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1. Agenda for the Meeting

NIFS Special Review Meeting by Advisors and Foreign Researchers in FY 2008
December 13, 2008 (Sat.)

Special Conference Room 3F, HIDA Earth Wisdom Center, Takayama, Gifu, Japan

Reviewers:
e Advisors
Prof. Hiroshi Takuma Advisor (Emeritus Professor, the University of Electro-Communications)
Prof. Kyoji Nishikawa Advisor (Emeritus Professor, Hiroshima University)
Prof. Michael Tendler Advisor (Professor, Royal Institute of Technology, Sweden)
Prof. Satoshi Itoh Advisor (Emeritus Professor, Kyushu University)

e Foreign Researchers

Dr. Carlos Alejaldre Deputy Director-General for Safety and Security, ITER, France

Dr. Gyung-Su Lee President, National Fusion Research Institute, Republic of Korea

Director, Institute for Fusion Studies in the University of Texas at Austin,
Prof. James W. Van Dam U'SA " tsion Studiest IVErSITy of Tex ust
Prof. Robert Wolf Professor, Max-Planck-Institute for Plasma Physics, Germany

Professor, Scientific Director of Max-Planck-Institute for Plasma Physics,

Prof. Thomas Klinger Germany

NIFS members:
Prof. Osamu Motojima, Prof. Shigeru Sudo, Prof. Akio Komori, Prof. Hiroshi Yamada,
Prof. Shinsaku Imagawa, Prof. Noriyoshi Nakajima, Prof. Shoichi Okamura,
Prof. Motoyasu Sato, Prof. Akio Sagara, Assoc. Prof. Satoru Sakakibara,
Assoc. Prof. Ryuichi Sakamoto, Assoc. Prof. Masayuki Yokoyama,

Assoc. Prof. Tomohiko Watanabe, Assoc. Prof. Takuya Nagasaka, Mr. Yasuo Kainai



Program:

8:30 Opening

8:30 - Opening Address (5 min)
Director-General, Osamu Motojima

8:35 - Introduction of NIFS Activities (20 min)
Deputy Director-General, Shigeru Sudo

8:55 - Current status and research subjects, future plans of NIFS (160 min)
[40 min / item (Report 25 min + Q&A 15 min)]
8:55-9:35 Large Helical Device (LHD) Project
Executive Director, Akio Komori
9:35-10:15  Simulation Science Project
Director, Noriyoshi Nakajima
---- Coffee Break (15 min) ----
10:30 - 11:10 Coordination Research
Director, Motoyasu Sato
11:10 - 11:50 Fusion Engineering Research
Director, Akio Sagara

---- Lunch Break (60 min) ----

12:50 - | Recent results and topics (240 min)
[60 min / item (Report 40 min + Q&A 20 min)]
12:50 - 13:50 High Beta and Related 3-D MHD Characteristics
Assoc. Prof. Satoru Sakakibara
13:50 - 14:50 High Density Operation and Its Prospect for Helical Reactor
Assoc. Prof. Ryuichi Sakamoto
---- Coffee Break (15 min) ----
15:05-16:05 Turbulent Transport and Zonal Flows
Assoc. Prof. Tomohiko Watanabe
16:05-17:05 Development of long-life liquid blanket
Assoc. Prof. Takuya Nagasaka

17:05 - | General comments from reviewers (40 min)

17:45 - | Closing Address (5 min)
Director-General, Osamu Motojima

17:50 Closing




2. Reviews on NIFS Research Activities

Reviewer: A

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

The achievements of LHD Project since its start-up in 1998 are very impressive and cover all the main
issues needed to be solved for the successful development of fusion energy, giving tremendous hope for
helical systems as fusion energy producers, as most if not all the parameters needed for efficient fusion
production in terms of density or pressure have been achieved. The challenge now is to do them
simultaneously.

Furthermore the more extreme operational regimes investigated show no sign of having reached any
fundamental physical limit other than the technical limitation associated to heating sources or
particle/energy exhaust and in both cases, upgrades are foreseen.

In my opinion, LHD has proven for the first time in the History of Fusion Research that helical systems
are serious candidates for future generations of fusion power, having properties quite similar to
advanced Tokamaks but without the difficulties associated to a strong toroidal current: instabilities,
disruptions, density limits.....

Technically, to prove the capability of stable plasma production for over one hour is an achievement
that could be extended to more demanding regimes.

b) Specific Researches (on topics)

The development of the disruption-free, high density regime is in my opinion one of the more hopefuls
regimes developed by the fusion community in the last years.

The extension of <R> to reactor relevant values of 5% is again a breakthrough that should be
highlighted, particularly because it looks like the actual limit of the configuration has not been reached
and the absence of hard limits is very encouraging.

c¢) Future Plan
Given the results obtained, the plans to upgrade the heating capability of the machine, the introduction

of a closed helical divertor and working with deuterium are absolute needs and | would recommend that
all efforts are made to find the needed resources to take the machine to its physical limits.

(2) Simulation Science Project

a) General View and Achievements

A very ambitious project was presented on plasma simulation that covered specific LHD confinement
simulation as well as laser fusion simulation with very encouraging results already. The fact that this
group works closely with the experiments is in my opinion something that should be supported. It was
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very good to see that young generations are participated actively in this field.

b) Specific Researches (on topics)

To include in the simulation data coming from other machines with quite detailed diagnostics for radial
electric fields like TJ-11 could be a good addition to the very excellent work presented.

The work on materials is particularly important for the future of fusion machines.

I would recommend that comparison with Tokamaks is taken into account.

c) Future Plan

The plan presented is very ambitious but realistic at the same time. Adequate computing resources
should be obtained at the highest level for this task to be successful.

(3) Coordination Research

a) General View and Achievements

I would like to praise the effort done in this field. It is very normal in other large experiments to be
disconnected from other communities, but it was a pleasure to see the on going interactions with
industry, other scientific institutions and the fusion laser community as well as outreaching programs.

I would strongly encourage to emphasize the work on “tritium for Fusion”, since as we approach the
operation of ITER, more and more issues have to be resolved and through this collaborative effort a

great contribution could be expected. This is a key-issue to be solved for the successful implementation
of fusion energy.

The effort made on “Kids Fusion Science Museum” is to be highly praised.

b) Future Plan
Special care has been taken to present future plans taking into account the planning of the ITER project
and that is in my opinion the key to success since ITER will clearly have a strong influence in all fusion
world programs.

I would recommend a closed interaction with JAEA

(4) Fusion Engineering Research
a) General View and Achievements

The subjects of the research presented were very well chosen and the results obtained world-relevant.
Many international collaborations are maintained, giving good confidence in the impact of the research.

To include objective indicators like publications is also very useful for reviewers.




b) Specific Researches (on topics)

Long life liquid Flibe and Li blanket studies were impressive. The main difficulty will be the
possibilities to test in real environment these designs as the possibilities to do it in ITER are limited.

Neutronics studies are very much needed and welcome in view of the approaching ITER operation.

c) Future Plan

For its importance, enough resources should be found for the future plan presented.

2. Others

I would like to take this opportunity to congratulate the whole NIFS for the achievements of the last
years. They covered not only experimental results in LHD that are world record relevant but for all the
accompanying program that surrounds LHD in science, collaborations with so many institutions in
Japan and worldwide, technology program as well as a very important, even if modest, public relations
program.

It is very encouraging to see a new generation of young scientists and engineers already producing
world-class results and |1 would recommend that for the next review, special thought be given as to how
to maintain such high standards and world leadership for the long term.

The whole team should be proud of the achievements obtained under the leadership of Prof. Motojima
and | would like formally to give him my congratulations with the request that it be given to the whole
team.




Reviewer: B

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

The fusion energy research has been mainly studied by the tokamak type devices.

Even if TRIAM-1M has already demonstrated steady-state operation using LHCD. However, the
tokamak type is difficult to achieve the high efficient continuous operation. On this point of view the
helical devices are extremely favorable.  But before LHD experiments, the research for the helical
fusion “reactor” has almost not studied. For last six years the LHD experimental research has been
carried out energetically, and the high temperature and high density plasmas are established.
Especially the achievement of the high 8 of 5% seems to be amazing result.

The results which are higher than initial expected parameter are should be evaluated as the valuable
results.

b) Specific Researches (on topics)
1. High ion temperature : 5.2 keV at N - 1.6x10 *m™
2. Maximum B=5.1%, 4.5% for the steady state (>100 7 )
3. Maximum density : 1.2 x 10** m*®

4. Prove of IBD

Furthermore many interesting results are shown.

c) Future Plan

The power up of the heating, the closed helical diverter and D-D experiment are prepared. Then the
higher beautiful results should be expected. The setting of the helical diverter is well considered not
to effect on the experimental schedule.

The design of the helical reactor is seemed to proceed referring of the experimental results from LHD.
Reasonable design should be expected.

(2) Simulation Science Project
a) General View and Achievements

It is appreciated that the simulation study has proceeded energetically.

In the high temperature plasma miscellaneous phenomena coexist and interact each. So even if the
simulated result resembles the experimental result, its phenomena may be not same as one in accurate
plasma. We should keep mind on this point.

The simulation group and the diagnostic group should contact sharply each other.




b) Specific Researches (on topics)

c) Future Plan

The simulation group is recommended to put emphases on the simulation of the helical reactor.

(3) Coordination Research
a) General View and Achievements
The many jobs are explained, but it is difficult to understand the final object of each jobs. It is not
shown what “Boomerang” effect is obtained.  So it is difficult to evaluate at present time.
b) Future Plan
It should be necessary to select the important tasks, for example, a helical diverter, prepare of D-D

experiments.
The final objects should be also shown.

(4) Fusion Engineering Research
a) General View and Achievements

Blanket, neutron, magnet et cetera are explained, but the parameters of the expected reactor (size,
magnetic strength, dimensions of plasma) are not shown. If the scale of a reactor which must be
developed is shown, the attained grade is easier to understand.

b) Specific Researches (on topics)

I am strongly interested in the developed results of superconductors.  The results are evaluated high.

c) Future Plan

The plan of the helical reactor is expected. The comparison between helical and tokamak reactors
should be carried out with considering strong and weak points. The scales of helical and tokamak
reactors should be also shown.

Considering the energy problems, the scale and budget are not so large problem but the realization is
most important.

2. Others

During these several years the organization has been improved and a lot of extreme results are
reported. Especially many excellent results of LHD experiments are should be evaluated extremely
high.

I would like to say congratulation to Prof. Motojima, Director-General, and staff of NIFS.




Reviewer: C

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

Based on the pure academic debate between plasma nuclear fusion researchers in Japan, the Large
Helical Device project was adopted in 1986 as the next-generation large-scale research plan, which
university officials should work on with all their strength. Upon the adoption of the project, while
keeping in mind that the external conductor type helical magnetic field confinement system has the
capacity of a steady-state operation with lower re-circulating power and the capacity of a long-time
sustainment of high-temperature high-beta plasmas, it was desired that LHD, for the time being, would
contribute to a comprehensive understanding of plasma physics by the torus magnetic field
confinement system including the internal current type tokamak devices. As specific research plans,
following subjects were addressed: 1) the optimization of the high ntT plasma confinement by various
magnetic configurations; 2) elucidations of a) physics like the pressure-driven instability in the
high-beta region as well as b) its impact on the confinement; 3) the control of impurities due to a
long-time operation and the provision of basic resources concerning issues like a fuel supply and
discharge; 4) research in the high-energy particle confinement characteristics under the helical ripple
magnetic field; 5) nuclear reaction simulation research; and so on.

It is highly commendable that the LHD project, following the above research goals, has been
consistently carried out for the past 10 years ever since its first shot in March 1998, that it has produced
the results almost as they were primarily expected, and that it has made a unique and valuable
contribution to the global core plasma magnetic field confinement research. Especially, it has largely
contributed to the comprehensive understanding of a torus magnetic field confinement system that has a
prospect over the nuclear fusion reactor core such as the actualization of the long-time sustainment of
the high-beta plasmas to provide the important basic resources in terms of their MHD characteristics,
transport, or peripheral control and also the discovery of ITB that maintains the central peak
high-density by means of the pellet injection.

b) Specific Researches (on topics)

Optimizing the confinement

By changing the position of magnetic axes and the aspect ratio, the confinement of high-beta plasmas
was optimized in terms of the MHD characteristics, heating efficiency, and transport. The maximum
<p>=5.1% was achieved. Also, the steady-state operation that is 85 times as long as the energy
confinement time was actualized at <p>=4.8%. Furthermore, while methodically examining the impact
on MHD equilibrium, stability, and transport due to the pressure-driven instability and the peripheral
magnetic surface collapse, heating by the vertical neutral beam injection was actualized to study their
confinement characteristics. Reviewed from the standpoint of torus magnetic field confinement plasma
physics and also from the point of views that overlooks a reactor, these results made highly excellent
contributions.

Internal Diffusion Barrier (IDB)
While generation and maintenance of the central peak high-density, high-pressure configuration were
already found out in the conventional local island diverter configuration at the time of a consecutive
pellet injection to the central part, it was newly discovered that they could also be actualized in the
ordinary helical diverter configuration by means of an outward shift of magnetic axes and so on; thus,




their operation region (magnetic axis / ) was identified. | believe that it is such an important progress
from the standpoint that surveys the reactor core plasma generation and sustainment in the helical
system. According to the experiment result, the electron temperature gradient stays gentle even where
the electron density gradient is steep. It is further expected that from now on, a detail study should be
carried out in cooperation with the Theory and Simulation groups to elucidate the physical mechanism
of diffusion coefficients considering the IDB formation as well as to identify and control instabilities
like CDC.

Edge Plasma Control

Control of a peripheral magnetic surface disorder as a result of the beta value increase is a challenge
that cannot be ignored when one attempts to bring the helical type plasma sustainment into a
steady-state operation. The fact that the confinement deterioration was not observed in the region <p>
—4.8% is an achievement to be noted.

Also, varieties of researches are carried out such as the generation of impurity halls under the high ion
temperature, the impurity shielding by means of a collision friction at a high density, various analyses
concerning the effect of the ergodic layer, designs of the closed helical diverter configuration, and so
on. Further progress will be much expected to those respectively as research that may provide more
insights on the peripheral control of particle / heat flux.

c) Future Plan

The most desirable future plan is the start of the deuterium experiment. Well, it can be understood that
it involves a quite difficult issue to obtain the public permission; however, taking into consideration that
the original plan has been carried out up until now, | cannot stop hoping that the research in the
confinement characteristics by using deuterium, especially research in the isotope effect to the
confinement scaling law of the ions and impurity particles shall be started. Then, | anticipate further
that, those researches would eventually develop into a nuclear reaction simulation research by the ICRF
minority heating due to the mixing of a small amount of He®.

Yet, | say that any major reconstructions or a new construction of another large helical device is still too
early to carry out at this point. For the time being, it will be best to aim at a further progress in research
by utilizing the present LHD (necessary upgrades or reconstruction like the heating power
reinforcement and the diverter configuration remodeling should be taken care of). Then, the next term
research plan should be carefully thought over, studying the ITER and ICF related achievements, from
the standpoint of the nuclear fusion research in general.

(2) Simulation Science Project
a) General View and Achievements

First of all, I would like to highly commend the simulation research group for the fact that it has
developed into a big research group. Then, | want to congratulate the group on the achievement that the
group succeeded in carrying out 3 projects simultaneously: 1) LHD and Magnetic Confinement
Simulation Project; 2) Laser Fusion Simulation Project; and 3) Plasma Complexity Simulation Project.

Among those three, 1) LHD and Magnetic Confinement Simulation Project is the central project.

In this project, 3 sub groups — the two-fluid model research group, the kinetic model research group in
the core plasma, the kinetic model research group in the core plasma, and the peripheral plasma
research group — have made sure and steady research achievements by developing the two-fluid model,
the gyro kinetic model, and the boundary modeling, respectively. Furthermore, it seems reasonable that
NIFS attempts to develop a multi-hierarchy simulation model by integrating the research results of




these 3 sub groups and, thus, to promote the Numerical Test Reactor Project. At the same time, it will
be much expected that this research project will play a leading role in the simulation research related to
the multi-hierarchy phenomena in various fields.

b) Specific Researches (on topics)

| think that the achievements made in the research in the ITG turbulence and zonal flows in the helical
system by using the gyro kinetic Vlasov model will deserve a special attention. Many researches on the
ITG turbulence and its stabilization by the zonal flow have already been carried out in axisymmetric
tokamak system. In the non-axisymmetric helical system, too, the zonal flow and its turbulence
suppression effect are likewise confirmed experimentally with the NIFS compact helical device (CHS).
Yet, | suppose that it is the first time when the detail analysis by means of simulation research in the
helical system was performed. The analysis was performed while taking into consideration the radial
electric field effect due to non-axisymmetricity, and it revealed that the turbulence diffusion
suppression due to zonal flows would work strongly in the magnetic field configuration that minimizes
the neo-classical ripple diffusion and that the turbulence diffusion be thus suppressed. Some parts are
still left uncertain about how the radial electric field was adopted; yet, analyses that self-consistently
adopt the electric fields generated due to the ambipolarity of the particle diffusion flux will be further
expected.

c) Future Plan

Modeling and the simulation numerical method are the keys in the simulation research. These are not
limited within specific subjects (helical plasmas), but they can also be applied to many different
complexity analyses. In fact, researches on self-organization in the open system, that were major
subject in the previous Theory and Computer Simulation Center were developed into the application to
many other fields of research.

One can conclude that the researchers have developed a new paradigm of the method to research the
systems with complexity in nature.

The comprehensive research in the multi-hierarchy phenomena has become a subject that cannot be
avoided in such areas like research in the global scale weather phenomena as well as the atmosphere
and ocean current, research in the earth inner structure and diastrophism, or in the areas of bioscience
and space science.

I would truly hope that through active collaborative researches with related research organizations
including other NINS institutes, the Department of Simulation Science should play a central role to lead
the way for new simulation research that includes various fields of researches addressed above.

(3) Coordination Research
a) General View and Achievements

It should be specifically noted that the Coordination Research Center has been carrying out various
activities like the international collaboration, ITER related research collaboration, laser related research
collaboration, atomic/ molecular/edge plasma data collection and analysis, industrial collaboration, and
the NIFS Science Museum for Kids with only a limited number of personnel.

From the aspect of nuclear fusion science, activities were more or less focused on spin-off related
actions in the past; therefore, it is quite desirable that they are now being shifted toward actions aiming
at a nuclear fusion reactor.
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b) Future Plan

It will be much expected that more emphasis will be placed upon collaborative researches in tokamaks
(ITER, torus tokamak), which is believed to actualize a nuclear fusion reactor in the shortest span at
this point along with a helical series, as well as ICF (FIREX).

Among these above, there may be issues related to the NIFS future plan.

Thus, it will be advisable that academic debates on the future plan should be called forth then organized
among nuclear fusion related researchers in Japan by utilizing the national inter-university system.

(4) Fusion Engineering Research
a) General View and Achievements

I have no specific comments to say since the area is outside of my field.

b) Specific Researches (on topics)

I have no specific comments to say since the area is outside of my field.

c) Future Plan

I have no specific comments to say since the area is outside of my field.

2. Others

I was truly impressed by the fact that under the excellent leadership of Director-General Motojima,
NIFS carried out a drastic reorganization to steadily promote the LHD project, which comprises the
heart of the National Institute for Fusion Science and also that the complexity simulation research for
high-temperature plasmas were greatly extended and progressed.

Also, | got so fascinated and excited to witness that lots of excellent young researchers have been
fostered through these researches.

Now, it is my best wish that, based on these achievements, a further progress and novel development in
research will be made under the leadership of the next Director-General of NIFS. Among other things, |
truly hope that a new academic development shall be brought forth through the collaboration with other
NINS institutes.
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Reviewer: D

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

LHD device is the masterpiece of the art of fusion engineering.

Taking full advantage of LHD capabilities, important targets and achievements have been attained
during the last 6 years. The highlights of major discoveries are the high ion temperature accompanied
by important beneficial phenomena such as impurity hole, high density regime employing Internal
Diffusion Barrier in open helical divertor configuration, high average beta of unprecedented 5.1 % and
steady state operation of 54 minutes. These achievements resulted in the attainment of temperature of
fusion reactor, world record of beta value and plasma density and the world record of injected energy.
These impressive results are due to the fully integrated and coherent contributions of all teams and
individual researchers working on LHD mastered by the present leadership. Furthermore, scientific and
technological foundations have been laid down to improve the performance even further toward the
goal of fusion.

b) Specific Researches (on topics)

Upgrade of heating capability consisting of NBI, ICRH and ECRH, the smart implementation of the
closed divertor configuration and the deuterium operation should be employed to enhance the LHD
performance even further in order to obtain simultaneously values of density, temperature and
confinement time approaching the triple product relevant for stringent fusion requirements. Also, the
steady state operation should be addressed to broaden the data base required by a fusion reactor. High
beta can be increased even further by careful real time control of the Shafranov shift and the R
control. The closed divertor configuration may benefit confinement in the periphery thereby alleviating
deterioration of confinement with an increase of beta values. Also, the synergy of the closed magnetic
configuration with improved pellet injection system might yield further improvements of plasma
parameters. More emphasis should be focused on studies of momentum transport in general and in
particular on the correlation with the impurity transport. The emergence of the Impurity Hole deserves a
close attention and further extension.

c) Future Plan

Nearest Future plans are well defined and properly funded. The physics program is well supported by a
wide range of diagnostics available now and coming into operation in the near future. However, a
more aggressive set of goals along the lines of the present strategy of NIFS is highly desirable. The
current momentum achieving seemingly unattainable plasma parameters must be maintained. Hence,
the fully integrated approach with ambitious goals must be employed. Novel subtle methods based on
technical and computational excellence of NIFS in order to improve plasma parameters has to be
sought and found. The recent successes (i.e. Li operation) obtained on smaller devices should be tested
and exploited on LHD under conditions more relevant to fusion.

(2) Simulation Science Project

a) General View and Achievements
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During the last years significant progress in amplifying the relevance and the predictive power for LHD
experiments has been achieved. It occurs primarily due to the integration of the theory into the fabrics
of LHD decision making and the attraction of the excellence of experimental results. The division is
now focused on the fusion performance of LHD and supports major achievements carried out during
experimental campaigns. However, Simulation Science must increase its impact by introducing many
original suggestions for novel and fine improvements of LHD. A very wide range of sophisticated
codes has been developed with a promise to improve the fusion outlook even further. New avenues of
the LHD experiments due to come into operation are under the close attention of the Simulation Center.
The impact is further extended by the Laser Fusion Simulation project and numerical studies of the
plasma material interactions. The Simulation Project coordinates works at numerous universities in
Japan involved in theoretical fusion research. This activity should be the subject of enhanced attention
of SSC in order to provide an additional manpower required by a wide range of achievements of NIFS.

b) Specific Researches (on topics)

Targets encompassing the LHD relevant work are well defined. However, these must include the most
timely and topical issues such as CDC, IDB and Impurity Holes as items of great importance.
Simulation Center should strive at playing a major role in understanding and extending these
experimental gains by all possible means. Furthermore, models should aim at achieving a highest
possible degree of self consistency. To this end, a strong case should be made for employing the new
computational center coming into operation in Japan for the benefit of the thermonuclear fusion
research. Publication record of the SSC is excellent. Important subjects for general science such as
self-organization, reconnection and holism project are addressed properly. These are important for the
integration into the NINS infrastructure.

c) Future Plan

The Numerical Test Reactor project is very ambitious and should be commended. The fruitful
collaboration and support of the ITER modeling group should be enhanced. The integration into the
LHD interpretation and the decision making must continue and become more in depth. The broad range
of issues addressed by the SSP has to be maintained.

Works should be carried out to amplify the computational power by invoking the large computer
infrastructure existing in Japan. A large reservoir of the theoretical knowledge and skills at many
universities associated with NIFS can be used to enhance the SSC impact. Scenarios focusing on the
advantages of the De operation of LHD have to be worked out.

(3) Coordination Research
a) General View and Achievements

Research Coordination Center is the first — class activity increasing spin-offs of LHD experience to
many fields of science and industry. It extends frontiers of fusion research by addressing future issues
such as tritium inventory crucial for DEMO. PWI and atomic data problems are solved thereby
benefitting present and future experiments on LHD. ITER related work is highly developed. Laser
fusion works and collaborations with National Astronomical Observatory are valuable. Outreach efforts
born out by Fusion Kids Energy Museum are highly welcomed. The CRC is a well organized entity
making it a powerful tool within the NIFS infrastructure.

PWI activity has made a significant progress and is now well poised to contribute to future plans of the
LHD and QUEST operations. Original ideas such as moving — surface plasma — facing components
both solid and liquid must be tested first on QUEST and in case of success on the LHD. Plasma
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diagnostics methods based upon modern atomic physics advances must be implemented on the LHD
and the Solar observing satellite” HINODE”. Tritium studies should be emphasized as well given the
shortage of information from other sources. R&D works employing the Microwave Steel Making
important for industrial applications should be given a high priority. Manufacturing of mirrors for ITER
is another important subject addressed by the CRC.

b) Future Plan

The CRC pursues to enhance and further integrate its activity into the LHD activities. Collaborations
with ITER and the BA must be strengthen and broaden. Given the uncertainty of IFMIF the works on
the tritium handling must be given a special emphasis. The outreach work can be extended to other
groups of authorities and population. SC conductors for JT 60 — SA must be tested. The pioneering
work on the DEMO relevant issues has to be given a high priority. Collaborations within both NIFS and
NINS activities within the context of contributions delivered by universities in Japan must be employed
given limitations of the available manpower.

(4) Fusion Engineering Research
a) General View and Achievements

FERC represents a relatively new activity addressing fusion engineering issues in depth. FERC has
made important input already by specifying most outstanding issues to be confronted by a fusion
reactor. Blanket issues based upon Flibe and Li were addressed. Tests on welding, irradiation, corrosion
and coating of V —alloy and ferrite steel were carried out. Quick feedback 3D code system is under
development in order to study neutronics of a reactor. 14 MeV mockup tests are carried out albeit their
limitations in relevance.

b) Specific Researches (on topics)

Specific research in FERC consists of blanket material systems, neutronics and magnet material
systems. Welding of vanadium alloys has been already shown possible by oxygen impurity reduction.
High purity metal vanadium was developed for V alloy large heat loads. NIFS-HEAT -2 was welded in
high purity Ar flow to avoid impurity contamination. Degradation of fracture energy was enhanced in
weld material and later recovered by post-irradiation annealing. The degradation of the quality of
welding appeared at neutron irradiation dose of 8.5 dpa. Design and feasibility studies for forced
convection loop of molten salt Flibe and liquid Li were advanced. Advanced coating technologies and
the emergence of the tritium permeation barrier have been demonstrated. Fast feedback systems were
integrated in the neutronics design. Tritium breeding under sufficient shielding has been attained.
Critical currents of varying Nb compounds were investigated after the 14 MeV neutron irradiation. Low
activation superconducting wires have invoked to enhance the electron current in V;Ga.

c) Future Plan

Asymmetric and fractal geometries of surrounding structures will be addressed in collaboration with
ASIPP, China. In-situ observations during and after the 14 MeV irradiation will be carried out. All
Nb3Sn strands will be tested in order to facilitate ITER TF magnet fabrication. FERC issues relevant
for DEMO will be performed. Collaborations with the Oarai center of the Tohoku University on the
15.5 T and 500 A current lead should be given a high priority. FERC should continue long-term creep
tests in order to investigate thermal creeps on a very long time scale. Other options relevant for DEMO
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invoking fission experience and know-how must be sought and found.

2. Others

Present leadership has made NIFS the world-class leader at the cutting edge of fusion research.

This result has been achieved by a perfect coordination of a wide range of activities and the integration
of all activities into the main goal of thermonuclear fusion. A detailed plan has to be worked out in
order to maintain the current momentum achieved by NIFS under the present leadership.
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Reviewer: E

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

The Large Helical Device (LHD) continues to be the flagship machine of worldwide experimental
stellarator research. LHD has achieved new record plasma parameters, though not simultaneously. It
was demonstrated very high beta (at magnetic field strength reduced to 20%) without strong
degradation by magneto-hydrodynamic (MHD) instability, ultra-high density by means of pellet
injection, fusion-relevant ion temperatures and interesting new regimes with reduced impurity
accumulation in the center. In this way, LHD continues to contribute to the physics understanding of
helical plasma confinement. This is also of significant relevance for the international fusion project
ITER, in particular certain aspects of edge magnetic field stochastisation and MHD stability by means
of toroidal field shaping.

It is evident that LHD will remain Japan’s most important fusion device until JT-60SA goes into routine
operation. Until then the national activities in experimental fusion research will naturally focus on LHD
and may contribute to important cross-fertilization between stellarator and tokamak research.

b) Specific Researches (on topics)

The LHD device is outperforming its initial expectations. This is a great achievement and makes a
remarkable contribution to the regained trust in the stellarator concept for fusion power. The excellent
plasma performance parameters were achieved thanks to optimized magnetic confinement (by shift of
magnetic axis and by changing the plasma aspect ratio) but also to the systematic extension of the
heating capabilities, namely the NBI (currently 23MW, additional 7MW are planned). Combined with
fast pellet injection, new operation regimes were discovered which allow for very high density
operation with steep edge gradients. Furthermore, interesting regimes were found where impurity
accumulation is prevented by a shielding phenomenon in the ergodic layer. In this way high density,
high pressure and — at low magnetic field — high beta plasmas could be successfully created and
maintained. MHD equilibrium and stability issues at high beta were very successfully addressed by the
team.

From the above it is evident that the LHD device is well on its way to accomplish its target values. In
addition, unexpected discoveries are made and high-level basic research is performed (in particular
MHD instabilities, Alfvén modes, zonal flows). To further pursue the excellent research on LHD, a few
recommendations may be taken into consideration:

e The physics understanding of the discovered new regimes should be driven forward. The
internal diffusion barrier (IDB), the core density collapse (CDC), and the impurity hole are
exciting and highly relevant discoveries. Here a systematic approach that combines theory,
computer simulations and dedicated experiments would be helpful.

e Electron and ion temperatures in the high density regimes are relatively low (around/below
1keV). Conversely, the temperature goals are achieved at densities that are one order of
magnitude lower than required. Making use of the flexibility of the LHD device, integrated
scenarios should be developed in order to obtain an optimum 77-7;-z¢

e Steady-state operation of highly powered plasmas is — besides better stability — the main
attraction of the stellarator concept in fusion research. The detailed design and the construction
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of the closed divertor should be pushed forward as much as possible. An upgrade of the
steady-state heating power to 4MW is planned and should be available together with the fully
implemented the closed divertor.

e Fusion reactor studies should be closely linked to the present DEMO studies, which are all
based on tokamaks. Here the pro’s and con’s should be highlighted. It is evident that the lack of
a Greenwald limit opens for stellarators the perspective of ignition at higher densities and lower
temperatures. It would be helpful to get a full picture of the role of thermal instabilities, neutral
particle transport, impurity generation and transport under these reactor conditions. Here the
“numerical test reactor” (see below) will surely play an important role.

c) Future Plan

The plan to explore the isotope effect by performing a dedicated Deuterium program is greatly
appreciated. This will also result in better figures of merit of LHD. The main elements of the further
development of the device are (1) the upgrade of NBI (to 32 MW) and ICRH (to 4MW) and (I1) the
development, construction, and integration of a closed helical divertor. In the latter, a step-wise
approach is planned which appear to be reasonable in order to avoid a lengthy shut-down.

Recommendations:

e As soon as the detailed design of the closed divertor is available, a detailed design review with
the participation of international experts (in particular in the field of engineering) should be
conducted.

e The establishment of an MHD data base is greatly appreciated. It might be of advantage to
embed these activities into the formal agreements of international collaboration.

(2) Simulation Science Project

a) General View and Achievements

From the view point of the experimental researcher, the simulation science project seems to be
internationally competitive with highly regarded scientific works. As mentioned above, a dedicated
effort to understand the newly discovered operation regimes of LHD is required. The simulation
science project of NIFS seems to be well positioned to takes these challenges.

It was very nice to see the breadth of the NIFS simulation science program: The range spans from
MHD and LHD simulations to laser plasmas to complexity in plasmas. This interdisciplinary approach
is clearly in the sense of the NINS and fosters collaboration between the institutions involved.

b) Specific Researches (on topics)

No specific comments.

¢) FuturePlan

For the further development of codes, e.g. in the field of turbulence and zonal flows, the access to high
performance computers is extremely important. The plans for new super computer and the NIFS plasma
simulator are very much supported.
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(3) Coordination Research
a) General View and Achievements

NIFS remains being very well embedded into the Japanese university environment. This is obviously of
high mutual benefit. This is particularly the case for plasma-wall interaction, materials sciences, nuclear
sciences, diagnostics and basic plasma research. However, the coordination research center makes also
sure that the university facilities are well integrated into the LHD program, which is clearly an
outstanding achievement.

b) Future Plan

The close contact to ITER and DEMO activities is absolutely mandatory for the stellarator community.
The coordination research centre is right to go into this direction.

(4) Fusion Engineering Research
a) General View and Achievements

The engineering aspects of LHD are already covered in (1).

b) Specific Researches (on topics)

No specific comments.

c) Future Plan

No specific comments.

2. Others

The special review meeting was the best review meeting | ever had. It was a most appropriate summary
of the great achievements of the NIFS during Prof. Motojima’s service as the director general. His
success must be recognized and applauded. | was pleased to learn that with Prof. Komori a well
established a highly regarded scientist was identified to serve for the next term. | wish him all success
and look forward to the next review.

The oral presentations during the review were of excellent quality. | was very impressed by quality the
presentations of the *“younger generation”, Drs Sakakibara (high beta operation), Sakamoto (high
density operation), Watanabe (zonal flows). It would be nice to see these younger scientists from the
NIFS team on international conferences as invited speakers.
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Reviewer: F

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

LHD is an impressively large fusion experiment. It has made significant contributions to the
advancement of high temperature plasma and fusion physics, and in particular to the understanding of
stellarator / heliotron physics. The main technical achievements are the reliable operation of a complex
superconducting device. Here, | would like to specifically note the further increase of the magnetic
field. Also the demonstration of steady state plasma operation is very valuable for future developments.
Very important scientific achievements are the demonstration of high density operation with improved
confinement properties, high beta operation reaching impressive values of 5%, and plasma scenarios
with low impurity content (so-called impurity holes).

b) Specific Researches (on topics)

High density operation: To achieve high power density in a fusion reactor high plasma density is
indispensable. The internal diffusion barriers demonstrates both that stellarators / heliotrons can reach
very high densities and that a simultaneous improvement of the confinement is possible. It is interesting
to see that the density could be further increased if more heating power were available.

High beta operation: Also high beta is required for a stellarator / heliotron reactor. A volume average
beta of 5% is envisaged, which has been achieved by LHD. Also the improved theoretical
understanding of the beta-limiting MHD instabilities has to be mentioned. In particular against the
background that the theoretical predictions of the MHD stability of LHD plasma were not very
favourable, further studies in this direction have to be encouraged. In this context the adopted approach
to consider the link between magnetic field topology and MHD stability, i.e. the link between stability
and equilibrium limits, should be further pursued.

Impurity transport: Impurity accumulation is one of the major issues of stellarator research. LHD has
shown that, at least under certain conditions, it is possible to avoid such accumulation. Further studies
in these direction including different plasma scenarios (high density, low density, high beta, different
plasma edge conditions, etc.) are strongly encouraged.

Diagnostics: Diagnostics were not specifically addressed. Nevertheless, 1 would like to use this
opportunity to mention the very good quality of the presented experimental data which are a
prerequisite for the analysis and understanding of the plasma experiments.

Altogether these results clearly show that significant progress has been made and that LHD is a major
player in the international fusion research. Besides achieving high plasma performance, the very good
analysis based on an increasing collaboration between experiment and theory has been noticed. This
should be intensified. In addition, future studies should attempt a more integrated approach towards the
development of high plasma performance.

¢) Future Plan

Extension of heating systems and divertor:
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The plans to extend the heating systems and to install an actively cooled divertor have been received
very positively. In particular with respect to my earlier comment about the development plasma
scenarios which combine favourable plasma properties this is a very important step. Additional heating
power is required to remove limitations in particular at high density or to extend the operational space
to high beta at higher magnetic field. This implies also a plasma exhaust which is capable of handling
more power. Active cooling is required for steady state operation at higher power. The approach to
extend the divertor in a modular way, in order to minimize the shut-down periods is fully supported.

(2) Simulation Science Project
a) General View and Achievements

Theory and plasma simulations are indispensable for the understanding of the increasingly complex
phenomena observed in fusion experiments. Here, NIFS in conjunction with their collaborators have
developed an impressive amount of tools and made significant advances also in first principle theory.
This includes MHD stability and plasma transport reaching from the core of the plasma to the edge.
Also the link to related fields is positively noted. Simulation science is an area which provides very
good conditions for close collaborations with university groups. The involvement of such groups is
well established.

b) Specific Researches (on topics)

An comprehensive number of research topics has been presented, including major topics in fusion
research such as turbulent transport, MHD stability, including reconnection phenomena, and plasma
wall interaction. A specific presentation has been devoted to turbulent transport, explaining that the
inward shifted configuration of LHD shows improved confinement, not only because of better
neoclassical confinement, but also because of reduced turbulent transport. This work is not only
important since it can explain experimental trends, but also because it adopts the very important issue
of the relationship between turbulent and neoclassical transport.

c) Future Plan

The LHD and magnetic confinement simulation project and the numerical test reactor project are
important steps to develope the understanding of the running experiment and the basic properties of a
fusion reactor. The presented plans are strongly encouraged. More heuristic simulations and first
principle based theory are well balanced. The main recommendation is to further extend the link
between theory and experiment in areas such as impurity transport and MHD stability.

(3) Coordination Research
a) General View and Achievements

Fusion requires stable long-term research and development. This makes the integration of universities
for both education and participation in science and technology studies very valuable. An impressive
number of collaborative research project has been presented covering a large number of topics. The
approach to use NIFS and LHD as the centre of a large number of specific topics and research groups is
the appropriate strategy to involve universities and other research groups.

b) Future Plan
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Future plans, involving universities in ITER and DEMO developments, directly or indirectly via NIFS,
are strongly encouraged. Such large scale facilities and development programmes require a broad
academic basis not only for promotion of young scientist and engineers, but also for providing
acceptance in the general population. In this context, it is very good to see that already the youngest
generation is introduced to the topic of fusion research.

(4) Fusion Engineering Research
a) General View and Achievements

A very ambitious development plan for DEMO has been presented. The presented technology topics
cover the main areas which need to be further developed: Blanket material system, neutronics, and
magnet material system. The plans to construct systems which test as far as possible the integration of
the individual components are strongly supported. For future discussions a more detailed analysis how
the development plan depends on the ITER and IFMIF schedules, including decision making
requirements, would be helpful.

b) Specific Researches (on topics)

Blanket material system: Interesting new results were presented indicating potential solutions for the
blanket technology. A dedicated presentation explained the development of a liquid breeder blanket. In
addition to the excellent presentation the main impression was that this research area is benefiting from
very good collaboration work and a healthy nuclear industry. For the future a system integration for
feasibility studies on the compatibility of hydrogen recovery and heat exchange in a flowing system is
planed, which is strongly supported. It is recommended to further elaborate the plans to eventually test
such a blanket on ITER.

Neutronics: The design of the FFHR is based on 3D neutron calculation for tritium breeding and
neutron screening. It is very encouraging to see that these calculations are validated by DT neutron
irradiation measurements. Future plans comprise improved neutron calculations for complicated
geometries and further validation measurements.

Magnet material system: The effect of neutron irradiation on the magnet performance (critical magnetic
field) has been discussed in detail for various types of superconductors. Future work will also include
high-temperature superconductors, which is strongly encouraged, as this would significantly alleviate
the requirements for the cryogenic systems.

2. Others

Finally, I would like to express my gratitude for the opportunity to take part in this special review. Not
only did I learn a lot about NIFS and LHD, but I also enjoyed the very high quality of the presented
work and the well-founded discussions. The younger researches taking part in this review demonstrated
that NIFS is well prepared for the future. Sending these young researchers to major conferences should
be encouraged.
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Reviewer: G

1. Outline

Upon the establishment of the National Institute for Fusion Science (NIFS), a task force consisting of
major researchers in Japan was placed under the Nuclear Fusion Group in the Academic Council to
debate on major plans carried out in NIFS, and a series of in-depth discussions were made.

It was then concluded to pursue the following: 1) to adopt torus plasmas that were being conducted
research with largest numbers of researchers on a global scale and that were best acknowledged
academically at that point, and among those, to adopt the external conductor system that had a
high-flexibility in the magnetic field configuration setting; and 2) to carry out the research in the torus
plasma confinement physics including tokamaks.

The NIFS LHD research was first started from the device technology development including the
superconducting magnet technology, and the LHD construction was successfully carried out based on
the experiences in constructing another devices and their results. After that, a desired design and
construction, studied from a broad perspective, were smoothly progressed; now, the device is making
outstanding research achievements as the world leading large-scale torus device. This situation fits the
initial expectations. As a person who has been witnessing the progress of its research ever since its
start-up, | would like to begin my report by stating that the review of this time was extremely a
satisfactory one with nothing to betray my expectations.

2. Large Helical Device (LHD) Project

The record of their steady-state operation (namely a high-ion temperature of 5.2 keV, high-density of
1.2x10%m™, and a high p value of 5.1 %), which was achieved as its major research plan in NIFS, one
of the Inter-University Research Institutes, under the proper research programs, should be highly
evaluated as well as especially noted. Moreover, NIFS did not just pursue those data excellent as a
record but that the institute made such notable achievements through a series of research and
experimental campaigns to execute its original mission, which was to thoroughly research in the torus
confinement characteristics as described above. This must be highly admired.

3. Activities as an a Inter-university Research Institute

(1) Simulation Science Project

While it is essential for NIFS to play its role as the inter-university research institute in executing the
institute’s major plan addressed above as a matter of course, it is also desired that NIFS will make
contributions to the entire field of fusion researches.

First of all, the simulation science to fully utilize the benefit of a rapid hardware / software progress
made in the recent computer science is an important research method in the fusion researches. Besides,
it will be a critical mission as the inter-university research institute for simulation researches to make
the progress by communicating with wide fields deeply related to fusion researches.

Especially in the fusion research as a big science, simulation is also important method to apply its
achievements to the confinement researches in other configurations like tokamaks by not only
understanding the results of experimental research and predicting experimental results in the major plan
in NIFS but also by analyzing its confinement characteristics.

In order to achieve the scientific results, except for simply utilizing the computer hardware performance
as well as the ordinary software technology; the development of simulation methods based on
characteristics inherent to fusion plasmas is extremely critical. Thus, the ability for that aspect is
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desired.

The theory and simulation science research in NIFS are evaluated as a quite high level, and the
achievements up to now fully satisfied our initial expectations.

(2) Coordination Research

In a way, it is the matter of course that any major research like the nuclear fusion science, where a
grand-scale budget is required, is expected to contribute to varieties of related areas of research along
with the execution of its main plan. Therefore, a role of the newly established Coordination Research
Center is much expected.

At the same time, it must be quite challenging to extract effective tasks among many related areas of
research from a broad scientific, technological, or industrial perspective.

The newly established Coordination Research Center is extracting interesting topics and enabling the
effective collaborative researches by surveying a broad field of research that deeply relates to
surrounding areas as well as the industrial application. This will surely enhance the NIFS significance
as the inter-university research institute, and thereto, possibly enhance a reputation toward the entire
‘new energy source development research project’ called ‘nuclear fusion’. I should say that this new
development deserves a special attention.

Now, a further development in this area is much expected.

By the way, the area of atoms and molecules in plasmas has been globally acknowledged as one of
NIFS activities in the related fields. Though it may not be boldly recognized from the aspect of
applications, the area of atoms and molecules has been making series of important achievements not
only as a foundation to support various scientific technologies, namely many different industrial
technologies like material science or diagnostic technology, but it has also built up a critical knowledge
as a foundation of many academic fields.

Because of its rather unimposing existence, one may have to understand that no grand report was not
made for their achievements this time; yet, | still cannot help hoping that they would further improve
then develop their existing precious accumulations.

4. Others

Four presentations in the “Recent Research Report, Topics” by 4 young researchers in the afternoon
were truly impressive since they proved that excellent young researchers were steadily brought up. It
must be, needless to say, a wonderful opportunity for any young researchers to engage in their research
in a great environment like NIFS.

Yet, I’ve seen many times that because of the severity of ‘reviews’ given to research, young human
resources were wasted and the difficulty arose as to the improvement of promising young talents. Also,
I often hear more than a few voices wondering whether such distinguished researchers who can be
responsible for the academics in the future could really be fostered under such circumstances.

The fact that NIFS is in the process of successfully fostering such talented researchers definitely proves
the healthiness of its research activities.

Thus, I should comment in addition that the future of nuclear fusion studies in Japan much depends on
their effort.

5. Summary

23




As | have stated above, research activities by the National Institute for Fusion Science have made
outstanding achievements as one of the leading magnetic field confinement nuclear fusion research in
the world.

Their research fully satisfied our expectations, and thus it should be highly regarded.

6. Expectations

First of all, it is advisable that the present activity should be continuously carried out for further
development as one of the major streams of the magnetic field confinement nuclear fusion research by
the use of large-scale devices in the world.

On the other hand, the global trend is not necessarily focusing on the magnetic field confinement
nuclear fusion only. It should be specially noted that in the Asian region, centers for the inertial
confinement fusion research were constructed in China and Korea, respectively, to perform aggressive
research activities.

The inertial confinement fusion research in Japan has been mainly carried out in the Institute of Laser
Engineering (ILE), Osaka University up to today. Well, especially these days, many research groups
have taken notice of the fast ignition developed by ILE, following them to carry out research along with
the new development. Unfortunately, the fact is that it is not easy at this point for universities in Japan
to compete each other on these activities.

Finally, I earnestly hope that NIFS will quickly devise a plan concerning how to deal with the inertial
confinement fusion research in NIFS as the future nuclear fusion research plan in our country and
moreover that the institute will consider adopting it as one of the NIFS plans.
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Reviewer: H

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

In General, the Large Helical Device Project has come long way after the “First Plasma”, and it is now
very mature fusion research program and leading experimental program world-wide. In my opinion, it
is entirely due to leadership of NIFS and LHD Project, as well as dedicated professional staffs and
technical members of the LHD Project. The LHD Project also provided and enhanced collaboration
with domestic as well as international researchers and institutions for effective scientific program
execution and human resource development in fusion science. It is also worthwhile to recognize the
LHD experiment produced well-qualified world-class scientists by providing training and education in
real world setting.

With new perpendicular NBI addition, the achievement of high ion temperature with high density is
very impressive advancement since last review. In this series of experiment, the improvement of ion
heat transport is attained level of neoclassical transport.

The achievement of high beta 5.1% and sustained value of 4.5% in steady-state, is also beyond initial
design value as well as expectation. Detailed study of magnetic configuration and topology of flux
surface has made such impressive achievement possible.

Along with high ion temperature experiment and high beta study, the achievement of high density, high
pressure discharge due to internal diffusion barrier, is also very important progress. The measured
diffusion coefficient under very high density gradient condition is studied very detailed manner.

In steady-state operation study, the control of heat-load on divertor plate as well as improvement of
divertor plate heat conductivity had proven to be effective, so that the future planed upgrade could be
more conclusive.

In conclusion of general view and achievement section of LHD Project, the achievements on ion
temperature, electron temperature, higher-beta, electron density, and steady-state operation, all are
surpassing initial expectation of LHD experiment targets, even though the operation of LHD is still
moving forward strongly. So we could expect even better results after planed upgrade.

b) Specific Researches (on topics)
(i) High-Beta Research with 3D MHD Characteristics

As noted in general section, the high-beta study in LHD showed very high level of depth and maturity
in all issues including MHD equilibrium, MHD stability and transport. The MHD equilibrium study
with magnetic axis, aspect ratio variation compared with equilibrium topology, showed way to achieve
higher-beta and way to avoid equilibrium beta-limit.

In MHD stability area, the study showed the clear dependence to the magnetic Reynolds number. Also
the linear stability study made distinction from the resistive interchange mode stability prediction from
real experimental environment. The ideal modes such as Mercier mode, low-n interchange mode,
high-n ballooning mode, had been studied in detail. It derives possibility of common understanding of
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characteristics if MHD stability and relation to profiles as well as confinement.

(ii) High Density Operation

For achieving high density plasma, fueling with pellets and particle control has been studied in LHD.
The results with various pellet injection methods also presented. In this high density study, the LHD
Internal Diffusion Barrier plasma is produced with high density gradient. The reproducibility of IDB
shots has been demonstrated and the transport properties of IDB shots had been studied in detail

In the high density study, the highest density is achieved and quasi-stationary sustainment of high
density shots had been achieved by using repetitive pellet injection. The results showed way to
improvement in future planned upgrade, as well as reactor studies.

c) Future Plan

In planned near term upgrades, the upgrade of heating capability in NBI, ICH and ECH is deemed very
important to continue progress of LHD experiment that has been demonstrated in various areas. Also,
the deployment of closed helical divertor would be very important to achieve better handling of
particles and heat load to the plates.

The experimental capability with deuterium fuel would be very good compliment to the already
impressive capability of LHD by providing tools for isotope effects.

(2) Simulation Science Project
a) General View and Achievements

In the report, the three major simulation efforts have been reported. The first effort, that is LHD and
Magnetic Confinement Simulation with Numerical Test Reactor, is the most important among all three.
The impressive progress in this first effort made LHD experiment much more consistent and strong in
finding way to improve in the recent years. In my opinion, the fast growth in simulation area
contributed and will contribute significantly to better understanding of experimental results as well as
finding innovative new approach to the better performance of LHD experiment in future. It is also very
much noted that the theoretical study and turbulence simulation worked very well and good feed-back
to each other. These efforts will, no doubt, contribute to the LHD experiment and better understanding
on confinement, so that the improvement on the target values.

It is worthwhile to noted that the fast ignition simulation of laser fusion, PIC-MHD simulation of
magnetic reconnection phenomena, and PIC-MD simulation of plasma material interaction had made
very good progress.

b) Specific Researches (on topics)

In Magnetic Confinement Simulation Project, the hierarchy-extended simulation with core-plasma fluid
model, core-plasma kinetic model, and peripheral plasma model, as well as hierarchy-integrated
simulation, have been presented with very strong progress and impressive results. Especially, the
development of TASK3D code and application to the LHD Plasma analysis showed very important
progress for future synergy between simulation and experiment.

The turbulence transport and zonal flow simulation showed NIFS’ leading role in this effort in the
world together with very strong collaboration with other leading groups. The fast growing capacity is
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very impressive and we would recommend to encourage higher priority in support.

c) Future Plan

The proposed future plan in magnetic confinement simulation project seems well posed. The
improvement of hierarchy-extended simulation and integration to the level of numerical test reactor
will be very challenging but worthwhile effort. It is recommend to make progress in turbulence
simulation for particle transport, momentum transport along with electron transport studies in the
present level of ITG related turbulence simulation.

(3) Coordination Research
a) General View and Achievements

In very short time, the Research Coordination Center made very good progress in many areas of
cooperation activities, including Universities, Industries as well as other Research Institutions. The
renewed efforts in atomic-molecular and edge-plasma data group made good results in plasma-wall
interaction, moving-surface PFC studies, and plasma diagnostics using impurity ions.

The industrial cooperation with spin-off technology made big progress in many applications of
microwave technology.

The cooperation with other research institutions including ZPF ceramics for large telescope is worth
noting for fusion spin-off application.

b) Future Plan

The future plan for two cooperation areas such as industrial application and other research institutions
is extension of what has been done, so far. But it would be recommendable to extend technologies aside
from microwave application. The LHD has many other advanced technologies that have many spin-off
potential, so it would be worthwhile to pursue systematic approach to cultivating new applications.

It is also recommendable to engage in much stronger way in ITER cooperation as well as BA. With
accumulated engineering capability and technology know-how’s, NIFS is uniquely qualified to
contribute ITER and BA project’s success. Therefore, the institutional priority to ITER engagement
needs to push higher than up to now.

(4) Fusion Engineering Research

a) General View and Achievements

The main thrust of the Fusion Engineering Center is consisted with three areas including blanket
material, neutronics and superconducting magnet materials. The blanket material system area has made
steady progress with solid results. Neutronics area is now producing results. The superconducting
magnet material area now produced important contribution to the neutron irradiation studies.

b) Specific Researches (on topics)

In specific contribution of FERC, the development of long-life liquid blanket is presented. The ITER
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TBM related research including V-alloy, and Flibe, made steady progress. The detailed study and
development is in progress.

c) Future Plan
The future direction of FERC’s research plan is well placed to the system integration toward DEMO

Reactor. However, the more effort and higher priority needs to be placed toward neutron material
studies such as IFMIF or other neutron source.

2. Others

In concluding Special Review, the recognition of Professor O. Motojima’s leadership to achieve this
far, is on order. His contribution to the design, construction and operation of LHD before his DG
position is well-known for long years, now. However, the his legacy of the six year tenure of NIFS DG
is so distinguished, so the peers and followers would have very hard time to match in the future.

However, | strongly believe that the leaders of LHD experiments and younger generation scientists and
engineers in NIFS will move into new territories of LHD experiment and beyond. To achieve this
effectively, it will be important to have leadership with future vision, and empowerment of more active
younger generation in leadership role.

Again, | am very honored to review such wonderful organization with leader like Professor Motojima.
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Reviewer: |

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD) Project
a) General View and Achievements

The plasma performance that has been achieved in the Large Helical Device (LHD) is most impressive.
The target parameters for electron temperature and density, ion density, steady-state operation discharge
time, and volume-averaged beta have all been either achieved or surpassed. The central ion temperature
achieved to date (5.2 keV) is about half of its target (10 keV); it is to be noted, however, that a central
ion temperature of 13.5 keV has been achieved with Argon gas.

b) Specific Researches (on topics)

The upgraded heating provided by the new 7 MW, 40 keV perpendicular neutral beam has resulted in
higher ion temperature and improved ion thermal transport. Very interestingly, LHD also finds that, as
the ion temperature gradient increases, a carbon impurity “hole” is formed, due to outward convection.
The convection is apparently anomalous, contradicting neoclassical theory. This impurity hole is quite
an impressive effect.

Also extremely impressive is the attainment of high volume-averaged beta (5.1% maximum, with 4.8%
sustained for 85 energy confinement times and 4.5% sustained for 150 energy confinement times). The
continued increase in achieved beta values with additional auxiliary heating is very promising for
helical confinement systems.

The ultra-high density results achieved in LHD with the “internal diffusion barrier” are important in
that they offer the possibility of a route to a force-free helical reactor. (This was a major topic of
discussion at the 2008 International Toki Conference.) The continued optimization of pellet fueling is a
necessary research topic for pursuing a high-density reactor scenario.

Transport in the ergodic layer at the plasma edge in high-density and high-beta LHD plasmas is an
important research subject. The 3D edge transport code EMC3-EIRENE has been used to analyze the
experimental data.

The measurement of fast-ion loss with scintillator probes, particularly in combination with code
simulations of Alfven eigenmode-induced fast ion transport, has resulted in very nice data that is well
interpreted.

I very much appreciated the specialized talks on high-beta MHD experiments (presented by Dr.
Sakakibara) and on high-density operation for helical reactors (presented by Dr. Sakamoto). The lovely
comparisons of experimental data with simulation results in both of these talks were especially well
done. For example, the achievement of high precision MHD codes that allow the study of high-n
ballooning modes has led to greatly improved predictions. In both talks, clear statements of next-step
research plans were provided. Definitely |1 would encourage similar in-depth talks on special topics at
future External Peer Review Committee meetings.

c) Future Plan

29




The LHD has four near-term future plans: (1) upgrading the auxiliary heating—in particular, adding a
fifth neutral beam line, (2) installing a closed helical divertor, (3) operating deuterium plasma
discharges, and (4) continuing the design study for the force-free helical reactor. These are important
steps for moving forward and should be pursued vigorously. It would be interesting to hear more details
about these future plans at a future External Peer Review Committee meeting.

(2) Simulation Science Project
a) General View and Achievements

The Department of Simulation Science has been very productive, with many results, invited talks, and
publications. Consequently, the overview presentation on simulation science had to cover too many
research topics, with little detail. The afternoon in-depth talk, however, compensated for this.

Particular examples of excellent research are the gyrokinetic simulations, multi-scale interaction
between micro-turbulence and macro-MHD; energetic particle simulations; collisionless reconnection;
and laser fusion simulations that led to new target designs for Fast Ignition.

The Department of Simulation Science appears to have good collaborations with the LHD Theory and
Data Analysis Division. Collaborations with outside groups and scientists are also strong. In particular,
I note a number of excellent papers written jointly with the JIFT visiting professors in recent years.

The annual Symposium on Simulation Science, which has now been held for two years (2007 and
2008), is developing into a solid meeting. The 2008 Symposium attracted 90 participants.

The replacement supercomputer (77 TFlop, 16 TByte) for simulation science was successfully selected
and announced in September 2008. It will begin operation in March 2009. No doubt it will be put to
heavy use for the Numerical Test Reactor Project.

As | had pointed out last year, the terminologies “hierarchy-extended,” “hierarchy-integrated,” and
“hierarchy-normalized” are unclear. My suggestion is to use terminology that is more internationally
accepted and understood.

With its world-class expertise in simulation science, it might be advisable for NIFS to participate in the
Integrated Modeling Expert Group that is being newly formed for ITER.

b) Specific Researches (on topics)

The research on gyrokinetic simulations is internationally recognized as first class, as evidenced by the
many recent publications (including a Physical Review Letter last year) and also by its having been
selected for invited talks at three major international conferences in CY 2008 (American Physical
Society, International Congress on Plasma Physics, and IAEA Fusion Energy Conference). The
in-depth specialized talk on this research (given by Dr. Watanabe) was very well presented. Of
particular interest, it has been found that inclusion of the radial drift motion of the particles trapped in
helical ripples now leads to ITG heat transport results for inward-shifted plasmas that are in close
agreement with the experimental observations. | recommend that these gyrokinetic simulations are now
at a stage where specific experiments could be proposed on LHD to test its theoretical predictions. The
proposed research on ETG turbulence and zonal flows is important. Studies of momentum transport and
anomalous particle transport, in addition to heat transport, would also be advisable.

Considering the importance of the divertor to LHD high-density operation and of the ergodic surface
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layer in high-beta operation, it would be useful to strengthen the theoretical/simulation research on
boundary plasma physics. In particular, the 1-D fluid modeling in the divertor leg for LHD should be
extended to two or three dimensions and generalized to include kinetic effects.

For the laser simulations of FIREX, the new ideas of pre-pulse heating and additional foam in the cone
should result in significantly improved performance.

Using the magnetic reconnection simulations to attack a real-life problem (viz., magnetospheric
substorms) is commendable. Another significant real-life application for reconnection simulations
would be solar coronal loops.

c) Future Plan

There are 14 targets in the Mid-Year Plan for the LHD and magnetic confinement simulation project.
These targets are all reasonable. It would be helpful to hear more about how “hitting” these targets
would impact LHD operation and/or understanding.

The Mid-Year Plan targets for the laser simulation project seem quite ambitious, especially in view of
the fact that only one scientist at NIFS works on this project.

The Mid-Year Plan targets for the plasma complexity simulation project are reasonable.

The goal to develop a Numerical Test Reactor is exceeding ambitious. In addition to the flow chart
describing this an all-encompassing code, it would be helpful to see a set of clearly defined concrete
steps for the near-term plan.

The LHD experimental program is producing novel results—e.g., impurity holes, density barriers, ultra
high beta operation—with interesting physics aspects, which could be clarified with simulations and
theoretical interpretation. | recommend that the Department of Simulation Science continue to
emphasize pursuing such studies.

(3) Coordination Research
a) General View and Achievements
The Coordination Research Center carries out a rather wide spectrum of interesting activities.

The internal structure of the Coordination Research Center was somewhat re-organized in 2008, with
the conversion of the atomic and molecular effort from a Data Research Center into an Edge Plasma
Data Group, the addition of a group on basic innovation science and technology within the Division of
Industrial-Academic Research, and the addition of a new Division of Science Communication (which
includes the new Fusion Kid’s Energy Museum). In the revised organizational structure for the
Coordination Research Center, it is unclear whether the terms “collaboration,” *“coordination,” and
“cooperation” have different or identical meanings.

In the area of plasma-wall interactions, the Coordination Research Center has a study on liquid and
solid lithium moving-wall concepts. It would be interesting to hear how this study differs from
corresponding investigations of lithium plasma-facing components by other world research groups.
Also, it’s not clear what are the new results; the most recent reference is to a paper by Nagayama that
was presented at the 2008 Symposium on Fusion Technology (but he is not listed on the Coordination
Research Center web page as a Center member).
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The work on developing collisional radiative models for impurity ions is relevant to diagnostic
measurements at the plasma edge in LHD. These models are said to form the basis for external
collaborations to analyze solar plasma data.

The work on developing tritium recycling simulations that incorporate plasma physics, materials
science, and atomic and molecular physics could be critically important for ITER and other burning
plasma experiments. Two papers on this subject, presented at the recent PSI and ICPP conferences,
have been accepted for journal publication. More work in this area would be advisable. Perhaps the
Coordination Research Center activities on plasma wall interactions and on tritium inventory and
recycling could be coordinated with similar activities in the Fusion Engineering Research Center.

It’s a bit confusing why the FIREX fast ignition simulations, already reported (as a collaborative effort)
in the presentation concerning the work of the Department of Simulation Science, should also be
included in the Coordination Research Center presentation.

The investigation of microwave sintering techniques for novel ceramics constitutes a major portion of
the work done at the Coordination Research Center. This work has important applications for the
construction of the mirror for the next-generation Extra Large Telescope. This work has also led to the
establishment of significant collaborations with industry. Noteworthy in this connection are the Monte
Carlo simulations on energy released by magnetic field changes, which led to the discovery of a very
interesting result about the vanishing of spontaneous magnetization above the Curie temperature.

NIFS is to be commended for sponsoring the Fusion Science Archives, in which so far 18,000
documents have been collected. It is unclear why the number of events in the database, which had been
increasing monotonically from about 1997, abruptly fell after 2005.

The Kids Fusion Science Museum, which began operation in late 2008, is an interesting new outreach
program sponsored by NIFS through the Coordination Research Center. Personally, | walked through
the exhibition room in the NIFS lobby and enjoyed looking at the various exhibits. | expect that
students from local schools are similarly fascinated with the exhibits, as well as with the tours of the
LHD device and the virtual reality simulation center.

The new course on “Science Communication” for teachers is also an excellent idea.

b) Future Plan

Except for a sentence about planning to develop a collisional-radiative model to examine solar coronal
heating, no clear statements were provided about future plans. Presumably the current work described
in the presentation will be continued forward.

(4) Fusion Engineering Research
a) General View and Achievements

The Fusion Engineering Research Center (FERC) is well equipped with good facilities, which will help
to advance collaborations with university research groups.

The FERC is currently engaged in seven collaborations with groups at Japanese universities, in addition
to working with scientists in other departments at NIFS on LHD engineering problems, on the
force-free helical reactor, and on safety and cost evaluation. The increased emphasis on FFHR reactor
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design issues, especially blankets and irradiation, is commendable.

The FERC appears to be well managed.

b) Specific Researches (on topics)

In the area of blanket material systems, new results have been obtained for the welding of vanadium
alloys, for forced convection of molten salt Flibe and liquid lithium, and for advanced coating
technologies. Noteworthy was the young scientist award received from the Japanese Atomic Energy
Society for the work on confirming the low corrosion rate of steel in high purity Flibe. The in-depth
talk about the development of long-lived liquid breeder blankets (presented by Dr. Nagasaka) was quite
interesting.

In the area of neutronics, both simulations and experiments are being performed. Importantly, this
allows for validation of code modeling for Test Blanket Module and DEMO reactor designs.

In the area of magnet material systems, collaborations with universities, industry, and other national
laboratories (NIMS and JAEA) are exploring the effect of neutronic irradiation on superconducting
magnet materials.

| appreciated the tabular presentation about the number and various types of papers published during
the past three years. For only having a staff of 7 scientists along with 3 students, the FERC has
published prolifically during the past three years. Many of the papers were joint collaborations. The
FERC has apparently made a conscious effort to promote the writing and publishing of papers.

c) Future Plan

Future plans were clearly presented for the three research areas of blankets, neutronics, and magnets.

2. Others

The National Institute for Fusion Science has a well-articulated statement about its three-fold mission
goals. These goals are to carry out (1) research—experimental, theoretical, and engineering; (2)
collaborations—national and international; and (3) training—qgraduate students and young researchers.
Overall, NIFS is strongly fulfilling all three parts of its mission. The FY2004-09 Mid-Term Plans for
the Large Helical Device project, for simulation research, and for fusion engineering are clearly stated.
(It would be useful if there were also a similar statement of Mid-Term Plans for coordination research.)

The number of staff at NIFS increased marginally (2%) in FY 2008, compared to FY 2007. The budget
decreased slightly from last year (less than 0.5%, which nevertheless amounted to 41 MYen in real
money).

The number of research topics (and the number of collaborators) for general collaboration research,
LHD collaboration research, and bilateral collaboration research all increased somewhat over the
corresponding numbers for the previous year. However, the funding dropped slightly (by 21 MYen).
Interestingly, the total number of universities and institutes involved in collaborations with NIFS
decreased 8% from 157 to 144.

During 2008, no new governmental international collaborations or scientific agreements with foreign
universities or institutes were established. Six of the former and 14 of the latter had previously been
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established, and this is already an impressively large number.

The number of students who are being trained through the Graduate University of Advanced Studies
has remained constant, compared to last year, as have the number of students from associated
universities doing degree work at NIFS and the number of student researchers working at NIFS through
collaborative projects. The number of students from associated universities taking courses at NIFS has
dropped by 50%. In 2008, the ITER International Summer School was held in Japan.

| appreciated the provision of 12 recent NIFS publications, as background information to the
presentations at the meeting.

I recommend the inclusion of metrics in the overview presentations at future External Peer Review
Committee meetings as measures of progress and activity for LHD, simulation science, research
coordination, and fusion engineering. Examples of such metrics are the number of number of published
papers, invited talks, patents, students graduated, collaborations, etc.). | have the impression that the
NIFS publication record has been continuously increasing every year. The NIFS presence at the recent
IAEA Meeting in Geneva was certainly very strong.

The excellent in-depth talks in the afternoon—very clear, very well organized—Dby the (comparatively)
younger scientists bode well for having highly qualified staff members in the future at NIFS. Actually, |
suspect that NIFS could have easily scheduled twice as many such talks, all reporting results at the
same high level of achievement.

I have nothing but praise for Prof. Motojima as the NIFS director-general for the past six years. The
Large Helical Device is now the best helical confinement fusion device in the world. NIFS is a
world-leading center of excellence in fusion science, with a program that integrates experiments,
theoretical simulations, and fusion engineering. The next director-general of NIFS will inherit an
Institute that is functioning efficiently and productively, thanks to Prof. Motojima’s outstanding
leadership.
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3. Brief Summary

1. Project Activities
(Research objectives, Results and Topics, Research Quality, Suggestions for Improvements)

(1) Large Helical Device (LHD ) Project
a) General View and Achievements

- The achievements of LHD project are very impressive and cover all the main issues for the
successful development of fusion energy.

- The highlights of major discoveries during the last 6 years are the high ion temperature accompanied
by an impurity hole, ultra-high density operation, high average beta without strong degradation by
MHD instability, and steady state operation. These are promising results for helical confinement
systems.

- Physics study has been emphasized, which is surely based on the NIFS’s mission originally given at
its establishment. They have also contributed to the progress of comprehensive understandings of
toroidal plasmas.

- Reliable operation of a complex superconducting system is a great technical achievement.

- The LHD project has provided and enhanced collaborations for effective execution of science
program and human resource development in fusion science.

b) Specific research

- The excellent plasma performances were achieved by optimizing magnetic configuration and the
systematic extension of the heating capabilities. Combined with fast pellet injection, new operation
regime, disruption-free high density operation, was discovered.

- Interesting regimes were found where impurity accumulation is prevented.

- MHD equilibrium and stability issues at high beta regime are very successfully addressed. It is
recognized that good quality of diagnostics has driven the progress of the analysis and the
understanding of the plasma experiments.

- Upgrade of heating capability, the smart implementation of the closed divertor configuration and the
deuterium operation should be employed in order to extend the steady-state operation and to
approach the triple product relevant for stringent fusion requirements.

- The physics understanding of new discoveries, such as internal diffusion barrier (IDB), the core
density collapse (CDC), and the impurity hole, should be driven forward. More emphasis should be
put on momentum transport and in particular on the correlation with the impurity transport.

- Beta value can be increased even further by careful real-time configuration control.

- The measurement of fast-ion loss and the corresponding simulations has resulted in very well
interpreted nice data.

- Reactor studies should be closely linked to the present DEMO studies. It is evident that the lack of a
Greenwald limit opens the perspective of ignition at higher densities and lower temperatures. It
would be helpful to get a full picture of the role of thermal instabilities, neutral particle transport,
impurity generation and transport under these reactor conditions.

¢) Future plans
- Nearest future plans, such as the deuterium experiments, upgrade of the heating capability, closed

helical divertor and continuation of the design study for the force-free helical reactor, are well
defined.
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A step-wise implementation of a closed helical divertor is well planned not to affect the experimental
schedule.

It is recommended that all efforts should be made to take the machine to its physical limits.

Novel subtle methods based on technical and computational excellence of NIFS has to be sought and
found to improve plasma parameters.

(2) Simulation Science Project

a) General View and Achievements

It is highly evaluated that the simulation group has grown up so as to develop three projects in
parallel. Especially, LHD and magnetic confinement simulation project has steadily achieved
internationally-competitive and highly-regarded results. The fast growth in simulation research has
contributed and will do so to better understanding of experimental results and to find the better
performance of LHD in future.

It is the right way to develop “The Numerical Test Reactor Project” by integrating these activities
and heavily utilizing the replaced supercomputer.

The impact is further extended by the laser fusion simulation project and numerical studies of the
plasma material interactions.

These projects taking the interdisciplinary approach coordinate related works at numerous
institutions.

b) Specific Researches (on topics)

Research on ITG turbulence and zonal flow formation in helical plasmas is remarkably progressed. It
has been clarified that the zonal flow is kept with higher amplitude in a configuration with smaller
neoclassical transport. The effect of radial electric field has also been investigated. These simulations
are now at a stage where specific experiments could be proposed on LHD to test its predictions.

The development of TASK3D code and its application to the LHD experiment showed very
important progress for the future synergy between simulation and experiment.

Inclusion of quite detailed diagnostics data could be a good addition to the present excellent
simulation results.

Comparison with tokamaks should be taken into account.

Targets encompassing the LHD experiment are well defined. These must include the most-timely and
topical issues such as CDC, IDB, impurity hole and momentum transport.

Important subjects for general science such as self-organization, reconnection and holism project are
to be integrated into the NINS infrastructure.

c) Future Plan

The Numerical Test Reactor project should be commended with a set of clear defined concrete steps
for the near-term plan.

The fruitful collaboration and support of the ITER modeling group should be enhanced.

Scenarios focusing on the deuterium operation have to be worked out.

The plans for new supercomputer are very much supported.

It is strongly hoped that these simulation projects will play the pioneering role to promote the
integrated research on hierarchical phenomena in a wide range of fields.
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(3) Coordination Research
a) General View and Achievements

- Coordination Research Center is well-organized and performing the first-class activity increasing
spin-offs of LHD experience to many fields of science and industry. This is particularly the case for
atomic-molecular process, plasma-wall interaction, materials sciences, nuclear sciences, laser fusion,
diagnostics and basic plasma research.

- Outreach efforts such as “Kids Fusion Energy Museum” are highly praised.

- The new course on “Science Communication” for teachers is also an excellent idea.

b) Future Plans

- Close contacts such as with ITER and BA, JAEA and ICF (FIREX) research are strongly
encouraged. The pioneering work on the DEMO relevant issues has to be promoted.

- Tritium handling issues must be given a special emphasis.

- Further progress of atomic-molecular database activity should be emphasized as the basis of a wide
range of scientific fields.

- The LHD has many advanced technology with spin-off potential to pursue systematic approach to
cultivate new application.

- The outreach can be extended to other groups of authorities and population. These will be related to
the future plans of NIFS so that discussions with related community should be promoted by
exploiting NIFS’s inter-university framework.

- It is also recommended to clarify the final object of each research topic, and what kind of
“Boomerang” effect has been obtained.

(4) Fusion Engineering Research
a) General View and Achievements

- The research subjects were very well chosen and the obtained results are world-relevant. FERC
(Fusion Engineering Research Center) has obtained important results by specifying most outstanding
issues towards a fusion reactor, such as blanket, neutronics and magnets.

- Specification of the expected scale of a reactor would be worthwhile to understand their
achievements.

b) Specific Researches (on topics)

- Researches in FERC consist of blanket material systems, neutronics and magnet material systems.
Long-life liquid Flibe and Li blanket studies were impressive.

- NIFS-HEAT-2 was welded by avoiding impurity contamination.

- Fast feedback systems were integrated in the neutronics design. Neutronics studies are welcome in
view of the approaching ITER operation.

- Developed results of superconductors are evaluated to be at high-level.

c) Future Plans

- Collaborations should be further promoted such as issues on the geometries of surrounding
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structures, and on the current lead.

It should be continued long-term creep tests in order to investigate thermal creeps on a very long
time scale.

Improvement of neutron calculations for complicated geometries and further validation
measurements and study on the high-temperature superconductors are expected.

More efforts and higher priority needs to be placed towards neutron material studies such as IFMIF
or other neutron source.

More detailed analysis how the development plan depends on the ITER and IFMIF schedules would
be helpful.

The plans for helical reactor and comparison between tokamak and helical reactors are expected.

. Others

Outstanding leadership of Director-General Prof. O.Motojima has made NIFS the world-class leader
at the cutting edge of fusion research. These results have been achieved by a perfect coordination of
a wide range of activities and the integration of all activities into the main goal of thermonuclear
fusion. They covered not only the world-relevant experimental results in LHD and simulation
sciences, but all the accompanying programs in science, collaborations with many institutions,
technology programs and public relations programs.

The presentations were of the excellent quality. The quality of younger generation’s presentations is
impressive. It is very encouraging to see they have been producing world-class results. It
demonstrated that NIFS is well prepared for the future. It would be recommended that for the next
review, special thought be given as to how to maintain such momentum and world leadership for the
long term.

Further progress of NIFS research and the germination of the new scientific paradigm are expected
based on the present achievements and further extended collaborations.
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1. Participants List of NIFS Special Review Meeting

No. Name Title, Affiliation
Reviewers
1 |Dr. Carlos Alejaldre Deputy Director-General for Safety and Security, ITER, France
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21 |Assoc. Prof. Masayuki Yokoyama Associate Professor, Theory and Date Analysis Division, Department of Large Helical Device Project
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2. Program of NIFS Special Review Meeting

December 13, 2008 (Sat.)
Special Room, Restaurant and Conference Rooms 3F, HIDA Earth Wisdom Center

8:30 Opening

8:30 - Opening Address (5 min)
Director-General, Osamu Motojima

8:35 - Introduction of NIFS Activities (20 min)
Deputy Director-General, Shigeru Sudo

8:55 - Current status and research subjects, future plans of NIFS (160 min)
[40 min / item (Report 25 min + Q&A 15 min)]
8:55-9:35 Large Helical Device (LHD) Project
Executive Director, Akio Komori
9:35-10:15  Simulation Science Project
Director, Noriyoshi Nakajima
---- Coffee Break (15 min) ----
10:30 - 11:10  Coordination Research
Director, Motoyasu Sato
11:10- 11:50 Fusion Engineering Research
Director, Akio Sagara

---- Lunch Break (60 min) ----

12:50 - | Recent results and topics (240 min)
[60 min / item (Report 40 min + Q&A 20 min)]
12:50 - 13:50 High Beta and Related 3-D MHD Characteristics
Assoc. Prof. Satoru Sakakibara
13:50 - 14:50 High Density Operation and Its Prospect for Helical Reactor
Assoc. Prof. Ryuichi Sakamoto
---- Coffee Break (15 min) ----
15:05 - 16:05 Turbulent Transport and Zonal Flows
Assoc. Prof. Tomohiko Watanabe
16:05 - 17:05 Development of long-life liquid blanket
Assoc. Prof. Takuya Nagasaka

17:05 - | General comments from reviewers (40 min)

17:45 - | Closing Address (5 min)
Director-General, Osamu Motojima

17:50 Closing
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3. Viewgraphs
3-1 Introduction of NIFS Activities

NATIONAL INSTITUTE FOR FUSION SCIENCE

Introduction of NIFS Activities

National Institute for F
Shigeru SUD 4 Y
BHAREHFEE KRS0 .

Presentation to the Special Reyi eeting
December 13, 2008, Takayamagdapan

Introduction of NIFS Activities

Mission of NIFS

Organization

Collaboration Research

Training and Education of Young Researchers
Recent NIFS Research Activities

Overview of Review Process

o9 kwbd-=
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1. Mission of NIFS

To promote nuclear fusion science and research on
its application, NIFS was established as an Inter-
University Research Institute in 1989.

(1) To promote both experimental research based on the world
largest superconducting device: Large Helical Device (LHD),
theoretical and simulation research, and fusion engineering
research.

(2) To promote collaboration research with universities and
institutes all over the country and also international
collaborations, and to bring up young researchers.

(3) To educate graduate students in the department of nuclear
fusion science of the Graduate University for Advanced
Studies, and also in the other universities.

3/25

Transparency and Accountability of Research Activity

®Mid-Term Goal (FY2004-2009)
®Mid-Term Plan (FY2004-2009)
®Annual Plan (done for 2004-2008 every year)

® Annual Achievements Report 2004-2007 every year
®Annual review by the evaluation committee organized
by MEXT (done in 2004-2007 every year)

®Research activities are being reviewed by National
Institution for Academic Degrees and University
Evaluation in 2008

NIFS

Number of Staff: 225 (Researchers:133, Technical Staff: 45,
Administrative Staff: 47) (FY2008)

Annual Budget: 10616 MYen (FY2008)

4/25
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Mid-Term Plan (FY2004-2009) Related to LHD

LHD project
* To maximally utilize the performance of LHD and conduct scientific researches in an
effort to achieve comprehensive understanding of toroidal plasmas and actualize fusion
reactor plasmas. Therefore, NIFS strives to maintain, develop, and improve plasma
heating devices and diagnostics equipments as well as to increase the performance of
LHD plasmas that foresee fusion core plasmas.

Bilateral collaboration researches
» To work on the clarification of physical mechanism necessary to boost up the plasma
performance as part of bilateral collaboration researches by efficiently utilizing devices
and equipments of research institutions, universities, affiliate institutions, and centers.
With a view to improve confinement property, to actively promote a development of the
next-generation experimental device with an advanced magnetic configuration as a
common subject of the research community.

Internal structure to achieve goals
* In order to produce an intensive research outcome, to establish organizations capable
of operating flexibly and effectively. To review functions of research departments and
centers and carry out organizational changes.
» To strengthen collaboration systems with universities and to enhance supporting
systems for researches in universities.
Relevance to inter-university research activities

* To improve the research environment with a view to promote inter-university research
activities and collaboration researches that utilize experimental devices like LHD. 5/25

Mid-Term Plan (FY2004-2009) Related to

Simulation Research and Fusion Engineering
I ———

Simulation Research
(1) Understanding of the Plasma
To understand and systematize physics mechanism of fusion plasmas

To explore complexity science (nonlinear, non-equilibrium, open system) as basic
researches to support fusion plasma studies

(2) Simulation Science
To aim at establishing “Simulation Science” as a new interdisciplinary field
To promote collaborative researches, utilizing large-scale simulators

Fusion Engineering

To contribute progress toward establishment of fusion reactors by leading
activities and summarizing results in the fusion engineering studies through
collaborations among universities, to enrich facilities and functions for these
studies, to obtain most advanced results in this field with own activities.

6/25
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2.0rganization

(2008)

Administrative Council I

Director-General ’
Deputy
Director-General

Department of Large Helical
Device Project

Research Operations Division

-

High-Temperature Plasma Physics
Research Division

Radio Frequency Plasma Heating
Research Division

—— Theory and Data Analysis Division

| Fusion and Advanced Technology
Systems Division

L— Particle Beam Heated Plasma
Research Division

LHD and Magnetic Confinement |

Simulation Division
[ Fusion Frontier Simulation Division |

Department of Simulation
Science
Public Relations
Office

Research Information |
Office |
Fusion Archives l—

Division for Health
and Safety Promotion

Fusion Engineering
Research Center
Safety and Environment
Research Center

Rokkasho Research Center

Division of Science Communication |

Division of Academic Research
Coordination
_ Division of Industrial-Academic
Data Research Coordination
Atomic, Molecular and Plasma
Periphery Data Research Center

Department of Administration

Department of Engineering and
Technical Services

3. Collaboration Researc

hes

conducted by NIFS as an Inter-University Research Institute

The collaboration researches conducted

by NIFS are categorized into:

(1) General collaboration research

339 Research Subjects, 80 MYen

(2) LHD collaboration research
34 Research Subjects, 170 MYen

(3) Bilateral collaboration research

68 Research Subjects, 654 MYen

for FY 2008
8/25
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Number of subjects & collaborators

Bilateral Collaboration | JFY 2004 | 2005 | 2006 | 2007 | 2008
Subjects 43 52 53 59 68
| Collaborators | 495 625 671 777 866
Fusion Research Community National it for
15 part|c|pat|ng lnst - FUSIO SciE - 13 participating inst.
. 18 research | 12 research subjects
Institute of Advance  Integrated and I earch Center

Laboratory of Complex Energ X111 comprehensive :
S r ) { understanding of Q
)
33 ]
‘
S8 S
§ N Physics study o g
5 s; confinement [
® 3 |mprovement by ~°
30 g
Q
Q0 S
N g g
)
0 g
oS, 8
g ] stateo E
< temperature plasmas S
ignition by laser X

24 participating inst
19 research subjects

Research Institute for Applied Mechanlcs, - 18 research subjects
Advanced Fusion Research Center Reinforcement of Institute of Laser Engineering

inter-operation and collaborations for FY 2008 9[25

icipating inst.

Japanese Fusion Activities

Kyato Univ, j:’;"oalwew Agency (JAEA Hokkaido Region Total Univ. and
Heliotron J Helical Sys Tokamak 3 insstutes including -
g o S E e g rmiany Institutes under
collaboration with
NIFS: 144

Hokuriku Region
5 Institutes Including
« Toyama Univ

- Kanazawa Univ.
- Fukul Univ.

Univ. of Tsukuba
Chugoku, Shikoku Regic GAMMA 10 Mirror
14 Institutess inchiding

+ Okayama Unik:

Kyushu Region
19 Institutes inchuting
* Kyushi Unv.

Saga Uriv
« Kyushu Tokai Univ.

Kinki Region
19 Instiutos
Including

+ Kyolo Univ
+ Osaka Univ,

GEkKOXII Laser 10/25
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International Research Collaboration

1. Academic Agreement

To p:ogno(}e international research collaborations the following agreements have been
concluded:

(between governments) US-Japan, China-Japan, Korea-Japan, IEA Stellarator, IEA TEXTOR,
IEA Spherical Tori: These agreements cover fusion community in Japan. NIFS contributes to
support domestic researchers

(between institutions) ASIPP-,Max Planck-, Kurchatov-, Kharkov-, ANU-, KBSI-, FZK-, PPPL-,
IFS ,Univ.Texas-, ORNL-, UCLA-, Univ. Provence-, GPI- NIFS,

LIA (Kyushu Univ. NIFS, Osaka Univ. — CNRS, Univ. Provence)

2. Collaborative Research Framework for ITER
To psromote ITER-related collaboration researches, the organization has been established in
NIFS.

3. International Conferences

To support research activities of domestic researchers by holding international conferences and
symposia. International Toki Conference (ITC) has been held annually, selecting current
topics as the main theme. In 2007, the ITC was held jointly with International
Stellarator/Heliotron Workshop with the topics of “Physics of Flows and Turbulence in Plasmas.”
The theme of the ITC in 2008 was “Development of Physics and Technology of
Stellarator/Heliotrons en route to Demo.” The 6th IAEA Technical Meeting on Control, Data
Acquisition, and Remote Participation for Fusion Research in Inuyama, the PET conference in
gglagyama, the international LAPD conference in Takayama, US-Japan Workshops were held in

4. Personal Exchange

To strengthen research activities guest professors have been invited and researchers have

been sent to foreign institutes. To promote mutual understanding and to cultivate young
scientists, graduate students have been accepted from foreign countries. 11/25

International Cooperation

Governmental Cooperation Date qf
Conclusion

IEA Implementing Agreement for a Programme of Research and Aor. 13 1978
Development on Plasma Wall Interaction in TEXTOR pr.

Agreement between the Government of Japan and the May 2 1979
Government of United States of America on Cooperation in (Changing to
Research and Development in Energy and Related Fields new scheme)
International Energy Agency Implementing Agreement for Co- Oct. 2 1992

Operation in Development of the Stellarator Concept

Core University China-Japan Collaboration Program (CUP)
Researches on Core Plasma & Reactor Technology for Advanced Oct. 16 2000
Fusion Reactor

Japan-Korea Cooperation in the Area of Fusion Energy Research

and Related Fields Nov. 16 2004

IEA Implementing Agreement for Cooperation on Spherical Tori Feb. 20 2007

12/25
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Scientific Agreements of NIFS

with Foreign Universities/Institutes
|

Agreement Conclusion Facility Country Conclusion Date
Institute of Plasma Physics, Academic Sinica China Jun. 27 1992
Max-Planck-Institut fiir Plasmaphysik Germany May 11 1993
Russian Research Centre, Kurchatov Institute Russia May 15 1993
National Science Centre, Kharkov Institute of Physics and Technology Ukraine Oct. 7 1994
The Australian National University Australia May 8 1995
Korea Basic Science Institute Korea Mar. 6 1996
Forschungszentrum Karlsruhe GmbH, Institut fiir Technische Physik Germany Oct. 6 2005
Princeton Plasma Physics Laboratory USA Mar. 3 2006
Institute for Fusion Studies, The University of Texas at Austin USA Mar. 6 2006
Oak Ridge National Laboratory USA May 25 2006
Institute of Plasma and Fusion Research, University of California, Los Angeles USA Nov. 28 2006
University of Provence France Jul. 19 2007
A. M. Prokhorov General Physics Insti Russian Academy of Sci Russia Oct. 15 2007
S o e Crston o Awechiod et Lbwrer U8 | s |0t 222007

13/25

Formation of Interdisciplinary and International
Network of Research Bases as a member of NINS

Uzbekistan National

Univ.(Uzbekistan
ESO (EU) ( ) ?IUSSFA)
EMBL (EU) PPPL
Ru /-
Max-Planck-Inst., FZK " Kh :';ZL%X(::E;V'
(Gt?rmany) (USA)
Univ. Provence, CNRS
(France)
awaii Univ.

Promotion of interdisciplinary,
international collaboration
Research Cooperation and Liaison Board/Office
Formation of International Formation of interdisciplinary
Collaboration Research Base Collaboration Research Base
(together with universities arid their
(together with EMBL, ESO, MPI etc.)L annex research institutes, 2ic.} J_’
nternational Strategy ﬁ,?gf:;g;ig?g?aﬁgy ALMA
Board/International Formation of internatignal NINS (Chili
Cooperation Office network for scientists
K 14425




4. Training and Education of Young Researchers at NIFS
|

Postgraduate Education at 2008.11.01

[ FY2005 [ FY2006 [ FY2007 FY2008
ISummer / Winter Schools
[Seminar in Kashikojima Jul.28-30 Jul.27-29, Jul.31-Aug.2 Jul.29-Aug.1 Jul.31-Aug.2
[Summer Introductory School Aug.18-24 Aug.7-11 Aug.8-10 Aug.4-8
(Asian Winter School Dec.12-16 Feb.27-Mar.2 Jan.26-29 Feb.3-6
ITER Int. Summer School Jul.16-20 Jul.22-25
IGraduate University for Advanced Studies (SOKENDAI)
INumber of students 25 | 21 | 22 | 18

[ 12 [ 4 [ 8 [ 2
IStudents from associated universities doing degree courses at NIFS

. A 1 10 6 6

IGrad School of Sci., Nagoya U. 7 4 5 7
3rad School of Eng., Hokkaido 1 2 2 2

tudents from associated universities taking courses at NIFS
14 20 15 7

tudent researchers at NIES under the collaboration research programs

20 21
(Tohoku U., U.Tokyo, (Tohoku U., Saitama U., (Tohoku U., U.Tokyo, (Tohoku U., U.Tokyo,
[Tokyo Inst. of Tech., lU.Tokyo, Yokohama Ntnl. [Yokohama Ntnl. U., Niigata [Tokyo Inst. of Tech.,
From Y Ntnl. U., lU., Shinshu U., Nagoya U., [U., Fukui U., Shi u., Y u,
[Shinshu U., Nagoya U., y U, K ima U.) goya U., Kyoto U., INtnl. U., Fukui U., Kyoto
lOsaka U., Yamaguchi U., Kyushu U.) Inst. of Tech., Osaka U., U.
Kyushu U., Kagoshima U.) [Tokushima, Kyushu U.,
Kagoshima U.)
IFrom prefectural or city 0 0 1 0
luniversities (Toyama Prefectural U.)
4 4 5 4
IFrom private universities (Sophia U., Seikei U., (Sophia U., Seikei U., (Sophia U., Seikei U., (Sophia U., Seikei U.,
[Tokai U., Rikkyo U.) [Tokai U., Fujita Health U.) [Tokai U., Fukuoka Inst. of [Doshisha U., Fukuoka Inst.

[Tech., Fujita Health U.) lof Tech.) 5

5. Recent NIFS Research Activities

[ 9
Present View of !
.+ Large Helical Devicé (LHD) ™

e - Pellet

World largest superconducting.coil system
Magnetic energy 1GJ ==
Cryodenic mass (-269 degree C) 850t i Localilsland
Tolerance S\ \ Divertor

: K P (LID)

External diameter 13.5m
Plasma major radius 3.9 m
Plasma minor radius 0.6 m

Plasma volume 30 m3
Magnetic field 3T
Total weight 1,500 t




Target and Achievements in LHD

Achievements [Final target]
lon Temperature

Central T; 13.5 keV q02L, T T T T TConlmerdial gg
Density  3x10'8m-3 (Ar gas) Ignition (—tl

Attainment of temperature 3
101 7=, break-even

Electron Temperature of fusion reactoy g 3
Central T, 10 keV [10 keV] B D e LHD goal
Density  5x10'8m3[2 x 10"°m*] S S 10 | E

World record of beta value <2 2 o @O
approaching to plasma pressure 1 S 10" ELHD aChlgved Upgrade

Volume Averaged B condition = OE o

5.1 % (magnetic field of 0.425T) 5 S 102k o b ]
[25%(1-2T) B = Existing ®

Electron Density Z 10 [ Tokamaks 1
1.2x1021m-3 World record of plasma density minihour day month

Stored Energy Y S ¥ L TR W .
1.66 MJ [40 MJ] 10" 10° 10" 102 103 10* 105 108 107

Holding time (s)
Steady State Operation
31min.45sec. (680 kW) 1.3GJ [1 hour (3,000 kW)]
54min.28sec. (490 kW) 1.6GJ

World record of injected energy

17125

IDB Scenario and Super Dense Core Reactor

I ———
+ Edge Control
Core fueling by pellet injector
Particle pumping by LID = Low edge density
+ Confinement Improvement (IDB)
Present Interests : Position sensitivity of IDB foot & MHD stability
* New Ignition Scenario (SDCR)
High Density and Lower Temperature Core
Parameters (n, T, §) obtained are encouraging

Reduced engineering demand LHD
and neoclassical ripple transport
o Self-ignition
FFHR % 3r /
1,000 MW = High temperature
6Tesla %‘ 2F operation
25,000 ton S 1 ontour lines
Q Pex
L BF | il I
° ';gmperaturzeo(keV) % 18/25
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Establishment of Dept. of Simulation Science

* New organization: Department of Simulation Science
was established on April 1, 2007

= Organization of the Department of Simulation Science
Department of Simulation Science consists of 2 division and 1 center,
by unifying the previous theory and computer center, and computer and
network center
LHD and magnetic confinement simulation division,
Fusion frontiers simulation division,
Rokkasyo research center

Promote three simulation projects under the collaboration with universities and
institutes: (a) LHD and magnetic confinement, (b) Laser fusion, (c) Complex plasma

= Symposium of Simulation Science was held every year: at Ceratopia, Toki on
September 6-7, 2007, and at Tajimi on September 24-25, 2008

* New computer and computer-related resource
New supercomputer has been selected and its operation will start in March 2009
Image analysis system ComplexCope has been developed

19/25

Numerical Test Reactor Project

To create a fusion energy reactor in a virtual space (computer) in order to
optimize properties on physics and engineering, and economical aspects
- -

|:> Hierarchy-extended simulation for precise physics Verification by LHD
cience e data base on
physics and
P!e.taF efgjreering
! &D of system
& materials
Z‘ Kodeling

S t
’ Introduction of physics knorove predictabilﬁg ‘ Reactor design:
— technological,
Input control of
heat & heat, particles

economical,
particles
a particles

Ij output |:> & ecological
; compatibility.
heat, particles Evaluation of

efficiency
=

magnetic
structure mm-integrated simulation: to predict | || Change of condition |
ole response of macro quantities -y 4-

feedback &3

Optimization of helical reactor with integration of high performance plasma and
structure components & system 20/25
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S e o New Plasma Simulator at NIFS

program
development Front System

Large-Scale Parallel Type B
Processing Server
Upgrade of the super

computer in March 2009
SR16000: 77TF, 16TB

Server for Development:
2.48TF, 1.5TB [

Support Staff of residing
From Oct 2012

\ -
Storage system High Speed Network post SR16000: 315TF, 32TB
0.5PB / 2PB

Data Processing
Server

Front System

High Spee
RAID Network
Device

| Simulation Laboratory ]

ctol /I _am

21/25

Facilities to promote Fusion Engineering Research
based on collaboration with Universities

Iain Hall Materials Analysis Room
Fusion Engineering Research Laboratory in NIFS

Y =

~ Callaboration with TYK Co. Collabaration with U. Takyo
High Temperature Test Area Thermal Convection Loops for Compatibility Tests

b-15




Activities of Coordination Research Center

I ——
Functions: Co-operations for innovation from science and technologi

Growing Access A&M Data Base

FIREX target 2

» National Astronomical Observator)/
» National Institute for Fusion Science
« Institute for Molecular Science —|
* National Institute for Basic Biology
 National Institute for Physiological
Sciences .
Solar-B &.HD Nano Science23/25

Ceramics

6. Overview of Review Process
6.1 Structure of Review Process on NIFS Activities

: Reviewing Organizations

bk — _|Inter-0perat|on Administrative Organization I_ ‘Dlre‘:tor General ‘

Peer Review Committes]  |Administrative Counclll\lﬂle | Adviser

-10 NON-NIFS committees
-23 NON-NIFS committees T | -11 NIFS committees
-Reviews for research results -Discusses important
administrative issues

PR Office

Research
Information Office

Deputy
Director - General

Collaborative Research Committee
-28 Non-NIFS committees
-18 NIFS committees C i for

1
1
: Fusion Science
1 ploratory
-Examines plans and 1 Midterm Plan and
1
1
1
|

Archives

administrative matters about Peer Review
collaborative research.

Hugleay F"sm" Ressarch LHD Collaboratlve Bilateral Collaborative
Collaborative Research 5 > H e 3 1
Committee Research 1

*I Executive Meeting for Research Directors

<| Review Committee for Research and |

. 1 Job Plannin
Nuclear Fusion Network 1 =
(Nuclear Fusion Science, Fusion Reactor Engi ing, Plasma Sci ) "
e ————— | | |
Dept. of LHD| | Dept. of Sim.| | Individual DETS * Dept. of
Project Science Centers Administratiol

« Department of Engineering and Technical Services 24,
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6.2 Review System and Process of NIFS

|
7. Third-Party Review

(@D Review as the National Institutes of Natural Sciences (annually)

@ Review by the Council for Science and Technology Policy (annually)

2. Peer Review and other reviews
@ Review by the External Peer Review Committee under the Administrative Council in the National
Institute for Fusion Science
= Large Helical Device (LHD) Research (2004)
= Simulation Science (2004)
= Collaboration Research & Joint Activity (2005)
* Fusion Engineering Research Center (2005)
= Safety and Environmental Research Center (2005)
= International Collaboration Activities (2006)
= Coordination Research Center (2006)
= Department of Engineering and Technical Services (2006)
= Large Helical Device (LHD) Research (2007)
= Simulation Science (2007)
= Bilateral Collaboration Research (2007-2008)
= Special Review Committee (2008)
@ Other Review
= Reviews by the special advisers for the National Institute for Fusion Science (2004)
= Reviews by the Cryogenic Association of Japan (2005)
= Reviews by the Internal Review Committee for Research and Job Planning (annually)

@ Review made by the nuclear fusion research workgroup within the Science and Technology
Council
=The report submitted on January 8th 2003 by the nuclear fusion research workgroup within the Special
Committee for Basic Problems, Science and Technology Subcommittee, Science and Technology
Council, was checked and reviewed for the promotion of the future nuclear fusion research (2006)25I25




3-2 Development of Net-Current Free Heliotron Plasmas
in Large Helical Device

)

Development of Net-
Heliotron Plasmas s
in Large Helical DgVic

A. Komori

for LHD Experimental Graj
National Institute for Fusion Scienge
Taki, JYapamn "

QOutline

1. High ion temperature 5.2 keV at n, = 1.6x10*°m-3
accompanied by Impurity hole

. High density n,(0) =1.2x10?'m3atB=25T
with Internal Diffusion Barrier (IDB) in Helical Divertor

. High beta <B>=5.1%, <p>>4.5% for > 1007,
. Steady state

. Summary
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New perpendicular NBl much improves
(4 28
ion transport study
- High-power NBI of 23 MW in total -

v 4 beam lines of NBI
= 3 tangential + 1 perpendicular ( + 1perpendicularin 2010)

%.\| Tangential beams

* 16 MW in total, Eyg, = 180 keV
with negative-ion sources

 Primarily electron heating

* Less fraction of trapped particles

180keV-tangential
NB injector

Perpendicular beam
e 7 MW, E\g, = 40keV
with positive-ion sources
* lon heating (T;(0) = 5.2 keV)
» works as a diagnostic beam for
CXRS (T;, Vy, Ve, E))
» Confinement of trapped particles

a0kev-perpendicular secured by geometrical optimization

NB injector
3/15
(’ High T, plasma realized
by upgrade of ion heating power
T, (0) reaches 5.2 keV at n, = 1.6x10°m"3
6 T T T = 2 T o T
¢ 5
— <
= e
3.6 4.I0 4:4 4.8
R (m)
v" Heating Power N-NBI: 12 MW, P-NBI: 3.5 MW for high-T;
v T,>T,in core and T; < T, in edge
4/15
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)
(@ Improvement of ion heat transport

6 T T T T T 100

—t=2.06s
—t=2.35s

T (keV)

° (4
NC Calc,® ¢00*** o®
o® .
9®
...3 NC Calc. .

'..o. .o.
0 L 1 1 L N 1 o L L .
36 38 40 42 44 46 0 02 04 06 08 1.0
R (m) p

v'Reduction of y; ¢, appears in the core
v lon root (E, < 0) in core and Electron root (E, >0) in edge
-> core transport is improved to NC level

5/15
(’@ Carbon impurity is expelled due to outward
convection : Impurity Hole
2.5 e ama 0.4 N 0.06
2.0 ¢ t=1.25s  10.05
0.3[
—~ & ] o
T 15l 2 0.04 &
S % 02 1003 3
T 1.0} = 3
& 3 o 1002 %,
0.5¢ 1 10.01
0 e 0 e D 0
36 38 40 42 44 46 438 36 38 40 42 44 46 438
R (m) R (m)
v More hollow as the ion temperature gradient is increased
v Steep Ti gradient = Extremely hollow carbon profile “impurity hole”,
which is quite different electron density profile.
v Contradicting NC prediction = suggests anomalous convection
6/15
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B of 5.1 % has been achieved and B of 4.5 %
" has been maintained in steady state

<p> (%)

<B>>3.5% ]
0 1 1
0 50 100 150
T It
duration E
v’ Beta limit

1
L& 1

10} ' ' - 1L (m)+
V\4.a% s
10% 0% 1
10’ } } } :
04 e T (keV)
0 g , (keV)

v Transport in the ergodic layer
v Change of magnetic topology,

e.g., magnetic island dynamics

3-D equilibrium calculated by HINT

25 3.0 3.5 4.0 4.5 5.0

R (m)

Effect of stochasiticity has been investigated in detail

7/15

.| Standard IDB

10 | Scenario [N\_ | Scenario \'Q_

A,=66 O 5

(2005~) 0\0

8 4

A,=6.3 o°

(2004)
é 6} A =580 0° o
° (~2003) °©9

-~ 8 )

I’
4 o @°gy & |

Sl
& [€)
0
o 2 3598, o Core
8
0°3.85m
75m
0

Operational Regime of high-8

R, (M)

38 39 40 41 42

Magnetic axis position is a key
parameter for high-beta
v’ Standard Scenario

(broad pressure profile)

- restrict of the plasma outward shift
for keeping good heating efficiency
in low-field

— increase plasma aspect ratio
—><p>=51%,p,~10%

v IDB Scenario
(peaked pressure profile)

- overcome the core density
collapse

> <B>=2%, By~ 10 %

Real time control of B,

v Much higher beta with this
operational window

v extension of operational regime
8/15
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), . .
( Interaction between Alfvén eigenmodes and
energetic-particles in LHD

TAE-induced fast-ion loss measurement % il i
with scintillator pr LIP L , E— =
scintillator probe (SLIP) Analysis in collaboration ..
with AE3D code i
o . 4 ;‘ 08 ”: -/“
. i . ; ! ‘Eg_zmz a.’; \'\.‘: '
3 Sl e | _,..'-.!;.. . - . = T zsmé.n 35
230wy Nl
20 .
;:;f" IALEL:1 Mw____w‘___ Understanding of

RSAE freq. sweeping
with MHD theory

Time {8}

Impact of Alfvén eigemodes on
GAM

Phase space
structure analysis
of TAE-induced
fast-ion transport

9/15

Achievements of High Density High Pressure
- Discharges with Internal Diffusion Barrier

v' Maximum n(0) exceeds 1x 10! m-3

T | T
Maximum P(0) =130 kPa = 46— P JLCFS
* Pressure rise is limited by = 44 o EN _ 7
Core Density Collapse (CDC) § 4°r o shited 3gise @
« CDC mitigated by elongation 'n@_ 40 o ° 7
= P(0) = 150 kPa 22 C . ]
v IDB width widens as the preset magnetic — I I
o t 101 max.n (0) & L
axis is put outward and IDB foot reaches L s [ -
to LCFS with R,,= 4.0 m e L ¢
~ [ ]
. ; . = 4 g ®
L] 5m, #68955 @1 8 8
10-!3‘25{!!‘!‘:3995 @123 E c 2r
| oimm e o L ob L L L
g . Y 150 Kopt|mizedL.<> I I
g & F e® %,
c =3 100 max. P(0) *e
£ S 0"
T 50 _
E IDB formation
ok ! ! ! !
36 37 38 39 40

R, (m

ax

10/15
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’ Diffusion Coefficient kept at tolerable level
(hr ; .
under large density gradient due to IDB

4 15

Relationship between time .
evolution and gradient of I, D, 1 On, T 1.0
. . = g
density profiles e a ne Op e 2 2 05§
Core plasma = b ;
 a (pressure rise): dn./dp increases i
with IDB formation, D=0.05 m?2/s 4
* b (maximum pressure): flux 15 T T TT
increase without dn./dp change R, =3.75m M ce p=02 |]
* c (pressure decline): dn/dp i #68996 P pE 8‘5‘ i
decrease with density decay, - - g; 08
D=0.05 m?/s 1.0 (mantle)
Mantle plasma e 3 _
* A (IDB formation period): Can not .” E A —Ag
reach large dn,/dpduring high flux 05 i b\ A7
IDB phase, D=0.43 m?/s =L % i
+ (after IDB disappearance): merge EoO ' e '_'...i—_;-:"-&‘-
into ¢, D=0.05 m2/s [ 5000 2w 0,‘.’#/ i
1 - L a,
Thermal transport is unaffected by 0 EI} 1 5 y y
article transport
P P -(dn /dp)/n,
( Transport in ergodic layer is a key
in high-performance high density plasma
L/m T./eV
Ferr (M) 10° 10°_103_100 10.J0° 200 100 __0
- 4
0.701 Core plasma is surrounded
by ergodic layer by stretch
0.654 i and fold of magnetic islands
0.60 %=~ .
Inboard  poloidal Outboard Inboard | A Cliin, exp. iz ====-Clll/n, Sim.|
® CVin, exp. —CV/n,Sim.| 3
3-D edge transport code : EMC3-EIRENE : - a
. o N S100F e, A.i"'-‘AA {1028
v Impurity screening in stochastic region a %’
g g
by friction with bulk plasma flow = o'\/ N
v Retention of impurities via shot flux tube 2 ] c;o
in edge surface layer %’ Se %® =
= Remarkable reduction of impurity “ 101 , , . 101\39
contamination in high density operation 0 2 4 6 8
n, (1019 m3)
12/15
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‘ Control of heat load on divertor plate is
(hr . !
a major key for steady state operation

Critical Pge=0.65 MW : Penetration of metal impurities from deposited layer
on divertor plate € can be simulated by small Fe pellet

T, (keV, A d '
e (keV) > 7 15" ThtIOQ(l PRFcr/PRF)
1 ™ ‘“OBI O Before
Pre (MW) ;’ 103 - @“" ® After
n 19 m-3 = ]
0 vne (10 . m-3) ' g 099‘8\)&..?
o ATy, (K) before replacing ° oyl Y ,,Qﬂq____
5= 400} 0 \M/&NDO e
5 g bti&%ﬁ %\j&u 1
2 & 200} after replacing o9 o0
ar
102 : :
0 0.5 1.0 15

0 200 400 600 800

Time (sec) Averaged RF Power (MW)
Pre= 1.1 MW (Picy =1 MW, Pey = 0.1 MW)
v Divertor plates with significant temperature increase
=> replaced by ones with better heat conductivity
=> critical Pgg is mitigated

v Mode-conversion heating not to produce energetic ions

13/15

Nearest Future Plan

1. Upgrade of heating capability

NBI  5th beam line 7 MW, 60 keV
ICH 3 MW steady state
ECH 1 MW steady state

Closed helical divertor

Deuterium
* Identification and documentation of isotope effect
» Upgrade of NBI (32 MW in total)
Reactor design study
FFHR :
Force-Free Helical Reactor
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¥ Summar

1. High ion temperature 5.2 keV at n, = 1.6x10*°m-3
with confinement improvement

2. High beta <p>=5.1%, <B>>4.5 % for > 1007,

3. High density n,(0) =1.2x10*’m=3atB=25T
with Internal Diffusion Barrier (IDB)
4. Steady state 1MW for 800 s

5. Near-term upgrade package
closed helical divertor, heating capability, deuterium

6. 3-D effect inspiring new advanced physics model and
theory which are to be validated in LHD experiment

15/15
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3-3 Simulation Science in NIFS

Simulation Science in NIFS

N.Nakajima and DSS members

Outline
I. Purposes
Il. 3 projects
LHD and Magnetic Confinement Simulation Project
Laser Fusion Simulation Project
Simulation Project
lll. Future plan
V. Summary

Purposes
To clarify and systematize the confinement physics of fusion plasmas and

to promote the basic science based on the simulations, by developing
codes like a Numerical Test Reactor based on

hierarchy-renormalized model, leading to establishing simulation science
0/21

3 projects

I. LHD and Magnetic Confinement Simulation Project
Hierarchy-extended simulation

Core plasma fluid model group Hierarchy-renormalized simulation
Core plasma kinetic model group React +d .
Peripheral plasma model group ewgn

Hierarchy-integrated simulation
Il. Laser Fusion Simulation Project
related to FIREX project at Osaka University

Magnetic reconnection
Plasma material interaction

1/21
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LHD and Magnetic Confinement Simulation Project

Purpose: To exploit and understand the physics on cross-hierarchy interactions of
compound physics processes by developing a predictive hierarchy-renormalized simulation
model under the domestic and international collaborations, leading to an

Numerical Test Reactor (simulation code) predicting overall behaviors of fusion plasmas

Hierarchy-renormalized simulation

To predict the whole temporal behaviors of
experimentally observable macroscopic quantities (M.Sato,
K-Y,Watanabe, M.Yokoyama, S.Toda, Y.Funaba, N.Nakajima)

Knowledge (theoretical model, database, modules) for improving predictability

To exploit and understand the physics on
cross-hierarchy interactions of compound physics processes
» core plasma fluid model group : (Y.Todo, H.Miura, R.Ishizaki, A.Ishizawa, A.Ito, M.Sato,
K.Uzawa, N.Nakajima)
+ core plasma kinetic model group : (T-H.Watanabe, H.Sugama)
+ peripheral plasma model group : (Y.Tomita, G.Kawamura, M.Kobayashi, A.Takayama,
D.Kato, )

2/21

Hierarchy-extended simulation (core plasma fluid model group)
[
« MHD
|. MHD Infrastructural code for Plasma Simulation
(MIPS) (Y.Todo,N.Nakajima)

1. High precision MHD simulation in LHD
(MINOS) (H.Miura)
» Extended-MHD
I. Pellet dynamics (CAP) (R.Ishizaki)
II. Long time AE simulation in LHD (MEGA) (Y.Todo)

Perturbed pressure profile with multiple
ballooning modes ( reduces them)

025 .

CASINI

0.z

Comparison of
MIPS and

015 * (B) 107,
g CAS3D results of 2
= 01 - .
ballooning modes S %
il - in LHD . T
%2 s e ® 10 Plasmoid drifts to lower field side in LHD.
o ! S ‘o Alfvén eigenmode burst in
| e F5 [eomf My " || LHD(#47645) was found
N - N o O I with reduced simulation
|;) o;_h N . o1 o-.‘ 06 0.8 e "°L°'MWLM code. 3l21
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Hierarchy-extended simulation

(Core plasma fluid model group)

» Extended-MHD (Two-fluid model)

I. Two-fluid equilibrium with flows and ion
Larmor radius effects (A.Ito)

Il. Turbulent transport in externally heated plasma
(A.lshizawa)
* Full implicit algorithm
Development of full implicit method by extending
2D spectral finite element code (SEL) to 3D
(HiFi) (M.Sato, A.Glasser)

v'Singularity at the boundary is regularized due to
the ion FLR effects
Magnetic flux Pressure  lon stream function

v'Isosurfaces of each quantity do not coincide
because of the flow and the two-fluid effects

heat difusivity coefficient
o
zonal flow

0 0.2 0.4 0.6 0.8 1

Radial profiles of x; and zonal flow.
X; increases around magnetic island
(r/a=0.6), which partially comes from
macro-scale convective cell flow.

2D static condensation subroutine
has been improved and extended
to 3D subroutine.

4/21

Interior  Edge

Hierarchy-extended simulation (core plasma kinetic model group)

|
O Progresses in gyrokinetic theory and
plasmas (T.-H.Watanabe, H.Sugama)

simulations for toroidal

B Zonal flow enhancement and turbulent transport reduction in helical
systems is confirmed by GKV simulations.

(Watanabe, et al., PRL 2008)

B Zonal-flow response in case with equilibrium radial electric field (E,) is
theoretically derived. (Sugama et al., invited talk@APS/DPP 2008)

B GKYV code is extended for poloidally-global model for application to the
zonal-flow response analysis in case with E,.

(Watanabe et al., oral presentation@ICPP2008)

B Enhanced zonal-flow response is
found in a single-helicity case.
(Watanabe, et al., 22" |AEA FEC)

EARTH ,

SIMULATOR
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Hierarchy-extended simulation (core plasma kinetic model group)

O Progresses in gyrokinetic theory and simulations for toroidal
plasmas (T.-H.Watanabe, H.Sugama) [continued)]

Orbit of helically-trapped

Radial driftof ~ Vd
helically-trapped 1-'

E 0.3 T T T T T particles
I= 0.25 Wy (vi/Ry)=0 —— |
'lill. 02 .('TJ.ra./.[ l'r/f?'u]:i]:, IFJI4 |
*g 0.15 ﬂ Wy (vi/Ry)=0.417 —— -
< ol Hp s
S 005
= 0
o Flux K
,;," -0.05 F surface Yoo 7 L. -
= 01 :
& 015 [ 1 K, =
g 02— TG+ Bl ke
= 0 5 10 15 20 25 230 B 2 e
i ; =|1+G+ I—a(”e yua () (), Le
Time (Ry/vy) Pt ) o T,
New GKYV simulations for zonal-flow Theoretical model for zonal-flow
_ enhancement by equilibrium E,. response in case with E,.
EARTH 6/21

SIMULATOR

Hierarchy-extended simulation (Peripheral plasma model group)

|
1D fluid model of plasma profiles in the LHD divertor leg
(G. Kawamura, Y.Tomita, M.Kobayashi, D.Tskhakaya)

objective boundary layer plasma

» modeling of boundary plasma between s s - =
SOL and divertor plate and Q1 3 BLEITQ
PFW (Plasma-Facing Wall) by fluid model ) i 2 %: %‘F{; IS oW

results 21 Safei% =2
0'7""I""I""I""I""I'" CPS 8: = Q:g! Iﬁl:

- i\ (collisional o

2 06F ' Y pre-sheath

5 F o5t : I

© Ho o |

[1+] |

g ; 0.4 collision-less region |

£ co3f {s=L
0_25. Lis il .|....|....|..i..5,/

0 05 1 15 2 25 3

Distance along field line from SOL s (m) diverto -

= CPS: collision with neutral — dn/ds < 0 densit ak s=L
- collision-less plasma — dT;/ds <0 — dn/ds >0 yp
) reduction of heat load to divertor plate 7/21
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Hierarchy-integrated simulation

» Development of a core transport code in 3D configuration : TASK3D

(A.Fukuyama, Y.Nakamura, M.Sato, S.Murakami, K.-Y.Watanabe, N.Nakajima)

prasimae
Fali T Fixed-boundary equiibrium TASK Vacuum magnetic field MHE20 ¢
nterface + Diffusive transport i
: . Dynamic transport Outer-most magnatic surface
- + E-. | Kinetic transport 30 MHD equiibrium assuming
Wi 1 vested surfa
3 5 Ray and beam tracing i
Profile Database = e 2 Mapping from VMEC to Boozer
T Wk | Full wave analysis e Aol
o i =
= Wave dispersion 3
Temporary D8 8 - e ; 30 MHD equilibrium allowing without ©
3 +H - Gyrokinetic microinstability magnetic s ce :
o [* “»{FiTaD | NBI analysis (birth, orbit, damping) : Nonlinear MHD stability analysis
ITPAProtie DB |a—s| @0 ' H
- Helical currant avolution TASK3D |
+ Helical radial electric field ;
JT-60 Exp, Data MNeoclassical coefficient database
3D MHD equilibrium and sability
Drift-Kinetic equation solver
o= TOPICS-1B Integrated transport code by JAEA Module Structure applicable to
- a4 * Integrated SOL/divertor code by JAEA . .
— 3D configuration

TASK3D:common source for collaborators (in this FY)

8/21

Hierarchy-integrated simulation

*Analysis of LHD plasmas by TASK3D

FDeveIopment of GUI application |

MHD stability limit beta profile

[ vmec |[ stabiity || TR |
. [ .

beta value

' f ' ' 0.0
.0 0.2 04 06 0B 1.0
a

Verification of NBI heating module (TEST)

e M Umarical Tas Reacton

The achievable beta
value is expected
beyond 6% under the
assumption that the
ideal interchange
modes with m < 4 limit
the pressure gradient.
(M.Sato,
K.-Y.Watanabe,
Y.Nakamura)

[vveo | Crmoo ] v | e

.y"w [—

o4

2 2
{pmrmimnod Gy

/

Comparison of energy
confinement times
obtained by TASK3D
with the scalings.
(M.Sato, S.Murakami,
K.-Y.Watanabe)

The GUI application is equipped with

+selecting modules,
+setting input parameters and files,
*submitting job,

for easy use of TASK3D.
(M.Sato, K.-Y.Watanabe)
available (in this FY)

9/21
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Targets in this mid-term plan

Hierarchy-extended simulation (Core plasma fluid model group)

4 to analyze AE-induced excitation of GAM

U to clarify the roles of high wave number pressure-driven modes in LHD

4 to clarify the plasmoid motion in LHD

O to clarify interactions between macro-MHD instability and micro-turbulence

O to analyze two-fluid equilibrium and linear stability of LHD plasmas with flows
Hierarchy-extended simulation (Core plasma kinetic model group)

4 to analyze influence of macro-scale E, on zonal flow response in helical systems

U to extend GKV code for more realistic configuration

QO to analyze ETG turbulence and zonal flows in toroidal plasmas

Hierarchy-extended simulation (Peripheral plasma group)

0 to complete 1D fluid transport model interconnecting SOL and PFW

0 to develop a 3D fluid transport model of plasma and neutral in collisional pre-sheath
O to develop a PIC transport model in magnetic pre-sheath and Debye sheath
Hierarchy-integrated simulation

O to intensively check of TASK3D modules by applying TASK3D to experimental data
O to implement impurity module and DD reaction model into TASK3D

O to formulate system of transport equations with plasma flow in 3D configuration

10/21

3
Laser Fusion Simulation Project TQ
Purpose: ( :::?':;::“ ra ende \. Relativistic PIC code

| Cone Plasma (Laser-Plasma Interaction)
Profile

To totally clarify physics of the Fast
Ignition and to design targets for
FIREX (Fast Ignition Realization
EXperiment) project at Osaka Univ.
by FI3integrated simulations under —
tight collaborations among Osaka (Core Heating)
Univ.,, Setsunan Univ.,, Kyusyu

Univ., and KPSI JAEA.

Organization of Collaborations

Radiation-hydro code : Osaka Univ.

Relativistic PIC code : NIFS and KPSI JAEA
Fokker-Planck code : Osaka Univ. and Kyusyu Univ.

Level up of FI3 by introducing hybrid code : Setsunan Univ.
To develop collision model : NIFS, Osaka Univ., and Setsunan Univ. 11/21
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Laser Fusion Simulation Project

(H.Sakagami)

O A pre-pulse of the heating laser generates the
preformed plasma and its scale length is also
determined by the pre-pulse.

O The preformed plasma with a longer scale length
can maintain the bulk electron density n,, at a lower
level, so that the core heating is sustained for a
longer time. (electron beam intensity oc n,1/2)

O However, characteristics of the pre-pulse are not
easily controllable. Au cone

O Thus, we propose to coat the inner surface of Au cone with low density foam,
preventing the preformed plasma from being snowplowed to extremely high
density at the laser front of the main pulse.

Low density foam

Au _
Main pulse Pre-pulse  Preformed plasma 12/21
e . . F7°
Laser Fusion Simulation Project

|
(H.Sakagami, T.Johzaki, H.Nagatomo)
O By analyzing the core heating characteristics for various foam parameters with FI3
simulations, it is found that there are an optimum density of the foam and a
necessary minimum thickness of the coating.

B In the case of low density foam, the heating laser can relativistically penetrate into the
foam plasma and directly interact with the extreme overdense Au plasma.

B With high density foam, electrons in the foam plasma are snowplowed to such density
that the fast electron beam intensity can be substantially repressed at a low level.

O In).t'lje case of 20n_, with 60pum thickness foam, the core electron can reach 2.6keV.
T T £ y T r

=@ =40|um|
.'.l|||||.. == G60|um]|
.f‘ -.__- == 70|um|
2k o = =@-50|um|
u l‘--I-‘-- 2 n
e
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3
Targets in this mid-term plan :FQ

To perform basic evaluation of FIREX target through following
steps, under the collaborations with Osaka Univ., Setsunan Univ.,
Kyusyu Univ. and KPSI JAEA.
1. To develop a Langevin-type collision model based on empirical law,
and to introduce it into 1D relativistic particle code
2. Tointerconnect 2D relativistic particle code into FI3
3. Analysis of fast electron transport by using hybrid code

To realistically analyze FIREX experimental results in Osaka Univ.,
through following steps

1. To enlarge the scale of FI3 simulations including 2D relativistic particle code
2. To expand the empirical collision model into 2D relativistic particle code
3. Level up of FI® by introducing the hybrid code

14/21

Purposes

¢ To clarify the magnetic reconnection phenomena, which are controlled by various physics
from micro to macro-scale, in solar and magnetosphere plasma and fusion plasma.

e To clarify the plasma-material interaction in compound physics system.

Method
¢ To develop and use hierarchy-renormalized simulation model with domain-decomposition
method.

Members

e R.Horiuchi, S.Ishiguro, M.Skoric, M.Den, H.Nakamura, H.Ohtani, S.Usami

Collaboration with universities and institutes of NINS

¢ Insolar and magnetosphere plasma; National Astronomical Observatory of Japan (NAOJ),
Earth Simulator (ES), Kyusyu univ., Chiba univ.

¢ In plasma-material interaction; Institute for Molecular Science (IMS), and Shinsyu, Yokohama
National, Saitama, Tokyo, Nagoya, and Konan universities.

15/21
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¢ Search of magnetic reconnection points in
substorm process by MHD model (Fig.1)

¢ Clarification of generation mechanism of
anomalous resistivity due to instabilities by
using EM PIC simulation (Fig.2)

* Development and verification of hierarchy-
renormalized simulation model based on the
domain-decomposition method with MHD
model and PIC (Fig.3)

Short kink mode (tw.,=5370)

l

" (T.Moritaka,

| K-

Fig.1 Magnetic
topology during the
substorm (signs of Bx
and Bz) in the noon-
midnight meridian of
magnetosphere

(M.Den,
T.Tanaka)

(S.Usami,
H.Ohtani,
R.Horiuchi,
M.Den)

- M-

Fig.2 Generation of anomalous resistivity by two kink
instabilities with different wave numbers.

Fig.3 Numerical verification of hierarchy-normalized model by using
1D Alfven wave propagation (top), and plasma inflow from MHD
domain to PIC domain (bottom).

16/21

* Generation mechanism of C,H, from the
chemical spattering on a graphite surface is
clarified by using MD simulation (Fig.1)

e Blob simulation by 3D PIC code (Fig.2)

* Development and verification of multi-
hierarchy simulation model based on the

method (Fig.3)

Fig.2 Isosurface and contour plot of ion density.

(S.Ishiguro)

Fig.3 Schematic picture of course projection method
(left) and time evolution of total energy by PIC code (red)
and course projection method (black) (right)

. (a) Fig.1 snapshot of
C,H, generation with
the incident energy
of 5eV (left). The
C,H, is mainly
produced from
graphite armchair
(11-20) surfaces

(right (a),(b),(c)).

(A.lto,
H.Nakamura)

(A.M.Maluckov, S.Ishiguro,

Total energy M.M .SkOFiC)
o 1.07

1-,/
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applicability to magnetic reconnection (left fig.)

phenomena.

Consideration of method interconnecting micro model with macro model in geo-tail
Application to fusion plasma (reconnection with strong longitudinal magnetic field)

Verification and improvement of hierarchy-renormalized simulation model, and check of the

Expansion of MD of chemical sputtering to large scale (1003 nm?3) material in hierarchic graphite
structures by comparison with Monte Carlo ACAT simulation (right fig.).
Introduction of Coulomb collision into blob transport simulation and clarification of blob transport

Improvement of the multi-hierarchy simulation model based on the course projection method

Left: application of
- MHD hierarchy-renormalized
interface model based on the
\/ domain-decomposition
PIC method
interface Right:_polycrystalline Next target
MHD graphlte as .next target of
. Driving Force MD simulation.

Future plan : Road map of LHD and magnetic confinement simulation project

Hierarchy-integrated simulation | To Introduce knowledge from the Hierarchy-extended simulations

The 1st genleration I

To develop measurement and control modules

Reactor |

|| To complete Numerical Test

To develop and check basic
modules of TASK3D, by

NThe 2nd geﬁeration |
The 3rd generation

(Numerical Test Reactor)

Boundary condition.

Transient dynamics, Turbulent trangport coeffigients,

applying to LHD experiments _/ \_ + | Reactor design

To develop various Extended-MHD models.
To extend local turbulent transport of ions or electrons.
To develop basic peripheral plasma model

Numerical Test
Reactor Project

To complete comprehensive core fluid plasma,
core kinetic plasma, and peripheral plasma

models.

[, . .
b‘/ [ The3rd geqeratlon
I The 2nd-generation 1

Hierarchy-extended simulation

The 1st generation | T’ To develop comprehensive core fluid plasma model.
To develop global turbulent transport of ions or electrons.
ITo Extend peripheral plasmg model.

New plasma dimulator

08JFY 10 12 14 16

18 20

22 19/2

1
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Numerical Test Reactor Project

To create a fusion energy reactor in a virtual space (computer) in order to optimize
properties on physics and engineering, and economical aspects
- OO ]

Application of |:>
imaging science

b%j

Verification by LHD
data base on physics
and engineering

H|erarchy-extended S|mulat|on for precise physics

T | /i .. 3 - : &D of system
Jzoos ' - 9

|315TF (2012) | LY sy | == smaterlele. ..

Reactor design:
technological,
economical,

Input control of a5~ output E> gg]%%gical, &
heat & heat, particles : I heat, particles compatibility.
particles _ T — ’—tl E\T{_falgation of
_ — neutron efficienc
magnetic d

- L
structure \mehy-integrated simulation: to predict the ’ Change in condition ‘
le response of macro quantities (NTR) =< a-.

feedback L&
S S E—

I Optimization of helical reactor with integration of high performance plasma and structure components & ‘

Summary

a Simulation researches based on collaborations are being functionally
promoted by constructing 3 projects and working groups.

a By performing large-scale simulations highly enlarged by using full
system of the new plasma simulator, we will try to obtain new
knowledge of cross-hierarchy interactions and to improve
predictability of hierarchy-renormalized simulations.

a In the 2nd mid-term plan, we will proceed to clarify and systematize
the confinement physics of fusion plasmas under project researches
based on collaborations with road map, and aim at constructing
Numerical Test Reactor with predictability (Numerical Test Reactor
Project), and also promote the basic science based on the
simulations under the coordination researches among various fields.

a Above plan will finally lead to establishing simulation science, in the
center of which fusion research sets.
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3-4 Activities of The Research Coordination Center

Activities of
The Research Coordination C
(RCC)

The Research Coordination Center (RCC)

» Establishment: in April, 2004.
* Philosophy:

The researchers would serve for the
cooperation work on the bases of the big devices
such as LHD and it’s related science and
technologies by holding their own high research
capabilities.

The cooperation would return to NIFS with
innovation, we call it “the Boomerang Effect”.

It distinguishes the NIFS’s RCC to the

cooperation systems in the other universities.
2 /42
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Modified Organizations of RCC

Up to 2007

From 2008

Division of Academic Research Coordination

International Research Collaboration G.

Division of Academic Research Coordination

— 1 International Research Collaboration Group

ITER Research Coordination Group —1— ITER Research Coordination Group
Laser Research Coordination Group —+— Laser Research Coordination Group
Inter-Institutional Research Coordination G~ +— Inter-Institutional Research Coordination G.

Atomic & Molecular Data Research Center —H

Division of Industrial-Academic Research C.

Atomic & Molecular and Edge Plasma Data

Group

Division of Industrial-Academic Research C.
Industry Cooperation Group

Basic Innovation Science &Technology G.

Division of Science Communication
Fusion Kid’ s Energy Museum

Activities of Research Coordination Center

Functions: Co-operations for innovation to science and technologies

Growing Access A&M Data Base

Universities

FIREX target

Fusion

Communities

ITER

i Institutes and \
Academia

Solar-B &LHD

I
 National Astronomical Observatory
« Institute for Molecular Science

* National Institute for Basic Biology,\
* National Institute for Physiological
Sciences

+ National Institute for Fusion Science

Ceramics

Nano Science 4/42
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Topics in the Two Years

» Activities of Atomic & Molecular and

Edge Plasma Data Department
Y.Hirooka, I Murakami, H.Sakaue, D.Kato
* Division of Industrial-Academic Research C.

Industry Cooperation Group
Basic Innovation Science &Technology G.
M.Sato, S.Takayama, M. Tanaka
* Division of Science Communication

Fusion Kid’s Energy Museum

N. Inoue

5/42

The New
Atomic / Molecular and
Edge Plasma Data Group (division)

*The physics on core plasma has given the very promising experimental results for
the fusion world. The fusion technology has been accumulated the knowledge of
materials for the fusion.

*Many basic ideas has been proposed for the rector design including diverters and
first wall etc.

*So to sayi,it is identical to the ages in 1950~70 in proposing many ideas for plasma
confinements, such as such mirrors, Z-pinches, Tokomak and Heliotron,etc.

*Now, we are helming to the research to serve more idea and data for develop the
reactor systems. It will be difficult to treat walls as an obstacles affecting to plasma or
to see the plasma as the the enemy of materials.

*We are going to investigate the plasma from the view point of walls to accept the
radiation of neutrons, protons, alpha particles and high heat flux.

*We are now knocking the next door to the fusion world.

6 /42
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Roadmap to resolve PWI-issues
in fusion reactors By Y. Hirooka

Boundary control concepts development

Revaluation of existing core-to-edge plasma data
Enhancement of PWI+A&M research

v

Applied materials to boundary control

Optimization of hydrogen and helium retention characteristics
Fluid dynamics modeling of liquid metals and molten salts

v

Proof-of-principle exps. on boundary control concepts

PoP exps. in a divertor simulator
PoP exps. in long-pulse confinement devices (LHD, QUEST)
Extrapolated simulation to numerical fusion reactors

7/42
PWI-issues in steady state fusion reactors
Tokamaks Stellarators/Heliotrons
* High heat/particle fluxes to PFCs
+ Erosion and core contamination * High heat/particle fluxes to PFCs
* Disruptions » Erosion and core contamination
+ Giant ELMs * No disruption
+ H-mode (High-T mode)in tokamaks * No giant ELMs observed so far
— power threshold transition * H-mode in W-AS7
— led by passive wall pumping e Superdense mode in LHD
e S-modein TFTR — led by reduced edge density by LID
— led by passive wall pumping « Large SOL surface area for the
same plasma volume
\l/ — more PWI-susceptive

A need for the control over PWIs in both tokamak and stellarator/heliotron reactors
to sustain high-confinement operations at “steady state”.

8/42
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PWIs in magnetic fusion devices

. . k(T +T,
1. Materials erosion: C = W T'ecnC,E xKkT,, where C, = IM
Erosion depth of 10cm/yr. estimated for the C-divertor in ITER m

2. Tritium inventory:

oC o
Tritium inventory of a few kg/yr. estimatecfor__fﬁe &éivertorE ITEge CS (Te )’ E kTe

3. High-heat flux removal:
Heat fluxes of ~20MW/m? estimated for ITER

W,ConCu T o«nC/T,),ExKT,

Suppression of PWIs by materials choice

Further suppression of PWIs by edge-plasma control=Boundary control

Choice is either the reduction of ne or Te?

9/42

Application of Li-MS-PFC to a spherical tokamak

12F T T T T f
FShot#505891-#505929 . ]
5 aFa.ls
r m B =] b °
N ggn
=08 - l#j ILi-ON
- < S v (Te~20eV)
‘E: [ e ]
0.4 o loom
" Li-OFF s soms
b (Te~TeV) il
00 v v vy 18
0.0 0.5 1.0 1.5 2.0x10
nl/H  (a.u.) :
@ Supershots in TFTR
5l v"b:-a‘
01 ““'g‘ !ﬂ ' x

ne(0)06D,~2¢ 1 O/ 420
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Moving-surface plasma-facing components
(MS-PFC concepts)

Moving-solid surface

After Y. Hirooka et al. 17" SOFE(1997)

Moving-liquid surface

After M. Abdou et al., Fusion Eng. Des. 54(2001)181.

11/42

Application to a spherical tokamak & LHD

H g spectrosccopy

C
L
/ Rotating drum
Chain
//' rive
G- <€— Water
\ cooling

<4 Power to
the evaporator
/ Ti,Li evaporator

R=0.3m, a=0.2m, B=0.25T

50kW RF current drive
(8.2GHz kylstron)

©Boundary control devices:

Wick

Vacuum Pump N

'R Evaporation
] Chamber

Liquid
Lithium

Vacuum
Pump

Pump
Chamber

After Y. Nagayama SOFT2008
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Application of MS-PFC to a spherical tokamak

Li-gettering ON Li-gettering OFF

#505908 w/Ha filter #505910 w/Ha filter

13/42

Plasma diagnostics by using impurity ions
By lzumi Murakami
Light lons to Heavy lons

» It is important to understand behavior of impurity ions in peripheral region for
plasma transport and plasma control problems. Atomic processes in plasma
play an important role to understand these problems and plasma diagnostics.
We study atomic processes in plasma and plasma spectroscopy.

* We have developed collisional-radiative (CR) models for impurity ions, such as Fe
ions, Ne ions, O ions, and C ions and used these CR model to obtain electron
temperature and density dependences of spectral line intensities. Many kinds of
atomic collision processes are included in CR models. By comparing spectral line
intensity ratios measured spectroscopically and ratios obtained from CR models, we
can estimate plasma parameters.

* We include recombination processes and inner-shell ionization process in the CR
model. These processes were not included previously.

14/42
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Plasma diagnostics by using OV and OIlV lines

10 Err T EE T 10
] msors - B recombining |
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= |®ee ., -
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3 /
= /
4 f
(steady)  membneg | |
e L PV [mnizing
1 Ll T
5 1 15 21 10
t(sec)

Line intensity ratio [(OV 76nm/OV
63nm) for NBI-heated LHD plasma is
about 2.23.(#15078)

Theoretical intensity ratio for ionizing
plasma (red) and recombinig plasma
(green) or equilibrium plasma (blue)
cannot explain the measured ratio.

104 ———
lonization from IV /"'_ 10
N "'/mu 0 "
2 /
2 / - i
-
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2 {’ 7 e 03
& . ~
/o h
¥ “
} 2 o1
P YL novy/n(ovi=001
y Excitation from the ground state ~
i ~ 003
0y y T r
l 10 100 1000

To (oV)
We estimate contribution of innner-shell
ionization from OIV ion (red) and this can
explain the measured ratio, with assuming
electron temperature Te ~ 30-50eV and the
ion density ratio n(OIV)/n(OV)~2-5, which
is larger than the equilibrium plasma ratio
0.22-0.042.
This indicates NBI-heated LHD plasma is
not in ionizing equilibrium.
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Plasma diagnostics by CV .

oo I CVI 33.734 A _CV40.27A
The collisional-radiative model for CV ion gives Resonance line Resonance line
electron temperature dependence of each spectral line o0
intenstiy. 7o v CV 40.73A
Electron temperature is estimated by using intensity 600 5~ Intercombination line
ratio of the CV intercombination line to the CV £ 500 | ;
resonance line for NBI-heated LHD plasmas. s i T “n
Comparing with the electron temperature distribution

measured by Thompson scattering, location of CV

emitting region can be estimated at around p~1. This

means He-like Carbon exist in peripheral region.

Temporal distribution of estimated electron

temperature
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Research on non equilibrium plasma by using LHD and
the Solar obserbing satellite “HINODE”

Collaboration with National Astronomical

Observatory and Univ. of Electro- EUV spectrum of LHD plasma
communications. and our model

To examine non-equilibrium plasmas by 24— . .
spectroscopy, we have developed a collisional- LHD v.5. Our model {Aggarwal & Keenan to FeXiil)
radiative (CR) model for Fe ions, evaluated -y sk

atomic data for Fe ions, observed the solar PR, oo e

Sum of thoa, !

plasma by HINODE EIS, measured LHD
plasma, atomic collision experiments with

Line intensity, a.

compact EBIT. o |

We examined Fe ion spectra from LHD | |l [

plasmas and analysed with using the CR o Ill A fAN | | lJ’ll = 1

model. opedn /A, A — _«_-';._,-_‘:_h___._,__)u' J__
B s

Using density dependence of Fe XIlI line i A

intensity ratios obtained by the CR model, we  Electron density distribution obtained by 3 pairs of
estimated the electron density distribution of Fe XIII lines for the sun active region

the sun active region. . gt

We are going to develop a time-dependent CR
model and combine with a solar flare model

Dersity wia 0204  Dessity el M/202.08  Dersily
F Y adas T " ™

code to examine the mechanism of coronal 10 Y !
heating by using Fe ion spectral lines. This £ .
model will be able to use for LHD plasma - e #
diagnostics. = B O

Tritium for Fusion S

Scientific Research in Priority Areas (2007-2011)
by Daiji Kato

+ Tritium inventory and recycling in reactors are important
issues of study in safety and economic aspects of fusion
reactors.

* Material and plasma behaviors (physics) under tritium-
rich condition are little understood.

» Theoretical models and integrated simulation code for
global T inventory and recycling are being developed
through collaboration of plasma, material and
atomic/molecular physicists.

18/42
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TOPICS 1: Excited atomic hydrogen at metal surfaces

Excited hydrogen plays characteristic roles (larger probabilities of photon emission, ionization and
charge exchange) in edge plasmas. Highly polarized level population via electron capture at metals
surfaces was predicted in this study. This finding is a useful knowledge for precise spectroscopic

measurements of hydrogen-recycling in plasma-wall interaction.

Mechanisms for excited state creation

0000 o H*

o000 /

Q0909

@999 e/H*

reflection ) .
G S W

eeoe /N H W

Q009

Q9 Q0

Qo9 Knock off

sputtering by plasma ions

o

electron transfe)

(0]

P

Fermi level

surface

Doppler-Fermi-Dirac

distribution

atomic levels

a

D. Kato, T. Kenmotsu, K. Ohya and T. Tanabe, 18" PS| (Toledo), J. Nucl. Mater. accepted.

Development of theoretical
method to study electronic
interaction of hydrogen isotopes
and metal surfaces.

Upper figure: Electrostatic
potential energy surface of
electron near Mo surface.
Hydrogen nucleus is located at
the origin, 10 a.u. above from Mo
surface. Cylindrical coordinates
are used.

1 au length = 1 Bohr radius.

1 au energy = 27.21 eV.

Development of first principle
method to study excited level
population of reflected hydrogen
atoms at metals surfaces.

Lower figure: Highly polarized
occupation probabilities of excited
levels of deuterium atoms reflected
at a Mo surface with incident
energies of 5 - 25 keV.

Occupation probability (10 */incident ion)
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Isotopic effects reduce cross
section by more than 50 % !

Cross sectbn ratpo

Isotopic effects of atomic collisions
Electron transfer in D* + HD and D, / H* + H,

1.2}

1.0

0.8

0.6

0.4

02—

Experiment

Theory

© Present tesults o Q +HD ) ol +H,)
® Presentresultsie®’+D Vol +H )
o Cramerand Marcus (56]:aD™D Mo li™+H,) |

----- Present results: ol +HD )/adi™+H )
—— Previus resultsio@'+D,) o H'+H )

Energy keV/u)

Kusakabe et al., Phys. Rev. A 70, 052710 (2004).

—. Change molecular assisted
recombination (MAR) rates of
edge plasmas
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TOPICS 2: Hydrogen trapping in bulk tungsten

Electronic interaction of hydrogen with vacancies are studied by means of the first principle molecular
dynamics. Multiple-hydrogen trapping by vacancies and super-abundant vacancy creation under
hydrogen-rich condition were predicted in this study.

D. Kato, H. Iwakiri and K. Morishita, 14! ICPP (Fukuoka) oral selected topics, J. Plasma Fusion Research Ser. accepted.

Electron density distribution with
interstitial H (tetrahedral-site) in W
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EUY spectroscopy of highly charged iron ions
with a low energy compact EBIT by Hiroyuki Sakaue

The spectroscopic investigation of highly charged

Electron Beam

ions attract attention not only in atomic physics but also
in the diagnostics of nuclear fusion and astrophysical
plasmas.

We measured extreme ultraviolet (EUV) spectra of
highly charged iron ions (Fe IX - Fe XXIV) in the ,

range of wavelength 100-300 A by a new compact LN2 tank

electron beam ion trap (EBIT) which was developed for E==

low electron energy operation. The electron energy of Y ppm )

this compact EBIT is controllable from 100 eV to few ~__ | Grating ,CCJ
keV, therefore it is appropriate for spectroscopic DT3 | \“‘ _/
investigation of the moderately charged ions. A slitless DT2 ;,7; A= U] e m 1
flat-field EUV spectrometer developed exclusively for DTL. %‘ J ]

this compact EBIT is mounted with it and high | ‘F JJ?L“_{ ‘\‘
sensitivity and high resolution spectroscopic analysis of

highly charged iron ions become possible. A schematic i 'iéﬂ ,
drawing of the EBIT and the EUV spectrometer are - compact EBIT EUV Spectrometer |

- " CoBIT"
shown in Figure 1
Fig1 Cross sectional view of compact EBIT
and EUYV spectrometer
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Laser Coop.; Temperature control of FIREX target

» Heat input to the cone of 0.25nW

2D Model for calculation LR
can minimize the temperature

f ' Au cone guide distribution in the solid fuel layer.
=104 » The layer uniformity of the FIREX
~ target would be achieved with the
15° /
H R e temperature control. 23/42
2mm input

r=250 um
r=230 pm

Gaseous
H2-D2 mixture

Polystyren shell
(t=5 pm)

Solid Hz-D: =
mixture oo Within 1 puK of
THe =12.0K Temp. distribution

» FI3(Fast Ignition Integrated Interconnecting =
code) project .
— collaboration with Osaka Univ.,

Setsunan Univ. and Kyushu Univ. o

» We found that the fast electron beam intensity -
has well scaled as the inverse square root of )
the electron density at the LPI region
independent of another parameters.

 We proposed a cone target, of which an inner = |
surface is coated with a low-density foam, to °
maintain the fast electron beam. FI3
integrated simulations are performed to
estimate core temperatures, and the foam
density and the thickness are optimized.

Electron Beam latensity|Wiem’)
?
]
3
3
»

& Letojum]

Initial Temperature

0 10 20 30 40 50
Foam Density (nfqn/ne)

Maximum Core Electron Temperature (keV)

24/42

b-48




Division of Industrial-Academic Research C.
Industry Cooperation Group
&
Inter—Institutional Research Coordination G.
Sintering of Zero expansion Pore Free

Ceramics for Extremely Large Telescope

25/42

Very High pure steel will contribute to make first wall for fusion

0.14

0.12 —

0.1 —

0.08 [ " %! Microwave
L L EY
0.06 — %! Conventional
Blast furnace
0.04 |
0.02 F—
0 - | — |
Mn S Si Ti
EN kY]
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Microwave Steel Making by Motoyasu sato

Pressure Chamber

Iron ore & Cork Powder

%W

77 GHzGyrotron 25 OkWCW

Shaft or
245 GHz Klystrons 30kW x 8 CW

=

Dead man

furnace mm

g $ \ Microwave 413

[

|Micmwave Transmission Technolpgy Application Carbon Rod & Coaxial Cylinders
Works as a dead man (core of the furnace floor)
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Formation of Nano-Domains by
Microscopic Thermal Non-Equilibrium
Generated in High Frequency Microwave H-Field

e BESR
4

M. Sato1),

S. Takayama1),
A.Matsubara1),

M. Tanaka1),

Maxim Ignatenko1),
Jun Fukusima1)
Nobuyuki Nishi2),
Hideoki Fukushima3),
Rustum Roy4),
Dinesh Agrawal4), ,

1) NIFS

2) Institute of Molecular Science,

3) Toyota Central R&D Laboratory, Japan,
4) Pennsylvania State University, USA

b-50




TEM

Starting Fe,0,

E field H field
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[Fig 4 Magnetization curve of samples heated by magnetic field at (a) 1000 degree Celsius and (b) 1200 degree Celsius.

by SQUID magnetic properties measurement system 30/42

b-51



Electromagnetic Field and material Interactions
Energy released by magnetic field changes
by Motohiko Tanaka

Magnetite

OO

egAAAAa:AAAAA@—/:—— Hematite
1 1 1 | S | 1 1
200 400 600 800 100 1200 1400 1600

Magnetite (with spontaneous magnetization) is heated

... through the response of spins in unfilled 3d shell,
which continues above the Curie temperature.

Results of Monte Carlo Simulation
U=->»J s[5 4+ gus.[B
2 ij J 2 B

For magnetic field reversal: B, — -B,
1) Energy change arises mainly from the exchange term

Small microwave field Amplified by exchange
spins reorient interactions !

2) Spontaneous magnetization (second term) vanishes
above the Curie temperature, but energy change (first term)
remains finite.
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An Analogy of Microwave Heating to the Classic reciprocal cycles

Condition for 2nd law of thermodynamics

Time Scale (Sec)

1013 1014 10-13 10 12 10-11 10-10 10 108 107

Energy Supply by EM wave
(Couple to Electrons)
Speed of Light

~

Classic Cycle

Archimedes Law
must be satisfied

Collision frequency

Quantum Relaxation >> Cycles
will play a roll to collision

frequency in the analogy to
classic cycles P sdiabatc

New cycle theory will establish including PR L o U
Quantum relaxation and classic collision e e

v 3382

Inter-Institutional Research Coordination
Microwave Sintering of ZPF ceramics

» The latest results are reported for the sintering of zero-expansion Pore-free Stiffness
ceramics, called “ZPF”. http://www.ceratech.co.jp/english/product /01 01 05.html

» ZPF is a very unique composite ceramics. It consisted of SiC powder (about 80 mol %)
and Li-A1203-SiO (~20%) powder.

» Itis not clear, if it is the pure liquid or pure solid sintering, as it is sintered slightly
under the melting point of Li-A1203-SiO powders.

» Small test pieces (122 x 122 x 20 mm stacking on three layers) sintered successfully in
the isothermal insulator box by microwave.

» Larger disks can be sintered in the large kiln at NIFS.

34/42
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Next Generation ELT
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SEM 5000X
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Larger size Disk and Large Kiln

Isothermal Barrier
Made of preliminary sintered ZPF
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ITER Collaboration Activities in 2007~2008

[ ITER } [ BA } By Y. Nakamura
Check & Review Device Components
«Contribution to ITER Design Review *Qualifying test of SC conductors for
(Heating Device, SC Magnet) JT60-SA

Academic Research

«Contribution to ITPA activities

(~10 persons/year participate in ITPA
meetings)

*Annual meeting on ITPA report and
discussion in NIFS

Academic Research

*Cooperation of building-up the
computer simulation center
(Selection of supercomputer, Physic
issues of fusion simulation etc)

Fusion Technology Fusion Technology

*Workshop on ITER pellet injector +Contribution to IFMIF-EVEDA
(Contribution from LHD pellet injector) (Development of TBM, R&D for
sInformation exchange on development DEMO)

of negative-ion based NBI device

Fostering of Advanced Researchers

«Communication meeting with ITER JADA member for young students in NIFS
*Support for participation to 2nd ITER International Summer School in Japan
(Report meeting on ITER ISS)

39/42

Future Prospects

Academic Research
towards Fusion Reactor
Human Resource

) . .
Inter-university
Institute

Fusion Reactor

ITER & BA
(JAEA)
Burning Plasma

Research Academic Res.

Collaboration Research

Basic Academic Research
and Education

> Establishment of ITER organization in 2007 and then beginning of device
construction phase

» Definite and practical contributions (human resource, review & check,
qualifying test of device components etc.) will be requested.

» Academic research using reactor-grade fusion facilities (ITER & BA)
« a heating physics, burning plasma control, qualifying test of blanket etc.

» Fusion technology towards building a fusion reactor (DEMO)
« Material research, breeding blanket, power plant system studies etc.
» Fostering of advanced researchers for contributing to ITER & BA and DEMO
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New Achievement in Fusion Science Archives (FSA) by Keisuke Matsuoka

1) Documents:
The number registered amounts to 18,000 as is shown in the figure. Main effort has been focused on
making FSA public.

NIFS Fusion Science Archives Database (Total Number: 18,000)
2) Making Electronic Finding Aids Public:

1200 -
oo -

A part of finding aids of NIFS FSA has been 1000 |

made public on the basis of EAD (Encoded el

Archival Description Intensive) under £

collaboration with Sokendai (The Graduate e

University for Advanced Studies), NIJL 5 a0 |

(National Institute of Japanese Literature) , wl

KEK (High Energy Accelerator Research 100 |

Organization) and IMS (Institute for Molecular ﬂE s s 2 S 2 g y aa
science). % = = 2 = Viar

3) Lecture Meeting on Importance of Archives was held by inviting a specialist from National
Archives of Japan as a speaker.

4) Presentation of Achievements:

“Special Issue on History of Fusion Research in Japan” of The Japan Society of Plasma Science
and Nuclear Fusion Research was issued with the great contribution of NIFS FSA. Flow chart of
50-year fusion research and historic documents e.g., Nobel prize-winner Yukawa’s note on fusion,
were exhibited at the annual meeting.

41/42

NIFS

Kids Fusion Science Museum

Meet cutting-edge science and technology ! Meet scientist !

The Earth Environment and Fusion Energy

Inreach program

Exhibitions: parabola wall, virtual reality system,
measurement of universal gravitation, etc.

Events: demonstration, experiment, etc.

Tour:  LHD tour, Simulation center tour

Outreach program

Museum: Cooperation with science museums

School: Visiting program for elementary school,
Junior high school and high school

Exhibition room Virtual reality l—zlgh school interpreter  Museum cooperation

(Parabola and diagnostics) pen campus 2008) (with Miraikkan) 49 /42
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3-5 Highlights for long-life blanket and SC magnet materials

Current status, Research subjects
and Future plans '

SHGRIIgHISHOIE GIYEIITENI ANTKEL
and:SC magnet materials -

Eusion Engineering Research Center - (FERC)

Akio SAGARA, Director

FERC in fusion research network
FFRC
2000 2010 2020 2030 2040 2050

Qm 1

LHD (Heliotron

ic Science

FER %‘Sérri‘t'.ﬁi\ orsteady

| Muliti-layer physics/
| e eeﬁ g model

Reactor design, P
Fuel breeding,

development

Reactor materlal
development

Neutron Source P-

ITER (tokamak)

Exp.
Reactor
Demaonstration of scientific feasiility 2/31

Fusion Reactpr
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FERC

7 staffs in FERC produced world impacts
with broad collaborations in fusion research network

Fusion Research Network in Japan

LHD  ———Fusion Eng.Research Cent
Confinement scaling Ignition access ) .
H.Yamada, & heat flux FFHR de5|gn TA:/Inu:)gr:,a erial system

Miyazawa(NIFS) O.Mitarai I Sytem Integration T Nagasaka, M.Kondo _Il\jz_erlgrr](;rll(i:sA s

(Tokai Univ.)

| Replacement (NIFS)

Helical core plasma
A.Sagara(NIFS)

K.Yamazaki
(Nagoya Univ)
Magnetic structure
T.Morisaki, Yanagi,
Goto, Watanabe
(NIFS)

(NIFS)

Mag. material system
A.Nishimura,
Y.HishinumgNIFS) N

N Long-life > 10y
» Welding

» Corrosion
» Irradiation

Blanket system
T.Terai

ST (Univ.of Tokyg

Takahata, q

Yamada, Safety Int. Collaboration

Tamura, T.UdgNIFS)

(NIFS) . TITAN : USA (ORNL, INL,

x'ﬁigf:,"'i'y ol Y. KozakiNIFS) UCLA, UCSD)
(NIF9) T-disengager system CUP : China (SWIP,

Power suppl: . .Ful

H_Chikarapishlg Thermofluid MHD Them"_?mgghsixt;g‘ (Kyusyu Univ.) ASIPP)

() v.Sci TohokuUni .
External heating Divertor pumping (TokyoUniv. Sci.) (UlchokuBnis) Heatt e;qhange{& Int. Network Program 3
0O.Kaneko, Igami S:Masuzaki, Advanced first wall Advanced thermofluid gAaSshil:Lileje EE EU (PP}, Russia,

’ Kobayashi(NIFS) T.Norimatsu T.Kunugi 2 X
(NIES) (OsakaUniv) (Kyoto Univ.) (KyusyuUniv.) Ulkraine, Korea (KAERI)
April 10, 2008, A.Sagaa Sagara 3/31

Two sets of optimization have been studied
on LHD-type Energy Reactor FFHR towards Demo

FERC

1. To expand the blanket space by adjustment of the coil pitch

parameter y of the continuous helical winding, while reducing the
magnetic hoop force to open wide maintenance ports,
2. To solve the replacement difficulty by proposing a long-life blanket

Flibe-RAF blanket.

Z RE=16mya =2:35mj Vp=1744m3, By=4.8T;
> 3GWth;30,000ton

concept STB (Spectral-shifter and Tritium Breeder blanket) using
carbon tiles to soften the neutron energy spectrum on the self-cooled

Self-cooled Radiation shield ~ Vacuum vessel

Tiles First wall
mechanical T breeder Th & I shield -“;g‘ d
joint \ L 4500C ssonc L rermalshie oundary
1,6000C coolant out 200C
! Plasma |C JLE-1 Ne
! ; +B4C magnet
i : (30 vol.%) i
| H Thermal
| LCFS e 77 insulation
b . -
: \ 03 2 53 / Herg
i Lk Be(©0volyw) LF JLE-1
Redox 107 cm
® __STB

Replacement-free STiBblanket

(‘metaliwalli<H100dpal/is0y’); where
C tilesishouldbe replacediin‘a‘few.years
agara

N
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Present activities in FERC on liquid breeder blanket

FERC

F.E.Reserch Center collaboration
Issues Requirements Flibe (LiF+BeF,) Li Pb-Li
Compatibility with structure No.:) ¥e':‘g‘xFT No with N, Yes| No with metal

corrosion & materials is high ? andlor coating forVv Yes for SiC

safety Chemical reactivity is low ? Yes r_‘: Yes
Activation is low ? Yes Yes No by ?°Po
Thermal conductivity is high ? No Yes Moderate

Viscosity is low ? -> turbulence Yes Yes

Self-cooling E 5 No No
MHD pressure loss is low ? Yes -> coating -> coating

MHD effects It:“?gat transfer is 2 Yes Yes

- . Yes with Be
Tritium breeding is high ? e Yes Yes
Tritium breeding i . o No

& recovery Tritium recovery is easy ? Yes > hot trap Moderate

o ) . No No

Tritium confinement is high ? -> coating Yes - coatin

Vapor pressure is low ? Moderate No Moderate

operation Weight density is low ? Yes Yes No

Melting point is low ? No(732K) Yes(453K) Moderate(508K)
. Partly from Moderate Moderate
?
Data base Enough for Fusion? MSRE(US) in US & Japan in EU, US
Sagara_5 /31

2. Neutronics

3. Magnet material system
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Welding for vanadium alloy became possible

166-kg ingot of NIFS-HEAT-2 low

Laser weld

activation vanadium alloy

FERC

v High purity large scale V-4Cr-
4Ti alloy ingots, NIFS-HEAT-1 and
-2, were fabricated and
distributed to world research
institute.

v'Before NIFS-HEATSs, welding of

., 200 US vanadium alloy was

g impossible because of low

~ 150 fracture energy at impact load.
>, |Lab. 200 g scale, Fracture-resistant . . ..
S |arc v' Oxygen impurity reduction in
2 1001 NIFS-HEAT-1, Arcl  NIFS-HEATs made welding

o [ Ductilitylimit ~ ~_ Us arc| Possible for vanadium alloy.

2 50f S

§ @ Weak to fracture

L 1 1 1 1 1 1 L 1

05 oo 200, 300 200
Xygen impurity/ wppm
Fracture energy of weld joint at room temperature
Sagara_7 /31

> 0.

jus
<5}
c
3}
[}
s
3
-
Q
@©
=
LL

F )

.

E

. g ‘Y* . T,
3 I'rragiatios defects @ = %))'::)

Vanadium alloy weld resisted 1 dpa irradiation

4F S s A 1
bl S, '
3F  Weld metal *\ : -
Ductility limit -
e B T Ty
| v-4craTi \ Recovery ; |
RT test il !
{ ] y i
05— 4 100
Irradiation dose / dpa

Fracture energy of weld joint after irradiation

Defect — oxygen com

lax
CXygen compiex

5 p!

- Defect
Enhancement
- of fracture

L 2 _ Stable
¥ T ™

Unstable

50 nm

o .

lectron microscope image
Ti-O precipitate

N

{‘Z’RC
v Weld metal maintained hig
fracture energy until 1 dpa, while it
degraded at 8.5 dpa.

v One of causes for the degradation
is nano-size irradiation defects

¥ Annealing at 600°C for 1 hr
decomposed them mostly, and
recovered fracture energy.

v The defects are stabilized by
impurity oxygen in weld metal

¥ It is believed that appropriate post-
weld heat treatment (PWHT) forms
Ti-O precipitates, and promotes
decomposition of the defects

v Investigation of PWHT effect is
undergoing
Sagara_8 /31
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NIFS-FERC
Standard specimen
// = N

\

N\
| database’\

1
\

TSN AR
\ //

—

N
~

2em

v Fatigue life is estimated shorter
in small strain range for hourglass
shape specimen than round-bar
shape by configuration effect

v’ Test with round-bar shape
miniature specimen is ongoing to
reveal the specimen size effect

Miniature specimen
v’ Neutron irradiation

Bridge between standard and miniature test database

JFRC
v Neutron-irradiated material data

has been accumulated with miniature
specimens by Japanese universities.

¥ NIFS-FERC accumulates standard
test data to clarify the correlation
between the standard and miniature
test database
10 p=— Correlation of fatigue data l’rrn:
g Standard, éHourglass :
Hirose et al.
| Standaird, Round bar :
Short life : i Long life

_ _____ <j ________ _____________________ ___________ E> _

Miniatilre, Hourglass—

Total strain range (%)

Hirose:et al. )
B E i In air.
[ JLF-1 ferritic steel | | RT
0.1 T ol L
102 03 104 10°

1
Number of cycles to failugzgara 9 /31

Corrosion characteristics of JLF-1 steel in molten
salt Flibe and liguid Li was investigated

. . . . JZRC
Chemical Chemical corrosion Erosion/ vC ]
Corrosion & Slight erosion Corrosion _ orrosu_m .
» . Erosion < e characteristics of
Saturation [ Non _saturatioﬂ 7| -. ‘;II-E'a1ksa't§§|lil-1 F:rbee!
RAFM steel RAFM steel RAFM steel mean sgof statiz test
ULCITEL Flowing test | and thermal
convection T convection tests.
SIR=1E
# plopelier ¥ We are trying to
= N do forced
- convection test

AT Small

Equilibrium

Present work

Real condition

FutuEe xv%rlb

AT Large based on our skill

and technique for
the corrosion test at
high purity
conditions,.., 10/31
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Low corrosion rate of JLF-1 steel in high purity
Flibe at static condition was confirmed FERC

Flinak ¥High purity of Flibe was successfully
produced by NIFS - Tokyo univ.
collaboration.

¥ First Flinak was produced. Chemical

R - . . characteristics of Flinak was similar to
Purification of Flibe . . . .
was succeeded. First Flinak FI!be. Flinak will be usfad as simulant of
P oo : Flibe for future corrosion study.
1000 _51000 hours ! _
i:!::hmo Vtvplgln?a i Difficult]  vCorrosion tests in high purity Flibe
2 _ igh purity Flibe 100umiyear|  Were performed. Corrosion rate and
O L 100 mechanism in static condition was
c? made clear.
2 > 6000C 10pm/year VIt was found that
QE 10 .o Good corrosion in Flibe was
g = e X e 900 influenced not only by
o 5000€ goooc F but also O and N.
L )L J L |
Hastelloy Inconel Inconel ¥The corrosion in
i c-276 600 625
304 stainles steel i Award for young high purity Flibe was
Ni based alloy ientist (AESJ low.
<Reasonable> el ) B

Sagara_11/31

Phenomenon of “Corrosion and Phase change” of JLF-1
in liquid Li was newly found by high purity corrosi%pﬂt%%st

Chemical corrosion and phase change of RAFM

“Li convection loop at
) high purity condition
was successfully
operated.

v Corrosion was
caused by the
formation of Lithium-
Chromium-Nitrogen
compounds.

& 5 17 vThe phase change
H o s 'y = was caused by C

: depletion.
Li loop at high purity condition was successfully operated !!

Sagara_12 /31
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Design and feasibility studies for forced convection loop
of molten salt Flibe and liquid Li were advanced

Ultrasonic flow meter
(Future work)

FERC

Thermal convection loop § Development of mechanical lift
Design : pump (T>500°C)

study for 4&,

e Pistdn pj
- I Flib . ? Corrosion of candidate [kt

Fr—y- steel 316Lt e
el Corrosion of candidate ( ype)

steel(316L type) for Flibe

Tank

LUET
Bellow valve

‘ Selective : Mechanical pump for
S electlve corrosion
development i i high temp. fluid
P abgrain boundary dissolution of Cr hig p.
] . Hydrogen sensor Design study for Li loop

for melt

Er,0; MHD coating exhibited good compatibility with Li,
especially for high crystalline coating

FERC
§ N o
‘Magneuc field s M 1000 W Er,O; Y,0; CaZrO;
Vanadium “E 20 e
duct é 15 Ca0 (pcrystal. el
R s Cazi0, v For reduction of MHD pressure drop in Li-
_5 5. s ' @' cooled blanket system, electrical insulating
I e i e e coating is required inside of coolant ducts.
_1 © : S
Lorentz force e w s Y Er0;andY,0; were selected
Reduction of MHD pressure drop S . as candidates for MHD coating
e Mass I:ultcnnm q . .
by Cecamic inswlator coating esposars oL ¥ for their chemical stabilities.
, XRD (Low angle) v Er,0, coating was fabricated
z Substrate Temp. l - by PVD process
2 n n .
2 — v High crystalline coating
£ ! . exhibited good compatibility
with Li
15

0% 60 773K 873K 973K
1000hr in liquid Li
Campatibility of PVD coating with Li
(Ex,0, coating on V-allay, ~1 pm in thickness,
Collaboration with ORNL)

Sagara_14 /31
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Advanced coating technologies and function of
tr|t|um permeation barrier have been demonstrat%ﬂc

—— Ixhllin

b i / v Advanced coating by in-

f'"'"'_' T panice situ and MOCVD (metal
e _.,,,“:;:*..;m organic chemical vapor
ol deposition) process have

been developed for large
Coaling fabrication n
by MOCVD method area coating

|
s —ows ws_awc _ws v Double layer coating has

F. — been also demonstrated

| Bl % e for unti-corrosion coating
%” o — _h,m\*\\ 3orders ¢ [Er,0, coating exhibited
|- - 3-order reduction in H

NN S S permeability
1000/T [1/K]

H permeabiity of coated JLF-1 ~
Collaboration with U. Tokyo

Sagara_15/31

1. Blanket materlal system
2. Neutrc

3. Magnet materlal system
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Quick feedback in neutronics design and modification have been conducted
and Tritium breeding (TBR>1.1) and sufficient shielding can be achieved
JFRC

v Blanket structures and
configurations have been
investigated by simulations of
neutron transpeort, tritium
production, damage, nuclear

3-D neutronics calculations heating, radioactivation etc.

by MCNP Monte-Carlo code v New 3-D neutronics calculation
system for helical power
Quick reactors has been developed.
feedback

v Tritium fuel self-sufficiency
could be achieved in helical
reactor (Global TBR: >1.1)

v Semi-closed divertor system
i 3-Danalysis &=  has been proposed to avoid

Design modification neutron streaming

Sagara 17 /31

Neutronics designs are being validated by DT neutron irradiations
FFRC

v'DT neutron irradiations
on blanket material assemblies
are being performed
at FNS facility (JAEA)

v For accuracy evaluations of

S ~ s : modeling method, calculation code and
Evaluation of tritium production rates nuclear data.

in Li/V-alloy assembly with small neutron detectors . . .
5 => Validation of neutronics performance
@ and information on design margins
4 _ --o-- Calculation |{ for TBM and DEMO reactor designs
L can be obtained.

2k

at FNS
facility
(JAEA)

Li 1
o ~10% ¥ Accuracy of radioactivity calculation
:L . ] for liquid blanket materials
% of V-altoy, Er and F was <~20 %

] o ¥ Accuracy of tritium production rate
% 0 5 10 15 20 25 30 35 40 from Li-G in Li/V-alloy assembly
Position (cm) was <~10 %

(Tentative analysis)

V-alloy /

1F

Tritium prodcution rate
(x10°/°Li atom/source neutron)

Comparison between calculated and
measured tritium production rates in Li/V-alloy assembly Sagara 18 /31
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ANIC
1. Blanket material system
2. Neutronics

Collaborative Study on Neutron Effect on
Superconducting Magnet Materials

rrad iatiorp

|

e

Arrangement

HOT LAB.
Oarai center
IMR, Tohoku

155T magnetwillbe
installed in hot lab.

Industries,
Institutions
(Strands,
insulators)
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Critical Current of NbTi, Nb;Sn, Nb;Al
after 14 MeV Neutron Irradiation

> | of Nb;Sn increased.

Dependence of change in [ on
200
> NbTi and Nb;Al do not show

magnetic field was clarified.
The World-first Data.

I increase. 2z
> B, of Nb,Sn does not =
change after neutron &
ircadiation. (~255T) 3

The World-first Data. 3
Pinning force might be S

strengthened and/or
number of pinning sites
be increased by Knock-
on Effect of neutron.

FERC

—@— Nb3Sn Non- —7~— Nb3Al Irrad.
—@— Nb3Sn Non- —2~— Nb3Al Irrad.
—O— Nb3Sn Irrad. —3— NbTi Non-
—O— Nb3Sn Irrad. —8— NbTi Non-
—&— Nb3AlNon- —— NbTi Irrad.

—&— Nb3Al Non-

...................................

=y 14 MeV neut
1.78 x 10*! n/m’

(@]
S

Magnetic field (T)

20 24
Sagara_21/31

J, of V;Ga wire was enhanced by new PIT process

(R&D of Low activation superconducting wires)f

v B, was increased by the
new PIT (powder in tube)
process using “high Ga cont.
compound”. (21T — 23T)

¥ Engineering J, of PIT
processed V,Ga wire showed
100 A/mm? around 18 T.

v The optimum cross-section
configuration was required to
improve J.-B property.

¥ The strain effect (high
strength) and multifilament
deformation will be
investigated.

FRC

J (over-all) {Aimmz)

e

-
=]

Magnetic Field (T)

Sagara_22 /31




Selected Publications in FY2006 to FY20078fRC

Total Number of Papers

Titles Authors | Journals [ o T s Collaboration
Author | dents | pomestic | Wi [ el
Reactor Optimization actjvities on A. Sagara, T.Tanaka, | Fusion Engineering
. design studies of LHD-type T. Muroga et al. esi
SDes(;g n reacfor FFHR P € (accepte 3 15 6 3
tudies
Fluoridation and oxidation T. Nagasaka, M. Journal of Nuclear
characteristics of JLF-1 and Kondo, T. Muroga, Materials (accepted)
NIFS-HEAT-2 low- 3 N. Noda, A. Sagara
activation structural materials | etal.
Metallurgical study on Journal of Nuclear
Blanket gorrosiot% of auster)llitic steels M. Kondo, T. Materials (accepted) 8 3 5 1
in molten salt LiF-BeF2 Nagasaka,
(Flibe) A. Sagara, N. Noda,
T. Muroga, et.al
Microstructure of Creep- T. Muroga, T. Journal of Nuclear
: geformﬁd V?Er-{)ﬂl it I(\:Iia;gasa‘.{kzi5 JLM, ai Materials (accepted)
trengthene: recipitation en, Y.F. Liand H.
Materials and Cold Rollizg P ‘Watanabe 6 5 13 8
I\&eutmngics iﬁyesti z:itilc_)n Qg "é' Tanal_(ra, I\[/} z\léx(c)geg&];juf%un,)\/ol
A advanced self-cooled liqui agara, T. Muroga
Neutronics blanket systems in the Iﬂelical and M.Z. Youssegf (2008) PP 4 3
reactor
Change in Properties of A, Nishimura, S. Fusion Engineer'm%
Superconducting Magnet Nishijima, T. and Desngln Vol. 82,
Materials by Fusion Neutron | Takeuchi, T. f 1555-1560
Su per- Irradiation Nishitani ? 007)
conducti NQg | The new route process of Y. Hishinuma Journal of Physics: 16 7 2
M agnet V3Ga mono-cored and Conference Series
multifilamentary wires using

high Ga content Cu-Ga
compound and V matrix
precursor

vol.97 no.
pp-012131 (2008)

Total

37 | 11 40 8 12

2 Neutronics

3. Magnet material system
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System integration for fuel and heat recovery in blanket

FERC
Online hydrogen sensor
e T nydfag'e'ﬁ'f,'e}}ffe'é515‘:::::::::::::::x System integration for
area ass anayed: | the feasibility studies
Hydrofien recovoryi i § on compatibility of

— i || hydrogen recovery
E" & \ﬁl}/ || and heat exchange in
Flinak ;

H, T : ! || the flowing system is
Ts Heat > || planed with the use of
: L Heat | samplek\leater’ | Flinak towards the
; Heater — Heat recovery| ! Gas i:| Demo reactor.
: analyzer ||
._Hydrogen permeation barrier ing techno %
:’aﬂ;ﬂ!

Sagara_25 /31

-1 Blanket material system
2. Neutro

3. Magnet materlal system
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Future plan for neutronics

=

FERC

v' Each of JA, US, EU and CN groups is making efforts
for importing 3-D CAD data into neutronics
simulations. But in most cases, using simple surfaces
(like plane, sphere, torus, quadratic surfaces etc.) for

symmetric geometries.

v’ Collaborative studies for importing
CAD data of asymmetric geometries
have been started with ASIPP, China.
= Treatment of complicated spline
surfaces are challenging.

-----

v Neutronics evaluation and validation
" by DT neufron irradiations (at FNS,
JAEA) will be performed on armor,
shielding, reflector materials etc.

= Aiming for mockup test of liquid
cooled TBMs in the future

CAD geometry imported
Into conversion system MCAM,
developed by ASIPP, CHINA

Neutronics experiments
on blanket material assembly Sagara 27 /31

Neutromcs

'j; Magnet mat
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Future Plan of Superconducting Magnet

Technology Research for Fusion

® Collaborative network for neutron
irradiation research will be expanded to
different research fields.

> Next target: In-situ observation
during/after neutron irradiation at ~10 K
® Neutron irradiation effect on super-
conducting wires, tapes and insulators.

> Higher radioactive samples will be
able to be evaluated at hot lab.

> All Nb,Sn strands (11 types) for ITER
TF magnet will be tested.

® Development of superconducting
conductors and magnet structures for
large electro-inagnetic force.

FERC

Neutron Irradiation system
at ~10 K will be installed in
JMTR at Oarai.

Conceptual design activity
started. (Head; JAEA)

15.5 T superconducting
magnet and 500 A current
lead will be installed at hot
lab in Oarai center of
Tohoku Univ.

1.17 M$ was approved by
MEXT for 2008, 2009 and
2010. (Head; Tohoku Univ.)

Candidate: Nb,Al, YBCO, Bi2212, etc. High strength matgylal ., 5,

Roadmap for FERC to Demo reactor

JZERC

.....

LLLLLL

l_msr_j%ﬂﬁgjgﬂl)_ﬁltmbmuﬂiﬂm.sJJ_51_1_6_-'-1_?_11_8J_1ELZQ{ZJ.E&ZL&%[&-EZQZEIZHQ&@@J
projec

sy )

NIFS Numericaltest reaclor

o dosiorsttes T A : FERC
|=+Blanket material system b R - |

Corrosion test .

0.0.1mis at-toms . .
Waterial & coating development | » with applying
T JeEhegenny external resources
Static Flow&Magnetid |}
FERC = Blankstmockup |
Fuel braeding test Desgcon, SRS, » as the COE of
Des. imad&PE " :
| iviicn - collaborations
ign and a o . .

e enctopame i » with contributing
= lagnet material .;,ysiem ITER, BA and IFM'F

Sipocandiciny agret s I |
- mil] " » and educating Dr.

00 " Construction
g = YT o 1 course students.
IFMIF Constucton ~~~ Operaion’ )
Sagara_30/31
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Summary

FERC

1. FERC produced world impacts with broad collaborations in fusion
research network

2. On long-ife liquid Flibe and Li blanket based on the reactor design,
large R&D progress was made on low activation V-alloy and ferritic steel
for miniature test, welding, irradiation, corrosion and coating.

3. On neutronics for reactor design, new R&D’s have been initiated for a
quick-feed back 3D code system and 14MeV irradiation mockup tests.

4. On SC material system, wide R&D progress has been made with
collaboration networks on neutron irradiation effects and low activation
SC materials.

5. Future plans are addressed for R&D on system integration of liquid
breeder blanket, neutronics and SC magnet technology as the COE of
collaborations with applying external resources.

Sagara_31/31

b-73




3-6 High-Beta and Related 3D MHD Characteristics

13 Dec., 2008, Special Review Meeting, Takayama, S. Sakakibara

High-Beta and
Related 3D MHD Characteristics

Satoru Sakakibara

National Institute for Fusion Science

V) NINS

{

R

Outline

» Motivation
» Subjects of high-beta stellarator/heliotrons
» Results of recent high-beta experiments
- High beta operation
- Related physics:
- MHD equilibrium
- MHD stability
- Confinement and transport
» Discussion for realization of reactor

» Summary and the next subject
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. . )
Motivation &

Production of high-#plasma is the common subject in magnetic
confinement systems

Production of High-gPlasmas

NC, turbulence etc. stochastisity etc. growth of MHD mode etc.
t 1 4

|
Experimental Verification

Optimization of Configuration

Economical Reactor

Understanding of high-#physics related to Alimit

Tokamak: NTM, RWM, ELM... Helical: Stability? Equilibrium? Transport?

3/30
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Subjects of High-beta Heliotrons @

L —

MHD equilibrium, stability and transport are key issues for production of
high-beta plasmas:

MHD Equilibrium:
&= Change of magnetic topology and relationship with beta-limit
- Stochastization of peripheral magnetic field lines
MHD Stability:
» Effect of pressure-driven mode (Interchange and Ballooning modes)
- Magnetic hill in the periphery
Transport: F>-0%
» transport related with finite-3 effects

(magnetic topology, beta and so on) <p~4%

- Particle loss due to an increment of helical
ripple, turbulence caused by steep Vp

4/32
13 Dec., 2008, Special Review Meeting, Takayama, S. Sakakibara

b-75




High-g Experiments in LHD

=y
L

Achieved g has increased year by year, with an increment of heating power and
adjustments of magnetic configurations.

Poloidal coil

Base

Plasma vacuum vcsscl

Helical coil e
tat
) ryosta B, (T)

0.45 0.425 041

6.3

6.6

| Achieved <[> (%)

NBI Port-through Power (MW)

Cryogt.n ic pcrsl \

R=3.9m, a,4~0.65m,B,<3T
| |

? 1998 2000

L i I 10
2002 2004 2006 2008

Fiscal Year
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R.

' x 1S a key parameter for high-4

{

R

Magnetic axis position is one of configuration
parameters characterizing MHD and transport:

Stability:
Equilibrium:
Transport:

Heating:

Confinement:

(Experiment)

Inward outward
< Rax >
hill well

I |

weak dependence

Increment of helical ripple —

-

Prompt loss of NB ———

[ |
36m
i Shafranov shift

D, (= 1%)

Shafranov shift deteriorates transport and heating
efficiency, although it is better for stability

— adjustment of aspect ratio

15

10

05

0.4

403

02

B=0

=P, P

MB Heating Efficiency
prompedons  abn | ]
E,_ =160keV, n_=2.6x10"m*

36 3T
R (m)

38
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Plasma Aspect-Ratio :‘

Plasma aspect-ratio can be changed by controlling current center of HC

Increment of A, leads to a reduction of Shafranov shift
Poloidal Coils

- — favorable for heating efficiency, transport and eq. S-limit

— enhanced magnetic hill and reduction of magnetic shear

20

15l_—88 L]

05

o 01 02 03 04 05 06
a,, (m)
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Experiments for 4, Optimization @)

Optimum A, was found out in the experiments. Enhanced Edge MHD
Sakakibara S et al 2006 FS&T 50 177 | (m/n =2/3)

[ ® 05T, 11.3MwW W 1T, 9.5Mw |

I I

5
Increment of
heating efficiency [~%F

> (%)
(4]

Minor collapse
caused by m/n =
1/1 mode

<
L

0568
~10 Dommd 1 .
3 b asam i) . ' 4 ' ' sof P e
2 o8 : 55 60 65 70 75 80 85 QF i -
K A of LA wu
’ o oo A, =83
- 13038 small Ry, shift, reduction of g sof :
S o S |
%o.: _””A i ” DE e
= s ~ . . o ¥ 2 3 4
1. . \ . strong shear, weak magnetic hill
TE 30 35 40 45 &0 P <A %)
Rim) -
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. . o )
High-beta Discharge - peliet Injection - (¥

» Perpendicular-NBI was applied after | Ry =3.6m,B, =-0.425T |
several pellets were injected and
tangential NBI is turned off which

leads to reduction of Shafranov shift. 5 10
8
» MHD activity is not enhanced in high- ; i 6
beta regime with more than 4 % 2 4
1 2
0 0
0.5 T L
Ne (1019 m- 3) 3.8 I
0.4 3 @%& — 4 X — ey -R,rfml-

& * ” T T n
03k @-\‘p"q..lf 00 BB min=11
02F 2 12 0

T, (keV) % | B,4B, (%) |,
01h e & 0.05 ﬂ m | “lw ‘
% 0 b It I. | i I‘,_.}J
0 - Y =52 5 ; : ;
0 02 04 06 R e T
Time [sec]
aeff (m)
- - - - 9/32
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High-beta Steady State Discharge &
b <BuiaZma~ 48 %, fi~ 9.6 %, Hissos ~ 1.1 | R, =3.6m, B =-0425T |
» Plasma was maintained for 857
) 1 EEEL I P A . LB T P T R B e R LIS
» Shafranov shift A/ag; ~ 0.25 ; s B> (%)
» Peripheral MHD modes are dominantly 2| 7, (10" m")
observed. ;:----:-PB!-:=-H--:
3.8 [N ent passarrecrre oo ot s
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Results of High-5 Experiments

» 5.1% plasma was maintained for

more than 10tg, whereas 4.8 % one . ]
was for 85 1 » No disruptive phenomenon

» Beta increases with input power

» The duration time in gas-puff
discharge is limited by NBI

T T 5 -
5k L ) . L] s'
Skedenizoene | .
- 4 -;. o, ! (P B e®
9 L .‘. e® 8y [ ] = e
S s tRee £ 3 8 4
s 3F . A -
£ : | /2
AL Q ‘3
o® 2} 1 V7
v <f > >3% | ® Gas-puff i L] Gas-puff .
1F dia max ® Pellet Injection B W Pellet Injection
0 L L 0 L L L L L
0 50 100 150 0 2 4 6 8 10 12
qlrdulalir:m"I TE Pahs (MwW)

Sakakibara S et al 2008 Plasma Phys. Control. Fusion 50 12 124014
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High-/ physics
related to Alimit

» MHD Equilibrium
2

»
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Q

How about MHD Equilibrium?

10'

[ HINT2 Equilibria | AT Sk

10, ] —a /
1 —i6% £
10 4| —33%
L (m) — 4.8 % -

28 3.0
R (m)
» The connection length in the
periphery becomes to be short
with the increment of the beta

» The volume inside LCFS is
drastically changed at 4.8 %, and _ i
the stochasticity erodes from the 25 30 35 4.0 45 5.0

outer region R(m)
. - - - 13/32
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age - - - o @
Equilibrium in <4>=4.8% Plasma @
T, gradient in the stochastic area is still |
maintained at 4.8 % plasma 1o r
10"
» Inflection points at profile start to i
appear, corresponding to the LCFS 1L
» The volume inside LCFS is 0
decreased by 32 % compared to the o4}
vacuum case
- No degradation of achieved gin
the present Srange
- It is predicted that the stochastic
region is extended further in
higher-g range
25 3j0 3r5 4tD 4I,5 5.0
R (m)
14/32
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Prediction of Equilibrium Beta-Limit

=y
L

Stochastic magnetic field structure penetrates to core?

Phase I 11 £
N
T T T T T T T
45 e 1
———
40k =
0 fes— ‘/(/ E
N
- ]
E st
35F 4
Ry =——t—
b
e L
op - -
— =

00 10 20 30 40 50 B8O 70

<Poqia [%]

8.0

Suzuki Y et al 2008 IAEA FEC2008

R [m]
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Spontaneous change of Magnetic Islands

g

L —

» Healing and growth of the magnetic island have been observed in the

experiments and are related to collisionality and beta.

External Perturbation g . ‘ - .
given by external coils f Growth
(m/n = 1/1) Yl 01g g
- ‘ o © ®
wy,/a, ~ 0.17 100 ‘. /3
— ‘.'Q.‘.
15F T, (keV) 1 *;: ? *
1.0t = y 10t
0.5 -f\—
0 v L Healing
15 'Tel(keV) -] 102 Wa/ap, ~0
1.0} ] A N
o5l ] 0 02 04 06 08
0 s B (%)
R (m) Narushima Y et al 2008 NF 48 7 075010

High-beta (4.8 %)

-Vv,*~5,5~1.8%
— Healing

g~ 12 ms

(Te=0.1keV,L=0.1m)

I island scan in high-g |
5 T T T

(%)

.. ®

. . 1
. e®s o3 * «* .
Eal §°0 o]
nn 4
e«
v

n=22-26x10"m"]
3 L 1 1
-500 0 500

Iy (AIT)

1000
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Discussion on MHD equilibirum

=y
L

» Can pressure and the gradient remain in the stochastic area?
— common to ELM-RMP etc.

High-beta plasma
- Perpendicular transport is dominant in high v, * plasma

- Effects of peripheral MHD activities

- Healing of magnetic island
1 not included in HINT2 Equilibria! (Bootstrap effect etc.)

» Avoidance of Equilibrium Beta-limit

- Real-time Control of Magnetic axis (2008-)

17/30
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High-/ physics
related to Alimit

>
» MHD Stability

»

b-82




How about MHD Stability?

Linear theory

Q

» Mercier criteria are extended to the
periphery

» Resistive mode is unstable in the 61

. . Magnetic Well/Hill Boundary
magnetic hill
Experiments

» <f;.>reached 5.1 %

» Mercier criteria do not limit the
operation regime

<JBl:lia> (%)

» Ideal low-n mode with less than a
certain growth rate is harmless

nim=1/2
0 0.2 0.4 0.6 0.8 1.0

» Internal and external measurements 0
indicate that dominant low-order

modes are excited at n/m > 1 in high- p
pregime.
— characteristics of observed mode
19/32
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o))
S Dependence of MHD Mode &
» Clear S dependence of mode amplitude, 10" s
Wyp o S0-3%, has been found 1 of | MR
10
. . 17 10*
» This tendency can be found in the i .
comparison with CHS (low-S). " e |
10* “‘- 4 "
4 1 10
[cHs: s=10°~105 | [ LHD: s=10°-10¢ Bl<l5T ¢ !
it P "
L] 1 3 4 5
/:%r )
107 T T
2
% o -
b 5" 107 . '-" d
’aﬁ { ] "
<f,,>=2.5~3.0%
o . . . : 10 11 /8] < 20 KATT D, <0
o 13 10 18 20 28 S,TR aBT:/z - -
<Byia> (%) - ; o« ZA”Z\/YTe 10° 107
s
Sakakibara S et al 2001 NF and 2006 FS&T
20/32

13 Dec., 2008, Special Review Meeting, Takayama, S. Sakakibara

b-83




Linear Stability

Analysis - Resistive mode -

=y
L

Resistive Interchange Mode (FAR3D)
» The growth rate and the mode width is

proportional to S3in ideal

[

S dependence become to
D, >0

_O_D|= -0.05
—&—D=0.11

—*—D,=0.24

——D =044

ly-stable plasma

be weak when

Experiments:

- Wypp o S0355 at D, < 0

-D,~0.1at<f;,>=48%

—consistent with experimental results!

high-S

- The observed low-n MHD modes are
expected to be suppressed in the reactor with

- However, ideal mode should be stabilized in
order to keep this S dependence.

log 1us
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Linear Stability Analysis - ideal mode -

@

Mercier Mode

» unstable in the magnetic hill

» D, ~ 0.25, D,~ 0.1 (/2r = 1)

Ideal Low-n Interchange Mode

(TERPSICHORE[1])

High-n Ballooning Mode [2]

» localized in the periphery with magnetic
hill and local magnetic shear

[1] Cooper W A 1992 Plasma Phys. Control. Fusion 34 1011
[2] Nakajima N et al 2007 Fusion Sci. Technol. 51 79

stable (no mode with y/o, > 102)

Threshold y/o, ~ 10-2was obtained
through comparison between
operational region and calculation

Watanabe K.Y 2005 Nucl. Fusion 45 11 1247

g
1.0 > . I r
t D, Magnetic Well | Magnetic Hill
08t - T >
[ ]
06[ H b
'
1
0.4F : ]
1
02t |
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4] 1 I 1
3 T T T T
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|
2l ! ]
I
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MHD Database in Stellarator/Heliotrons :‘

Plans for MHD database in stellarator/heliotrons

» Common understanding of characteristics of MHD activity and its
effects on profiles and confinement

- Empirical scaling of onset parameters
- Parameter dependence of saturation level of the fluctuation
- Validity of linear stability boundary (D,, Dg, Low-n alnalysis)

= contribute an extension of free degree of magnetic configurations for
reactor design.

» Objects : the onset parameters and fluctuation level (amplitude)
» Devices: LHD, CHS, Heliotron-J, W7-AS, TJ-1l, H-1 etc.
» Kick off : January 2009 ~

23/32
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Onset and Fluctuation Level of MHD modes @

-

Passive Experiments o4
» Parameter Dependence *r
(S, g dgdr, 1, etc.) &

» Configuration Dependence

-39

0.1

(Well/Hill, magnetic shear etc.)

40 41 42 43 44 45 46

Active Experiments Rieaa (M)

» Vp control by movable limiter

» Gas-puff Modulaton =~ ——k |

» Vertical Field Control by PC (2008-)

— finding the stability boundary

Sakakibara S et al 2006 Plasma and Fusion Research 1 003

Sakakibara S et al 2006 Plasma and Fusion Research 1 049
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High-/ physics
related to Alimit

»
| g

» Confinement and Transport

How about confinement and transport? @

» Global energy confinement gradually degrades with increasing £

» Reduction of Hsqgs iS caused by an increment of local transport in the periphery

20 g . . .
A =63
15| ﬁ. s P ]
0 .0“.
10} o & ?\* -
® 045T
05| @ 0.75T H -
® 15T 15595
L T : T :
Loy cra (P=0-9)
10' F ¥ ]
0 "?"‘o
o @ o8
107 e 4
L9
AGrE=P+Ap> P+=P/a,
10" " L L L

1] 1 2 3 4
<y, (%) Watanabe K.Y 2005 Nucl. Fusion 45 11 1247
3
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Local Transport and Density Fluctuation :‘

» Itis possible to interpret the local transport » Density fluc. increases with

by using resistive-g mode model
10 v

.Jr :l el Illrrxmm (P = 0.!} ¢ ]
q 4 gy TRy \* . %
MTe X —(knRo)3— S~y a, %
Lot > 3 Iy ( Lfl ) ety 6F - .....3 ]
geometry plasma 4:’ - o, S
. L ]
Carreras B A et al 1989 Phys.Fluids B1, 1011 7 o3 '..}:
102 . . . . qb_5 Dl ST
3 T
B Lod Xoure (P =0.9) i /n, (R=3.669 m) v
10t | A .
L]
B ‘{ .'
]
100 F - - B - if o w'
gl ae e otdae ?
)
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0 1 2 3 4 0.2 04 06081 3
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Discussion for Realization of Reactor @

From experimental knowledge of LHD...
MHD Equilibrium

®» Plasma confinement and achieved g were limited by the stochastization of magnetic field
structure in W7-AS (M.C. Zarnstorff, IAEA2002). Erosion of stochastisity from the edge
appears in high-g LHD according to HINT calculation.

— Securing the magnetic surfaces is one of key issues for higher-4.
MHD Stability

®» Mercier criteria are not always important for the operation. However, we should know the
validity of linear theory on Mercier and ideal low-n modes for reactor-design.

® Resistive mode is expected to be suppressed even in the magnetic hill, in reactor-
plasma with high-S if ideal mode is stable.

Confinement and Transport

® H,s595 Of more than 1 is kept in the Srange with <5 %, whereas reduction of global
energy confinement is caused by increasing local transport in the periphery

® If it is caused by the resistive-g mode turbulence, the turbulence is expected to be
suppressed by increasing S as well as low-n mode.

® High-n ballooning effect should be clarified.

28/32
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Summary ),

» Volume averaged beta value of 5.1 % was successfully obtained in recent
experiments and steady-state plasma with 4.8 % was maintained for 85t.

» Shafranov shift is smaller than conventional beta-limit. Although it is predicted
that an extension of stochastic region due to finite-beta effects, the pressure
gradient seems to be still maintained in that area.

» Although low-n MHD activities affect local profiles, they do not limit the
achieved beta. The saturation of the mode has clear S dependence, which is
qualitatively consistent with the model of the resistive interchange mode.

» Global energy confinement gradually degrades with beta, which is caused by
the increment of local transport in the periphery. The effects of the spontaneous
change of the equilibrium, high-n ballooning mode and the turbulence on it
should be clarified.

: : : - 29/32
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Next Subjects related with High-4 &
» Production of high-gplasma with more than 5.1 %
- Restriction of Shafranov shift are required for maintaining high heating
efficiency of NBI and avoiding equilibrium beta limit.
- Real-time control of R, by external coils starts in FY2008
- Itis expected to contribute researches related to finite-3 effects
T T <> (h)
» Search for low-p#* low-v+and
high-S regime with high-£ .4
- Investigation of physics related to 10° J )
high-gin the low-p*, low-v* and LY -
high-S regime is required. T
’
Lot N
10 10 10 10 10
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First Trial of R, -scan experiments

Q

Rapid sweep of R, induced minor collapse

» Reference: 6
Ra=3.6m, B,=-0.425T, A = 6.6 :
2
<f>~4% 0
*R,,=3.6 m - 3.5 m for 1.4 sec (Preset) 05
« Collapse : ~ 1.05 sec in core 2
04 T — T .
= 1.000s f*; Shot#85502 38F
03f + to3s :';:'. x ]
~ + 10665 - E 37}
2 o2f 'ﬁ < i s
N I N
. 01 u & . - -1 35 L
27" Flattening : Praset
ohe . . 34 : e : 4
2, 30 35 40 45 0 L 2 &
R {I'I'I] Time (sec)
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Scenario of High-f operation using R, control @

How to sweep R, is a key for an access to higher-gregime
» enter the plasma to “second stable” regime — stable and good heating!

» clarify “actual” unstable regime experimentally — understanding of physics!

ating efficiency

vanish of m/n = 2/1
resonance due to |,

Core

unstable

1
3.7 3

|
B Ry (m)

3.6

Sakakibara S et al 2006 Plasma and Fusion Research 1 003
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3-7 High Density Operation and Its Prospect for Helical Reactor

December 13, 2008
HIDA Earth Wisdom Center, Takayama

NIFS Special Review Meeting by Advisors and Foreign Researchers in FY 2008

High Density Operation and Its
Prospect for Helical Reactor

—

LHD Project, (@

National Institute for Fusion Science

Ryuichi Sakamoto
National Institute for Fusion Science

Contents

++High density / high performance discharges in LHD
—Internal Diffusion Barrier (IDB) formation in LHD
—Sustainability of pellet fueled high performance plasma

*»Feasibility of IDB scenario for helical reactor
—Power balance calculation with plasma profile effects
—Prospect of pellet refueling for fusion reactor
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Particle control in fusion reactor

++Core fueling plays a primary role in a future fusion reactors in which
magnetically confined burning plasma is sustained by its own « particle
heating.

—High priority issue
“Pellet injection is one of the best solution for core fueling at this time.
—Direct particle supply capability to the inside of LCFS

—Negligibly low energy requirement for core fueling

“*Experimental study aiming at high performance plasma that is compatible
with core fueling has been performed in LHD.

R. Sakamoto National Institute for Fusion Science

Large Helical Device (LHD) and pellet injectors

“*Neutral beam heating (NBI)
v'Three negative ion based high energy
(up to 200 keV) tangential NBls

v'A perpendicular NBI (40 keV)

NBH

10 hasral In-slin
pi\w—gun injechon

“+Pellet injectors
—10 barrels in-situ pipe-
gun injector, since 1998
—Repetitive pellet injector,
since 2002

R. Sakamoto National Institute for Fusion Science
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10 barrels in-situ pipe-gun injector

“*Number of Barrels: independent 10 barrels

sPellet Size: 3.4 mm¢x3.4 mmL, (optional: 1.0 mm¢ — 4.8 mmo)
«»Pellet velocity: 1200 m/s, (optional: 100 m/s — 1200 m/s)
«*Materials: Hydrogen, (optional: Neon, Neon doped hydrogen)
“»Pumping of Propellant gas : 3 stage differential pumping system

+»The world’s first liquid-He free pellet injector with a pair of cryo-coolers

Zri Erpansne

Famnechon Elmearerneeni  i5i Exsansiar Greogenic
Ghamiter Cbarer Caprgbar  Chambes
. A1
< -
T — W R T | T
o et il L =2 " .
r e —r ; —=
L} =iy i h—2 E_ C B R
—_— B .
— = = ]
R. Sakamoto National Institute for Fusion Science 4

Repetitive pellet injector with screw extruder

s»Pellet Size: 3.0 mm¢$x3.0 mmé

«*Injection Frequency: up to 11 Hz

+»+Steady state operation

—Liquefaction and solidification is simultaneously
processed with solid hydrogen extrusion

- Continuous production of solid hydrogen rod

—-55 mm/s extrusion for 3.0 mm rod

—liquid-He free with a pair of cryo-coolers

—Contribution to ITER pellet injector developmae

R. Sakamoto National Institute for Fusion Science 5
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Contents

++High density / high performance discharges in LHD

—Internal Diffusion Barrier Formation in LHD

—Sustainability of pellet fueled high performance plasma

What's Internal Diffusion Barrier?

+*High-density improvement mode in LHD

—Characterized by steep density
gradient

—Enables core plasma to access a
high-density/high-pressure regime

—Reproducibly obtained by employing
intensive multi-pellet injection

«»Characterize particle transport property

“+Explore operational limit of the IDB
plasmas

R. Sakamoto National Institute for Fusion Science

* Pellet
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How to make the IDB

«*Intensive multi-pellet injection
++IDB formation in Density decay
phase
Temperature recovery rate

V

Core density decay rate

? 3 Hawe 2{3
3 4 15%
= 1.8
g ? ns
=-n
100

) 50
o

0 3 L1 1

0.5 0.0 0.5 10

Time [s]
R. Sakamoto National Institute for Fusion Science

jco

Particle transport property of IDB plasmas
«*Particle transport coefficient of IDB plasma is estimated from
relationship between time evolution and gradient of density profiles.
o= Hecg: i et X _18n.
Y = DX + e dp
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High density achievement with pellet fueling

L T T L | T L T L I L1 L] Ll p = I Ll T T 1’3
#80042 @ 1.0 s #1®
— i @10s {P‘t |
T "R =395m ¥
2 - %ﬁ'
14 )
£ § e T 8
H R éﬁ‘&%@‘ﬁ@?
% ® Alcalor C L
< L of 4107 Im
M. G r ‘PCF 2002 | . I N
g-;l?.l' in 4.0

R [m]

%+ The maximum attained central density is >1x102"m3atB;=25T
«+Low density mantle plasma prevent radiation collapse
«+Attainable density is restricted by power balance.
—Lack of central heating power due to high density put a ceiling on
attainable density
v'Pellet cannot ablate effectively at low temperature plasma (<300 eV)

R. Sakamoto National Institute for Fusion Science 10

uasi stationary sustainment of pellet refueled
plasma

«+Constant central density and temperature are sustained quasi-stationary
by using repetitive pellet injection. (<1.2 x 1020 /m3)

«sLarger mass are required in order to sustain high density IDB plasma.
(> 5.0 x 1020 /m3)

[ R 0.6 T T T T T T
=2 04r /‘//— 42 E Repetitive Pellet
=02} - i #3336 |
0.0z ———————————H0 }_*,.0'5
T T PP RN z T
2@ 05F b = 041l K d
= = ~ Large Pellet
% r.g{.o?sa 1
= 03r % Gas puff 1
— #30611
; -
é 025 7 1
R N 1
G .I L i L i L i L i L i 1 L
0 02 04 06 08 10 12 114

A [10% mJ]

R. Sakamoto National Institute for Fusion Science 11
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New facilities for high density sustainment
experiments

++20 barrels in-situ pipe-gun pellet injector (under development)

++Closed helical divertor (under design)
—Active pumping capacity
corresponding to throughput of
massive pellet fueling
- Steady state heat removal
capability

R. Sakamoto National Institute for Fusion Science _ 12

Operational Limit of IDB Plasmas

< Lack of central power deposition o Palla njction
—High density plasma inhibit NB [
penetration to the core
v'put a ceiling on attainable density
due to ineffective pellet ablation
v'slackened growth state of the
pressure rise in high density
regime s a4l
—Efficient central heating is key to
extend operational regime

8
38

n

() o S — : —
. E 1y o R_=3.85 m (#69268)
+«+Core density collapse (CDC) event 2rd| ; 2"" :;g ﬁﬁ:‘;::’ -
= = i O R, =365m ] (AH
—Core density is abruptly expelled at :

high pressure regime.

T, [keV]

u 1 i 1 n 1
04 02 00 02 04 08
Time [s]

R. Sakamoto National Institute for Fusion Science
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R. Sakamoto

IDB (High-central B) Discharge with CDC

a, AmSEmey | Woescen
% CDC is an abrupt event where the core 3 O
density is collapsed within 1 ms. S - =3
—much faster than other MHD relaxation - " o
events in LHD ; : ]
“*Mechanism of the CDC has not been - :‘__
clarified. %mj— N - ]
«»Potential solution: Suppression of g-;:g:
Shafranov shift R .
—Vertical field control (inward shift) “:i i f IE
—P-S currents suppression T E S e
v'Aspect ratio (reduce minor radius) LE :m
v Ellipticity (vertical elongation) B Pedpharchod
S B A 52 T “ 3
T e a0
= by
e ar

National Institute for Fusion Science

14
Suppression of Shafranov Shift by Vertical
Elongation
++Vertical elongation is effective to suppress the Shafranov shift
—CDC limits central pressure for k< 1.2
—CDC disappears when k> 1.2
—Higher central beta has been achieved under CDC free condition
=8.85 m, B= 2.00T, P~ 12 M#
42 Rm T L aﬂ' T “ufg — BL T T T T T 050
v i
= d YV ovow A —F
v
anf ® k. =101 _ [ coc T epe dozn
- o108 = | .. o @ ° CDCfree S
= asl ® x,m140 _ 4! ~—B(0) Joas =
o ® k114 =y —
o« ® =128 = | =3
- o =147 ! 918
2_
WL R —(A-Ru)(1-e %)+ R, ] I g i
A-422m, R —3.85m i vertical elongation
35 L > L o I I P B fil
i 1" 20 3 an 10 1.1 12 13 14 14
P {0} [kevim’] L
R. Sakamoto National Institute for Fusion Science 15
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Operation Regime of high-beta plasmas

NEY

“+*MHD activity and CDC
event should be avoided in
order to form a high-central-
beta plasmas

- Inward R,,: core-localized MHD
—Outward R,,: CDC

“+The control of the magnetic
axis is the key

36 37 38 39 40 41 42

R. Sakamoto

R, [m]

National Institute for Fusion Science
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Contents

“»Feasibility of IDB scenario in fusion reactor

—Power balance calculation with plasma profile effects
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Model Calculation with Plasma Profile Effect

n, T n(0)
«»General parameters
—Major / Minor radius: 15m /2.3 m T(0)
—Magnetic field: 8 T
-Zy: 1.5
—Improvement factor: 1.2
“*Model Profiles n’T‘..,'[_{Q)_
-1DB Profile (Core fueling): = n"\\
v Am=0.4, Ab=0.3, n,,=1 x 1020 m-3
—Parabolic profile (Peripheral fueling): \\
/ n=n(0), T=T(O)(1-p?)

R. Sakamoto National Institute for Fusion Science

18

Power Balance and Ignition Condition
ﬂz
< Alpha heating: P, = f ?{m;}f;}wdw

< Bremsstrahlung loss: Fj — 1.5 x 10~ f.’f}'g[nzﬁdv

. 3 | Tndv
<»Confinement loss: F; = ———+
“ = Fure™
dT ik
P = {n:n:{.m?!_ "‘5?(9}5}!:??_}5
nT o IDB Prolile

dar dn.
Pt . > STQD G

i, P dihy

T 0) — )l 03

dT
T nmxm—{frﬁ‘ (for IDB profile)
+«Ignition Condition: ¥, — F}, — Pr = 1)

R. Sakamoto National Institute for Fusion Science

(for Parabolic profile)

(IDB condition)
D,< 0.15 m?s™!
< 5 m2s-!

19
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Operational Regime

“*Ignition regime: P, -P,-P 20

+IDB profile allow access to ignition condition with lower temperature.
—Bremsstrahlung loss is suppressed
-T(0)=7 ~10 keV, n(0)=5 ~ 7 x 1020 m-3

IDB Profile Parabolic Profile

20 T 20 —— T
;é 15 I E. 15
& | & [
£ | £l
a [ 6 I
£s £ st
L) N —_— ] i L

P e 2 MW/im?®
i L | L
%s ) 0 i 2 Y

Comial Temperaane K]

R. Sakamoto National Institute for Fusion Science
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Contents

“»Feasibility of IDB scenario in fusion reactor

—Prospect of fueling for fusion reactor

b-100




Validity of NGS pellet Ablation Model

LHD

«*Neutral Gas Shielding (NGS) Models _
- Ablated materials (pellet ablatant) shield 08 Ejmﬁzrﬁf’% :
the pellet from a background plasma = L oo LS W
—Electron heat flux dominate the pellet

ablation
v'energy flux to the ablatant
v/cross section in the ablatant o
: . A = 0.0797 ™ gy ™ Ty
-] particles have less impact on the pellet oz 04 05 03 10
ablation. NGS Scaling M

Measured Penstration /8

++The NGS models can explain the pellet
penetration in LHD.

Peilet Anatant
{High Density Plasmoid)

R. Sakamoto National Institute for Fusion Science 22

Pellet refueling to fusion plasma

++Pellet penetration to large scale IDB plasma is estimated by using NGS
pellet ablation code.

—Major / Minor radius: 15m /2.3 m

-T,(0)=7.0 keV, n (0)= 6 x 102° /m3, IDB profile

—Fueling rate Nge/Npasma~ 0.2 (same fueling rate as LHD experiment)
7 T T T T T T T T

+»Pellet penetrate to p= 0.5 under
feasible pellet velocity.

—Relatively low temperature

=
operation allow the pellet =
penetration 3
—High density operation allow ——
the large pellet injection and it < 5|
compensates for reduction of L Vo™ 1500 m/s
penetration depth due to high 1 :;:;':Fff”e'
temperature. b . L
— Compatibility with core fueling ¢ o0z 04 = 06 o0& 10
R. Sakamoto National Institute for Fusion Science 23
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Summary

«*Internal Diffusion Barrier (IDB) has been reproducibly obtained by using
intensive multi-pellet injection.

—Enables core plasma to access very high-density/high-pressure regime

- Core diffusivity is kept at low level even high-density regime

++Quasi stationary sustainment of high-density/high-performance plasma
has been demonstrated by using repetitive pellet injection.

—In order to extend operational regime to higher density, active divertor
pumping is required in addition to higher throughput pellet injection.

“LHD experiment suggest the high density operation is suitable for helical
system.

—High density scenario enables a realistic reactor design which is
compatible with core fueling.

R. Sakamoto National Institute for Fusion Science
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3-8 Turbulent Transport and Zonal Flows

Turbulent Transport
and Zonal Flows

T.-H. Watanabe

National Institute for Fusion Science /

The Graduate University for Advanced Studies (Sokendai)
Toki, Gifu, JAPAN

Thanks to: H. Sugama, S. Ferrando-Margalet, M. Nakata,

O. Yamagishi, S. Satake, K. Tanaka, H. Yamada, and W. Horton
1

Outline

¢ Introduction
e Zonal flows, ITG instability, GKV code

* Zonal flow response in tokamak and helical
plasmas

e GKV simulations of ITG turbulence in tokamak
and helical plasmas

* Recent results of gyrokinetic theory and
simulation studies at NIFS

* Summary and future directions
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Zonal flows, ITG instability, GKV code

Zonal Flows in Nature

Zonal Flows in Jupiter Differential Rotation in Sun

nHz
160
450
140
130
120
| 410
100
q 390
380
| a7
360
350
340
230
320

00 02 04 06 08 10

/i
Cassini, NASA/ESA SOHO/MDI, NASA/ESA
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| Identification of Zonal Flow in
Fusion Plasma

HIBP#1 HIBP System > CI—'|S zona! flow pjclttern

observation points T

Poloidal Crosssection 1

R=1m, a=0.2m

Poloidal Crosssection 2 EE

radius

A. Fujisawa et al., PRL 93 165002 (2004)
5

Zonal Flows and Turbul ; / =
Fusion Plasma Simulations

* Zonal flows have been
found in various types
of plasma turbulence
simulations.

e A pioneering work by
Hasegawa & Wakatani
for zonal-flow
generation in
turbulence (upper)

e Gyrokinetic simulation
of toroidal ITG

turbulence by Lin et al.
(lower)

Lin et al., Science 281, 1835 (1998). 6
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. 5P,>0 fp

5“ >0 :

HOT PLASMA

-
ot

“Gyrokinetic Simulation Code, GKV

* Nonlinear gyrokinetic equation for perturbed ion

gyrocenter distribution Jf is numerically solved in the

five-dimensional phase space, (x, y, z, v/, #)

+v”6~V+vd-V—,u(6~V§2)i &+ fy, & )= ( —V, - va) eVy/F +C(oF)
oy, B, T

 Adiabatic electron response, flux tube geometry.
» Electrostatic potential is given by the quasi-neutrality

 High resolution of 5-D pélase space.
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Zonal Flow Response in Tokamak

* Rosenbluth and Hinton (1998) derived a response
function (kernel) of zonal flow in a tokamak.

* A residual zonal flow remains after the Landau-
damping of geodesic acoustic mode (GAM).

- <¢kx (t = °°)> i

. (4 (t=0)) 141697/

* The response function describes how strongly the
zonal flow is generated by a given source term

* Standard benchmark test of gyrokinetic codes

10

b-107




| GKV Simulation of Zonal-Flow

Response in Tokamak

Cyclone DIlI-D base case

¢ Zonal flow potential k=071
: 0.8 (14162812 e
asymptotically approaches 06
the residual level after the

UH

01

ATV

Landau damping of GAM. % A
* The damping rate agrees e _U_g U U V
with theory with finite k, o4

0 5 10152025 30 35 40 45 50
Time (Ly/ve)

[Sugama & Watanabe, JPP 2006].

] &apped
piassing’,_—

|
-5-4-]-240i2145 5-4-32-10123 45
W i

| Velocity-Space Structures of of in

Response to Zonal Flow

* We have found that distribution Anaiytical soltion S
function consists of two parts, (a) ] \ / (a) L4
coherent and (b) ballistic 1 F3|d
components. : [ i

Distribution Function s 0

S5 432101 2 3 45

=

) _g Dm:inlilnn:‘rzjjﬂ: ?:n? L %

(b) t4
P3|
: N A 2

I , ,"’, ! i i |

* The coherent part sustains the . N -0

residual zonal flow. Pt

[Sugama & Watanabe, NF 2006] 12
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Effect of Helical field on Zonal Flow

* Radial drift motion of helical-ripple-trapped particles
leads to additional shielding effect of zonal flow.

* Gyrokinetic theory and passing
simulation suggest
increase of zonal flow ~ trapped |

response in the
neoclassically-optimized

helical systems.
* Sugama & Wataanbe, PRL 2005

° Ferrando, Sugama & Watanabe, Classiﬁcation Of particle Orbits
PoP 2007 in helical system

13

//-

_GK Theory of Zonal-Flow Response
in Helical Systems

* Theoretical analysis of zonal-flow response by R.-H.
has been extended to helical systems.
Long-time Response Function
1 — (2/m){(2em)' {1 — gun(t,6)})
L+ G +£&(t)/ (no(k7 af))

K:L{f.) =

¢ Reduction of helical-ripple-trapped particle’s drift
improving the neoclassical transport also enhances
the zonal-flow response !

Sugama & Watanabe, PRL 2005, PoP 2006

14
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| GKV Simulation of Zonal-Flow
Response in Helical Systems

S 2@ :f;l{(; i0)> * Radial drift of helical-
[P ripple-trapped particles

0.8 e=0.1 | makes mean negative
0.6 Long-Time Response. part of &f.
Kernel K, (t
0.4 4 / L(®) K
\ e
iy 3 3
0 ; uf\‘f\-rv_. 4 \
-on S~ simulation 0 Lt
. . . . \ 5 4 3 2 1 0 1 2 3 4 5
0 5 10 15 20 25 30 -
t (Ra/v”) Velocity distribution function for

0=87/13 at t = 6.23 Ry/v,.

q=15 &=0.1, k, a=0.131
{eZa]
Sugama & Watanabe, PRL 2005, PoP 2006 1 ;

| Higher Zonal-Flow Response in
Inward-Shifted LHD Plasma

¢ Parameters are taken from 0 T
: 4 pre
LHD experimental results. | _ 33 I fnward-shifted
T oaf
. £ o
* Higher zonal-flow response | X
is obtained for the inward- | s, [i]
shifted LHD plasma which 02 b
. _0.3 1 1 1 1 1 1 1
has lower neoclassical 0 10 20 30 20 S0 60 70 g0
ripple transport. Time (Ly/vy)

* A possible scenario of
bt Watanabe, Sugama & Ferrando, PRL 2008
L ?n : P Ferrando, Sugama & Watanabe, PoP 2007
reduction in the I.-S. case.

16
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| GKV Simulation o
Transport in Tokamak

“*ﬂ\‘*\\ Time = 50.40 -—N_ Time = 100.80

2000 1000 0.00 1000 20,00 2000 1000 0.00 1000 20,00

¢ ITG turbulence and zonal flows with broad spectrum
in a statistically steady turbulent state

éi;} ‘i@;’ Eﬂ&mwg 18
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| Confirmation of Entropy Balance in
Toroidal ITG Turbulent Transport

100 . ' . .'=1|05;19=0; k_\:O,IOSSIS, kI\.=U.35; v=0.001
= 80} ‘H_o'f’-,]/f{f Reir) 5
g %r -4 N
S ol > ol
E o L2 'S
= 0 .
s 20+ o Q\ |
= I L2 NI
| 40 & 1' TAadll |
T .60 : L ' 3 -0
0 50 100 150 200 5-4-3-2-10123 435
Time (L,/vy;) Vit
¢ Steady transport flux is obtained with the entropy
balance satisfied.
¢ Fine velocity-space structures of Jf are generated in
the toroidal ITG turbulence. =N
& @
‘bv Shilthtor - 19

/

_ Better Confinement found in
Inward-Shifted LHD Plasma

* Inward-shifted configuration of
LHD has better confinement
even with unfavorable field-line
curvature (Yamada et al.).

® R, =36m [<=Inward-shift
® R,=3.75mJi<= Standard
4 R,=3.9m |l<= Qutward-shift

08 100 10t
v

* Not only the neoclassical, but also the anomalous

transport is improved in the inward-shifted LHD

configuration.

10?

20
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| Possible Scenario of Transport

Reduction for Helical Plasmas

Inward-Shifted LHD plasma is optimized for reducing
the neoclassical ripple transport.

Slower radial drift motions of helical-ripple-trapped
particles lead to higher zonal-flow response.

<= zonal-flow response analysis

Then, stronger zonal flows can be generated by
turbulence in the inward-shifted case.

Thus, we expect anomalous transport reduction in the
inward-shifted LHD Plasma.

The conjecture needs to be verified by
gyrokinetic simulations of turbulent transport.

21

_ Inward-Shifted Case Shows Lower
lon Heat Transport

3 T T T T
GKYV simulation of ITG Standard
25+ Inward-Shifted
turbulence for the
. . —_— 2
inward-shifted case o =
shows reduction of the & ']
ion heat transport by = 1
stronger zonal flows. 05 |
This tendency is g
- : 0 50 100 150 200 250
consistent with the i
LHD experiments as Time-history of z, obtained by the GKV
expected. simulations of the ITG turbulence in the
LHD configurations.
) q (Watanabe, Sugama & Ferrando., PRL 2008)
@ ‘@ ShMUL AToR 22
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| Stronger Zonal flows are Generated

in Inward-Shifted Configuration

| —
=10 -5 0 +5 +10

P w. GKV simulation results of electrostatic potentials at t=120
@ ‘@ EARTH , (Watanabe, Sugama & Ferrando, PRL 2008) 23

| Zonal-Flow Structure is Clearly

Found in Inward-Shifted Case

Spatio-Temporal Profile of Zonal-Flow Potential (Inward-Shifted) Spatio-Temgperal Profile of Zonal-Flow Potential {Standard)

OmARON aOE
GdARON LO®

G ARIONRROD
g
G BRION RO

Spatio-Temporal Profiles of the Zonal-Flow Potential

g&)

SIMULATOR -~ 24
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| Effects of Equilibrium-S
Zonal-Flow Response

Orbit of helically-trapped

- v
Radial drift of & particles modified by E,

helically-trapped 2 5
particles %

* Equilibrium-scale E, field
generates an ExB component
to velocity.

* The poloidal ExB rotation with
reduced radial displacement
Ag will decrease the shielding
of zonal-flow potential and
increase its response !

(Mynick & Boozer, PoP 2007) 26

Flux
surface
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| _GK Theory of Zonal-Flow Response

with Equilibrium-Scale E,

¢ Equilibrium-scale E, associated with the neoclassical
transport in helical systems also enhances zonal flows.

¢ Shielding of helically-trapped particles with poloidal

angular frequency w,= - cE,/rB is given by

15 ) :
Egr = _(2511)”2(](1'&:‘)-( 1+
8 W,

¢ Collisionless long-time limit of zonal-flow response

kernel: Ky =

________

Sugama, Watanabe & Ferrando, PFR 2008 DT

__Extension of GKV Codeto
Poloidally Global Model

/-

* GKV code is recently extended to the poloidally global
model for studying the E, effect on zonal flows in

helical systems.

¢ Flux coordinates ( ¥;, a, ¢) with a= 6-1{27
¢ Field-line label « dependence of |B]|

|B =By[L—¢,(r)cos(a + & /27)— & (r) cos(la + (il /27 — M{))]|

* Gyrokinetic equation for zonal flows with E,

7h - - o 0 -
2E+wp-V+4kfvd—y@~VQ%§7+a@54—ﬁzzﬁkfvd T

ely)

M

28

b-116




Zonal-Flow Damping

* GKV simulation of
collisionless zonal-flow
damping with E_ has been
carried out.

¢ Equilibrium-scale E,
contributes to
enhancement of zonal flow
response after the initial
GAM damping.

g&)

SIMULATOR =

Re (¢, (NA ¢y, (1=0)) for k,p,=0.131

;»ﬂ”/#é%??

| _GKV Simulation of Collisionless

with E,

0.3 T r - - -
0 wr,(f.'l"fﬁ‘_;”:"?{",(]g 7]
02 H i Yo S -
0.15 H
0.1 H
0.05 F

0 |
005 F
0.1 F
015 F
0.2

0o/ (vifRo)=0417 —— -

0 5 10 15 20 25 30
Time (Ro/vy)

Time-history of zonal flow
potential for different E,.

29

e Linear stability of Electrostatic
(drift wave) /electromagnetic
(MHD-like) modes can be

investigated.

¢ Electrons/ions (circulating,
trapped) can be treated with the

code).

* Complicated magnetic
configuration (helical/shaped

can be treated.

same computation load (eigenvalue =04

tokamak) with various n/T profiles

[by O. Yamagishi]

.-f«Lfﬁ’é%é?"'Gyfd_mmﬁtVKnalﬁis
by Using GOBLIN Code
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800

600 |
400
200

[

200 \ Y
W

-400

" dss/dt 1.Q. |
dW,/dt D,

i L L L L L
[+] 100 200 300 400 500 600 700 BOO 900
Time t[ L, /v ]

* Reduction of turbulent
transport associated with
self-organized vortex
structures is found in

gyrokinetic simulations of |

slab ETG turbulence.

| Transition of ETG Vortex Structures

and Electron Heat Transport

t=90

(/7

[Nakata, Watanabe, Sugama & Horton, APS/ DPP 2008]

31

| Drift Kinetic Simulation of GAM

Oscillation in LHD Plasmas

—— Ry=352 —— R,=362 —— R,=3.77
* Dependence of GAM on R, 1026 i p=0.66
1scomparedbetweendr1ft R SR T A O s o
kinetic transport code g I e i
GK)RTECﬁgD)andtheanahtu:gmﬁt: ............. | ool N
formula. = Ve P
e 5 2 0.6 108 108 ,
* VMEC equilibrium is used. PR oy ISR oy R
° Inward Shlft = IOWGI' GAM Number of Fourier components
frequency & higher damping - -
rate. 0 P02 0.5 P05L p=0.66
* Higher-(m,n) components of £
B spectrum, also enhance % o0t
GAM damping on outer flux £ e
£
surface. g
e ], S
621218 651218 6222122218
Satake, Sugama &Watanabe, NF 2007 Number of Fourier components 2
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Summary

* We have investigated ITG turbulent transport and
zonal flows in tokamak and helical systems:

e GK theory of zonal flows and GAM is successfully
confirmed by GKV simulations.

e GKV simulations fully resolving df in 5-D phase space
made the first step in simulation studies of turbulent
transport in LHD plasmas.

* Coupling of the neoclassical and anomalous transport
through zonal flows appears in helical systems.

* The synergetic studies of theory and simulation should
be further promoted.

34
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| Collabo ratio'n"s\waI‘T‘I:Hﬂ—*ﬁ/

Experiments and other GK groups

p=1.77mm
10 ] : T . . .
= Preliminary comparison
= b Preliminary - :
It Kp,~04 1 joice Lovey  With experiments
e j Collaborations with LHD
= D ECTMegsinement experimental group will
0oil(KTanakaetal)
%3 b1 51 i be further promoted.
40 lfyps
g-j.; Br ~0 2InOn§.T[:In::I1I::: J—
W 1o i _ International
T gl N 1 collaborations for
Qg i5p i 1 5 .
P ol GKV \\ : benchmarking helical
o - gyrokinetic codes are in

0o 1

g@0 . .

/;ﬁ:}-

i
__--“"f

Future Extensions of GKV Code

Introduction of geometry and equilibrium parameters
that are more relevant to LHD experiments

ITG turbulence simulation with equilibrium radial
electric field => Isotope effect
Electron dynamics

e ITG/TEM turbulence with non-adiabatic electron
response

e Effects of finite-collisionality
e ETG turbulence in helical plasmas

Development of global gyrokinetic simulation code

36
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3-9 Development of long-life liquid blanket

Development of long-life liquid blanket

Takuya Nagasaka

NIFS-FERC staff: Akio Sagara, Takeo Muroga, Arata Nishimura,
Yosimitsu Hishinuma, Teruya Tanaka, Masatoshi Kondo

Type T breeder | Coolant Structure ITER-Day-1st TBM | DEMO design
H Li,TiO; etc. | H,0 RAF steel WCSB (JP) A-SSTR (JP)
Solid | Li,TiO; etc. He RAF steel | HCSB (JP, EU, KO) | I-HCPB (EU)
breeder | | TiQ, etc. He SiC ceramic DREAM (JP)
blankst A-HCPB (EU)
ARIES-I (US)
- Flibe Flibe RAF steel FFHR (JP)
Flibe Flibe V alloy FFHR-FV (JP)
Li Li RAF steel HCML (KO) HCML (KO)
Li Li V alloy FFHR-LV (JP)
Liquid ARIES-RS (US)
breeder Li-Pb H,0 RAF steel WCLL (EU)
blankst Li-Pb He RAF steel HCLL (EU) DCLL (EU)
DFLL (CH)
Li-Pb Li-Pb | RAF steel ARIES-ST (US)
Li-Pb Li-Pb | SiC ceramic TAURO (EU)

ARIES-AT (US)

1. Introduction: NIFS and Japanese universities
focus on liquid breeder blanket

2/34

Organization

Universities

Collaboration

J

Water-cooled solid breeder (WCSB) blanket is recognized to be the most feasible with the current technology
The other blankets are more attractive for power plant, but require more database and challenging
technologies

b-
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Liquid breeder blanket can be simple, and provide
thermal efficiency and operation efficiency

3/34

Fuel line

PI@ma Li+n > 3T + 4He

T Breeder = coolant
Flibe / Li / Pb-Li

T extractor

v

[ Heat exchanger
pE—

Purifier

~afl==Li supplier

Simple structure

T breeder itself can be
coolant in liquid breeder
blanket

On-time control of breeder

Purity and composition of
breeder is controlled outside
the blanket

Li is continuously supplied
outside blanket during
operation

High thermal efficiency and
operation efficiency are possible

Key technology

Consistency of T extraction
with heat exchange

Purification
Materials

Energy conversion efficiency is determined
by material operation temperature
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Possible energy conversion efficiency

50 T T T T T T T T
DREAM— ©
& 40 [
~
2 PWR S HTGR
= \ o)
.“5’ ~—ARIES-1
= FFHR SiC ceramic
—p
z N SSTR |
alloy
% BWR
4 RAF steel
S
Q He
20 Flibe, Li, Li-Pb 7
Water Data from M. Enoeda & A. Sagara
1 1 1 1 1 1 1

200 300 400 500 600 700 800 900 1000

Coolant temperature / °C

Possible energy conversion
efficiency of blanket is increased
with coolant temperature

Liquid breeder blanket can obtain
higher efficiency than water-
cooled blanket

Coolant temperature is limited by
operation temperature for
structural materials

RAF steel is the 1st candidate
because of its industrial maturity
V alloy and SiC ceramics are
recognized as advanced

materials for higher efficiency
blanket

b-122




Material design window defines the operation
temperature and lifetime of blanket

5/34

1400 RAF steel Design window shows possible

1200 operation temperature and
£ 1000 o it lifetime for low activation

ermal creep lite i
g 800 e materlals. _ N
S 00 1dswesing The possible operation condition
g ----- = “HE effeCt (7 is enclosed by the following
£ 400 FFHR, SSTR T material properties
Z%O : ahE effect (7 Higher limit temperature
0 2 4 6 8 10 12 14 16 18 20 Thermal creep
Time /yr (1 yr =1 MW am2 =10 dpa) He effect
e effec

1400 A% a]loy . .
o 1200 Thermal creep life VOIfj s.welllng
< Lower limit temperature
o 1000 Void swelling . . o
5 e Brittle fracture by irradiation
& 800 HEBTIect(?) . AR
Seof-" """ "~ ° & Followings are potential limitation,
5 w0 b ARIES-RS : but not included in the current

- design window
200 Brittle fracture by irradiation Brittle fracture at welds
0

0 2 4 6 8 10 12 14 16 18 20

Material corrosion by coolant
Time /yr (1 yr=1 MW am2 =10 dpa)

2. Purpose and contents
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NIFS-FERC have been focusing on the liquid breeder blanket

Low activation material Liquid breeder

RAF steel] —mm—————— Flibe .
>< Main work of NIFS-FERC
Today’s talk
Valloy —/—~_ = Li > Today's ta
~
S Collaboration with
SiCceramic — — — = = — = = Pb-Li — — — Kyoto university and

. . Tokyo Institute of Technology
In order to develop long-life blanket, the following researches are ongoing

Limitation for operation temperature and lifetime RAF steel V alloy
Thermal creep Ongoing Ongoing
He effect IFMIF IFMIF

Void swelling Universities Universities
Ductility loss by irradiation in weld metal JAEA Ongoing
Corrosion by Flibe / Li Ongoing Ongoing

Purpose of the present study
To evaluate material property

To clarify mechanism for property degradation and improvement
To obtain guiding principle for long-life material
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3. Welding: Large-heat projects of RAF

steels and V alloys lead to welding stlYJ/q3

Blanket construction requires various shape product fabrication (plate, tube and rod)
and welding technology for low activation materials

Large-heat projects provided these products to world institutes for Round Robin tests
including welding study

Large heat more than 100 kg in the world We are here

1990 2000 : 2010

=0 2H B LSE= R e =6 =8 G1=2VV=0 Ml GRI apar

RAF steel

=411, USDOE

V alloy NIES-HEAT-2, V-4Cr-41i, NIES-FERC

V-4~8Cr-4~5Ti, A. A. Bochvar Inst., RF
|

NIFS-FERC have been taking part in the Round Robin tests for RAF steels
NIFS-FERC promoted an initiative for large-heat project of V alloy

High purity metal vanadium was developed

for V alloy large heats .

Oxygen and nitrogen impurity in V alloy large heats Carbon, nitrogen and oxygen

400 —
! d H were well known to degrade
. e ; various properties of vanadium
; * US832864-Ingot US prop

300 3 oo - LR b and its alloys

| NIFS-FERC developed metal
; vanadium with low oxygen level

Oxygen / wppm
[ 3
[—3
=}
;
i

.‘“ NH1-Ingot in industrial scale melting size
! \an-lngot NIFS-HEAT-1 (NH1) and NIFS-
10011 ax— Develope il HEAT-2 (NH2) ingots were
{ JP-PureV 1 fabricated from the developed
0 ‘ ' 1 vanadium
0 l"gitmgf,,°}’wppm3"“ 40 Various products, such as plates,
Plates and rods rods and tubes, have been
' < (mm) distributed to world institutes for
26t 6.6t 4.0t Round Robin tests
S . TR NIFS-FERC initiated welding
196 L0t 05t 02t studies with the NIFS-HEATs
Z s
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NIFS-HEAT-2 was welded in high purity Ar
flow to avoid impurity contamination
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= Laser welding robot system NH2 Weld

I

NS X% .
Hiroshim7Jniv. . | Cross section

‘Welding box

Impurity
(wppm)

"WM-
49
129
158

BM“]
C |51

123
139

z

Welding box with 6N-grade
(99.9999%) Ar flow was
developed for welding of V alloy
to avoid impurity contamination
from the air

Base metal (BM) and weld metal
(WM) was chemically analyzed
onC,Nand O

It was confirmed that no
remarkable contamination
occurred during welding

Tensile strength, bending ductility
and fracture energy of WM were
comparable to BM

In order to estimate irradiation
property and material lifetime,
fracture energy is important

Fracture energy of weld metal was much
improved by oxygen reduction
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Impact fracture test

N

Fracture energy: absorbed energy for fracture

Impact load

Fracture energy of weld metal

200

&
£
)

- 150
%En k:lc) 200 g scale, Fracture-resistant
o 100 NIFS-HEAT-1, Arc-
L
@ Ductility limit

E sol y ' US, Arc |
2 Brittle

= | Weak Ito fractureI

00 100 . 200, 300 400
Oxygen impurity/ wppm

Absorbed energy for fracture is
measured in impact fracture tests
Brittle fracture with low fracture
energy is induced below the
ductility limit
Brittle
Low fracture energy

Ductile
High fracture energy

Welding of US alloy was
impossible, because of low
fracture energy

Oxygen impurity reduction in
NIFS-HEATs made welding
possible
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Oxygen is released into weld metal by
decomposition of Ti-O precipitates

/34

Hardness distribution around weld bead

T T T
NIFS-HEAT-2 | |
Weld metal

N
>
<

—
W
=)

Base metal

Vickers hardness, H / Hv

L

Ti-O precipitates

It is well known that solid solution
hardening by impurity O induces
brittle fracture in V alloys

In base metal, the impurities are
stabilized as Ti-O precipitates
During welding, the Ti-O
precipitates are decomposed, and
went into solution in weld metal
The released oxygen, induces
hardening and brittle fracture in
weld metal of US alloy

Welding

@@@

Degradation of fracture energy was enhanced in weld metal,

and was recovered by post-irradiation annealing
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=

racture energy /

]

Fracture energy of weld metal
after neutron irradiation

L v-4crami \ Recovery ; |
RT test ‘\ :
{ 1 1 ‘f i
54 1 0 100

Irradiation dose / dpa

Irradiation temperature: 290 ~ 450 °C
Irradiation facility: JMTR, JOYO (JP), HFIR (US)
1 dpa ~ 5 x 10** neutrons m

Resistance to 100 dpa irradiation was
expected for low activation materials
100 dpa is roughly 10 yr lifetime (net
operation year under 1 MW m-2) for
blanket materials
Base metal maintained high fracture
energy up to 8.5 dpa
Excellent resistance to neutron
irradiation
Weld metal maintained high fracture
energy after 0.98 dpa irradiation
This is big progress in welding of
V alloy
However, it became brittle at 8.5 dpa
Brittle fracture was enhanced in
weld metal
Ductility of weld metal was recovered

by post-irradiation annealing at 600°C
for 1 hr
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T. Nagasaka, Review meeting, Dec. 13 /2008 , Takayama

Degradation of fracture energy was induced by

accelerated irradiation hardening in weld metal
13/34

300 I iation h ing, AH . . .
rradiation hardening, AHv It is well known that irradiation

hardening induces brittle fracture

In all the irradiation conditions,
irradiation hardening in weld
metal was 19~39 % larger than
base metal

Irradiation hardening is caused
by irradiation defects, and
described by Orowan’s model

AHv = C Mapb Nd

Recovery

Hardness / Hv
§

100

L
BM WM BM

290°C | 400°C |
|———  0.08dpa | 098dpa
Irradiation defects in weld metal (2900C, 0.08 dpa) C: Constant = 3/9.8 Hv / MPa
%‘ '&.,,_‘ n? A ot M: Taylor’s constant = 3 Fixed
b p: Shear modulus = 46.7 GPa
»g- .,h
:p. 1 b: Burgers vector = 0.26 nm
e a: Strength of defect
P

N: Number density of defects |Variable
d: Defect size ~5 nm

saka, Reviev eting, Dec. 13 /2008 , Takayama

Irradiation defects are more stable to

thermal decomposition than base mg}aSL
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Degradation of fracture energy was induced by

accelerated irradiation hardening in weld metal
15/34

Irradiation defect Irradiation defects in weld metal
Base metal Weld metal was more stable to thermal

@ decomposition
o It was clarified that defect

strength, a, was 25% higher in

Recovery of irradiation hardening weld metal than base metal
. _ by post-irradiation annealing It is considered that defect
80| M Cal. from visible defect [T — T strength is increased by
_ [ Experimental NIFS-HEAT-2] decoration of oxygen atoms in

weld metal

20~30 % of the hardening is
understood by the visible defects
Invisible (< 5 nm) defects or
impurity precipitates are
indicated
- Further investigation

Example: Defects or

0 precipitates with 1 nm and 1
As-irrad. 500°C  700°C  400°C  600°C x 1028 m-3

400°C  600°C As-irrad. 500°C  700°C

Irradiation hardening can be suppressed by post-

weld heat treatment before neutron irradiation
16/ 34

300 PWHT effect on Irradlatlon hardemng Fracture energy degradation in

| Welding -) Irradiation | | Weldlng - PWHT 9 Irradiation weld metal was caused by
accelerated irradiation hardening

. The irradiation hardening in weld
! o ~._ 600°C metal was suppressed by post-
\ 950°C E weld heat treatment (PWHT)
______ \ above 600°C
\ Solid solution oxygen in weld
. metal is precipitated out by
. | d. | PWHT, and does not form

Hardness / Hv
S
—]
i

BM__ WM WM WM defect-oxygen cluster anymore
0.20980(1%3 Further irradiation tests are

. . planned to confirm the
Without PWHT With PWHT improvement of fracture energy

;\/\’ . py PWHT before neutron
irradiation
@ @ Ti-O precipitate by PWHT
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Summary of welding study

171734

NIFS-FERC promoted an initiative for large-heat project, NIFS-HEAT-1 and -
2, which enabled welding study

Welding of V alloy became possible by reduction of oxygen impurity

Weld metal of V alloy exhibited resistance to neutron irradiation up to 0.98
dpa (0.1 yrin 1 MW m-2), while it was brittle at 8.5 dpa

One of mechanisms of the brittle fracture was accelerated irradiation
—hardening by oxygen and irradiation defect interaction

Suppression of irradiation hardening was demonstrated by post-weld heat
treatment (PWHT) before irradiation, which will improve the ductility of
neutron-irradiated weld metal further

4. Corrosion: Blanket condition is a combination
of flowing and temperature gradient

18/34
Static Fiibe, L Flowing Flibe, - No saturation of
- %?/gjrrated B dissolution
= ICorrosion L - High velocity
Materlal ayer Mechanical removal
: of corrosion layer

Static Tests Flowing Tests - Erosion
Qualitative tests Saturated layer removed

- Flowing Flibe, Li - Dissolution at hot-leg
o ‘ ‘ ‘ - Precipitation at cold-leg

i - Mass transfer from hot-
leg to cold-leg

Flowing Test with Temperature Gradient
Blanket condition tests

Static tests provide fundamental corrosion mechanism
Blanket condition requires both flowing and temperature gradient
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NIFS-FERC is starting material corrosion test
under flowing conditions

19/34
Molten salt Flibe Liquid metal Li
Static pot test 2cc 100 cc
AT=0 [°C] Fluoridation Liquid metal corrosion Tod% /’s talk
V=0 [m/s] Electrochemical corrosion Decarburization
Natural convection 200 cc 700 cc
loop test + Mass transfer + Mass transfer pre here

AT = 50~100 [°C]
V=0.01~0.05 [m/s]

Forced convection

100 cc

100 cc

pot test + Erosion + Erosion T
AT=0 [°C] ‘WT
V=0.1~1 [m/s] N
Forced convection 100 L p— 0L e
loop test + Mass transfi »m + Mass transfer ‘:Fr
AT =50~100 [°C] + Erosion +Erosion Y

V=0.1~10 [m/s]

Forced convection loop is required for blanket condition test
NIFS-FERC is making step-by-step approach by using natural convection loop and forced

convection pot

NIFS and The University of Tokyo has established Flibe
purification system in Japan
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Corrosion agent

Source and typical amount

Purification process

HF

(1) T generation
Li+n->T+He
T*+ F- > TF ~ 30 ppm / day

(2) Initial loading impurity ~200 ppm

REDOX (REDuction-
OXidation) control

2TF + Be > BeF, + T,

(2) Dissolution from RAF steel >

o Initial loading impurity > 500 ppm HF bubbling

BeO + 2HF - BeF, + H,0
Ni, Cu Initial loading impurity ~ 10 ppm H, flowing

M,F, + y/i2H, > xM + yHF
Fe, Cr, W (1) Initial loading impurity ~10-100 ppm | H, flowing

100 ppm

M,F, + y/2H, > xM + yHF

HF reduction in Flibe by REDOX control has been successfully demonstrated in USA
by JUPITER-II program (Japan-USA Program of Irradiation Test for Fusion

Research)

In order to reduce initial loading impurities, NIFS has established Flibe purification
system in Japan by the collaboration with The University of Tokyo
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High purity Flibe has been successfully produced

21/34

High purity Flibe

Impurity level for Flibe (wppm)

Test capsule

Fe [Cr|W [Ni|cCu)
Flibe #1,50g |4 |3 <1
Flibe #2,50g |4 |13 |<1]<1|<1
Flibe #3, 150 g [23 |5 4
Petti, US, 2006 | 260 | 16 15

High purity LiF and BeF, were
melted in high purity He gas
The composition of Flibe was
2LiF + BeF,
Purified by HF gas bubbling and
H, gas flowing at 600 °C
Oxygen reduction
2HF + BeO - BeF, + H,0
Metal impurity reduction
M,F, + yi2H, > xM + yHF
Fe impurities were successfully
reduced to 3-10 times lower than
the conventional Flibe
It is necessary to confirm if the
purity is enough for initial loading
to blanket
- Corrosion tests were started from
static pot test

NIFS-FERC has established Li corrosion test
facility by collaboration with TYK Co., Japan

22/34

== Test capsule

Li corrosion test facility in TYK Co.

oy

Li exposure test has been
performed on V alloy in USA by
JUPITER-II program and US-
DOE program
Li technology is also expected
from IFMIF
Li flowing test in 316SS loop
has been conducted in
Osaka University, Japan by
IFMIF-Key Element
Technology Phase activity

NIFS-FERC initiated Li exposure
test on RAF steel to investigate
the feasibility of RAF steel-Li
blanket as proto-type of V alloy-Li
blanket

Flowing corrosion test is starting
in NIFS-FERC
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Corrosion rate of JLF-1 below 600 °C was less
than 10 um/yr at static condition

23/34
R = Weight loss of JLF-1 in Flibe and
i JLF-1-Flibe i Li was similar to that of 316 SS in
EEly JLF1Ld “;';3",}';\ . - liquid Na (FBR cooling system)
o g(tH05%N) . . The present Flibe and Li is
E o Vv 600°C Corrosion rate <10 ym/yr]  gypected to be enough pure for
<10~ ] the initial loading to blanket
2 [LLriLi JLF-1-Flibe 316 5512 4 Future work
= [l 3168S-Flibe  s50°C , 600°C ]
S 5F 000°C 6o0°ca - . Corrosion test under flowing
; -7 o sec condition
. L0 W Large-scale purification
0 500 1000 1500 2000 2500 Real time impurity sensor
LA o Time, t/hr Gancoan. 1998 and purification under flowing
-1 sampie '
JLF-1 crucible R® Nicrucible JLF-1sample On the other hand, corrosion was
enhanced by more than 10 times,
Flibe Li when ...

Mo
/ JLF-1 contacts Ni in Flibe
Li is contaminated with N

Base corrosion mechanism in Flibe is corrosion
product formation and its dissolution

24 /34
5500C x 2003 hy Corrosioh R;/
JLF-1 L lbe 5 .
plats mlﬁﬁ.ﬂ.ine dhiio———s
SEM-EDX, Fe 20 um iy 10 pm
[l " Segregati T
— ; 4~ Segregation AL b f\,

M@ L m,l‘h!.__J \fﬂl\ J«.] -,'m"." }-fr.‘!w}.ﬂ‘x.!li';.'f ! .é}«'l"i' IJ " J

w L o T L S

Corrosion products were observed at the surface of JLF-1
Cr showed selective dissolution
W was segregated at the edge of the plate
W is expected to be resistant to Flibe, and its coating will be effective to corrosion
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Dissimilar metal contact enhances Fe transfer by

electrochemical corrosion
25/ 34

Fe?* ... Ni metal is nobler in Flibe than
/ Fe, because formation free
energy of fluoride is larger

b\ \N - Contact of Ni and Fe produces
Clrrent, | ' Sruciole electrochemical corrosion

Free energy of fluorides

-100 (- F

/kJ mol” F atom”

o
f

Free energy, AG
L
1l
-
II\ Ill
= \
|.1 I'. I'-
i LA
\ 13
\\ \
.‘-‘-r| ] !I \
'l I'.

e,
vt B S
SEM-EDX, F SEM-EDX, Fe
Fe layer

Fe transfer

.

wh

=

=
-
Il

LiF 823K
1 L L 1

-600
400 600 800 1000 1200
Temperature, T/ K

Loss of carbon from the surface occurred in
Li, but is limited in 100 um for 10 yr

26 /34
7o © Fe
| o C O
T e ey [ @
o Cdepletionj &
4 ® /’
Ay -
Martensite (bct) Ferrite (bcc)
(Wt%)
Materials Composition (o) Cr w Phase transformation
Before exposure | Fe-9Cr-2W-0.1C 0.09 8.92 2.00
700°C 100h Fe-9Cr-2W-0.1C 0.03 8.88 1.95 100pm from the surface

Base corrosion mechanism in Li is liquid metal corrosion (alloying in liquid phase)

It was found that phase change (Lattice structure change) from martensite to ferrite occurred by
loss of the carbon at the specimen surface

Ferrite phase formation may induce degradation of strength, but is not critical because the
depth is estimated as 100 um after 10 yr

On the other hand, N contamination enhanced weight loss by intermetalic compound formation
2Li;N + Fe > LigFeN, + 3Li, 5Li3N + Cr > LigCrNg + 6Li: Purification control is necessary
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Summary of corrosion study

27 /34

From the static corrosion test, corrosion rate of JLF-1 in Flibe and Li was
less than 10 um/yr

Typical wall thickness in blanket is ~ 5 mm
Assuming 1 mm corrosion is acceptable, 100 yr is lifetime

Corrosion mechanisms were investigated
Flibe: Corrosion products formation, electrochemical corrosion
Li: Liquid metal corrosion, carbon loss, intermetalic compound formation

Corrosion tests under flowing condition are starting
Generally, lifetime for corrosion is decreased under flowing condition

NIFS-FERC is making step-by-step approach by using natural
convection loop and forced convection pot

Forced convection loop is necessary for corrosion test under blanket
condition

5. Thermal creep: Creep test simulate long-

term deformation in blanket condition s

Typical stress for structural
material is less than several 10
Tensile test: Creep test: MPa
1~5 min 1 day~1 year For that stress level, low
activation materials are deformed,
but the deformation is fully
recovered if the stress is
removed in short time

If the stress is kept for long time,

the deformation is increased, and

finally the material is fractured
This is creep deformation
and fracture

The typical creep deformation
rate is as slow as 0.01~1 %/day
dx/dt = const. P = const. Creep lifetime determines the

P = f(x) x = f(t) upper limit for operation
temperature of blanket
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Blanket operation temperature and stress is
determined by creep fracture of materialg,9 .

Fracture map by theories

Blanket temperature for RAF steel & V alloy
"

ey el T
Aal l. ” =

10 GPa

LI\ el

Ampgct test ~1lGPa
Cleavage I' Tens’tle testpynamic Fracture

Normalized tensile stress, o/E,
S

T =306 -0l

h:_ - ’:’: {o.,. + :m),[ 'I':\]

“‘pu ctile fracture o, =0, exple, 10D, MPla

ransgran ull{:mpqa:lurl

[

4. =Cg I

~10 MPa

enfest Creep fr%cture

\ ‘ln!orur nular creep
10%E  Elastic regime | i‘“'}r . ~1MPa
No fracture PR . (i
| (D802
2 1 Fracture limit
1 ' ' L H-
%0 0.2 04 06 08 gPa

Normalized Temperature, TIT

M. M. Li & S. J. Zinkle, 2007

Several GPa is necessary to
fracture materials by atom bond
destruction

Materials are fractured by much

S Atom bond destruction lower stress because of defects
l'-r_ﬂp{-'::_[l‘[ £ ‘] abstacle | I E(T)
102F - ; bl T

Crack

Dislocations (line of crystal
defects)

Fracture limit for blanket
temperature range is determined
by creep fracture

Blanket operation stress is set in
No fracture area
Or, enough long-life (> 10 yr)
area for creep fracture

Acceptable stress of JLF-1 for 11.4 yr-lifetime was estimated as
135 MPa at 550°C, and was slightly affected by aging
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Typical creep deformation curve

e

T I' = const. A
= [

=% .//: Rupture

SE . (Fracture)
"3 / !
3 —_— ] !
Q |
-~ Mini. Creep Rate !

I n Il Rupture Time
! (Lifetime)
1 i L
Primary Secondary Tertiary Time

Acceptable stress analysis for 11.4 yr in lifetime

300

Applied stress, MPa
E o N 3
o o o o

=
Q
S

—8—no ageing

—&— 550°C/2000|

—¥—600°C/2000H
—— 650°C/2000H
—®— 700°C/100h

T S50°C100000 hy-lifetime—

24 25 26 27 28 29

L-M parameter, LMP=T(30+logt,)x 10°

Acceptable stress for 100000 hr (11.4

yr)-lifetime is required for design of

blanket

11.4 yris too long to test everything

Usually, the acceptable stress is

extrapolated from shorter creep test

data than 10000 hr (1.14 yr).

NIFS-FERC has started thermal

creep study with the shorter test

Data from ~500 hr (~ 20 day)-test is

available at this moment

From the data, acceptable stress of

JLF-1 for 11.4 yr-lifetime was

estimated as 135 MPa at 550°C
Longer test is undergoing

Effect of thermal aging at higher

temperature was also investigated
The contribution of the aging was
limited in +/- 15 MPa
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performed by creep tube

Creep test on V alloy under Li condition was

31/34

Creep tube filled with high pressure He
; — Before L

Afte

150 30

VPB3

120 60
90

Diameter change of creep tube

e
,' 800°C, 90 MPa,
29 mm 428 hr
Laser welding %0

E 5 120 60 —0— +10 mm
T 48 _\
% 4.6 —%— -5mm
E 4.4 RT3 —— -10 mm
£ 4
2 42 Befol

= =
= 4 0

Tubing of V alloy became
possible because of workability
improvement by reduction of
oxygen impurity

Creep tube test is popular in
steels for creep test under
irradiation condition, where no
loading mechanism is available

Tube is filled with high
pressure He at room
temperature

He pressure is increased by
increasing temperature

Hoop (expansion) stress by
He pressure produces creep
deformation

Creep tube is also useful for
creep test under Li condition

performed by creep tube

Creep test on V alloy under Li condition was
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Creep rate of NIFS-HEAT-2

Weak [
of Uni-axial, after 428 h -Li 800°C
107} Uni-axial, vacuum X
N 0
'T_= 1 0-3 | Tube, vacuum -;750 C
210 -V
g Uni-axial,
210 vacuum
D .
S0 @}@( ___________ 1%:10°h
f Tube, in‘Li‘\ 700°C  Log-log plot
0 =50 100 200 300
9 Stress / MPa
- —
- —
e —
Uni-axial creep test Creep tube test

Tube test exhibited larger creep rate
than uni-axial test

Hoop stress estimation maybe
smaller

-> Stress calculation analysis
Bi-axial stress may enhance
creep deformation

-> Investigation of deformation
mechanism

Creep deformation is enhanced in Li
condition

It was found that oxygen impurity
transfer from V alloy to Li
degraded creep rate
Oxygen impurity increased creep
strength

It is a trade-off between creep
strength (high O) and ductility
(Low O)

Assuming 1 % deformation is
equivalent to fracture, acceptable
stress for 100000 hr (11.4 yr)-lifetime
was estimated as 90, 70, 40 MPa at
700, 750 and 800 °C, respectively
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Summary of thermal creep study
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Acceptable stress for 100000 hr (11.4 yr)-lifetime was estimated from shorter
creep test

JLF-1: 135 MPa at 550°C
NIFS-HEAT-2: 90 MPa at 700°C, 70 MPa at 750°C, 40 MPa at 800°C
Longer time tests are ongoing to confirm the obtained acceptable stress

Mechanism of creep deformation is being investigated to understand the
difference between uni-axial and tube test condition, and between
vacuum and Li environment

Improvement of creep property is being tried to increase lifetime and
operation temperature

Advanced work hardening process

Example: Hardening by TiO, precipitates in V alloy
Strengthening element addition

Example: High Cr-V alloy, Nano-particle-dispersed V alloy

6. Summary
34 /34

NIFS-FERC promoted an initiative for V alloy large-heat project, NIFS-HEAT-1 and -2.

Welding of V alloy became possible by reduction of oxygen impurity. Weld metal of V alloy exhibited
resistance to neutron irradiation up to 0.98 dpa (0.1 yrin 1 MW m2).

From the analysis on the mechanism for irradiation effect, it is believed that higher irradiation resistance is
obtained by appropriate post-weld heat treatment before neutron irradiation.

NIFS-FERC established corrosion facility for Flibe and Li

From the static corrosion test, corrosion rate of JLF-1 in Flibe and Li was less than 10 um/yr. Fundamental
corrosion mechanisms were clarified.

Forced convection loop is necessary for corrosion test under blanket condition. NIFS-FERC is making step-
by-step approach by using natural convection loop and forced convection pot.

NIFS-FERC has been started long-term creep test to investigate thermal creep of low activation materials.

Acceptable stress for 100000 hr (11.4 yr)-lifetime was estimated from shorter creep test. Longer time tests are
ongoing to confirm the obtained acceptable stress

Mechanism of creep deformation is being investigated to understand the difference between uni-axial and
tube test condition, and between vacuum and Li environment.

Further improvement of creep property is being tried to increase lifetime and operation temperature

For long-life blanket, the above long-life material technology will be integrated with the other research activity
in NIFS-FERC and universities.

Coating study: MHD coating, T permeation coating, Unti-corrosion coating, 1st wall coating

Thermofluid study

Tritium study
As a result of the integration, we really hope blanket mock-up in future
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4. Resume of NIFS Special Review Meeting

Dec 13, 2008 (Sat.) 8:30 - 17:30
Special Conference Room 3F, HIDA Earth Wisdom Center, Takayama, Gifu, Japan

Reviewers: (w/o title of honor)
C.Alejaldre, G-S Lee, H.Takuma, J.W.Van Dam, K.Nishikawa, M.Tendler, R.Wolf, S.Itoh,
T.Klinger,

NIFS members:
0O.Motojima, S.Sudo, A.Komori, H.Yamada, S.Imagawa, N.Nakajima, S.Okamura, M.Sato,
A.Sagara, S.Sakakibara, R.Sakamoto, M.Yokoyama, T.H.Watanabe, T.Nagasaka, Y.Kainai
Self-introduction by each member

chaired by S.Sudo

Presentation by S.Sudo: Introduction of NIFS activities

Van Dam: What are activities of Public Relation office ?

Sudo: We started many years ago, For citizens, PR office assists in their visits to the institute
with appropriate explanation, NIFS web server, and recently Kids Science Museum has
started. I think it has been working well . Do you have additional comments, Sato sensei?

Sato: I will explain later about it, such as on science communication.

Tendler: In relation to Deuterium experiments, PR is very important. What is near-term plan?

Sudo: In addition to the PR office, a special team led by Komori has been making the general
explanation of DD experiments to citizens with many town meetings and the negotiations
with local governments. This team is prepared separately from the PR office because of the
special importance of the DD experiment campaign.

Alejaldre: In ITER, we have a special division for safety. I'm happy to help you on this regard. Do
you have collaboration with Naka for ITER-related matter?

Sudo: In NIFS, we have an internal group for ITER-related works. We also established the
Rokkasho research center for ITER-related subjects. We will soon have a room at the
building in Rokkasho and relation with ITER will go ahead.

Motojima: We have formal regular meetings 3-4 times per year with JAEA. Collaboration with
JAEA is included in the NIFS collaboration program.

Klinger: For bilateral collaboration. What is important to you about QUEST ?

Komori: Construction of the QUEST is completed this March. First plasma was produced in June.
They use already OH and rf current drive. For bilateral collaboration, NIFS is a center of

Univ., and NIFS is controlling all budget and experimental plan. For QUEST, Kyushu Univ.
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proposed machine and we discussed the plan and made decision for the construction and
all-Japan structure.
Motojima: On the process, I should mention Emeritus Prof. Itoh's decision to shutdown TRIAM-1M

to make the start of new experiment possible.

Presentation by A.Komori: Large Helical Device (LHD) Project

Klinger: It is nice to see you are approaching to closed divertor design. What is the status of design
work and future plan? Will you stop the experiment for the installation?

Komori: Design study has been almost completed. New design will be made within next year.

Klinger: Do you plan to stop machine?

Komori: We will have no long stop. The installation will be made in the maintenance period.
1-sector installation will be made next year, and test the function. Then we will increase
the number of sectors step by step.

Klinger: Did you make EMC3-EIRENE simulation in your divertor design?

Komori: We thank you very much for that, the code was very useful for us.

Wolf:  Can you maintain the condition of impurity hole for long time period?

Komori: During NB injection, we can maintain it almost in steady state in high-Ti phase.

Wolf:  In the impurity-hole experiments, it seems that anomalous convection of impurity also
gives effects on electron density profile. How do you think about it?

Yamada: Convection for hydrogen species is almost zero, while impurity’s outward convection is
clearly high.

Tendler: I suggest the study of correlation with impurity transport and the plasma rotation.

Tendler: In your nearest plan page, what is time schedule?

Komori: NBI upgrade plan in 3 years, divertor in 4-5 years, deuterium experiment, hard to say,
because of the discussion with local government. But after we get the contract with local
government, we will need 3 years to start the experiment.

Tendler: Can you say about the cost?

Komori: Total costs would be 200 M dollars for all programs listed in page 14.

Tenlder: What Q value will you get after these plans?

Komori: About 0.3, and hopefully we will extend to 1.

Van Dam: Will the beta value go up with no limit with additional heating?

Komori: Magnetic surface will be good only up to 7 %.

Van Dam: Will you control Rax by vertical field?

Komori: Yes, we will do that and maybe we will get 10 % with that capability.

Van Dam: In the mitigation of CDC event, how do you consider the effect of elongation?

Komori: Sakamoto will explain that in his talk this afternoon.

Klinger: I will ask about the fluctuation measurements, it is clear that the impurity hole

phenomena includes anomalous effects, do you have a plan to measure fluctuations in
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those experiments?

Komori: Yes, we plan that. For the general discussion about the MHD fluctuations, you should wait
for Sakakibara's talk.

Sakakibara: I will explain in the afternoon.

Wolf:  In your divertor design, what is the heat flux limit ?

Komori: It is 5 MW/m"2.

Presentation by N.Nakajima: Simulation Science Project

Van Dam: I appreciate very much your nice work in experiments and simulation study. In your
future plan (page 19), where are you? This morning, I received information from ITER
integrated-modelling working group. The activities in NIFS simulation science division are
worth considered to form a strong part of it.

Nakajima: Yes we are strongly trying to contribute to it.

Alejaldre: I worked in theory for many years. I remember that, in old times, theory predictions gave
generally unstable results for stellarators, e.g., Mercier, ballooning instabilities. However
experiments have succeeded to break them. How do you think about the limitation of
theory work in stellarators?

Nakajima: I can give one example shown in page 3. This calculation shows unstable region. But in
the experiments, real plasmas show that such unstable region is removed in high beta
stage.

Motojima: We had the prediction of 5 % at the time of start of the LHD experiment. Equilibrium
was one of the problems, but we could solve it thanks to Prof. Todoroki. I want to
acknowledge also Prof. Hayashi for his HINT-code work in high beta calculation.

Alejaldre: I am working in ITER for licensing matter. I would suggest that, on the process of your
reactor work shown in page 20, safety problems should be solved in early phase.

Motojima: Regulation issues depend on countries. I think we will make different regulations from
fission reactors.

Nishikawa: I think your hierarchical code development is very nice. Do you have near-term targets
in the simulation work for the LHD experimental results like IDB and impurity-hole
phenomena?

Nakajima: We have strong collaborations with LHD experiments and theory and data analysis
division in LHD project. We will continue such collaborations and analysis of physical
mechanism of the experimental results.

Nishikawa: I think the main objectives of LHD experiments are to understand the physics
mechanism of interesting results from LHD. For such physics understandings, small-scale
experiments like CHS, which was stopped some years ago, will be very useful. I would like
to hear the opinion of NIFS director-general.

Motojima: We have new plans to build small experiments. I will continue to encourage young
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scientists for raising new proposals. Although we have a budget problem, we will continue
to work and we have several candidates in hands.

Tendler: You have made good results from LHD which have good diagnostics like electric field etc.
You should be able to make comparison studies of theories and measurements using
various numerical codes.

Nakajima: Yes we will make efforts for that type of works. However one limitation is a number of

people for those works. We cannot do everything. We need to make wise selections.

Presentation by M.Sato: Coordination Research

Klinger: It is impressive that you are making variety of outreaches. I would like to ask about
patents. Could you give me some numbers?

Sato:  We have different types, patents from our own researches and those with outside
companies. Roughly 50% of patents are produced from microwave-related studies and
another 50% from fusion-related collaborations. We have some profit but not much from
them.

Alejaldre: I would like to give comments on tritium stuff on your page 18. We will inject an order of
100 g tritium in ITER per one discharge with the burning consumption of 0.4 g. This
amount will be much bigger in the future DEMO. The impacts of tritium problem to the
public society will be very large. We need to enhance the efforts for understanding various
aspects of tritium handling. It is very important to continue such research activities in
your group.

Wolf: It is very important to get students/researchers into fusion research. Because you have so
wide connections with various fields, please tell us what program do you have in this
aspect?

Sato:  In my opinion, we have focused only on the researches of core elements of fusion research,
e.g., plasma and materials. We have to proceed to the system design of fusion reactors with
such core materials. In this phase the most important aspect is engineering. We plan to
proceed to such research phase in our coordination center.

Motojima: I would like to give general comments on the coordination center. The primary objective
is developing spin-off researches of fusion. This would be strong message from fusion to the
public. 50 years ago, in Geneva, 6000 people got together including scientists and business
people. Recently I gave two lectures to bankers. They are interested in fusion now.

Van Dam: On fusion science archives in page 41, why the number goes to small level (even zero?)
after 20057

Sato: It is just because of the time delay of the archiving work. We have, of course, materials to
be archived.

Van Dam: I ask about the organization. What is the relation between your center and the fusion

engineering research center on PWI and the tritium inventory studies? What is the
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relation with DSS on the laser work?

Sato:  We work for rather basics objects on tritium research.

Nakajima: Prof. Sakagami belongs to DSS and he also work on laser simulation in the group in the
coordination center with experimental people for the target design.

Tendler: I heard nice results of lithium coating from TdJ-II experiment in Toki conference. How do
you think about the good scientific work in small machines?

Komori: I think they made good results. We will consider such a wall conditioning technique in

future experiments in LHD.

Presentation by A.Sagara: Fusion Engineering Research

Wolf:  In your roadmap, you show various relations with your program plan and ITER
experiments. What type of research link do you expect with ITER results?

Sagara: One example would be neutron flux effects on materials.

Wolf:  Actually how will you introduce the information from ITER experiments?

Sagara: We are considering the relation with the numerical test reactor. Predictability is very
important from the model calculations.

Sudo:  We have already scientific link with ITER activities in the physics of alpha particle physics
in the simulation study.

Lee: Here, I learned many good results from LHD experiments and simulation science. We can
go ahead such researches in parallel with tokamak research for fusion reactor development.
Numerical test reactor is also useful with the activities of numerical tokamak research. By
the way, how do you think about the impact of the delay of the IFMIF project on various
fusion researches?

Sagara: I think it is ok for the database aspects, but I think that the licensing problem would be
more serious.

Lee: We are concerned very much about licensing problem for DEMO phase.

Motojima: I think that task of the IFMIF is to find the best material, but we can use better
material.

Wolf:  14-MeV neutron source you talked, how much DPA will it produce?

Nagasaka: We expect 107-3 dpa fluence. It is designed for basic study. For the actual material
testing, 100 dpa will be required.

Motojima: About IFMIF, could somebody give the information for the present status?

Sudo: I think the preparation for starting design is going well, considering the present
BAactivity.

Nagasaka: I think that licensing procedure has not been fixed. JAEA is starting discussion on
licensing. For the question about the effect of delay in the IFMIF research, my
understanding is that there are two choices. One is just to wait for IFMIF. This results in

delay in the whole schedule. The other is to keep going with available irradiation data. In
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fission reactor, for example, surveillance specimens are installed on the pressure vessel.
We can start fusion reactor operation with a short-time license and surveillance specimens,
and can stop it when the specimens make some dangerous signal for embrittlement
(degradation of fracture energy). The license will be expanded later, if the IFMIF data

become available.

Presentation by S.Sakakibara: High Beta and Related 3-D MHD Characteristics

Klinger: You are nicely making use of HINT results with your experiments. How do you plan to
include the bootstrap effect?

Sakakibara: We are trying to include it with a first step by modeling it with multi-filament
currents.

Motojima: Do you think the effect of bootstrap current is large?

Sakakibara: Yes, I think it is large, especially for considering such as magnetic island formation in
high beta plasmas.

Tendler: I think you are successful in taking advantage of stellarator concept with current-free
toroidal confinement proposed by Spitzer 50 years ago. This is an important milestone.
Congratulations. I suggest you to discuss further with the consideration of electric field
gradient profile at the interface of ergodic layer, as I reported in the Toki conference. This
will give you more subtle knob.

Alejaldre: What is the density profile for high beta plasmas?

Sakakibara: Typical example is shown in the presentation. Our stability calculations are with the
density profile from the measurements.

Van Dam: It is nice to see good interplays between theory and experimental groups.

Presentation by R.Sakamoto: High Density Operation and Its Prospect for Helical Reactor

Klinger: After making long way of developing the repetitive pellet injector, it is so nice to see to
achieve new regimes of helical plasmas.

Tendler: I understand it is physically important to observe the toroidal rotation for high density
plasmas. Have you tried? For the discussion of particle heat and momentum transport you
should try it even if it is difficult.

Sakamoto: Since diagnostic beam cannot penetrate, we don’t have information on that.

Wolf: Do you have information on impurity transport? Low Zeff or do you have accumulation
problem?

Sakamoto: It is rather difficult to measure impurities in IDB plasmas, but we have some indications
of low level of impurities in the core plasma. The simulation study has also shown the

impurity shielding by ergodic layer.
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Lee: In page 15, you show an optimum kappa value of 1.2 for creating high density plasmas.
What is the mechanism to make kappa of 1.2 be optimum?

Sakamoto: CDC has been observed when the Shafranov-shifted axis reaches 4.1m. With the
elongation, we can reduce the Shafranov shift. In the same time, extreme elongation leads
to the MHD activity. Thus, elongation must be smaller that kappa of 1.2 because of the
stability aspect.

Lee: What kind of MHD ?

Yamada: Too much elongation raises, usually, the interchange mode.

Lee: Do you have a modelling for the stability?

Yamada: Yes, we have Mercier calculation. But this is sufficient condition and not the necessary
condition. Liner stability analysis suggests that substantial growth rate is expected for D_I
in Mercier calculation of 0.2 or 025.

Motojima: Could you tell your feeling for the difference between high density plasmas and high beta
plasmas (with low B field)?

Sakakibara: For IDB plasmas, the interchange mode in the core is stable due to the magnetic well,
although it is not (in linear calculations) for high beta plasmas. In IDB case, the plasma
periphery is unstable (in linear calculations) but MHD fluctuations are in small level
compared to standard high-beta case.

Motojima: Present pellet velocity is about 1 km/s. Is it possible to increase it to 10 km/s for getting
better penetration?

Tendler: How do you plan to extend it for the use in DEMO?

Sakamoto: The improvement of penetration given by the velocity increase depends with the scaling
of (velocity)*0.3 power. So it is not beneficial to increase the velocity.

Motojima: How about 100 km/s?

Sakamoto: It will be technically difficult because the hydrogen ice pellet is not tough enough for
such a high speed. Pellet penetration can be improved utilizing the drift movement of

plasmoid in the plasma.

Presentation by T.H.Watanabe: Turbulent Transport and Zonal Flows

Klinger: It is a beautiful result. In inward shifted case you found larger zonal flow amplitude. With
the E field effect on zonal flow, you also made good results. Can you combine two effects
consistently?

Watanabe: Yes, we will proceed to include multiple-helicity model. I expect the inward-shifted
configuration, the effect of E field on zonal flow creation would be stronger.

Klinger: It is nice for stellarator community to know that the non-ambipolar E field makes
turbulent suppression.

Tendler: Including E field effects on the zonal flow, can you make the self-consistant modeling?

Watanabe: We will try to do it by involving the feedback from both physics elements.

b-145



Tendler: How do you include E shear effect, which provides turbulent suppression?

Watanabe: In our simulation work, effect of E field on zonal flow is stronger than the stabilization
effect of the E field shear. We will proceed to include the E field shear for the next phase of
our work, but we are going first to concentrate on the analysis of E filed effect on zonal flow

Lee: Your work on ETG is in the early stage based on the slab model. This is very expensive
study and nice results. Do you think that your ETG work is applicable for toroidal
geometry?

Watanabe: Toroidal damping of ETG is important. We will try but not very soon.

Alejaldre: For the better understanding of LHD results, calculations for outward-shifted case are
also important. I also suggest you try to calculate TJ-II case because we have measurement
of E field profile.

Klinger: Do you need higher computing power for making further step?

Watanabe: I think we have been able to calculate ITG mode with the existing computers. For
making further study, like ETG in toroidal geometry, I think we need more power.

Van Dam: It is really very strong work. Year ago, I recall that you didn't have consistent simulation
results with LHD experiments. Now the drift motion is included and you made a success.
How about making a next step for making a proposal to the experiment to check simulation
results?

Watanabe: Our present concern is the turbulent evaluation with Er. We would like to make a
prediction for LHD deuterium experiment where the isotope effects make the E field
different from the hydrogen experiment.

Nakajima: We need global simulation to include the E field shear effects. We will go step by step.
Watanabe-san is now making ITG and ETG simulations separately. For hierarchy
simulation, we will calculate both simultaneously, but again we will go ahead step by step.

Tendler: In EU, we have a new supercomputer. You can be the big user of that.

Lee: Electron anomalous transport is another big problem. We hope you can give a good insight
for that. Also the impact of turbulence on particle transport must be the important issue

for the next target in your work.

Presentation by T.Nagasaka: Development of Long-life Liquid Blanket

Klinger: You are making deep studies of blanket in collaborations with university people and
companies. Could you tell your present situation?

Nagasaka: Yes, we have much collaboration with universities and companies. Our business is the
integration of fundamental research and elemental technology. Generally university people
are not organized in a project. They want to do what they want to do. We need management
for research subjects, planning and framework. We are satisfied with the collaboration
studies, but we need more. Recently we have reached the step of fluid convection study. It

needs larger budget and more number of people. I think we need to grow the community up

b-146



Now.

Klinger: For your engineering collaborations, with who are you collaborating, nuclear engineering
people or what university groups?

Nagasaka: We have common research issues with fission reactor and other material people. Ferritic
steels including molybdenum were developed in fission reactor material research. In fusion
material, molybdenum was replaced by tungsten from the aspect of low activation. It was
found that the ferritic steel containing tungsten showed larger creep strength than the
molybdenum steel. So, people started to consider the tungsten steel as fission reactor
materials, turbine materials and etc. This is a good example of our communication to other
research fields.

Alejaldre: For the simulation study of the interaction of neutrons with materials, do you have the
collaborations with theory people?

Nagasaka: We have to extrapolate the present fission reactor data to high dpa case. In order to
clarify the mechanism, we have activity of computer simulation. We have numerical work
for the fundamental processes in multi-scale modeling activity.

Lee: ITER would be the last chance for testing liquid blanket. How do you select the final
candidate of blanket among many candidates? For liquid blanket, how will you test it in
the ITER experiment?

Nagasaka: In ITER, the TBM was limited by the technologies available at this moment. JAEA
people expect 3 campaigns in ITER-TBM experiments. The 1st TBM starts at ITER Day 1st,
and ends at the end of D-D experiment. 2nd one is the same TBM as the 15t one, and starts
with D-T experiment and will be operated for several years. The 3rd one will be different
from them, and is recognized as advanced type. I expect that we can test our liquid breeder
TBM in the 3rd campaign. It will be around 2020.

Lee: Replacing TBM itself would be possible, but there is no possibility of changing the blanket
concept because it would be difficult to change the whole heat cycle system for the blanket.

Motojima: ITER design has been made with the primary target of testing fusion reactor concept.
The limitation of budget made such a decision. In this context, I recall the same problem
for material selections: whether we should select stainless steel or the low activation
material.

Sagara: We have been discussing so many years about the blanket design. We do not have enough
databases to make a correct final decision.

Lee: I am responsible for TBM type selection. I have to say that putting just a TBM in ITER is
possible but sufficient physical testing of that is not possible.

Alejaldre: I think that the solid TBM has passed licensing procedures. For liquid type design, an
additional licensing process would be needed.

Motojima: Neutron flux is not sufficient for blanket test in ITER. It is better to open the possibility

of selecting various types of blankets for university people.
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Final session for the review

Tendler:

Wolf:

I was deeply impressed with the results achieved in NIFS. Fantastic achievement of new
regime in stellarator research has been made. These good results were made strategically,
1.e., well arranged combination of theory and experimental works. I would like to suggest
an important subject you can proceed, which is the momentum transport discussion.

Concerning your future upgrade plan, it might be very good subject to have the steady
state divertor operation. You have made great achievements of high beta plasma
production and high density plasma operations with. It would be nice if you could discuss
integrated approach to reactor-relevant regime. Creating the ITB is good result and I
would like to hear the discussions for its physical mechanism. I am envious to know your
status of good collaboration with scientists in fields of the nuclear engineering and

technology.

Sudo: Thank you very much. I think, in Karlsruhe, for example, you also have good collaboration

Klinger:

works with engineering and technology, where I visited two days ago for the BA meeting.

I am honored to join this review meeting. LHD is no doubt a leading stellarator in the
world. I think you should continue your direction. Pellet injection development, which has
been continued many years, have now led to a new regime of stellarator plasmas. Beta
limit study marked a good achievement. Systematic progress in heating power has been
made. I observed also growing technology developments in universities and companies,
whose products are nicely involved in LHD experiments. Understanding IDB and CDC
may need further collaborations of theory and experiments. Closed divertor is in the step
by step progress. I see strong activities although I am not a specialist for this field. NIFS is
certainly a center of collaboration with 140 universities and institutes. Today young

scientists made nice presentations for remarkable results.

Takuma: Thank you very much for preparing nice presentations. They were all well prepared. I see

Itoh:

young excellent scientists have grown up. What we hoped for LHD in the discussions at the
starting stage has been now established by NIFS people. We hope LHD experiments go
ahead further.

During last six years, by the direction of Motojima sensei the many great results came out
from LHD and also high grade works were output from the other groups. I would like to
say congratulation to Motojima sensei and all of the staff of NIFS.

Nishikawa: When I looked the program of this meeting, I thought the morning session would be

understandable because the talks would be for general topics. However I felt that the talks
in the afternoon would be too difficult for me because the topics would be on details in the
research. I was afraid that I could not follow them. Now I found the case was opposite.
Talks in the afternoon from young scientists were very nice. I thought about making nasty
comments but I realize that I can give only awarding comments. I was a chairman of
review committee for the discussions to decide the start of the LHD project. We made lots

of discussions about feasibility of superconductors, steady state operations, physical
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problems, high Ti achievement, high beta, high Te with electron root. Now it seems that all

items were completely accomplished.

Alejaldre: I am very much impressed by the presentations. In the last two years, I was away from

Lee:

stellarator research and did not follow it closely. I have been engaged in the licensing work
of the ITER, which gave me good experiences. Disruptions, instabilities, runaway electrons
in ITER are big issue. I realize the potentiality of LHD is great. So I will introduce such
nice achievements to tokamak community to convince them. Comparison study of two
concepts would give good understanding of physics. Finally I suggest you, say, for the next
time, to present a long-range plan of the institute, which is not only for 5 years but longer
plan, about how you can contribute to ITER. It would be a difficult job for the next
director-general.

I am very much honored to come to Takayama for this review committee. I give comments
and recommendations I prepared by the request from Sudo sensei. Significant maturing of
LHD experiment is very good. Machine itself is in a high level of heating and diagnostics.
Simulation studies have been grown up and they are one of main part in NIFS, which is
almost equal level to LHD experiment. Two departments were nicely organized. Positive
feedback is very nice between simulation and experiment. I encourage this way strongly. I
observe much improvement from the time of my first engagement. I notice that turbulence
study in momentum andparticle transport is important. I realized a growing integrity in
fusion engineering field. It is impressive to know outward spin-off in the fusion engineering
and reactor study. We should be careful for liquid blanket research. It needs to be looked
carefully with timeline, and consider how to test it if it were not applied to ITER. I would
like to listen to your insights on this topic. In conclusion, I congratulate to Motojima san for
his 6-years great work from the construction to realization of scientific activities in the
institute. Our fusion research is a sort of marathon or relayed running. To keep momentum
is important and leadership with future vision is important. We should go together with

multiple generations.

Van Dam: I repeat the sayings all reviewers made already. I appreciate your good hospitality.

Similar to Prof. Lee, I have been for 5 years in this review committee. At 5 years ago, the
results were nice but they keep getting better. I learned nice results in gyrokinetics,
multi-scale and hierarchy simulation, micro turbulence, energetic particles, macroscopic
MHD, laser plasma simulations, and reconnection studies, etc. In JIFT program we have
had productive collaborations. I like such an informal style of the review meeting this year,
full day meeting is much better than sequence of half day meetings. PR, outreach including
kids science museum are highly recognized. Very interesting LHD experimental results
will be studied by theory and simulation people in NIFS. Talks in the afternoon were very
good. I expect NIFS could have much more number of good talks in the same level. I
confirmed the publication records are increasing. NIFS’ presence at the last IJAEA-FEC

meeting were very impressive. Motojima sensei has been an excellent leader. I have been
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observing him for the education of myself.

Nishikawa: LHD program was discussed at the initiation phase, based on pure scientific arguments.
I encourage young scientists to do the same thing: discuss among yourself, discuss from the
pure scientific point of view, w/o concerns on budget, politics, discuss the future plan.

Tendler: Now stellarator has become from “Plan B” to “Plan A” under the Prof. Motojima’s strong

leadership. Congratulations.

Closing address

Motojima: Thank you very much. I have been very much excited here. I express again thanks for all
coming to Takayama. Your comments encourage us and stimulate our research. It is 20
years after the NIFS was founded. It is short in some sense and very long. I feel time flies.
20 years is enough to establish LHD experiment and simulation, to make the scientific
framework. It is fun to see young people grow up and improve their capability. Within 3
months I will complete my work as a director-general for 6 years. I want scientists in NIFS
to keep the momentum to realize fusion (in my calculation it will be 27 years and 1 month).
I might be at the position of review committee member from outside of the institute.
Finally I would like to give my sincere thanks to my wife. Without her support I could not

have survived.
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