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RIKEN Nishina Center for Accelerator-Based Science
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Unraveling the mysteries of the origin of matter

Some 13.8 billion years ago, our universe was born from the “Big Bang”. In
its earliest stages, neither the earth nor the sun existed; the universe was just a
sea with hydrogen and helium drifting in space.

After a long period of time, the first stars emerged. At the core of the stars,
carbon, oxygen, iron and many other elements were created. Eventually, these
stars ended their lives in tremendous explosions, or sometimes collided with
other stars, dispersing the elements into space. These elements were then
pulled back together by gravity, giving birth to the sun and the earth. We are in
fact children of the stars, as we are made up of the elements originating in them.

However, many mysteries still remain. For example, how were the heavy
elements such as uranium created? How is it different from the way lead and
other elements originated? By exploring these, we will unravel the mysteries of
the birth of the universe.
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The human race has developed science and technology to
satisfy its curiosity and answer some simple yet fundamental
questions. RIKEN Nishina Center for Accelerator-Based
Science (RNC) promotes science and technology related to
"element transmutation" founded by Dr. Yoshio Nishina more
than 80 years ago, and challenges this ultimate question:
"Can human beings freely transmute elements?" By returning
the research results obtained to society, we aim to solve the
energy, medical, environmental and resource problems faced
by humankind.

The RNC constructed the Radioactive Isotope Beam
Factory (RIBF) to artificially synthesize a massive amount of
short-lived neutron-rich radioactive isotopes (RI) and conduct
research on their properties. It is a facility that brings together
the best of the best of heavy ion accelerator technology and
isotope separation technology. Since its full operation started
in 2007, the RIBF has boasted performance unparalleled in
the world, and as a world research hub, has produced many
research results that attracted researchers from worldwide.
So far, the RIBF has produced numerous research results that
have fascinated researchers around the world, including the
synthesis and discovery of the new element “nihonium”, the
discovery of new magic numbers, the observation of tetra-
neutrons, and the study of nucleosynthesis processes in
the universe. The RNC is also engaged in the technological
development to convert long-lived nuclides contained in
high-level nuclear wastes to stable or short-lived elements.
Heavy ion beam produced at the RIBF are also utilized for
radiopharmaceuticals manufacturing, plant breeding and
semiconductor testing, and applied for practical use in the
fields of medicine, agriculture and IT.

By upgrading the RIBF, the RNC plans to dramatically
improve its capacity to produce unknown RIs. With the
upgrade, the RNC will make it its mission to lead and
maintain Japan’s science and technology in nucleosynthesis,
and take on the challenge of creating safe and secure new
energy sources for the next 50 to 100 years.
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Bridging the 13.8 billion years since the beginning of the universe to this moment
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Producing unknown nuclei and elements

IRE2,900 BB DRFZNFSN TLE T L LIEERIICII#110,000%E48
DRFEOFEDRFASTNTOVE T RIE-LTZIRI—TIEIABRIER
BIRFZ%%E1,0008 58U EERL . RFZT—IVRERBRICHEASEE Y,
ZUTCTHEDHEREILMNDT T . 2004F7 B FAREFAEENEND—DT
HHBETE 113BRLRERRELILC. ZDHEINEBHSN. 20164(CTT
F&"nihonium" TR S "Nh"HRELFZLZ. TSICEVTREDFHK R ZHE
LIEREEHELTLE T,

There are 2,900 species of nuclei currently known. Theoretically, however, it has been predicted that
there are probably around 10,000 species in existence. The Rl Beam Factory should be able to discover
more than 1,000 species of yet unknown nuclei, expanding our knowledge of the world at the nuclear
level and of the elements. In July 2014, we discovered a new superheavy element, element 113. With

the recognition of the discovery, we

name and symbol of the new element.
ongoing to search for yet heavier elements.
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proposed "nihonium" and "Nh" as the

Experiments are still
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The birth of the first elements, protons and neutrons

EVONY TEINEBSROFHISEERLLM
S5HBRTLE.0.0001BRICE3DDDF—IMT
W—FVICEOTHEUITSN. (FUHD TR, 5
FEPHFNRELET T CDESEERMILTTR
D KETIVYOANT VEIFRFPT(BNL) &3
FTHELTOE T,

A mere 0.0001 seconds after the “Big Bang," ultra high temperature
space, a plasma of quarks and gluons, continued to expand, and as
it cooled, three quarks were bonded by gluons. This gave birth to
the first elements, protons and neutrons. Brookhaven National
Laboratory (BNL) in the USA and RIKEN, in a joint undertaking, are
challenging the mysterious structure of these first elements.

ERFREATOERTHRET DHFEH . COLSBRLZE
BHLCTIF—TETIW—F VDT SATREPBEFON
BIBSZRAT 5.

Particles generated by the collision of gold nuclei, Millions
of such reactions are” analyzed and used to elucidate the
plasma state of quarks and gluons as well as the internal
structure of protons.
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Studying nuclei in extreme conditions
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At the RI Beam Factory, nuclei with extremely different numbers
of protons and neutrons are created and their lifetimes, masses,
sizes, and shapes are investigated. This research has led to the

discovery of a number of phenomena that defy conventional
wisdom, including nuclei with unique shapes such as halo and
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Zero-Degree Spectrometer.  This multi functional beam line can
be utilized with heavy atomic nuclei up to uranium.

history, is able to accelerate very intense all-element heavy ions to a
speed of about 70% of the velocity of light.

184

10“ seconds
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How the heavy elements from Iron to Uranium
were made in Universe
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Heavy elements are important to all living things. The heavy
elements from carbon to iron are formed inside stars. However,
today in the 21st century, there yet remains a great question as to
where and how the heavy elements from iron to uranium were
formed. Rl Beam Factory solves this question by studying highly
neutron-rich, unstable nuclei.
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Rare Rl Ring. It utilizes a unique method to measure the masses
of atomic nuclei.
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Accelerator-Based Science that connects macro and micro science

Accelerator-based science enables us to investigates the origin of the universe, unravel the mystery of
the genesis of the elements, and elucidate the laws of nature. The application of accelerator technology
extends beyond the field of nuclear physics to agriculture and medical-care industries.
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Utilization of nuclear waste
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Application
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Production of useful Rl Applcation
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XLLFP:--Long-Lived Fission Product (E&EFS%NHERY)

High-level radioactive waste will be processed at a reprocessing facility.
In this treatment, long-lived fission products (LLFP*) are extracted
from those that cannot be reused as nuclear fuel and recycled into
harmless platinum group metals, rare metals, etc. using
transmutation technology. It also aims to convert non-recyclable
high-level radioactive waste into low- and intermediate-level
radioactive waste.

*LLFP...Long-Lived Fission Product
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SRILAC which started
operation in 2021.
With the development of
Superconducting high-
frequency acceleration cavity,
i achieved heavy-ion
acceleration by ultra-efficient,
low power consumption.

Image of research on
reduction and recycling of
high-level radioactive nuclear
waste
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Interdisciplinary Quest for Supernovae
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Supernova explosions are the final fate of massive stars, -
dispersing elements heavier than carbon. However, we don't

<

know if gold and uranium are really created by supernovae. fﬁﬁl*‘—l_\&UEim.t“ﬁHUz_\‘nrcikii:IT’o
Collaborating with high-energy astrophysics laboratories, we FHF&Ichr- 2 REBDIRENMES.

hunt the nucleosynthesis site of gold and uranium. Furthermore, Ice core drilled at Dome-Fuiji station in
ntarctica, containing imprints from a

we quest the footprints of supernovae with Antarctic ice core. million years ago.
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Radioisotopes (RIs) are widely used as
tracers and radiation sources in basic
research in physics, chemistry and
biology, as well as applied in fields such
as medicine, agriculture and industry. At
the RIBF, more than 100 types of R
production technologies have been
developed, and applied research in
various fields ranging from chemistry of
new elements to cancer diagnosis and
treatment s being advanced.

BHESNTRI () ERIEREE (B)
The RI produced (left) and the Rl purifier (right)
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Creating new varieties with heavy ion beams
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By focusing on how mutation can be efficiently
induced by heavy ion beam irradiation, we are
developing new breeding methods. As
examples, we have succeeded in developing
mandarin oranges that can be harvested a
month later, and larger rotifers for aquaculture

Throqgh these resea.rch. efforts, we will (L) BLTDOBE, BEORERDEL ol
contribute to the realization of sustainable (F)D Ay, fE=EHOD LY DEXIL. BIEAEMIC
agriculture and fisheries. 2o

Examples of heavy ion beam breedin%, R
(Above) Cross-section of "Haru Shizuka" with
lower incidence of rind puffing .

(Below) Rotifer. Succeeded n developing larger
rotifers of the Notojima strain, and increasing their
reproductivity.
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Accelerate heavy-ion beams with unprecedentedly high-intensities at RIBF

Consisting of seven teams, the Accelerator Group develops various technologies
to accelerate many types of intense heavy ion beams stably for a long period
of time at the Rl Beam Factory (RIBF), the most advanced heavy ion beam
accelerator facility in the world, as well as efficiently operate and maintain the
accelerator facility. We are also working with other research groups to develop
future plans and pioneer accelerator-based research.
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Maintain and manage RIBF experimental equipment and draw out the
maximum research results

This group is the driving force at RIBF for continuous enhancement of activities
and competitiveness of experimental researches. Consisting of five teams, we are
in charge of the construction, operation and improvement of the core research
instruments at RIBF, such as BigRIPS separator, ZeroDegree spectrometer, GARIS
spectrometer and SAMURAI spectrometer, and the related infrastructure and
equipments. The group also conducts related experimental researches as well as
R&D studies on the research instruments.
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Maximize the potential of the RI Beam Factory

In the Experimental Device Development Group, we are engaged in the
development and construction of the core experimental equipment for the Rl
Beam Factory. The current line-up of core experimental equipment provided
consists of interoperable equipment that can be supplied to users at numerous
research sites and unique equipment dedicated to a single purpose. This line-
up of core experimental equipment draws out the highest intensity Rl beams ever
emitted from the Rl Beam Factory, leaving no potential unrealized.
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Nuclear Science Research Division
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Creating extremely unbalanced nuclei, aiming to discover new phenomena

Investigating the dynamics of the exotic nuclear structure of unstable nuclides with
extreme imbalances of protons and neutrons never before seen by humankind is
the theme of our research. Our goal is to discover unexpected new phenomena
and properties by employing bold and agile tactics in the development of new
methodology and detection devices suitable for high-speed unstable nuclear
beams. We will also attempt to elucidate the state equation of asymmetric
nuclear matter, which is also related to the origin of the elements and the internal
composition of neutron stars.
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Elucidate the diversity and regularity of nuclei through spin - isospin

A nucleus is a finite-body quantum system of hadrons and is a self-organizing
system governed by the strong interaction. How do “variety” and “regularity”
develop and coexist in the nuclear world? We are aiming at clarifying its
mechanism through experimental studies of radio-active nuclei produced at the
Rl Beam Factory. In particular, the Spin-Isospin Laboratory pursues research
activities putting focus on interplay of spin and isospin which are manifestations
of symmetry of nature. We are, at present, performing experiments with spin-
polarized protons to solve the magicity-loss problem appearing far from the beta-
stability line.
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Exploring a novel nuclear structure with controlling nuclear spin

Far-unstable Rls (radioactive isotopes), whose proton/neutron ratios differ
significantly from those of naturally-occurring stable nuclei, have been shown
to exhibit unique nuclear structures and properties, and their structural studies
are one of the central subjects in nuclear physics. The research group has been
conducting physics research based on various nuclear spectroscopic techniques,
such as B-ray spectroscopy (B-NMR, uSR, etc.), y-ray spectroscopy (y-TDPAD,
Moéssbauer spectroscopy, etc), laser spectroscopy, and TOF mass spectroscopy.
In particular, the group is working on the development of the device to control
RI spins and the universal low-energy RI-beam device, SLOWRI, aiming at new
experimental research using the unique Rl beams produced.
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Synthesize super heavy elements unexplored by mankind

The heavy elements with atomic numbers exceeding 103 are called superheavy
elements (SHEs). SHEs have been artificially synthesized using nuclear fusion
reactions at heavy-ion accelerators. How many more elements exist? How will the
periodic table of the elements evolve in the future? Our team investigates synthesis
of SHEs, nuclear properties of SHE nuclei, and chemical properties of SHEs. We
also develop and maintain SHE production and separation devices, detectors, and
chemistry apparatuses.
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To theoretically understand baryons with strange quarks

Baryons, the particle family to which protons and neutrons belong, also include
lambda particles, sigma particles, and xi particles, which possess the property
of strangeness (S) and are called hyperons. Atomic nuclei consisting of these
hyperons, protons, and neutrons are hypernuclei. Our goal is to gain a unified
understanding of the mutual interactions between hyperons and nuclear particles
by studying the structure of these hypernuclei from the viewpoint of the three-
bodied and four-bodied problems of quantum mechanics.
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Elucidate scenario of element synthesis in cosmos

In the immediate aftermath of the Big Bang, the beginning of the universe, only
hydrogen and helium existed. However, nuclear fusion in the interior of stars and
the explosion of supernovae in the universe over the course of 13.8 billion years
led to the evolution of a world brimming with the many different elements we have
today. By using man-made satellites to observe x-rays and gamma rays emitted
from celestial bodies, we are observing the creation of the elements at their actual
source. Our goal is to comprehensively elucidate the scenarios for the formation of
the elements in the universe, together with our research on atomic nuclei through
the use of an accelerator.
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Seeking relationships between the Universe and Earth using Antarctic ice cores

Ice cores preserve atmospheric information. We measure isotopic and ionic
concentrations in Antarctic ice cores with precise analytical techniques and develop
instrumentation of high-sensitivity and high-temporal resolution; we also simulate
numerically the chemical effects of giant solar flares and supernovae on the Earth’s
atmosphere. Combining our experimental evidence and theoretical simulations,
we are investigating climate change and direct relationships between solar activity,
volcanic eruptions, the evolution of molecules in space, the footprints of supernovae
in ice cores, and the frequency of occurrence of supernovae in the Milky Way.
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Nuclear physics as a fundamental science and its application

Nuclear structure and reactions reveal various aspects of quantum many-body
systems due to the assembly and disassembly of protons and neutrons. In the
Nucleon Many-body Theory Laboratory, we aim to understand such dynamics of
nuclei and to construct theoretical models to describe them. Our research topics
include nuclear structure issues such as deformation, shell structure, and clustering
of unstable nuclei, and nuclear reactions in the Universe where elements originate.
In addition to this fundamental research, we are also developing nuclear reaction
databases for applications in various scientific and technological fields such as
medicine and industry.
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Probing the secret of the Universe with the strong interactions

We study one of the four fundamental forces of the nature, the strong interaction,
using RHIC collider at Brookhaven National Laboratory, USA. RHIC can collide
heavy nuclei at high energy, producing hot and high density matter called Quark
Gluon Plasma, which existed in early Universe. We study the properties of
QGP produced at RHIC. We also study the nucleon structure with polarized pp
collisions at RHIC. RHIC is the only high energy collider that can collide polarized
proton beams. Polarized proton collisions at RHIC were realized at the initiative of
RIKEN.
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EXPlOI‘ng new aspects ofnuclei using mesons as probes

We are conducting experiments aimed at generating a novel form of nuclei
or matter where a meson is bound as a real particle, although mesons are
typically considered virtual particles within a nucleus. Specifically, our focus
lies in embedding an antikaon, which contains a strange quark, into nuclei. It is
suggested that the density of kaonic nuclei increases, potentially revealing new
properties of the nucleus.

Furthermore, we are engaged in interdisciplinary research, such as muon atomic
experiments, utilizing state-of-the-art superconducting X-ray detectors known as
TES detectors.
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Develop nuclear transformation technologies for human happiness

The disposal of high-level radioactive wastes from nuclear power plants is a
problem considered to be one of the most important issues at both national and
international levels. As a fundamental solution to the problem, the establishment
of nuclear transmutation technology where long-lived nuclides can be changed
to short-lived or stable ones will be vital. Progress in R & D in the transmutation of
long-lived fission products (LLFP) in the nuclear wastes however, has been slow.
Our group aims to obtain reaction data of LLFP at RIBF and other facilities which
may lead to a new discovery and invention for peaceful use of nuclear power and
the welfare of humanity.
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Develop ultra-high-intensity accelerators for reduction and resource
recycling of high-level radioactive wastes

Nuclear Transmutation Technology Group develops elemental technology of high-
power accelerators and high-power targets to aim for its application to nuclear
transmutations of long-lived fission product into short-lived nuclides in the future.
The research subjects include the development of superconducting rf cavities for
low-velocity ions, designing high-power accelerators, high-power target systems
and related technologies.
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Develop new breeding technologies using heavy ion beam

Heavy-ion beams are not only used in atomic nuclei research but are also in a
wide range of fields such as chemistry, biology, engineering and medicine. The lon
Beam Breeding Group promotes research on biological effects using heavy ions
generated at RIBF as well as development of mutation breeding technology for
plants and microbes using heavy-ion beam irradiations. The Group already sells
42 new varieties and products on the market. By providing this new technology to
researchers, we will engage in discovering new genes and breeding new varieties,
and contribute to solving social issues such as food, energy, environment, and
climate change.
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Develop new industrial application technologies with Rls and ion beams

We promote industrial applications of radioisotopes (RI) and ion beams at the Rl
Beam Factory. The Nuclear Chemistry Group develops production technologies of
useful Rls, and promotes application studies such as chemistry of new elements,
and diagnosis and treatment of cancer in collaboration with researchers around
the world. The team also develops technologies of mass spectrometry for trace-
element and isotope analyses, and apply them to the research fields such
as cosmochemistry, environmental science, archaeology, etc.. The Industrial
Application Research Team promotes industrial applications of the accelerator
facility and its related technologies such as radiation test of semiconductors and
wear test of machine parts.
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Responsible for the safety management of RIBF

In order to operate the high-intensity heavy ion accelerator and the Rl experimental
facility safely, it is essential to maintain a fully acceptable low level of radiation
emission into the surrounding environment and to restrict the radiation exposure
of experimenters as low as reasonably achievable. The Safety Management
Group conducts R&D on radiation control, measurement, shield, etc. in addition to
bearing the responsibility for the daily oversight of safety.
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Promotion and outreach on the use of RIBF

The User Liaison Group is engaged in activities to promote the efficient and wide-
ranging use of the RIBF accelerator facilities. The Group’s main activities are: 1)
hold the Program Advisory Committee to review RIBF experimental proposals
2) manage the efficient use of RIBF beam time 3) accept external researchers
through the “RIBF Independent Users System” established to promote the use
of the RIBF facilities, and 4) operate the User Liaison Group to provide a one-
stop service for RIBF Independent Users to facilitate and assist with necessary
formalities.
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Clarify the behavior of quarks and gluons in proton

At the Brookhaven National Laboratory in the U.S., we are studying the physics
of quarks and gluons using the RHIC (Relativistic Heavy lon Collider) accelerator
and QCD based theories. RHIC is the first collider-type accelerator in the world
to achieve high-energy collision of polarized protons and heavy ions. We are
specifically investigating the state of quarks and gluons bound inside protons
through collisions of polarized protons to elucidate the source of the proton spin.
We are also studying the state of the matter at the birth of the Universe through
collisions of heavy ions.
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Japan Radioisotope Association

As of April, 2024, the Nishina Center has research
collaborations with 15 domestic institutions and universities,
and international collaboration agreements with 41
major institutions and universities in 18 countries and
region across the globe. The purpose of the collaboration
is to actively support research collaborations by hosting
workshops and symposia, promoting the exchange of
researchers, and conducting collaborative experiment.
The collaboration also aims to enhance human resources
development by accepting students from worldwide.
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Contribution to Society
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Active interaction with the general public through various events
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Yoshio Nishina Memorial Room
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Stored ever since the Nishina Laboratory was established in 1931 in
Komagome, the furnishings of the Laboratory were donated to RIKEN
and reconstructed in 2022 as the Yoshio Nishina Memorial Room.

Of approximately 8,000 people visiting the Wako
Campus Open House every year, about 3,000 come the
Nishina Center for the facility tour. The visitors can
see firsthand the world-class superconducting ring cy-
clotron, as well as state-of-the-art experimental facil-
ity. The facilities open to the public are where the visi-
tors are introduced to new breeds of flowers developed
by plant breeding using heavy-ion irradiation, and the
flower seeds irradiated by ion beams are distributed.

In addition, the Nishina Center welcomes junior
high/high school and university students from within
and outside the prefecture on a regular basis and of-
fer facility tour which has been very popular among
the students. The Nishina Center also actively par-
ticipates in scientific events by running an exhibi-
tion booth. Through these efforts and initiative, the
Nishina Center aims to boost the general public’s

interest in science as well as nurture aspiring, future

scientists.
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Exhibit at science event
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At the request of Wako-shi, a facility tour
and a workshop for children was held

M%‘\
REEH \
{ @
\ 5000 At /
\\j—%ﬁﬁa%ﬁf/f”

o s

Exhibition booth at a scientific event
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Ran exhibition booth several times at Science Agora
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RIBF with in-house power generation
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An in-house power generation was built in RIBF to aim for cleaner, more
eco-friendly facility. Gas turbine cogeneration facility (CGS) not only generates
6,500kW of electricity but also plays a role in producing cooling water for the
accelerator facility through an absorption refrigerator that uses excess steam.
This is equivalent to electricity generated by 2,000 households. The CGS facility
reduces CO2 emissions by 1,100 tons per year, which is equivalent to the amount
of CO2 absorbed by 220 ha of forest.
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Gas turbine cogeneration facility
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Registered as TEPCO's official power station, it generates very
clean energy while utilizing waste heat efficiently

NUDLUYADIVCIHADEEZZZD

I% Supporting the foundation of research with helium recycling
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Tanks re-filled with liquid Helium at Helium Liquefaction Facility
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At -269°C, liquid helium's boiling point
is the lowest of all the elements, making it
an indispensable material for cryogenic re-
searchers who need to cool superconducting
magnets for medical MRI and make mea-
surements at extremely low temperatures.
On the other hand, helium is extremely rare,
and in recent years, an increase in global de-
mand for helium has led to frequent helium
crises. The situation is even more serious in
Japan, which relies entirely on imports for
helium.

RIKEN has been recycling helium for
about 60 years, and the Helium Liquefaction
Facility of the Cryogenic Technology Team
has supported the foundation of research by
recovering helium used in the laboratory,
then cooling, liquefying again, and distribut-
ing to researchers who need it. It is one of the
largest of such recovery facilities in Japan
that boasts a high level of quality. Recently,
we are also taking the initiative to recover
helium from medical MRIs discarded by the
private sector, thereby contributing to the

realization of a "helium-recycling" society.
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The dawn of a new era!
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