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1 Introduction

The “Radioactive Isotope Beam Factory (RIBF)” is one
of the leading facilities in the world [1], aiming at major
scientific goals; i) to discover new quantum phenomena
associated with a large isospin asymmetry through in-
vestigating nuclear structure in very neutron-rich nuclei,
ii) to elucidate the r-process path in explosive processes
of the universe, and iii) to develop new applied sciences

*Special Topic: Simplicity, Symmetry, and Beauty of Atomic
Nuclei (Eds. Jie Meng, Takaharu Otsuka & Yu-Min Zhao).

based on high energy RI beams.
The concept of RIBF was firstly proposed by Y. Yano

and M. Ishihara in 1992, just after the RIKEN Ring Cy-
clotron (RRC) project was completed. The idea stemmed
from significant expansion of sciences with radioactive
isotope (RI) beams produced at in-flight separator. At
the in-flight separator “RIPS” [2] coupled with RRC, the
nuclear structure and nuclear astrophysics were stud-
ied with light and intense RI beams via developments
of several spectroscopy techniques with inverse kinemat-
ics. These activities have been significantly expanded to
medium and heavy mass region at the new facility of
RIBF.

The first international advisory committee was orga-
nized in 1994 according to a suggestion of Prof. Arima
as the President of RIKEN. Next year, the project was
officially approved by the Government.

Under the construction phase of RIBF, the existing
facility of RRC were upgraded step by step. One of the
great improvements was intensity and energy upgrade of
heavy-ion linear accelerator RILAC by installing a fre-
quency variable RFQ, and also by additional RF cavities
of CNS, Univ. of Tokyo. The RILAC upgrade created
a great opportunity for production of super heavy ele-
ments via cold fusion reaction. Since 2004 to 2012, three
events of the Element 113 were successfully observed and
identified [3–5]. and the naming right was given to K.
Morita and his colleagues, who named the new element
“Nihonium (Nh)”.

Meanwhile, construction of new cyclotrons and a new
in-flight separator was smoothly conducted and the first
beam was successfully accelerated at and delivered from
a main cyclotron, “Superconducting Ring Cyclotron
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(SRC)” in 2006 [6]. Next year, RIBF started in oper-
ation, and the first experiment to search for new iso-
topes was conducted at the new in-flight separator “Bi-
gRIPS” [7] with a 345A MeV uranium beam from SRC
and two new isotopes were successfully found [8]. Since
then, experimental devices coupled with radioactive iso-
tope (RI) beams produced at BigRIPS were successively
constructed, and scientific outputs have been produced
under international collaborations formed at each device
or newly developed detectors [9].

In this review paper, overview of the accelerator com-
plex of RIBF, experimental devices and programs at each
device are given. Then research highlights are introduced
for results obtained at the new facility, not for activities
at the old facility of RIBF such as a CNS project “CRIB”
[10] and a KEK project “KISS” [11]. Finally, summary
and outlook are described.

2 Overview of the RIBF facility

The “Radioactive Isotope Beam Factory (RIBF)” is
the third generation in-flight facility [12] to deliver in-
tense radioactive isotope (RI) beams based on the high-
intensity heavy-ion accelerator complex, as shown in
Fig. 1. A key concept in designing RIBF was to achieve
large dynamic ranges in terms of RI beam intensities, RI
species and a large diversity of experimental programs.
In this section, we would give an overview of RI beam
production scheme at RIBF and introduce experimen-
tal devices and programs with the RI beams available at
RIBF.

2.1 RI beam production system

To access nuclei far from the stability line, especially
for neutron-rich nuclei, the RIBF facility is highly opti-
mized for in-flight production of fission fragments via a
U beam. “Super-conducting Ring Cyclotron (SRC)” (see
Fig. 2) in the accelerator complex delivers a 345 MeV/u
U beam [6]. The U nuclide is converted at a target to

Fig. 1 Facility layout of RIBF (Courtesy of RIKEN).

Fig. 2 Photo of Superconducting Ring Cyclotron (SRC)
(Courtesy of RIKEN). SRC (K = 2600 MeV) is the first ring
cyclotron with superconducting magnets.

fission fragments. An in-flight separator “BigRIPS” (see
Fig. 3) was designed to collect about 50% of fission frag-
ments produced at the target and separate nuclei of in-
terest [7]. The RI beams are then delivered to several
experimental devices. Yield-optimum beam energy of RI
beams is about 200–250A MeV.

The accelerator complex has a few acceleration modes
which depend on mass number of primary beams [6].
Year-by-year the primary beam intensity has been in-
creased, and in 2017, the U beam intensity is beyond 60
pnA. Not only fission but also fragmentation reaction are
very useful to study exotic nuclei. The flag-ship primary
beam species for fragmentation reaction are 18O, 48Ca
and 70Zn for neutron-rich nuclei, and 78Kr and 124Xe for
neutron-deficient nuclei. It should be noted that a polar-
ized deuteron beam is also delivered from SRC, where
an excellent single turn extraction is achieved.

Particle identification for secondary beams is made at
the second stage of BigRIPS. The second stage has ex-

Fig. 3 Photo of a part of BigRIPS in-flight separator
(Courtesy of RIKEN). RI beams produced at the first stage
of BigRIPS (left, behind the concrete wall) are transmitted
to the second stage and the beams identified at the second
stage are delivered to experiment sites.
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cellent resolution of momentum and TOF and because
of the nice performances, charge-states of the secondary
beams could be identified, too, via very precise Bρ-
TOF measurement [7]. Further purification of secondary
beams is possible at the second stage.

2.2 Experimental devices and nuclear physics programs

In 2013, all the experimental devices proposed have been
completed, and have been ready to produce massive data.

Reaction study for the nuclear structure is one of the
major projects at RIBF. To accept any kinds of reaction
study, RIBF has three large spectrometers; ZeroDegree
Spectrometer [7], SAMURAI [13] and SHARAQ [14].
These spectrometers are complementary with each other
in terms of momentum resolution and acceptance, and
solid angle.

Unique devices for specific programs are BigDPOL for
polarized deuteron beams, Rare-RI Ring for mass mea-
surements [15], SCRIT system for charge form factor
measurements [16, 17]. SLOWRI gas catcher system [18]
was constructed to deliverer very slow RI beams.

2.2.1 BigDPOL

A unique study for three nucleon force is organized at
BigDPOL. This study is based on precise cross section
and analyzing power measurements of deuteron and pro-
ton elastic scattering with a 190, 250 and 294A MeV
polaized deuteron beam. In this experiment, the AVF-
RRC-SRC acceleration scheme was applied to acceler-
ate the polarized beams. A single turn extraction of the
beam was successfully achieved. The newly constructed
polarimeter BigDPOL located at the beam transport line
from the exit of SRC to a location of production target
at BigRIPS was used to obtain a complete set of tensor
analyzing power in the scattering [19–21].

2.2.2 BigRIPS

With the BigRIPS separator only, several unique pro-
grams have been conducted. One of the programs is to
search for new isotopes towards the drip lines. Accord-
ing to the high performances of particle identification at

BigRIPS, very clear, unambiguous and background-free
particle identification is achieved. This program is very
essential in two aspects. Firstly, the program gives ev-
idence of particle stability of the newly found isotopes.
Secondly, the program gives production cross sections
for exotic nuclei, which help in estimating RI beam in-
tensities for coming experiment programs. Since 2007,
new isotopes were found and reported by several works
[8, 22, 24, 25]. New isomers were also found with clover-
Ge detectors for isomer-tagged particle identification
[26].

The second program is total interaction cross section
measurement based on transmission method, which is
very efficient to obtain information on size of exotic nu-
clei [27, 28]. In this program, the secondary target was
installed at the intermediate dispersive focal plane in the
second stage of BigRIPS (F5).

A novel technique to produce spin-aligned RI beams
via two-step fragmentation reactions were successfully
developed at BigRIPS [29]. The new technique stems
from a new idea that spin-aligned RI beams are effi-
ciently produced at F5 with dispersion matching tech-
nique. This technique has a great potential to measure
electromagnetic moments of exotic nuclei.

The other type of programs running at BigRIPS is to
study deeply bound pionic states [30], where the atomic
states were made via (d, 3He) reaction with a primary
deuteron beam at 500 MeV. High resolution was achieved
by employing dispersion matching mode and a large an-
gular acceptance of BigRIPS made it possible to observe
not only s-orbit but also p-orbit states.

2.2.3 ZeroDegree Spectrometer

The ZeroDegree Spectrometer (ZDS) is a beam-line
spectrometer and appropriate for inclusive- and semi-
exclusive experiments, where ejectiles scattered at for-
ward angles via reactions are idetified by ∆E-TOF-Bρ-
E measurements (see Fig. 4). ZDS commissioning was
organized and detectors and optical conditions were ex-
amined in 2008. ZDS is also used as a beam transport
line to a decay spectroscopy station.

Experimental programs at ZDS are focusing the struc-

Fig. 4 Photo of ZeroDegree Spectrometer (Courtesy of RIKEN).
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ture study with low momentum and low energy trans-
fer reactions, such as elastic or inelastic scattering, one-
or two-nucleon knock-out reactions, fragmentation reac-
tions. In 2008, the first spectroscopic experiments for
exotic nuclei were organized for the island-of-inversion
region. Since then, several experimental programs have
been organized; in-beam gamma spectroscopy, missing
mass spectroscopy and decay spectroscopy.

In-beam gamma spectroscopy at ZDS is one of very
efficient programs for the nuclear structure study for
a global survey to find out exotic natures in neutron-
rich nuclei. As described in Ref. [31], combination be-
tween a high efficient NaI array “DALI2” [32] and thick
secondary targets has made it possible to access very
neutron-rich nuclei with fast RI beams. Since 2008, sev-
eral types of reactions, inelastic scattering, Coulomb ex-
citation, fragmentation reactions have been applied to
obtain exotic structure of neutron-rich nuclei [33–62]. In-
terestingly, thanks to the intense RI beams, a new iso-
tope was successfully found and identified at ZDS during
an in-beam gamma program [63]. A campaign program
to search for the first excited states in even-even nuclei
with the MINOS target [64] (SEASTAR collaboration)
was organized since 2014 to 2017. The first and second
phases of the program were conducted at ZDS [65–72].
The third one was organized at SAMURAI as described
in Section 2.2.4.

Missing mass spectroscopy with a Si-CsI array
MUST2 [73] was once applied for study of excited states
in 24O [74].

Decay spectroscopy has been organized at the end of
ZDS [75]. The first experiments of decay spectroscopy
with four clover-Ge arrays were conducted to access
neutron-rich A∼110 nuclei [76–79], which were produced
with a uranium beam. According to the success of the
first decay spectroscopy, the EURICA collaboration [80]
was started in 2012 to conduct γ spectroscopy by in-
stalling the Euro Cluster array. Multitude of decay data
were obtained from 2013 to 2016 for both neutron-rich
nuclei and neutron-deficient nuclei [81–124]. A part of
the campaign was organized with LaBr3 detectors addi-
tionally combined with the EURICA setup to measure
lifetimes of excited states [92]. It should be noted that
in the EURICA programs new isotopes were discovered
because of rather long term data-acquisition time at one
Bρ setting of BigRIPS [100, 101, 104, 112, 120, 121].

After the EURICA campaign, a new program
BRIKEN has been launched to measure beta-delayed
neutron emission probability [125]. The delayed neutrons
are measured with a large-size 3He proportional counter
array of which total neutron detection efficiency is as
high as 70%. The physics runs have been started since
2017.

Since 2014, ZDS has been utilized for spallation reac-

tion study with radioactive isotope beams, where ZDS
serves particle identification for reaction products [126–
128].

2.2.4 SAMURAI

SAMURAI [13] is a versatile spectrometer with a large-
acceptance in both momentum and solid angle to exclu-
sively measure reaction products in projectile-rapidity
frame, mainly through observing particle-unbound sates
via invariant mass method. The major part of the spec-
trometer is a superconducting magnet with a large gap
(80 cm) and a bending power of 7 Tm.

Since commissioning run of SAMURAI in 2012,
SAMURAI has served for physics runs [129–131]. Three
types of experiment programs have been conducted. The
first type is observation of unbound ground or excited
states in very neutron rich nuclei at or beyond the drip
line. The observation is based on the invariant mass spec-
troscopy, which is sometimes coupled with measurements
of de-excited gamma rays by DALI2 [32]. The second
type is kinematically complete measurement to detect
particle-decay with invariant mass method, and to detect
recoil particles from target with missing mass method.
(p, n) and (p, pn) reactions were employed for 132Sn
and 11Li, respectively, where recoil neutrons were mea-
sured with the WINDS plastic array [132]. The third one
is reaction study with heavy-ion collisions by installing
a TPC in the gap of the SAMURAI magnet under the
SπRIT collaboration [133].

In 2015–2017, a neutron detector array NeuLAND was
installed to enhance multi-neutron detection efficiency,
and a campaign program with NeuLAND was organized.

In 2017, the third phase of SEASTAR program was
conducted at SAMURAI. Due to the wide momentum
acceptance, one Bρ setting at SAMURAI accepted re-
action products in a wide dynamic range of Z and A.
Bunch of excited states in exotic nuclei were successfully
observed.

Fig. 5 Photo of SAMURAI spectrometer (Courtesy of
RIKEN). A large-gap super-conducting magnet are com-
bined with standard detectors; large size drift chambers,
hodoscopes and neutron TOF detector array.
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Fig. 6 Photo picture of SHARAQ spectrometer (Courtesy of CNS, Univ. of Tokyo). RI beams through a special beam
line designed to achieve a dispersion matching optics mode come from left.

2.2.5 SHARAQ

The SHARAQ spectrometer [14], which is operated by
CNS, University of Tokyo, has a high momentum resolu-
tion of 15 000 (see Fig. 6). To achieve the high resolution,
a beam transport line from BigRIPS to SHARAQ was
specially designed to realize dispersion matching mode.
With the advent of this spectrometer, a new type of miss-
ing mass spectroscopy, where an RI beam is utilized as
a probe to investigate stable nuclei via standard kine-
matics, is applied to investigate phenomena such as the
double Gamow-Teller states, which have been hardly ac-
cessible with reactions induced by stable beams.

A commissioning experiment was performed in 2009,
and since then, several programs have been conducted
via (t, 3He) reaction [134], (8He, 8Be) reaction [135],
(12N, 12C) reaction [136], and (p, 2p) reaction [137].
According to the high momentum resolution, mass
measurement for light and neutron-rich nuclei was
performed, too, based on precise Bρ-TOF measure-
ment [138].

2.2.6 Rare-RI Ring

Rare-RI Ring (R3) (see Fig. 7) is a storage ring to mea-
sure mass of exotic nuclei by TOF measurement based

Fig. 7 Photo of Rare-RI Ring (Courtesy of RIKEN) dedi-
cated to mass measurement for exotic nuclei with isochronous
mode via individual injection scheme.

on isochronous mode realized in the ring [15]. R3 has a
unique scheme of individual injection. In this scheme,
kicker magnet is switched on at every time when a nu-
cleus of interest comes at BigRIPS. This scheme is fit
for c.w. beam of cyclotron, and leading to efficient mass
measurements for exotic nuclei. R3 is designed to have
mass resolution of 10−6.

Commissioning runs at R3 were successfully organized
to confirm individual injection mode and to test quality
of isochronous optics. Since 2018, physics runs would
start the measurement for exotic nuclei related to the
r-process path.

2.2.7 SCRIT

The SCRIT facility (see Fig. 8) aims to measure charge
form factor of exotic nuclei by electron elastic scatter-
ing [16, 17]. A novel technique of Self-Confining RI Tar-
get (SCRIT) has been developed for about two decades.
A pulsed beam of RI produced at an electron-driven
ISOL is transfered into a SCRIT target section in an
electron storage ring. A limit of collision luminosity is
estimated to be 10−27 cm−2·s−1.

Very recently, a test with a stable 132Xe nucleus was
successfully organized to obtain its charge form factor
for the first time [139].

Fig. 8 Picture of SCRIT system which has been developed
to measure charge-form factor of exotic nuclei (Courtesy of
RIKEN).
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3 Highlighted results at RIBF

In this section, highlighted results obtained at RIBF are
introduced in physics point of views.

3.1 Nihonium and mass spectroscopy

Super-heavy element (SHE) science was conducted at
“GAs-filled Recoil Ion Separator (GARIS)” [140], which
is designed to collect and separate fusion products.

According to energy upgrade of a linear accelerator RI-
LAC, as well as intensity upgrade given by a frequency
variable RFQ at RILAC, GARIS was moved to be cou-
pled with RILAC.

In 2004 and 2005, the Element 113 was successfully
produced and identified [3, 4]. In 2012, the third event
was found, where seven consecutive alpha decays to
known nuclides were observed very clearly [5].

In addition to GARIS, “GARIS-II” [141] has been con-
structed and been coupled with RILAC, too. GARIS-II
has a larger acceptance than GARIS and is optimized
for hot-fusion reactions. With all these GARIS-devices
combined, new elements such as 119th and 120th will be
searched for.

Very recently mass spectroscopy at GARIS-II was
successfully conducted with multi-reflection TOF tech-
nique [142], and showing the deformed N = 152 shell
closure for Md and Lr.

3.2 Discovery of new isotopes

As described in Sections 2.2.2 and 2.2.3, more than 130
new isotopes have been discovered at RIBF. In this sec-
tion, a few highlighted results are introduced and under-
lining physics are discussed.

One of the interesting results is the discovery of
72Rb [120], of which lifetime of the ground state may be
longer than that of the neighboring nucleus 73Rb. Thus,
72Rb comes up on the nuclear chart as a “sandbank” be-
yond the proton drip-line, as shown in Fig. 9. In general,
because of the pairing effect, binding energy of odd-even
nuclei is larger than that of odd-odd nuclei. However,
the finding is contradictory with the general rule. The
nucleus 72Rb is a odd-odd nucleus, of which proton- and
neutron-numbers are 37 and 35, respectively. Thus, it
is very challenging to find out the reason why the odd-
odd nucleus of 72Rb is more stable than the odd-even
nucleus of 73Rb. Future investigation for the reason by
mass measurement and reaction study may give hints for
a proton-neutron pairing, or “deuteron clustering” inside
a nucleus. So far along the N = Z line, many efforts have
been made to find out or predict proton-neutron pairing
effects. However, concerning the stability, N = Z nuclei
are known to have so called “Wigner effect” which dis-

Fig. 9 Two dimensional plot for particle identification,
which shows 72Rb events and lack of 73Rb events, taken from
Ref. [120].

turbes clear observation or discussion about the proton-
neutron pairing. Thus, 72Rb may become a good “labo-
ratory” for such a study in future.

The second interesting finding is the particle stability
of 60Ca and other neighboring nuclei [25]. The obtained
results give a key discriminator for theoretical models,
and the models which predict the finding predict that the
neutron drip-line nucleus in the Ca isotopes is 70Ca. On
the other hand, theoretical works, which include three-
body effects, predict that the Ca isotope chain is rather
short as like that of the O isotopes. At present, experi-
mental works just reached at 60Ca. Future works associ-
ated with N -dependences of single particle energy of g9/2
are essentially important in terms of the Ca drip-line.

3.3 Shell evolution – New magicity and magicity loss

Shell evolution is one of the major subjects at RIBF,
and the nuclear structure study has been organized with
all of spectroscopy techniques applied at RIBF. Special
emphasis is given here for new magicity and magicity loss
found at RIBF.

3.3.1 Beyond the island of inversion and deformed halo
nuclei

The island of inversion region at Z∼12 and N∼20 is a
pilot region for the nuclear structure study with respect
to large isospin asymmetry. In early 70’s, binding ener-
gies of neutron-rich Na isotopes, and energy of the first
excited state of 32Mg were measured at CERN ISOLDE,
and the isotopes in the region were found to have large
deformation in spite of magic number of 20. According
to the advent of in-flight facilities in 80-90’s and of post-
accelerated beams at ISOL in 00’s, the nuclear structure
in the region was extensively studied with a variety of
reactions.

At RIBF, the island-of-inversion region has been in-
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vestigated since the first spectroscopy was organized in
2008. The first attempt was made in a region newly ex-
plored at RIBF to survey the ground state collectivity
through observation of 2+ and/or 4+ states in even-even
isotopes via in-beam gamma spectroscopy. The data ob-
tained for 32Ne [33], 36,38Mg [41] and 42Si [37] showed
interesting phenomena. First of all, 32Ne is found more
deformed than 30Ne. Secondly, as shown in Fig. 10, de-
gree of deformation in the neutron-rich Mg isotopes does
not change dramatically as a function of N , but is almost
constant from N = 22 to 26. Thirdly, 42Si with N = 28
has large deformation, and degree of deformation in the
Si isotopes is increased as a function of N . Recent invari-
ant mass spectroscopy successfully obtained 2+ energy
for 26O [129], which is rather low compared with that of
24O.

All the above results combined show that the deforma-
tion region is not like an “island”, but expanding toward
Z = 8 and also N = 28, like a “peninsula”, and magicity
of both N = 20 and 28 is lost in the light and neutron-
rich region. The findings suggest that sd- and pf-shells
are completely mixed together in the neutron-rich Ne,
Mg and Si isotopes.

The other surprising result obtained in the deforma-
tion region is discovery of the neutron-halo structure in
31Ne [27, 34, 44] and 37Mg [28, 47]. These data were
taken via inclusive Coulomb breakup method and to-
tal interaction cross section measurements. Both data
showed an increase of the cross sections at 31Ne and
37Mg.

Fig. 10 Energy of 2+ and 4+ excited states in neutron-rich
Mg isotopes [41].

In general, halo formation needs two conditions. One
is low binding energy of valence neutrons and the other
is low orbital angular momentum of valence neutrons (ℓ).
Both conditions are necessary to give a long tail of wave
function. In the case of 31Ne and 37Mg, the binding ener-
gies of one valence neutron are well below 1 MeV. Then,
a question arises about ℓ.

According to discussions in Ref. [27, 28], the forma-
tion mechanism could be naturally explained on the basis
of Nilsson-diagram. For example, when 31Ne is well de-
formed, candidates of Nilsson orbits for the valence neu-
tron are 1/2[330], 3/2[321] and 1/2[200]. These Nilsson
orbits are described with linear combinations of spheri-
cal orbits. When binding energy is decreased, low ℓ orbits
become dominant. Because of this binding energy depen-
dence of ℓ components, a Nilsson orbit originating from
f (ℓ = 3) or d (ℓ = 2), for example, is becoming ℓ = 1 or
ℓ = 0 dominant in the case of weak binding of the orbits.

The above simple picture could be also applied to halo
formation mechanism of 11Li and 11Be. In the case of one
neutron halo nucleus 11Be, the binding energy of one va-
lence neutron is about 500 keV, and the ground state spin
parity is not 1

2

− but 1
2

+. Because of the positive parity
of the ground state, many discussions assumed that 2s
orbit becomes more stable than the 1p1/2 orbit due to
some reasons. However, 10Be and 12Be are well known
to have large deformation, thus discussions based on the
Nilsson picture could be made. Because of large defor-
mation of 11Be, three Nilsson orbits are generated from
d5/2 and one of them (1/2[220]) is lower than p1/2. Due
to the low binding energy, the 1/2[220] orbit becomes
s-wave dominant though the origin of the 1/2[220] orbit
is d-wave. The halo structure of 11Li and 11Be may stem
from the magicity loss at N=8. Because of deformation,
the nuclear systems become more stable and because of
the low binding energy of valence neutrons, the orbits
become ℓ = 0 dominant.

The new picture suggests that we have many chances
to find out halo nuclei close to the neutron drip-line.
Most of nuclei on the nuclear chart are deformed, and
valence neutrons may find a low-ℓ dominant Nilsson or-
bit.

3.3.2 New magicity at N = 34

Since magicity loss at N = 20 and 28 in the light and
neutron-rich nuclei were found, and hence a next ques-
tion is where large shell gaps exist beyond N = 28. A
shell model calculation including rather strong monopole
residual interactions speculated that N = 34 might be-
come a new magic number in the neutron-rich Ca-Ti iso-
topes [143]. Since then, experimental efforts have been
made to access neutron-rich Ca and Ti isotopes and to
obtain nuclear properties via mass measurements and
gamma spectroscopy. As results, a large shell gap at

Hiroyoshi Sakurai, Front. Phys. 13(6), 132111 (2018)
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N = 32 was found in the Ca and Ti isotopes, but no
significant gap at N = 34 was found in the Ti isotopes.
Thus, there was many claims that N = 34 might not be
magic.

The first spectroscopy of 54Ca was conducted via in-
beam gamma spectroscopy at RIBF. Three gamma lines
were successfully found [39] and one of them was as-
signed to be de-excitation gamma ray from 2+ state to
the ground state. According to the systematic trend of
2+ energy along Z = 20 as well as N = 34, a large shell
gap at N = 34 was reduced. At the same time, robust-
ness of N = 32 shell gap was also found in 50Ar [50]. Very
recently, mass data obtained at SHARAQ suggested the
large gap at N = 34 [138], too.

The shell gaps at N = 32 and 34 correspond to energy
differences between p3/2 and p1/2, and p1/2 and f5/2, re-
spectively. It is of great interest to find out how the
shell gaps would be changed, namely the location of p1/2

relative to p3/2 and f5/2, as a function of Z. In addi-
tion, towards the neutron drip-line, the structure study
for the neutron-rich Ca isotopes gives hints of three nu-
cleon force effects on the structure. The Z = 20 shell
gap is large even in the neutron-rich region, thus proton
excitation might be frozen and neutron dynamics could
be safely studied in the Ca isotopes.

3.3.3 Double magicity of 78Ni

The Ni isotopes with Z = 28 magic number are very
unique because three neutron magic numbers could be
studied with 48Ni, 56Ni and 78Ni. At RIBF, the double
magic natures of 78Ni have been focused.

The first spectroscopy data of 78Ni was obtained from
systematic half-life measurements around 78Ni [84]. As
shown in Fig. 11, observed were sudden changes of half-
life between 78Ni and 79,80Ni and also between 78Ni and
77Co. The sudden changes at Z = 28 and N = 50 may

Fig. 11 Half-life of the neutron-rich Co-to-Ga isotopes as
a function of N [84].

be caused by sudden changes of β-decay Q value, namely,
sudden changes of the nuclear stability. Thus, the obser-
vation indicated the double magicity of 78Ni.

In addition to decay spectroscopy, in-beam gamma
spectroscopy was conducted to access the 78Ni region.
Very recently, one of the results was spectroscopy of
79Cu and discussions were made for the magicity at
Z = 28 [71].

3.3.4 Magicity at Z = 50 or N = 82

132Sn is known as a double magic nucleus, of which
Z = 50 and N = 82 shell gaps have been found very
large. Thus, the nuclear structure around 132Sn is sim-
ply described so far with a model assuming the 132Sn
core. With respect of 132Sn, we have accessed at RIBF
four regions; “south” (Z<50 and N = 82), “south-east”
(Z<50 and N>82), “east” (Z = 50 and N > 82) and
“north-east” (Z>50 and N>82), to investigate Z = 50
and N = 82 shell gaps, proton- and neutron-pairing in-
teractions, and proton-neutron interactions.

In-beam gamma and decay spectroscopy have been
employed to observe excited states in the nuclei. The first
2+ states in even-even nuclei were observed in 128Pd [82]
in south, 132Cd [55] in south-east, 136,138Sn [86] in east,
and 140Te [111] in north-east. All the data obtained so
far indicate large shell gaps at Z = 50, and at N=82,
and no magicity loss has been found.

Among the data introduced above, the 132Cd [55] data
was the first spectroscopy data in south-east. It is found
that the first excited states in 132Cd and 136Te on the east
side are both neutron dominant excited states. On the
other hand, concerning the first excited states in 128Cd
and 132Te on the west side, contributions of protons to
the excited states are almost the same as those of neu-
trons. It is of great interest that beyond N = 82 the neu-
tron matter becomes suddenly soft, and the phenomenon
does not depend on the proton number. So far mecha-
nism for the sudden change has not been discussed.

The last topic in this section is a very interesting phe-
nomenon observed in 133Sn [58]. In general, decay of
particle unbound states is associated with particle emis-
sion and without gamma emission, simply because of
coupling constant differences between strong interaction
and electro-magnetic interaction. However, we observed
gamma decay of an unbound excited state in 133Sn. This
might be simply because of small quantum overlap be-
tween the excited state in 133Sn and the ground state of
132Sn. This small overlap gives the other evidence that
132Sn has excellent double magicity.

3.4 Impacts on the r-process path

The RIBF is the first facility to give bunch of data as-
sociated with the r-process path. According to devel-
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opments of astronomical observations and of simulations
for supernovae explosion and neutron-star merger, sev-
eral interesting scenarios have been proposed so far. At
present, two scenarios are extensively discussed; cold r-
process in neutron-star mergers and hot r-process in su-
pernovae explosions. Due to the recent observation of
the gravitational wave from the merger in 2017, the cold
r-process attracts much attention in the nuclear physics
and astrophysics communities. Data which could be ex-
ported from the nuclear physics community are related
to nuclear mass, half-life and beta-delayed neutron emis-
sion probability. Such information is being provided at
RIBF.

The first data produced at RIBF were half-life data for
neutron-rich nuclei [76, 89, 109]. The first work was for
38 neutron-rich isotopes in A∼110 region. The second
work covered more neutron-rich nuclei and gave half-lives
of 108 neutron-rich isotopes from Rb to Sn. The third
one gave half-lives of 94 isotopes from Cs to Ho.

The half-life data obtained are utilized in a network
calculation. Figure 12 demonstrates importance of ex-
perimental half-life data [89]. The abundance calculation
with the new data could reproduce the r-process abun-
dance pattern very well, especially for A∼120 region and
A∼140–160 region. The third data set [109] has striking,
large drops of half-lives at N = 97 for Ce, Pr, Nd and Sm
and N = 105 for Eu, Gd, Tb and Dy, and has a direct
impact in the r-process abundance calculations affecting
almost all mass numbers between A = 150 and 170.

Fig. 12 Comparison between the r-process abundance pat-
tern and abundances calculated (a) without and (b) with
new half-live data [89].

Coming data for the neutron-emission probability and
mass information should give further impacts of data to
the r-process path study.

3.5 Nucleon correlation

Due to the recent potentials of gravitational wave ob-
servations, equation-of-state in asymmetric nuclear mat-
ter has attracted much attention. There are many ap-
proaches to get EOS information, and here microscopic
few-body interaction studies at RIBF are introduced.

To understand the structure of neutron-stars, we need
EOS over a wide dynamic range of density. When the
density is increased, many-body forces such as three nu-
cleon force (3NF) become important. Nowadays, effect
of 3NF to the nuclear structure is one of the major sub-
jects for theoretical and experimental works. At RIBF,
polarized deuteron + proton elastic scattering has been
studied to obtain T = 1/2 channel of 3NF. The energy
dependences and deuteron analyzing power dependences
have been given to construct fundamental interaction
sets for ab-initio calculations [19–21].

An experimental attempt was made to observe reso-
nant four neutron state, “tetra” neutron state with miss-
ing mass spectroscopy [135]. The reported result is very
exciting, which shows a candidate of the state at ∼1
MeV above the threshold, as shown in Fig. 13. The data
is very useful to investigate many-body forces such as
T = 3/2 and T = 2 channels. Very recently, the study
was re-visited to have more statistics data. The tetra neu-
tron work has made a great trigger to investigate very

Fig. 13 (a) Missing-mass spectrum of the tetra neutron
system. (b) Evaluation of the goodness of fit [135].

Hiroyoshi Sakurai, Front. Phys. 13(6), 132111 (2018)
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exotic few-body systems such as 7H. The data obtained
at SAMURAI are now under analysis.

3.6 Reaction study with long-lived fission products in
nuclear wastes

Reduction of high-level radioactive waste is one of the
major goals of sustainable development for society. Re-
search and development into the reduction using parti-
tioning and transmutation (P & T) technology have been
conducted over recent decades in the world.

At RIBF, based on intense RI beams, reaction study
with long-lived fission products such as 137Cs, 90Sr,
107Pd and 90Zr was organized for nuclear transmuta-
tion [126–128]. So called “inverse kinematics” technique
was employed to obtain spallation reaction data. The ad-
vantage of the inverse kinematics technique gives clear
particle identification for reaction products and gives
easy control of RI beam energies for energy-dependence
study, thus nice quality of the data was achieved at
RIBF. Proton- and deuteron-induced reactions were sys-
tematically studied, and these data are very useful to
improve reaction theories and simulation tools.

4 Summary and outlook

Since RIBF started operation in 2007, multitudes of data
have been published for a variety of subjects in nuclear
physics. The high productivity of RIBF is based on sta-
ble operations of RIBF realized by year-by-year upgrade
of the accelerator complex and of experimental devices.

The potentials of RIBF have been demonstrated with
more than 130 new isotopes made. Thanks to intense
and fast RI beams available, not only decay spectroscopy
but also reaction study to obtain nuclear properties of
exotic nuclei have been made. Concerning the shell evo-
lution, the ground state properties of both neutron-rich
and neutron-deficient nuclei have been obtained in a wide
region of A∼20−160, and magicity loss at N = 28, new
magicity at N = 34, and robustness of magicity N = 50
up to Z = 28, and of N = 82 up to Z = 46 have been
found. The bunch of half-life data have been produced
for the r-process path, which show the importance of
experimental data in the r-process discussion. Nucleon
correlation study has been in progress to create very ex-
otic light and neutron-rich nuclear systems. The new
project associated with the nuclear transmutation was
launched for the nuclear waste problem.

Although many findings are being produced, we need
more experimental data to test theoretical models, to en-
courage theorists to give more accurate predictions for
nuclear properties. Data of the beta-delayed neutron
emission probability will come out soon. Nuclear mo-
ment data will be provided based on the novel technique

of spin-aligned RI beams. Nuclear mass data and charge
form factor data will be produced at the R3 and SCRIT
system, respectively.

Concerning a long-range perspective for trends of nu-
clear physics, three directions are being discussed; higher
excitation energy, heavier nuclei, and EOS. So far discus-
sions of shell evolution are limited to the ground state
properties. When we move to high excited states, a va-
riety of collective modes based on a variety of symmetry
are predicted to emerge. An interesting topic is how clus-
ter states would be developed in neutron-rich nuclei. To
understand fission dynamics, we need to know the shell
structure at finite temperature. In heavy nuclei, a key
ingredient is Coulomb force effects to the nuclear struc-
ture. One alpha separation energy is going to be negative
in the heavy mass region. This suggests that cluster for-
mation or cluster effects could be studied rather easily.
The gravitation wave observations in this Century give
unique opportunities to test EOS made by microscopic
interactions and also by many-body force effects. The
gravitation waves would connect a tiny object of nuclei
and a big object of neutron stars.
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