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Abstract. Research activities at Research Center for Nuclear Physics (RCNP), Osaka University, are presented with a particular focus on natural science research using
the cyclotron accelerator facility. A brief introduction to the azimuthally varying field
(AVF) and ring cyclotrons, west-south (WS), muon science innovative channel (MuSIC) and exotic-nuclei (EN) beam lines, as well as the high-resolution Grand Raiden
(GR) and large acceptance spectrometers are given. By showing two recent experimental studies on the structure of light nuclei using the GR spectrometer and the EN
beam line, the important role of RCNP as a leading nuclear physics facility is highlighted.
Keywords: Ring Cyclotron, High Resolution, Tensor, Interactions, Nuclear Magic
Number.
I. INTRODUCTION
Atomic nuclei are finite quantum many-body systems consisting of protons and neutrons
(known collectively as nucleons). Their structures are governed mainly by the strong interactions. Extensive experimental and theoretical studies over the past century have yielded
sophisticated phenomenological realistic nucleon-nucleon as well as (semiphenomenological)
chiral two- and three-nucleon interactions. However, it is still not possible to understand consistently even the relatively light nuclei such as carbon and oxygen isotopes.
At Research Center for Nuclear Physics (RCNP), Osaka University, we are actively pursuing experimental as well as theoretical research to understand the nuclear structures and
nuclear reactions. RCNP is a user-based nuclear physics research institute. Established in
1971, RCNP provides worldwide scientists with nuclear physics research opportunities using
high-precision spectrometers and a supercomputer. Besides nuclear physics, the research activities at RCNP also cover both experimental and theoretical works in hadron physics. The
RCNP experiment facilities are mainly comprised of the cyclotron facility for nuclear physics
and the Laser Electron Photon Facility at the Spring 8 (LEPS) for quark nuclear physics studies. The cyclotron facility, which is the core facility of RCNP, consists of the AVF cyclotron
with K=140 MeV and the ring cyclotron with K=400 MeV.
In this article, a brief introduction on the RCNP cyclotron facility is presented. By showing two recent experimental studies on the structure of light nuclei using the high-resolution
spectrometers and the exotic nuclei beamline, we highlight the important role of RCNP as a
leading nuclear physics facility.
Invited Paper

Jurnal Fizik Malaysia

Volume 39 Issue 2 (2018) pgs 20013-20019

H. J. Ong

II. RCNP AND CYCLOTRON ACCELERATOR FACILITY
① AVF cyclotron
② Ring cyclotron
③ WS beamline
④ Grand Raiden and LAS spectrometers
⑤ MuSIC beamline
⑥ EN (RI) beamline
⑦
⑦ Neutron TOF spectrometer

⑥
②
③

④

①

⑤

FIGURE 1. Layout of the cyclotron facility of Research Center for Nuclear Physics, Osaka University. Reprinted with
permission from RCNP.

Figure 1 shows the cyclotron facility of RCNP. In this section, the AVF and the Ring
cyclotrons, the Grand Raiden spectrometer, the MUon Science Innovative Channel (MuSIC)
beamline, the exotic nuclei (EN) beamline, and the neutron TOF facility are described.
III. RCNP AVF and Ring Cyclotrons
The RCNP Azimuthally Varying Field (AVF) cyclotron with K=140 MeV was completed
in 1973. It consists of a single magnet weighing 400 tons with a pole diameter of 3.3 m and a
pole gap of 20.6 - 34.7 cm. The average magnetic field is 1.6 T. The AVF cyclotron is currently
used as the accelerator for low-energy proton and heavy-ion beams or as the injector to the
Ring cyclotron. The Ring cyclotron was completed in 1991. It consists of 6 sector magnets
with a total weight of 2200 tons, and with a pole gap of 6 cm. The Ring cyclotron has three
main acceleration cavities and one flat-top cavity. The maximum magnetic field is 1.75 T.
With K = 400 MeV, the ring cyclotron can accelerate the proton beam from the injector AVF
cyclotron up to 400 MeV, or about 70% of the speed of light. For heavy-ion beams, the ring
cyclotron can provide ion beams such as 12 C, 16 O, 40 Ar and 86 Kr beams at energies up to 100,
80, 65 and 60 MeV/nucleon, respectively. By carefully controlling the temperatures of the
cooling water for the magnets as well as of the experiment hall, and by introducing cutting
edge techniques such as the flat-top acceleration, single turn beam extractions with relatively
high intensity have been realized. The high-quality, intense and stable beam thus obtained,
with small energy spread (∆E/E) reaching 3 × 10−4 in full width at half maximum (FWHM),
is used for various nuclear physics experiments as well as for applied science purposes.
WS Beamline and the Grand Raiden Spectrometer
The West-South (WS) beamline was specifically designed to enable beam transport by employing the so-called dispersion matching technique. The beamline is connected to a multipurpose scattering chamber which houses nuclear targets for nuclear reactions. Particles scattered after nuclear reactions are momentum analyzed by the high-resolution Grand Raiden
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FIGURE 2. Layout of the Grand Raiden. Reprinted with permission from RCNP.

(GR) spectrometer [1] and/or the Large Acceptance Spectrometer (LAS), and detected by detectors at the focal planes. Figure 2 shows the layout of the Grand Raiden spectrometer and the
LAS. By implementing the dispersion matching technique [2,3] to compensate for the momentum spread in the beam, energy resolutions for the residual nucleus excitation-energy spectra
as good as 13.0(3) keV and 16.7(3) keV (FWHM) have been achieved for 295 MeV and 392
MeV proton beams, respectively. Various nuclear reactions such as proton elastic (p,p) [4] and
inelastic scattering (p,p’) [5], charge-exchange reaction (3 He,t) [6], proton knockout reaction
(p,2p) [7], one [8] or two [9] nucleon transfer reaction and so on have been performed to date
using the GR spectrometer as well as the LAS.
MUon Science Innovative Channel (MuSIC) Beamline
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FIGURE 3. The MuSIC-M1 beamline. Reprinted with permission from RCNP.

The MUon Science Innovative Channel (MuSIC) beamline was constructed in 2013 to
provide intense direct current muon beams for use in experimental studies in particle, nuclear
and consensed matter physics, as well as in the earth and planetary science [10], archeology
and social sciences. Pions are produced by impinging a 392-MeV proton beam on a cylindrical
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graphite target of length 20 cm and radius 2 cm located inside the pion capture solenoid (PCS)
at the end of the West-South-South (WSS) beam line. The recoiled charged pions are captured
by the solenoid which has a peak magnetic field of 3.5 T, and directed towards the muon
transport solenoid located upstream of PCS. The charged pions, which have a short mean
lifetime of 26 ns, decay into charged muons, which are then transported via the MuSIC-M1
beamline to the experimental area. The beamline was commissioned recently using a 6-pA
(∼0.002 Watt) proton beam. The results show successful production of muon beams with
intensities of (10.4 ± 2.7)×105 muons s−1 W−1 for µ + and µ − , and (9.0 ± 1.0)×104 muons
s−1 W−1 for µ − only [11]. With a proton beam current of 1 µA, the MuSIC beamline is
expected to provide one of the world’s most-intense muon beams with intensity as high as
(4.2 ± 1.1) × 108 muons s−1 .
Exotic Nuclei Beamline
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FIGURE 4. RCNP EN beamline. Reprinted with permission from RCNP.

The Exotic Nuclei (EN) beamline was constructed in the early 1990s [12,13] to provide
radioisotope (RI) beams. Figure 4 shows the layout of the EN beamline. RI secondary beams
are produced through the projectile-fragmentation reaction by bombarding a target placed at
the F0 focal plane with a primary heavy-ion beam. The secondary beams are then momentum
analyzed and transported to a dispersive focal plane (F1). A horizontally movable collimator is placed at the exit of the first dipole magnet to constrain the momentum spread of the
RI beam. A flat aluminum degrader is placed at F1 to modify the magnetic rigidities of the
secondary beams; rigidities of isotopes with different A/Z are modified differently in the degrader. Hence, this allows further separation of the secondary beams after going through the
second dipole magnet. The secondary beam thus selected is transported to the second focal
plane (F2), which is a momentum-achromatic and a charge-mass dispersive focal plane. The
selected RI beam is further purified using a set of collimators at F2 before being transported
to another focal plane (F3) [14] for experiment. Using the RI beams produced at the EN
beamline, various experiments have been performed to study the structures [15,16] as well as
reaction [17] of unstable nuclei.
Neutron TOF Facility
The neutron time-of-flight (nTOF) facility (Fig. 5) [18] was constructed in 1990s to study
the charge-exchange (p,n) reaction, in particular, to measure the Gamow-Teller strength [19]
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FIGURE 5. RCNP neutron time-of-flight facility. Reprinted with permission from RCNP.

and the complete polarization transfer coefficient for the (p,n) reaction at intermediate energies. The nTOF facility consists of a beam swinger dipole magnet for angular distribution
measurements, and a hundred-meter tunnel for measurement of the neutron energy by means
of the time-of-flight method. Neutrons are detected by the NPOL2 detector, which consists of
four large volume liquid scintillation detectors and two layers of plastic scintillation detectors
[20]. Typical energy resolution achievable is about 1.85 MeV for 290-MeV neutrons.
IV. RECENT RESULTS ON NUCLEAR STRUCTURE STUDY
Possible Evidence for Effect of Tensor Interactions in Light Atomic Nuclei
Understanding how atomic nuclei are formed from the nucleon-nucleon interactions has
remained an important subject in nuclear structure study. The tensor interactions, which originate mainly from the pion exchange interactions, are among the most important nuclear forces
acting between nucleons in nuclei. Besides the nuclear structure interest, complete understanding on the role of the tensor interactions is also important to determine the nuclear symmetry energy, which is important to understand the neutron star. While theoretical studies
supported by experimental evidences are available for the lightest nuclei up to 4 He, no direct
experimental evidences on the effect of the tensor interactions have been reported for nuclei
with A > 4.
In an experiment performed at the WS beamline using the one-neutron transfer (p,d) on a
target, we found a marked enhancement of a positive-parity (5/2+ ) state relative to the
−
1/2 ground state in 15 O, which is not explainable by the well-established mean field model.
The observation is consistent with large components of high-momentum neutrons in the initial
ground-state configurations due possibly to the tensor interactions [20].
16 O

Evidence for Prevalent Proton Magic Number Z =6 in Neutron-rich Carbon Isotopes
The size of an atomic nucleus, usually defined by the root-mean-square (rms) charge or
nucleon/matter distribution radius, is an important nuclear quantity that reflects not only the
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nuclear structure, but also provides useful means to understand the equation of state (EOS) of
asymmetric nuclear matter such as the neutron stars.
An important feature of nuclear structure is the existence of the so-called shell structure
in analogy to the electronic shell structure of atoms. Like the chemically stable noble gases
with filled electron shells, nuclei with filled nuclear shell – of which the number of nucleons
is known as the nuclear magic number – are relatively stable. The nuclear magic number
consists of two series of numbers. The first series is attributed to the harmonic oscillator
potential, while the second to the spin-orbit (SO) interactions. The SO interactions are known
to be significant and responsible for the large SO splitting of the single-particle states, i.e.
the nuclear magic numbers, in heavy nuclei [21]. These splittings, however, are expected
to diminish in light nuclei due to low orbital angular momenta. This general expectation is
supported by the apparent lack of fingerprints for a ‘magic number’ at 6 or 14 [22].
Recently, we performed an experiment at the EN beamline using the charge-changing
cross-section measurement to determine the proton rms radii of stable and neutron-rich 12−18 C
isotopes [23]. The proton rms radii were found to be almost constant for 12−18 C, indicating
possible inert proton cores in these isotopes. Performing systematic analysis using the available data on the proton rms radii, electromagnetic transition rates and atomic masses of light
nuclei, we show the existence of the Z=6 nuclear magic number in 13−20 C. We argue that
the discovery of this smallest and prevalent SO magic number in carbon isotopes provides
unprecedented opportunities to understand the origins of the SO splitting [24].
V. SUMMARY
The research activities and cyclotron accelerator facility at RCNP, Osaka University, were
presented. As examples of the recent nuclear physics studies at RCNP, two experiments aiming at understanding the effect of nucleon-nucleon interactions on the the structure of light
nuclei were presented. With stable, intense and high-resolution primary beams, and armed the
high-resolution spectrometers as well as two fully-equipped secondary beam lines, the RCNP
cyclotron accelerator facility continues to offer important opportunities for cutting-edge research to worldwide scientists.
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