
��(��RIPQOK��J $I�

��("�S���T#
#

F�����
'K��J��G�
2014�8�7*8�,#RCNP�

The Rare-RI Ring Facility at RIBF�
The 3rd storage ring for radioactive ion beams in the world 
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Fig. 1. Schematic view of the RIKEN accelerator complex. The part with a gray background is the new part
of the RIBF facility.

With beams from the AVF injector cyclotron, beams of light unstable nuclei at low energies,
typically 5 MeV/nucleon, are produced in the CRIB facility [15]. CRIB was constructed and oper-
ated by the Center for Nuclear Study (CNS), University of Tokyo. A number of experiments, mostly
for reactions of astrophysical interest, have been conducted.

In addition, the beams have also been used for various applications to nuclear chemistry, bio- and
medical science, radioisotope production, and materials science.

Fast RI beams, with energies of typically 30–100 MeV/nucleon, are produced with RIPS by pro-
jectile fragmentation of light heavy-ion primary beams obtained in the entire accelerator complex.
Thanks to the large angular and momentum acceptance and high bending power of the fragment
separator, RIPS, the RI beam intensity for many light nuclei far from the stability line had been the
world’s highest for many years. Many experiments with the RI beams have been performed, and a
variety of interesting results have been obtained1.

The new or higher-energy part of RIBF, indicated by the colored background in Fig. 1, has three
cyclotrons: fRC (fixed-frequency ring cyclotron), IRC (intermediate stage ring cyclotron), and SRC
(superconducting ring cyclotron). By further accelerating the beam from the pre-existing acceler-
ator, RRC, the RIBF accelerators can provide beams from protons to uranium up to an energy of
345 MeV/nucleon. A new fragment separator, BigRIPS [16], was built for RI beam production. It
is designed to accept about half of the reaction products from the in-flight fission of uranium ions,
which is expected to have the advantage of efficient production of neutron-rich medium-mass nuclei,
in addition to projectile fragmentation. The RI beam production capability is much enhanced both in
the intensity and in the mass range. The RI beam energies are in the range of 100 to 250 MeV/nucleon,
higher than in the old facility. After the first extraction of primary beams at the end of 2006, RI beam
production started in 2007. With a still very weak primary beam, the first experiment identified two
neutron-rich isotopes, 125Pd and 126Pd, in the products of in-flight fission of 238U [17]. More details
of the accelerator complex are described in a separate article [7].

1 The number of publications to date is approximately 300.
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Table 1. Specifications of the RIBF cyclotrons. In the bottom row, the number of acceler-
ation cavities is shown (FT = flat-topping cavity).

fRC IRC SRC

K-value (MeV) 570 980 2600
Number of sectors 4 4 6
Velocity gain 2.1 1.5 1.5
Number of trim coils 10 20 4 + 22
Frequency range (MHz) 54.75 18–38 18–38
RF system 2 + FT 2 + FT 4 + FT

Fig. 3. The ring cyclotrons in RIBF. The fRC, IRC, and SRC have been newly constructed for the RIBF project.

injector for this mode was taken over by the RILAC2 injector in 2011, although at the beginning it
was the RILAC. Two charge strippers are used in this mode. One is located at the exit of the RRC,
and the other is between the fRC and IRC. The RILAC2 injector has made it possible to operate the
BigRIPS facility with very heavy ion beams and the GARIS facility for the research of super-heavy
elements independently [6,7].

3. New ring cyclotrons

Details of the specifications and construction of the new ring cyclotrons, shown in Fig. 3, are pre-
sented below. The basic parameters are summarized in Table 1. More detailed descriptions of the
fRC, the IRC, and the SRC are given in [8–11], respectively. The construction schedule is described
in Ref. [4].

3.1. fRC
The fRC is a four-sector room-temperature ring cyclotron, designed as a fixed-frequency machine,
unlike other cyclotrons in the RIBF, so as to minimize its construction cost. The injection and extrac-
tion energies (10.5 and 50.7 MeV/u) of the fRC are determined to compensate energy losses in the
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Fig. 15. Nuclear chart potentially covered by RIBF. The nuclei shown in purple-red (by the in-flight fission and
projectile fragmentation of uranium beams) and light blue (by the fragmentation of other beams) indicate those
with a production rate higher than 1 particle per day, expected with a primary-beam intensity of 1 particle µA.

will be about 100 pnA. The RIKEN RI Beam Factory is the only “new-generation” facility that is
working, before completion of the facilities planned or under construction in Asia (HIAF at IMP
China, the IBS facility in Korea), the United States (FRIB), and Europe (GSI FAIR, Spiral2).

The new RIBF facility has started operation and several experiments there have already produced
several highly significant results, as briefly presented in this article. Its RI beam production capability
is already superior to those in existing facilities for many neutron-rich isotopes. To exploit fully the
research opportunity, construction of several experimental installations has been planned.

In addition to SAMURAI, the spectrometer SHARAQ [99], seen in Fig. 1, is in operation. For
high-resolution missing-mass measurements, a dispersion-matched RI beam line is coupled. The
first experimental result, isovector spin-monopole excitation studied by the charge-exchange (t, 3He)
reaction, has been obtained [100].

The idea of SCRIT for scattering experiments with storage electrons and RI ions trapped by elec-
tron beams has been experimentally confirmed [101]. Construction of the electron–RI scattering
equipment with SCRIT is ongoing [102] (see Fig. 1). The major purpose is the most straightforward
determination of the charge distribution of exotic nuclei.

Construction has begun on an isochronous ring based on a novel idea of trapping rarely produced
fast RIs [103] (see Fig. 1). The primary purpose of this “rare RI ring” is to directly measure the masses
of very neutron-rich nuclei, for which no other method can be applied, due to the low production yield.
The mass measurement is expected to reach nuclei in the r-process path. It should be noted that the
mass or the reaction Q value is one of the most crucial quantities that govern the reaction network
for explosive nucleosynthesis.

The SLOWRI project utilizes slow RI ions produced by stopping fast ions in gas, as mentioned
in Sect. 3.2.3. Another project for slow RI ions is planned by a group from KEK. Using the laser-
ionization technique, heavy neutron-rich nuclei, created by the multi-nucleon transfer reaction and
stopped in gas, are to be extracted. This equipment, called KISS (KEK isotope separation system), is
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cally offset to higher atomic masses than the correspon-
ding r-process peaks.

The distance of the r-process paths from the valley of
stability underscores why information on the properties of
nuclei far from stability is so critical to understanding the
process. To first order, the values of Sn determine the 
r-process path,2 and the values of tb determine the shape of
the abundance curve.6 Individual n-capture cross sections
can also play a role, especially during the supernova’s
“freeze-out” transition, when the neutron flux disappears,
temperatures drop, and equilibrium conditions no longer
prevail. 

Fission will occur during an r-process when neutron-
rich nuclei are produced at excitation energies above their
fission barriers.2 Fission determines the heaviest nuclei
produced in an r-process, and the fission products con-
tribute to the distribution of lighter nuclei.2,6 The high neu-
trino flux released in a supernova explosion also gives rise
to nuclear interactions, for example

ne + (Z, A) O (Z+1, A) + e–,

which has essentially the same effect as beta decay.7

Site-independent model calculations6,8 have success-
fully replicated the abundances of r-process elements in the
solar system with superpositions of r-process paths with
neutron separation energies in the range of 1–4 MeV. Such
paths are far from the valley of stability, traversing regions
of the nuclide chart where nuclear properties are poorly
known. Some paths extend all the way out to the neutron
drip line. Most of the relevant nuclear species are not cur-
rently accessible in the laboratory. But rare-isotope acceler-
ator facilities in planning stages in the US and Germany,
and already under construction at the RIKEN facility near
Tokyo, should make them available to experimenters in the
foreseeable future. Expanded theoretical efforts will also be
needed to provide reliable predictions of  masses, lifetimes,
fission properties, and neutrino interactions.6,7

Abundance observations in stars
Much of the new knowledge regarding the formation of the
heaviest elements has been gained from high-resolution
spectroscopic observations of stars in our galaxy, especially
of the so-called halo stars. A star’s surface abundance of the
various elements reflects the interstellar matter from which
the star formed. The halo stars circling the galaxy in highly
eccentric orbits are among its very oldest stars. By compar-
ison with the Sun, they have very low Fe abundances. But
they do have clear signatures of elements made in the 

r-process. This indicates that the halo stars were formed be-
fore there was much s-processing in the galaxy.

The s-process elements come from low-mass stars that
often live for billions of years before they end their lives as
white dwarfs. Significant s-process material had not yet
been ejected into the interstellar medium when the old
halo stars were born. The first generation of high-mass
stars that ended their short lives as supernovae produced
only r-process material. Their ejecta were incorporated
into the matter from which the halo stars formed.

One of the best studied of the halo stars is called CS
22892-052. Its ratio of iron to hydrogen is less than a thou-
sandth that of the Sun. The most recent abundance data9

for CS 22892-052 are shown in figure 3. Fifty-seven ele-
ments have been observed in this star 15 000 light years
from us. No other star, except the Sun, has had so many
of its elements identified. The detections even include the
radioactive element Th, which can be used to measure the
ages of halo stars.9,10

For comparison, a curve of r-process elemental abun-
dances in the solar system is superposed on the CS 22892-
052 data in figure 3. Because the s-process can be reliably
calculated from nuclear parameters measured in the lab-
oratory, one deduces r-process contributions by subtract-
ing the calculated s-process component from the raw abun-
dance isotope observations. The solar system curve is
scaled to compensate for the Sun’s enormously greater
metallicity—by which astronomers mean the abundance
of all elements heavier than boron, but especially iron.

For barium (Z = 56) and all heavier elements, there is
a striking agreement between the abundances in the halo
star and the scaled solar system r-process distribution.
The total unscaled abundances are very different, but the
relative proportions of the heavy n-capture elements are
quite similar in the 4.6-billion-year-old Sun and this much
older halo star.

That similarity says much about the r-process. First
of all, the presence of these elements in the halo stars
demonstrates the operation of the r-process during the ear-
liest epochs of galactic history, presumably in massive
stars that ended their lives as supernovae. It also shows
that elements normally thought of as s-process products
in solar system material, for example Ba, were also formed
by the r-process in the earliest galactic times—when the
low-mass, long-lived stars that would come to serve as 
s-process sites had not yet synthesized those elements and
injected them into interstellar space.5

The agreement between the abundance curves for the
heaviest n-capture elements in the halo star and the Sun also
demonstrates the robustness of the r-process. The process
has clearly been operating in much the same manner over
many billions of years. Wherever and however the r-process
operates, it appears to be very uniform and well confined in
astrophysical parameter space. It seems, for example, that
temperature, density, and neutron flux at r-process sites vary

http://www.physicstoday.org October 2004    Physics Today 49

Figure 2. Solar system abundances of heavy elements pro-
duced by r-process and slow (s-process) neutron capture.
Plotted values are 12 + log10 of abundance relative to hydro-
gen. Abundance peaks are caused by maximum tb or mini-
mal n-capture rates at magic numbers corresponding to full
neutron shells. Because the r-process carries nuclei farther
from the valley of stability than does the s-process, it en-
counters each closed shell at slightly lower mass number.
Hence the r-process peaks are offset to lower A. The curves
are not renormalized; the two processes really have con-
tributed about equally to the solar system’s inventory of
heavy elements. (Adapted from ref. 3.) 
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Question 3: 
How were the heavy elements from iron to uranium made? 
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Rare0RI(Ring((R3)(collaboraOon�
Heavy-ion storage ring dedicated to mass measurements 

based on Isochronous Mass Spectrometry 
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Status and Perspectives�
1st. Phase (2002~2011) 
Design study 
R&D study 
Ring design was finalized in 2011 

2nd. Phase (2012~2013) 
Construction budget was approved 
Construction was started 
Infrastructures, Magnets, Power Supplies,  
Control system, Vacuum system, etc. 
Each device was tested 

3rd. Phase (2014~ ) 
α-particle transport test 
Commissioning using 250MeV p-beam 
Upgrading to 6Tm machine 
Construction of field-stabilization system 
Improving detector system 

Short History�

We are here�

2015~� DECommissioning using heavy-ion beams 
DE1st Production run, mass measurements 
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