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　In the LHD deuterium plasma experiment in FY2020, we developed a scenario to generate a plasma with electron and 
ion temperatures reaching 100 million degrees and conducted physics experiments using this plasma and achieved many 
results in 2021. Until now, plasmas with an ion temperature of 100 million degrees or higher have had a low electron temperature, 
and with this success, we were able to establish a method to produce plasmas that reached 100 million degrees. With this success, 
LHD research has entered a new stage.
 Physics experiments on deuterium and hydrogen isotope mixed plasmas have led to new discoveries about turbulence and 
instability that interfere with maintaining plasma stability. With regard to turbulence, we found that the central and peripheral 
regions of the plasma require completely different controls. We found that in the center of the plasma, a steep temperature 
gradient can be formed by reducing the turbulence, whereas at the edge, increasing the turbulence reduces the heat load on the 
device. Therefore, it became clear that it is desirable to control the turbulence by suppressing it in the center of the plasma and 
increasing it at the edge. Experiments have shown that turbulence, which has been emphasized as a negative aspect of fusion, has a 
positive one. There are two types of plasma instabilities that occur when the pressure gradient becomes steep: those that appear 
slowly and persist, and those that appear suddenly. Suddenly appearing instabilities are like earthquakes, in that they can occur at 
any time, but we do not know when. For this sudden type, important experimental results were obtained to clarify the "trigger" and 
the effect on the plasma.

 Physics experiments on plasma turbulence and instability have provided important insights for the development of control 
methods for turbulence and instability in future fusion plasmas. Turbulence and sudden instabilities are considered to be deeply 
related not only to fusion plasmas but also to various phenomena occurring in space and on the earth. We are planning to promote 
such interdisciplinary research in the LHD.

Research results are available at https://www-lhd.nifs.ac.jp/pub/Science_en.html
LHD data is also available at https://www-lhd.nifs.ac.jp/pub/Repository_en.html
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 Owing to progress in numerical simulations and computers, the 
optimized magnetic field configurations that are expected to confine 
high-temperature plasma efficiently in a steady state have been 
found. A known method to generate such magnetic fields is to use 
modular coils. The continuous helical coils, that have also been used 
for fusion devices such as the Large Helical Device, have unique 
advantages: the large space between coils enabling easier access 
into the vacuum vessel and the existence of magnetic field lines 
guiding the heat and particle fluxes to the exhaust. However, the 
previous method of designing helical coils could cover only limited 
types of magnetic configurations. We have developed a new 
coil-designing technique that is applicable to both the modular and 
the helical coils, employing free-form curves and a genetic algorithm. 
By applying this new technique, we have found that a numerically-
optimized magnetic field can be reproduced both by the modular 
coils and the helical ones. We have also found that these helical coils 
still generate the magnetic field lines that would guide the plasma to 
the exhaust, as conventional helical coils do. We are working on 
implementing this technique into a new tool for designing and 
optimizing a fusion device, taking into account entire magnetic field 
structures inside the vacuum vessel.

Modular coils (left) and helical coils (right) generating the 
optimized magnetic field, together with the actual magnetic 
surface generated by coils are shown. The shape of both types 
of coil are expressed using free-form curves and have been 
optimized to reproduce the target magnetic field.

 For realization of fusion on earth, plasma heating to extremely high temperature is required. In a different type of device from the 
LHD, “a spherical tokamak,” a heating method via magnetic reconnection is employed, and in this study, we investigate magnetic 
reconnection physics by means of simulations. In 2021 we found a mountain-shaped ion velocity distribution, which is almost 
indistinguishable in shape from a Maxwellian one, i.e., a typical velocity distribution under a thermal equilibrium state. We have 
named it "a pseudo-Maxwellian distribution." In addition, we have shown that the pseudo-Maxwellian distribution belongs to a 
ring-shaped one with a large width. When the width is much less than the radius, we can clearly see a ring shape, as displayed in the 
left figure. As the width becomes larger, it is overlapped near the center, and thus the ring's hole is being plugged, as shown in the 
middle figure. If the width is larger than a criterion, the center is transformed from a hole into the peak of a mountain, that is, a 
pseudo-Maxwellian distribution is formed, as shown in the right figure. This finding means that although a system is not in a thermal 
equilibrium state, velocity distributions indistinguishable from a Maxwellian one can exist, and has the potential to significantly affect 
existing knowledge in experiments and observations.

Bird's eye view of r ing-shaped 
velocity distribution with width. In 
the left panel, the ring width is much 
less than the radius, and hence we 
can clear ly see a r ing-shaped 
structure. The middle panel shows 
that as the ring width becomes 
larger, the hole in the center is being 
plugged. In the right panel, the ring 
width is extremely large, we can see 
a  mounta i n - shaped ,  t ha t  i s ,  
pseudo-Maxwellian distribution, but 
not a ring-shaped one.

Research Results in 2021

A new coil-designing technique using free-form curves and a genetic algorithm

Discovery of Pseudo-Maxwellian Velocity Distributions and Clarification of its Formation Mechanism
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Peripheral plasma surrounds core plasma, and interacts with the 
device walls through an open magnetic field. It balances the 
confinement of heat and particles in the plasma and the protec-
tion of the wall materials, therefore it is an important region for 
fusion reactor design. We promote research for estimation of 
physical quantities and for physical understanding of plasma 
characteristics by modeling transport of the peripheral plasma 
interacting strongly with hydrogen gas and impurities in three-
dimensional devices. We are developing direct comparison 
methods with measurements of experiments and simulation 
schemes of realistic discharge conditions. We are working on an 
application of the transport modeling to helical/stellarator, tokamak, 
and linear devices through domestic/international collaborations with 
researchers and the education of students.

In high-temperature plasmas confined in fusion devices, transport of particles, 
heat and momentum is driven by inhomogeneity of the magnetic field, density 
and temperature profiles. Using supercomputers, we examine particle motions 
and their collective properties causing turbulence and/or Coulomb collisions, 
and investigate more efficient ways to confine the plasma. For the sake of 
integrated simulations of the whole plasma with extremely different space-time 
scales, we also grapple with modeling of transport coefficients, for example, 
heat diffusivity, using analyses of simulation data.

A visualization of radiation from a neon-seeded LHD plasma 
calculated by the EMC3-EIRENE code. The neon radiation shown in 
blue takes heat from the plasma and reduces its temperature in the 
peripheral region. This mechanism is utilized to reduce the heat load 
on the walls.

Density fluctuations in the LHD plasma obtained 
by large-scale simulations of turbulence.

Peripheral Plasma Transport Modeling

Kinetic Transport Simulation

 The Plasma Simulator Raijin is a massive parallel supercomputer system utilized to 
promote the Numerical Simulation Reactor Research Project. The Plasma Simulator 
Raijin consists of 540 computers, each of which is equipped with eight "Vector 
Engine" accelerators. The 540 computers are connected with each other by a 
high-speed interconnect network. The computational performance of the Plasma 
Simulator Raijin is 10.5 petaflops. The capacities of the main memory and the 
external storage system are 202 terabytes and 32.1 petabytes, respectively. The 
Plasma Simulator Raijin is capable of large-scale simulations of fusion plasmas.

Plasma Simulator Raijin

Plasma Simulator Raijin
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Large-current high-temperature superconducting (HTS) conduc-
tors are being developed for application to next-generation fusion 
experimental devices. We have designed three types of conduc-
tors with different internal structures: STARS, FAIR, and WISE 
using copper-oxide REBCO wires. Sample conductors were 
fabricated and tested to examine their characteristics. It has been 
confirmed that the conductors can energize extremely stably in 
magnetic fields exceeding 8 Tesla at temperatures 20 degrees 
higher than -269 degrees Celsius, which is the operating tempera-
ture of conventional low-temperature superconducting (LTS) 
conductors. The current exceeds 20,000 amperes.

　The Fusion Engineering Research Project conducts both a conceptual design of a 
steady-state fusion reactor and various types of engineering research. The project 
consists of three research groups: Reactor System Design, the Superconducting 
Magnet, and In-Vessel Components, with 13 task groups. As the center of universi-
ties' fusion engineering research, the project carries out domestic and international 
collaborations utilizing state-of-the-art technologies.

Large-current HTS conductors for application in next-generation 
fusion experimental devices (left: STARS, middle: FAIR, right: WISE)

Latest Results

Development of large-current HTS conductors

 The divertor directly receives extremely high heat loading 
coming from high-temperature plasmas. We have successfully 
developed a divertor component with ultra-high heat removal 
efficiency, using a new method, Advanced Multi-Step Brazing 
(AMSB), to join oxide dispersion strengthened copper alloy 
(ODS-Cu) to tungsten and other materials. A prototype diver-
tor component fabri-
cated by AMSB has 
been instal led in 
LHD, which demon-
strated excellent 
heat removal perfor-
mance. We have also 
successfully devel-
oped a joint tech-
nique between a large 
tungsten sheet and 
stainless steel, using 
AMSB.

 The superconducting coils of a fusion reactor are subject to 
huge electromagnetic forces of up to 10,000 tons per meter. 
Therefore, the coils are supported by a structure with 
sufficient strength. In a conventional design, the total weight of 
the coils and the structure exceeds 10,000 tons. "Topology 
optimization" has been applied to reduce this weight, such as 
by making new apertures in the structure (to change the 
topology). The figure shows the result of topology optimiza-
tion. The total weight of the structure is reduced by approxi-
mately 25%. A seismic analysis was also conducted on the 
optimized model, and the soundness of the structure was 
confirmed.

Conventional design (left) and a topology-optimized one (right) 
for the coil supporting structure (a part of a doughnut is shown 
for both).

Development of
ultra-high heat removal divertor

Structural Design of Fusion Reactor by
Topology Optimization

Fusion Engineering Research Project

Prototype divertor heat removal component 
of W/ODS-Cu, fabricated by AMSB

Joint sample of tungsten sheet and stainless 
steel, fabricated by AMSB
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 The Reactor System Design Research Group is responsible for 
the consistent design of the "plasma," "superconducting 
magnet," and "blanket" systems. It is also responsible for a 
system design to determine the specifications of the main 
components, design of fuel supply to the plasma core, the 
study of fuel cycle safety treatment systems, calculation of 
neutron transports, the study of hypothetical operation sched-
ules, and evaluation of power generation costs. Through these 
studies, we are enhancing the interlinkage between design 
studies and elemental technology development studies. We are 
also preparing an academic roadmap in a form that contrasts 
academic research themes that contribute to solving R&D 
issues originating in the helical fusion reactor.

The system design code searches for the optimum operation point 
(w i th in the white area)  on the p lane of e lectron and ion 
temperatures at the plasma center.

Research Groups

Reactor System Design Research Group

 Plasma in a fusion reactor is confined by a strong magnetic 
field. To generate this magnetic field, a superconducting 
magnet is made by winding superconductors that carry a large 
current of >10,000 amperes. For the winding conductors, 
metallic low-temperature superconducting wires and/or 
copper-oxide high-temperature superconducting tapes are 
used. We are conducting development research to select the 
most suitable type of wires and/or tapes and to combine them 
to stably carry large currents. Since superconducting magnets 
are subject to large electromagnetic forces, research is also 
being carried out to find materials and structures that can 
support these forces. We are also investigating winding and 
fabrication methods for three-dimensional helical coils.

Large HTS conductor sample and the research team.

Superconducting Magnet Research Group

 The in-vessel components consist of a "blanket", "first wall", and 
"divertor". The "blanket" breeds the fuel while receiving thermal 
energy and neutrons generated by the fusion reaction. Using a 
molten salt and liquid metal flow loop facility, studies on flow 
control under high temperatures and high magnetic fields, 
transport and recovery of thermal energy and hydrogen 
isotopes, the lifetime of coolant pipes, etc. are being conducted. 
In addition, we are collaborating with universities to develop 
advanced materials, such as vanadium alloys for blanket 
components. The "first wall" is the component closest to the 
plasma. We are focusing on materials that produce less 
radioactivity and studying their basic behaviors in the interac-
tion with the plasma at high temperatures and the behavior of 
hydrogen isotopes in the materials. The "divertor" is a compo-
nent that receives a heat flux coming from the plasma, which 
can reach more than 10,000 kW per square meter. Research is 
being conducted on material selection, cooling technology and 
design optimization, especially for the unique three-dimensional 
shape of the helical divertor, including a maintenance scheme.

Liquid blanket collaboration platform Oroshhi-2.
Liquid molten salt FLiNaK (temperature: 500°C) and liquid metal 
LiPb (300°C) are circulated for integrated testing under magnetic 
fields up to 3 Tesla.

In-Vessel Component Research Group
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　In the beginning, Rokkasho Research Center focused on PR activi-
ties such as organizing special exhibitions of fusion researches and 
hands-on experiment events, broadcasting the NIFS profile video, and 
distributing NIFS pamphlets. For example, the special exhibitions of 
nuclear fusion called “Plasma energy to shine the future” were held at 
the shopping center ReeV exhibition section from October 1 to 
November 30, 2008 and from November 29 to December 27, 2009. 
During the exhibition period, the hands-on experiment booth titled 
“Interesting Science Experiment Booth” was set up, and children and 
parents enjoyed the train running with superconducting magnets, the 
vacuum experiments, the plasma ball, and toys with scientific wonder.
　From October 2010, a staff member of Rokkasho research center of 
NIFS is undertaking work as IFERC project leader, and NIFS has 
strengthened the cooperation for the BA activities. Since the IFERC 
project successfully accomplished its purposes in the end of March 
2020 and the BA Phase II started in April 2020, the NIFS Rokkasho 
staff undertook work as the IFERC deputy project leader until March 
2022. Also, other NIFS researchers participate in the BA activities 
through the application for a call for proposals to the National 
Institutes for Quantum and Radiological Science and Technology 
(QST) fusion directorate.
　Also, the staff of NIFS Rokkasho Research Center is undertaking the 
role of the general coordination group leader of the DEMO design joint 
special team facilities, the NIFS Rokkasho staff works as a coordinator.
　The role of NIFS Rokkasho Research Center is to contribute widely 
not only to the success of ITER but also to the realization of fusion 
energy through the continuous efforts mentioned above.
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　The Research Enhancement Strategy Office was established by the Ministry of Education, Culture, Sports, Science and Technol-
ogy in 2013, as a result of the selection of the National Institutes of Natural Sciences（NINS） for the “Research University Enhance-
ment Promotion Project.” This project selects domestic universities and inter-university research institutes that conduct superlative 
research, and supports their research enhancement policies. A special feature of this program is the hiring and placement of 
Research Administrators（URA: University Research Administration staff） and their performance of related activities.
　At NIFS, three Research Administrators focus on the five pillars of IR （Institutional Research）/ evaluation, public relations 
enhancement, financial base strengthening, collaborative research enhancement, and young researchers and their career-path 
development. Task groups support the activities of the Research Administrators, and are moving forward with related projects, 
working together with NIFS committees. These projects are linked to the NINS headquarters. In particular, public relations will be 
widely disseminated in Japan and abroad through the NINS headquarters.

Specially Appointed Research Specialist (1)
Research Administration Staff （2）
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International Coordination（2022/4/1）

ITER Organization
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NIFS collaboration research activities are always reviewed and improved so as to be compatible with the latest research trends by 
changing the categories of collaboration.In FY2022, the categories of General collaboration Research were revised, The figures 
show the number of accepted collaboration subjects in each category.
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　In principle, the research should de shifted to General Collaboration 
Research in order to apply the results to the LHD after completing the 
research and development successfully.
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　Experiments using deuterium as a feeding gas started on March 7th, 2017, in the LHD.　Because a better confinement property is 
expected for deuterium plasmas than for hydrogen ones, deuterium experiments enable us to explore high- temperature and high-
density plasmas closer to fusion conditions in the LHD, without enlarging the machine size.  Indeed, we have succeeded in demon-
strating expansion of the high temperature domain of LHD plasmas with deuterium experiments and achieved an ion temperature of 
10keV (12 million degrees Celsius ), which was difficult to accomplish with hydrogen experiments.  The Division of Deuterium Experi-
ments Management was established to manage the safety system and information disclosure related to the experiment on a web-page,  
especially the results of environmental radiation monitoring and to consolidate experimental apparatuses related to the deuterium 
experiments. 

2021/11/17
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　Graduate course education is given at NIFS, apart from SOKENDAI at 
joint programs with the Graduate School of Frontier Sciences at Tokyo 
University, the Graduate School of Engineering at Nagoya University, the 
Graduate School of Science at Nagoya University, the Interdisciplinary 
Graduate School of Engineering Science at Kyushu University, and 
elsewhere. At present, 27 graduate students are involved in these 
programs. NIFS also accepts graduate students （11 in 2022） from 
other universities by offering special posts.

　SOKENDAI (The Graduate University for Advanced Studies) was established 
in 1988 as the first Japanese university which offers only graduate courses (no 
undergraduate courses). SOKENDAI consists of six schools in Hayama: the 
school of Cultural and Social Studies, the school of High Energy Accelerator 
Science, the school of Physical Sciences, the school of Multidisciplinary 
Sciences, the school of Life Science and the school of Advanced Sciences. The 
School of Physical Sciences has five departments in different locations, includ-
ing NIFS, which is the supporting institute for fusion science education. The 
Department of Fusion Science provides 22 students with two courses: the 
fusion systems course and the simulation studies course. The former course 
provides education in the characteristics of fusion plasmas and fusion 
engineering, and the latter provides education in fusion plasma physics using 
computer simulation. The Department of Fusion Science has a five-year 
doctoral course which started in 2006, as well as a three-year doctoral course.

　The NIFS Library collects various academic information related to fusion studies and 
provide academic journals and papers to researchers. The library maintains OPAC, 
e-journals, e-books, and other online services in an effort to expand its functions as an 
e-library. We also join the Interlibrary Services（ILL） to obtain materials not stocked in NIFS 
from other libraries. We are working to provide the collaborators with a photocopy service 
of the NIFS materials, and strive to provide the same academic information as NIFS staff.
　In January 2021, we jointly procured a new library system with Okazaki Library and 
Information Center within the same organization. We have started a collection search 
service on the new OPAC system. With the new system, you may research the collections 
of other institutions such as National Diet Library and CiNii Reaseach without having to 
re-enter the keywords. (image①)
　In recent years, we have set up an exhibition corner near the Library entrance for 
introducing the collection materials. Exhibitions cover a wide range of themes, not limited 
to specialized materials. (image②)
　In addition, we edit and publish NIFS series and the annual report. Further, we manage 
the institutional repository by accumulating and disseminating research results.

①

②
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Division of Information and Communication Systems (ICS)

　NIFS is accumulating information on research activities and in 
principle, disseminating research results such as academic papers 
by NIFS staff to the world.

2022

　NIFS handles a great deal of information, including experimental data. As a center of excellence in fusion science, NIFS is in a 
position to exchange information both domestically and internationally and is required to open and protect such information. The 
Division of Information and Communication Systems (ICS) works on open science and network security by centralizing the develop-
ment and operation of the information and communication systems.
　Open science is an initiative that aims "to create new knowledge that transcends fields", "to ensure transparency in research", and 
"to return the results of the studies to society" by widely open research data and results. And it is becoming a major international 
trend. NIFS also provides open access to research data and results to researchers worldwide and the public.
　Internet communication systems for handling various types of information are increasingly important to support open science. 
We are working on network security to ensure the safe and appropriate handling of information.

Open science and Network security
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2021

530

2021
Q&A for Community Meetings posted
on the NIFS web page
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