. The kinetic en-
ergy is measured by the time-of-flight (TOF) method
using WINDS. The timing information of the start of
the TOF is obtained from the plastic counter (1 mmt)
at F-H10, located 2 m upstream of the target position.

WINDS is a set of neutron counters placed at both
(left and right) sides of the target, covering the angu-
lar region 60" < )lab < 120". The distance between
the target and the counter wall is 180 cm. The left
(right) counter wall consists of 30 (29) plastic scintil-
lators (BC408) of 60 % 10 % 3 cm3. These scintillators
are placed such that the 3-cm-wide planes face the tar-
get. H7195 PMTs are attached to the both ends of
each scintillator through the light guides. The charge
information from each PMT is digitized by a CAEN
V792 QDC. The timing information is processed by a
leading-edge discriminator (LeCroy 4413) and digitized
by CAEN V767 TDC.

The e$ciency of the neutron counter depends on the
energy of neutrons as well as the threshold on light out-
put. The typical e$ciency with a counter threshold of
200 keVee is estimated by using the code NEFF7 [2],
and it is calculated as 0.36 for 2-MeV neutrons. The
e$ciency calibration was performed with a neutron
source of 252Cf at the target position with a “standard”
NE213 liquid scintillator at a distance of 80 cm from

the source. This allowed us to determine the e$ciency
of the BC408 counters relative to that of the NE213
counter, whose absolute e$ciency as well as energy-
/threashold-dependence were well known [2]. The de-
tailed data analysis is currently in progress.

Figure 1. Schematic view of the setup of the (p, n) mea-

surement in inverse kinematics.

Figure 2. A Photo of WINDS.
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1. Introduction
Multi-neutron systems in nuclei have attracted much

attention on both the experimental and theoretical
fronts ever since candidates of bound tetra-neutron(4n)
system were reported [1] [2]. However, later theoreti-
cal papers using ab-initio calculations [3] suggest that
bound tetra-neutron cannot exist.

We plan to perform missing-mass spectroscopy of the
4n system via the exothermic double-charge exchange
reaction 4He(8He,8Be)4n. The experiment will be car-
ried out at the RI Beam Factory (RIBF) at RIKEN
using the SHARAQ spectrometer and a liquid He tar-
get system. To obtain the missing-mass spectrum, we
measured momentum of the 8Be beam with the High-
Resolution Beamline and momentaof two alpha parti-
cles which were the decay products of the 8Be projectile
with the SHARAQ spectrometer.

For this experiment, we develop ion optics of the
SHARAQ spectrometer in order to achieve a large solid
angle, and develop a readout system of focal plane and
test detection system .

2. SHARAQ spectrometer as a detection sys-
tem of
(8He , 8Be (' 2!)) reaction

The momentum distributions of two alphas are
within ±0.73 % and angular distributions are within
±0.2 degree of that of the ground state of 8Be pro-
jectile, if we choose an incident beam energy of 200
A MeV. This kinematics enables us to detect two al-
pha particle at the same time in the SHARAQ spec-
trometer. Otherwise, events in excited states, which
have energies of more than 30 MeV has in addition
to two-alpha events derived from background will be
distributed uniformly at the focal plane.

The SHARAQ spectrometer is required to have a
momentum acceptance about ±2.5 % to obtain 4n
events with an excitation energy of 40 MeV, includ-
ing momentum distribution of the two-alpha (±0.74%)
and the beam (±1% ). Another requirement is that
the momentum resolution achieve the 1/10000 which
gives about 1 MeV missing-mass resolution. We calcu-
lated an ion transfer matrix using the COSY infinity [7]
so that the maximum solid angle satisfy those require-
ments. As in Fig. 1, we obtained 4.2 msr of e!ective
solid angle which covers required momentum area.

The maximum size of the decay-cone was estimated
to be 60 mm in horizontal direction (x direction) and
14 mm in vertical direction (y direction) by a Mote
Carlo simulation using the transfer matrix and angular
acceptance.
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Figure 1. E"ective solid angle of 8Be. The solid line rep-

resents ground state of 8Be and the dotted line for the

1st excited state (3.0 MeV).

3. Development of readout system at focal
plane

To cover the maximum size of the decay-cone suf-
ficiently, we used the present Cathode Readout Drift
Chamber (CRDC) [4] [5] which has a large e!ective
area (x: 550 mm, y: 300 mm) and no dead-space. Two
CRDCs and plastics hodoscopes and three plastic scin-
tillator for trigger are used. The vertical and horizontal
positions of charged particles are determined by mea-
suring the drift time of electrons in the drift plane and
by the center of the distribution of induced charges on
the cathode pads, respectively. We introduced flash-
ADC (SIS3301) for anode signal and FPGA-based logic
circuit [6] for the trigger signal of cathode multiplexer.
The detail of the logic circuit was described in Refs. [6].
Plastic hodoscope is constituted of 13 plastics scintilla-
tors (85 mm width % 200 mm hight % 5 mm thickness).

We performed an experiment for the test of detec-
tion system at the RIBF at RIKEN using RI beam.
The experiment was carried out simultaneously with a
measurement of a 12Be(p,n) reaction in inverse kine-
matics at 200 AMeV. The purpose of this experiment
is to test if the system correctly works and to evaluate
a tracking e$ciency of the two-alpha.

Figure 2 shows the cathode charge distribution and
the anode pulse shape acquired by flash-ADC of a typ-
ical two-alpha event. The cathode charge distribution
is fitted by the Secant Hyperbolic Squared (SECHS)
function [8],

f(x|a, µ,-) =
a

cosh2 [#(x $ µ)/-]
. (1)

The anode pulse shape is fitted by the ex-gaussian func-
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The cathode charge distribution (right side) is fit-

ted by F (x) = f(x|a1, µ1,.1) + f(x|a2, µ2,.2).

The anode pulse shape (left side) is fitted by

G(t) = g(t|a1, µ1,.1, /1) + g(t|a2, µ2,.2, /2).

tion [9],
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where ((y) is the Cumulate Distribution Function.
In the fit result, if the distance between two parti-

cles is greater than the uncertainty of each particle,
we are able to identify the two particles. Using this
method, two particles can be identified separately for
events with a distance in x direction more than 10 mm
and in y direction more than 5 mm. These results in-
dicated that this detection system can identify 95% of
two alpha which are decayed from the ground state of
8Be, considering decay cone of the two-alpha particles.
This result satisfies the requirement of the experiment.
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1. Introduction
The supernova nucleosynthesis is one of the attrac-

tive subject. In the supernova nucleosynthesis various
nuclei from the iron-group to the uranium are produced
in the very short period. In this process the electron
capture rates are important parameter. To extract the
electron capture rates, we need the Gamow-Teller tran-
sition strength (B(GT)) distribution, especially of the
iron-group nuclei. The nuclear reactions of (n,p)-type
charge exchange can provide us the distribution up to
highly excited region where &-decay can not access,
while the measurement of &-decay gives the absolute
value of B(GT) to the low-lying states below the elec-
tron capture threshold. As a (n,p)-type reaction we try
to utilize (d,2He) reaction because of its selectivity.

Another attractive subject is the equation-of-state
(EoS) of nuclear matter. The EoS there are some pa-
rameters such as incompressibility and symmetry en-
ergy. The incompressibility of 230 MeV was deduced
for symmetric nuclear matter from the systematics of
excitation energy of Isoscalar Giant Monopole Reso-
nance (GMR). On the other hand, there is little infor-
mation on the symmetry energy. The measurements
of GMR and/or dipole resonances in the neutron-rich
nuclei are desired.

In these studies, we need to deduce spectra up to
highly excited states and to measure the forward-angle
scattering in center-of-mass frame. The highly excited
states populated via charge-exchange reactions or in-
elastic scattering decay mainly by particle emission
sometimes followed by gamma-ray emission. In the
invariant-mass spectroscopy we need to measure all the
particles and also gamma rays. On the other hand,
in the missing-mass spectroscopy we need to measure
only one or two recoiled particles. However, particles
recoiled to the angle corresponding to the forward an-
gle in center-of-mass frame have very small kinematic
energy below 1 MeV/u. In order to measure such low-
energy recoiled particles in the reaction, we are devel-
oping an gaseous active target.

Active target has two roles simultaneously as the tar-
get and the detector. The active target we are devel-
oping is a time-projection chamber (TPC) which has
the position sensitivity in three dimensional direction.
Our aim is to develop the active target to measure the
reactions, especially forward-angle-scattering, of (d,d’)
and (d,2He), with high intensity (!106 Hz) beam of
100$300-MeV/u kinematic energy.

The structure of active target was described in the
previous report. Although the previous structure is
suitable for the high-intensity such as 107 Hz, the
lower-limit of the energy of the recoiled particles was
about 1 MeV, which is not small enough to measure
the forward angle scattering. We report, here, the
modification to measure the low energy particles of 0.3
MeV/u under the operation with 1-atm gas.

Figure 1. Schematic view of modified active target. One

field cage is located along the beam line and two arrays

of NaI are located at the both sides of the field cage.

2. Modification of Active Target
To measure the low-energy recoiled particles, the

beam is directly irradiated the active area of TPC,
and the shape and size of the read out pad are op-
timized. According to the optimization of the readout
pad, the total number of channels become 400 and then
the manner of the signal transfer from the chamber to
the outside is changed. The array of NaI, where the
relatively high-energy particles are detected, is located
much closer to the active are in order to enlarge the dy-
namic range. The DAQ system is also rearranged to ef-
fectively readout the data and to make a self-triggering
system. The following subsections describe (1) the op-
timization of readout pad, (2) new signal transfer and
(3) the modified DAQ system.
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Optimization of readout pad
The regular triangle shape is chosen to be more sym-

metric. The size of the pad is 5 mm along the beam
path and is 10 mm at the side of beam path. The to-
tal number of the pads is 400. The position of beam
particle in the pad plane is deduced by using charge
division assuming the energy loss is constant and the
position in the direction perpendicular to the pad plane
is calculated from the drift time. However, the manner
of charge division cannot be applied for the low-energy
recoiled particle which stops in the active area since the
change of energy loss cannot be ignored. In order to
extract the trajectory of such particles, the calculated
energy deposition in each pad is fitted to the measured
one with the parameters of angle and position where
particle stops.

The angular and position resolutions are estimated
to be 30 mrad and 0.4 mm, respectively, by using a
GEANT4 simulation for isotropically emitting protons
of 0.3 MeV.
Signal Transfer

The newly developed signal transfer system enables
us to extract the huge number of signals from the in-
side of the vacuum chamber to the outside. The num-
ber of signals was limited by the size of the D-sub feed
through connectors and the maximum was 25 signals
in about 35%95-mm2 area. The signal transfer system
is expected to be air tight and to transfer more signals.
We decided to use Flexible Printed Circuits (FPC).
The FPC consists of thin film and foil and can trans-
fer 50 signals. For the air tightness new feedthrough
connector has been developed, which can covers some
FPCs. The 75 signals from the readout pad is trans-
ferred in 60%80-mm2 area. The density becomes twice.
More signals can be transferred if we put more FPCs in
the feedthrough connectors. The crosstalk among ca-
bles is 0.5% after the preamplifier, where the transient
signal disappear with the integration.
DAQ System

The DAQ system has been upgraded to realize high-
throughput and self-triggering capability for TPC sig-
nals. The pulse shape should be recorded to discrim-
inate the true signals from noises such as / rays and
discharge and also to distinguish the tracks of two or
more particles. We decided to use V1740 modules from
CAEN, which has the pre-trigger sampling capability.
The V1740 is 64-ch 65-MHz sampling flash ADC and
can be readout through optical link, which provide the
high throughput of 80-MB/sec. With this through-
put and utilizing the spill structure of synchrotron, the
dead-time-less data acquisition has been achieved for
300-Hz trigger rate.

3. Measurement of deuteron induced reaction
on 56Fe

A test experiment was performed at HIMAC. 56Fe
beam bombarded the active target operated with
1 atm. deuterium gas. The beam and recoiled par-
ticles were measured by TPC and NaI array. The sup-
plied high voltage to the field cage was 20 kV and the
resultant electric field was 0.8 kV/cm. Three GEMs
were mounted so as to amplify the electrons and total
gain was set to 2000 (designed value). The collected
charge at the readout pad was transferred using FPC to

Figure 2. Typical event display with a recoiled particle.

The color code corresponds to the number of hit in each

pad within a certain time range. Beam particle goes

from the bottom to the top. The trajectory of recoiled

particle is clearly seen in the top-left region.

charge-sensitive RPA211 (REPIC) preamplifier where
the charge was integrated with the time constant of
80 ns and the conversion gain of 0.2 V/pc. The volt-
age signal was digitized by the V1740 flash ADC and
used to generate the trigger. The threshold in V1740
was around 50 mV. The scattered particles were mea-
sured by µHodoscope consisted of two layers of 30 thin
plastic scintillator array, which provides the time ref-
erence to the TPC and scattered position.

Typical hit pattern of the event is shown in Fig. 2.
The beam particle goes from the bottom to the top.
The trajectory of recoiled particle is clearly observed
around top-left side. The analysis is in progress.
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1. Introduction
To extract the incompressibility of the nuclear mat-

ter experimentally, one needs to measure the energy of
Isoscalar Giant Monopole Resonance (ISGMR) of the
nuclei (Ref. [1], [2]). In order to determine the energy
of the ISGMR, the Multipole Decomposition Analysis
(MDA) is definitely required. For this analysis method,
MDA, it is necessary to have the angular distribution
of the di!erential cross section in a wide range of scat-
tering angles with a good resolution.

When we use an active target, the detections of re-
coiled particles which scattered into the forward angles
in the center-of-mass (CM) frame are performed well at
a Time Projection Chamber (TPC) which often used
in active targets (Ref. [3]). However, the backward
(CM) scattering particles could not be tracked at TPC
because they have larger kinetic energies than forward
scatterings and the energy depositions are not su$-
cient to be detected in the gas target. This means that
the total kinetic energy of the recoiled particles which
have a relatively high energy could not be measured at
TPC. Therefore, some kinds of solid detectors to mea-
sure the total kinetic energy of the backward scattering
particles are required for the active target. For this rea-
son, CNS Active Target has adopted an array of one
hundred and twenty NaI(Tl) scintillators to detect the
particles scattered into the backward direction. Fig-
ure 1 shows the schematic view of CNS Active Target
(CAT).
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Figure 1. The schematic view of CNS Active Target. The

large rectangle shows the Active Target chamber.

The total kinetic energy of the recoiled particle is re-
lated to its scattering angle. This implies that the en-
ergy resolution is also related to the angular resolution.
Since the angular resolution is an important factor for

MDA method, we have to estimate the energy resolu-
tion of NaI scintillators. However, we cannot obtain an
enough energy resolutions at low energy region(down
to !4MeV) because of less energy deposition into the
NaI crystals. On the other hand, we can also use the
timing information to obtain the energy resolution. If
we have a good time resolution enough to determine
the energy, instead of using the kinetic energy directly,
energy calculated from the time could be more useful.
Here we report the performance of NaI detectors for
CAT.

2. Resolution Measurements for a Single Crys-
tal

We measured the resolution for each single crystal
which had a size of 31%31%57mm3. At the present
time, double gamma rays induced from the electron-
positron pairs produced by a 22Na source were mea-
sured by two crystals facing each other. We used the
standard NIM electronics. For each PMT, the anode
signal was fed to the Timing Filter Amplifier (TFA)
and then to a Constant Fraction Discriminator (CFD)
and a Time-to-Amplitude Converter (TAC) for the
time resolution measurement. A Multichannel Ana-
lyzer (MCA) was ued as a signal counter.

We had a time resolution of about 4 ns with sim-
ple circuit. Typically, NaI scintillator has an energy
resoution of about 7% at 662 keV (Ref. [6]) and time
resolution of about 1 ns for a 60Co source. Compar-
ing those general performances, the time resolution we
obtained was not so reasonable. This might be caused
by a lack of gain at PMT in that the resolutions were
improved when we supplied a higher voltage (See next
paragraph).

After that, the measurements with the DAQ system
had been performed. The circuit of the DAQ system
is shown in Figure 3. This time, we used both NIM
and VME electronics. In order to obtain both timing
and energy, the anode outputs from PMT were divided
into TFA and spectroscopic amplifier N568B. The out-
puts from the TFA were connected to the CFD and
the multi-hit TDC (V1190) for time resolution mea-
surements. Outputs from spectroscopic amplifiers were
connected to ADC (V785) for energy measurements.
The event trigger was created by taking coincidence of
two time signals. About 2 ns of resolution (FWHM)
was obtained for each single crystal at 511 keV. If this
time resolution is used for calculation of kinetic energy
E, /E/E would be about 50% at 511 keV. The energy
resolution /E/E !9% at 1274 keV and !16% at 511
keV were measured.
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Figure 2. A part of the DAQ circuit for NaI Wall. In this

measurement, the trigger was created by coincidence of

two crystals. For the whole NaI Wall system, a trigger

was created by one single signal among all.

The resolving power (RP) of kinetic energy from that
of time for this work is very low so that we cannot use
the values even in the low energy region. If there is a
detector which has few hundreds pico second of time
resolution, the energy RP defined as E//E at low en-
ergy region (down to !4 MeV) will be largely improved
(See Figure 5). One example is so called ”Phoswich”
type in which a time sensitive detector is attached in
front of the other. We are considering the development
to obtain a better time resolution.
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Figure 3. The resolving power estimations for deuteron

with various time resolutions. If a detecting system

which has a time resolution of about 100 ps is added

to NaI scintillator, the energy RP by using time RP

will be twiced at 3 MeV. Moreover, four time would be

accomplished if a time resolution of 50 ps at 3 MeV is

achieved. Note that the energy resolution was 9% in

1274 keV from this work.

3. Measurement of Recoiled Particles
NaI Wall which consists of 120 NaI scintillator was

built for P275 and 56Fe(d, d%) experiment was per-
formed at HIMAC in January, 2012. Two arrays of NaI
detectors were located at both sides of CAT chamber
as shown in Figure 1. The dynamic range of the kinetic

energy for each detector was set to 10MeV. We mea-
sured the recoiled particles from scattering angles of
84-87 degree and lots of (-ray events without recoiled
particles were also observed. The correlation of TOF
- E which was obtained for one crystal is shown on
Figure 4. Taking events with a track measured at the
active area of TPC, the (-ray events might be excluded
from the analysis, and then we can see the kinematical
curve of recoiled particles obviously. The analysis is
now in progress.
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1. Introduction
The single particle state gives us the basic informa-

tion of nuclear structure. Recent study strongly sug-
gests evolution of single particle properties such as the
magnitude of the spin-orbit splitting in unstable nu-
clei [1], which is a clue to understanding some of the
e!ective interaction used to describe the nuclei.

Intermediate-energy ($'p , pn) reaction is a powerful
spectroscopic tool to study neutron single hole state
directly, but no experiments by means of this reaction
have been performed for unstable nuclei because of the
di$culty of neutron precise measurement. Position res-
olution and detection e$ciency of a typical neutron de-
tector are not good compared to a detector for charged
particles, which utilizes electromagnetic interaction.

Figure 1. A schematic view of (p, pn) experimental setup.

Two multi-wire drift chambers (MWDCs) and plastic

scintillator hodoscopes located at left and right sides

cover the angular range of 25" < #lab < 65". Ener-

gies of scattered proton and neutron are measured by

a TOF method by using hodoscopes. Scattering angles

of proton and neutron are determined by MWDC and

hodoscope, respectively.

Figure 1 shows an example setup of ($'p , pn) experi-
ment. The separation energy resolution "Es needs to
be less than 1 MeV to study the spin-orbit splitting
of neutron single particle state. "Es is represented
as "Es !

!
(10 % "E/E)2 + (0.3 % ") mrad)2 MeV

where E is energy of scattered nucleons and ) is open-
ing angle between scattered nucleons. Table 1 shows
the requirements in order to achieve "Es ! 1 MeV
in this setup. Time-of-flight (TOF) resolution "tTOF
and position resolution "x determine "E and "), re-
spectively.

Double-ended hodoscope, used for an orthodox neu-
tron detector, has enough TOF resolution ("tTOF !
a few hundred ps), but its typical position resolution

Position resolution "x 5 mm FWHM
TOF resolution "tTOF 700 ps FWHM

Table 1. Requirements of a new detector. These values

are needed to achieve !Es % 1 MeV in the experimental

setup showed in Figure 1.

("x ! a few cm) doesn’t satisfy the requirement for
angular resolution of opening angle between scattered
nucleons. We have to develop a new detector to per-
form the ($'p , pn) experiment.

2. Design of a new detector

Figure 2. Concept of the detector. Plastic scintillator is

finely segmented with a size of 5 # 5 # 1000 mm3 that

the neutron hit position is determined only by using the

hit pattern.

Figure 2 shows a concept of a new neutron detector.
It consists of multi-anode photomultiplier tubes (MA
PMTs) and finely segmented plastic scintillators with
a size of 5 % 5 % 1000 mm3. These scintillators are
so finely segmented that needed position resolution is
obtained from the hit information of neutrons.

There are concerns about the performance of the new
detector. One is detection e$ciency, and the other
is time resolution. Small energy loss in each segment
makes light output smaller. It makes the detection e$-
ciency and the time resolution worse. In addition, long
and thin shape of scintillators reduce the number of
scintillation photons which reach PMTs directly with-
out reflections. Almost all of the scintillation photons
reflect many times before they reach the PMTs because
the solid angle of direct path to PMT in segmented
scintillator is only d'/4# = 0.0008%. It may spoil the
time resolution. We investigated the feasibility of the
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detector by means of Monte-Carlo simulation.

3. Simulation
The simulation was performed with Geant4 frame-

work [2] with two free parameters, namely the segment
size and the surface condition. Table 2 shows the pa-
rameters we assumed in this simulation.

Incident neutron energy 100 MeV
Scintillator thickness 20 cm
Scintillator length 1 m
Discriminator threshold $30 mV
Software threshold $300 mV
PMT quantum e$ciency 20%
PMT gain 107

Table 2. Assumed parameters in the simulation. Signal

timing is determined when the pulse height overcomes

the discriminator threshold. Software threshold is set

high conservatively to reduce gamma background. It

limits the detection e$ciency.
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Figure 3 shows the trapping e$ciency N/N0, where
N0 is the number of total photons generated in the
segment and N is that of photons which could reach
to the PMT. Three types of symbols indicate the dif-
ference in the surface condition, which is characterized
by standard deviation of the reflection angle in units of
milliradian. Although both the segment size and the
surface condition a!ect the trapping e$ciency, we can
conclude that the latter is more dominant factor.

Figure 4 shows the neutron detection e$ciency. The
detection e$ciency of 17% will be achieved with pol-
ished surface and 5 % 5 mm2 segment size. The result
is satisfactory, since the detection e$ciency decreases
by only 15% from the expected value of 20% according
to the rule of thumb, that is, the detection e$ciency
of plastic scintillator for 100 MeV neutron is typically
1%/cm.

Figure 5 shows the time resolution. In general, time
resolution of a scintillator seems to be determined by
spreads of arrival time of scintillation photons. We de-
fine the intrinsic time resolution of segmented scintilla-
tors as a standard deviation of rise time T100 = t100$t1,
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Figure 4. Neutron detection e$ciency. It is determined by

the software threshold Vth = $300 mV.
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where tN is the time when Nth scintillation photon
reaches the PMT. We assume T100 as the rise time
because the pulse height overcomes the threshold of
a discriminator with this amount of scintillation pho-
tons. The result is good enough as compared to the
requirement "tTOF < 700 ps.

4. Summary and outlook
We proposed the detector based on a new idea for

intermediate-energy neutrons. It consists of finely seg-
mented scintillators and MA PMTs. The simulation
was performed to evaluate the feasibility of the detec-
tor, and it became apparent that both the detection
e$ciency and the time resolution of the detector will
satisfy the requirements, but the performance strongly
depends on the surface condition of the segment.

We are now in development of the prototype detec-
tor. It is made of fiber scintillators which guarantee
the trapping e$ciency of 4.4%, instead of segmented
plastic scintillators. We are planning to evaluate its
performance by using a neutron beam next year.
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1. Introduction
Many nuclear physicists are eager to study the nu-

clei very faraway from the stability valley. In order to
get the information about those nuclei experimentally,
suitable facilities which can provide high intensity rare
RI beam are definitely required. However, such an ac-
celerator apparatus which satisfies every requirement of
physicists does not exist yet, and also there are lots of
obstacles in construction of those facilities. In order to
perform a reaction experiment with those experimen-
tal conditions, for instance, with a low beam intensity
about 1 pps of very rare RI beam, something new ex-
perimental technique is needed.

In the case of the typical RI reaction experiment
with a solid reaction target on the straight beam line,
most of the beam particles are going through the target
without reaction and would be stopped at beam dump.
This is a waste of most of precious rare isotopes. To im-
prove this situation, A possible scheme was considered
of recycling beam particles. Assume that a reaction
occurs with 1/s of event rate within measurement time
of T0(to get enough events) when 106pps of beam in-
tensity is provided. If the beam intensity is decreased
to 1pps in this reaction, event rate is dropped down to
10!6/s, and time needed to accumulate enough statis-
tics increases to T0%10!6. However, If the beam par-
ticles could be reused N times with the same low beam
intensity of 1pps, the e$ciency of the experiment would
be positively changed with a factor of N (See Table 1).

Method Beam Intensity Event Rate Time Taken
Straight BL 106pps 1/s T0

Straight BL 1pps 10!6/s 106%T0

Storage Ring 1pps (N) N%10!6/s 106%T0/N

Table 1. A comparison table between normal straight

beam line (BL) and storage ring with several beam in-

tensities. N is the number of recycle at storage ring.

In order to accomplish this plan, a storage ring con-
tains the reaction target and RF cavity is the most
appropriate apparatus. Figure 1 shows the conceptual
model of the storage ring.

The emittance growth of the stored beam and the
reaction rate should be carefully evaluated in this beam
optics system. In this report, the emittance growth of
the beam and the cooling process is mainly discussed.

2. Ionization Cooling
In a storage ring with a RF cavity to compensate the

energy losses by re-acceleration continuously, a beam
cooling e!ect so called ”ionization cooling” will appear.
This ”ionization cooling” method closely resembles the
synchrotron damping of relativistic electrons’ with the
energy loss in the thin gas target [ [1]]. The most re-
markable feature of this method is that it may provide

Reaction Target 
Beam Injection 

+δU 

-δU 

RF Cavity 

Stored Beam Particle  
(fully ionized) 

By re-acceleration 

Figure 1. The conceptual model of the storage ring

with reaction target and RF cavity. On the reaction

target, energy loss, straggling, multiple scatterings are

involved. On the other hand, RF cavity will compen-

sate the energy losses by re-accelerations. This re-ac-

celeration will prevent the divergence of the transverse

emittance. The stored beam particle will revolve con-

tinuously until reaction occurs.

an extremely fast cooling process, compared to other
traditional methods such as electron cooling or stochas-
tic cooling.

The energy loss per single turn /U in the reaction
target is compensated by the RF cavity, which adds
only the longitudinal momentum. This will make re-
duction of the transverse angle of the particle(See Fig-
ure 1). Reduction of emittance (/A)/A is represented
as
(/A)
A

= $(/p)
p

= $(/U)
&0pc

= $(/U)
2T

(1)

where p is the momentum, &0c is the velocity and T is
the kinetic energy of particle(Ref. [1]). In case of the
storage ring, emittance after N times of circulation is
written as :

A(N) = A0 exp
&
$ N

N0

'
(2)

with N0 # 2T
'U . This relation means that the trans-

verse emittance decrease exponentially by repetitive re-
acceleration.

On the other hand, the transverse emittance from
the multiple scattering in the reaction target will grow
to /)%

"
N after N cycles. As a result, the final emit-

tance after N cycles will be determined by competing
two factors, i.e. square root term to increase the emit-
tance and exponential term to decrease. We tried to
calculate the final emittance of the beam particle using
the simulations, details of which will be treated in the
next section.
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3. Simulations and Results
The simulations for rare nuclei 24O, 78Ni and 132Sn

were performed with a program coded with C++. The
input parameters are shown in the Table 2. The in-
put parameters are calculated by using LISE++. The
maximum voltage for RF cavity is assumed as 100kV
and the solid proton as reaction target . The target
thickness is determined by the maximum energy com-
pensated in the RF cavity. For instance, the ion with
Q+ of the charge state will be accelerated with 100kV
of voltage, therefore, compensated energy per single
turn is calculated as /U = Q%1.60%10!19C % 100kV.
Hence, the energy loss in the reaction target should not
exceed the maximum compensation energy at RF cav-
ity. Target thickness is decided by this restriction.

Ion T Target Thickness / U -ang

[A MeV] [mg/cm2] [MeV] [mrad]
24O8+ 200 1.13 0.67 0.0553

78Ni28+ 200 0.34 2.50 0.0327
132Sn 50+ 200 0.19 4.43 0.0258

Table 2. Input parameters for simulations. The physical

values are calculated by using LISE++. .ang is the

sigma of the angular deviation from multiple scattering

per single turn. It is treated as the mean '#.

The result for 78Ni is described here. Figure 3
shows correlation between the emittance growth and
the number of turns. The filled circles which include
repetitive re-accelerations by RF cavity, show that the
emittance is going to equilibrium without divergence.
This means that the ionization cooling worked e!ec-
tively. The equilibrium started from 14000 turns and
this result is quite in accord with the simple estimate,
as described below. The mean energy loss of 78Ni in
the reaction target /U is 2.5MeV and the total kinetic
energy T is 15600MeV. In this case, 2T//U which is the
number of turns for the 1/e reduction in emittance, is
equal to 12480 and we can expect that the cooling e!ect
will appear at !13000 turns. After 60000 turns, the
di!erence between two lines, i.e. including RF cavity
or not, is about 5.5mrad(-ang). This di!erence looks
not so significant but, if the number of turns are 106,
it will increase to 30mrad(-ang).

If the storage ring with acceptance of !3mrad is pre-
pared, 78Ni nucleus can be kept stored until it make a
nuclear reaction with a target proton.

4. Summary
A simulation study of Ionization cooling is discussed,

based on input parameters from LISE++. The ioniza-
tion energy losses due to many traversals through a
reaction target is compensated at each turn by an ap-
propriate RF cavity. We checked that both multiple
Coulomb scattering and straggling are ”cooled” in two
dimension phase space. Particles circulate in the stor-
age ring until they undergo a nuclear process in the
reaction target. Hence, the nuclear reaction probabil-
ity is significantly enhanced with respect to an normal
beam line experiment. In this report, we only con-
sidered the two dimensional transverse emittance in
the storage ring. Further calculations should be done

0"

1"

2"

3"

4"

5"

6"

7"

8"

9"

10"

0" 10000" 20000" 30000" 40000" 50000" 60000"

An
gu
la
r(d

is
pe

rs
io
n(
(σ
)([
m
ra
d]
(

The(number(of(turns(

Including"RF"cavity"
Without"RF"Cavity"

Figure 2. The correlation between the angular dispersion
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with Monte Carlo method for the longitudinal emit-
tance and the ion optical conditions.
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The optimum condition for polarization pulses struc-
ture was studied by changing the turn-on timing of
microwave irradiation and the laser pulse width. We
also studied the time development of polarization. We
suggested a model based on the experiment data, to de-
scribe the polarization dependence for pulse structure
parameters.

Para-terphenyl (C18H14) doped with 0.05mol% pen-
tacene (C22H14) was used for polarization. It has high
melting point (389"C). Its crystal structure similar to
pentacene makes it possible for doping. These factors
provide a way for room temperature polarization. In
a magnetic field with laser irradiation, the electrons
in pentacene are polarized [1]. A microwave at the
ESR (electron spin resonance) frequency perpendicu-
lar to the direction of the static magnetic field makes
the polarization of electrons transferring to protons un-
der the Hartmann-Hahn condition [2] and the degree
of proton polarization can be beyond the Boltzmann
distribution. The polarization in pentacene is di!used
to para-terphenyl’s protons through hyperfine interac-
tion.

The experimental system is identical to the previ-
ous development [3]. It consists of a magnet, a mi-
crowave resonator with a magnetic field sweep coil, a
laser feed-in optics and a NMR system for measuring
proton polarization. By use of magnetic field sweep,
ESR freqeuncy boradenning can be compensated. The
polarization was evaluated by the area of FID (free
induction decay) signal. We assumed the Hartmann-
Hahn condition had been fulfilled and unchanged in
this study.

Figure 1. Timing scheme of polarization cycle around

the laser pulse. The Magnetic field sweep was shifted

up that the horizontal line is zero.

A typical timming scheme of polarization cycle is
shown in Fig.1. It can be divided into 3 stages. First,
the electrons are polarized during the laser pulse, then
a microwave is applied to transfer the electron polar-
ization to the nuclear polarization. The decay of elec-
tron excited state polarizations occurred during laser-
o! time. The reasons for using a pulsed laser are 2-fold:
1) the electron magnetization reaches a maximum at

certain time and 2) Exceed laser irradiation should be
avoided due to the proton-electron relaxation. There
is a ”residual” electron polarization at the end of each
cycle when the ”laser-o!” time is same order with the
electron relaxation time (Fig. 2). This residual polar-
ization will reduce the starting polarization at the next
cycle. However, the population will reach a dynamic
equilibrium after many cycles.

Table 1. Experiment Conditions

Magnetic field 0.3T
Laser Argon 514.5nm, Multi-line

Crystal Size 6mmX2mmX2mm
Doping 0.05mol%

s ESR level |m = 0) / |m = $1)
Microwave

Frequency 9.17 GHz
Power 0.5W

Pulse width 16 us
Magnetic Field Sweep

pulse frequency 30kHz
field strength ±4mT

NMR
frequency 12.67MHz

pulse width 2.2 µs
power Level=300

We measured microwave turn-on timing tµ for dif-
ferent laser output power P (Fig.2). The proton po-
larization indicated the electron polarization at that
particular time. If we assume a simple model that:

dPp

dt
= $BPp +

AN

2
(Pe$Pp) =

AN

2
Pe$(

AN

2
+B)Pp

where, A is the polarization transfer rate. B is the nu-
clear spin relaxation rate and N = N0 + N!1 is the
total population of the electron triplet state |m = 0)
and |m = $1). The electron population and polariza-
tion is assumed to be constant during the polarization
transfer. Converting this rate equation into di!erence
equation by discretization. We solved it and assuming
the number of cycle is large, we get

Pp(n) * N0 $ N!1 = "Ne

It tells us that the proton polarization is proportional
to the di!erence between state |m = 0) and |m = $1).

The electron polarization (or triplet state popula-
tions) was building up during the laser pulse. It de-
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Figure 2. Polarization vs microwave timing for di"erent

laser output powers. The time zero is laser pulse end.

creased after the laser pulse had been over. It then
reverted at around 20µs. It is because the decay of
|m = 0) state is much faster than |m = $1) state. By
fitting the curves, we obtained the decay time constants
are 25 µs (|m = 0)) and 85 µs (|m = $1)) consistently
for all 3 curves in Fig. 2.The microwave pulse width
is 16 µs. When the microwave applied at t = $8µs,
half of the time is ”laser-on”, another half is ”laser-o!”,
resulting an averaging of the polarization.

Figure 3. Laser pulse width with fixed ”laser-o"” width=

260µs. See text for explaination.

If the laser-o! width had been fixed and the laser
pulse width was varied, the "Ne can be revealed.
Fig. 3 shows the results for laser-o! width is 260 µs.
The microwave pulse width is 16 µs, we have to stop
before 240 µs. The laser pulse width about 39 µs to
59 µs gives maximum polarization. This indicated that
the maximum of "Ne is around 45µs. The residual po-
larization is almost zero at the end of a cycle, thus, the
residual e!ect can be neglected. The amplitudes of
the FID area were divided by frequency to get the the
polarization of 1 cycle.

The amount of polarization transfer in one cycle
should depend on the microwave pulse width set-
ting (the turn-on timing and pulse width) and the
Hartmann-Hahn condition. Therefore, the polarization
transfer rate A should be equal to A = (f , where ( is
the probability of polarization transfer in 1 cycle and
f is the laser repetition frequency. Thus, it is more

natural to talk about number of cycles than total po-
larization time in the buildup curve. In Fig.4, all curves
for di!erence repetition frequency are the same, except
at the tail. That may be due to the laser pulse width
di!erence or the spin relaxation.

Figure 4. Buildup time in term of number of cycles.

After the above study, we propose a phenomenolog-
ical model for proton polarization

Pp(t) = K(n)
* tµ+Tµ

tµ

"Ne(t; tp, td, P )dt

where, the K(n) * (1 $ exp($n/n0)) relates with the
buildup curve. n is the number of cycle. n0 is the
buildup constant. tp, td are the laser on-o! time. P is
laser power. tµ, Tµ are microwave turn-on timing and
pulse width. The electron polarization can be modeled
as a rate equation

d "N

dt
= R · "N, "N = (NS1 , N1, N0, N!1, NS0)

where NS1 , N1, N0, N!1 and NS0 are population of the
electron first excited, triplet states and ground state,
respectively. R is the transition rate matrix. The cal-
culation and simulation is on another report.

In conclusion, the laser pulse width and repetition
frequency can greatly a!ect the proton polarization due
to the electron triplet state population and the number
of cycles in given polarization time. Since the proton
polarization is bounded by the electron polarization,
the ideal microwave wave turn-on timing is 40 to 50µs
from the beginning of laser pulse. We have no clear
data on the residual e!ect, but we expect a long re-
laxation time (0 85µs) will be able to minimized the
drawback. Thus, the optimum setting is that, repeti-
tion frequency is around 8kHz, duty is 30% and the
microwave pulse overlap and end with the laser pulse.
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Laser pulse structure dependency on proton polarization of
para-terphenyl at room temperature
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The time development of proton polarization of para-
terphenyl at room temperature depends on the struc-
ture of polarization cycle, the electron triplet state pop-
ulation, the inter-system crossing rate, the polarization
transfer rate, the relaxation of electrons and protons
spin, etc. Therefore, the optimum condition for polar-
ization depends on many parameters. By comparing
the experimental results, it is possible to deduce those
parameters and understand the polarization mecha-
nism. This report focuses on the theoretical aspect
and a mathematical model from first principle.

Figure 1. Simplified polarization cycle.

Pulsed laser dynamic nuclear polarization can be
divided in 3 phases. A simplified polarization cycle
is shown in Fig. 1. First, the electrons are excited
and polarized by laser irradiation [1](Fig. 2). Then,
the polarization of electron is transfered to nucleus by
microwave irradiation at the ESR (electron spin reso-
nance) frequency [2] [3]. The last phase is the relax-
ation of triplet states electrons to the ground state [1]
and polarization di!usion among the polarized proton
and its neighbor protons. Calculation of proton po-
larization will be separated into 3 parts: 1) time de-
velopment of electron population, 2) residual e!ect of
polarization cycle and 3) the rate equation of proton
polarization.

Figure 2. Simplified excited state of pentacene. S$
0 are

vibration states. TX , TY and TZ are the energ level of

triplet states in pentacene’s frame.

The excited energy levels of pentacene, which is the
polarization agent, is shown in Fig. 2. The electron
population among the first excited singlet state S1, the
ground state S0, and the first triplet state N1, N0, N!1
in T1, can be calculated by a rate equation:

d "N

dt
= R · "N, "N = (NS1 , N1, N0, N!1, NS0) (1)

where R = [Rij ] is the transition rate matrix between
state j to state i. For example, R21 = g1 is the transi-
tion rate from S1 to N1. We compared the numerical
values of the transition rate from ref. [4] [5] [6]. We
found that only the order of magnitude of the values
are consistent. Therefore, we reproduced the parame-
ters in order to produce similar result with the experi-
ment. The solution of the rate equation is simple due
to the time-independent rate matrix R, which is:

"N(t) = eRt · "N(0) (2)

Similarly, the solution of the population for laser-o! is:

"N(t) = eR0t · "N(0) (3)

where R0 is the transition rate matrix when laser-o!,
i.e. The term W in Fig. 2 becomes zero. The parame-
ters are listed on Table 1. The parameter k0 and k!1
are deduced from our experiment that the decay time
constant for |m = 0) is 25 µs and |m = $1) is 85 µs
(see another report). The simulated evolution of the
populations of the triplet state are shown in Fig. 3.

Table 1. Simulation Parameters [#106s!1]

A 50 #
W 0.2*% Laser power[W]

Laser power 1W
g1 0.100*
g0 1.000*

g!1 0.100*
k1 0.0118*
k0 0.040†

k!1 0.0118†
+10 0.005*
+0!1 0.005*
+1!1 0

# from [6]
* guess value
†experimental value

The relaxation of electron polarization occurs dur-
ing ”laser-o!” (Fig. 1). If some electrons left on the
excited state at the beginning of next laser pulse, the
populations in the next cycle will be a!ected. If we
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Figure 3. Triplet state population.

denote the population during the n-th laser pulse be
"Nn(t), the laser pulse width be tp and laser-o! width

be td, we have

"Nn(t) = eRt · 'n!1 · "N0(0), ' = eR0td · eRtp (4)

The simulations are shown in Fig. 4 and 5. The
simulated laser pulse width is 80 µs and frequency
6.25 kHz. The population reaches equilibrium after
30 cycles. The residual population increases N!1 and
reduces the magnetization (= "N = N0$N!1). Com-
paring with the number of cycle in a polarization pro-
cess (at least 60,000 cycles), the populations are un-
changed. We can compare the result with with ex-
periment data (in other report), such that the proton
polarization is proportional to the electron magnetiza-
tion (equation (9)). There are some similar features in
Fig. 4 and experiment results. The magnetization has
a maximum around 50 µs. The magnetization inverted
around 20 µs after the laser pulse.

Figure 4. Triplet state population on 1st cycle. See main

text.

Figure 5. Triplet state population on 15th cycle. The

curves are periodically continuous.

A detail calculation of polarization transfer rate on
Solid E!ect (SE) and Integrated Solid E!ect (ISE) can
be found in ref. [3]. Instead of following the calculation,
we use a phenomenological approach that the proton

polarization rate equation are:

d*&
dt

=
B

2
(+*' $ *&) +

A

2
(+N0*' $ N!1*&) (5)

d*'
dt

=
B

2
($*' + *&) +

A

2
($N0*' + N!1*&) (6)

where, *&, *' are proton spin-up or spin down popu-
lation. A is the polarization transfer rate, which de-
pends on the microwave timing and the Hartmann-
Hahn condition. B is the nuclear spin relaxation rate
and N = N0 + N!1 is the total population of electron
triple state |m = 0) and |m = $1). The electron popu-
lation is assumed to be constant during the polarization
transfer. The polarization is:

Pp =
*& $ *'

(*& + *' = 1)
, Pe =

N0 $ N!1

(N0 + N!1 = N)

dPp

dt
=

AN

2
Pe $ (

AN

2
+ B)Pp (7)

Converting this di!erential equation into a di!erence
equation by discretization. The polarization in the n-
th laser pulse is P (n),

Pp(n)$Pp(n$1) =
AN

2f
Pe$(

AN

2f
+

B

f
)Pp(n$1) (8)

the electron polarization and population does not
change with n due to the equilibrium for large n shown
in Fig. 5. Solving for the di!erence equation, we get:

Pp(n) =
AN

AN + 2B
Pe

&
1 $

&
1 $ 1

f

&
AN

2
+ B

''n'

(9)
In summary, the values of the rate matrix’s elements

(Table 1) to produce the electron magnetization ("N).
The residual e!ect was also studies. It turns out that
the electron populations reached dynamic equilibrium
after 30 cycles. The electron population was assumed
that it does not change during polarization transfer and
the proton polarization time development is derived in
equation (9). A further study on a coupled equation
on electron population and proton population should
be solved to get a realistic rate equation. The quantum
mechanics treatment [3] should also be applied.
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1. Introduction
The HyperECR [1] [2] [3] is capable of producing

gaseous and metallic ion species, but many other kinds
are extracted together, which include the ions with dif-
ferent charge states, those from di!erent isotopes, from
assist gas , and from residual gas. A mass analyzing
system is used to select a particular ion injected to the
AVF cyclotron. However, it is often very di$cult to
select a specific ion out of ions with similar q/M . Re-
cently, we introduced a new beam diagnostic system
to improve the mass analyzing problem. In this re-
port, performance of a beam scanner is described. A
beam viewer to observe the beam structure of injection
beam is also described.

2. Principle of the beam scanner
Figure 1 shows a schematic view of the beam scan-

ner located at beam focusing position of the analyzer
magnet of the HyperECR. Ion beam of 29Si8+ is ob-
served, for example, by the beam scanner while 28Si8+
is injected into the AVF cyclotron. Since relative abun-
dance between 29Si and 28Si is known, 28Si8+ intensity
can be monitored nondestructively by measuring the
29Si8+ intensity with the beam scanner.

Figure 1. Schematics of the beam scanner.

The beam scanner is located at image point of the
mass analyzer magnet in a low energy beam transport
line (LEBT) of the AVF cyclotron. Figure 2 shows hor-
izontal and vertical beam envelopes of the LEBT cal-
culated with WinAGILE. Transverse beam emittances
of 138(H), 91(V) #mm*mrad are estimated in this cal-
culation. The beam scanner is indicated by ”Scanner”
in Fig.2. The beam probe is moved horizontally to
scan the beam, and records the beam intensity at each
position.

The beam scanner observes the ion beam of M (q!1)+

or M (q+1)+, while providing the beam of Mq+. If both
the ion beam profiles are observed by using the beam

Figure 2. Calculated beam envelopes of the LEBT.

Figure 3. Photograph of the beam scanner.

scanner, distance of each is calculated as follows: A
magnetic ridigity B* of the analyzed beam is given by
(B*)2 = 2V mpM/qe, where V is an extraction volt-
age of the HyperECR. Distance between both the ion
beams is given by %dp/p. The % and dp/p denote a
horizontal dispersion and a mean relative momentum
deviation at the image point, respectively.

3. Mechanical structure and performance of the
beam scanner

Figure 3 shows the beam scanner located at the im-
age point of LEBT, which is indicated by ”Scanner”
and arrow in Figure 2. Numbers in the figure are; 1
a new beam diagnosis/monitor FC (probe), 2 a metal
shaft, 3 a timing belt, 4 a direction of the ion beam
coming from the HyperECR. The probe is hold on the
timing belt. The timing belt is driven by the external
pulse motor through the metal shaft with a gear box.
A scanning accuracy of the probe is designed at 0.14
mm/pulse. A new beam diagnostic system composed
of the beam scanner, a N-DIM and a computer system
take the scanned beam data. Figure 4 shows the beam
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Figure 4. Beam profile of 7Li2+ measured by the beam

scanner.

Figure 5. Photograph of irradiated KBr phosphor plate.

profile of 7Li2+ acquired by the one. X-axis represents
a probe position. Y-axis represents an intensity of the
ion beam. Floor noise is appeared however averaging is
carried out. Shape of the beam is not Gaussian because
of the ion beam structure.

The horizontal dispersion % was measured by using
the beam scanner. Measured ion beam position and
the magnetic field of the mass analyzer gave the % of
2.351m, however WinAGILE gives 2.201m.

4. Beam Viewer
Study of the ion beam structure of the HyperECR is

very important to improve the performance of the AVF
cyclotron. A beam viewer is located at an entrance of
a vertical bending magnet in the LEBT, which is in-
dicated by ”Viewer” in Figure 2. The viewer is com-
posed of KBr phosphor plate placed with a tilting angle
of 45 degrees with respect to the beam direction. For
reference purpose, through-holes are provided on the
KBr phosphor plate. A beam image will be taken by
a CCD-camera, when the one intercepts the ion beam
flux.

Figure 5 shows the beam image of 7Li2+ beam. An
image data is converted to a surface plot data as shown
in Figure 6. Computer simulation shows that the sur-
face plot data and the ion beam profile measured by
the beam scanner have a correlative structure and in-
tensities. If the beam image is taken with the viewer
at the beam scanner position, transverse projection of
the beam image should be identical to the beam profile
shown in Fig. 4.

5. Summary
The beam scanner was installed in the image point

of the mass analyzer of the HyperECR. When the Mq+

ion is selected as an extracted beam, peaks correspond-

Figure 6. Surface plot data of 7Li2+ beam.

ing to M (q!1)+ or M (q+1)+ have been observed in the
beam scanner. The beam viewer using the KBr is in-
stalled in the HypeECR beam line. Specifications of
the beam scanner is tableted in Table 1.

Table 1. Specifications of the beam scanner

No Name Parameter
1 Beam Scanner

Probe Diameter 4 mm
Probe E. Length 32 mm
Probe Material Tungsten
Shield with 4 mm slit SUS, 6 mm0

2 Analyzer Magnet
Bending Angle 90"
Focusing Length 1.085 m
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1. Introduction
A plan to increase the beam intensity of a multi-

charged heavy ion has been promoted by CNS and
RIKEN group for upgrading the AVF Cyclotron at
the RIBF facilities. The Maximum e$ciency from a
Hyper ECR ion source [1] to the Cyclotron is now ap-
proximately 30% when operating with a 22Ne7+ ion
beam. Our aim is to get the best e$ciency for all of
ion species. Recently, a new extraction system called
“virtual object type” was installed in the Hyper ECR
ion source. This system can achieve high transmis-
sion e$ciency by means of a small spot aperture of an
extraction electrode. In this paper, we report the de-
velopment of this virtual object type and some results
of test operation.

2. Beam extraction system
Fig. 1 shows a schematic drawing of the Hyper ECR

ion source. A beam extraction system of conventional
type is set underneath the plasma chamber [2]. This
system consists of a plasma electrode and a ground
one. The shape of two electrodes is a concave to the
beam direction. Ions are accelerated by a concave equi-
potential surface generated between the two electrodes.
So, a virtual starting point of the beam in this system
becomes either large or fuzzy because ions pass through
a beam waist formed near a ground electrode.

Figure 1. Schematic drawing of the Hyper ECR ion source.
1& Ground electrode 2& Plasma electrode 3& Plasma

chamber 4& ECR zone

The new extraction system is shown in Fig. 2. The
plasma electrode and the ground one are convex shape
in the beam direction. Then, the virtual starting point
of the beam is one point in a plasma chamber since
the trajectories of the ions are divergent. The inner
diameter of the plasma chamber is 5 cm. The hole of
plasma electrodes and ground one is 1.2 cm and 1.6
cm in diameter, respectively. The gap between two

Figure 2. Cross section of the new extraction system of the

Hyper ECR ion source. a. Plasma chamber b. Plasma

electrode c. potential correction ring d. ground elec-

trode e. collimator f. Einzel lens

electrodes is 3.5 cm.

3. Ion beam trajectory
In the ECR ion source, ions are emitted in the

plasma meniscus near the plasma electrode. In many
cases this meniscus can be considered as a sphere that
has its axis inside the plasma chamber. If all ions emit-
ted by the sphere have radial trajectories they seem to
originate from a virtual line that can be used as an ob-
ject in an optical system of convex lens. Ion beam tra-
jectories of the new extraction system calculated by the
IGUN code are shown in Fig. 3. A 22Ne7+ ion beam
was simulated with an extraction voltage of 10 kV. The
calculation results are as follows. 1) Spherical potential
field is generated between the two electrodes. There-
fore, the extraction system is designed so that ions may
start from one point in the plasma chamber. 2) The
trajectories are well separated from one another and
the distribution is homogeneous (See Fig. 3). So, the
high quality beam to have the frat top can be extracted
from this system.

Figure 3. Beam trajectory of the virtual object extraction

system calculated by IGUN code.

4. Results and discussions
The new extraction system has been installed in the

Hyper ECR ion source and operated for 10 days beam
time of the AVF Cyclotron without any troubles. The
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beam was obtained by two times as high intensity as
this compared with the conventional extraction system
because the new system succeeded in reducing beam
loss at the beam analyser of the ECR source. We op-
erated Ar11+, Ne7+, O6+ ion beams and their inten-
sities were 80, 88 and 150 eµA, respectively. We are go-
ing to introduce an accel-decel extraction method into
the present system, to improve the beam emittance and
to enhance the beam intensity at the cyclotron exit.

As mentioned above, beam loss at the beam ana-
lyzer of the ECR source was reduced. The reason of
this improvement is considered that the beam emit-
tance is smaller than the conventional system. So, test
of the new extraction system has been done with a good
result. On the other hand, new problems are arising
such as a breakdown of the insulator of the high volt-
age system. Since the surface of the insulator near the
potential correction ring is exposed to the plasma, im-
provements in the vacuum condition or a surface treat-
ment will be considered. This problem will be solved
in the near future.

Second problem is to find the optimum operation
parameter for many kinds of ion species. In order to
achieve a high intensity ion beam for many kinds of
ion species, good performance of either ion source or
LEBT has to be studied using the conventional extrac-
tion system. Similarly the trial error will be carried
out by using the new extraction system.

Finally, beam transmission e$ciency at the AVF cy-
clotron will be evaluated.

Figure 4. Typical cross section of the ion beam trajectory

calculated by IGUN code. (a) at 8 cm from origin (b)

at 9.8 cm from origin

5. Summary
We developed and installed an extraction system of

virtual object type at the Hyper ECR ion source. The
system has worked without any troubles. Reducing the
divergence of the beam at the extraction point is

expected to produce beams of better quality at the
AVF Cyclotron.
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The r-process is the most promising process for the
synthesis of about a half of heavy elements beyond
iron [1]. Study of the r-process element synthesis has
been done by considering neutrino-driven winds in su-
pernova explosions [2] as well as ONeMg supernovae [3]
and neutron-star meregers [4].

The evaluation of &-decay rates, particularly at the
waiting point nuclei, is one of the important issues of
the nucleosynthesis through the r-process. Investiga-
tions on the &-decays of isotones with neutron magic
number of N=82 have been done by various methods
including shell model [5], QRPA/FRDM [6] as well as
CQRPA ones [7] etc., which lead to results consistent
to one another.

For the &-decays at N=126 isotones, however, half-
lives obtained by various calculations di!er to one an-
other [8]. First-forbidden (FF) transitions become im-
portant for these nuclei in addition to the Gamow-
Teller (GT) transitions in contrast to the case of N=82.
Beta decays of the isotones with N=126 are studied by
shell model calculations taking into account both the
Gamow-Teller (GT) and first-forbidden (FF) transi-
tions. The FF transitions are found to be important to
reduce the half-lives, by nearly twice to several times,
from those by the GT contributions only as shown in
Fig. 1 [9].

The present half-lives of the shell model calculations
are shorter than those of the standard values of ref. [6]
by 2.3!8.3 for even Z and by 1.4!2.0 for odd Z (except
for Z =71), respectively. They increase monotonically
as Z increases showing no odd-even staggering found in
FRDM’s. The present half-lives are longer than those
of Ref. [7] by about 1.1!1.3 (1.5) for Z =64!67 (68)
and by twice for Z =69 and 70, respectively.

Possible implications of the short half-lives of the
waiting point nuclei on the r-process nucleosynthesis
during the supernova explosions are investigated. We
use an analytic model for neutrino-driven winds [10] for
the time evolution of thermal profiles. The third peak
of the abundance of the elements in the r-process has
been found to be shifted toward higher mass region
as shown in Fig. 2. Although the magnitude of the
shift is rather modest, it is found to be a robust e!ect
independent of the present astrophysical conditions for
the r-process as well as the quenching factors of gA and
gV adopted in the shell model calculations [9].

Recently, &-decay half-lives of nuclei in the region
A = 100 -120 were measured at RIKEN, and they are
found to be shorter compared to those of FRDM in
most of the nuclei [11]. It would be important to obtain
more data of half-lives in drip-line nuclei in future.

Figure 1. Calculated half-lives for the N=126 isotones.

Results of the present shell model calculations with GT

and with GT+FF transitions are denoted by dashed

and solid curves, respectively. The quenching factor of

gA/gfree
A =0.7 is used for both the GT and FF tran-

sitions except for 0! transitions. Half-lives of Ref. [6]

denoted as FRDM are shown by a dotted curve..
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Figure 2. The abundances of elements in the r-process

nucleosynthesis obtained by using the present (-decay

half-lives for the N=126 isotones (denoted as ’mod-

ified’) and standard half-lives of ref. [6] (denoted as

’standard’). The quenching factor of gA/gfree
A = 0.7

(gV /gfree
V =1.0) is used both for the GT and FF (1!

and 2!) transitions.

References
[1] E. M. Burbridge et al., Rev. Mod. Phys. 29 (1957)

547; J. J. Cowan et al., Phys. Rep. 208 (1991) 267;

89



K.-L. Kratz et al., Astrophys. J. 216 (1993) 216.
[2] B. S. Meyer et al., 1992, Astrophys. J. 393 (1992)

656; S. E. Woosley et al., ibid. 433 (1994) 229.
[3] S. Wanajo et al., Nucl. Phys. A777(2006) 676.
[4] C. Freiburghaus et al., 1999, Astrophys. J. 525

(1999) L121.
[5] G. Martinez-Pinedo et al., Phys. Rev. Lett. 75

(2003) 818.
[6] P. Moller et al., At. Data Nucl. Data Tables 66

(1997) 131; Phys. Rev. C 67 (2003) 055802.
[7] I. N. Borzov et al., Phys. Rev. C 67 (2003) 025802.
[8] K. Langanke et al., Rev. Mod. Phys. 75 (2003) 818;

H. Grawe et al., Rep. Prog. Phys 70 (2007) 1525.
[9] T. Suzuki et al., Phys. Rev. C 85 (2012) 015802.
[10] K. Takahashi et al., Origin of Matter and Evolu-

tion of Galaxies, eds. T. Kajino, S. Kubono, and
Y. Yoshii (Singapore: World Scientific, 1997) 213.

[11] S. Nishimura et al. Phys. Rev. Lett. 106 (2011)
052501.

90



Systematic study of low-lying E1 modes
using a time-dependent mean field theory

S. Ebata, T. Nakatsukasaa and T. Inakuraa

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

The low-lying electric dipole (E1) mode is often called
Pygmy dipole resonance (PDR) and known as a char-
acteristic excited state of neutron-rich nuclei. Further-
more, the PDR is important in order to understand
the nucleosynthesis on the r-process path [1]. Despite
the increased capability of generating and measuring
unstable nuclei with new radioisotope beam facilities,
it is still di$cult to study nuclei on the r-process path.
Hence, we strongly need a method to predict and an-
alyze the excited state of exotic nuclei in the very
neutron-rich and heavy region, such as nuclei on the
r-process path. For a systematic theoretical investiga-
tion of exotic nuclei, we need to consider the e!ects of
deformation and pairing correlation.

We proposed the canonical-basis time-dependent
Hartree-Fock-Bogoliubov (Cb-TDHFB) theory [2] in
the three-dimensional coordinate-space representation
for studies of nuclear dynamics, which can account for
any type of deformation, treating the pairing correla-
tion in the Bardeen-Cooper-Schrie!er (BCS)-like ap-
proximation. The Cb-TDHFB equations can be de-
rived from the full TDHFB equation [2]. They are
written as

i!0̇l(r, t) = (ĥ[*(t)]) $ %l(t))0l(r, t), (1)
i!*̇l(t) = "#

l (t)2l(t) $ "l(t)2#l (t), (2)
i!2̇l(t) = (%l(t) + %l̄(t))2l(t) + "l(t)(2*l(t) $ 1), (3)

where 0l(r, t) respects the canonical basis and l̄ de-
notes a canonical partner of l-state but does not neces-
sarily related to the time reversal. *l(t) = |v2

l (t)| and
2l(t) = ul(t)vl(t) are occupation- and pair-probability.
ul(t) and vl(t) correspond to the time-dependent BCS
factors for the canonical pair of states 0l(r, t) and
0l̄(r, t). "l(t) # $

"
k>0 2k(t)V̄lk̄,lk̄ indicates the

pair potential, where V̄lk̄,lk̄ are the antisymmetric two-
body matrix elements that are time dependent be-
cause canonical-basis {l, l̄} and {k, k̄} are time depen-
dent. We have gauge freedom which is fixed by choos-
ing the time-dependent function, %l(t) # (0l(t) | ĥ |
0l(t)) + i!((&l

(t | 0l(t)). Equations (1) - (3) conserve
the orthonomality of the canonical basis, the average
of particle number and the total energy in real time.
Details of the Cb-TDHFB equations and the adopted
energy functionals are given in Ref. [2].

We carried out a systematic investigation of the low-
lying E1 strength from light to heavy isotopes with
a Skyrme energy functional (SkM* parameter set) for
the particle-hole channel. We solved the Cb-TDHFB
equations in real time and computed the linear re-
sponse of the nucleus. For the linear-response calcu-
lation, we added an external field V̂ext(r, t) # $kF̂ /(t)
to the HF+BCS or HF ground state with finite or
zero gap energy "l, respectively, where F̂ is a one-
body operator and k is an arbitrary small param-

eter. In this study, we selected the E1 operator,
F̂E1 = (N/A)

"
p r̂p $ (Z/A)

"
n r̂n, here r = (x, y, z).

We obtained the strength function S(F̂E1; E) through
the Fourier transformation of the time-dependent ex-
pectation value of F̂E1. To quantify the low-lying E1
strength, we used the following ratio:

m1(Ec)
m1

#
# Ec E % S(E1;E)dE#

E % S(E1;E)dE
, (4)

where Ec is a cut-o! energy. We presumed Ec = 10
MeV in the present work. An example is shown in
Fig.1 for 26Ne.
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Figure 1. E1 strength function for 26Ne. Filled part is

low-lying E1 strength in our definition. Dashed line
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Figure 2 shows the low-lying E1 ratio defined by
Eq.(4) for light even-even isotopes with Z = 8 - 12 and
N = 8 - 28, as a function of neutron number. We can
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Figure 2. Neutron-number dependence of the low-lying E1

ratio defined by Eq.(4) for O, Ne and Mg isotopes.

see that the nuclei with N = 8 - 14 have the fractions
of low-lying E1 strength less than 1.0 [%], and a sud-
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den jump of the ratio at N =14 ' 16 in each isotopic
chain. The neutron number N = 16 corresponds to the
occupation of s1/2 orbit. Then, we can also see small
jump of the ratio N = 20 ' 22 which corresponds
to shape transition in mean field models. In fact, the
shape of HF+BCS ground state changes from spherical
to prolate, in Ne and Mg isotopic chain. Figure 2 shows
the neutron shell e!ect on low-lying E1 strength, and
suggests that the single-particle orbits near the Fermi
level and deformation e!ects have important roles to
increase the low-lying E1 strength [2, 3].

Figure 3 shows neutron-number dependence of the
ratio for Ni, Zr and Sn isotopes same as Fig.2. We
can also see a characteristic kink behavior at N = 50
and N = 82 in each isotopic chain. There are the sud-
den jumps of the ratio which are similar to the results
in Fig.2. They indicate that neutron shell e!ects are
still important for low-lying E1 modes in heavy and
unstable neutron-rich region. The deformation e!ects
on the low-lying E1 mode are seen clearly at N = 60
and 72. The shape change takes place at N = 58 '
60 (spherical ' prolate) and at N = 72 ' 76 (pro-
late ' spherical) for Zr isotopes. From N = 60 to 72,
the shape of Zr isotopes stays at prolate, which cor-
responds to experimental data [4]. When the shape
transitions occur, the low-lying E1 ratios decrease at
N = 60 and 72. A similar e!ect of the shape transi-
tion appears at N = 20 ' 22, however, its behavior
is di!erent from that at N = 58 ' 60. We suppose
that the deformation e!ects on the low-lying E1 mode
are sensitive to properties of the single-particle orbits
in each mass region.

 0

 1

 2

 3

 4

 5

 6

 26  34  42  50  58  66  74  82  90

m
1

(E
c)
 /

 m
1
 [

%
] 

Neutron Number 

28Ni

40Zr

50Sn

Figure 3. Same as Fig.2, but for Ni, Zr and Sn isotopes.

Figure 4 shows neutron-number dependence of the
ratio for heavy neutron-rich even-even isotopes with Z
= 38 - 54 and N = 78 - 86. We can see a sudden jump
in the ratio at N = 82 ' 84 for each isotopic chain.
These results also indicate a neutron shell e!ect on the
low-lying E1 strength. However in contrast to light nu-
clei in Fig.2, we can see sizable values of m1(Ec)/m1
for N = 78 - 82. In light stable nuclei, the calculated
low-lying E1 strength is usually very small [2, 3] like
results in Fig.2. However, 132!136Xe which are stable
nuclei, have 1.5% of the low-lying E1 ratio. The ratio
even increases as the proton number decreases. These
features suggest that the PDR in heavy nuclei has dif-
ferent properties from that in light nuclei.

In summary, we carried out the systematic investi-
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Figure 4. The low-lying E1 ratio for Z = 38 - 54 (Sr to

Xe) around N = 82 with respect to neutron number.

gation of the E1 strength function using Cb-TDHFB
in three-dimensional coordinate space representation
which can describe nuclear dynamics with any defor-
mation e!ects treating pairing correlation in a BCS-
like approximation. We showed the neutron number
dependence of the low-lying E1 strength which is of-
ten called PDR in several isotope chain. In light mass
region (Z = 8, 10, 12 with N = 8 - 28), the PDR
emerges when the isotope has N = 16 which corre-
sponds to occupied s1/2 orbit. In heavy mass region
(Z = 28, 40, 50 with N = 28 - 90), the low-lying E1
strength grows up from N = 52, 84 dramatically. These
special numbers on the low-lying E1 strength are ex-
plained as neutron-shell e!ects in each mass region. In
Zr isotopic chain, we showed the characteristic behav-
ior of the low-lying E1 strength at N = 58 ' 60 and at
72 ' 74 which correspond to shape transition region.
We found that heavy nuclei around N = 82 have the
low-lying E1 mode whose structure is di!erent from
that of neutron-rich light nuclei.

Currently, we are investigating the origin of these dif-
ferences between heavy stable nuclei and neutron-rich
light nuclei. We also plan to use this method to inves-
tigate other excitation modes (monopole, quadrupole,
scissors, etc.) and heavy ion-collision dynamics.
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Cluster structure in 12C and 16O using algebraic approach
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It is important to treat cluster degrees of freedom
in light nuclei to understand the transition property
especially around the threshold region. In such re-
gion, many kinds of ! cluster states are discussed.
From recent experimental [1] and theoretical [2] view
points, the existence of large monopole (E0) transi-
tion strengths for light nuclei has been focused. From
theoretical view point, ! cluster structure like a gas-
like state [3] and coherent ! cluster configuration as-
sociated with the role to generate the E0 transition
strength have been studied [4, 5].

In this report, we show our recent analyses of the
excited states of 12C and 16O by using three and four-
! cluster models. In the previous study, we focus
on the special version of symplectic (sp) structure,
Sp(2, R)z [6, 8, 7, 5] to discuss the large E0 strength
in 12C. We expect that such kind of large transition
strength is observed in other transition modes such as
in E2 mode. We show that whether the tendency is
confirmed around the Hoyle state in 12C. For the over-
all understanding of the transition properties, exten-
sion of the sp model for more many cluster system is
important. However, this sp algebraic approach be-
comes complicated when we analyse the structure of
16O by using a four-! cluster model. Here, we show
how to truncate the model space with a simple pro-
cedure. We introduce the µ-truncation method which
has been applied to three-cluster configuration [8]. We
extend them naturally to the four-! cluster model. In
both nuclei, we use the SU(3) ! cluster model as a
starting point to expand the basis state. It is an ad-
vantage that the model space is suited for the descrip-
tion both for the gas-like ! cluster state (which has
weak angular momentum coupling) and state which has
geometrical configuration such as linear-chain (L. C.)
shape (which has strong angular momentum coupling)
at the same time.

In the three-! cluster model, the SU(3) model wave
function is denoted by V N(),µ)J,*

N1,N2
("r, "R), where 3 =

Nz $ Ny µ = Ny are evaluated from the total har-
monic oscillator (H. O. ) quanta for each direction and
2 shows the ortho-normalized K quantum number for
the intrinsic frame, and ("r, "R) are Jacobi-coordinates
to describe three-! clusters. The selection of the Pauli
allowed states can be performed by applying an orthog-
onality condition model [9]. The Pauli allowed state is
obtained by the following transformation:

Ui("r, "R) =
$

N1+N2=N

A(),µ)+
N1,N2

V N(),µ)J,*
N1,N2

("r, "R),

where i denotes a set of (3, µ)*, J,2 quanta. The *
shows the multiplicity quanta for the Pauli allowed
state. The label is given by imposing orthogonality
condition to the Pauli forbidden states that is con-
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Figure 1. Energy spectra (12C) for experiments and

the present calculation are compared. The transition

strength between 0+ or 2+ are also shown.

structed from other di!erent Jacobi-coordinates [10].
The multiplicity number increases as the N increases.
Therefore, we convert it to the more physical basis
state as follows.

w"("r, "R) =
$

+

C"
+ Ui("r, "R).

Here, the coe$cients C"
+ and the quantum number

& are obtained as eigenvectors and eigenvalues of the
Casimir operator of Sp(2, R)z [8]. In the transformed
basis, each & is classified with respect to the band head
states that is connect to the specific & quanta by the
ladder operator. We use the three lowest & at each
SU(3) label, (3, µ). As shown below, this model de-
scription is also suited for the analysis of the transi-
tion strength. In Fig. 1, we show the energy levels
obtained by experiments and the present calculation.
Here, we use the phenomenological inter-three ! in-
teraction which is optimized to reproduce the ground
band energy levels [11]. In the figure, we show the
energy levels which are stable with respect the max-
imum H. O. quanta. Here the stability is compared
with that of the Hoyle state. The states with parenthe-
sis has slower energy convergence imcomparison with
the Hoyle state. The E2 transition strength from the
Hoyle state to the 2+

1 state becomes large similar to
the experiment. The E0 and E2 transition strength in
the figure are considered to be in good agreement with
the experiment with some deviations. The E2 strength
from 2+

2 to the Hoyle state becomes enormous one (232
fm4). From this analysis, we can see that the study to
investigate the E0 transition strength can be expand
to other transition mode with enough accuracy.
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To investigate 16O in a four-! model, we use the µ-
truncation method. The Pauli allowed basis state is
obtained similarly to the three-! case.

Ui("r, "R, "R) =
$

)12,µ12

A(),µ)+
()12,µ12),N3

V N(),µ)J,*
()12,µ12),N3

("r, "R, "R),

where ("r, "R, "R) are Jacobi-coordinates to describe four-
! clusters. In the µ-truncation procedure, the eigen
state wk("r) calculated within sub-space which has spe-
cific µ quanta whose eigen energies are smaller than an
appropriate cut-o! parameter. This eigen states are e
expressed by using projection from the original basis
to the truncated model space as follows,

uk("r, "R, "R) =
$

i

Dk
i Ui("r, "R, "R),

The calculated result by the four-! cluster model are

mentioned below. In Fig.2, the energy convergence
(0+ states) with respect to the µ-truncation cut-o!
parameter are shown. Here, the model space is pre-
pared within H. O. quanta N , 32. The rapid energy
convergence indicates that the e!ect of µ-truncation
works well. In Fig. 3, the linear-chain (L. C.) state
region is also estimated. Here, the L. C. state is spec-
ified by the condition µ = 0 and N = 3, which is
the same as the case of three-! model. The horizon-
tal axes show the 0+ energy from the four-! threshold.
The vertical axes show the probabilities of L. C. config-
uration. The cut-o! parameter changes from 50 MeV
(lower panel) to 200 MeV (upper panel). With the red
bars, the large L. C. strength is emphasized for conve-
nience. The strength is estimated by the overlap be-
tween the wave function obtained by the µ-truncation
including µ , 16 quanta. The results show that the L.
C. strength is about 10 % for each cut-o! parameter.
The strength is smaller than the L. C. states in 12C
which have about 50 % pure L. C. configuration. More
large N quanta and angular momentum are needed to
confirm the existence of L. C. as the same level as in
the case of three-! cluster mode in future works.
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Development of the Monte Carlo Shell Model for K computer
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1. Introduction
The nuclear theory group at CNS has been promot-

ing the RIKEN-CNS collaboration project on large-
scale nuclear structure calculations since 2001 and
maintaining its parallel computing cluster [1]. Based
on this experience and its achievements, we partici-
pated in activities of HPCI Strategic Programs for In-
novative Research (SPIRE) Field 5 “The origin of mat-
ter and the universe” in 2011. The SPIRE project aims
at an integral understanding of the origin and structure
of matter and the Universe utilizing the K computer,
which is the world’s fastest supercomputer in 2011 [2].

In the SPIRE project, we are in charge of the eluci-
dation of nuclear properties using ultra large-scale sim-
ulations of quantum many-body systems. We mainly
plan to utilize the Monte Carlo Shell Model (MCSM)
method [3], which is a tool to overcome the limitation
of the conventional shell-model calculations with the
Lanczos diagonalization method. In order to perform
large-scale MCSM calculations, we have developed an
e$cient computer program of the MCSM for massive
parallel computation [4] and performed benchmark cal-
culations at the K computer.

2. Recent Developments of the MCSM
In the framework of the MCSM, the shell-model wave

function is approximated as a linear combination of
angular-momentum- and parity-projected Slater deter-
minants,

|)Nb) =
Nb$

n=1

I$

K=!I

f (Nb)
n,K P I!

MK |0n), (1)

where Nb is the number of the Slater-determinant ba-
sis states, and P I!

MK is an angular-momentum, par-
ity projector. Each |0n) is a deformed Slater deter-
minant. The coe$cients f (Nb)

n,K are determined by the
diagonalization of the Hamiltonian matrix in the sub-
space spanned by the projected Slater determinants,
P I!

MK |0n) with $I , K , I and 1 , n , Nb.
This diagonalization also determines the energy, ENb #
()Nb |H|)Nb), as a function of Nb.

The recent developments and applications of the
MCSM are:

• Implementation of the Conjugate Gradient (CG)
method.

• Performance tuning of the MCSM code [5].

• Reordering technique to suppress uncertainties of
the energy-variance extrapolation [6].

• Applications to no-core shell-model calculations
in light nuclei [7, 8].

• Nuclear structure study of neutron-rich Cr and
Ni isotopes [9].

These recent activities were reviewed in Ref. [9].

3. Parallel E!ciency of the MCSM Code
In this report, we briefly discuss the performance

improvement of the developed MCSM code for utiliz-
ing state-of-the-art massive parallel computer. The
most time-consuming part of the MCSM framework
is the variational calculation to obtain the optimized
Slater determinant basis states, |0n) in Eq.(1), one by
one sequentially utilizing the CG method. This pro-
cess is called Sequential Conjugate Gradient (SCG)
method [6]. Another time-consuming process of the
MCSM framework is to calculate the energy variance
of the approximated wave function provided by the
SCG method. Here, we show the parallel e$ciencies
of these two time-consuming processes. We take 72Ge
in f5pg9 space with JUN45 e!ective interaction [10]
for the benchmark calculation. This benchmark was
performed using the Intel Fortran compiler ver.11.0
on the T2K open Supercomputer at the University of
Tokyo [11].
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Figure 1 shows the performance gain of the paral-
lel computation of the SCG process to determine the
1st, 4th, 8th, 16th, and 32nd basis states respectively.
Although the parallel e$ciency for computing the first
basis state is not good because of the small amount
of computation, the e$ciency for the 32nd basis state
with 1024 CPU cores reaches 90% of that with 16 cores.
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Note that the total computation time of the first basis
is roughly 1/32 of that of the 32nd basis state.
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Figure 2 show the parallel e$ciency of the calcula-
tion of the energy variance using the formula shown
in Ref. [12]. The energy variance is needed for the
energy-variance extrapolation to estimate the exact
shell-model energy precisely. The performance scaling
of the parallel computation seems perfect at Nb + 4.

We have performed the benchmark test via early ac-
cess to the K computer and obtained good scalability
for parallel computation [9]. We plan to perform pro-
duction runs at the K computer in 2012 and later. In
parallel, we are promoting the study of the e!ective
interaction, which is essential for the large-scale shell-
model calculations.
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Benchmarks of the no-core MCSM method in light nuclei
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cDepartment of Physics, University of Tokyo
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1. Introduction
One of the major challenges in nuclear theory is to

understand nuclear structure and reactions from ab ini-
tio methods. Ab initio calculations for nuclear many-
body systems beyond A = 4 have recently become fea-
sible due to the rapid evolution of computational tech-
nologies these days. Among them, the No-Core Shell
Model (NCSM) has been emerging for about a decade
and is now available for the study of nuclear structure
and reactions in the p-shell nuclei [1]. Unlike the con-
ventional shell model with a core, the NCSM does not
assume an inert core and treats all the nucleons com-
posing the nucleus on an equal footing. The NCSM is
thus said to be one of the ab initio approaches along
with the Green’s Function Monte Carlo [2] and Cou-
pled Cluster theory [3].

As the NCSM treats all the nucleons democratically,
computational demands for the calculations explode
exponentially as the number of nucleons and/or the
model spaces increase. Current limitation of the di-
rect diagonalization of the Hamiltonian matrix by the
Lanczos iteration is around the order of 1010 shown
in Fig. 1. In order to access heavier nuclei beyond
the upper p-shell region with larger model spaces by
ab initio shell-model methods, many e!orts have been
devoted for several years. One of these approaches is
the Importance-Truncated NCSM [4] where the model
spaces are extended by using the importance measure
evaluated by the perturbation theory. Another ap-
proach is the Symmetry-Adapted NCSM [5] where the
model spaces are truncated by the selected symmetry
groups. Similar to these attempts, the no-core Monte
Carlo shell model (MCSM) is one of the promising can-
didates to go beyond the Full Configuration Interaction
(FCI) method [6,7].

2. Benchmarks of the no-core MCSM
As an exploratory work, the original MCSM has been

applied to the no-core calculations for the structure and
spectroscopy of the beryllium isotopes [8]. This work
motivates a further extension of the MCSM application
to the ab initio FCI calculations [6,7] augmented by the
recent development of the MCSM algorithm [9,10].

The main outcome of the initial benchmark project
is summarized in Figure 2. In Fig. 2, we illustrates
the comparisons of the energies for each state and
model space between the MCSM and FCI methods.
The FCI gives the exact energies in the fixed size of
the mode space, while the MCSM gives approximated
ones. Thus the comparisons between them show how
well the MCSM works in no-core calculations. For
this benchmark comparison, the JISP16 two-nucleon
1Present address: Department of Physics, University of Tokyo
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size.

interaction [11] is adopted and the Coulomb force is
turned o!. Isospin symmetry is assumed. The energies
are evaluated for the optimal harmonic oscillator fre-
quencies where the calculated energies are minimized
for each state and model space. Here the contribu-
tions from the spurious center-of-mass motion are ig-
nored for simplicity. The comparisons are made for
the states; 4He (0+), 6He (0+), 6Li (1+), 7Li (1/2!,
3/2!), 8Be (0+), 10B (1+, 3+) and 12C (0+). The
model space ranges from Nshell = 2 to 5 for A , 6
(4 for A + 7). Note that the energies of 10B (1+, 3+)
and 12C (0+) in Nshell = 4 are available only from the
MCSM results. The M -scheme dimensions for these
states (1.82%1010 for M = 1 and 1.52%1010 for M = 3
in 10B and 5.87 % 1011 for M = 0 in 12C) are already
marginal or exceed the current limitation in the FCI
approach. The number of basis states are taken up
to 100 in Nshell = 2 $ 4 and 50 in Nshell = 5. The
solid (dashed) lines indicate the MCSM (FCI) results.
The shaded regions express the extrapolations in the
MCSM, and the lower bound of the shaded region cor-
responds to the extrapolated energy. Furthermore, we
also plot the No-Core Full Configuration (NCFC) re-
sults for the states of 4 , A , 8 as the fully converged
energies in the infinite model space. Although it would
be hard to recognize in Fig. 2, the energies are consis-
tent with each other where the FCI results are available
to within ! 100 keV (! 500 keV) at most of the MCSM
results with(out) the energy-variance extrapolation in
the MCSM. The other observables besides the energies;
the point-particle root-mean-square matter radii and
electromagnetic moments also give reasonable agree-
ments between the MCSM and FCI results. The de-
tailed comparisons among the MCSM, FCI and NCFC
methods are discussed in Ref. [6].
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3. Summary
By exploiting the recent development in the tech-

nique of energy-variance extrapolation [9] and the com-
putation of the Hamiltonian matrix elements between
non-orthogonal Slater determinants [10], the observ-
ables give good agreement between the MCSM and FCI
results in the p-shell nuclei. From the benchmark com-
parison, the no-core MCSM is now verified in the ap-
plication to the ab initio no-core calculations for light
nuclei. The application to heavier nuclei is expected in
the near future.

References
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Exploring Three-Nucleon Forces on the Lattice

T. Doi (for HAL QCD Collaboration)
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The determination of the properties of three-nucleon
forces (3NF) is one of the hottest topics in nuclear
physics and astrophysics these days. There are various
phenomena where 3NF may play an important role,
e.g., the binding energies of light nuclei, the deuteron-
nucleon elastic scattering, the properties of neutron-
rich nuclei and the supernova nucleosynthesis and the
nuclear equation of state (EoS) at high density relevant
to the physics of neutron stars.

Despite of its phenomenological importance, micro-
scopic understanding of 3NF is still limited. Pioneered
by Fujita and Miyazawa [1], 3NF have been commonly
studied from two-pion exchange (2#E) models with the
"-excitation. However, since 3NF is originated by the
fact that a nucleon is not a fundamental particle, it is
most desirable to determine 3NF from the fundamen-
tal degrees of freedom (DoF), i.e., quarks and gluons,
on the basis of quantum chromodynamics (QCD). In
this report, we perform the calculation of 3NF from
first-principle lattice QCD.

As for the two-nucleon forces (2NF) from lat-
tice QCD, an approach based on the Nambu-Bethe-
Salpeter (NBS) wave function has been proposed [2,3].
Resultant (parity-even) 2NF are found to have attrac-
tive wells at long and medium distances and central re-
pulsive cores at short distance. The method has been
extended to the hyperon-nucleon (YN) and hyperon-
hyperon (YY) interactions [4]. In this report, we ex-
tend the method to the 3N system, and perform the
lattice QCD simulations of 3NF in the triton channel,
(I, JP ) = (1/2, 1/2+) [5, 6, 7].

The detailed formulation for the 2NF is given in
Ref. [3], and we here discuss the extension to the 3N
system. We consider the NBS wave function $3N ("r, "*)
extracted from the six-point correlator as

G3N (#r, #$, t ! t0)

"
1

L3

$

#R

#0|(N(#x1)N(#x2)N(#x3))(t) (N #N #N #)(t0)|0$

!!!!%
t%t0

A3N%3N (#r, #$)e!E3N (t!t0), (1)

%3N (#r, #$) " #0|N(#x1)N(#x2)N(#x3)|E3N $, (2)

A3N " #E3N |(N #N #N #)|0$, (3)

where E3N and |E3N ) denote the energy and the state
vector of the 3N ground state, respectively, N (N %)
the nucleon operator in the sink (source), and "R #
("x1 +"x2 +"x3)/3, "r # "x1 $"x2, "* # "x3 $ ("x1 +"x2)/2 the
Jacobi coordinates.

With the derivative expansion of the potentials, the
NBS wave function can be converted to the potentials
through the following Schrödinger equation,

+
!

1

2µr
&2

r !
1

2µ$
&2

$ +
$

i<j

V2N (#rij) + V3NF (#r, #$)

,
%3N (#r, #$)

= E3N%3N (#r, #$), (4)

where V2N ("rij) with "rij # "xi $ "xj denotes the 2NF
between (i, j)-pair, V3NF ("r, "*) the 3NF, µr = mN/2,
µ+ = 2mN/3 the reduced masses. If we calculate
$3N ("r, "*) for all "r and "*, and if all V2N ("rij) are ob-
tained by (separate) lattice calculations for genuine 2N
systems, we can extract V3NF ("r, "*) through Eq. (4).

In practice, however, the computational cost is enor-
mous, because of enlarged DoF by the 3N (i.e., 9
quarks) and factorial number of Wick contractions.
In order to reduce the cost, we develop several tech-
niques, e.g., taking advantage of symmetries, and em-
ploying the non-relativistic limit for the nucleon oper-
ator in the source. We further restrict the geometry
of the 3N. More specifically, we consider the “linear
setup”with "* = "0, with which 3N are aligned linearly
with equal spacings of r2 # |"r|/2. In this setup, the
third nucleon is attached to (1, 2)-nucleon pair with
only S-wave. Considering the total 3N quantum num-
bers of (I, JP ) = (1/2, 1/2+), the triton channel, the
wave function can be completely spanned by only three
bases, which can be labeled by the quantum numbers of
(1, 2)-pair as 1S0, 3S1, 3D1. Therefore, the Schrödinger
equation leads to the 3 % 3 coupled channel equations
with the bases of $1S0 , $3S1 , $3D1 . The reduction
of the dimension of bases is expected to improve the
signal-to-noise ratio as well.

We then consider the identification of genuine 3NF.
It is a nontrivial work: Although both of parity-even
and parity-odd 2NF are required to subtract 2NF part
in Eq. (4), parity-odd 2NF have not been obtained yet
in lattice QCD. In order to resolve this issue, we con-
sider the following channel,

%S "
1'
6

-
! p&n&n' + p&n'n&

! n&n'p& + n'n&p& + n&p&n' ! n'p&n&
.
, (5)

which is anti-symmetric in spin/isospin spaces for any
2N-pair. Combined with the Pauli-principle, it is au-
tomatically guaranteed that any 2N-pair couples with
even parity only. Therefore, we can extract 3NF un-
ambiguously using only parity-even 2NF. Note that no
assumption on the choice of 3D-configuration of "r, "* is
imposed in this argument, and we can take advantage
of this feature for future 3NF calculations with various
3D-configuration setup.

We employ Nf = 2 dynamical configurations with
mean field improved clover fermion and RG-improved
gauge action generated by CP-PACS Collaboration [8].
We use 598 configurations at & = 1.95 and the lattice
spacing of a!1 = 1.269(14) GeV, and the lattice size
of V = L3 % T = 163 % 32 corresponds to (2.5 fm)3
box in physical spacial size. For u, d quark masses,
we take the hopping parameter at the unitary point as
2ud = 0.13750, which corresponds to m! = 1.13 GeV,
mN = 2.15 GeV and m# = 2.31 GeV. We use the wall
quark source with Coulomb gauge fixing. In order to
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enhance the statistics, we perform the measurement at
32 source time slices for each configuration, and the
forward and backward propagations are averaged. The
results from both of total angular momentum Jz =
±1/2 are averaged as well. We perform the simulation
at eleven physical points of the distance r2 with the
linear setup.

In Fig. 1 (upper), we plot the radial part of each
wave function of $S = ($$1S0 + $3S1)/

"
2, $M #

($1S0 +$3S1)/
"

2 and $3D1 obtained at (t$ t0)/a = 8.
Here, we normalize the wave functions by the center
value of $S(r2 = 0). What is noteworthy is that
the wave functions are obtained with good precision,
which is quite nontrivial for the 3N system. We observe
that $S overwhelms the wave function, indicating that
higher partial waves are strongly suppressed, and thus
the e!ect of the next leading order in the derivative ex-
pansion, spin-orbit forces, is suppressed in this lattice
setup.

We determine 3NF by subtracting 2NF from total
potentials in the 3N system. Since we have only one
channel (Eq. (5)) which is free from parity-odd 2NF, we
can determine one type of 3NF. In this report, 3NF are
e!ectively represented in a scalar-isoscalar functional
form, which is often employed for the short-range 3NF
in phenomenology.

In Fig. 1 (lower), we plot the results for the e!ective
scalar-isoscalar 3NF at (t$t0)/a = 8. Here, we include
r2-independent shift by energies, /E 1 5 MeV, which is
determined by long-range behavior of potentials (2NF
and e!ective 2NF in the 3N system) [5]. While /E suf-
fers from <! 10 MeV systematic error, it does not a!ect
the following discussions much, since /E merely serves
as an overall o!set. In order to check the dependence
on the sink time slice, we calculate 3NF at (t$ t0)/a =
9 as well, and confirm that the results are consistent
with each other [5].

Fig. 1 (lower) shows that 3NF is small at the long dis-
tance region of r2. This is in accordance with the sup-
pression of 2#E-3NF by the heavy pion. At the short
distance region, on the other hand, an indication of
repulsive 3NF is observed. Note that a repulsive short-
range 3NF is phenomenologically required to explain
the properties of high density matter. Since multi-
meson exchanges are strongly suppressed by the large
quark mass, the origin of this short-range 3NF may be
attributed to the quark and gluon dynamics directly.
In fact, we recall that the short-range repulsive (or at-
tractive) cores in the generalized two-baryon potentials
are calculated in lattice QCD in the flavor SU(3) limit,
and the results are found to be well explained from the
viewpoint of the Pauli exclusion principle in the quark
level [9]. In this context, it is intuitive to expect that
the 3N system is subject to extra Pauli repulsion e!ect,
which could be an origin of the observed short-range
repulsive 3NF. Further investigation along this line is
certainly an interesting subject in future.

Since the lattice simulations in this report are car-
ried out only at single large quark mass, quark mass
dependence of 3NF is certainly an important issue to
be investigated in future. In the case of 2NF, short-
range cores have the enhanced strength and broaden
range by decreasing the mass [3]. We, therefore, would
expect a significant quark mass dependence exist in
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short-range 3NF as well. Quantitative investigation
through lattice simulations with lighter quark masses
are currently underway.
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Analysis of Gamma-ray Activities in Soils Sampled from
Surrounding Area of Fukushima Daiichi Nuclear Power Plant

Susumu Shimoura, Eiji Ideguchi, Shinsuke Ota, Daisuke Nakajima, Masahiko Tanaka, Ryo
Yoshino, Shintaro Go, Rin Yokoyama, and Takaharu Otsukaa

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

In order to prepare maps of radioactive substances de-
posited on the ground surface, soil samples from the
5-cm surface layer were collected for about 2,200 loca-
tions in Fukushima and nearby prefectures within ap-
proximately 100 km from the Fukushima Daiichi Nu-
clear Power Plant (NPP) from June 6 to 14 and from
June 27 to July 8, 2011. The sampling points were on
2 % 2 km2 meshes for the 80-km region from the NPP
and 10 % 10 km2 meshes for the outer region.

Some 10,000 samples in total, corresponding to five
or three di!erent points for each location, were ana-
lyzed by a collaboration (60%) among universities and
institutes, including Center for Nuclear Study (CNS),
RIKEN Nishina Center (RNC), Research Center for
Nuclear Physics (RCNP), and other academic organi-
zations as well as by the Japan Chemical Analysis Cen-
ter (JCAC) (40%) and . CNS acted as a hub of the col-
laboration, where tasks such as receiving and checking
about 6000 samples from Fukushima; sending them to
22 analysis groups depending on their capacities; and
collecting, checking, and summarizing the results were
performed. About 120 samples, collected from within
20 km of NPP, were analyzed by CNS and RNC.

Preceding to the large-scale measurements, a pilot
study for sampling and measurement was performed
in May, where five or more samples were collected at
10 % 10 km2 meshes (57 points) in the 80-km region.
The activities of Cs-134, Cs-137, and I-131 were ana-
lyzed by measuring (-rays emitted by all the samples
using the germanium detector(s) by analysis groups
(TMU, JAEA, RCNP, Osaka Univ., CNS). Activities
of other substances such as Te-129m, Ag-110m were
also analyzed. Inhomogeneous distribution of activi-
ties in a sample was found by the measurements of a
Ge detector viewing a sample from di!erent directions
(top/bottom), which shows that a stirring procedure is
important for sampling. Substantial amount of varia-
tion in total activities of the five samples from a same
point is also found, which indicates that the average of
the samples is to be the typical magnitude of a certain
point. Based on the pilot study, protocols for samplings
and for measurements were determined.

In the measurements of the large-scale investigation,
each analysis group calibrated the absolute magnitudes
of the activities by using the IAEA-444 standard sam-
ples [1] filled in the same U8 type containers (5 cm& %
5 cmH) as the soil samples that were circulated among
the collaboration. Since Cs-134 and Cs-137 are in-
volved in the IAEA-444 standard, their absolute ac-
tivities were determined by the relative yields from the
IAEA-444 sample and each soil sample.

Measurement time for a sample was basically one
hour, whereas long runs with around 10 hours were
also performed for some samples to measure the radia-

tion from I-131. However, large portion of the samples
have no significant value for I-131 because of decay out
through more than 10 half lives and of a large Compton
backgrounds from the radiation of Cs-134 and Cs-137.

The same !300 samples were analyzed by multiple
groups, one of which is either CNS or JCAC, for the
purpose of a cross checking. Results from these di!er-
ent groups were consistent within 30% for each sample
and within 15% for an average of five samples for each
location. The deviation is considered to be due to the
inhomogeneity of the activities in soil samples, since it
was found that for some samples, counting rates de-
pended on the direction of the sample relative to the
detector.

The maps based on the resultant activities (Cs-137,
Cs-134, I-131, Te-129m, and Ag-110m) are found from
the Web pages of MEXT [2], JAEA [3], and RCNP. [4]
Database of all the measured activities is also able to
access from the Web page [5].

The present results are expected to be used as a ba-
sis for assessing the radiation dose in the concerned
areas, further investigations in the environmental re-
search works, and other such purposes.

The present work was in the course of the project
under the 2011 Strategic Funds for the Promotion of
Science and Technology, entitled “Establishment of the
Base for Taking Measures for Environmental Impact
of Radioactive Substances – Study on Distribution of
Radioactive Substances” of MEXT.
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The 10th CNS International Summer School (CNSSS11)
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S. Shimoura, T. Suzuki and T. Uesakaa
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The 10th CNS International Summer School
(CNSSS11) was organized jointly by the Center for
Nuclear Study (CNS), the University of Tokyo in the
period of September 26–October 1, 2011. The summer
school was held at the Nishina hall in the Wako cam-
pus of RIKEN and at the Koshiba hall in the Hongo
campus, the University of Tokyo.

This summer school was the tenth one in the series
which aimed at providing graduate students and post
docs with basic knowledge and perspectives of nuclear
physics. It consisted of lectures by leading scientists in
the fields of both experimental and theoretical nuclear
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 the title of lectures are
shown below.

R. Johnson (Surrey University),
“Theory of nuclear reactions with loosely bound tar-
gets and projectiles”
“Exploring nuclear haloes by the ratio method”
A.O. Macchiavelli (Lawrence Barkley National
Laboratory),
“Selected Topics in Nuclear Structure”
S. Wanajo (Technische Universität Müchen,
Max-Planck-Institute für Astrophysik),
“Nucleosynthesis beyond ion”
I. Tanihata (RCNP, Osaka University),
“Neutron halo and tensor forces in nuclei”
T. Shimoda (Osaka University),
“Beta-delayed decay spectroscopy with spin-polarized
nuclei”
T. Kishimoto (Osaka University),
“Double beta decay and matter dominated universe”
Y. Aritomo (Japan Atomic Energy Agency),
“Dynamical aspect of synthesis of superheavy ele-
ments”
S. Nishimura (RIKEN Nishina Center),
“Decay spectroscopy at RIBF”

This year, 8 lecturers and 90 participants attended
from fourteen countries. Three lecturers and twenty
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 September 29 were held at the
Koshiba hall in the Hongo campus and were broad-
casted via Internet.

The Student and Post Doc sessions were also held in
the school. Twenty talks and twenty-four posters were
presented by graduate students and post docs.

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

http://www.cns.s.u-
tokyo.ac.jp/summerschool/cnsss11

This summer school was supported in part by the In-
ternational Exchange Program of the Graduate School
of Science, the University of Tokyo. The financial
support from the program was indispensable to suc-
cessfully organize this summer school. The organizers
deeply appreciate various accommodations provided by
RIKEN Nishina center for the school. They are also
grateful to administration sta!s of the CNS and the
Graduate School of Science for their helpful supports.
They thank graduate students and postdocs in the
CNS for their dedicated e!orts. Finally, the organizers
acknowledge all the lecturers and participants for their
contributions to this summer school.
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Laboratory Exercise for Undergraduate Students

S. Ota, K. Yakoa, R. Yokoyama, C.S. Lee, H. Sakuraia and S. Shimoura

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

Nuclear scattering experiments were performed as a
laboratory exercise for undergraduate students of the
University of Tokyo. This program was aiming at pro-
viding undergraduate students with an opportunity to
learn how to study subatomic physics by using an ion
beam from an accelerator. In 2011, 32 students at-
tended this program.

The four beam times were scheduled in the second
semester for third-year students, and 8 students par-
ticipated in each beam time. The experiment was per-
formed at the RIBF using a 26-MeV alpha beam ac-
celerated in the AVF cyclotron. The alpha beam ex-
tracted from the AVF cyclotron was transported to the
E7B beam line in the E7 experimental hall. The scat-
tering chamber has two separate target ports which en-
able perform two independent experiments. A photo is
shown in Fig. 1 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 al-
pha particle with 197Au, to learn how to deter-
mine nuclear size.

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

Figure 1. A photo of scattering chamber located at the E7B

course in E7 experimental room. There are two target

positions for independent experiments of !-scattering

measurement and fusion reaction measurement, respec-

tively.

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

In the !+197Au measurement, the Au target with
a thickness of 1.42 mg/cm2, and ! particles scattered
from the Au target were detected by 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 spectrum of the scattered ! par-
ticles 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
)lab = 25$160".

The measured cross section was compared with the
calculated cross section for the Rutherford scattering.
The cross section was also analyzed by the potential
model calculation, 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 ! particle in the nuclear potential is obtained using
the Runge-Kutta method. Others tried to understand
the scattering process by calculating the angular dis-
tribution 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(!,2n) and 182W(!,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 tar-
get. The energies of the gamma rays were recorded
by the MCA system. The gain and the ef鍖 ciency of
the detector system had been calibrated with standard
gamma-ray sources of 22Na, 60Co, 133Ba, and 137Cs.
The gamma rays from the 12+ 10+ and 10+ 8+ de-
cay in 154Gd and 184Os were successfully identi鍖 ed.
Based on the energies of the gamma rays, the moment
of inertia and the deformation parameters of the ex-
cited states were discussed by using a classical rigid
rotor model and a irrotational 鍖 uid model. The stu-
dents found that the reality lies between the two ex-
treme models. The initial population among the levels
in the rotational band was also discussed by taking the
e!ect of the internal conversion into account.

We believe this program was very impressive for the
students. 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. The au-
thors would like to thank Dr. Y. Uwamino, the CNS
accelerator group, and the RIBF cyclotron crew for
their helpful e!ort in the present program.
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Symposium, Workshop, Seminar, and PAC

A. Symposium

1. RIBF ULIC and CNS Symposium on Frontier of gamma-ray spectroscopy (Gamma11)
Jun. 30 – Jul. 2, 2011, RIKEN

The purpose of the symposium was to discuss recent progress and future perspectives of gamma-ray
spectroscopy as well as the recent developments of advanced gamma-ray detectors. It is hoped that
the symposium will encourage international cooperation and stimulate physicists in the field of nuclear
structure studies. The Organizers were E. Ideguchi (CNS, co-chair), N. Aoi (RCNP/RIKEN, co-chair),
S. Michimasa (CNS), H. Scheit (RIKEN), A. Odahara (Osaka), T. Koike (Tohoku), Y. Ut- suno (JAEA),
T. Nakatsukasa (RIKEN), S. Shimoura (CNS), T. Motobayashi (RIKEN), and T. Otsuka (CNS/Tokyo)

2. The 11th International Symposium on Origin of Matter and Evolution of Galaxies
Nov. 14–17, 2011, RIKEN.

The symposium was the 11th symposium of a series, started 1988, to discuss the subjects of nuclear
astrophysics and related fields. Topics related to nucleosynthesis and stellar evolutions were widely cov-
ered. Specifically, this time the symposium emphasized two topics, RI beam experiments for explosive
astrophysical phenomena, and first-generation stars in relation with the evolution in the early universe.
The symposium was hosted by CNS, and co-hosted by RIKEN Nishina Center, National Astronomical
Observatory of Japan (NAOJ), KEK, RCNP, Osaka University (RCNP) and Konan University. 130 (81
domestic and 49 abroad) researchers participated in the symposium. In the symposium the successful
research life of Prof. Kubono, who took the chair of the symposium and retired afterwards in March 2012,
was reviewed and celebrated.
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B. Workshop

1. The 7th Workshop on Particle Correlations and Femtoscopy (WPCF2011)
Sep. 20–24, 2011, Koshiba Hall, the University of Tokyo
The workshop continued the tradition of bringing together experts in experimental and theoretical aspects
of measuring source characteristics in high energy hadron/nuclear collisions through particle correlations
and fluctuations. Number of participants was 89 (51 were from foreign countries). The proceedings
were published in the PoS (http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=154). The WPCF2011 is
co-sponsored by Center for Nuclear Study, the University of Tokyo and MEXT Scientific Research on
Innovative Areas “Nuclei from Quarks”. The Local Organizing Committee members were; ShinIchi Esumi
(Tsukuba Univ.), Hirotsugu Fujii (Univ. of Tokyo, Komaba), Taku Gunji (Univ. of Tokyo, CNS), Hideki
Hamagaki (Univ. of Tokyo, CNS) (Co-chair), Tetsuo Hatsuda (Univ. of Tokyo, Hongo), Tetsufumi Hirano
(Sophia/Univ. of Tokyo, Hongo) (Co-chair), Tetsuo Matsui (Univ. of Tokyo, Komaba), Chiho Nonaka
(Nagoya Univ.), Kyoichiro Ozawa (KEK/Univ. of Tokyo, Hongo).

2. Review Meeting on CRIB Activities.
Jun 21–22, 2011, CNS Wako Campus.
The review meeting was held for summarizing the work at the low-energy RI beam separator CRIB
since its construction in 2000. 16 persons, who have used CRIB for their experiments, presented their
achievements, current status of the project, and future plans. 2 reviewers discussed on a worldwide status
of RI beam facilities and nuclear astrophysics studies.

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

1. The 9th NP-PAC meeting
Date: June 24–25, 2011
Place: Conference room, 2F RIBF building

2. The 10th NP-PAC meeting
Date: December 9–10, 2011
Place: Conference room, 2F RIBF building
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CNS Reports

#87 “Alpha resonance structure in 11B studied via resonant scattering of 7Li+!”,
H. Yamaguchi, T. Hashimoto, S. Hayakawa, D.N. Binh, D. Kahl, S. Kubono, Y. Wakabayashi, T. Kawa-
bata, and T. Teranishi, Feb. 2011

#88 “CNS Annual Report 2010”,
Edited by T. Gunji, March, 2012
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年１１月１７日（１６-１７日） 原研テクノ交流館リコッティ、東海、招待講演
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56. 大塚孝治、“Nuclear Forces, Exotic nuclei and　 Stellar Evolution”, 11th Int. Symp. on Origin of Matter
and Evolution of Galaxies Wako, Japan November 14 (14-17), 2011、招待講演

57. 大塚孝治、“Evolution of structure in Exotic Nuclei and Nuclear Forces” 1st International Symposium on
the Science with KoRIA Korea University Sejong Campus December 2 (1-2), 2011、招待講演
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