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Preface

The Japan-US Coordinating Committee for Fusion Energy (CCFE) marked its 30th anniversary in
2010. The historical 30th meeting of the CCFE was held in Korea on October 13, 2010, on the
occasion of the TAEA Fusion Energy Conference. Such a long-term cooperative relationship could
not have been developed simply by the government officials in Japan and the United States of
America (US), and therefore we are grateful that so many researchers made contributions to
maintain this relationship.

The history of Japan and US collaboration dates back to the discussions between Prime Minister
Fukuda and President Carter in 1977 on a new Japan and US collaboration on fusion. Based on this,
a governmental agreement on Japan and US Joint Activity in the field of fusion research and
development was established, and the CCFE was established in August 1979. Since then, Joint
Activity has been continued steadily for many years. We highly value the collaboration in fusion
research carried out between Japan and US in the past, and we would like to ensure the continuation
of steady collaboration in the future.

Fusion power can be a very attractive energy source because of its almost inexhaustible fuel
resources, high degree of safety, and low burden on the environment. Since the first fusion-related
research for energy commenced in the 1950s, considerable progress has been made worldwide. The
collaboration between Japan and US has contributed much to this progress. Based on successful
research results, the ITER Project for fusion burning experiments was initiated and is now going
forward with the cooperation of seven Parties: China, the European Union, India, Japan, Korea,
Russia and US. In order to develop an economically attractive fusion reactor, however, many
research fields still need to be studied intensively in addition to the ITER activities. These include
high beta steady-state operation, tritium breeding systems, development of material science, and so
on. Japan and US have experimental devices that are suited to such research fields, and therefore,
our collaboration should be further strengthened.

The 20th Anniversary report was published ten years ago, and so this 30th Anniversary report
mainly describes the activities and highlighted results during the past decade to the present. We hope
that this report will prove useful in reviewing the long-lasting Japan and US Joint Activity, and that
it will contribute to the further development of the Japan and US Joint Activity in the future.
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Director
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Japan
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CHAPTER 1 Introduction

The highest coordinating committee for the Japan/US Joint Activity in the field of fusion research is
the Coordinating Committee for Fusion Energy (CCFE), which was established in August 1979.
Since then, the Joint Activity has been continued for many years to the present. The historical 30th
meeting of the CCFE was held in Korea on October 13, 2010. Immediately following this CCFE
meeting, a memorable 30th Anniversary Celebration was held, and the Co-Chairpersons from both
Japan and US gave congratulatory speeches.

The organizational configuration of the Japan/US Joint Activity is shown in the figure below. The
Executive Secretaries Meeting (ESM) is for the purpose of preparation work for CCFE. The research
areas represented by Fusion Technology Planning Committee (FTPC), Fusion Physics Planning
Committee (FPPC), Joint Institute for Fusion Theory (JIFT), TITAN project, Doublet III, and HFIR
submit the exchange activity results of the current year and the proposals for the next fiscal year to
the ESM. Each research area is overseen by a Steering Committee that consists of Japanese and US
representatives.

Also, Safety Inspection Trips are conducted once every two years. An inspection team from Japan
visits experimental facilities in the US, after which the US — Japan Safety Monitor Joint Working
Group issues a report about safety, which includes suggestions for improving the safety conditions
of the facilities. Then, two years later, an inspection team from the US visits facilities of Japan. This
routine has been carried out 13 times. These safety trip activities have contributed much to the safety
of the collaborations.

CCFE (Coordinating Committee for Fusion Energy)
|

ESM (Executive Secretary Meeting) by MEXT and DoE

Domestic Steering Committee (Japan)
|
JSPS for Travel Expenses (Japan) Review by DoE
|
MEXT for Project Expenses (Japan)

l

FTPC (Fusion Technology Planning Committee)
FPPC (Fusion Physics Planning Committee)
JIFT (Joint Institute for Fusion Theory)

TITAN project (Steering Committee)

Doublet Il (Steering Committee)

HFIR (Steering Committee)

Host Institution : NIFS and JAEA (Japan) Annual Reporting Meeting to Society (Japan)




The importance of the Fusion Archives Activity should also be acknowledged. A workshop on the
fusion archives was held for the first time in 2005 at UCLA. The resulting fusion historical records
are being accumulated at the Fusion Science Archives at the National Institute for Fusion Science
(NIFS).

A previous report, entitled Joint Report: 1980-2000 on the Japan/US Joint Activity*, was published
by the CCFE in June 2000 on the occasion of the 20th anniversary. Following this same procedure,
we decided to publish a Joint Report mainly for the period of the last ten years, in order to provide
an accounting about this long-standing project and to celebrate the 30th anniversary of the Japan/US
Joint Activity. In the present report, we have tried to include details in the description of the
achievements—specifically, highlights of research results and a list of published papers related to the
Japan/US Joint Activity for the period of the last ten years. Some of the activities that have been
carried out in 2010 are also included in the present report; other activities are still ongoing and will
be published at the next opportunity.

Overall, the Japan/US Joint Activity in fusion research has been highly productive in terms of
collaborative projects initiated, papers published, presentations given at workshops and international
conferences, and so forth. Also, the scientific friendships and spirit of collegiality engendered by the
various types of joint activities have significantly contributed to enhance the research environment in
both countries.

*The 20th Anniversary report is available at the following URL sites:
[1] http://www.science.doe.gov/ofes/internationalactivities.shtml on the DOE OFES web page.
[2] http://www.naka.jaea.go.jp/kankoubutu/PDF/JapanUs1980-2000.pdf on the JAEA web page.
[3] http://www.nifs.ac.jp/collaboration/Japan-US/JapanUS-Report.pdf on the NIFS web page.

[

4] http://peaches.ph.utexas.edv/ifs/jift/anniversary.html on the JIFT web page.



CHAPTER 2 Fusion Technology Planning Committee
(FTPC)

2.1 Objectives

The FTPC (Fusion Technology Planning Committee) is responsible for organizing US-Japan
collaboration on the research of fusion technology aiming at realization of fusion energy.
After the separation of the FTPC and FPPC (Fusion Physics Planning Committee) in 1991, the
subsections in FTPC are 1) Superconducting Magnets, 2) Structural Materials, 3) Plasma
Heating Related Technologies, 4) Blankets, 5) In-Vessel/High Heat Flux Materials and
Components, 6) Others. Because the joint projects JUPITER-II from 2001 and the TITAN
from 2007 have been intensively executed, the main activities related to 2) Structural Materials
and 4) Blankets have been performed effectively in those projects. The 6) others covers
important subjects such as reactor designs of magnetic or inertia fusion energy (MFE, IFE),
tritium system, fueling system and so on.

2.2 Activities

The collaborations are carried out by workshops and exchange visits of researchers, by
keeping in mind that the number of the collaboration places should be balanced in US and
Japan as much as possible. There were also collaboration activities using tele-video system and
e-mail, although the number is quite small. During the years of 2000-2009 under US-Japan
collaboration, 74 workshops and exchanges of visits were conducted and 202 researchers were
sent to US on various themes related to FTPC. In Japan, 70 workshops and exchange of visits
were held and 181 researchers visited to Japan.

2.3 Administration

As for US-Japan universities collaboration, 5 key-persons from Japanese universities and
National Institute for Fusion Science (NIFS) are designated for the promotion of collaboration
in each subsection of FPPC. The present steering committee of FTPC consists of US DoE
key-persons of FTPC and a person in charge from JAEA and a person in charge from NIFS.
The steering committee of FTPC is also attended by the key persons of the joint project and the
few relevant observers from universities and institutes both in US and Japan, according to the
necessity. The steering committee meeting of FTPC is usually held by a tele-video system with
complementary e-mails once a year.



2.4 Accomplishments

2.4.1 Superconducting Magnets

High-current superconducting magnets with cryogenics systems are key components to be used in
magnetic fusion energy reactors. During the last decade, the US-Japan collaborations focused
mainly on high-temperature superconductors (HTS), because of their large potential to realize high
magnetic field with excellent operational stability.

In fact, the Mini-RT project at the University of Tokyo and the Levitated Dipole Experiment
(LDX) project at Massachusetts Institute of Technology (MIT) chose HTS wires to be partially
applied in their magnet systems as the world's first applications of HTS for fusion research.
Therefore, the first US-Japan workshop on these HTS systems was held at the University of Tokyo
in 2002 to discuss the wire production technology for the first generation HTS (Bi-2223). A second
workshop was held at MIT in 2004 for the first plasma with the levitated coils in Mini-RT and
LDX, and a third workshop was held at NIFS in 2005 to discuss future plans.

Recently, in 2008 and 2009, intensive discussions have been continued by personal exchanges
between NIFS and MIT concerning proposals for joint experiments on Yttrium-based conductor
(the second generation HTS) to develop large-current-capacity HTS conductors for fusion magnets.

The technical tour of LDX during the US-Japan workshop on “Use of
High-Temperature Superconductors in Fusion ITER Coil Test Results”

at the Plasma Science and Fusion Center, Massachusetts Institute of
Technology, in October 2004



2.4.2 Structural Materials

Most of the activities on structural materials for blankets and in-vessel components in fusion
energy reactors have been effectively performed through the joint projects JUPITER-II from 2001
to 2006 and TITAN from 2007. These projects focused on key subjects such as neutron irradiation
effects, thermofluid engineering, tritium behavior, and modeling.

On the other hand the high-power microwave technology developed in fusion plasma heating has
been applied to innovative processing of metallic powder as microwave sintering technology. This
work has been carried out at Pennsylvania State University and NIFS. Powder metallurgy by means
of microwaves is able to achieve no segregation due to grain growth, no re-crystallization, and no
impurity concentration as the powder proceeds below the melting temperature.

Therefore, mutual collaborations by personal exchanges have been intensively performed from
2003, for the purpose of developing high-performance low-activation alloys of vanadium and
ferritic steel, which are the main candidates for structural materials in fusion energy reactors. The
collaborations were productive in revealing the basic physics on thermally non-equilibrium
reactions under microwave irradiations. New ideas to reduce the emissions of carbon dioxide have
been proposed with the use of this microwave sintering technology.

2.4.3 Plasma Heating Related Technologies

US-Japan collaborations for Radio Frequency Heating Technology have been ongoing since 2000.
Major research institutions in the United States and Japan have taken turns to host workshops for
the exchange of research information and discussion of collaboration activities. At first, meetings
similar to the EU-Japan and US-EU workshops used to be held separately. To improve the
efficiency, in 2007 we established a single Japan-US-EU workshop, which has been hosted by
rotation since then. The meetings of this combined workshop have been used to discuss major
items required for ITER and future large plasma devices and to initiate and organize a number of
new international collaboration programs.

Workshops en Physics and Technobsgy ol

RF Heating of Fusion Pasmas 2806

Workshop on RF heating technology in Nara, 2006



In the personal exchange collaboration program, the ICRF Groups of NIFS and University of
Tokyo have had active collaborations mainly with General Atomics on comb-line antennas, while
the NIFS and JAEA ECH Groups have collaborated with General Atomics and also MIT.
Improvement of the transmission efficiency of high-power millimeter waves was one of the urgent
issues. The output beam radiated from the gyrotron should be led to the corrugated-waveguide
transmission line with an optimized coupling mirror system to take the high transmission efficiency.
The collaboration work evaluated the evolution of the intensity profile along the propagation and
confirmed that the performance of the mirror system design is correct.

2.4.4 Blankets

Most of the activities with regard to blankets have been effectively performed in the joint projects
JUPITER-II from 2001 and the TITAN from 2007. The JUPITER-II project (2001-2006) mainly
focused on the Flibe liquid blanket system, with the flow field and its heat transfer performance
under strong magnetic field being evaluated in order to establish the turbulent heat transfer
modeling of high-temperature and high-Pr number molten salt Flibe flow under strong magnetic
field. In the TITAN project, the thermofluid mechanism of liquid metal and its control technique
under strong magnetic field have been mainly evaluated since 2007. Both projects have actively
promoted the training of many young researchers in both the U.S. and Japan, which has strongly
enriched the fusion community as well as contributed to the specific design of the blanket.

In addition to the above-mentioned two projects, HPD (high-power-density) workshops have been
held since 1997 in order to discuss high-power-density devices and thermofluid design. The
activity in this workshop has focused on the engineering issues that are important to achieve a
high-efficiency energy conversion system. The main issues are to identify and solve the
engineering issues in some concepts of the first wall cooling system and the blanket system, and
then to propose a road map for future development. Information exchange about concepts for a
liquid blanket system has continued at the workshops, and personal exchanges have been also
performed to solve each of the important issues. Specific subjects discussed are (1) Development of
high-heat-flux components satisfying heat removal performance, integrity and maintenance
flexibility, (2) Free surface flow including turbulent heat transfer from the liquid surface and its
enhancement under a magnetic field, (3) Liquid lithium blanket system that uses coating material
for corrosion resistance and its structure optimization, and (4) Diagnostic techniques for high
Pr-number and complex flow field in a heat transfer promoter pipe under magnetic field. Also, at
the kickoff stage, gas cooling and gas-solid suspension cooling systems were discussed including
heat-exchange systems. In order to propose a road map for innovative blanket design, the
Plasma-Wall Interaction group, which has been enhancing the specific blanket design, has
participated in the above-mentioned HPD workshop.



A group photo during the U.S.-Japan Workshop on “Fusion High Power

Density Components and System and Heat Removal and Plas-

ma-Materials Interactions for Fusion” at Santa Fe in November 2006.

2.4.5 In-Vessel/High-Heat-Flux Materials and Components

In this category, mainly four activities have been intensively performed during the past ten years,
namely, 1) Divertor plasma experiments, 2) Collected dust analyses, 3) Wall conditioning analyses,
and 4) Workshops on these research areas. Divertor plasma experiments have been carried out by
personal exchanges with the use of the NAGDIS-II facility at Nagoya University and the PISCES
facility at UCSD. Well-controlled linear plasma experiments in NAGDIS-II led to significant
progress in understanding the physics of plasma detachment. Engineering research has been
intensively performed to explore specific properties of plasma-facing materials, such as tungsten,
with the use of high particle fluxes in PICSES. The first analysis of collected dust in Japan was
performed with LHD in March 2001 in a collaboration with Idaho National Laboratory (INL). The
results were compared with those from tokamak machines in EU and US. These experimental
techniques established in LHD were subsequently applied in JT-60U. Wall conditioning of the
plasma-facing surfaces of in-vessel components is essential for well-controlled surfaces to achieve
high plasma performance with good reproducibility. Experiments using DiMOS in DIII-D were
carried out to characterize boronized wall samples.

The workshop on "High Heat Flux Components and Plasma Surface Interactions for Next Fusion
Devices" has been held almost every year, alternately in US and Japan. Already from the early days
of the US-Japan program, this workshop has covered a broad range of subjects on Plasma Wall
Interactions (PWI). During the past decade, the workshop has focused mainly on Plasma Materials
Interactions (PMI) in order to understand microscopic mechanisms under multi-particle irradiation
and to extrapolate the behavior of materials to burning plasma devices by means of modeling and
numerical simulations.



2.4.6 Others

One of the other main activities related to fusion technology is reactor design. A US-Japan
Workshop on Fusion Power Plants and Related Advanced Technologies has been held almost every
year for more than a decade. In recent years, EU and other countries, including China, have also
participated in this workshop, which has featured discussions on wide-ranging topics related to
system optimization of a DEMO and a commercial reactor. Two personal exchange programs were
also carried out. These programs contributed to the progress in design studies in both the US and
Japan through mutual evaluation and comparison of design concepts.

A workshop on fabrication, injection, and tracking of IFE targets has also been held. Detailed
technical information specific to each researcher’s work was exchanged and has led to the
widening of the collaborations in this research field.

A group photo during the U.S.-Japan Workshop on Power Plant Studies and
Related Advanced Technologies with EU Participation at UCSD in Feb., 2006.

Another important collaboration between Japan and the US is concerned with tritium handling and
control technology. Analytical methods developed in basic investigations at Japanese universities
were applied to analyze experimental data from US facilities. Since Japan has no place to gain
experience in handling large amounts of tritium, the information obtained through this program was
quite valuable for the Japanese participants. Important information on education and training of
new up-and-coming tritium researchers has also been transferred through this program.



2.5 Highlights

Application of High-Temperature Superconductors in Fusion Research

Category : Fusion Technology

Year-Number :

2001-FT1-2,2004-FT1-2, 2005-FT1-1, 2009-FT1-1
Name: Toshiyuki Mito, Nagato Yanagi,

Yuichi Ogawa, Joseph V. Minervini
Affiliation (T.M and N.Y): National Institute for
Fusion Science, (Y.O): The University of Tokyo,
(J.V.M): Massachusetts Institute of Technology

Application of high-temperature superconductors (HTS)
in fusion research is regarded as a pioneering work, and the
US-Japan collaboration on this topic was started about ten
years ago when the application of HTS was an emerging
technology to be considered in real use. Despite this
situation, both the Mini-RT project at the University of
Tokyo and the Levitated Dipole Experiment (LDX) project
at Massachusetts Institute of Technology (MIT) chose HTS
wires to be applied partly in their magnet systems as the
world’s first applications of HTS for fusion research.

At that time, the wire production technology for the first
generation HTS (Bi-2223) was being established and
institutions, universities and industries in the US and Japan
were fiercely competing to manufacture longer and superior
wires. Real applications were beginning to be considered
for industrial and electric devices, such as cables, motors,
transformers and magnets of pulling systems for silicon
single crystals. However, it was too early to consider
applying HTS for plasma confinement devices in fusion
research, other than in current-leads. In these circumstances,
it was a great opportunity to start this challenging
collaboration as a US-Japan joint program.

The first activity of the collaboration was a workshop
held at the University of Tokyo from February 4 to 6, 2002,
titled “Application of High Temperature Superconducting
Coils for Fusion Plasma Experimental Devices”. In this
workshop, fruitful discussions were made on a wide range
of physics and technological issues, such as evaluations on
the electromagnetic properties of HTS wires and on
manufacturing methods of Yttrium-based coated-conductor
wires (the second generation HTS). The discussion was
focused on the two projects of plasma confinement devices
both using levitated superconducting coils. In the US, LDX
was being constructed as a joint research of MIT and
Colombia University, whereas in Japan, the Mini-RT
project started as a joint research program of The
University of Tokyo, National Institute for Fusion Science
(NIFS) and Kyushu University. In LDX, the floating coil
was wound using Nbs;Sn superconducting wires, whereas
the levitation coil used Bi-2223 HTS wires. In Mini-RT,
the floating coil was wound with 400 m of Bi-2223 wires.
Fruitful discussions were carried out especially on the R&D
activities for their superconducting magnet systems and the
future prospects of their research.

The second workshop was held at MIT from October 12
to 13, 2004 with a title “Use of High-Temperature
Superconductors in Fusion” under the joint workshop for

the “ITER Coil Test Results”. By this time, both the LDX
and Mini-RT devices were completed and results on the
commissioning tests of their magnet systems and first
plasma experiments were reported. The first plasma of
Mini-RT was successfully obtained in February 2003, and
by April 2004, the floating coil was levitated over an hour
with a high positional accuracy of +20 pum. In LDX,
although levitation was not possible (at that time) due to a
trouble in the HTS levitation coil, the first plasma was
produced in April, 2004. In Figs. 1 and 2, the floating coils
and first plasmas obtained by LDX and Mini-RT are shown.

Fig.1: The floating coil and the first plasma of LDX.

Fig.2: The floating coil and the first plasma of Mini-RT.

The third workshop was held at NIFS on December 9,
2005 with a title “Application of High-Temperature
Superconducting Coils in Fusion Plasma Experimental
Devices”. Based on the successful results of both LDX and
Mini-RT, long-term programs on applying HTS for fusion
research were discussed. The development of HTS wires to
be applied in large-current capacity conductors for fusion
magnets was the common interest from both the US and
Japanese sides. In December 2008 and October 2009,
meetings were held at NIFS and MIT, respectively, to
discuss the possible program for developing large-current
capacity HTS conductors for fusion magnets by focusing on
the Yttrium-based coated-conductors. The plausible future
collaboration was also discussed, including joint
experiments of reduced-scale conductors using the
superconductor testing facility at NIFS.



Microwave Processing of Metallic Powders for Fusion Applications

Category: Fusion Technology

Year-Number: 2003-FT2-1, 2-3, 2004-FT2-1, 2-3,
2005-FT2-1, 2-3,2006-FT2-1, 2-2,2007-FT2-1, 2-2
Name: Motoyasu Sato* M. Tanaka*,

Dinesh Agrawal**, Rustum Roy**
Affiliation:National Institute for Fusion Science*
Material Research Laboratory, Pennsylvania State
University**

The Pennsylvania state university, in 2000,
demonstrated the world's first microwave sintering of
powder metallurgy to the iron-based metal, NIFS
developed microwave sintering technologies by applying
the high-power microwave experiences on fusion
experiments to the dielectric ceramics. The cutting edge
laboratories promoted researches on the framework of the
joint Japan-US collaboration to both the basic research and
applications of microwave sintering technologies. The
vanadium steel alloy and ferrite steel are expected to fusion
reactor materials. The powder metallurgy by microwave
could produce no segregation due to grain growth, no re-
crystallization and no impurity concentration as it proceeds
below the melting temperature.

(1) Results on Basic Physical Properties

The first year, the "In-Situ observation
experiments on sintering process " proposed by Japan.
NIFS took the newly developed digital microscope to the
U.S.A.. Prof. R. Roy of Pennsylvania state university
predicted the thermally non-equilibrium reactions under
microwave irradiations. The observations reveled that the
localized hot spots were created and maintained for a
significant period of time. The hot spot diminishes in a few
seconds and loses its energy quickly to the surrounding
environment. They reconstructed the micron order crystals
into the continuous nano-magnetic domains Such
microscopic rapid cooling causes the development of nano-
domains. New hot spot continue to get generated in other
regions of the sample. This chain process eventually causes
the nano-domains spreading all over the material.

Recently, the striking similarity of ultrasound and
microwave processing at high temperature was pointed out.
It remained us the word of “coherency”. The series of
experiments suggested that the irradiation of magnetic field
with high monochromatic frequency spectrum excites
oscillations of electrons in the ferromagnetic material
coherently directly. The Gibbs free energy (G = H — TS)
contains two different ordering terms of the disordered
thermal motions (origin of high entropy), the coherent
kinetic motions and microscopic ordered structure (origin
of low entropy). As the microwave processing uses
monochromatic frequency, the electric or magnetic fields
generate ordered motions in the material on the first step.
The entropy of coherent phonons is lower than the random
motion of thermal photons. The decreasing of activation
energy has been observed in the reduction process of
titanium oxide (TiO,) under the irradiation of microwave
magnetic field. The fall of energy can also be seen on the
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phase transitions. For example, the nano-crystallographic
of ferromagnetic powders in which the hard magnetism
converted to very soft one. These experiments show that the
microwave couples with different energy path on the phase
transitions.

These phenomena require very sophisticated
studies of renormalization theories, molecular dynamics,
etc. on the bases of ab initio calculation performed by M.
Tanaka.

The theoretical researchs are going to answers;
“ how to excite the collective motion in solid material by
such monochromatic electromagnetic wave? “and “ What
is the mechanism to mitigate a driving microwave to a wide
frequency spectrum of the blackbody radiation? . This
innovative research is going to open a new door to make
bulky nano materials of glassy structures with nano
magnetic domains form the micron order crystals.

(2) Contribution to building a low carbon society

The joint discussion with Penn state-U and NIFS,
the idea emerged for the steel making process on large-
scale comprehensive energy saving. If the electric power to
generate the microwave would be supplied by renewable
sources or the fusion in the future, the emissions of carbon
dioxide that caused by burning coke on making pig iron
reduced to the 40% in comparison to the existing blast
furnaces. The impurity contents are less than 1/10~1/50 in
comparison to cast irons produce by existing blast furnace.
It suggests new technology to serve ultra high purity steels
for fusion reactor.

The amount of microwave power is estimated
experimentally to 5S00kWh / t. Scales of these microwave
source are equivalent to the gyratrons or klystrons used for
such large-scale nuclear fusion research such as ITER and
LHD, JT60. This is an example to be expected leading the
big social return of high technology developed on fusion
studies.

F ¥ SN T SFEP Tyt 19 §

Fig. 1 In-situ observation of hot spot in a ferrite sample exposed to
H- field in 2.45 GHz 5 seconds after microwave turned on, the
brightest spot exceed 1200 degree C, the dark part was less than
800 degree C. The scale is 100 micron. Temperature gradient was
estimated to a few thousands degree C / 1 mm.



RF Heating Technology

Category:Fusion Technology/ Steady-State Operation
Year-Number:2000-FT3-8, 2000-FT3-7, 2001-FT3-01,
2002-FT3-5, 2003-FT3-3, 2003-FT3-2, 2005-FT3-4, 2006-
FT3-1, 2006-FT3-2, 2008-FT3-2, 2008-FT3-4, 2009-FT3-2
Name: T.Mutoh, K. Ohkubo, T.Seki, Y.Takase", C.
Moeller ?

Affiliation: National Institute for Fusion Science,

Y University of Tokyo, * General Atomic

The US-Japan collaboration for Radio Frequency
Heating Technology has been ongoing since 2000. Major
institutes in the United States and Japan have hosted
workshops in turn to exchange research information and
discuss collaboration activities. Originally, the EU-Japan
and US-EU workshops were held separately. To improve
efficiency, we established a single Japan-US-EU workshop
in 2007 which has been hosted by rotation since then. The
exchange of researchers was made in parallel with the
workshops.

In the personal exchange collaboration program, the
NIFS ICRF Group has mainly collaborated with General
Atomics for the combline antenna actively while the NIFS
and JAEA ECH Groups have collaborated with General
Atomics and MIT. The followings are the highlights of the
workshops in each fiscal year and the personal exchange
activities.

In 2000, diamond windows started to become practical
for ECH vacuum windows following the workshop in
Princeton. Practical use of diamond windows accelerated
rapidly after the exchange of information about the cooling
structure at the vacuum seal. The remote steering antenna
was devised at GA and the application to ITER was
proposed. The ECH and ECCD experiments at JT-60 and
the success of electron heating to a Te of 15keV and ECCD
of 0.2MA were reported. At the time, low transmission
efficiency of the transfer lines was a problem.

At that same time, collaboration research aimed at
increasing the standoff voltage of ICRF antennas for
heating experiments began between ORNL and ASDEX.
As for LHD, one minute of steady state plasma sustained by
ICRF was reported.

The US-Japan RF technology workshop in 2001 was
jointly hosted with “EU-Japan workshop on antenna
technology” in Inuyama. Researchers from US and EU
gathered in Inuyama to discuss RF technology widely in the
meeting. Low power experimental results on the remote
steering antenna were report by both US and the EU, which
confirmed the efficacy of the antenna. ECH experiments
were actively conducted with JT-60U, LHD, CHS,
Heliotron-J and DIII-D. As a result, achievement of high
electron temperature, stabilization of NTM instability, ITB
formation and effective plasma production were reported.

In 2002 the workshop was held in Los Angeles.
Starting with this meeting, US-Japan workshop joined with
EU-US and EU-Japan RF technology workshops to
improve the efficiency. Regarding ECH, development of
the remote steering antennas improved experimentally as
well as in analysis. Methods to expand the steering range
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were reported. Impressive new gyrotron results were also
presented: 1.3 MW/1.5s at 110GHz from JAERI and
0.9MW/55s at 140 GHz from EU.

In 2003, the workshop was held at JAEA (former
JAERI). Observers from KAERI(Korea) joined the meeting
in addition to US, EU and Japan, which further
internationalized the workshop. Successful results were
reported on the evaluation study of the ECH transmission
system between NIFS and MIT and the high power test of
the remote steering antenna by JAERI and GA, which were
proposed in the previous meeting.

In 2005, the workshop was held in Santa Cruz, USA.
Several significant gyrotron advances were reported. The
testing of a 1.5 MW CPI tube began at GA. GA also began
to replace Gycom tubes with CPI tubes. Successful
development of gyrotrons for W7-X (1 MW/140GHz) and
ITER (2MW/170G) were reported by Karlsruhe.

In 2006, the workshop was held in Nara, Japan. The
ITER construction began to take shape on a large-scale. A
JAEA gyrotron demonstrated 0.82MW/10min. As for ICRF
heating, LHD 54 min/1.6 GJ steady state operation was
reported, which showed RF heating was suitable for steady
state operation.

In 2008, the matter of concern was how the workshop
members could cooperate for the resolution of the issues
which emerged as the ITER development progressed. In the
field of ECH, the quality of diamond windows became an
issue. It was also when W7-X mass-produced gyrotron
quality became an issue. GA and some other institutes
reported mechanisms for arcing in vacuum relevant to
ICRH antennas.

In 2009, JAEA mostly fulfilled the ITER specification
of 1 MW/30 min for gyrotron development and is
continuing to make further improvements. Development of
a 2MW co-axial gyrotron by the EU has progressed and its
completion is expected.

Since 2008, a collaboration has been ongoing between
GA and JAEA on high power, very long pulse testing of
ITER related ECH components using the 170 GHz JAEA
test stand.  So far, various miter bends, switches, and a DC
break have been tested. The overall loss in the test
transmission line has also been examined by thermal
imaging with these components.

A collaboration has continued since 2006 on combline
antenna for use in the TST-2M tokamak at the University of
Tokyo. A fast wave combline antenna originally made by
GA for the JFT2M tokamak collaboration was moved to
TST-2M along with the 200 MHz transmitter. During the
2006 visit, electrical characteristics of the antenna were
measured. A clear pass-band was observed in the frequency
range of 160-220 MHz, which includes the planned
operating frequency of 200 MHz, and the excitation of a
travelling wave with a parallel wave-number of 22 m™ was
confirmed and it is now installed and being run at high
power. A variation of the combline antenna to launch
lower hybrid waves at the same frequency for current ramp-
up is now being designed by GA.



Beam Coupling / Mode Content Analysis in Transmission Line of Electron Cyclotron Heating System

Category : Fusion Technology

Year-Number :

2000-FT3-3, 2003-FT3-7, 2007-FT3-6, 2008-FT3-1
Name: Hiroshi Idei, Takashi Shimozuma,

Michael A. Shapro, Richard J. Temkin
Affiliation (H.I): National Institute for Fusion Science
(2000), Kyushu University (2003/2007/2008), (T.S):
National Institute for Fusion Science, (M.A.S and
R.J.T) Massachusetts Institute of Technology (MIT)

Improvement of the transmission efficiency of high
power millimeter waves was one of the urgent issues on the
Electron Cyclotron Heating (ECH) system in the Large
Helical Device (LHD). The output beam radiated from the
gyrotron should be led to the corrugated-waveguide
transmission line with the optimized coupling mirror
system to take the high transmission efficiency. We have
been collaborating with MIT group in USA on the coupling
of the gyrotron beam into the transmission line'. The
evolution of the intensity profile along the propagation was
evaluated from the IR images at the target in the high
power test. The phase profiles required in the mirror system
design were retrieved from the intensity evolution along the
propagation. The performance of the designed mirror
system was confirmed to work correctly at the low power
test facilities”. (2000)

The alignment of the beam position and angle (within +/-
Imm and +/- 0.2 degrees) are important to attain the high
transmission efficiency. The principle experiments shown
in Fig.l1 were conducted to study of the phase retrieval
process and the mechanisms of the unwanted mode
excitation. The phase profiles retrieved from the intensity
evolution in the experiment were compared to those
directly measured at the low power level in detail, and the
phase retrieval process was verified experimentally’. The
phase profiles retrieved at the propagation position of
z=150mm coincided well with the measured profiles, as
shown in Fig.2. The beam position, radius, symmetry,
kurtosis were evaluated with the moment theory including
higher orders, describing the beam property. (2003)

Furthermore, a new alignment method of the
transmission line basing on the phase retrieval (Fig. 1)* was
proposed. The irradiant waveguide modes were defined in
a free-space propagation to analyze the mode content in the
waveguide transmission’. In the definition of the irradiant
waveguide modes, the fields radiated from the waveguide
aperture in Fig.1 were used. The mode content in the
waveguide transmission was evaluated from the field
intensity and phase profiles measured at a certain
propagation position. (2007)

The direct phase measurements were not available for
the high power test and the alignment of the LHD-ECH
transmission line. The new mode retrieval method was
proposed for the high power application. In this approach,
the phase retrieval process was not required. This new
approach was confirmed to be effective to analyze the
mode content transmitted in the waveguide line. (2008).
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In the LHD-ECH system, the propagation direction,
mode content and the field structure were analyzed in the
mirror system and waveguide transmission line (Table I),
improving the transmission efficiency as the original task’.
The experimental verification of the phase retrieval, new
definition of the irradiant waveguide modes and their use
for the mode expansion deserved a special mention in
contribution to the radio frequency and mm wave

technologies.
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Fig.1: Experimental setup the principle experiments for
beam coupling and mode content analysis
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Mode Even (%) 0dd (%)
HE11 88.841 -
Retrieved phase  x (mm) HE12 0.910
] HE13 0158
E i HE14 0.118
3 HE15 0.161 .
i HE21 1.149 5.357
HE22 0.140 0.684
HE23 0.079 0.131
HE24 0.012 0.086
X (men) HE25 0.036 04177
. HE31 0.432 0.048
Fig.3 : a) Measured HE41 0.147 0.021

amplitude profile and b)
retrieved phase profile

1) M. A. Shapiro, et al., Fusion Eng. and Design, 53 (2001) 537
2) T. Notake, H. Idei, et al., Fusion Eng. and Design, 73 (2005) 9
3) H. Idei, et al., IEEE Trans. on MTT, 54 (2006) 3899

4) T. Shimozuma, H. Idei, et al., JPFR, 81 (2005) 191

5) H. Idei, T. Shimozima, ef al., Proc. of IRMMW-THz 2007, 69
6) T. Shimozuma, H. Idei, et a/., PRR, 5 (2010) S1029



Measurement of RF Transmission Mode in ITER Relevant ECH&CD Transmission Line

Category : Fusion Technology

Year-Number : 2007-FT3-3, 2008-FT3-5, 2009-FT3-

3

Name: Yasuhisa Oda', Ken Kajiwara', Koji
Takahashi', Atsushi Kasugai', Michael
Shapiro®, Richard J. Temkin®, Keishi
Sakamoto'

Affiliation: 'Plasma Heating Research Group, Naka

Fusion Research Institute, Japan Atomic Energy

Agency, 801-1 Mukoyama, Naka, Japan

’Plasma Science and Fusion Center, Massachusetts

Institute of Technology, 167 Albany St., Cambridge,

MA, USA

The 170 GHz transmission line (TL) for the electron
cyclotron heating and current drive (EC H&CD) system in
ITER requires more than 90% power transmission
efficiency from the gyrotrons to the plasma using about 100
m length corrugated waveguides. For high transmission
efficiency, the good purity of HE;; mode is necessary
(95%). In this study, the transmission mode in the 170 GHz
high power long transmission test line for ITER, which
consists of the 63.5 mm corrugated waveguides, was
measured and the effect of higher order modes (HOMs) in
ITER’s transmission line is discussed.

The millimeter wave beam was generated by the 170
GHz high power gyrotron [1] and coupled into the
corrugated waveguide through the Matching Optics Unit
(MOU) constructed with two phase correcting mirrors. The
power is transmitted to the dummy load. Two high power
transmission test lines were prepared. One is a short range
TL (7 m) and the other is a long range TL (40 m) as shown
in Fig. 1. The direction of the RF power is selected by the
waveguide switch. The TL system has 7 miter bends
including the waveguide switch in the long range TL.

Gyrotron

Long range TL (40m)

[Tl

Waveguide switch
g eI

2

Outlet of long range TL
Shortrange TL (7m)

RF pattern Measurement

Qutlet of short range TL

RF pattern Measurement

Fig. 1. Schematics of JAEA transmission test line. The
diameter of the waveguide was 63.5 mm.

Using measured IR patterns, the mode content was
retrieved using the MIT codes. A set of linearly polarized
(LP) modes is used. In this analysis, the four LP modes are:
fundamental mode LPy; (HE;;), LP;; (even and odd), and
LPy, (HE;;) modes. There was a small difference in the
mode content between long TL and short TL. This indicates
that the mixture of HE,, and LP;; modes could be
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transmitted through the TL without significant mode
conversion loss.

When two or more modes travel together down the
waveguide, the center of the microwave beam will, in
general, be offset from the axis. Also, when the modes
reach the end of the waveguide, they will radiate into space
with a tilt angle. The offset and tilt angle may be a problem
in the launcher / antenna system for plasma heating and
current drive. The case of two modes traveling in the
waveguide has been analyzed in a recent paper by Kowalski
et al. [2]. The paper shows that the offset varies with
distance along the waveguide as a cosine wave, while the
tilt angle varies as a sine - that is, the tilt angle is ninety
degrees out of phase with the offset. With proper
normalization, the square of the offset and the square of the
tilt angle can be added to express a conservation theorem
[2]. The wvariation of offset and tilt angle repeats with
distance down the waveguide at the beat wavelength of the
two modes. For the present case, we have most of the
power in two modes - the HE;; mode and the LP,; mode -
but there is still significant power in a series of higher
modes. For the present case, the experimental values of the
tilt angle and offset are plotted vs. extended waveguide
length in Figs. 2 and 3 respectively. We also show fits to
the tilt angle and offset using sine/cosine functions with a
periodicity of 5 meters, which is the beat wavelength of the
two major modes (LPy; and LP;;). The measured values of
tilt and offset agree well with the theoretical sine/cosine
curve fits. We see from these results that as the microwaves
propagate down the waveguide, they will always have some
amount of either tilt or offset or both.
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Fig.3. Dependence of offset of

on length of extended
waveguide.

Thus the LP;; mode generated at the TL input could
affect the beam at the TL output which is an input for the
launcher. The initial coupling efficiency at the MOU is
important to improve the radiation characteristics from the
launchers.

The research at MIT was supported by the US DOE
OFES and the US ITER Project Office.

[1] K. Sakamoto et al., Nature Phys. 3, 6 (2007), p. 411.

[2] E. J. Kowalski et al., Proc. Intl. Conf. IR, MM and THz
Waves, Busan, Korea, Paper R2D01, IEEE Conf. Proc.,
Sept. 2009.

beam center at waveguide outlet



Fusion High Power Density Devices and Thermofluid Design

Category: Fusion Reactor Technology/ Diverter,
Blanket

Year-Number : 2000-FT4-1,2,6,7,8 2001-FT4-01,02,07
2002-FT4-5, 2003-FT6-1, 2004-FT5-4, 2005-FT5-2,
2006-FT5-2, 2008-FT5-1

Name: Sabro Toda, Hidetoshi Hashizume, *Shinichi
Satake, Kazuhisa Yuki

**Clemet Wong, ***Neil Morley

Affiliation: Tohoku University, *Toyama University,
**General Atomics, ***UCLA

In order to realize fusion reactor in the near future,
the activity in these projects is focusing on one of the most
important engineering issues, how to achieve high thermal
efficiency in the energy conversion system. The main
issue in these activities was initially thermofluid dynamics
in high heat flux components like divertor and finally
design on blanket system not only for ITER but also for the
demo reactor. Information exchange in terms of concepts
on liquid blanket system has continued in the workshops
and personal exchange has been performed to solve
important problems. Main subjects discussed are;

1) to identify engineering issues in present concepts of
first wall cooling system and blanket system and then to
analyze governing phenomena .
2) to propose solutions for the critical engineering issues
and then show a road map to future development.

Through these activities, following results can be
summarized:
1) In the development of high heat flux components, it is
inevitable to discuss feasibility satisfying several
requirements like heat removal performance, integrity and
maintenance flexibility. A free surface flow system as a
chamber protection scheme is one of the attractive
candidates. In case of the cooling of the first wall in an
advanced nuclear fusion reactor, the liquid film surface
becomes high temperature due to high surface heating from
the plasma, and the control of evaporation from the liquid
surface is needed to minimize contamination to the plasma.
Therefore, in order to reduce the surface temperature, it is
important to elucidate the mechanism of turbulent heat
transfer from the liquid surface and the promotion of heat
transfer by using the turbulence mixture and then a DNS of
liquid film cooling in a nuclear fusion reactor was
performed by Japan and UCLA members, and the relation
between a magnetic orientation and turbulent flow statistics
are included in the consideration. The streaky structure
with streamwise applied magnetic field are elongated to the
free-surface region. The phenomena are corresponding to
the reduction of stream wise turbulent fluctuation. From the
DNS modeling, Reynolds averaged model and the SGS
model for free surface with MHD will be developed by
using DNS database in the near future, and the LES will
have the ability of providing simulation for the fusion
facility""
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2) As for liquid lithium blanket system, corrosion resistance
of coating materials was discussed and the optimization of
structure has been performed to show a development plan
based on existing materials and fabrication techniques.
This activity is extended to development of new flow
channel composing of three insulated surfaces by three
layer wall. For this option , basic experimental research is
being conducted to demonstrate the performancez).
3) The probes suitable for visualizing the flow structure
were evaluated for a heat transfer promoter pipe that would
be required for hi-Pr number fluid Flibe. A backward
scattering type of the probe was selected in consideration of
the complicated flow structure around the promoter surface.
In addition, the test section to reduce the effect of the laser
refraction is designed including the utilization of the
matched refractive index method. Finally, the
introduction of the test section to the Flibe simulated flow
loop was discussed in detail as well as the design of an
entrance distance to the test section, and measuring
conditions. Based on the experience, experimental data
for heat transfer in a pipe filled with pebble bed are
collected *.
4) The Flibe blanket system proposed by the Japanese side
is initially focusing on demo reactor because the operating
temperature of Flibe is too high to be applicable to ITER
TBM due to the limitation of maximum allowable
temperature for available structural materials. Through
discussions, this problem was solved by changing the
composition ratio of LiF and BeF, to reduce the melting
temperature, which led to a design window of Flibe TBM
and shows a road map to a blanket system of demo reactors
by changing the BeF, ratio, allowing higher heat transfer
performance, with the development of structural materials®.
In the development of liquid blanket system, it
becomes possible to describe the road map for innovative
system through the understanding of present technologies
and provide a clear direction for future development and
collaboration.
1) S. Satake et al., Fusion Engineering and Design, 61-62,
(2002), 95.
2) M. Aoyagi et al., ISFNT 9, (2009), China (to be
published)..
3)N. Seto al., Fusion Engineering and Design, 83, (2008),
1102.
4)H. Hashizume et al, Fusion Science and Technology, 56,
(2009), 892.



Current plasma wall interaction’s issues in fusion devices
(Divertor simulator experiment in NAGDIS-II and surface analysis of dust particles and boron)

Category : Fusion Engineering

Year-Number : 2000-FP5-8, 2000-FT6-7, 2007-FT5-
2, 2009-FP2-2

Name: S. Takamura*, S. Luckhart**, P. Sharpe***,
D. Petti*** N. Ashikawa****
Affiliation: *Nagoya Univ., **UCSD,

***INL’

In this section, three kind of topics based on plasma
wall interactions are shown as followings, 1) Divetor
plasma experiment using NAGDIS-II, 2) Colleted dust
analysis in LHD and 3) boronized wall analysis in DIII-D.

Reduction of huge plasma heat load onto the divertor
plate is one of the most critical issues in order to establish
long and/or steady state plasma operation in next
generation fusion devices. From Prof. S. Takamura
(Nagoya Univ.), Dr. D. Whyte, and Dr. E. Hollmann
supported by the US-Japan collaboration program, studied
the fundamental physics of plasma detachment, which is
thought to be the most promising method to reduce the heat
load, and has been intensively investigated by using the
divertor simulator, NAGDIS-II.

Volumetric plasma recombination was found to play
an essential role in detached plasmas, because continuum
and a series of line emissions from highly excited levels
were observed in the detached plasmas.

In order to understand the energy balance between
electrons, ions and neutrals, we conducted the ion
temperature measurement by detecting Doppler broadening
of Hell (468.6nm). Figure 1 shows that 7, in the
downstream rapidly decreases with neutral pressure P,
while T7; is gradually decreasing. Around 6 mTorr, 7, and T;
become almost equal, which suggests that the temperature
relaxation process between electrons and ions contributes
to a decrease in T,. Numerical simulation with 2D fluid
code B2 also revealed that the electron-ion energy
exchange process accompanied with the charge exchange
process between ions and neutrals is responsible for the
electron temperature drop along the magnetic field leading
to T, below 1 eV, where the three body recombination
occurs, leading to the detached plasmas [1-2].

Dr. P. Sharpe, Dr. D. Petti (INL) and Dr. A. Sagara
(NIFS) investigated deposited dusts into the plasma
vacuum vessel in LHD. The INL group has collected the
amount dust corresponding to the surface areas. . In this
study supported by the US-Japan collaboration program,
dusts in helical fusion device were investigated as new type
of data. Colleted amount of dusts at a lower region is about
58.7 mg/m® and it is smaller than results in JET and
ASDEX-U. An averaged diameter of dusts is about 9.64
pum made by carbon and stainless steel in LHD. From
results of angler dependence between a horizontal plane
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and target plates in the vacuum vessel, surface mass density
of dusts is similar to each location [3].

Dr. N. Ashikawa (NIFS) and Dr. C. Wong (GA) have
been investigated the characterization of boronized wall
in DIII-D. Boron films on stainless steel material probes
coated by boronization in DIII-D have been analyzed by X-
ray photoelectron spectroscopy (XPS) and the chemical
bindings of deposited layer with boron are shown. At the
top surface of boron film, high concentrations of graphite
peak, B-B and B-C bindings are observed and a boron-
oxide did not have strong intensity. And then, capacity of
oxygen gettering into boron film has still kept after the
experimental campaign in DIII-D. We discussed about
DIiMES system (it is the movable material probe system) in
DHI-D during the same program. From under this
discussion, Dr. N. Ashikawa and Dr. D. Rudakov started a
joint experiment of dust dynamics using pre-characterized
dust particles from 2008.
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Fig. 1 Dependence of (a): electron temperature 7,
and ion temperature T;; (b): electron density n,
measured at upstream and downstream, on the
neutral gas pressure P.

1) E. M. Hollmann, D.G. Whyte, D. Nishijima, N. Ohno
et al., Phys. Plasma, 8 (2001) 3314-3320.

2) D. Nishijima, D. G. Whyte, Y. Uesugi, N. Ohno et al.,
Proc. of 26™ EPS Conf. on Contr. Fusion and Plasma
Physics, Vol. 23] (1999), pp.485-488.

3) J.P. Sharpe, V. Rohde, A. Sagara et al., J. Nucl. Mater.
313-316 (2003) 455-459.



High Heat Flux Components and Plasma Surface Interactions for Next Fusion Devices
(Heat Removal and Plasma Material Interaction for Fusion)

Category : Fusion Engineering

Year-Number : 2000-FT5-1,2001-FT5-04, 2002-FT5-
1,2003FT5-1,2004-FT5-3,2005-FT5-3,2006-FT5-
3,2007-FT5-1,2009-FT5-1

Name: N. Noda, Y. Ueda, R. Nygren

Affiliation: NIFS, Osaka University, SNL

Plasma facing components of fusion reactors have to
withstand high heat and particle fluxes for several years to
keep the compatibility with burning core plasmas.
Development of the plasma facing components and
materials is a very important and urgent issue for realization
of fusion reactors.

This workshop is dealing with several important and
timely topics in this field. The participants from Japan and
US with some from the other areas exchange the
information about current status of research and
development of this field and make fruitful discussions.
This workshop greatly contributes to development of
fusion science and technology not only for Japan and US
but also all over the world.

In this report, works on tungsten, the most important
material for plasma facing components and blanket first
walls, discussed in this workshop are briefly introduced.
Tungsten has several preferable features for the reactor first
walls such as a high melting point, a high thermal
conductivity and low trititum retention. Several issues,
however, such as mitigation of impacts on core plasma
performance as well as mitigation of material degradation
by the plasma flux and the neutron flux must be solved. In
this report, the results on the effects of high flux D and He
plasma irradiation to tungsten are described. With this
energy, no displacement damage of tungsten lattice takes
place.

By Nagoya university group, Prof. Takamura and
Prof. Ohno were making researches on He plasma effects
on tungsten for many years. They found that sub-micron
scale holes, so called He bubbles, were formed by He
plasma at the temperature above 1600 K. The He ion
impinging energy necessary for He bubble structure was
only about 6 eV or above, see Fig. 1", which is much below
the threshold of the displacement energy of tungsten atoms.
He bubble formation probably takes place by
recombination of He atoms and thermal vacancies followed
by diffusion and agglomeration of these He/vacancy
complexes. In addition, for the temperature above about
1100 K, it was found that the cotton-like structure was
formed by tungsten nano-fibers with the diameter of a few
tens of nanometer”. These results activated several research
groups and further progress in understanding formation
conditions and its effects on fusion plasma performance has
been made.

In ITER, surface temperature of most of first walls
and plasma facing materials is about 200 °C or less. Under
this temperature condition, tritium atoms are trapped at
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intrinsic and neutron-induced defects. Therefore, He effects
on T retention need to be investigated. Experiments of
He/D simultaneous implantation into tungsten have been
performed in PISCES at the low temperatures. For pure D
plasma cases, high flux plasma caused blistering on
tungsten”. In this case, D atoms are accumulated not only
in grain boundaries but also in grains. The mechanism of D
retention in grains could be due to over-saturation of D
atoms and successive void formation.

They also found that He implantation greatly
reduced D retention and blistering, see Fig.2”. This
significant effect has been observed in several plasma and
ion beam experiments. Reduction of retention could be due
to formation of connected pores to the surface which
enhance D diffusion and desorption from the surface.

By virtue of these researches, the understanding of
tungsten PMI in fusion reactor environments are increasing.
Therefore, this workshop will surely give us further
contributions in fusion development in future.

25X 100 Jfmi 0910 /m? 08 %10 Smi 0.8x% 107 /me

7% 102 /mis 12%10= /mis 1.1% 104 /mis 1.1 %105 /mes
7200 5 1200 5 7200 s 7200 5
2100 K 2600 K 200K 250K

W4 ~1ev

Fig. 1. The dependence of incident ion energy E;, for
bubble and hole formation on the PM-W surface irradiated
by low energy and high-flux He plasma.

unexposed | pureD

D+He mixture

| Mt
Fig. 2. Surface morphology of SR-W before and after an
exposure to pure D plasma or D + He mixture plasma at D
~5X10” m?, T, ~573K and cyei~20%..

1)D. Nishijima et al., J. Nucl. Mater. 313-316 (2004) 97.
2)S. Takamura et al., Plasma Fusion Res. 1, 051 (20006).
3)K. Tokunaga et al., J. Nucl. Mater. 337-339 (2005) 887.
4)M. Miyamoto et al., Nucl. Fusion 49 (2009) 065035

(7pp).



Fusion Power Reactor Design and Related Advanced Technologies

Category : Fusion Engineering/ Reactor Design
Year-Number :2000-FT6-2, 2001-FT6-06, 2003-FT6-
4, 2004-FT6-2, 2005-FT6-3, 2006-FT6-1, 2007-FT6-
2, 2007-FT6-4, 2008-FT6-2, 2009-FT6-1, 2009-FT6-
3

Name: Y. Ogawa’, F. Najmabadi~, T. Goto '
Affiliation: ~“Graduate School of Frontier Sciences,
The University of Tokyo, ~UC, San Diego (USA) (
"National Institute for Fusion Science from FY2008)

To advance design studies of DEMO and commercial
reactors that follow after the ITER project, system optimi-
zation including the consideration of trade-offs between
fusion core plasma design and reactor engineering design is
indispensable. In these studies it is important to reflect
experimental results of present large-scale devices and the
experience obtained from the development of components
for ITER. The development of theoretical modeling and
numerical simulation codes is also a critical need. To pro-
vide an opportunity for information exchange and research
cooperation about these issues among Japan, US, EU and
other countries including China, workshops and researcher
exchange programs have been carried out. The ARIES
Team, led by USCD in US, universities and institutes
(NIFS, JAEA, CRIEPI) in Japan have engaged in these
activities. Several workshops were held with participants
from EU and China.

Reactor designs that were evaluated and compared
through these activities are summarized as follows:
Tokamak

Japan: SSTR, Slim-CS, DREAM, VECTOR, IDLT,
CREST, Demo-CREST
ARIES-1 through ARIES-4, Pulsar, ARIES-RS,
ARIES-AT, ARIES-ST
Helical devices

Japan: FFHR series

US:  ARIES-CS
Laser fusion

Japan: KOYO, KOYO-Fast, FALCON-D

US: HAPL, ARIES-IFE

In tokamak reactor designs, a major concern is the
trade-off between reactor economics and early realization,
resulting in differences among design concepts. US has
always emphasized economic competitiveness of the
reactor, which leads to compact designs. US takes the
position that the COE of fusion reactors should be similar
to present power plants so that it can be introduced into the
market in competition with other energy sources including
fission reactors. On the contrary, Japan has emphasized
early realization and the promotion of public acceptance
based on several attractive points of fusion energy. It
exactly reflects the difference in the energy situation
between Japan and US. For comparison, EU aims at early
realization with a certain technology, and China pursues
fusion energy development with a view to fusion-fission
hybrid reactors, respectively.

US:
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In helical reactor designs, following the progress in
experiments of Large Helical Device (LHD) at NIFS, the
design study of the LHD-type heliotron reactor FFHR has
been advanced in Japan. At present, optimization of plasma
parameters and design examination of superconducting coil
systems are in progress. The development of a system
design code for design window analyses also has been
advanced. In FY2008, a researcher from NIFS visited
UCSD and had discussions with members of the ARIES
Team. Improvement of reliability of the system code and
establishment of a common basis for comparison among
different design concepts are currently underway through
crosschecking with the system design code for tokamaks
developed by ARIES. On the other hand, US carried out the
compact stellarator design ARIES-CS, which aims at high
economic efficiency. There also reflects differences in the
way of thinking between Japan and US.

In laser reactor designs, aside from KOYO and
KOYO-Fast reactor designs with a liquid wall chamber, the
possibility of a dry wall chamber design has been examined
in the fast-ignition laser fusion reactor (FALCON-D)
design study. The HAPL project in US also pursued the
possibility of a dry wall chamber. In 2007, a Japanese
researcher visited UCSD to discuss dry wall chamber
designs. The experimental results of helium irradiation on
tungsten and repetitive pulsed heat load tests on the joint
material of tungsten — ferritic steel in US were applied to
the design study of FALCON-D. It was found that reduced
activation ferritic steel (RAFS) armored by ultra fine-
grained tungsten (UFG-W) can be a possible candidate for
the first wall of a fast-ignition laser fusion reactor [1].

Such crosscutting evaluations on multiple reactor
design concepts enabled the extraction of common issues
and deepened mutual understanding. For instance, common
problems exist between divertor / first wall in magnetic
fusion reactors and chamber technology in laser fusion
reactors. A quantitative comparison of heat loads on
divertors of magnetic fusion reactors and typical laser
fusion reactor chamber walls is shown in Table I.

Table I Comparison of heat loads on divertor in magnetic
fusion reactor (ITER) and typical laser fusion reactor
chamber wall.

_ ITER Type -1 ITER VDE s ITER Typical IFE |
ELM s Disruptions Ope ration
(direct-drive
NRL target)
Energy <1l Ml/m* " 50 M¥/m* - 10 Mlim* © 01MI/m?
Location Surface near div) surface surface bulk (" um s)
strike poin ts
Time 100 -1000 us " 03s " 1ms " 13 us
Max. melting/ melting/ melting/ - 15002000 °C
Temperature | sublimation sub lim ation sub lim ation (for dry wall)
points ints points
Frequency Few Hz " 1per 100 “ 1perld © 10 Hz
cye les cycles
Base 200 <1000 *C ©100°C S 100°C T =500°C
| Temperature

1) Goto, T. et al., Nucl. Fusion 49 (2009) 075006 (8pp).



Tritium Handling and Control Technology

Category : Fusion Technology

Year-Number : 2001-FT-6-5, 2002-FT-6-7, 2002-FT-6-8,

2003-FT-6-7, 2004-FT-6-3, 2005-FT-6-4

Name: Masabumi Nishikawa, Kenji Okuno*, S. Willms**,

C. Gentile***

Affiliation: Kyushu University,*Shizuoka University
**LANL, ***PPPL

At the time this program was initiated, activities in
tritium handling in US were focused on trittum handling
using a large amount of trititum in TSTA and experimental
studies related to experiments at TFTR, and researchers
from JAERI took part in these activities as co-workers.
TSTA is now closed and has been decommissioned.

This program was started considering that the data
obtained in experiments using large amounts of trititum in
United States national laboratories could be better
understood using analytical methods developed in basic
studies performed at Japanese universities. It is considered
by the author that research based on understanding about
transport phenomena was important in the field of fusion
trittum research because the tritium system in a fusion
reactor consists of various continuous reactors such as
plasma vessel, blanket system and fuel processing system.
At that time, however, there was no place to experience
handling of a large amount of tritium in Japan, and there
were only a few tritium researchers interested in analysis
from the aspect of basic phenomena in the US. Then, it is
concluded that the co-operation must give good products
after discussion with some leading researchers in US.

It was recognized by several researchers in the US that
understanding the tritium transport phenomena in concrete
materials was important because tritium contamination of
concrete walls in a tritium handling facilities is a serious
problem. It was also learned during discussion of this
program that some US tritiated waste is solidified with
cement.

Then, the author started experiments to understand the
behavior of tritium in concrete considering that the overall
tritium behavior is explained by considering mass transfer
steps including adsorption, diffusion and isotope exchange
reactions.

The concentration profiles of tritium empirically
obtained in concrete by the present authors are compared in
Fig. 1 with the estimated profiles using the model
constructed by the present author and his co-workers.
Fortunately, good agreement is observed in this figure.
Tritium release behavior from contaminated concrete walls
were calculated using our model as a function of tritium
concentration, chemical form of tritium, temperature and
humidity in air. The comments given by a researcher of
Savannah River to the simulation results is that the
simulation results given by the present model are similar to
the observations in their experience.

Through the information exchanges performed under
this program, the Japanese participants obtained much
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Fig. 1 Comparison of observed values and estimated values
for the distribution profile of tritium in concrete.

valuable empirical information from the Princeton Plasma
Physics Laboratory and the TSTA group at Los Alamos
National Laboratory on settlement, decommissioning,
stabilization and surveillance of trititum contaminated
laboratories or large trittum handling instruments and
techniques for waste management. Important information
for  training of new tritium researchers was also
transferred. Such information together with analysis
performed by Japanese universities will be especially
valuable in Japan when a tritium handling laboratory is
closed in the future.

This program also gave us the opportunity to
exchange opinions about tritium fueling systems in the
future or in the ITER program with leading researchers in
Los Alamos National Laboratory, Savannah River National
Laboratory, Princeton University, Idaho National
Laboratory, and Rochester University as well as others.
Some information obtained in this program was utilized in
the Jupiter program and the Titan program.

The following are references about trititum behavior in
concrete walls generated by the present authors were
initiated from discussions in this program:

1) M. Nishikawa, K. Furuichi, H. Takata, “Study on
permeation behavior of gaseous tritium through concrete
walls,” Fusion Sci. and Technol.,50, 521-527(2006).

2) K. Furuichi, H. Takata, T. Motoshima, S. Satake, M.
Nishikawa, “Study on behavior of tritium in concrete wall,”
J. Nucl. Mater., 350, 246-253(2006).

3) K. Furuichi, H. Takata, M. Nishikawa, et al.,

“Evaluation of tritium behavior in concrete,” J. Nucl.
Mater., 360-370, 1243-1247(2007).



Second US/Japan workshop on target fabrication, injection and tracking

Category : Fusion Technology

Year-Number : 2002-FT6-5, 2003-FT6-2, 2003-FT6-
8

Name: T. Norimatsu, D. Goodin,

Affiliation: Osaka University, General Atomics
(USA),
The Second US/Japan Workshop on Target

Fabrication, Injection and Tracking (2002-FT6-5) was held
at General Atomics in San Diego, California on February 3-
4, 2003. The purpose of this workshop was to allow
specialists in the areas of IFE target fabrication, injection,
and tracking to exchange detailed technical information
specific to their work. The objectives of the workshop were
to disseminate detailed technical information, obtain
knowledgeable peer review of results, and facilitate a sound
scientific understanding of target issues. These objectives
were achieved in this very worthwhile workshop.

The following future invitations and actions were
planned at the meeting.

1. The US is invited to ILE Osaka for the next workshop on
targets in September of 2004.

2. Abbas Nikroo (Head of the Center for Polymer and
Coatings Development at GA) will visit ILE target labs in
April, 2003. (2002-FT6-2)

3. Japan will send Dr. Yoshida to the USA for an extended
stay in March of 2004 to work on tracking with our
injection demonstration system. (2003-FT6-8)

4. We will explore doing an injection demonstration with a
Japanese fast ignition target on the US injection tracking
system.

The first day of the meeting emphasized target
fabrication and the second day target injection and tracking.
Mike Campbell (GA) welcomed the participants. His
presentation emphasized advantages and special challenges
of fast ignition for IFE. He presented fast ignition concepts
for all drivers and gave recent experimental results from
both the US and Japan. Potential advantages of fast
ignition include higher gain, reduced fabrication tolerances,
and use of longer wavelength drivers which have higher
efficiency and smaller aperture requirements. Special
challenges include innovative cryogenic layering and 3-D
geometry with cones and shells.

Takayoshi Norimatsu (ILE) gave a broad overview
presentation on target fabrication and injection activities
leading to a laser fusion reactor with a wet wall[ 1 ]. This
includes work by many researchers on the reactor system,
lasers, plasma, and fueling. He described the roadmap (long
term research plan), requirements for injection and tracking
for both central hot spot and fast ignition, and this yearzs
research activities. FIREX-I is a short pulsed laser
experiment that has been approved and is being
designed[ 2 ]. The follow-on FIREX-II experiment is
expected to demonstrate fast ignition and burn. They also
have plans to demonstrate repetitive laser illumination of
targets in the next few years. A simulation experiment on
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the contamination of final optics in a reactor with wet wall
has also started. A preliminary experiment indicated that
deposition of metal vapor on the final optics can be
prevented by filling low-pressure hydrogen gas in the beam
duct.

Dan Goodin (GA) described the viability of an
economical target supply for IFE. He described proposed
target mass production processes and noted that target cost
reductions of 4 orders of magnitude are predicted. He noted
that the most difficult issue for direct drive targets is target
survival during injection. For indirect drive targets the most
difficult issue appears to be target fabrication. Foam shells
with seal coatings are being developed by Schafer Corp.
High-Z coatings are being experimentally developed at GA.
DT layer smoothness is being measured and DT response to
rapid heating will be measured at LANL. GA is
investigating layering in fluidized bed and other mechanical
motion systems. GA has built an experimental target
injector in the newly refurbished building 22. GA and
UCSD are calculating the effect of the high temperature
chamber on target survival.

Keiji Nagai (ILE) described the manipulation of the
microstructure of ultra-low-density TPX foams using
coagulant alcohol. Poly (4-methyl-pentene) cyclohexane
solution is mixed with boiled alcohol solution, gelled and
dried with supercritical CO,. Depending on which alcohol
is used, foams down to 2 mg/cc are produced this way.

Rene Raffray (UCSD) described analyses of target
heating during injection. He noted highly reflective target
surfaces are needed to minimize radiation absorbed from
the chamber wall.

Ron Petzoldt (GA) described the status of
experimental target injection/tracking system. The system
includes a gas gun with an 8 m gun barrel and 17 m free
flight distance. Targets are protected in the barrel by
sabots that use spring force for axial separation after the
target leaves the gun barrel. A sabot deflector removes the
sabot and the target proceeds to target detectors that use
laser beams and line scan cameras to measure the targets
position. From preliminary target position measurements,
target downstream timing and trajectory are predicted in
real time. All major equipment for single shot operation is
now at GA and is being installed. A tour of the injector was
also provided.

T. Endo (Nagoya University) described a preliminary
conceptual design of target injector for fast-ignition laser
fusion and a small experimental accelerator. Hiroki
Yoshida (Gifu University) discussed target-tracking work at
Gifu University. R. Tsuji (Ibaraki University) described
the flying metal pipe for target protection in an IFE reactor.

References

! T. Norimatsu, et al., Fusion Science and Technology, 52
(2007 ) 893.
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CHAPTER 3 Fusion Physics Planning Committee (FPPC)

3.1 Objectives

The FPPC (Fusion Physics Planning Committee) is responsible for organizing US-Japan
collaboration on the experimental research of fusion plasma physics. In the initial phase of the
US-Japan collaboration, the experimental collaboration was planned and conducted to promote
various concepts of fusion including fusion technology. The separation of the FPPC and FTPC
(Fusion Technology Planning Committee) was established in 1991. In order to study more
common physics among different machines, since 1992, the collaboration has been conducted to
promote plasma core phenomena, plasma edge behavior and control, heating and current drive,
and new approaches and diagnostics development. After looking at the imbalance of the number
of activities among the categories, discussions on the possibility of the restructuring of the
categories were made for a few years. As a result, these categories have been restructured in
2007 to the present status. The present subsections are now 1) Planning, 2) Steady-state
Operation, 3) MHD and High Beta, 4) Confinement, 5) Diagnostics, and 6) High Energy
Density Science. The physics of various concepts of magnetic and inertial confinement can be
discussed together by these subsections, which allows us to deepen the understanding of
complex behaviors of confined plasmas.

3.2 Activities

The collaborations are carried out by workshops and personal exchanges of researchers, by
keeping in mind that the number of the collaboration places should be balanced in US and Japan
as much as possible. There were also collaboration activities using tele-video system and e-mail,
although the number is quite small. During the years of 2000-2009 under US-Japan
collaboration, 285 workshops were conducted in USA and 528 researchers were sent to US on
various themes related to FPPC. In Japan, 141 workshops were held and 404 researchers were
sent to Japan. These numbers are much increased compared the previous 20 years in which
period 14 workshops per year were conducted in USA and 32 researchers per year were sent to
US, and 11 workshops per year were held in Japan and 30 researchers per year were sent to
Japan. The highlights of these activities are described afterward.

3.3 Administration

The present steering committee of FPPC consists of US DoE key-persons of FPPC and a person
in charge from Japan Atomic Energy Agency (JAEA) and a person in charge from universities
including National Institute for Fusion Science (NIFS) and 5 key-persons for 5 subsections from
Japanese universities. The steering committee of FPPC is also attended by the few relevant
observers from universities and institutes both in US and Japan, according to the necessity. As
for US-Japan universities collaboration, 5 key-persons from Japanese universities and NIFS are
designated for the promotion of collaboration in each subsection of FPPC. The last face-to-face
steering committee of FPPC was held at PPPL in April 2007, but it is usually held once a year
by a tele-video system.
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3.4 Accomplishments and Highlights

3.4.1 Steady-State Operation

In the ITER era, one of the important research areas in fusion programs is steady state operation
of the fusion plasma. The mutual collaboration of steady state operation covers the following
subjects; 1) plasma heating and current drive by RF waves, 2) improvement of the negative ion
based beam injection system, 3) Physics of plasma current start-up method, especially in
spherical tokamak, 4) control of the fluctuations in the SOL and related plasma wall interaction,
5) suppression of the fast events in steady state operation. The topics are:

1) Collaboration of “Plasma heating and current drive” has been performed seven times as
workshop from 2000 to 2009. Total number of participants and presentations are 193 persons
and 169 topics, respectively. In the experimental area ECH and ECCD, LHCD, HHFW and ICH
results have been presented from 8 devices in Japan and 5 in US. EBWCD in spherical
tokamaks and LHD becomes recent highlight. Long pulse operation > 5 hours in TRIAM-1M
and the current drive with the order of MA in C-mod and JT-60U demonstrated the usefulness of
LHCD. Steady state operation in LHD was also achieved by ICH and energetic particles physics
is also recent topics. In the theoretical area, benchmark test among various RF physics codes are
expected in the collaboration works.

2) Collaboration of “Negative ion based NBI system” has been done between NIFS and PPPL
from 2000 to 2007. Two important developments related to long pulse operation of the Cs based
NBI system are a) time evolution of beam H fraction with Doppler shift spectroscopy and b)
real time measurement of Cs consumption and tungsten filament. Using Doppler shifted
spectroscopy the life time of beam component at the full energy is monitored up to 70 sec. The
beam uniformity for various Cs consumption rate is measured and analyzed from the viewpoint
of beam life time.

3) Collaboration with “Wave physics” including current start-up has been carried out from 2000
to 2009 by University of Tokyo, PPPL, and MIT PSFC. Topics related to this category covered
HHFW heating and current drive, solenoidless current ramp-up, TORIC simulation, and LHCD
and start-up. In this collaboration test of start-up scenario in ST is common interest.
Collaborated experiments about the HHFW and solenoidless start-up were succeeded in NSTX
and TST-2. LHCD start-up experiments in MIT showed the higher density limit in LHCD at 4.6
GHz. Current hole experiment aiming at high bootstrap fraction is planned in MIT.

4) Collaboration of “SOL physics and PWI” has been done as personal exchange and workshop.
The former is focused on the non-diffusive transport and related dust production. Using a steady
state linear device blob generation was studied in a high density plasma under the attached or
detached conditions. The latter aims at discussing about plasma surface interaction of high Z
materials from both microscopic and macroscopic viewpoints directed towards understanding of
steady state operation.

5) Collaboration of “merging and magnetic reconnection” has been performed as workshop
from 2000 to 2009. This collaboration among solar, magnetosphere and laboratory scientists
helps mutual understanding of the observations and creates common physical view associated
with the same physics. Based on the collaboration, a new project; Center for magnetic
Self-organization in Laboratory and Astrophysical Plasma has been accepted by US NSF and
JSPS. Collaboration with fusion plasma scientists is expected to suppress the fast events
disturbing steady state operation.
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Workshop on Physics of RF Heating and Current Drive

Category: Fusion Physics/ Steady-State Operation
Year-Number: 2000-FP4-6, 2003-FP4-2, 2004-FP4-1,
2005-FP4-2, 2006-FP4-1, 2007-FP2

-3, 2008-FP2-4, 2009-FP2-1

Name: R.Kumazawa, T.Watari, Y.Takase",
M.Ichimura®, S.Kubo, J.Hosea”, R.Prater”
Affiliation: ~ National  Institute  for ~ Fusion
Science, 1)Tokyo Univ., ?Tukuba Univ., YPrinceton
Plasma  Physics  Laboratory(PPPL),  “General
Atomic(GA)

Workshops on physics of RF heating and current
drive were held seven times in the decade. Total number of
participants and presentations are 193 persons and 169
topics, respectively. Remarkable results in the experiment
and the theory are described as follows.

[Experiment]

Experiment devices:

Japan: LHD, JT-60U, LATE, TST-2, H-J, TRIAM-1IM,
GAMMA-10, QUEST etc.

USA: DIII-D, Alcator C-Mod, NSTX, HSX, MST etc.

Experimental results obtained on the above devices
are reported in four categories of different applied
frequency, i.e., ECH and ECCD, LHCD, HHFW, and ICH.
1) ECH and ECCD: Electron cyclotron heating and current
drive

A high electron temperature of 15keV at the axis of
LHD was achieved with the power of ECH about 3MW,
even in the low electron density of n,=2x10"®m™. A power
absorption profile could be precisely known employing the
power modulation method and it agreed with the
numerically obtained one using a ray tracing method. In
addition X-B and O-X-B heating was tried and was verified
to be an effective heating method. Recently a collective
Thomson scattering method was started to measure an ion-
energy distribution using an existent ECH system.

An NTM was suppressed using ECCD on DIII-D and
JT-60U, which resulted in the observable improvement of
plasma parameters. On the other hand a radial profile of
ECCD was measured with MSE on DIII-D. It was
compared with the data using a combined code of TORIC-
GA and CQL3D as described later and the physics of
ECCD was clearly understood.

Experiments of a plasma current startup were
successfully carried out on LATE and TST-2. In addition
recently the experiment was started on QUEST and the
current drive using O-X-B will sustain the plasma for long
time.

2) LHCD: Lower hybrid current drive

The plasma discharge for more than 5 hours was
achieved on TRIAM-1IM. A full current drive operation
was carried out on C-Mod with a domestic collaboration of
PPPL, ie, IMA at n=5x10"m> using 1.2MW at
=4.6GHz.

A current profile control for ITB formation was
succeeded on JT-60U using MSE measured signal. In
addition it is worth to note that the plasma current startup

was successfully carried out using LHCD power on JT-60U.

3)HHFW heating: Higher harmonic fast wave heating
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The increase of 6keV via TTMP process in the
electron temperature was achieved with the HHFW heating
of 3MW on NSTX. However a degradation of the heating
efficiency at the lower N¢ had been reported. It was
conjectured as the cause that the HHF wave was able to
propagate as the LHW in the scrape-off plasma. Then the
reduction of the scrape-off plasma density employing
Lithium coating method improved the heating efficiency at
the lower N¢.

4) ICH: Ion cyclotron heating

A remarkable progress was achieved on LHD. The
plasma was sustained with only the ICH power. The
plasma parameters were the same that produced with NBI.
The plasma was sustained for one hour, which is one of the
main objectives on LHD. A good confinement of high-
energy ions with more than 1MeV was confirmed during
the long pulse discharges. A plasma production and heating
using a folded waveguide antenna was first succeeded. This
antenna was designed and fabricated with the collaboration
of ORNL.

A high RF power injection up to 6MW was achieved
using three antenna sets on C-Mod. It is interesting that
there was no difference of the heating efficiency in the RF
phase between antenna straps. It is very surprising that the
ion cyclotron wave converting from the fast wave was first
observed using a phase contrast image (PCI) method. It
mainly owed to the progress in the wave analysis of
AORSA code as later described.

[Theory]

A big budget was invested to develop the research
about RF wave physics in USA. There is a big difference in
the number of researchers between USA and Japan, but the
Japanese activity is almost equal to that in USA.

Codes of AORSA, TASK and TORIC were based
and other codes were combined to them to analyze the
plasma heating and the current drive. For example those are
AORSA-CQL3D, TORIC-CQL3D, AORSA/TORIC-
GENRAY and TASK/WM-FP etc.

The results obtained using a combination code are as
follows: A velocity distribution of high-energy ions during
ICRF heating was calculated using combined codes, e.g.,
TASK/WM-FP, GNET-TASK/WM and ORBIT-RF/
AORSA. The WM code is a code calculating the wave
dispersion relation and the FP code is for calculating an
energy distribution using Fokker-Planck equation. GNET
code is a 5D simulation code. ORBIT code is also 5D code.
It should be noted that codes of TASK/WM and AORSA
could calculate the RF electric field including high-energy
ions.

At the first step an initial dispersion relation was
calculated using the bulk plasma parameters, then a
velocity distribution of high-energy ions was calculated
using FP code with the initial RF electric field. At the next
step the wave dispersion relation including a high-energy
ions was calculated and the velocity distribution of high-
energy ions was determined using FP code with a new RF
electric field. Then the distribution of high-energy ions was
converged after several iteration processes.



Improvement Studies of Negative-Ion-Based Neutral Beam Injection System

Category : Fusion Physics/ Heating

Year-Number : 2000-FP4-4,2001-FP4-04,2003-FP4-
1,2004-FP4-2,2005-FP4-1,2006-FP4-2,2007-FP4-2
Name: Y. Oka, L. R. Grisham*

Affiliation: National Institute for Fusion science,
*Princeton Plasma Physics Laboratory (USA)

The LHD was the only machine that relied upon
negative ion-based neutral beam injection system, N-NBI,
as the principal heating power source, which applied high-
power cesium-seeded negative hydrogen ion sources as one
key device. Leading objective of the collaboration study
was an improvement of the system of N-NB, beam physics
study, and the beam heating /operation-method with high
power (15SMW) long pulsed N-NBI for LHD and possibly
ITER plasmas in future. These, founded on main part of
study, by NIFS, of the high current negative ion source /
heating for the full specifications had been done in
collaboration with PPPL which had experiences on positive
deuterium NB system at high power level of ~30MW, and
also JAEA on beam spectrometer system.

The principle fruits of this collaboration studies were
Doppler shift measurements. The beam velocity distribution
(Fig.1) were observed systematically with Doppler-shift
Halpha spectroscopy on large area negative ion sources of
standard LHD-N-NBI system, observing the time evolution
for injection pulses as long as 128sec of record value, and
the stripping spectrum from beams with single stage
accelerators [1, 2]. Full energy component (intensity) of the
negative ion beams decreased with time (Fig.2). The beam
uniformity appeared to vary with time during one pulse
duration. It was attributed to the variation of Cs migration
on the plasma grid and/or the Cs recycling, and the
stripping losses in the acceleration gap of the ion source.
These validated that the spectroscopy was useful tool as a
non-interfering beam monitor during high power NB
injection shots for the LHD and the ITER under radiation
circumstances. In the next place of the fruits, much progress
on beam injector operation and maintenance of powerful
long pulse N-NBI was achieved by analysis of
measurement of Cs consumption (Table I) [3], weight loss
(lifetime) of tungsten filament, and the power
deposition/energy spectrum of co-accelerated electron
beam component (Fig.3) [4] as well as the beam blocking
study in N-NBIL.
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1) Y. Okaetal., Rev. Sci. Instrum. 77(2006)03A538
2) Y. Okaetal., Rev. Sci. Instrum. 79(2008)02C105
3) Y. Okaetal., Rev. Sci. Instrum. 75(2004)1803
4) Y. Oka et al., Rev. Sci. Instrum. 73(2002)1054

Table I. Tungsten filament weight loss and Cesium weight loss for LHD ion sources
Ion source IS-1A IS-1B IS-1A 1S-1B [IS-2A [S-2B IS-3A [S-3B
Run No. 10.a  10-a 10-b  10-b 10 10 10 10
W loss rate {(mg/shot/source) 0.12 0.28 023 052 03
W atoms/shot/source (X 10'5) 0.39 091 075 17 098
Coverage of W/shot/source (monolayer) 0.015 0.035 0.028 0.065 0.037
Cs loss rate (mg/shot/source) 0.4 1.58 1.57 0.62 0.6 0.17 031
Cs atoms/shot/source (X 10'8) 7.8 713 238 27 077 14
Coverage of Cs/shot/source (monolayer) .04 1 0.4 039 o011 02
Ratio of Cs coverage to W coverage 69 ==z 11 13 1.6 54
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Intermittent bursty plasma transport in attached- and detached-plasmas

Category : Physics (edge plasmas)
Year-Number : 2002-FP3-03, 2003-FP3-18
Name: N. Ohno*, S. Krasheninnikov**
Affiliation: *Nagoya Univ., **UCSD

Intermittent convective plasma transport across
magnetic field lines, “Plasma Blobs” has been one of the
most important issues in fusion-related edge plasma
physics, and is thought to play a key role for cross-field
plasma transport in the tokamak scrape-off layer. Several
experiments have been performed regarding blobby plasma
transport, in which intermittent bursts of fluctuation in ion
saturation currents measured by Langmuir probes were
analyzed to obtain a basic property of the blob’s motion.
Such bursty fluctuation has been also observed in other
plasma devices. Then, the blobby plasma transport is
thought to be common phenomena in magnetically
confined plasmas.

We investigated the intermittent convective plasma
transport in a attached and/or detached plasma condition of
the linear divertor plasma simulator, NAGDIS-II. The
NAGDIS-II can generate high density helium plasmas with
an electron density up to 10 m™ in a steady state. The
diameter of a plasma column is about 20 mm. By
increasing neutral pressure P in the divertor test region, we
can achieve a detached plasma condition. Ion saturation
currents [, were measured with a Langmuir probe. Images
of light emission from a plasma were taken by the fast-
imaging camera located at the end of the vacuum chamber.
Images taken by a fast-imaging camera clearly show that in
attached plasmas, blobs are peeled off the bulk plasma, and
propagate outward with an azimuthal motion. In detached
plasmas, plasma turbulence observed near the plasma
recombining region drives strong intermittent radial plasma
transport, which could broaden the radial density profile.

Figure 1 shows the time evolution of the ion
saturation current /g, measured at the periphery (r = 60
mm) in the downstream. Many positive spikes in [, were
observed. As P is increased to produce fully detached
plasma, positive spikes in I, which is related to be the
plasma blob observed by a high-speed camera, becomes
wider and their amplitudes increase. Then, the averaged
value of I, increases with P at » = 60 mm as shown in Fig.
2, although the averaged [y, at the center of the plasma
column dramatically drops. These experimental results
indicate that the plasma blobs due to the instability in the
detached plasma drives strong convective radial transport,
which leads to a broadening of the plasma profile. This
could play an important role in the reduction of the particle
and heat flux to the divertor plate as well as the plasma
recombination processes in plasma detachment.
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1) N. Ohno, K. Furuta, S. Takamura, Journal of Plasma
Fusion Research, Vol.80, No.4, 2004, pp.275-276.

2) N. Ohno, V. P.Budaev, K. Furuta, H. Miyoshi, S.
Takamura, Contributions to Plasma Physics, Vol.44, No.1-
3, 2004, pp.222-227.



Study of dust transport in fusion devices

Category : Physics (edge plasmas)
Year-Number : 2006-FP3-3

Name: N. Ohno*, S. Krasheninnikov**
Affiliation: *Nagoya Univ., **UCSD

Dust particles have been found in magnetically
confined fusion devices. The dust particles could be
generated due to strong plasma-wall interaction, and be
transported into core plasmas. Such dust particles would
not pose serious problem on safety and operational issues
in present devices, however, in future devices such as ITER
(International Thermonuclear Experimental Reactor), dust
particles could be serious problem because dust formation
in the next-step devices is expected to increase by several
orders of magnitude due to long pulse operation. Dust
accumulation inside the vacuum vessel contributes to huge
tritium inventory. In addition, dust penetration into the core
plasma could cause degradation of plasma performance and
disruption.

Comprehensive study of dust formation and transport
becomes one of the most critical issues in fusion plasma,
however, few experiment of dust transport has conducted
and our present knowledge of the mechanism of transport
of dust particles in fusion devices is rather limited. In order
to control the dust transport, it is necessary to clarify

dominating forces acting on dust particles in fusion devices.

In large fusion devices, it's difficult to investigate a
systematical study of dust transport because no one knows
the size and the mass of dust particles transported in the
devices. Then, we need to conduct the dust transport
experiment by using given dust particles in high density
deuterium plasma relevant to edge plasma condition of
fusion devices.

We have investigated dust particle transport in high
density deuterium plasma with toroidal divertor
configuration by using toroidal divertor plasma simulator
NAGDIS-T (NAGoya Dlvertor plasma Simulator with
Toroidal magnetic configuration). Carbon dust particles,
are set on Piezoelectric vibrator installed from bottom of
the vacuum vessel. Dust particles are illuminated by the
halogen lamp and their motion was measured by using
high-speed camera as shown in Fig.1.

It is found that the dust particles were transported
radially across the magnetic field. The direction of the dust
motion depends on the direction of toloidal magnetic field
(Fig. 2). Figure 3 shows calculated forces acting on a dust
particle in plasma. It is found that a friction force between
an ion flow and a dust particle is much larger than other
forces, electrostatic and gravitational force in the
experimental condition. Therefore, the friction force is a
dominating one. This calculation indicates that the dust
motion in Fig. 2 is mainly detemined by diamagnetic ion
flows in front of the piezoelectric vibrator.
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Fig. 1 Experimental Setup.

Fig. 2 Dust transport depending on direction of magnetic field.
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1)

2)

3)

N.Ohno, M.Yoshimi, M.Tokitani, ef al., Journal of
Nuclear Materials, 390-391 (2009) 61-64.

Takashi Yamada, Noriaki Matsui, Noriyasu Ohno, et

al., Int. Symp. on EcoTopia Science, 2007, Nagoya,

Japan

Takashi Yamada, Noriaki Matsui, Kengo Yada,
Noriyasu Ohno, Makoto Takagi, 8th Workshop on
Fine Particle Plasmas, 2007, Toki, Japan
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3.4.2 MHD and High Beta

The first US-Japan MHD workshop on Active Control of MHD Mode in Toroidal Plasmas was held
in San Diego in conjunction with the 3rd US MHD meeting in November 1998. Since then, the
US-Japan MHD workshop has been held annually. In these US-Japan MHD workshops, useful
research information is exchanged, and a variety of MHD control issues are discussed. In order to
achieve steady-state high-beta tokamak operation it is necessary to stabilize various instabilities,
especially the neoclassical tearing mode (NTM) and the resistive wall mode (RWM). Common
MHD issues of tokamak and helical plasmas were discussed, and the importance of 3D effects on
plasma control physics was clarified.

Rotating magnetic field (RMF) current drive, a steady-state current drive method for field-reversed
configuration (FRC) originally developed on Rotamak, was developed further on the much larger
TCS device at the University of Washington. A new RMF current drive system was developed for
the FIX device at Osaka University with assistance from the TCS group. The RMF antennas in this
system, located inside the metal flux-conserving vacuum vessel, kept the sustained FRC plasma
away from the plasma wall. Efficient formation of an oblate FRC with a large amount of magnetic
flux can be achieved by counter-helicity merging of spheromaks. Various collaborative experiments
on counter-helicity plasma merging, which results in high-beta FRC formation, were conducted on
the MRX device at PPPL. Equilibrium and stability of the FRC plasma was studied, including the
role of the Hall effect during counter-helicity merging, global stability of oblate FRC, and
sustainment by the central solenoid.

Fast-ion-driven MHD instabilities such as the energetic particle continuum mode (EPM) and the
Alfvén eigenmode (AE) could induce anomalous transport of fast ions/alphas in D-T burning
plasmas. A scintillator-based lost-fast-ion probe (SLIP) was first installed on CHS, and
subsequently two SLIPs were installed on LHD in collaboration with PPPL to detect lost fast ions
with gyroradius and pitch angle resolution in the presence of EPM/AE. Recurrent bursting
magnetic fluctuations (most likely EPMs) are often observed in LHD when a low density plasma is
heated by tangential NBI. Fast ion losses correlated with EPM bursts were detected by SLIP,
indicating that the EPM causes spatial redistribution and loss of beam ions.
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MHD Stability Control of Toroidal Plasmas
Basic Processes of Active MHD Control

Category : Fusion Physics/ Core Plasma Phenomena
Year-Number : 2003-FP2-2, 2004-FP2-9
Name: Kozo Yamazaki, Takahisa Ozeki
Michio Okabayashi, Gerald Navratil
Affiliation: National Institute for Fusion Science
(Present: Nagoya University)
Japan Atomic Energy Research Institute
Princeton Plasma Physics Laboratory
Columbia University

For the achievement of high performance
toroidal plasmas, it is necessary to stabilize various
instabilities. Especially, relevant to steady-state high-
beta operation of tokamaks, the stabilization of RWM
(Resistive Wall Mode) and NTM (Neoclassical
Tearing Mode) is one of main research issues. As for
feedback-control plan of tokamak plasma instabilities,
FSX (Feedback Stabilization Tokamak) project was
discussed in 1996, and extended to the non-
axisymmetric magnetic field application and
ECH/ECCD stabilization experiments at Columbia
University (HBT-EP) and GA (DIII-D) reported in
the first US-domestic MHD meeting. The first US-
Japan MHD workshop on ‘Active Control of MHD
Mode in Toroidal Plasmas’ was held in San-Diego
combined with the 3™ US-domestic MHD meeting.

As an extension of this workshop, the 6"
MHD Workshop on “MHD Stability Control of
Toroidal Plasmas” was held in Naka JAERI, Feb.2-4,
2004. This was the 5-day joint workshop combined
with the Large Tokamak workshop on “Physics of
Current Hole” (W56) and the Fourth meeting of the
ITPA (International Tokamak Physics Activities)
Topical Group on MHD, Disruption and Control.
Within the US-Japan workshop, totally more than 30
talks, including JT-60U, LHD, NSTX, NCSX, DIII-D,
Alcator C-Mod, ASDEX-UG, ITER results, were
presented. The sessions of the workshop are “stability
in helical system and control (Ref.1)”, “stability in
innovative confinement concept”, ‘“non-ideal and
non-linear MHD stability behavior”, “neoclassical
tearing mode and steady state issues”, and
“stabilization and destabilization by wall, error field,
rotation and others”.

Moreover, the 7" US-Japan MHD Workshop
on “Basic Processes of Active MHD Control” was
held in Princeton Plasma Physics Laboratory, during
November 21(Sunday)-23(Tuesday), 2004, just after
the American Physical Society Meeting. This was
organized as both US-Japan Workshop and 9th US-
domestic Workshop on MHD Stability Control.
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Seven researchers from Japan attended it, and totally
about 40 talks were presented in the workshop
including several FEuropean researchers. The
memorial talk for two late distinguished MHD
researchers, Anders Bondeson and Torkil Jensen, was
presented. The main sessions of the workshop are
“modelling feedback, resistive wall modes (RWMs)”
(Ref.2), “non-axisymmetric devices”, “plasma
response to non-axisymmetric fields”, “ballooning,
neoclassical tearing modes (NTMs) and other” and
“active control experiments”. The summary and next-
year planning (US domestic Workshop in the
University of Wisconsin and US-Japan Workshop in
JAERI) were discussed on the final session.

In these US-Japan MHD workshops, useful
research information exchange was performed among
Japan, US and EU, and a lot of MHD control issues
of tokamak, helical systems and RFP were discussed.
Especially, the common MHD issues of tokamak and
helical plasmas (TABLE 1) was discussed, and the
importance of 3D effects on plasma control physics
was clarified in these workshops.

The above description is based on 2003 and
2004 collaboration researches. In 2010, the 13" US-
Japan workshop will be held in the University of
Wisconsin. The reason why we can continue our
MHD workshop for a long time might be due to
synergetic effects between US-side Tokamak-relevant
control researches and Japan-side broad research
programs. Especially, 3-dimensional effects in MHD
tokamak control physics become rather important.

The part of the research achievement of this
workshop will be published in the Journal PPCF
(Plasma Physics and Controlled Fusion) as a special
issue of Active MHD Control.

TABLE I Operational limits in tokamak and helical systems
[from Ref.1]

T STANDARD TOKAMAK STANDARD HELICAL

Gyro-Bohm (Global)

Confinement Helical Ripple Effect (Local)

Gyro-Bohm

Kink-Ballooning Mode
Resistive Wall Mode
Neoclassical Tearing Mode

Low-n Pressure-Driven

Beta Limit Mode

Radlation & MHD

D ity Limit
ensity Lim Collapses

Radiation Collapse

Recycling Control
Resistive Wall Mode
MNeoclassical Tearing Mode

Recyceling Control

Pulse-Length Limit i
9 Resistive mode (7)

| Thermal collapse ‘

Beyond limit Current quench

Thermal collapse

1) Yamazaki, K., Kikuchi, M., J. Plasma Fusion Res.
SERIES, Vol.5 (2003) pp 28-35.
2) Okabayashi, M., et al, Nucl. Fusion 45 (2005) 1715




Steady Current Drive and Efficient Formation of High-beta FRC Plasmas

Category : Fusion Physics/ MHD and high-beta
Year-Number : 2001-FP2-20, 2005-FP4-5

Name: M. Inomoto, A. Hoffman*, M. Yamada**
Affiliation: Osaka University, *University of
Washington, **Princeton Plasma Physics Laboratory

Collaborative researches on steady current drive method
using rotating magnetic fields (RMF) and on efficient
formation method wusing counter-helicity merging of
spheromak plasmas were carried out to expand the
capability of the field-reversed configuration (FRC)
plasmas. The FRC is a high-beta plasma confined solely by
the poloidal magnetic field and is suitable as a reactor core
plasma for advanced fuel nuclear fusion, nevertheless,
experimental studies on improvement of confinement have
been hindered because of (a) lack of promising heating /
current drive methods and (b) difficulty on producing FRC
plasma with large trapped magnetic flux.

Steady current drive method using RMF has been
developed to solve the former issue. FRC current drive
using RMF was demonstrated on rotamak device at
Flinders University and then larger experimental apparatus
of the TCS device was constructed at University of
Washington. With great efforts of the TCS researchers, we
developed a new RMF current drive system on the FIX
device at Osaka University. Major difference from the
previous experiments was that the RMF antennas in our
system were located inside the metal flux-conserving
vacuum vessel. This new RMF method conduced to keep
the sustained FRC plasma away from the plasma wall
because of the preferential penetration of the RMF. Fig. 1
shows the typical waveform of RMF discharge on the FIX
device. The internal field reverses just after the application
of the RMF, forming FRC plasma with about 1ms duration.
The ratio of the separatrix radius to the wall radius is about
62%, which is rather smaller than those observed in the
other devices.
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Fig. 1. Time evolutions of (a) RMF antenna currents, (b)
axial magnetic field, and (c) separatrix and major radii [1].
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Different from the conventional theta pinch method
which has difficulty increasing the trapped magnetic flux,
the counter-helicity merging of spheromaks provides
efficient formation scheme to provide an oblate FRC with
large amount of magnetic flux. Thus the oblate FRC plasma
produced by the counter-helicity merging is expected as
target plasma of the neutral beam injection heating. In this
collaborative program, we carried out various experimental
researches on the counter-helicity plasma merging and
resulting high-beta FRC formation in MRX device at
Princeton. The main research contents were the
contribution of the Hall effect on the counter-helicity
merging, global stability of the oblate FRC, sustainment by
the center solenoid coil, and so on. Typical example of the
Hall effect is summarized in Fig. 2. Radial inward/outward
displacement of X point during merging was observed
according to the toroidal field polarities of initial
spheromaks. A simple Hall-MHD model illustrates that this
X-point motion corresponds to the quadrupole out-of-plane
magnetic field caused by the Hall effect in collisionless
reconnection, in which the Hall electric field enhances the
reconnection rate. We also observed that the outflow
structure was modified due to the pressure change on the
downstream region which is caused by the global change of
the magnetic field. The polarity of the counter-helicity
merging also brings about the changes of density and
toroidal flow profiles of the FRC plasma, indicating that the
combined effect determines the equilibrium and stability of
the FRC plasma.

(a) t=240us

(b) t=260us

flow

Fig. 2. Poloidal magnetic flux contours (solid lines) with
poloidal magnetic field (arrows) and toroidal magnetic field
(color coded) at t=240 ps (a) and at t=260us (b) in cases I
(left) and O (right) counter-helicity merging, and
corresponding three-dimensional illustrations of reconnecting
field lines in the Hall-MHD regime (c) [2].

1) Inomoto, M., et al., Phys. Rev. Lett. 99 (2007) 175003
2) Inomoto, M., et al., Phys. Rev. Lett. 97 (2006) 135002



Energetic-Particle Diagnostic in the Large Helical Device (LHD)

Category : Fusion Physics/Phenomenon in Reactor-
Relevant Plasma

Year-Number : 2003-FP2-4

Name : Mitsutaka Isobe, Douglass S. Darrow”
Affiliation : National Institute for Fusion Science,
"Princeton Plasma Physics Laboratory

Fast-ion-driven MHD instabilities such as energetic-
particle continuum mode (EPM) and Alfvén eigenmode
(AE) are of great concern in current fusion plasma
experiments because those instabilities may lead to
anomalous transport of fast ions/alphas essential in
maintaining self-ignited state in a future D-T burning
plasma. Alfvénic modes destabilized by fast ions are
regularly observed in tokamak plasmas with strong, super
Alfvénic ion tails. They are also destabilized in
heliotron/stellarator ~ plasmas. In helical plasma
experiments, the confinement of magnetically trapped fast
ions has been so far one of key arguments because of the
symmetry breaking of the system. It must be noted that
the issue related to trapped-ion orbit in a three-dimensional
magnetic field configuration is currently being solved as a
consequence of numerous efforts in optimizing
configuration. However, a great deal of attention should
be paid to redistribution and/or losses of fast ions induced
by energetic-ion-driven MHD instabilities because the
interplay between fast ions and fast-ion driven MHD
instabilities is not fully understood yet. To predict what
will happen in fast-alphas-driven burning plasmas and
furthermore, to explore possible discharge scenarios that
can avoid serious events associated with fast ions,
phenomena caused by fast ions in existing experiments
should be carefully investigated.

Scintillator-based lost-fast ion probes (SLIP) are
being employed in the Large Helical Device (LHD) to
detect lost fast ions while EPM/AE are destabilized due to
tangentially injected beam ions. The SLIP was originally
proposed and developed in Princeton Plasma Physics
Laboratory (PPPL) to study loss process of MeV fusion
products, beam ions and fast ions accelerated by ICRH [1].
A project of the SLIP in National Institute for Fusion
Science (NIFS) was initiated in 1997. Dr. D.S. Darrow of
PPPL who has a thorough knowledge of the SLIP was
invited to NIFS as a visiting professor for about one year.
As a result of his great contribution, the SLIP was
successfully installed onto CHS [2]. Subsequently, Dr.
Darrow visited NIFS in the framework of Japan/U.S.
Cooperation in Fusion Research and Development, helping
us in transferring the SLIP technology to LHD. At
present, LHD is equipped with two SLIPs at inboard and
outboard sides of the torus.

Fig. 1 depicts basic functions of SLIP. The SLIP is
based on a magnetic spectrometer concept, providing
gyroradius and pitch angle (y=arccos(v,/v)) of escaping
fast ions as a function of time. As seen in Fig. 1, ions
with larger gyroradii strike the scintillator farther from the
apertures than those vdth smaller gyroradii. Their strike
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points are dispersed across the orthogonal dimension of the
scintillator according to their pitch angles.

Recurrent bursting magnetic fluctuations which are
most likely EPMs are often observed in LHD when NBs
are tangentially injected into relatively low density plasmas
(n~1x10" m?>).  Fig. 2 shows time traces of the
amplitude of magnetic fluctuations filtered in frequency of
10~40 kHz, fast-neutral flux measured with E//B-NPA
oriented so as to detect fast-neutral particles charge-
exchanged with co-going beam ions, beam-ion loss rate to
SLIP placed at the outboard side and stored energy
evaluated from a diamagnetic loop signal. In this shot,
volume-averaged beam ion f is comparable to the bulk
plasma B. Correlated with each EPM burst, fast-neutral
flux (E~148 keV, x <40 deg.) and beam ion loss rate to the
SLIP significantly. E and ) of detected escaping beam
ions are ~160 keV and ~30 deg., respectively and are
consistent with energy of anomalously transported beam
ions measured with E//B-NPA. This observation tells that
there exist co-going beam ions redistributed toward the
peripheral region at the outboard side and some of
transported beam ions are lost due to EPMs.

Inorganic
scintillator
Fig. 1. Basic function of scintillator-based lost fast
ion probe.
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position, charge exchange fast neutrals for three
different particle energies, beam-ion loss rate to SLIP
(E~160 keV, x~30 deg.) and W,.

1) Zweben, S.J., Nuclear Fusion 29 (1989) 825.

2) Isobe, M. et al., Rev. Sci. Instrum. 12 (1999) 4589.

3) Isobe, M. et al., Fus. Sci. Technol. to be appeared in
July 2010.



3.4.3 Confinement

The mutual collaboration of confinement physics experiments has been developed between US and
Japan. One example is the US-Japan personal exchange program related to the coaxial helicity
injection (CHI) experiment on National Spherical Torus Experiment (NSTX) of Princeton Plasma
Physics Laboratory (PPPL) and Helicity Injected Spherical Torus (HIST) of University of Hyogo.
The purpose of this US-Japan collaboration is to investigate potential of application of the CHI
current drive and start-up methods to Spherical torus (STs). The related experiments were successful
and the studies moved to the transient CHI experiments. These results also demonstrated the
potential for the application of this method to future machines. With regard to NSTX, another
experimental collaboration of the plasma current ramp-up by vertical field was conducted and the
obtained results were transferred to the domestic confinement experiment of QUEST at Kyushu
University. A series of US-Japan experimental collaborations concerning radiofrequency (RF) wave
physics on tokamaks, including spherical tokamaks (ST), were carried out with the groups at
University of Tokyo, PPPL and Massachusetts Institute of Technology Plasma Science and Fusion
Center (MIT PSFC). Remote execution of experiments from Japan to PPPL were carried out
successfully. In this collaboration, the start-up experiment was carried out over two years with
successive improvements. However, while plasma initiation was achieved, but not I, ramp-up. At
MIT, heating and current drive experiments by the ICRF fast wave and the lower hybrid wave
(LHW) were carried out on the high field tokamak Alcator C-Mod.

From the viewpoint of plasma confinement theory, the US-Japan collaboration study of the two-fluid
low-collisionality equilibrium model and its application to rapidly-rotating high-performance
spherical torus was carried out with the group of Niigata University in Japan and the NSTX group at
PPPL. The calculation results were found to be markedly different from static or slowly flowing
equilibrium.

US-Japan workshop on Physics of Plasma Merging and Magnetic Reconnection has been held to
discuss recent progress in physics and applications of plasma merging/magnetic reconnection. The
first MR workshop MR2000 was held at University of Tokyo in Japan and, after MR2000, the
MR200X workshop have been held by 50-60 invited and contributed speakers every year either in
US or in Japan. Based on these activities, a new reconnection and dynamo COE project: Center for
Magnetic Self-Organization in Laboratory and Astrophysical Plasmas was accepted by the US
National Science Foundation (NSF) in 2008 and by Japan Society of the Promotion of Science
(JSPS) in 2010, which are now exploring a new stage of US-Japan collaboration on magnetic
reconnection and self-organization caused by reconnection. On the other hand, the first US-Japan
MHD workshop on Active Control of MHD Mode in Toroidal Plasmas was held in San-Diego
combined with the 3™ US-domestic MHD meeting. As an extension of this workshop, the 6" MHD
Workshop on “MHD Stability Control of Toroidal Plasmas” was held at Naka JAERI in 2004. The
7™ US-Japan MHD Workshop on “Basic Processes of Active MHD Control” was held at PPPL in
2004. In these US-Japan MHD workshops, useful research information exchange was performed
among Japan, US and EU, and a lot of MHD control issues of tokamak, helical systems and RFP
were discussed.
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Coaxial helicity injection (CHI) start-up and current drive for ST plasmas

Category : Fusion Physics/ High beta, Heating and
current drive

Year-Number : 2000-FP4-9, 2001-FP4-07, 2003-
FP4-5, 2004-FP4-3, 2006-FP4-3, 2007-FP3-4, 2007-
FP3-5 X

Name: M. Nagata and R. Raman

Affiliation: Himeji Institute of Technology /
University of Hyogo and University of Washington®

Spherical torus (STs) has a potential to lead to an
attractive high-beta fusion reactor but in which efficient
current drive methods are required for plasma start-up and
steady-state sustainment of discharges because there is no
enough space in the center post to install a solenoid coil
with a large amount of flux. Coaxial Helicity Injection
(CHI) is one of the most attractive candidates to resolve the
non-inductive current drive and plasma start-up issues for
STs. This approach was initially investigated in Helicity
Injected Torus-II (HIT-II) [1] of University of Washington
(UW), National Spherical Torus Experiment (NSTX) [2] of
Princeton Plasma Physics Laboratory (PPPL) and Helicity
Injected Spherical Torus (HIST) [3] of University of
Hyogo. The UW group with a member of T.R Jarboe, B.A.
Nelson and R. Raman has been leading the CHI research
on NSTX. The CHI experiment on NSTX is in the charge
of R. Raman who takes care of experimental collaborator
(M. Nagata) from Japan by the US-Japan personal
exchange program. The main purpose of this collaborative
experiment is to investigate potential of application of the
CHI current drive and start-up method to STs.

The experimental set-up of CHI on NSTX is shown
in Fig.1 (a). In the initial experiment, a peak plasma current
up to 390 kA was successfully generated and maintained
for 300 ms by CHI (injector current 25 kA, voltage 1kV).
DC power supply (50 MW) was used in this experiment.
As shown in Fig. 2, the plasma rotation (20 km/s) driven in
the E X B toroidal direction by CHI was clearly identified
by an ion Doppler spectroscopic measurement [4]. The n =
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Fig. 1. Schematic showing application of CHI in
NSTX (a), fast camera fish-eye image of the
plasma during the early phase (b) and later in time
of the CHI start-up discharge (c).
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1 mode was also observed to rotate in the same direction.
This rotating kink behavior observed for the first time in
NSTX is consistent with the electron locking model [1]
developed in the HIT-II experiments to explain the
mechanism of CHI current drive. During the steady-state
CHI operation, MHD relaxation mechanism for current
transfer is required to generate closed flux. Thus, its
identification was one of main research subjects after the
first achievement. Then we had moved on the experiment
for the purpose of plasma start-up. The transient CHI
method for the start-up was proposed in order to produce a
high quality start-up equilibrium having enough closed flux.
In the initial CHI start-up discharge (capacitor banks:50
mF, 2 kV), we achieved that 3 kA of injector current
produces ~120 kA of plasma current, so the current
multiplication is ~40. Also, results from Fig. 1(b)(c) and
equilibrium reconstructions demonstrated the presence of
closed-flux surfaces.

After a significant development of the transient CHI
experiments, the CHI started discharges were successfully
coupled to induction to show compatibility between the
transient CHI and the conventional OH drive. It was shown
that the CHI started plasma current 100 kA ramped up,
reaching a peak value of 700 kA (injector current 3 kA) [5].
In this discharge, neutral beams were also injected to heat
the plasma (7.>0.8 keV), triggering an H-mode transition.
These achievements demonstrate the potential for the
application of this method to future machines.

1) T.R. Jarboe et al., Nucl. Fusion 41 (2001) 679.

2) M. Ono et al., Nucl. Fusion 41 (2001) 1435.

3) M. Nagata et al., Phys. Plasmas 10 (2003) 2932.

4) M. Nagata et al., Plasma and Fusion Research: Rapid
Communications 2 (2007) 0035.

5) R. Raman, et al., Nucl. Fusion 49 (2009) 65006.



Plasma current ramp-up by the vertical field in NSTX

Category: Fusion Physics/ Confinement
Year-Number : 2000-FP2-18,2001-FP2-18,
2002-FP2-15, 2003-FP2-13,2005-FP2-13,
2006-FP2-6, 2008-FP4-3

Name: O. Mitarai, C. Kessel, M. Ono, and M. Peng
Affiliation: Kyushu Tokai University, PPPL and
ORNL

Purpose of collaborative research and its background:

As the spherical tokamak (ST) has no space for the
central solenoid (CS), it is desirable to start-up the plasma
current without a CS. One of such techniques is the plasma
current ramp-up by the vertical field, which was proposed
by author. This technique was already demonstrated in
JT60U, TST-2, and MAST. To confirm this effect and to
apply this technique to the other ST device, NSTX, I
(Mitarai) have applied for US-Japan collaborative research
project.

Research subjects and obtained results:

During 2000 and 2006, it was planned to observe the
plasma current ramp-up by the additional heating in the
constant ohmic current phase (OH clamp experiment) in
NSTX and then planned to move the heating power to the
initial plasma current start-up phase. From 2008, the
plasma current start-up in CTF has been studied, which is a
common subject to above vertical field induction.

1. Distinguishable results

Although I have visited NSTX to make experiments for
several years, remote experiments have been done finally
with Dr. C. Kessel (PPPL) due to machine time schedule.
As shown in Fig.1 in the OH clamp experiment, only one
shot was obtained with plasma current increment by the
vertical field and RF heating power, but the other shots did
not show any plasma current increment. In the case of
plasma current of 500 kA, the plasma current was not
additionally increased by NBI heating as shown in Fig. 2.
Those reasons were not cleared yet, but we suspect that the
distance between the plasma and RF antenna was widened,
leading to the difficulty of RF injection. On NBI
experiments, the base plasma current might be too low for
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Fig. 1 OH clamp experiments in NSTX. (a) the plasma current,(b)
RF power, (c) the internal inductance,(d) the surface loop voltage,
(e) plasma energy, and (f) Ohmic coil current. (#115448 and

#116449: RF with OH clamp. #116461 No RF with OH clamp.)

33

| Iedas

116451

m current {measured ) Plasma surface vollaze
R T T

oo e

Ul
T
P | [ @ 3 |5-r \(: ' ¢ @
| \ ' ] | ' '
! & ; ~uf :j', N N ]
| ™ ' 0k el E
| SR B o D TN
Tl auiliary heating power Plusma total stored energs
T T A0 -
e RARRE RN 1% A WO
| [l ' 4 o b i ¥ E
Rl i R
[ wn [ [0 V4 :
[h. ! I sd B S
Monmalized intemal inductance OH current per furn
e A il i l : Lom ]
4k [ 1 [ _ 0 ., | 1 1 1
iE W i N
o P e ! \'\._»/

Fig. 2. OH clamp experiments in NSTX. (a) the plasma current,(b) NBI
power, (c) the internal inductance,(d) the surface loop voltage, (¢) plasma
energy, and (f) Ohmic coil current. (#116463 and #116464: NBI with OH
clamp. #116465 No OH clamp.)
the efficient heating due to worse high energy particle
confinement. Also experiments were conducted in the
larger internal inductance phase which provides the larger
plasma inductance, leading to the difficulty of the plasma
current increment [1].

2. Study of OH operation in NSTX and the plasma

current ramp-up in CTF

I have obtained very important information on Ohmic
Heating (OH) operation in NSTX, which has never been
seen in the published papers or Laboratory reports. In
NSTX sophisticated operations have been conducted to
control of the poloidal field coil current for producing the
field null regime for breakdown. Therefore, 1 have
conceived the idea to install the cancellation coil (CC) in
the domestic ST, QUEST, for producing the field null for
better plasma breakdown and plasma current start-up
because QUEST has no such sophisticated PF control
system in the initial phase. Actually in QUEST the good
plasma current start-up was obtained using CC at the
second shot. Thus, the knowledge obtained during the
US-Japan collaboration was very useful for the domestic
experimental program.

I and Dr. M. Peng (ORNL) have been studying the
plasma current ramp-up in CTF using the same concept.
Although the plasma current ramp-up to 16 MA by ECRH
and NBI without CS, we are planning to install the small
CS for a reliable plasma current start-up [2].

3. Summary of my US-Japan collaboration

Although I have gotten slightly negative results in NSTX
experiments, I have efficiently utilized information
obtained during US-Japan collaboration for the domestic
experimental programs. As a result, the plasma current
ramp-up by the vertical field was clearly observed in
QUEST during the constant OH current phase (OH clamp
experiment) differently from NSTX. I can conclude that
my US-Japan collaboration was very successful.

1) O.Mitarai, C.Kessel and A. Hirose, JEEE, Vol.129/
No.9/Sec.A (2009) p605
2) O.Mitarai, Under preparation of resubmission (2010)



Collaborations Related Radiofrequency Wave Physics

Category : Fusion Physics/ Steady-State Operation,
Heating and Current Drive

Year-Number : 2000-FP4-8, 2001-FP4-8, 2002-FP4-6,
2003-FP4-3, 2004-FP4-4, 2005-FP2-6, 2006-FP4-4,
2007-FP2-4, 2008-FP2-1, 2009-FP2-4

Name: Y, Takase, M. Ono*, J.R. Wilson*, JE.
Menard*, R.R. Parker** P.T. Bonoli**, J.C.
Wright**

Affiliation: The University of Tokyo, *PPPL, **MIT
PSFC

A series of collaborations concerning radiofrequency
(RF) wave physics on tokamaks [including spherical
tokamaks (ST)] were carried out with groups at Princeton
University Plasma Physics Laboratory (PPPL) and
Massachusetts Institute of Technology Plasma Science and
Fusion Center (MIT PSFC) as listed below.
FuY 200: Heating experiments by HHFW on NSTX
01: Heating and current drive experiments by HHFW on
NSTX
02: HHFW Current Drive Experiments on NSTX
03: Current Drive and Current Ramp-up Experiments on
NSTX
04: Solenoidless Current Ramp-up Experiments on NSTX
05: Solenoidless Current Ramp-up on NSTX
06: TORIC Simulations of HHFW Heating and Current
Drive in TST-2
07: Lower hybrid current drive and current profile control
experiments
08: Lower hybrid current drive experiments
09: TORIC-LH Simulations of LHCD Scenarios for TST-2
ST has the advantage of being able to confine high
beta plasmas stably. However, this means that the plasma
has a very high dielectric constant. It is believed that the
high harmonic fast wave (HHFW) could be used effectively
for heating and current drive even in plasmas with very
high dielectric constant. TST-2 at the University of Tokyo
and NSTX at PPPL share the common objective of HHFW
heating and current drive, and started to collaborate on
HHFW experiments on NSTX. Besides obtaining important
experimental results on electron heating, the dependence of
the antenna loading resistance on the neutral pressure was
clarified by analyzing data from HHFW plasma start-up
experiments. In Japan, successful results were achieved in
plasma current (I,,) start-up experiments without the use of
the Ohmic heating coil on JT-60U and TST-2. An
experimental scenario was developed for NSTX and an
experimental proposal was formulated based on these
achievements. Since there were occasions when
experiments could not be conducted as planned during the
visiting period, due to problems with experimental
hardware or software, arrangements were made to enable
remote execution of experiment (not as a mere participant,
but as a session leader). Remote execution of experiment
was carried out successfully from the University of Tokyo
in 2004. The start-up experiment was carried out over two
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years with successive improvements. Plasma initiation was
achieved, but not I, ramp-up. The reason is belieed to be
insufficient RF power delivered to the plasma forming
region.

At MIT, heating and current drive experiments by the
ICRF fast wave and the lower hybrid wave (LHW) are
being carried out on the high field tokamak Alcator C-Mod,
which is in stark contrast to the ST. Experimental results
are compared directly with the state-of-the-art full wave
analysis codes TORIC and TORIC-LH. Application of
TORIC and TORIC-LH to ST plasmas, which are vastly
different from conventional tokamak plasmas, has
contributed to identifications of errors in these codes. These
codes have been improved successively and can now be
applied to HHFW and LHW in ST plasmas. TORIC-LH
has been used to examine scenarios to be used in the planed
I, ramp-up experiments by the LHW on TST-2. TORIC-
LH has the advantage of being able to treat diffraction
effects, which cannot be handled by ray-tracing codes.
Results indicate that low I,, low density plasmas are
suitable targets for lower hybrid current drive (LHCD), but
the propagation region for the LHW becomes restricted to
the plasma edge as I, and density increase. It is therefore
important to keep the density low and to control the
wavenumber spectrum. These results provide guidance to I,
ramp-up experiments on TST-2. LHCD experiments have
started on Alcator C-Mod after a long period of preparation.
This is presently the only LHCD experiment in both Japan
and the US. Experimental collaboration on LHCD was
carried out over two years. In 2007, experiments focusing
on parametric decay, which is considered as a candidate
responsible for density limit for LHCD, were conducted
since the usable LH power was limited to less than 0.5 MW.
The experiment could not be performed during the visit due
to a problem with the toroidal field coil, but was carried out
remotely from Japan as a session leader. Even with the
frequency of 4.6 GHz, the upper limit of density for LHW-
.electron interaction in deuterium plasma was around
1x10%° m™. This result is an important input to the selection
of frequency for the ITER LHCD system. In 2008, a
continuous density scan was carried out over a wide range,
and it was confirmed that the density limit for LHCD at 4.6
GHz is 1x10* m?, and does not depend sensitively on
either the LHW wavenumber spectrum or the magnetic
field strength. An indication of broadening of the LHW
absorption profile was observed when the -electron
temperature increased to around 5 keV. In addition, an
experimental proposal to create a current hole and an
internal transport barrier using LHCD during the I, ramp-
up phase was drafted. If successful, this technique may be
used to form an advanced tokamak plasma with high
bootstrap current fraction on Alcator C-Mod.



MR2001-2009 Workshops (Physics of Plasma Merging and Magnetic Reconnection)

Category : Fusion Physics/ Steady-State Operation
Year-Number : 2008-FP2-1, 2009-FP2-2 etc. (2000-
2009)

Name: Yasushi Ono

Affiliation: University of Tokyo

The purpose of MR Workshops (US-Japan workshop
on Physics of Plasma Merging and Magnetic Reconnection)
is to discuss recent progress in physics and applications of
plasma merging/ magnetic reconnection. A series of this
workshops have been supported by major four
communities: laboratory reconnection experiments, solar
observation, magnetosphere observations and theory/
simulations. We had the first MR workshop MR2000 at
University of Tokyo from Feb. 29 to Mar. 4, 2000. About
130 researchers from the four communities discussed the
reconnection physics for a week. After MR2000, the
MR200X workshops have been held by 50-60 invited and
contributed speakers every year either in US or in Japan
mostly. Figures 1 show photos of laboratory experiments of
magnetic reconnection: MRX, TS-4, SSX, VTF, UTST,
MST and Caltech Rec. Exp. The series of workshop made
clear that each research field has advantages and
disadvantages. The solar observation can measure a nice 2-
D image of the sun but a limited local parameters such as
magnetic field and current density because of long distance
from the satellites to the sun. The magnetosphere
observation can measure all local parameters but not their
special profiles because of a limited number of satellites.
The laboratory experiments is the most powerful tool to
measure 2-D /3-D profiles of all parameters but their
plasma parameters such as the Lindquest numbers are low
due to their limited special scale. The theory and simulation
can test all kind of physics under the most ideal conditions
but based on some specific assumptions. The collaboration
of these four communities made significant progress in

solving the fast reconnection mechanisms an its heating
characteristics and also in exploring fusion applications of
reconnection. Especially, the high power heating of fusion
plasma heating became a economical startup method for
Spherical ~ Tokamaks  (STs) and  Field-reversed
Configuration (FRCs) for the past 10 years. The most
recent MR2009 conference was held at Princeton Plasma
Physics Laboratory from March 2 to 4, 2009. The key
subjects were (1) solar satellite “Hinode” observation of
reconnection on solar coronas and chromosphere, (2)
theories and experiments for solar flares and micro jets, (3)
non-thermal particle acceleration of reconnection, (4)
plasma flow and reconnection in laboratory experiments,
(5) two-fluid reconnection in magnetosphere and laboratory,
(6) current sheet and plasmoid ejections in magnetosphere
and laboratory, (7) relativistic magnetic reconnection, (8)
trigger mechanism of reconnection and solar flares, (9) 3-D
reconnection research. Presentations from the major four
fields revealed several important common physics: Hall
reconnection, plasmoid and current sheet ejection, non-
thermal particle, Hall effect, plasmoid ejection, 3-D
reconnection, anomalous resistivity due to magnetic
fluctuations, relativistic reconnection, promoting the
interrelationship and concrete collaborations among
laboratory experiments, theories and observations.

Based on contribution of US and Japanese
communities of magnetic reconnection, a new reconnection
and dynamo COE project: Center for Magnetic Self-
Organization in Laboratory and Astrophysical Plasmas was
accepted by the US National Science Foundation (NSF) in
2008 and by Japan Society of the Promotion of Science
(JSPS) in 2010, which are now exploring a new stage of
US-Japan collaboration on magnetic reconnection and self-
organization caused by reconnection.

1) Ono, Y., Kakuyugokagaku 77 (2001) 948-954.

Fig. 1: Laboratory Experiments of Magnetic Reconnection: MRX (Princeton Univ.), TS-4 (Univ. Tokyo), SSX (Swarthmore
College, VTF (MIT), UTST (Univ. Tokyo), MST (Univ. Wisconsin), Reconnection Exp. (Caltech)
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Two-fluid low-collisionality equilibrium model and application to
rapidly-rotating high-performance spherical tours

Category : Fusion Physics/ High Beta

Year-Number : 2008-FP3-6, 2009-FP3-6

Name: Akio Ishida, L.C. Steinhauer*, Y.-K. M.
Peng**

Affiliation: Niigata University, *Redmond Plasma
Physics Laboratory, University of Washington,
**(Qak Ridge National Laboratory

The multi-fluid axisymmetric equilibrium model of
collisional plasmas was developed earlier [1] where the
species surface function plays a crucial role.

Y, =¢+(m,q,)Ru,, fora=iore
Here w the poloidal flux and u,, the species toroidal
velocity. Instead of the adiabatic relation [1], we adopt in
this low-collisionality model the isothermal relation for
each species: T, = T(Y,). This can be deduced from Eqgs.
(67), (68) of Ref.[2] assuming the poloidal ion flow is less
than the ion toroidal flow and taking symmetry of the
formalism into account. The system of equations includes
second-order partial differential equations and a Bernoulli
equation for each species. To demonstrate the usefulness of
the present equilibrium model, we apply it to reconstruct a
high-performance, long-lived NSTX plasma with high beta
and near sonic rotation [3]. The computational results are
summarized in Table and Figs.1,2. The aspect ratio A4,
elongation «, the g-values are in reasonable range of
NSTX [Table]. Fig.1 compares profiles of this example
equilibrium with NSTX shot 113460 (see Fig.2 of Ref. [3]).
Maximum values of temperatures, density and toroidal
velocity are shown in Table. The ratio of the ion toroidal
velocity to the ion thermal velocity at the magnetic axis is
near unity. As a result, the species toroidal current density
is significantly larger than the net toroidal current density
[Table]. This extraordinary result differs markedly from
static or slowly flowing equilibria. Fig.2 shows the ion fluid
force balance. The ion pressure gradient force (red) is
significantly larger than the Lorentz force (blue) and
E-+u;xB does not vanish so that two-fluid effects cannot be
neglected. The centrifugal force (purple) is significant near
the magnetic axis. As a result of large two-fluid effect,
species diamagnetic drift rather than the ExB drift is a
major contributor to the cross field drift. This implies that
usefulness of flute-mode suppression by ExB drift shearing
is uncertain in an equilibrium like this. Note that the ion
current is predominantly parallel to the magnetic field. This
follows from the fact that j;4B. (not shown) is significantly
larger than (jxB)z. One consequence of the large parallel
ion flow near the ion thermal speed is a significant increase

in the fraction of passing ions and reduction of trapped ions.

This may affect the standard theories of neoclassical model
and the associated plasma transport (energy, momentum,
particles including impurities) [4].
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Table. Various computed values
A=14 Tymax=1.1keV
Kos = 2.4 T = 1.3keV
qQ=1.5 Ppax = 0.6x10%m7>
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Fig. 1.Comparison of profiles of the computed equilibrium
with NSTX shot 113460 (see Fig.2 of Ref.3): a) computed
ion (pink) and electron (cyan) temperatures; b) computed

density (pink); ¢) computed ion toroidal flow velocity

(pink).

centrifugal

Fig. 2. Ion fluid force balance: pressure gradient force (red),
Lorentz force (blue), electric force (green) and centrifugal
force (purple).

[1] L.C. Steinhauer, Phys. Plasmas 6, 2734 (1999).

[2] J.J. Ramos, Phys. Plasmas 12, 052102 (2005).

[3] Y-K.M. Peng et al., Plasma Phys. Control. Fusion 47,
B263 (2005).

[4] The present result was submitted to Phys. Rev. Letters,
April, 2010.



3.4.4 Diagnostics

The diagnostics area is one of the most active areas in the US-Japan collaboration in the field of the
experimental fusion research. The development of various kinds of innovative diagnostic
instruments has been done. One of them is the development of millimeter wave imaging technology,
aiming at visualizing 2D and 3D structure of plasma. The University of California at Davis (Neville
C. Luhmann, Jr. and Calvin Domier) and Kyushu University (A. Mase and N. Ito) have
successfully collaborated on the development of various millimeter-wave devices for advancement
of plasma imaging diagnostics. As an example, 1x16 beam shaping and 1x8 beam steering phased
array antenna (PAA) are fabricated by EF2 technology under the collaboration among UCD,
KASTEC, and Kyushu Hitachi Maxell, Ltd. The devices are being applied to microwave imaging
reflectometry (MIR) and electron cyclotron emission imaging (ECEI) systems on DIII-D, LHD,
KSTAR and TEXTOR.

NCSX tour during the Microwave Diagnostic Dr. T. Akiyama and Dr. D.L. Brower in front of
(Imaging) Workshop at Princeton in 2005. the MST Reversed-Field Pinch at Madison.

Neutral particle diagnostics using the silicon surface barrier detector (SD-NPA) started from 1998
under the collaboration of ORNL and NIFS. This program has been proposed from the United State
side to investigate fast ion distributions in the Large Helical Device (LHD). The specifications of
the method are to observe the low energy particle, to have the lower noise by the liquid nitrogen
cooling, and to have six horizontal channel and vertical scan system. The dependence of the
energetic particle spectra on the magnetic axis has been investigated. The result obtained is agreed
with the theoretical prediction. N. Nishino at Hiroshima University has been contributing on the
development of two-dimensional ion flow measurement system with Stephen Paul and Robert
Kaita at PPPL. The first attempt to measure the ion flow of NSTX plasma at PPPL was performed.
Development of an advanced impurity transport diagnostic system has been carried out, under the
collaboration between NIFS and the Johns Hopkins University (JHL). The system consists of a
Tracer-Encapsulated Solid Pellet (TESPEL) developed by NIFS and a spectrometer using a
multi-layer mirror developed by JHL. In this system, a charge exchange spectroscopy can reduce
drastically an ineludible line-of sight integral effect in a spectroscopy. This diagnostic system has
been applied on the LHD and NSTX. US-JAPAN Workshop on “Compact Plasma Neutron Source
for Neutron Assay” was originally inaugurated at Kansai University in 1983 and which has been
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alternatingly organized in Japan and the United States. The last WS has been held from 12 to 13
October 2009 at University of Wisconsin, Madison, USA. About 55 attendants including 12 from
Japan discussed on the plasma physics and the facility engineering of plasma neutron sources as
well as applications for space propulsion and the production of n-type semi-conductor in addition
to the neutron assay. The measurements and the modeling for numerical analysis have made a large
progress. The new ideas for the improvement of the device such as the magnetized follow cathode,
the formation of the cathode by the electron injection and the cylindrical geometry device applying
an axial magnetic filed were discussed.

With advancement of the US-Japan cooperation, the growing amount of experimental data
promoted a Japan-US collaboration to test a freely available TCP acceleration method for faster
throughput. Typical results showed 90 % of Gigabit Ethernet capability. A series of network
performance tests were made to utilize higher bandwidth on actual 1 Gbps SINET3 and ESnet
connection between MIT (USA) and NIFS (Japan).

NIFS data acquisition group visited the MDSplus A group photo during the U.S.-Japan
lab of MIT to have a meeting for virtual Workshop on  Millimeter-Wave  Plasma
laboratory on fusion experiments. Diagnostics at UCD in 2008.
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Development of Advanced Microwave Diagnostic Systems for Magnetic Confinement Plasmas

Category: Fusion Physics/ Steady-State Operation
Year-Number:2004-FP5-18, 2007-FP5-6, 2009-FP5-2
Name: Atsushi Mase, Neville C. Luhmann, Jr.
Affiliation: Art, Science and Technology Center for
Cooperative Research, Kyushu University, University
of California at Davis (UCD)

The cooperation program originated in recognition of
the importance of millimeter to submillimeter-wave
diagnostics in magnetically confined plasmas in the early
1980°s. The transmission and scattering processes of
electromagnetic waves were mainly utilized as diagnostic
tools. As the electron density in magnetically confined
plasmas increased, radar reflectometric process, so called
reflectometry, began to be used in 1990°s since it provides
good spatial resolution and temporal resolution while
requiring a single viewing chord and minimal vacuum

access in contrast to interferometry and Thomson scattering.

Significant advances in microwave and millimeter-wave
technology together with computer technology have
enabled the development of a new generation of
diagnostics for visualization of 2D and 3D structures of
plasma (mean value of density/temperature and their
fluctuations).” The main subjects of the exchanges are “the
study of advanced microwave to millimeter-wave plasma
diagnostic systems and “the application of the diagnostic
systems to large magnetic confinement devices”.

The present cooperation includes execution of
workshop and personnel exchanges. The obtained results
include fabrication of microwave electronic devices and
development of diagnostic systems using the fabricated
devices. Microwave imaging, for example, -electron
cyclotron emission imaging (ECEI) and microwave
imaging reﬂectometry (MIR), constitute one of the
significant results.”

Figure 1 shows the system configuration of the MIR. It
consists of focusing optics, a planar-type array detector,
and a multichannel intermediate frequency (IF) receiver.
The optics can be designed by using a ray tracing code
and/or a 2D finite-difference time-domain (FDTD)
simulation code. The detector consists of the integration of
an antenna array featuring a down-converting mixer using a
Schottky barrier diode bonded to each antenna. Both US
and Japanese groups have developed several types of
antenna elements, such as, bow-tie antenna, dual-dipole
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Fig. 1. Configuration of microwave imaging system.

antenna, and Yagi-Uda antenna. The comparative study of
the imaging array has given good performance of the
characteristics. The system also uses a multichannel IF
circuit after a heterodyne detection. Microwave integrated
circuit power dividers split each of the detector channels
into typically 8 portions, each of which has a filter, detector,
and video amplifier. Therefore, we can obtain the signals at
the poloidal and/or toroidal positions corresponding to the
detector number multiply 8 (radial position). In Fig. 1 is
shown a new IF circuit designed at KASTEC where band
pass filters are installed in both sides of a COM line to
resolve the IF signal into separate frequency bands. This
type of IF system has been applied to the ECE heterodyne
receiver of KSTAR tokamak, under the Japan-Korea
collaboration program.

The KASTEC and UCD groups have also investigated
the use of new micro-fabrication technologies, electro fine
forming (EF2) by Kyushu Hitachi Maxell, Ltd.-Kyushu
University and lithographic galvanoformung abformung
(LIGA) by UCD. As an example, quasi-optical notch filters
with rejection frequency in the range of 110-170 GHz and
less than 2 dB transmission losses in the pass band are
obtained by EF2,* which are better performance than those
fabricated by conventional etching process. The notch filter
is employed to protect the mixer arrays from stray ECRH
power. The filter has been installed in the ECEI systems in
TEXTOR and DIII-D tokamaks operated by UCD-PPPL
and FOM group.

The 2D and 3D profiles of plasma density/temperature
and dynamic behaviors of their fluctuations have been
measured by using the above-mentioned imaging systems
in TEXTOR, DIII-D, and LHD. The measurements have
clarified the physics issues such as stablhty, wave
phenomena, and fluctuation-induced transport.*

The continuous development of advanced microwave/
millimeter-wave devices is necessary for the improvement
of next generation of imaging diagnostics. Those are beam
steering devices, high performance antennas, and high-
frequency filters.”

The recent exchanges from Japan to the US give
priority to the dispatch of young researchers including
graduate students, since the device fabrication and
characterization have been the main research subjects of
the exchanges. The period of stay is in the range of 2-3
weeks. A longer stay will be desirable for the collaborative
experiment using the diagnostic system installed in the
magnetic confinement devices. Also, the dispatch of young
researchers from the US to Japan will also become
important for the buildup of new cooperation group.

1) A. Mase et al., Plasma Device Operations 17 (2009) 98.
2) H. Park et al., Rev. Sci. Instrum. 74 (2003) 4239.

3) Z. Shen, N. Ito, Y. Liang, L. Lin, C. W. Domier, M.
Johnsaon, N. C. Luhmann, Jr., A. Mase, and E. Sakata
Plasma Fusion 2 (2007) S1030.

4) H. Park et al., Phys. Rev. Lett. 96 (2006) 195003.

5) S. Yamaguchi ef al., Rev. Sci. Instrum. 79(2008)10F111.
6) Lu. Yang, N. Ito, C. W. Domier, N. C. Luhmann, Jr. and
A. Mase, IEEE Trans. MTT-56 (2008) 767.



Development of Microwave Reflectometry

Category : Fusion Physics/ Diagnostics

Year-Number: 2002-FP5-37, 2005-FP5-21, 2006-
FP5-16

Name: Akira Ejiri, William Peebles,

Shigeyuki Kubota

Affiliation: The University of Tokyo,
University of California, Los Angeles

Various microwave reflectometer experiments were
carried out on the NSTX device, under the collaboration
between the University of Tokyo and the UCLA microwave
diagnostics group. Two types of microwave correlation
reflectometers were tested. In addition, RF induced density
oscillation was measured.

Correlation reflectometry is the method to extract
information from the correlation of two or more
reflectometer signals. We have tried to extract the pitch
angle of magnetic field lines, and the magnetic field
strength.

In general, the parallel correlation length of
fluctuations is long, while the perpendicular correlation
length is short. Therefore, we can expect that the two
reflectometer signals show a high correlation, when the
measurement positions are connected by the same magnetic
field line. We used three reflectometers in the NSTX device.
Two were located on the same poloidal cross-section, while
the third was separated toroidally by about 20 cm. The
microwave frequency of one of the two reflectometers at
the same poloidal cross-section was swept, while the other
two frequencies are fixed to different values. By calculating
the correlation between the first two microwave signals, we
obtained the radial correlation function, and confirmed that
the correlation took the maximum when the two measure
the same position. By calculating the correlation between
the signals from the two toroidally separated reflectometers,
we confirmed that the correlation took the maximum when
the two measured the same flux surface. These results
agreed with our expectation. However, the relationship
between the latter correlation and the perpendicular
distance between the magnetic fields are not clear. As a
result, we could not prove the pitch angle measurement.

The O-mode cutoff frequency depends on the density,
while the X-mode cutoff frequency depends on the density
and the magnetic field strength. Therefore, the O-mode and
the X-mode microwave reflectometer frequencies to
measure the same position are different. By finding the
frequencies, the magnetic fields strength can be obtained as
a function of density. The experiments were performed on
the NSTX devices, and we have succeeded in the magnetic
field measurement [1].

Electron heating experiments by High Harmonic Fast
Wave (HHFW) were carried out on the NSTX and the
TST-2 spherical tokamak devices. It was shown that
parametric decay instabilities (PDIs) deteriorate the
electron heating efficiency. Since, the PDI is a nonlinear
phenomenon, it is highly desirable to measure the RF
electric field strength in the plasma. Since the RF electric
field induces the electron density oscillation, the fields can
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be measured by reflectometry. The microwave
reflectometer experiments were performed on the NSTX
and the TST-2 devices.

In NSTX, the RF frequency was 30 MHz, and the
intermediate frequency of the heterodyne microwave
reflectometer was 28.5 MHz. Therefore, the RF-induced
signals were expected to appear at 30-28.5=1.5 MHz.
Figure 1 (a) shows the power spectrum of the reference
signal around 1.5 MHz. Since the reference signal is
independent of the plasma, the sharp peak at 1.5 MHz
represents the RF-induced noise. A similar sharp peak
appeared in the power spectrum of the plasma signal (Fig.
1(b) red). By analyzing these components, we concluded
that these sharp components arose from the frequency
modulation of the microwave source, which is induced by
the RF at 30 MHz. However, the plasma spectrum shows
addition broad components (Fig. 2(b) blue). The broad
components probably include the RF-induced density
oscillations in the plasma. Thus, we could obtain the upper
boundary for the density oscillation from the broad
component. The upper boundary was 0.2 rad, which
corresponds to the electric field of 20 kV/m.

In TST-2, we used a different type microwave
reflectomter, and noise reduction efforts were made. As a
result, we have succeeded in the direct (phase)
measurement of the RF- induced electron density
oscillation and the RF electric field [2].

1) M.Gilmore, W.A.Peebles., S.Kubota, X.V.Nguyen, and
A.Ejiri, Rev. Sci. Instrum. 74 (2003) 1467-1472.

2) T. Yamada, A. Ejiri, Y. Shimada, T. Oosako, J.
Tsujimura, and Y. Takase and H. Kasahara, Rev. Sci.
Instrum. 78 (2007) 083502.
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and that of the plasma signal of the heterodyne
microwave reflectometer, during the HHFW heating
in NSXT.



Development of two-dimensional ion flow measurement system

Category : Fusion Physics/ Diagnostics

Year-Number : 2009-FP5-7, 2008-FP5-4, 2007-FP5-7
Name: Nobuhiro Nishino, Stephen F. Paul, Lane
Roquemore, Robert Kaita

Affiliation: Graduate School of Engineering,
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Laboratory (PPPL)

This system is the natural extension of a point
measurement SWIFT (shifted wavelength/Interference
Filter Technique)' system invented by S. Paul to two-
dimensional measurement. The method for ion flow
derivation by SWIFT is as follows. In Fig.1 the Doppler
shift is determined from the ratio of the light intensity from
two detectors. One detector views the plasma through an
interference filter whose pass band has a negative slope,
and the other channel views the identical volume of plasma
through a positive-slope filter. The signal ratio varies as the
line is shifted across the pass bands. For interference filters
with linear pass bands, that is, constant slopes, the ratio is
not sensitive to ion temperature, and the shifted wavelength
reduces to a simple function of the signal ratio, the
channels’ relative responsibility, and the two filters’
transmission curves. Therefore, using two-dimensional
sensor it can be easily extended to two-dimensional
measurement system. It is very attractive to use a fast
camera as a two-dimensional sensor, because the space and
time resolution of ion flow measurement is needed within a
few cm and sub mil-second’, and fast cameras are used
already as plasma diagnostics. The ultimate target for the
time resolution of this system is within a few tens
microsecond to reveal the flow profile in turbulence.
Figure 2 shows schematic of the proto-type 2-d SWIFT
system installed in NSTX. The system mainly views plasma
edge near the center stack region. Before installing the
throughputs of the optical components were relatively
calibrated, however, we did the double check for the

efficiency of two channels without filters using D discharge.

As far as the system views normal plasma, the light
intensity was enough strong to be capable to take a picture
with the speed of several thousand FPS (frame per second).
Then we installed two filters in it and proposed XMP of He
discharge. During He discharge two images near the center
stack were clearly seen. Figure 3 shows two images through
the negative and positive slope filters, respectively. In Fig.3
red lines are drawn to identify the same position in two
images. The left side of red lines indicates near the middle
of the center stack and the light intensity ratio of these
regions was almost constant except during IREs and
disruptions. On the other hand, the right side of red lines
indicates near the inner plasma edge and the line intensity
ratio of these regions changed during normal plasma
discharge even except IREs and disruptions. This
difference shows that proto-type SWIFT possibly measured
the ion flow’. Hereafter this system has many points to be
modified, however, in principle we conclude two

dimensional ion flow measurement can be performed by
this system.
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1) Paul, S. F., Rev. Sci. Instrum. 74 (2003) 2098
2) Paul, S. F., et al., Presentation in APS-DPP06
3) Nishino, N., et al., JPFSR 8 (2009) 640



Compact Plasma Neutron Source for Neutron Assay

Category: Diagnosis

Year-Number: 2009-FP5-1, 2008-FP5-8, 2006-FP5-1
Name: Masami Ohnishi, Gerald Kulcinski
Affiliation: Kansai University, Faculty of
Engineering of Science, University of Wisconsin

A compact plasma neutron source possesses a simple
structure as shown in Fig.1." After the vacuum chamber is
filled with a deuterium gas of up to several Pa, then a high
voltage is applied between the cathode and anode. The
glow discharge occurs and the deuterium ions are
accelerated into the mesh cathode. The fusion events
happen between the accelerated ions or the accelerated ions
and the background deuterium molecules. The facility is
given the name of Inertial Electrostatic Confinement (IEC)
fusion.

Figure 2 depicts the neutron production rate achieved
in the devices:" the red bars show the Japanese facilities
and blue ones show the results by US facilities. Almost all
facilities achieved the neutron production 10° to 107 s™.
The yellow bars display an exceptionally higher neutron
production rate. These facilities were equipped with 6-ion
guns.” The neutron assay application requires a production
rate larger than 10° s In order to increase the production
rate, we have to rely on fusion events between the
accelerated ions. Low pressure operation, ion guns, a
large current discharge with ion sources, and a high voltage
power supply are necessary for achievement of the higher
performance neutron sources.

The IEC device can be operated at low pressure, less
than 0.01Pa, with the assistance of a magnetron discharge
and showed neutron production rates that scaled in inverse
proportion to the gas pressure, which may be evidence of
the occurrence of the fusion between the accelerated ions.”
The similar dependence on the gas pressure can be found in
the devices with the 6 ion guns. The large current discharge
of 5A was demonstrated with RF ion sources in short pulse
(6 micro-seconds) in Kansai University. For these
experiments, the working gas was "normal” hydrogen, the
peak voltage was 70 kV and the gas pressure was 0.2 Pa. A
power supply of voltage 300 kV and current 60 mA was
developed for increasing the neutron production rate by
accelerating the ions to high energy in the University of
Wisconsin devices. This high performance power supply
may enable He’-He® fusion to occur at rates exceeding
107/s.

It was shown that more than 50% of the D-D fusion
events are caused within the cathode region by the use of a
time of flight diagnostic. On the other hand, the D-He’
fusion events were shown to happen mainly within the
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cathode wires. The diagnosis confirmed the supposition
that the fusion events occur between the accelerated D ions
and the He® embedded in the cathode.

Other applications, including neutron assay, were
extensively studied. The IEC fusion device was developed
as a neutron source for land mine detection and showed
good performance. The fundamental experiments to detect
highly enriched uranium (HEU) and explosives were
carried out and exhibited effectiveness. The cylindrical IEC
device was shown to produce a neutron production rate
similar to the spherical device® and to be useful for neutron
transmutation doping, which is a semiconductor
manufacturing method. The IEC device implanted helium
in W for material testing of the first wall in a fusion reactor.
Since the IEC device is very useful for not only neutron
assay but also various other applications, further efforts to
increase the neutron production will be continued within
the US-Japan collaboration.

Fig.1 Schematic view of IEC device"
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1)B.Egle: 11™ US-Japan Workshop on Compact Plasma
Neutron Source for Neutron Assay (Madison, 2009).

2) K. Masuda: ibid

3) K. Tomiyasu: ibid



VUYV imaging diagnostics for the study of a tracer-encapsulated solid pellet (TESPEL)

Category : Fusion Physics/ Diagnostics
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Name: N. Tamura, D. Stutman*, H. Kugel**, S. Sudo
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*Johns Hopkins University, **Princeton Plasma
Physics Laboratory (PPPL)

In the Large Helical Device (LHD) of the National
Institute for Fusion Science (NIFS), we are establishing an
advanced impurity transport diagnostic system by means of
a Tracer-Encapsulated Solid Pellet (TESPEL). In this
system, a Charge eXchange Spectroscopy (CXS), which
can reduce drastically an ineludible line-of-sight integral
effect in a spectroscopic measurement, is a key element.
The past study has revealed that the CXS with a negative-
ion-based NBI, the acceleration voltage in which is so high
(~180 keV), for measuring the spatio-temporal behavior of
tracer impurity ions introduced into the LHD plasma by the
TESPEL should be performed in the VUV and soft X-ray
domain. Thus this research subject is aimed to develop the
spectroscopic system with a high spatial resolution, a high
sensitivity and a high efficiency for the light in the VUV
and soft X-ray range. A multi-layer mirror (MLM) has a
high reflectivity for the light in the VUV and soft X-ray
range. So the development of the system has been done in
collaboration with the Johns Hopkins University (JHU)
plasma spectroscopy group (main collaborator: Dr. Dan
Stutman), which has a significant background in the
spectroscopy by using the MLM. As a first step, in order to
assess the capability of the MLM-based spectrometer for
the tracer impurity measurement, a proto-type soft X-ray
spectrometer with a flat Ni/C MLM for measuring Mg XII
(A = 45.5 A), which was built by the JHU group, was
installed on LHD. A typical result from the experiment with

the TESPEL containing a magnesium tracer is shown in Fig.

1. As can be seen from Fig. 1, the signal from the
magnesium tracer impurity ions was successfully obtained
with a high S/N ratio by the prototype spectrometer [1, 2].

TESPEL injection time

Photons on MCP
(x10°s™)

1.6

Fig. 1. Background subtrac(te)d 45. 5 A signal (+) and
MIST simulation assuming 7 x 10 Mg atoms
injected at 7 /a < 0.7 and 1.5 m%/s constant diffusivity
[from Ref. 2].
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Based on this result, the NIFS group built a soft X-ray
spectrometer with a flat Ru/B,C MLM for measuring F IX
(L = 81 A). The effective excitation rate of F IX for a CX
excited transition is slightly lower than that of Mg XII.
However, in terms of the contribution of CX excitation in
the wavelength of interest, F IX is larger than Mg XII. At
the same time, the JHU group made an imaging
spectrometer with a concave Mo/Si MLM, which has been
provided from the NIFS group, for measuring Li III (A =
135 A). The MLM-based imaging spectrometer allows us
to have the high spatial solution for soft X-ray measurement
easily. The prototype imaging spectrometer was installed
on the National Spherical Torus eXperiment (NSTX)
device, in which Dr. D. Stutman has been involved, of the
Princeton Plasma Physics Laboratory for obtaining the test
data. In order to accelerate acquiring the data from the
imaging spectrometer in the tracer impurity measurement,
the TESPEL injection into a NSTX plasma was performed.
As shown in Fig. 2(a), the TESPEL was successfully
injected into the NSTX plasma by using a lithium pellet
injector, which is already installed on NSTX. Figure 2(b)
shows the temporal evolution of a signal from the imaging
spectrometer in the case that a lithium tracer was
introduced. As a reference, the signal in the case that any
tracer impurity was not introduced into the NSTX plasma is
also shown in Fig. 2(b). As can be seen from Fig. 2(b), the
MLM-based imaging spectrometer successfully captured
the signal from the tracer impurity ions introduced into the
NSTX plasma [3]. These achievements enable us to
improve the performance of the advanced impurity
transport diagnostic system.

x TESPEL injection time
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Fig. 2. (a) Image in Li I light of LiH-filled TESPEL,
injected in low density NSTX L mode. (b) Telescope
traces following injection of empty and LiH-filled
TESPELs in low density L mode. A current amplifier
with 10° V/A gain and no diode bias was used in this
measurement.|[from Ref. 31

1) D. Kalinina et al., J. Plasma Fusion Res. 80 (2004) 545.
2) D. Stutman et al., Rev. Sci. Instrum. 76 (2005) 013508.
3) D. Stutman et al., Rev. Sci. Instrum. 77 (2006) 10F330.



Data Access Optimization for “Virtual Laboratory” on Fusion Experiments
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Name: Nakanishi Hideya, Joshua A. Stillerman
Affiliation: National Institute for Fusion Science,
Massachusetts Institute of Technology (MIT)

Experimental or observational devices of the so-
called big sciences in the world have a common tendency to
gradually become bigger in size and fewer in number. This
increases the need for their data to be shared over high-
performance wide-area networks.

TCP/IP is de facto standard Internet technology and
is integral to remote data sharing platforms. However, it has
a well-known long fat-pipe network (LFN) problem that
causes drastic speed lowering in long-distance
communications [1]. This lessens the effective throughput
even though physical layers have much wider bandwidths.
It is a significant obstacle to wide-area data transfers and
remote data sharing in general for fusion and other big
science research projects.

To further scientific collaboration, some virtual
private networks have been constructed on the Japanese
academic information highway SINET3. One of them is
dedicated for fusion research and named SNET. The LFN
problem is also serious on the 1 Gbps SNET; for example,
standard Windows or Linux PCs can use only 40 Mbps
between NIFS and Kyushu Univ. whose distance is 1000
km with about 20 ms round-trip time (RTT) on network.
More distant Japan-US communications with 200 ms RTT,
the effective throughput is down to only few Mbps.

A TCP/IP WAN commercial accelerator, Fujitsu
Wan Director A100, was applied on the top of some
primary SNET sites. It provides 300 Mbps throughput
between NIFS and Kyushu Univ. stably, however, its
embedded encryption prevents it from reaching the 1 Gbps
physical bandwidth. The cost is prohibitive for most
academic uses [1].

The growing amounts of experimental data
prompted a Japan-US collaboration to test a freely
available TCP acceleration method for faster throughput.
Typical claimed results were 90% of Gigabit Ethernet. A
series of network performance tests were made to utilize
higher bandwidth on an actual 1 Gbps SINET3 and ESnet
connection between MIT (USA) and NIFS (Japan) [2].

With the combination of tuned TCP parameters and
the packet pacing by inserting pause packets, the observed
throughput did reach 90 % of the 1 Gbps ideal bandwidth
(Fig. 1). Its effective throughput was 750 Mbps that is 2.5
times higher than WDAI100. Note that the necessary
software is completely free.

This successful achievement using 90 % of full
bandwidth has proved the technical possibility to share the
enlarged experimental data internationally. Its advanced
technology together with coming 10 Gbps networks will be
essential for the next-generation projects like ITER.
Additional improvement by using the guaranteed quality of
network service (QoS) is also planned.
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Fig. 1. LFN test results between NIFS and MIT

A different approach to above mentioned data
throughput acceleration, is to use a compressed transport to
run remote user interfaces for applications that operate on
computers close to the data. Extensive tests looking at data
of Alcator C-Mod were performed from Japan (Fig. 2).

As remote data access performance is dominated by
the transaction costs, reducing the number of transactions
required for data access improved the remote data display
significantly. However, running a compressed X Window
server NX [3] and running the application close to the data
was significantly better still.

Continuous data growth causes that 80% of the
whole data is less than 3 years old. We also concluded that
this detracts from the usefulness of most caching schemes.
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Fig. 2. Possible methods for distant data access: Using
MDSplus client/server, US-JA tests were done on
(i)~(iii) methods.

1) Nakamura, M., et al., Proc. ISPAN (2004) 294.

2) Nakanishi, H., et al., Proc. 7" TAEA TM on Control,
Data Acquisition, and Remote Participation for Fusion
Research, Aix en Provence, France, 15-19 June 2009.

3) http://www.nomachine.com/



Neutral Particle diagnostics using the silicon diode array

Category : Fusion Physics/Diagnostics
Year-Number : 2004-FP5-19, 2003-FP5-1
Name:Tetsuo Ozaki, Jim Lyon

Affiliation: National Institute for Fusion Science
Oak Ridge National Laboratory

Neutral particle diagnostics using the silicon surface
barrier detector (SD-NPA) starts from 1998. The neutral
particle spatial distribution can be easily obtained. The
project has been proposed from the United State side in
order to install it on LHD and to investigate the mechanism
of the energetic particle in the helical plasma. The
specifications of the method are to observe the low energy
particle, to have the lower noise by the liquid nitrogen
cooling and to have six horizontal channel and vertical scan
system in order to see the particle on the whole two
dimensional area. The meaningful time window is 100 ms".

Figure 1 is the schematic drawings of the main part and
the movable stage. In the LHD, all equipments are
controlled remotely because nobody can enter the LHD hall
during discharge. The experimental data are acquired
automatically. Figures 2 and 3 show the vertical and
horizontal sight lines from the SD-NPA on the LHD. The
pitch angle and the equivalent radius are varied by the small
different sight angle because the LHD has a complicated
magnetic configuration. The pitch angle is defined as an
angle between the magnetic line and particle direction.
Figures 4 (right and left) show the pitch angel and the
equivalent radius.

Figure 5 shows the difference of the energetic particle
spectra when the magnetic axis is varied. In the helical
device, the cross section of magnetic surface is different
from that of the particle orbit surface. In the standard
magnetic configuration, the cross section of the particle
orbit surface is shifted inner than that of the magnetic
surface. The cross section of the particle orbit surface is
determined by the device. However the cross section of
magnetic surface can be changed by the variety of the
vertical magnetic strength. When the magnetic axis is
moved inner, the particle confinement can be improved
although the plasma stability becomes worse theoretically
because the cross section of the magnetic surface is close to
the particle orbit surface. When the particle emits to the
outside of the plasma, the particle is lost due to the charge
exchange between the background neutral and the particle.
In Figure 5, much particle remain in the plasma when the
magnetic axis is shifted inner. The result obtained from the
detector is agreed with the theoretical prediction.

In the LHD, the high-Z gas is used in order to obtain
the high plasma parameters, especially the high ion
temperature. By this way, the high ion temperature can be
obtained because the ion density is relatively small and the
input power can be concentrated to the ion. In the
experiments, the neon and the argon gases are used instead
of the hydrogen gas. In the high-Z plasma, much particle
flux can be obtained even at the high-energy range. This
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means that the pitch angle scattering becomes large in the
high-Z plasma. The high ion temperature can be obtained
because the mechanism induces the input of the energy to
the ion. SD-NPA provides the spectrum differences
between the low and high-Z plasmas.
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Fig. 1 (left upper) the main part and the movable stage,
Fig. 2 (left lower) the vertical sight lines,
Fig. 3 (right upper) the horizontal sight lines,
Fig. 4 (right lower) (left) the pitch angle,
(right) the equivalent radius.
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Fig. 5 The spectra at the different magnetic axis.

1) P.R. Goncharov, J.F. Lyon, T. Ozaki, S. Sudo,
JPFRS, 5 (2001), pp. 159 - 162.
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3.4.5 High Energy Density Science

The Japan-US collaborations on the high energy density science have played important rolls in the
inertial confinement fusion and the high density plasma physics of both countries in the last decade.
The subjects covered in the collaborations are 1) Fast ignition laser fusion theory and simulation,
2) Impact Ignition laser fusion, 3) Fabrication, injection, and tracking of fast ignition targets, 4)
Heavy ion inertial confinement fusion, 5) Plasma devices for probing warm dense matter, 6) Fast
ignition experiments, and 7) Laser laboratory astro-physics. Several workshops and personal
exchanges have been organized to initiate collaboration works and to start joint experiments and
simulations.

In the theory and simulation for fast ignition, the principal investigators are K.Mima and
H.Nagatomo (ILE, Osaka University) for Japan and Y.Sentoku (University Nevada, Reno),
G.Shvets (University Texas, Austin), R.Sephens (GA), and C.S.Liu (University Maryland, Collage
Park). 4 workshops and one joint workshop with the experimental group were held. The highlights
of the workshops are the developments of integrated code and code validation by experiments. The
Osaka University, NIFS and Setsunan University developed the integrated code, FI3, which
connects three different codes, namely, PIC, Fokker Planck code, and radiation hydro codes. On
the other hand, University Nevada, GA, and LLNL developed a hybrid code named LSP and a
large scale PIC with collision, named PICKLS. Based upon those codes, relativistic electron
generation and transport, and the resulting heating process of imploded plasmas were investigated.
In collaboration with fast ignition experimental group lead by K.Tanaka (Osaka University) and
R.Stephens (GA), the relativistic electron energy spectrum, transport, hydrodynamics and
integrated performance of fast ignition cone target were investigated. One of the highlights of the
experimental group is the joint experiment at ILE, Osaka University with GXII and Peta watt lasers
and at LLE, University Rochester with OMEGA-EP laser on the heating processed, hydrodynamics
diagnostics and integrated performance of cone targets.

As a new ignition scheme, the impact ignition was also studied jointly with NRL group. The
principal investigators are H.Azechi and M.Murakami of ILE, Osaka University and Steve
Obenshain (NRL). This group collaborated on the high velocity acceleration of a foil and
integrated impact heating experiment, theory and simulation. The highlights of this activity are the
demonstration of the acceleration of foil up to 1000km/sec and 100 timed enhancement of neutron
yield by the impact. Those experiments were carried out with NIKE Kr laser and GXII laser. The
result of the neutron enhancement was published in Physical Review Letters.

In the target fabrication, injection, and tracking, the principal investigators are T.Norimatsu (ILE,
Osaka University) and D.Goodin (GA). Two workshops in the US and one workshop in Japan were
held. The objectives of this field were fabrication of fast ignition target and related R&D of low
density foam and injection and tracking of a reactor size target. The foam cryogenic target has been
developed by the collaboration among GA, NIFS, and ILE, Osaka University. The R&D toward the
higher quality target is continuing.

As for the heavy ion beam inertial fusion, The 4 workshops and 3 personal exchanges have been
organized by S.Kawata (Utsunomiya University), M.Ogawa (Tokyo Institute of Technology),
G.Logan (Lawrence Berkley National Lab.), and R.Davidson (Princeton University). The Japanese
research group collaborated with the US Virtual National Laboratory for Heavy lon Fusion for
many years on the HIF target design, HIB driver technology, and physics of beam transport and
injection. A new target design for mitigating RT instability has been proposed.
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Finally, the collaboration on the basic high energy density physics was organized by R.Kodama
(Osaka University), M.Ozaki (Osaka University), R.Smith and M.Key (LLNL). The highlights of
this collaboration are “Development of plasma device related to laser proton acceleration” and
“ Proton probing for laser-driven dynamically compressed matter”. The further collaborations in
this field are expected by using large laser facilities in US (NIF) and in Japan (LFEX).
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Workshop on Theory and Simulation of Fast Ignition Laser Fusion

Category: High Energy Density Science

FY and Number: 2003-FP5-25, 2004-FP5-30, 2005-
JF1-3, 2007-FP5-8
Principal Investigator:
Nagatomo

Affiliation: Institute of Laser Engineering, Osaka
University

Kunioki Mima, Hideo

The goal of the workshops is to realize an integrated
simulation code for fast ignition laser fusion. In the four
workshops, the following 4 topics are discussed. The one is
the numerical modeling of plasma physics related to fast
ignition. The second is code validation by comparing the
results with experimental results. The third is the

integration methodology of a few different simulation codes.

The final subject is application of integrated code to
target design and the analysis of experimental data.

Two workshops were held in US, and two workshops
were in Japan. In those workshops, LLNL (A.Kemp,
R.Town, S.Wilks, S.Hatchett, M.Key, B.Langdon) GA and
Univ. Nevada (Y.Sentoku), GA (R.Stephen), LANL
( R.Mason), UCLA (W.Mori), Ut.Texas, Austin (G.Shvets,
T.Ditmyer),PPPL(NatFisch), Un. Meryland (CS Liu), Univ.
Rochester (J.Myatt, C.Ren) participated from USA.

From Japan, Osaka University (K.Mima, H.Nagatomo,
H.Shiraga, T.Johzaki, K. Tanaka, H.Shiraga, H.Azechi, and
R.Kodama), NIFS (H.Sakagami), Setunan University
(T.Taguchi), Kyushu University (Y.Nakao), and so on
participated.

AS the related subjects, the workshop shed light on the
relativistic laser plasma physics related to fast ignition and
other applications of ultra-intense laser. The workshop
consists of overview the present status of relativistic laser
plasma physics and some special topics. In particular, the
methodology for comprehensive simulation of relativistic
laser plasmas has been investigated. The fast ignition
integrated interconnected code ( FI3) has been developed at
ILE, Osaka University, which includes 4 simulation codes ;
PIC, PIC-fluid hybrid , Fokker Planck, and Radiation
Hydro. The highlights of the discussions were on
electromagnetic  turbulence generated by relativistic
electron beam, radiation recoil effects on the extremely
high intensity laser plasma interactions, the high energy ion
generation, and so on. The dynamics of the Weibel
instability and the following electromagnetic turbulence are
found to play important rolls in the cone shell target fast
ignition. The more theory and simulation discussions will
be continued further in the following workshop. The joint
workshop for the validation of simulation codes, was held
at Ootsu city in Japan, in 2007.

Two examples of achievement in the workshops are
described in the following. The Japanese group proposed
the integrated simulation code called FI’. The structure of
this integrated simulation code is shown in the Fig.1. The
FI3 can describe the over all processes included in the fast
ignition. On the other hand, the US group developed LSP
as a fast ignition integrated code. In the workshop, the
results of these two simulation codes are compared to

48

improve the both simulation code. In the discussion, hot
electron spectrum is one of the most important issue in the
fast ignition research.

Density, temperature, charge state
Radiation Hydro SM.

High ene High energy
Electron Electron
deposition distribution
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Fig. 1. FI3 (Fast Ignition Integraed Interconnecting Code)
Radiation Hydro simulation, particle simulation and
Fokker-Planck simulation are interconnected

0]

250t

dN/E

2

dN/dE

Energy [MeV]
Fig.2 (1) time dependent density profile of plasmas

interacting with pico second heating pulse, (2) electron
energy spectrum for long scale (a) and short scale cases

1) H. Sakagami, ef al., Laser Part. Beams 22, 41(2004); 24,
191 (2006).
2) A.Kemp, Y.Sentku, etal, PRL 101(2008)075004



Basic and integrated studies for fast ignition

Category : High Energy Density Science
Year-Number : 2002-FP5-13,

Name: Kazuo A. Tanaka, Richard Stephens
Affiliation: Osaka University, General Atomics

The fast ignition scheme of inertial fusion energy
consists of various aspects of relativistic laser matter
interactions as well as the feasibility study of the scheme
itself by making use of integral type experiments. We have
conducted the basic and integrated studies for F1. The basic
study includes details of hot electron production with an
ultra-intense laser pulse. The integrated includes a model FI
experiment, which shows an enforced heating of a core with
a PW (Peta watt) ultra-intense laser pulse. The
collaboration has been achieved with Richard Stephens et
al. at General Atomics and Max Tabak et al. at Lawrence
Livermore National Laboratory, U.S.A.
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FIG. 1. The E field is shown of an ultra-intense laser pulse incident into a
54° cone perpendicular to the polarization in the three-dimensional
particle in cell (PIC) simulation. The concentration of the £ field along
the cone axis is clearly shown. 20 times increase is indicated over the
original intensity 4x10'® W/cme. The scale of X and Y directions are
normalized by the laser wavelength 1 pm. The figure is at t=100 fs, while
the ultra-intense laser pulse is 20 fs. The simulation is calculated in
14x9x9 pm box.

A PW laser system has been constructed in the same
laser bay of the GEKKO 12 laser beam system at the
Institute of Laser Engineering, Osaka University. The PW
system has a 50 cm beam diameter and can deliver up to
500 J on-target within 0.5 ps at 1053 nm with a 5 nm
bandwidth. The GEKKO laser system has 12 green beams
whose oscillator takes a part of the PW front-end light. The
synchronization is within 10 ps between the PW and
GEKKO pulses because both systems use the same origin
of light. The GEKKO laser system delivers 2.5 kJ at 532
nm onto a target with random phase plates with a 1.2 ns
quasi-square pulse shape. The two laser systems were used
to conduct a FI model experiment where the PW laser pulse
is injected through a Au cone to heat a compressed core
imploded by the GEKKO laser beams.

A Au cone inserted on a plastic shell is imploded and is
heated to model enforced heating of an imploded high
density core using both GEKKO and PW laser systems. The
gold cone has a 30° opening angle with a 5 pum tip

thickness at 50 pm diameter. The shell is 500 pm in
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diameter with 7-pm-thick wall and its material is CD
(deuterated plastic). A typical laser intensity pattern is
shown in Fig.1 simulated with PIC simulation. The gold
cone appears to increase the laser intensity.

Nine laser beams of the GEKKO irradiate a CD shell for
implosion with 1.2 ns pulse at a 532 nm wavelength width
of a flat top shape at an energy of 2.5 kJ. Random phase
plates are inserted in all the beams. Implosions are also
simulated with a one-dimensional fluid code. The
implosion timing is monitored with an x-ray streak camera
and agrees well with the simulation. At around the
maximum compression, the PW laser of 300 J in 0.6 ps is
injected into the Au cone tip. According to our simulation,
the Au cone tip survives to the maximum compression. The
imploded core is created at about 50 um away from the tip,
which gives a very good coupling of hot electrons to the
core. The compression process is also monitored with an x-
ray framing camera making use of the x-ray backlight of Pt
at 2 keV, which could give an estimation of the core density.
The diameter and the density of the core are 30—50 wm and
50-100 g/em’, respectively. The density is reduced from
fitting the back lighting data with a simulation. The PW
injection is confirmed as a clear x-ray signal with the x-ray
streak camera.

Neutrons of 10* are observed just from implosion
without the PW heating. When the ultra-intense laser pulses
at 0.5 PW are injected into the cones at max compression,
the neutron yield increased to almost 10, In the previous
study of fast heating at a 100 TW laser power, a similar
compressed core was created and was estimated to have a
300 eV plasma temperature. In this experiment the
temperature rise from 300 to 800 eV is also consistent with
the 1000 times neutron increase.

10° .
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FIG.2. Neutron number vs fast heating laser power. The triangles show
the data without fast heating. The squares show the data with fast heating.
The neutron increase is 1000 times with the heating compared to the ones
without it. The fitted curves are the ones with 30% and 15% coupling
efficiencies from the ultra-intense laser to the core heated energy.

1. KA Tanaka et al., PHYSICS OF PLASMAS 10, 1925
(2003)

2. R Kodama et al., Nature, 412, 7989, (2001); R Kodama
et al., ibid. 418,933 (2002).



Japan-US Workshop on Progresses of Impact Ignition

Category: High Energy Density Physics
Year-Number: 2009-FP6-3

Name: M.Murakami, H.Nagatomo, T.Johzaki,
Y.Arikawa, T.Watari, Steve Obenscain
Affiliation: Institute of Laser Engineering, Osaka
University, Naval Research Laboratory

In impact ignition scheme [1], a portion of the fuel
(the impactor) is accelerated to a super-high velocity,
compressed by convergence, and collided with a
precompressed main fuel. This collision generates shock
waves in both the impactor and the main fuel. Since the
density of the impactor is generally much lower than that
of the main fuel, the pressure balance ensures that the
shock-heated temperature of the impactor is significantly
higher than that of the main fuel. Hence, the impactor Here
we report major new results on recent impact ignition
research: (1) A maximum velocity ~ 1000 km/s has been
achieved under the operation of NIKE KrF laser at Naval
Research Laboratory (laser wavelength = 0.25um) in the
use of a planar target made of plastic and (2) We have
performed two-dimensional simulation for burn and
ignition to show the feasibility of the impact ignition.
Impact ignition, as well as the other designs such as hot-
electron-driven fast ignition [2] and shock ignition, reduces
driver energy requirement by heating a portion of DT fuel
in terms of an additional heating mechanism. The
significant advantage for these approach is to separate the
compression from the heating. This report describes
experiments that, for the first time, reach target velocities
in the range of 700 — 1000 km/s. The highly accelerated
planar foils of deuterated polystyrene, some with bromine
doping, are made to collide with a witness foil to produce
extreme shock pressures and result in heating of matter to
thermonuclear temperatures. Target acceleration and
collision are diagnosed using large field of view
monochromatic x-ray imaging with backlighting as well as
bremsstrahlung self-emission. The impact conditions are
diagnosed using DD fusion neutron yield, with over 106
neutrons produced during the collision. Time-of-flight
neutron detectors are used to measure the ion temperature
upon impact, which reaches 2 — 3 keV. The experiments
are performed on the Nike facility, reconfigured
specifically for high intensity operation. The short
wavelength and high illumination uniformity of Nike KrF
laser uniquely enable access to this new parameter regime.
Intensities of (0.4 — 1.2) x 10"> W/cm?® and pulse durations
of 0.4 — 2 ns were utilized. Modeling of the target
acceleration, collision, and neutron production is
preformed using the two-dimensional radiation
hydrodynamics code with a non-LTE radiation model.
Moreover, detailed analytical model addresses the
feasibility of even higher velocities. (see Fig.1)
Our hydrodynamic simulation shown in Fig. 2
demonstrates [3] that ignition occurs when an impactor
with a velocity of 1750 km/s and a density of 50 g/cm’
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collides with the main fuel with a density of 400 g/cm’.
Here, the implosion and acceleration processes are
neglected. The impactor in a bullet-shape initially has
spatial extensions of 60 and 70 um in the perpendicular and
the parallel directions with respect to the collision axis,
respectively. The main fuel has a concave shape to tamp
the impactor, as is observed in an implosion with a cone.
The impactor energy is only about E; ~ 10 kJ, whereas the
main fuel has a much higher energy than this. However, if
the energy of the main fuel is reduced so that it is one to
two times the impactor energy, i.e., E;, ~ 10-20 kJ, and if a
typical coupling efficiency of . ~ 10 % from the laser to
the internal energy of the fuel assembly is assumed, we
estimate that the laser energy for ignition will be Ep =
(Ei+Em)/Me ~ 200-300 kJ. This energy is much lower than
that required for central hot spot ignition and is comparable
to that required for conventional fast ignition. The primary
challenges are thus to generate such high velocities while
maintaining target integrity and to achieve such high
impactor densities. Throughout this study, unless stated
otherwise, we define the time origin as the time of
maximum compression of the main fuel.
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Fig. 1. X-ray image of impact collision (left) and
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Fig. 2. Snapshots of density and temperature
distributions obtained from the two-dimensional
simulation. At t = 110 ps, ignition and burn can be
observed with temperatures > 30 keV.

1) Murakami, M. and Nagatomo, H., Nucl. Inst. & Meth.
Phys. Res. A544 (2005) 67.

2) Azechi. H., et al., Nucl. Fusion 49 (2009) 104024.

3) Azechi, H., et al., Phys. Rev. Lett. 102 (2009)235002.



Plasma Devices for Probing Laser-Driven High Pressure Condensed Matter

Category: High Energy Density Science
Year-Number: 2006-FP5-26, 2007-FP6-17,

Name: R. Kodama and N. Ozaki, Raymond Smith,
Mike KEY

Affiliation: Graduate School of Engineering, Osaka
University, Lawrence Livermore National Laboratory

Plasma Device developments; Relativistic plasma
shutter for intense proton generation

The development of ultrashort, high-power lasers has

. » 22 2 [1]
produced record pulse intensities up to 10~ W/cm".
However, as the peak intensity increases the required
contrast ratio between: (i) a temporal pedestal caused by the
ASE; (ii) prepulses, caused by the residual aberrations of
the spectral phase, and the main pulse needs to be
proportionally improved to allow for pre-plasma free
interaction with solid targets. The use of high contrast,
prepulse free pulses for interaction of ultrahigh intensity
lasers with solids is of primary importance for a number of
high field experiments such as high harmonic generation
and proton acceleration. Specifically, experimental data and
particle-in-cell simulations suggest the maximum proton
energy increases, in some cases, dramatically, as the target
thickness is reduced for sufficiently high laser intensity and
contrast.'”!

A relativistic, transmissive plasma shutter (Fig. 1) was
tested in order to improve the sub-100 ps contrast of a high-
intensity laser pulse and allow a clean interaction with
ultrathin targets. The relativistic plasma shutter was a thin
foil placed in front of the main target so that the leading
edge of the laser pulse fully ionizes the foil. In order for the
plasma shutter to be effective, the ablated foil must expand
such that the peak electron density #n, is greater than the
nonrelativistic critical density and less than the relativistic
critical density. This plasma will transmit the high-intensity
peak pulse while rejecting the low intensity pedestal
resulting in an increase in temporal contrast. Here, the
improved contrast was confirmed by measuring high-energy
protons at three different angles from the target rear with
and without a plasma shutter inserted. The result was the
production of 1.8 MeV protons from a shuttered 30 nm
target, while no protons were detected for a 30 nm
standalone target. The relativistic plasma shutter technique
is simple to implement and scalable as the laser power is
increased.

Incident Pulse Clean Pulse Fig. 1: Schematic
Peak pulse Peak pulse of the relativistic

\ 4 x 1020 Wicm?2
plasma shutter for
ultra intense laser

ASE Cuntrasl 101 F’edestal
Contrast 10% pulses.
~30ps 30 nm relativistic shutter 30 nm target
= Sns =
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Proton probing for laser-driven dynamically compressed
matter

Motivated by the IFE research, the development of
pulsed power facilitie has allowed the emergence of a new
field, High Energy Density laboratory Physics.” Among
the techniques commonly used for generation of HED
matter states, shock compression has been very successful
either on the principal Hugoniot or on off-Hugoniot states.
However current standard visible diagnostics cannot access
parameters as important as density. In crucial contexts, this
uncertainty prevents reaching the high precision required to
discriminate between theoretical models. Moreover, the
development of new high energy laser facilities, such as
NIF or LMJ, will allow us to study very high pressures,
over 10 TPa, where the validity of optical diagnostics must
still be verified. This is the reason why significant efforts
have recently been carried on in order to develop new
diagnostics able to penetrate compressed matter, permitting
the investigation of its microscopic properties. A novel
approach employs energetic protons as radiographic source
for density characterization of warm dense plasmas.
Protons have a greater ability to penetrate thick materials,
giving a higher signal to noise ratio and they can provide
views from multiple angles.

Nano-second pulse laser beams were used to

launch a shock wave into a main target and hence create a
warm dense shocked state. The shock was then transmitted
into a sliver of low-density carbon foam. The proton beam
was generated in the interaction of a pico-second pulse
laser beam with a gold foil. The detector was placed at a
distance from the main target on the transverse axis, giving
a projection magnification of > 10. The detector consisted
on a film pack containing radiochromic dosimetry films.
Each film accounts for a different proton energy in the
range 3.5-15 MeV. Protons of different energies have a
different time of flight from the source to the shock target
and so changes occurring on time scales corresponding to
the variation in TOF can be detected. The possibility to use
this technique as in situ diagnostic of warm dense states
was for the first time demonstrated. High quality
radiography of shock compressed targets have been

- . l obtained (Fig. 2).
um - ' .,..,
Fig. 2: Whole RCF set for a
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1) S. W. Bahk et al., Opt. Lett. 29, 2837 (2004).

2) S. S. Bulanov et al., Med. Phys. 35, 1770 (2008).

3) Frontiers in high energy density physics, N.R.Concil,
The National Academy Press (2003).

iy



Fabrication, Injection and Tracking of Fast Ignition Targets

Category : High Energy Density Science

Year-Number : 2001-FP5-37, 2004-FP5-8,

Name: Takayoshi Norimatsu, D. Goodin*

Affiliation: Institute of Laser Engineering, Osaka
University, * General Atomics, USA

The Japan-US workshops on Fabrication, injection,
and tracking of fast ignition target were held at General
Atomics USA in 2001, ILE, Osaka university in 2004 and
GA in 2007, respectively. Followings are highlights from
2001 and 2004 workshops, which were reported elsewhere
[1].

Fabrication of low-density foam and drilling of fragile
foam shell are current issues in the fabrication of fast
ignition target with reentrant cone. Fuel loading to the
targets is a challenging issue in the mass-production
process of the targets for a fusion power plant. Two fuel-
loading methods are proposed for the fast ignition target
with the cone. Preliminary experiments of injection and
tracking of real size targets have started showing promising
results.

An important approach is to control the fuel shape by
wicking it into a supporting foam structure. Conceptually
the separation of layer shape from the ambient isotherms
allows considerable freedom in target design. Practically,
there are still difficulties. First among them attaining a
foam density that won’t invalidate the experiments.
Calculations (see Fig. 1(a)) show that in a full scale reactor
a target using 30 mg/cc foam could have some gain, and
would have excellent performance when its density is
below ~10mg/cc. Such a foam shell is not feasible yet,
but neither is ignition our initial goal. Foam method is the
primary candidate to produce the hollow solid DT layer in
the FI target with the cone. Basic elemental technologies
to make both targets already exist. Future reactor size
targets might be fabricated by improving existing
technologies but demonstration is necessary using actual
material and size. The thermal cavitation technique or
feeder pipe method (Fig. 1(b)) can be applied for a future
mass-production process of the FI target with cone.
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Fig. 1 The gain curve of fast ignition target with foam (a)
and the way of fuel loading by a tube (b).
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In both the cone target and cone-less target approaches to
fast ignition target design, fusion fuel must be compressed
“cold” (along a low isentrope curve) to a high density
exceeding >1000 times solid density before the compressed
fuel core is heated to >10 keV with a fast ignitor beam.
The techniques being demonstrated for fabrication and
handling of direct drive targets will be directly applicable to
cone-less fast ignition targets.

The OMEGA Cryogenic Target Handling System
(CTHS) provides cryogenic targets for direct-drive
implosion experiments on the OMEGA laser at the
University of Rochester Laboratory for Laser Energetics.
The OMEGA direct drive targets are 0.9 mm in diameter
with a 3-um-thick outer plastic ablator and an inner ice
layer that ranges from 80 to 100 um thick.

The inner-ice-surface nonuniformities are characterized
using a shadowgraphic technique as shown in Fig. 2. The
parallel rays from a light source are refracted at the plastic
shell and reflected by total internal reflection from the inner
ice surface, thus forming a virtual bright ring. The bright
ring in the recorded image is unrolled using the center of
the shadow of the plastic shell as a reference point,
providing a graph with the distance of the inner ice surface
from the center of the shell as a function of angle. The
difference in the measured distance of the ice surface from
a perfect circle is then decomposed into cosine modes,
resulting in a nonuniformity spectrum of the inner ice
surface. These measurements provide a 2-D representation
of the inner-ice-surface nonuniformity along one circular
cut through the sphere. It is possible to fully map a 3-D
nonuniformity spectrum by rotating the target and acquiring
2-D power spectra for different slices through the ice.
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Fig. 2 Quality of solid Dr layer for corn-less fast ignition
target at Rochester University

[1] T. Norimatsu et al., Fusion Sci. Technol., 49 p483
(2006)



Robust fusion energy release from a fuel pellet in heavy-ion inertial confinement fusion

Category: High Energy Density Science

Year-Number: 2000-FP5-1, 2001-FP5-19, 2004-FP5-
17, 2005-FP5-1, 2006-FP5-10, 2007-FP6-3, 2008-
FP6-1

Name: 'S. Kawata, 'M. Ogawa, K. Horioka, Y.
Oguri, “M. Murakami, K. Takayama, “H.
Yoneda, °G. Logan, J. Barnard, > "R. Davidson
Affiliation: “Utsunomiya Univ., 'Tokyo Inst.
Tech., “Osaka Univ., "KEK, *4Toky0 University of
Electro Communications, ~HIF-VNL, Lawrence
Berkeley National Lab., *Princeton University

In our collaborations with collaborators in the U.S.
Virtual National Lab. for Heavy lon Fusion, we have
studied for many years on heavy-ion-beam (HIB)
accelerators, HIB propagation, HIB-target interaction and
HIF fuel target implosion study, including new approaches
to warm dense matter physics (WDMP), Rayleigh-Taylor
instability growth control, etc.[1-3] HIB has unique features
for inertial fusion: 1) A precise control of HIB, including
HIB pulse shape, particle energy, HIB axis control, ion
species, etc. 2) HIB energy deposition is well defined
precisely by a well-known physics inside matter. The HIB
energy is deposited inside matter, and this feature can be
utilized for WDMP. The HIB energy deposition area is
rather wide and thick inside a matter. 3) HIB generation
energy efficiency is rather high, that is, about 30~40% from
electricity to HIB energy.

Nonuniformity of HIB illumination is one of key
issues in the HIB inertial confinement fusion (ICF):
implosion symmetry should be less than a few percent in
order to compress a fuel sufficiently and release fusion
energy effectively. In this collaboration a new HIB
illumination scheme (see Fig. 1) was persued in order to
realize a robust illumination scheme against a displacement
of a direct-driven fuel pellet in an ICF reactor. It is known
that the HIB illumination nonuniformity is sensitive to a
little pellet displacement from a reactor chamber center; a
pellet displacement of only 50-100 um [1] was tolerable in
the conventional beam illumination schemes. In this work
by three-dimensional computer simulations a new robust
HIB illumination scheme was found, in which a 200-
300 pum displacement is allowed as shown in Fig. 2.

A new mitigation method of the Rayleigh-Taylor
(R-T) instability growth was also studied in order to make a
HIF target robust against a non-uniform implosion. In this
study a new mitigation method of the R-T instability growth
is proposed based on an oscillating perturbed acceleration,
which can be realized by a rotating or oscillating HIB
illumination onto a fuel pellet. The R-T instability analyses
and fluid simulations demonstrate that the oscillating
acceleration reduces the R-T instability growth significantly.
In this paper a baseline steady acceleration g, is
perturbed by a perturbed oscillating acceleration dg, which
is spatially non-uniform and oscillates in time (g, >>0dg).
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An example result shows 84% reduction of the R-T
instability growth (see Fig. 3).

Forward focal p osition

Fig. 1. The relationship between a beam emittance
and the divergence angle. The HIB illumination is
precisely computed.
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Fig. 2. The rms nonuniformity versus the pellet

displacement dz in a reactor chamber for the beam
radius of 3.4 mm and 4.6 mm, a pellet of the Al layer
structure, the external pellet radius of 4.0 mm and the
32 HIBs system. A0 = 2 degree.
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Fig. 3 The Rayleigh-Taylor (R-T) instability control
example results under the oscillating acceleration. The
R-T instability growth is controlled and reduced
significantly by the oscillating acceleration
perturbation, induced by the HIB axis wobbling.

1) T. Someya et al., Phys. Rev. ST-AB 7 (2004) 044701.

2) S.Kawata et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A, 606 (2009) 152.

3) K. Horioka et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A, 606 (2009) 1.






CHAPTER 4 Joint Institute for Fusion Theory (JIFT)

4.1 Objectives

The distinctive objectives of the JIFT program are (1) to advance the theoretical understanding of
plasmas, with special emphasis on stability, equilibrium, heating, and transport in magnetic fusion
systems; and (2) to develop fundamental theoretical and computational tools and concepts for
understanding nonlinear plasma phenomena. These objectives are pursued through collaborations
between U.S. and Japanese scientists by means of two types of exchange program activities —
namely, workshops and exchange visitors.

4.2 Activities

Each year the JIFT program usually consists of four topical workshops (two in each country) and
six exchange scientists (three from each country). So far, during its 28 years of successful
operation, JIFT has sponsored 166 long-term visits by exchange scientists and 102 topical
workshops.

*  The workshops typically have an attendance of 15-30 participants, of whom usually three
to seven scientists (depending on the particular workshop) travel to the workshop from the
non-host country. Scientists from countries other than the U.S. and Japan are also often
invited to participate in JIFT workshops, either as observers or multi-laterals.

*  Of the approximately three exchange visitors in each direction every year, one—called the
“JIFT Visiting Professor”—is supported by the host country, while the others—called
“Exchange Scientists”—are supported by the sending country. The visits of the Exchange
Scientists usually last from several weeks to two or three months in duration, whereas the
Visiting Professors normally stay for the period of three months.

Participants at the JIFT Workshop on Advanced Simulation Methods in
Plasmas (December 2009, National Institute for Fusion Science).
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The topics and also the participating scientists for the JIFT exchange visits and workshops are
selected so as to have a balanced representation of critical issues in magnetic fusion research,
including both fundamental problems as well as questions of near-term significance, and also to
take into account the specific capabilities and interests of both countries. The Japanese and US
members of the JIFT Steering Committee agree together on the appropriateness of proposed
topics before recommending them.

Participants at the JIFT Workshop on Theory and Simulation on Ultra-Intense
Laser Plasmas (November 2008, University of Texas at Austin).

The category of JIFT exchange activities called Joint Computational Projects program was
instituted in 1985 to take advantage of the dedicated data link between the MFE Computer
Center at LLNL (now called NERSC and located at LBNL) and the computer center of the
Institute of Plasma Physics in Nagoya. In the early days of the US-Japan fusion collaboration,
this JIFT data link was about the only of its kind, allowing data sets to be transferred back and
forth and even allowing remote usage of computational facilities in one country by physicists in
the other. However, the regular Internet now provides a sufficiently fast communication tool for
scientists who wish to access their institution's computers remotely and exchange data through
low- and medium-bandwidth lines. After discussions between the US and Japanese JIFT partners,
it was decided at the annual meeting of the JIFT Steering Committee held at Dallas (Nov. 19,
2008) to terminate the Joint Computational Projects category of JIFT exchange activities at the
end of Japanese Fiscal Year 2008 in accordance with the expiration of the Annex II document on
a Data Link and Data link projects for fusion. The JIFT Steering Committee wrote a 30-page
report about the history and achievements of the Data Link and the Joint Computational Projects
(http://peaches.ph.utexas.edu/ifs/jift/references.html).

Information about the JIFT program, including annual schedules of exchange activities, can be
found on the US JIFT web site at http://peaches.ph.utexas.edu/ifs/jift/ on the US side. A
corresponding Japanese JIFT web site at http://www-nsrp.nifs.ac.jp/JIFT/ was set up in 2008,
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with information such as previous JIFT annual reports and JIFT meetings in Japan.

4.3 Administration

JIFT has a Steering Committee consisting of eight members, four from each country. Two of
these members are the Japanese and US co-chairmen. Two other members of the Steering
Committee, the US and Japanese co-executive secretaries, are responsible for the ongoing daily
oversight of the progress of JIFT activities. The co-chairman and co-executive secretary on the
US side are, respectively, the director and associate director of the Institute for Fusion Studies
(IFS) of The University of Texas at Austin. The Japanese co-chairman is the executive director
of the Numerical Simulation Research Project at the National Institute for Fusion Science, and
the Japanese co-executive secretary is the director of the Fusion Theory and Simulation Research
Division in the Department of Helical Plasma Research at the National Institute for Fusion
Science. Furthermore, on the Japanese side there is an Advisory Committee comprised of several
members representing a spectrum of Japanese universities and the Japan Atomic Energy Agency;
and on the US side there is an Advisory Committee comprised of several members representing
a spectrum of US universities and national laboratories.

The JIFT Steering Committee attempts to schedule workshops in such a way as to dovetail with
other meetings. It also encourages participation at workshops by interested experimentalists and
invites relevant available scientists from other countries to attend workshops.

As the principal program for fundamental theoretical exchanges in the US-Japan Fusion
Research Collaboration, JIFT operates alongside the Fusion Physics Planning Committee
(FPPC) and the Fusion Technology Planning Committee (FTPC). In particular, the JIFT
activities are coordinated with the four FPPC areas of activity, viz., core plasma phenomena,
edge behavior and control, heating and current drive, and new approaches and diagnostics.

Participants at the JIFT Steering Committee Meeting (November 2004)
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4.4 Accomplishments and Highlights

A number of general benefits have resulted over the years from the JIFT program. In particular, the
following may be cited: JIFT has provided efficient communication channels for the latest
theoretical research results, techniques, and directions; JIFT activities have attracted serious
participation from allied fields such as fluid turbulence, statistical physics, computational science,
and space plasma physics, which brings new scientific tools into the fusion program and enhances
the stature of fusion physics; JIFT exchanges have contributed to efficient utilization of
international research facilities; and, JIFT emphasis on large-scale computational studies has
reaped significant mutual benefits from the supercomputer resources and code-building expertise
of both countries.

Through JIFT, close and long-lasting scientific connections have been established between the U.S.
and Japanese fusion theory communities. Not only have senior scientists profited from these
collaborations, but also young scientists—and even, on occasion, advanced graduate students—
have had many opportunities to enhance their research careers. Some of highlights of achievements
are shown hereafter.

JIFT activities have led to the publication of numerous scientific papers, as well as review articles
and books. JIFT research has also been featured in a number of invited talks at major international
meetings (e.g., the biennial IAEA Fusion Energy Conference.) A list of JIFT-related publications is
attached.
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Simulation Studies of Alfvén eigenmodes

Category : Joint Institute for Fusion Theory
Year-Number : 2000-JF1-9, 2004-JF1-12, 2006-JF1-4
Name: Y. Todo, D. A. Spong*, H. L. Berk**, B. N.
Breizman**

Affiliation: National Institute for Fusion Science (NIFS),
*Qak Ridge National Laboratory (ORNL), **Institute for
Fusion Studies, University of Texas at Austin (IFS)

Toroidal Alfvén eigenmode (TAE) bursts and nonlinear
MHD effects on the TAE evolution were studied while Y.
Todo visited IFS in the years 2000 and 2005. The TAE
bursts are phenomena where multiple TAE’s are
recurrently destabilized by the neutral beam injection. The
behaviors of the multiple TAE’s are synchronized and the
fast ion losses take place associated with the TAE
destabilization. The TAE bursts are observed in many
toroidal magnetic confinement devices. The first numerical
demonstration of TAE bursts was performed with
parameters similar to a TFTR experiment and many of the
experimental characteristics were reproduced”. These
include: (a) the synchronization of multiple TAE’s taking
place at time intervals fairly close to the experimental
value; (b) the modulation depth of the drop in the stored
beam energy that closely matches the experimental value;
(c) the stored beam energy saturating at about one-half to
one-third of that predicted for a classical slowing down
distribution. Figure 1 shows the time evolution of the
dominant two modes (2 and 5) and the density of the co-
injected beam ions. To understand the beam ion loss
mechanism, we studied surface of section plots where only
one eigenmode is taken into account and the amplitude of
the eigenmode is at a constant value. It was found particle
loss is due to: (1) the resonance overlap of different
eigenmodes; (2) the disappearance of KAM surfaces in
phase space due to overlap of multiple nonlinear islands
created by a single eigenmode. The synchronization of the
multiple TAE’s takes place due to the resonance overlap.

However, the saturation amplitude was 6B/B~10? which
is higher by one order of magnitude than the value inferred
from the experimental plasma displacement measurements.
Then, we investigated the nonlinear MHD effects
comparing two types of simulations. In the standard
simulation, the full nonlinear dynamics of both the MHD
fluid and the energetic particles is simulated. In the other
version of the simulation, only linear MHD equations are
used while the nonlinear particle dynamics is retained. In
the results of the two codes?, no significant difference was
found for low saturation levels, 0B/B~107. In contrast,
when the TAE saturation level predicted by the linear code
is 6B/B~107, the saturation amplitude in the fully nonlinear
simulation was reduced by a factor of 2 due to the
generation of zonal (n=0) and higher-n modes. This
reduction is attributed to the increased dissipation arising
from the non-linearly generated modes. The fully nonlinear
simulations also show that geodesic acoustic mode is
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excited by the MHD nonlinearity after the TAE mode
saturation.

D. A. Spong studied Alfvén eigenmodes in several
stellarator configurations including LHD during his visit to
NIFS in the year 2007. The shear Alfvén spectrum in three-
dimensional configurations, such as stellarators and rippled
tokamaks, is more densely populated due to the larger
number of mode couplings caused by the variation in the
magnetic field in the toroidal dimension. A new algorithm
based on the Jacobi-Davidson method was developed and
applied for a reduced MHD model®”. This technique
focuses on finding a subset of eigenmodes clustered about a
specified input frequency. A three-dimensional structure
for a TAE mode in LHD is shown in Fig. 2.
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Fig.1. Time evolution of the dominant two modes and the
co-injected beam ion density at various minor radius.

Fig.2. Three-dimensional eigenmode structure for a TAE
mode in LHD?.

1) Y. Todo, H. L. Berk, and B. N. Breizman, Phys. Plasmas
10, 2888 (2003).

2)Y. Todo, H. L. Berk, and B. N. Breizman, to appear in
Nucl. Fusion 50 (2010).

3)D. A. Spong, E. D’Azevedo, and Y. Todo, Phys.
Plasmas 17, 022106 (2010).



Gyrokinetic simulation of drift wave turbulence in magnetically-confined plasmas

Category : Fusion Physics/ Theory

Year-Number : 2002- JFl 10, 2008-JF1-12

Name: T.-H. Watanabe, "W. Horton

Affiliation: National Institute for  Fusion
Science, Jnstitute for Fusion Studies, University of
Texas at Austin (USA)

The present research collaboration started since Dr.
Watanabe stayed at Institute for Fusion Studies (IFS),
University of Texas at Austin, in November 2002 as a
visiting researcher supported by the US JIFT program.
Then, the collaboration studies have been continued in
various ways. In 2008, Prof. W. Horton (IFS) visited
National Institute for Fusion Science (NIFS), and stayed
three months. During this opportunity, we could effectively
conduct research collaborations on simulation of drift wave
turbulence in magnetized plasmas. Here, we report two
major results obtained under the JIFT program.

i) Research collaborations using GKV code

Gyrokinetic simulation code, GKV, which solves the
gyrokinetic equation as a nonlinear partial differential
equation in the five-dimensional phase space, has been
developed at NIFS, with the aim of analyzing the drift wave
turbulence in magnetically-confined toroidal plasmas. By
means of GKV code, we have intensively investigated the
ion temperature gradient (ITG) driven turbulent transport
and zonal flows in a tokamak and the Large Helical Device
(LHD).

Since numerical simulations dealing with the five-
dimensional phase space demand huge amount of computer
resources, their successes largely rely on realization of
efficient computing on massively-parallel supercomputers.
We revised GKV and MEGA codes (the latter is developed
by Prof. Todo at NIFS for analysis of high-energy particle
confinement) so as to be executed on Franklin at NERSC
and Ranger at University of Texas, and compared their
performances with those of supercomputers available at
Japanese sites [1]. The both codes newly installed in
Franklin and Ranger show good scalability over 10,000
processor cores (see Fig.1).

i) Simulation of electron temperature gradient turbulence

The electron temperature gradient (ETG) turbulence
has been considered as one of possible causes for the
anomalous electron heat transport in magnetized plasmas.
Prof. Horton and his collaborators have investigated the
ETG turbulence by means of the two-dimensional fluid
simulations. In Japan, Mr. Nakata, the Graduate University
of Advanced Studies (Sokendai), has carried out
gyrokinetic simulations of the slab ETG turbulence.
Utilizing the opportunity of the Prof. Horton’s stay at NIFS,
we conducted the research collaborations on the ETG
turbulent transport [2].

Color contours for fluctuations of the electrostatic
potential and the electron temperature are shown in Fig.2. It
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is found that a coherent vortex structure (right) with a low
transport level is spontaneously formed after the ETG
turbulence (left).

The present research collaboration has recently been

extended for the ETG turbulence and zonal flows in a
tokamak and a linear magnetic confinement device.
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Fig. 1. Computational performance of GKV code on
several massively-parallel supercomputers.

Horizontal axis is normalized by the computation
speed measured by using the NEC SX-7/160M5
system (after Ref. [1]).
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1) T.-H. Watanabe, Y. Todo, and W. Horotn, Plasma
Fusion Res. 3, (2008) 061.

2) M. Nakata, T.-H. Watanabe, H. Sugama, and W.
Horton, Phys. Plasmas 17, 042306 (2010).



JIFT Workshops on Theoretical Analyses in Helical Plasmas

Category: JIFT
Year/Number: 2004-JF1-01
Names: D. Monticello (PPPL), N. Nakajima (NIFS)

Dr. Monticello and Dr. Nakajima organized a series of
two workshops on theoretical physics issues in 3D toroidal
magnetic confinement systems.

1. First workshop (Princeton, 2002)

A workshop entitled “Theoretical Consideration on
Helical Plasmas” organized by Dr. Nakajima (NIFS) and
Dr. Monticello (PPPL) was held in Princeton on November
18-21, 2002. Sixteen talks were presented. The talks
focused mostly on stellarator experiments that were
operating at the time of the conference (LHD, Heliotron-J,
W7-AS, and HSX) and on proposed experiments such as
QPS, W7-X, and NCSX. A synopsis of all the talks was
prepared by Nakajima and Monticello and published in the
May 2003 edition of Stellarator News [1]. The talks were
posted on the workshop website [2]. Several results from
this workshop are shown in Figs. 1-3 here.

2. Second workshop (Kyoto, 2005)

A follow-on workshop, entitled “Progress of
theoretical analyses in three dimensional configurations,”
with the same two organizers, was held in Kyoto on
January 25-27, 2005. There were five participants from the
US and seventeen from Japan. The US representatives were
A. Boozer (Columbia), C. Hegna (Wisconsin), L.
Sugiyama (MIT), A. Ware (Montana), and D. Monticello
(PPPL). The talks covered a wide range of stellarator
physics, including equilibrium, MHD stability, kinetic
stability, pellet ablation, and edge physics. Probably most
interesting were the details of theoretical analyses of the
experiments on the Large Helical Device (NIFS) that
attained plasma beta of 4.2%. A report on the workshop,
with a synopsis by the US participants, was presented to
the US stellarator physics community on February 10, 2005,
as part of the National Stellarator Theory seminar series.
The talks were posted on the workshop website [3]. This
information was also announced in Stellarator News.

A pellet is deformed by nonuniform heat flux on the
mllet surface.

(Prossure]

Equator

NG\

¥\ W\

Fig. 1. Pellet deformed by non-uniform heat flux [from a
talk by R. Ishizaki, R. Nakajima, and P. B. Parks)]
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Fig. 2. NCSX divertor model with field line traces [from
talk by A. Grossman et al.)]

land Control

Fig. 3. Local Island Divertor (LID) using m/n = 1/1
[from talk by R. Kanno]

[1] http://www.ornl.gov/sci/fed/stelnews.

[2] http://www.pppl.gov/ncsx/Scientificconf/JIFT/JIFT.html

[3] http://www.center.iae.kyoto-
u.ac.jp/kondok/meetings/jift/presentations.html




Micro-Instability Analysis of Toroidal Confinement Devices

Category: JIFT

Year/Number: 2004-JF1-04

Names: G. Rewoldt (PPPL), H. Shirai (JAEA), N.
Nakajima (NIFS)

Dr. Rewoldt has been involved in three general areas
of work for the Joint Institute for Fusion Theory program.
He made many trips to Japan under its auspices. These
areas of research were:

(1) Ideal MHD equilibrium and stability analysis of
stellarator/heliotron devices, in particular Heliotron-E,
using the STEP code, a modified version of the PEST code,
which implements the so-called stellarator expansion. This
work was done in collaboration with J.L. Johnson (PPPL),
M. Wakatani and Y. Nakamura (Kyoto University Plasma
Physics Laboratory), and others, over the period from 1985
to 1991.

(2) Linear and quasi-linear gyro-kinetic micro-
instability analysis of the JT-60U tokamak using the FULL
code, in collaboration with K.W. Hill, W.M. Tang, and
others (PPPL) and H. Shirai, Y. Kishimoto, and many
others (JAERI). This work involved calculations of linear
growth rates and real frequencies and ratios of quasi-linear
fluxes, using realistic experimental density and temperature
profiles and MHD equilibria, over the period from 1999 to
2005.

(3) Linear gyrokinetic micro-instability analysis of the
LHD stellarator using the FULL code, in collaboration with
L.-P. Ku and W.M. Tang (PPPL), W.A. Cooper (CRPP-
EPFL), and H. Sugama, N. Nakajima, K.Y. Watanabe, S.
Murakami, H. Yamada, and many others (NIFS), over the
period from 2000 to 2003. In these calculations, modes
such as trapped-electron modes and ion temperature
gradient modes can be unstable, with contributions from
both toroidal curvature and helical curvature to resonances
of both toroidally trapped and helically trapped electrons.

Numerous publications resulted from these joint
collaborations. Selected papers are listed below [1-5].

[1] R. Nazikian, K. Shinohara, G.J. Kramer, E. Valeo, K.
Hill, T.S. Hahm, G. Rewoldt, S. Ide, Y. Koide, Y.
Oyama, H. Shirai, W. Tang, ‘“Measurement of
Turbulence Decorrelation during Transport Barrier
Formation in a High Temperature Fusion Plasma,”
Phys. Rev. Lett. 94, 135002 (2005).

[2] H. Takenaga, S. Higashijima, N. Oyama, L.G. Bruskin,
Y. Koide, S. Ide, H. Shirai, Y. Sakamoto, T. Suzuki,
K.W. Hill, G. Rewoldt, G.J. Kramer, R. Nazikian, T.
Takizuka, T. Fujita, A. Sakasai, Y. Kamada, H. Kubo,
and JT-60 Team, “Relationship between particle and
heat transport in JT-60U plasmas with internal
transport barrier,” Nuclear Fusion 43, 1235-1245
(2003).

[3] G. Rewoldt, L.-P. Ku, W. M. Tang, H. Sugama, N.
Nakajima, K. Y. Watanabe, S. Murakami, H. Yamada,
and W. A. Cooper, “Microinstability Studies for the
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Large Helical Device,” Nuclear Fusion 42, 1047-1054
(2002).
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Fig. 1. Quasilinear particle flux I' and energy flux
Q as functions of the electron temperature gradient
parameter, compared to experimental values. [from
Ref. 3]

[4] G. Rewoldt, L.-P. Ku, W.M. Tang, H. Sugama, N.
Nakajima, K. Y. Watanabe, S. Murakami, and H.
Yamada, “Drift Mode Calculations for the Large
Helical Device,” Phys. Plasmas 7, 4942-4947 (2000).

[5] Y. Sakamoto, T. Suzuki, S. Ide, Y. Koide, H.
Takenaga, Y. Kamada, T. Fujita, T. Fukuda, T.
Takizuka, H. Shirai, N. Oyama, Y. Miura, K.W. Hill,
G. Rewoldt, and JT-60 Team. “Properties of Internal
Transport Barrier Formation in JT-60U,” presented at
19th IAEA Fusion Energy Conference 2002; Nucl.
Fusion 44, 876-882 (2004).



Effect of Resistive Wall on External Kink Modes

Category: JIFT
Year/Number: 2004-JF1-06
Names: M.S. Chu (GA), K. Ichiguchi (NIFS)

Dr. Chu from General Atomics spent three months at
NIFS as the JIFT Visiting Professor (September 1-—
November 31, 2004). During this time, he performed
research in collaboration with Dr. K. Ichiguchi concerning
the possibility of resistive wall modes in 3D magnetic
confinement configurations.

The external kink mode is one of the most serious
instabilities that affect plasma confinement. Its growth rate
is usually fast, outside the range of feasibility for plasma
control. The external kink mode can be stabilized by the
presence of a nearby perfect conducting wall. When the
resistivity of the wall is taken into account, the external
kink mode is changed into the resistive wall mode (RWM).
Its growth rate then reduces to the inverse of the flux
diffusion time through the resistive wall. The RWM with
its slower growth rate can be stabilized either by plasma
rotation or magnetic feedback. In configurations without
toroidal symmetry, plasma rotation is relatively small and
not expected to stabilize the RWM. Therefore, magnetic
feedback must be relied upon to stabilize the RWM in non-
axisymmetric configurations. As preparation for the design
for feedback control of the RWM, the growth rate of the
RWM in these configurations was investigated.

A method was formulated for the systematic
computation of the growth rate of the RWM in weakly
unstable 3D configurations by using results from ideal
stability codes. It was shown that the growth rate of the
RWM is given, approximately, by the rate at which the
available free energy for the ideal external kink mode (with
the wall at infinity) can be dissipated by the resistive wall.
By relying on the concepts of energy and dissipation, the
method is readily connected with other MHD codes and
provides an independent and useful method of studying the
physics of RWM.

This formulation was demonstrated by coupling to the
ideal MHD code KSTEP to study the stability of the RWM
in LHD plasmas. It is found that in terms of plasma current,
a very limited range of the plasma equilibria can have its
external kink mode affected by the presence of the resistive
wall, i.e., the plasma quickly transits from being stable with
respect to the external kink mode to being unstable even
when the wall is upon on the plasma. Nevertheless, it was
demonstrated that the proposed method can be used to
evaluate the growth rate of the RWM in any 3D
configurations readily. The growth rate in the advanced
stellarators can also be calculated by employing full 3D
codes such as CAS3D and TERPSICHORE instead of the
KSTEP code.
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[1] M. S. Chu and K. Ichiguchi, “Effect of the resistive
wall on the growth rate of weakly unstable external
kink mode in general 3D configuration,” Nucl. Fusion
45, 804 (2005).



Particle acceleration and parallel electric field in collisionless shock waves

Category : JIFT

Year-Number : 2004-JF1-14, 2009- JF-3,
Name: Y. Ohsawa, W. Mori*, J. Van Dam**,
W. Horton**

Affiliation: Nagoya University, *UCLA, **IFS

With the JIFT personnel exchange program, I visited
The University of California at Los Angeles (UCLA) and
Institute for Fusion Studies (IFS), The University of Texas
at Austin, in 2004 and the IFS in 2009. With plasma
physicists at these institutions 1 discussed particle
acceleration, nonlinear wave structure, and simulation
methods. I was happy that I was able to collaborate with
outstanding American plasma physicists, such as W. Mori,
J. Leboeuf, V. Decyk, W. Horton, C. Chiu, J. Van Dam,
and H. Berk. In particular, the electric field parallel to the
magnetic field, £}, in nonlinear magnetosonic waves was
one of the main topics we worked on together [1].

In the ideal MHD, the parallel electric field £ is zero,
and it was generally thought that E| is quite weak in low-
frequency phenomena in high-temperature plasmas. We
have found out, however, that it can be strong in
magnetosonic shock waves [2,3]. Our theory and relativistic,
electromagnetic, particle simulations show that the
magnitude of the parallel pseudo potential F, which is the
integral of E| along the magnetic field B, in a small-
amplitude (e<<1) magnetosonic wave is eF~e[" T, in a high
beta plasma, where I, is the specific heat ratio of electrons,
and is eF~e’mvs® in a low beta plasma. For large-
amplitude waves with &~O(1) (shock waves), it is
eF~e(m;va*+ T T.), which is valid for both high and low
beta cases. Figure 1 compares the theory and simulation
results for the case of shock waves [2]. Furthermore, this
work has been extended to electron-positron-ion (e-p-i)
plasmas; positrons act to decrease the magnitude of F, and
in a pure electron-positron plasma it becomes zero [3]. This
explains the simulation result that the positron acceleration
along the magnetic field in e-p-i plasmas becomes weak as
the positron density decreases [4].

The parallel electric field plays an essential role in
the acceleration of electrons [5] and of positrons [4] in
shock waves, while it was ignored in the theory of the
incessant acceleration of relativistic ions [6]. Having
obtained the above quantitative theory for E;, we have
revisited the effect of £) on these acceleration mechanisms
with use of particle simulations and two types of test
particle calculations: In one method we have used the total
electric field in the relativistic equation of motion for test
particles, while in the other method we have used the
electric field perpendicular to B.

This study [1] indicates that without E, electron
reflection near the end of the main pulse of a shock wave,
which triggers electron acceleration and trapping, does not
occur, and thus the acceleration mechanism reported in Ref.
[5] does not operate (see Fig. 2). The positron acceleration
in an e-p-i plasma discussed in Ref. [4] is nearly along the

64

magnetic field. If £} =0, therefore, this type of acceleration
cannot take place either. The effect of | on relativistic ions
becomes small as the particle energy goes up; thus, the
theoretical treatment ignoring E| [6] is justified.
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Fig. 1 Parallel pseudo potential ' versus shock amplitude.
The closed circles and triangles show F while the open ones
represent electric potential formed in shock waves [2].
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Fig. 2 Phase spaces (X, y) of test electrons. The upper and
lower panels, respectively, show test electrons calculated
with total and perpendicular electric fields. There are many
ultrarelativistic (y>100) electrons in the upper panel [1].

1) S. Takahashi, H. Kawai, Y. Ohsawa, S. Usami, C. Chiu,
and W. Horton, Phys. Plasmas 16, 112308 (2009).

2) S. Takahashi and Y. Ohsawa, Phys. Plasmas 14, 112305
(2007).

3) S. Takahashi, M. Sato, and Y. Ohsawa, Phys. Plasmas 15,
082309 (2008).

4) H. Hasegawa and Y. Ohsawa, Phys. Plasmas 12, 012312
(2005); H. Hasegawa, K. Kato, and Y. Ohsawa, ibid. 12,
082306 (2005).

5) N. Bessho and Y. Ohsawa, Phys. Plasmas 6, 3076
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Analysis of Axisymmetric Equilibria with Flows in Non-Ideal Fluid Models

Category: JIFT

Year/Number: 2005-JF1-05

Names: A. Ito (NIFS), N. Nakajima (NIFS), J.J.
Ramos (MIT)

Dr. Ramos visited NIFS in the summer of 2005 and
carried out theoretical studies in collaboration with Dr. Ito
and Prof. Nakajima to investigate properties of
axisymmetric plasma equilibria with mass flows, within the
framework of several non-ideal fluid models.

1. Ellipticity of Axisymmetry Equilibria with Flow and
Pressure Anisotropy

The first part of the work was based on a Hall-MHD
model with cold ions, zero-mass electrons and finite
electron pressure anisotropy [1]. This model included a
closure consistent with dynamical evolution equations for
the parallel heat fluxes and yielded a homogeneous plasma
dispersion relation identical to the one derived from kinetic
theory. The ellipticity criteria for the partial differential
equations of axisymmetric single-fluid and Hall
magnetohydrodynamic (MHD) equilibria with flow and
pressure anisotropy are investigated. In the limit of
vanishing ion skin depth, it reduces to a single-fluid model
with anisotropic pressure, which predicts mirror and
firechose instability thresholds in agreement with kinetic
theory. In the single-fluid description of plasmas,
axisymmetric toroidal equilibria with flow are obtained by
solving the so-called generalized Grad-Shafranov (GS)
equation and the Bernoulli law. In the absence of poloidal
flow, the equilibrium is elliptic if the kinetic stability
conditions for the firechose and mirror modes are satisfied.
Conditions for ellipticity of the axisymmetric toroidal
equilibria with flows were derived and shown to be related
to the velocities of waves in the kinetic-consistent
dispersion relation. These conditions are different from
those for the double-adiabatic Chew-Goldberger-Low
model. For anisotropic Hall MHD, a set of anisotropic-
pressure equilibrium equations has been derived. It consists
of the coupled GS equations for the magnetic flux and the
ion stream function and the Bernoulli law for ions. Unlike
the isotropic case, in the presence of pressure anisotropy,
the characteristic determinants for each GS equation are
coupled and cannot be examined their ellipticity separately.
One can find the conditions for ellipticity of such systems
involving higher order derivatives by examining the
existence of wave type solutions, a method also applicable
to second order differential equations. If we consider a
wave propagating in one-dimensional space and time and
having discontinuity across the wave front, ellipticity of the
coupled GS equations requires the non-existence of real
values of the velocity of the wave front. A sufficient
condition for ellipticity was obtained that corresponds to a
poloidal flow velocity slightly smaller than the sound
velocity.
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2. High-Beta Axisymmetric Equilibria with Flow

The second part of the work was devoted to reduced-
MHD models with high-beta and large-aspect-ratio
orderings [2]. In improved confinement modes of
magnetically confined plasmas where high-beta is achieved,
equilibrium flows play important roles like the suppression
of instability and turbulent transport. At the sharp boundary
of a well-confined region, the scale lengths characteristic of
microscopic  effects not included in single-fluid
magnetohydrodynamics (MHD) cannot be neglected. Small
scale effects on flowing equilibria due to the Hall current
have been studied with two-fluid or Hall MHD models.
However, these models are consistent with kinetic theory
only for cold ions [1]. In order to include the hot ion effects
that are relevant to fusion plasmas, an extension of the
model is necessary. A consistent treatment of hot ions in a
two-fluid framework must include the ion gyroviscosity
and other finite Larmor radius (FLR) effects. A two-fluid
equilibrium system including Hall and finite ion Larmor
radius effects was derived for flows comparable to the
poloidal  Alfven velocity, showing that the ion
gyroviscosity produces a shift of the Alfven singularity. A
single-fluid system was derived for flows comparable to
the poloidal sound velocity, a case that requires keeping
higher-order terms in the aspect ratio expansion before the
singular velocity points can be shown. Since the
formulation of higher-order equations is involved, here we
restricted our analysis of the poloidal-sonic flow to the
single-fluid case, planning to extend our present results
with the inclusion of two-fluid, hot ion effects in future
work. The singularity at a poloidal flow velocity equal to
the poloidal sound velocity was recovered in the higher
order equations. The orderings in this study provide the
simplest models that include ion FLR effects on toroidal
equilibria with flow. As such, they should be just
considered as convenient working hypotheses that allow
our analytic study of such effects. The resulting equations
can be easily solved numerically to yield flowing equilibria
without singularity and their solutions can be used as initial
states or for comparison with saturated states of reduced
model nonlinear simulations.

[1] A. Ito, J.J. Ramos and N. Nakajima, “Ellipticity of
axisymmetric equilibria with flow and pressure
anisotropy in single-fluid and Hall
magnetohydrodynamics,” Phys. Plasmas 14, 062502
(2007).

A. Tto, JJ. Ramos and N. Nakajima, “High-Beta
Axisymmetric Equilibria with Flow in Reduced
Single-Fluid and Two-Fluid Models,” Plasma Fusion
Res. 3, 034 (2008).

(2]



Study of ballooning instability of LHD by high-accuracy numerical simulation

Category : JIFT

Year-Number : 2005-JF1-11,2009-JF-4,

Name: Hideaki Miura, *S. Mahajan, *W. Horton
Affiliation: National Institute for Fusion Science,
*Institute for Fusion Studies (U.S.A.)

We have been studying the pressure-driven instability
of the Large Helical Device (LHD) of National Institute for
Fusion Science, Japan, by means of numerical simulations
of MHD / extended MHD. The pressure-driven instabilities
of LHD were considered to be saturated due to the
nonlinear pressure flattening mechanism of MHD. However,
the understanding was base on simulations of the reduced
MHD equations with the averaging method, in which roles
of high toroidal wavenumber unstable modes and other
three-dimensional natures were omitted.

In order to understand contributions of these factors,
we developed a numerical code for fully three-dimensional
compressible MHD equations, MHD In the Non-
Orthogonal System (MINOS). Simulations with the
MINOS code have revealed that there can be at least three
mechanisms to suppress the pressure-driven instability: the
pressure flattening, the compressibility effect which works
to reduce the growth rates of the unstable modes, and the
parallel flow generation which releases the free energy into
the direction parallel to the magnetic field lines."” In the
JIFT-JF1-11 program, we investigated these suppression
mechanisms. By the most recent numerical simulations, we
have shown that the parallel heat conduction can be much
more significant to suppress the high wave number
ballooning modes than the three mechanisms in the above.”
(In Fig.1, the isosurfaces of the pressure which are distorted
by the ballooning modes are shown with the LHD CAD
image. See Ref.3.)

Recently, we have started studies on the Large Eddy
Simulation (LES) of the MHD / extended MHD system in
order to enable two requirements which contradict to each
other: taking the two-fluid effects into our simulation and
shortening a computational time. In the LES approach,
physical variables are filtered by an appropriate low-pass
filter so that we can solve the coarse-grained equations with
small computational costs. However, we have to develop
models of many nonlinear couplings for the purpose,
especially associated with many two-fluid effects.
Furthermore, we may need to take the effects of the
particle-field interactions into the simulation for the
purpose of numerical experiments. Because o these reasons,
there are many subjects to be solved for the purpose of
numerical experiments with the LES approach. Some of
these subjects are studied with the help of the JIFT program
(2009-JF-4). (See Fig.2.) Some of preliminary efforts have
been reported in Refs. 4) and 5).
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Fig.1: Isosurface of the pressure in the MHD simulation
of LHD. The flute-like structures represent growth of the
ballooning-modes.

Fig.2: Test particle simulations with a vortex.

1) H. Miura et al, Fusion Sci. & Tech. Vol.51 (2007) 8-
19.

2) H. Miura et al. AIP Conference Proceedings Vol.871
(2007) pp.157-168

3) H. Miura and N. Nakajima, to appear in Nuclear
Fusion (2010).

4) H. Miura and N. Nakajima, submitted to 23 TAEA
FEC (Oct. 2010, Dajeon, Korea)

5) W. Horton, C. Correa, H. Miura, B. Rodenborn, Bull.
2009 APS April Meeting Vol.54 .



Energy Conversion in Magnetic Reconnection with Chaos Diffusion

Category : Fusion Physics/ Theory
Year-Number : 2006-JF1-12

Name: H. Ohtani, W.Horton”, T.Petrosky ",
R.Horiuchi
Affiliation: National Institute for  Fusion

Science, ’Institute for Fusion Studies, University of
Texas at Austin, 'Center for Complex Quantum
Systems, University of Texas at Austin

The present research collaboration started since
Dr. Petrosky (Center for Complex Quantum Systems,
University of Texas at Austin) stayed at National
Institute for Fusion Science (NIFS), from October
2005 to January 2006 as a visiting professor. Then,
the collaboration studies have been continued in
various ways. In 2007, H. Ohtani (NIFS) visited
Institute for Fusion Studies (IFS), University of Texas
at Austin, and stayed two months supported by the
JIFT program. In this stay, Prof. W. Horton (IFS)
joined in the collaboration studies. During this
opportunity, we could effectively conduct research
collaborations on  simulation of  magnetic
reconnection. Here, we report one major result
obtained under the JIFT program.

Role of meandering particles in break of frozen-in
condition.

The three-dimensional particle simulation code
for magnetic reconnection in an open system,
PASMO, has been developed at NIFS. By using
PASMO code, we have intensively investigated the
dynamics and plasma instabilities in collisionless
driven reconnection.

The plasma inflow and magnetic flux go from
the upstream toward the center region because of the
driving electric field imposed at the upstream
boundary. The driving field penetrates into the current
sheet owing to particle kinetic effects, and triggers
magnetic reconnection when it reaches the center.

In the ion dissipation region around the central
reconnection point at which collisionless reconnection
sets under the influence of driving flow, the frozen-in
condition is broken by the pressure tensor term
1 0y,
an dy
density, Ily, is pressure tensor. Pressure tensor term
originates from the stochastic thermal motion called
meandering in the vicinity of reconnection point. We
examined the relationship between the meandering
motion and the pressure tensor based on a simple
model (Ref.(1)). In the approximations of the model,

(Fig.1), where ¢ is charge, n is number
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(i) the average orbit amplitude of the meandering
motion is determined from the location and the local
ion Larmor radii, (ii) the magnetic field changes
linearly, (iii) the size of the dissipation region is
equal to the meandering amplitude, and (iv) the
pressure tensor is given under a type of semi-cold
plasma approximation. Under the model, the pressure
tensor term is written as

1 oMy, 1 mnE;Bjve, (BEy?-

an 0y an  (B2y2+B2)’
where m is mass, By is a constant parameter of linear
change of By;. Figure 1 shows spatial profiles of
terms of the force balance equation

E,+ (UuxB), = %{2+ (u-V)}uZ

ot
+ %> (2)

L2 (e
gn\ 0Jx dy

and analytic solution (Eq.(1)). u is flow velocity. The
tendency of the solution (orange line) is in agreement

. 1 011
with the pressure tensor term Ea_;z (a sky blue

line) of the simulation result. This result supports that
the meandering motion plays an important role in
collisionless reconnection.
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Fig. 1. Spatial profiles of terms of the force balance

equation (Eq.(2)) for ion and analytic solution

1 0y,
(Eq.(1) of ==X
reconnection point. Red, green, blue, magenta, sky
blue and orange lines show E,, —(uxB),,

1 0My, 1 0y, . . .
m(uV)u,/q, Xz —_—Y% in the simulation result,

an an dy
. . 10
and analytic solution of P

along y direction through the

gn ox’
My, ,
By respectively.

1) H.Ohtani, W.Horton, T.Petrosky and R.Horiuchi:
J. Plasma Fusion Res. SERIES, Vol.8, (2009),
pp-203-207.



Plasma rotation effects on resistive wall mode stability and magnetic island formation by error fields

Category: Joint Institute for Fusion Theory
Year-Number: 2006-JF1-11, 2007-JF1-5, 2008-JF1-6
Name: Masaru Furukawa", Linjin Zheng?”
Affiliation: " Grad. Sch. Frontier Sci., Univ. Tokyo,
? Inst. Fusion Studies (IFS), Univ. Texas at Austin

High-beta and long-pulse discharges of tokamak
plasmas have introduced serious problems of disruption
and confinement degradation due to relatively slow MHD
phenomena such as resistive wall mode (RWM) and
neoclassical tearing mode (NTM). These are important
issues not only as the nuclear fusion development, but also
as physics problems. It was shown experimentally that the
RWM can be stabilized if the plasma is rotating toroidally
and that the critical rotation speed for the stabilization is
closely related to externally given error fields. In addition,
this error field penetrates and can be amplified in the
plasma, which generates magnetic islands at the rational
surface. Thus the error field is also closely related to NTM.
Therefore, these problems cannot be divided into elements.
The motivation of our study is therefore to develop
theoretical models and analysis methods on the RWM
stability and the generation of magnetic islands due to the
error fields under the presence of plasma rotation, and to
verify the models by numerical simulations.

We have studied the effect of plasma rotation on the
penetration of error fields into the plasma by low-beta
reduced MHD simulation in a cylindrical configuration."
The plasma rotation and the error field at the plasma edge
are kept unchanged, and we observed stationary states after
transient dynamics. If the equilibrium rotation changes
slowly, the plasma may follow a sequence of the quasi-
stationary states obtained in the simulation. Figure 1 shows
the magnitude of the penetrated magnetic flux |y, (7;)|
versus the rotation speed vy at the rational surface. We see
that |y, (75)| or the island width begins to decrease rapidly
as vy, 1s increased above some critical value, and that the
critical value is lower for smaller resistivity m. This is
because two current sheets, generated at the Alfvén
resonances which are at both sides of the rational surface in
the presence of plasma rotation, have enough shielding
effect on the penetration of error field if the current sheets
do not overlap the rational surface when the rotation speed
is fast enough. This situation occurs at lower rotation speed
for smaller n. We also calculated the electromagnetic
torque generated by the penetrated error fields, which
brakes the plasma rotation. In the range of fast rotation, the
torque is proportional to vg, and does not depend on .

It is difficult actually to apply the conventional
asymptotic matching method to the situation where the
current sheet splits fully into two sheets. In order to resolve
this, in addition to some practical difficulties inherent in the
asymptotic matching method, we have developed a new
matching technique”. Our new technique is a direct
matching using the inner layer with a finite width. In the
matched asymptotic expansion, on the contrary, the inner
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layer has an infinitely thin width. Advantages are: i) it is
applicable to reversed magnetic shear configuration with its
minimum safety factor being a rational number, ii) high
accuracy can be obtained because of the avoidance of
numerical treatment of singularity, iii) it can be formulated
easily as an initial-value problem and so on. Our technique
has been applied to well-known results of single and
double tearing, internal kink and interchange modes in a
cylindrical geometry, and the results have shown its good
performance.

We have also discovered a new instability, “current-
interchange tearing mode”, in the presence of resistivity
gradient”. Figure 2 shows the mode structure. We see that
Wy 1s finite at the rational surface r=0.5, i.e., magnetic
islands are generated.
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Fig.1. Magnetic flux of the penetrated error field [y, (7))
versus the rotation velocity at the rational surface.
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JIFT Workshop on Gyrokinetic Simulation of Plasma Transport

Category: JIFT
Year/Number: 2007-JF1-1
Names: T. S. Hahm (PPPL), H. Sugama (NIFS)

This workshop was held at the High Temperature

Plasma Center, Kashiwa Campus, The University of Tokyo,

September 24 and 25, 2007.

The workshop consisted of 4 sessions: (I) Recent
Progress in Gyrokinetic Simulation, (II) Theory and
Experiments on Momentum Transport, (III) Theory and
Simulation of Electric Fields and Flows, and (IV) Multi-
Scale Physics, New Fluid Simulation.

In addition, there was a special lecture entitled
“Plasma Waves and Instabilities in Shear Flow—A Frontier
of Functional Analysis beyond von Neumann’s Theorem.”
Talks were presented by 11 scientists from Japan, 2 from
US, and 2 from EU. Recent results from theoretical and
simulation studies about plasma transport based on
gyrokinetic and gyrofluid models were reported.
Comparative studies of theoretical modeling and
experimental results of toroidal momentum transport in
tokamaks and helical systems were made. Also, topics such
as zonal flows, geodesic acoustic modes, and multi-scale
interactions in ion temperature gradient (ITG) turbulence
were discussed.

Several papers that were subsequently published
acknowledged simulating scientific exchanges during this
workshop. One such paper [1] presented a refined
formulation of the gyrokinetic equations for plasmas with
large flow shears caused by an equilibrium electric field.
Through the choice of a more suitable equilibrium drift
velocity for the reference frame of a charge particle, the
accuracy of the gyrokinetic equations can be significantly
improved. Another paper [2] showed the derivation of an
energy conserving set consisting of the fully
electromagnetic nonlinear gyrokinetic Vlasov equation and
Maxwell’s equations, where this set of equations is
applicable both to L-mode turbulence with large amplitude

and to H-mode turbulence in the present of large ExB shear.

A third paper [3] described how plasma parameter scans—
such as the plasma current, neutral beam heating power,
and electron density—had been used to obtain properties of
the toroidal momentum diffusivity and the convection
velocity in H-mode plasmas in the JT-69U experimental
facility.

[1] G. Kawamura and A. Fukuyama, “Refinement of the
gyrokinetic equations for edge plasmas with large flow
shear,” Phys. Plasmas 15, 042304 (2008).

[2] T.S. Hahm, Lu Wang, and J. Madsen, “Fully
electromagnetic nonlinear gyrokinetic equations for
tokamak edge turbulence,” Phys. Plasmas 16, 022305
(2009).
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Fig. 1. Time evolution of the particle energy as calculated
with a refined version of the gyrokinetic equations for
large flow shear, compared to the previous analysis of
Qin [from Ref. 1]
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Fig. 2. Comparison of the pinch velocity from modulation
experiments in JT-60U with that calculated from two
theories [from Ref. 3]

[3] M. Yoshida, Y. Kamada, H. Takenaga, et al.,
“Characteristics of momentum transport in JT-60U H-
mode plasmas,” Nucl. Fusion 49, 115028 (2009).



Relativistic Fast Electron Transport in Fast Ignition Targets

Category : Joint Institute for Fusion Theory
Year-Number : 2007-JF1-10

Name: T. Johzaki, Y. Sentoku*

Affiliation: Institute of Laser Engineering, Osaka
University, *University of Nevada, Reno

In Fast ignition using cone-guide targets, the core
heating is done by the energy transport of fast electrons
generated at the cone inner surface. In Fast Ignition
Realization Experiments phase-I (FIREX-I), the heating
laser energy is 10kJ and it will be 100kJ in the fusion
reactor. When using such a high energy heating lasers, the
bulk electron temperature in the cone tip becomes higher
than 10keV due to laser irradiation and fast electron heating,
and Au atoms reach highly-ionized state. In such a situation,
the fast electron generation and its transport will be affected
by the collisional processes in cone tip. So we have
estimated the dependence of core heating properties on the
cone tip material on the basis of coupled 1D simulations;
collisional/ionization particle-in-cell (PIC) simulations for
intense-laser plasma interactions and Fokker-Planck (FP)
simulations for fast electron transport and core heating.

The fast electron profiles obtained from the PIC
simulations for Au and CH cone tips are shown in Fig.1. It
is found that a high-Z Au has disadvantages as a cone
material in the long-duration and high-intensity laser case.
The atoms rapidly reach highly-ionized states. In particular,
the ions around the interaction region reach nearly full-
ionization within a few hundreds fs. Because of the density
profile steepening and the resistive damping of return
current after reaching highly-ionized state, the conversion
efficiency of laser to hot electrons decreases. In addition,
the electron beam quality deteriorates due to the collisional
and resistive drags and the scattering by the ions even for
10um propagation in the Au cone tip. As a possible way to
improve the energy coupling and to reduce the collisional
effects, we propose to use a low-Z material (CH) as a cone
tip material. The resistive damping of return current is weak
for the CH case and the energetic electrons are
continuously supplied into the LPI region. Thus the high
beam intensity is kept even after the density steepening
occurs. In addition, the scattering of fast electron beam is
almost negligible. Therefore, twice higher energy coupling
of laser to fast electron is obtained.

Using the fast electron profiles obtained from the PIC
simulations, the core heating properties were evaluated with
the FP simulations, where the cone tip thickness is 10um
(20um) for Au cone (CH cone). The temporal evolution of
core temperature is shown in Fig.2, and the core heating
properties are summarized in Table I. Compared to the Au
cone case, the energy coupling of the heating laser to the
fast electron is twice higher in the CH cone. Though the
propagation length is twice longer in the CH case, the
energy ratio of the deposition in the cone to the beam
source is comparable between the CH and Au cases. The
energy ratio of the deposition in the core to the beam source
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is also comparable. Thus, the increases in electron and ion
temperatures in the core (4<7.> and A<T;>) are twice
larger in the CH cone case because of larger conversion
efficiency from laser to hot electrons.
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Fig.1. Comparison of observed fast electron profiles
between Au and CH cone tips. (a) Beam intensity, (b)
energy spectrum and (c) angular spread (full width at half
maximum of angular distribution). In both cases the
ionization is considered.
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Fig.2. Temporal evolution of averaged electron (red) and
jon (blue) temperatures in the core region (p > 1 g/em’).
The solid lines stand for the CH cone case, the dashed lines
for the Au cone case..

Table I. Comparison of core heating properties

Au cone CH cone
Source energy [MJ/cm’] 7.34 15.26
Egep in cone* [MJ/cm’] 0.78 1.53
Ejgep in core* [MJ/cm?] 1.62 3.57
A<T> [keV] 0.057 0.13
A<T> [keV] 0.055 0.11

*Edep is deposited energy of fast electrons



Simulation Study of the ICRF Minority Heating
in the Quasi Helically Symmetric Plasma

Category : JIFT

Year-Number : 2008-JF1-7

Name: S. Murakami, K. Likin*, J. Talmadge*
Affiliation: Dpt. of Nuclear Eng., Kyoto Univ.
*HSX Plasma Laboratory, Univ. of Wisconsin

In HSX plasma the ECH experiments have been
performed and a clear improvement of the electron
temperature in the quasi-helically symmetric (QHS)
configuration is observed because of the reduction of
the neoclassical transport. Also the trapped particle
orbit is improved in the QHS configuration. How-
ever, when the energy of particle increases the orbit
of the trapped ion becomes complex due to the fi-
nite ripple field and finite orbit effect; e.g. the ion
orbit of 10keV shows a stochastic trajectory. On
the other hand ICRF heating is considered as an
additional heating method in HSX to heat both of
electrons and ions. Thus the detail analysis of the
ICRF heating efficiency is necessary to set up the
ICRF heating system.

We study the ICRF minority heating in the QHS
configuration of HSX applying GNET code[1]. The
efficiency is evaluated assuming the heating power
of 100kW. We consider the ICRF sustained plasma
and the plasma parameters are as follows: the elec-
tron and ion temperature: T.g = T;9 = 200eV, the
plasma density: n.o = 2 x 10"°m—2, and magnetic
field strength: By = 2.0T.

First we run the GNET with a relatively large
RF wave electric field (about 2.5kV/m) and heating
efficiencies are evaluated after a short time changing
the resonance magnetic field strength. It is found
that the obtained heating efficiency show an opti-
mum when B,..s/By ~ 1.02. We apply the effective
confinement region and results are shown in Fig. 1.
We can also see an optimum point in B,..s space in
both confinement region cases (r.sf/a = 0.66 and
0.8).

Next we study the ICRF heating in HSX run-
ning the full simulation assuming the optimum B;.¢;.
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Figure 2 shows the evaluated minority ion distribu-
tion in the velocity space at the three r/a points;
r/a = 0.1 — 0.25 (left), r/a = 0.5 (center) and
r/a = 0.75 (right). Large tail formation is observed
in the resonance surface region and Up to 40keV
energetic ions are obtained. Lost ion distribution
shows broad profile in the pitch angle space com-
pared with that of the LHD. This indicates that the
loss mechanism is different from that of LHD, where
the transition between the trapped and passing par-
ticles plays important role.

Radial profiles of the power absorption shows a
strong peak near the resonance layer but the ener-
getic ion pressure and the heating deposition show
broader profile due to the finite orbit effect. This
also indicates the existence of a large radial diffu-
sion due to the finite orbit effect.

As a results we obtain the following heating ef-
ficiency, n,; P ~ 58kW n = 0.47 and P ~ 97kW,
n = 0.34. Also we found that the neutral den-
sity changes the heating efficiency about 10% and
more detail simulation should be done to evaluate
the heating efficiency correctly.
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Fig. 1: Heating efficiencies assuming the effective
confinement minor radius in the HSX.

[1] S. Murakami, et al., Nucl. Fusion 46, S425
(2006).
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Fig. 2: Minority ion distribution in the velocity space in the HSX at the three minor radius points;
r/a=0.1—-0.25 (left), r/a = 0.5 (center) and r/a = 0.75 (right).
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Simulation study of neoclassical transport in non-axisymmetric plasmas using the 5/ method

Category : JIFT

Year-Number : 2008-JF1-8

Name: Shinsuke Satake, Weixing Wang*
Affiliation: National Institute for Fusion Science,
Princeton Plasma Physics Laboratory*

Neoclassical transport theory describes the ir-
reducible level of particle and heat transport in torus
plasma and constitutes the basis of transport analysis in
fusion devices. Compared with that in axisymmetric
tokamaks, neoclassical transport in non-axisymmetric
configuration as LHD in NIFS is more complicated owing
to these two effects as follows; the one is the enhancement
of radial drift of the particles which are trapped in local
magnetic ripples, and the other is the effect of the radial
electric field. Different from the tokamak cases in which the
neoclassical particle flux is intrinsic ambipolar, the radial
drift of ripple-trapped particles is strongly affected by the
ExB rotation, and the radial electric field develops
spontaneously so that ion radial particle flux balances that
of electrons. This ambipolar electric field condition has
multiple roots in some cases, depending on the magnetic
configuration and profiles of plasma density and
temperature. The neoclassical transport level largely
changes according to which ambipolar root is realized in
plasma.

In order to solve neoclassical transport in non-
axisymmetric plasmas with high accuracy, it is required to
calculate the guiding-center motion with precise magnetic
field description in magnetic coordinates, to introduce a
Coulomb collision operator which satisfies its conservation
low, to consider the radial electric field profile which
satisfies the ambipolar condition, and so on. Satake has
developed a simulation code FORTEC-3D" which solves
neoclassical transport and evolution of radial electric field
for non-axisymmetric configuration. To improve the
numerical schemes in the code and to promote neoclassical
transport analysis using FORTEC-3D in other devices than
LHD, Satake visited Dr. Weixing Wang in PPPL, who had
developed the original §f method, from Oct. 22 to Dec.

22,2008.

When Satake applied for the JIFT program, the non-
axisymmetric plasma confinement device NCSX was under
construction in PPPL. Therefore, one of the main subject
was the application of FORTEC-3D code to NCSX
magnetic configurations. However, the NSCX project was
suspended just before the visit. Then at the beginning of
visit, Satake discussed with Dr. Wang about the numerical
scheme of the §f method. FORTEC-3D is a global

transport code which solves the drift-kinetic equation in the
whole plasma confinement region at once. And it includes
the higher-order terms of the finite-orbit-width effect,
which stems from the radial excursion of guiding-center
orbits. However, to compare with conventional local
analyses of neoclassical transport or to evaluate the electron
neoclassical transport coefficients in which the finite-orbit-
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width effect is unimportant, it is profitable to make a
numerical way of solving the drift-kinetic equation using
the §f method in the zero-orbit-width limit. Satake had

found the accumulation of numerical error in simulation
marker energy when the numerical scheme of zero-orbit-
width limit calculation, which Dr. Wang had demonstrated
in tokamak cases, was applied to non-axisymmetric
configurations. They discussed about how to improve the
numerical scheme, and the result of the study was finally
presented at the JPS meeting® 2009.

While visiting PPPL, Satake had a proposal of applying
FORTEC-3D to calculate neoclassical toroidal viscosity
(NTV) of NSTX, a spherical tokamak device in PPPL. At
that time, ELM control experiments in some tokamaks
including NSTX by means of external non-axisymmetric
magnetic field perturbation had attracted attention.
However, it was concerned that the neoclassical viscosity
that arises from the break of symmetry might affect the
MHD stability such as resistive wall mode, and a
quantitatively reliable method to calculate NTV in weakly-
perturbed tokamaks had been required. Then, Satake began
discussion and collaboration with Drs. W. Wang, A.
Boozer, J.-K. Park and S. Sabbagh, and a new numerical
formulation to calculate NTV directly from FORTEC-3D
code had developed. This research has continued since then,
and preliminary benchmark result was presented at the
ISHW 2009 workshop held in PPPLY. The collaborative
research activity of NTV simulation with PPPL researchers
is still going on. Visiting PPPL as a JIFT program was
really a good opportunity to start a new collaboration.

NTV dep. on dB (E =0}, N=1e7, 1=1.07;

0.0001 —_—
dB1/5(N=267) ——
dB=1/2

1e-05

1e-06

NTV (m,n)=(7,3) [Norm. by dB Ry dPidr]

02 03 04 05 06 07 08 098 1
ra

Fig.1 : An example of NTV calculation on tokamak with small
perturbation magnetic field. On the q=7/3 surface where the
perturbation field resonates with background magnetic field,
peaking of NTV is found. And the magnitude of NTV is found to
be proportional to the square of the magnitude of field

perturbation, OB>.

1) S. Satake et al, Plasma Fusion Res. 3, S1062 (2008).

2) S. Satake et al, oral presentation at the 64" annual
meeting of the Physical Society of Japan, Mar. 27", 2009.
3) W. Zhu et al, Phys. Rev. Lett. 96, 225002 (2006)

4) S. Satake et al, “Calculation of Neoclassical Toroidal
Viscosity in Tokamaks with Broken Toroidal Symmetry”,
ISHW2009 , PPPL Oct. 13, P02-21.



Reduced Nonlinear Dynamics for Turbulent Transport
In Toroidal Confinement Devices

Category: JIFT

Year/Number: 2008-JF1-12

Names: W. Horton (IFS Texas), H. Sugama (NIFS),
T.-H. Watanabe (NIFS)

In about 2000, we became interested in new techniques
to analyze ion temperature gradient (ITG) driven
turbulence. For the infinite chain of linked fluid transport
equations, we wanted to find a fluid closure that would
reproduce the most important aspects of the full gyrokinetic
equations. In the 1990s, we had completed a series of
studies of fluid turbulence theory and simulations for the
resistive-g mode and the Hasegawa—Wakatani drift wave
model. Our fluid simulations showed that nonlinear
interactions in the unstable spectrum produced sheared
azimuthal ExB flows and an oscillation in the parallel
thermal flux. The question was how to find an accurate
ITG gyrofluid model.

We wanted a new closure procedure with parallel heat
fluxes that would give accurate nonlinear energy

conservation laws and correct entropy production functions.

Using the wunstable Vlasov-Poisson ion temperature
gradient (ITG) modes, we searched for closures that
reproduced the unstable and stable spectra. This implied
preserving the time-reversal symmetry of the collisionless
kinetic equation. After studying the closure of Mattor and
Parker (1997), we eventually found a closure that preserves
time reversibility and whose unstable-stable spectrum
agrees fairly well with that from the plasma dispersion
function of the exact kinetic equation. The key point is that
the new non-dissipative collisionless closure method
enabled the very accurate calculations of the parallel
thermal flux driven by temperature fluctuations that are
required.

Our result [1] led to a series of simulations and
derivations of reduced gyrofluid equations [2]. The most
recent concerned zonal flows driven by turbulence [3],
simulated with the GKV code.

The GKV code of Sugama and Watanabe is now
widely used for turbulence simulations. It solves for the
fluctuation distribution function directly on high-resolution
parallel velocity grids, which allows accurate tracking of
the phase and amplitude of higher order parallel velocity
moments. Comparison with the Hammett-Perkins closure
showed that the GKV solutions reproduce the radial
turbulent thermal flux more accurately.

During Horton’s three-month visit to NIFS in 2007 as
the JIFT Visiting Professor, the GKV code was
benchmarked on several large-scale parallel computers,
including Ranger at the University of Texas and Blue Gene
at ORNL. The code showed good linear scaling with the
number of processors.

This joint work is continuing. The new closure models
are now being used in the pseudo-spectral simulations with
ion-temperature-gradient and electron-temperature-gradient
turbulence gyrofluid models.
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Fig. 1. Time evolution of the zonal flow potential,
comparing kinetic and fluid results, as functions of (a)
time and (b) wave number. [from Ref. 3]

[1] H. Sugama, T.-H.Watanabe, and W. Horton,
“Collisionless kinetic-fluid closure and its application
to the three-mode ITG system,” Phys. Plasmas 8, 2617
(2001).

[2] H. Sugama, T.-H.Watanabe, and W. Horton,
“Comparison between kinetic and fluid simulations of
slab ITG driven turbulence,” Phys. Plasmas 10, 726
(2003).

[3] H. Sugama, T.-H.Watanabe, and W. Horton,
“Collisionless kinetic-fluid model of zonal flows in
toroidal plasma,” Phys. Plasmas 14, 022502 (2007).



Anisotropic Pressure Diffusion in the HINT Code

Category: JIFT
Year/Number: 2009-JF-9
Names: S. Hudson (PPPL), N. Nakajima (NIFS)

Dr. Hudson from PPPL spent three months at NIFS as
the JIFT Visiting Professor (summer 2009). During this
time, he performed research in collaboration with Dr. N.
Nakajima concerning how to realistically and efficiently
compute MHD equilibria in the presence of chaotic
magnetic fields.

Analyses of plasma behavior often begin with a
description of the ideal magnetohydrodynamic equilibrium,
this being the simplest model capable of approximating
macroscopic force balance. For perfectly axisymmetric
tokamaks this is a comparatively simple task, since a nested,
continuous family of flux surfaces exists, i.e. the field is
integrable. The ideal equilibrium equation can be reduced
to the Grad-Shafranov equation, and equilibria can be
found numerically. In contrast, for stellarators and
perturbed tokamaks, the magnetic fields are generally non-
integrable and a different approach is required.

Stellarators are designed to have good flux-surfaces,
but without a continuous symmetry, perfectly integrable
fields cannot be achieved. The HINT and HINT2 codes
developed at NIFS, and the PIES code developed at PPPL,
seek solutions to the ideal force balance equation in
stellarator geometry without assuming a nested family of
flux surfaces. HINT uses a relaxation algorithm, whereas
PIES is based on an iterative scheme with magnetic
coordinates. However, neither code adequately treats the
fractal structure of pressure in a chaotic field.

A generally chaotic field will be a fractal mix of KAM
surfaces, islands, and irregular field lines. Some field lines
trace out structures that are infinitely complex, such as the
unstable manifold. Interspersed between these irregular
field-lines are periodic orbits; arbitrarily small, high-order
island chains; and irrational field-lines, which may or may
not trace out smooth flux surfaces. Generally, there is no
region of space foliated with flux surfaces and magnetic
islands and irregular field-lines will emerge at the infinitely
many rational surfaces that exist between any pair of KAM
surfaces. When the field is chaotic, it is extremely difficult
to calculate the ideal MHD equilibrium.

In ideal force balance, the structure of the pressure is
tied to the structure of the field. Thus, a continuous,
nontrivial pressure has an uncountable infinity of
discontinuities in the pressure gradient. The equilibrium
solutions are pathological when the fields are chaotic and
therefore unsuitable for numerical calculations.

If the pressure and magnetic field are continuous, the
only nontrivial solutions have an uncountable infinity of
discontinuities in the pressure gradient and current. The
problems arise from the arbitrarily small length scales in
the structure of the field, and the consequence of ideal
force balance that the pressure is constant along the field-
lines. A simple method to ameliorate the singularities is to
include a small but finite perpendicular diffusion. A self-
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consistent set of equilibrium equations is then described.
Some algorithmic approaches aimed at solving these
equations were investigated.

There is nothing radical about approximating an ideal
MHD equilibrium by a resistive steady state, but we have
come to this conclusion by considering the impact of
chaotic fields on MHD equilibria, and requiring that the
pressure be continuous. Since the equilibrium solutions are
pathological when the field is chaotic, a nearly-ideal,
resistive steady state equilibrium is the simplest model
capable of computing coherent, self-consistent MHD
equilibria with continuous (and non-fractal) pressure. Work
towards implementing the anisotropic pressure diffusion
into the HINT code has begun. Our approach, which is both
computationally efficient and consistent with the structure
of the HINT code, is to use locally field aligned
coordinates that separate the large parallel transport from
the small perpendicular transport, and thus reducs so-called
“numerical diffusion.” We hope to present computational
results in the near future.

[1] S.R. Hudson and N. Nakajima, “Pressure, chaotic
magnetic fields, and magnetohydro-dynamic
equilibria,” Phys. Plasmas 17, 052511 (2009).



CHAPTER S JUPITER-II - TITAN

5.1 Progress in US-Japan collaboration research

The US-Japan collaboration was started in FY 1981, and the first phase was the RTNS-II (Rotating
Target Neutron Source-II) project, followed by the second phase known as the FFTF/MOTA (Fast
Flux Test Facility/Materials Open Test Assembly) project from FY 1987. In the RTNS-II
program, fusion neutron irradiation experiments using the D-T neutron source of the U.S.A. were
carried out. Though the maximum irradiation dose was about 0.1dpa, Japanese advanced
technologies on microstructure observation by electron microscopy and material strength
evaluation by testing miniaturized specimens were utilized to obtain wide and highly precise data
on the generation and accumulation processes of defects induced by the D-T neutrons as well as on
the microstructure-strength correlation. The results from these experiments are still very valuable
even now.

The main theme in the FFTF/MOTA project was to explore the effects of high-dose neutron
irradiation up to 100dpa, which was the expected life time for fusion reactor materials. A more
fundamental approach, compared to conventional irradiation tests, was promoted and a thorough
understanding of the entire microstructural evolution process under irradiation covering low dose
to high dose irradiation regimes was obtained.

The irradiation experiments in the above projects were performed under relatively simple and
steady irradiation conditions. The JUPITER project focused on dynamic irradiation effects
detectable only during irradiation and effects of variable and combined irradiation conditions. This
included radiation-induced conductivity of ceramic insulators, varying temperature effects, and
combined transmutation effects. These experiments extracted valuable information on materials
response in fusion relevant environments.

5.2 Objectives, research subjects and facilities

5.2.1 JUPITER-II project (FY2001-20006)

The projects before JUPITER-II focused on materials performance under irradiation and materials
development based on the knowledge gained from the irradiation experiments. In fusion blankets,
materials will be used as joined or coated materials (materials systems). In addition, the use of
materials in blankets involves new issues associated with the interaction with breeders and coolants.
Thus basic technological studies and their integration are essential. The issues are better specified
with the progress in the blanket design.

JUPITER-II project aimed at (1) developing key technology for fabrication and operation of
“self-cooled liquid blankets” and “high temperature gas-cooled blankets” which are combinations
of low activation structural materials and breeder/coolants which are capable of high tritium
breeding ratio and high coolant exit temperature, and (2) evaluation of the irradiation performance
of the materials system which is a key feasibility issue for blanket development. Overall evaluation
of blankets and materials systems based on modeling, and orientation of the development towards
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the commercialization of the system were also carried out in this project.

5.2.1.1 Research subject and task structure of JUPITER-II

Table 5-1 summarizes research subjects and task structure of JUPITER-II project.
5.2.1.2  US facilities used
(a) STAR (Safety and Tritium Applied Research) [INL]

STAR was established at the Idaho National Laboratory in 2001, having an allowable tritium
inventory of 16,000 Ci. The site includes the Tritium Plasma Experiment (TPE) and various
facilities for testing tritium behavior in blanket conditions. Unique features of the facility include
use of large amounts of tritium, Be, and neutron-irradiated materials.

(b) HFIR (High Flux Isotope Reactor) [ORNL)]

HFIR is a 100MW mixed spectrum research reactor, currently operated at 8SMW, that is currently
planned to remain in operation until 2035. Although the principal purpose of the reactor is to
produce radioisotopes, it is actively used for materials irradiation and neutron scattering
experiments utilizing the world’s highest fast and thermal neutron fluxes. The HFIR is a unique
irradiation facility with the potential for high environmental and temperature control during
irradiation, and very low to high flux irradiation. Parts of the HFIR-irradiated specimens were
shipped to Oarai Center of Tohoku University for Post Irradiation Examinations.

(c) MTOR (Magneto-Thermofluid

Omnibus ~ Research  Facility) Table 5-1 Task structure of JUPITER-II project
[UCLA]
o . Subtask Activit
The facility includes a magnet of Jask y
. Taskl1: 1-1: 1-1-A: FLibe . .
homogeneous field to 2T in an area Self-Cooled | FLiBe Cooled Handling :)rl;:?;ztrltmll{mox
15cm wide and 1m long, which can be Liquid [Mritium control and tritium
Blanket Chemistry/Safe behavior
used for testing the fluid dynamics of ty
liquid metals and MHD flow for high 1-1-B: FLibe
. . ] Termofluid Thermofluid of Flibe
Prandtl number stimulant fluids using Flow simulant
Simulation
electrolytes.
1-2: 1-2-A: Coatings | MHD insulator
LiCooled with V for MHD coating for Li/V
Alloy Structure Reduction blanket
o 1-2-B: V Alloy [Irradiation of
5.2.2 TITAN pl'Oj ect Capsule vanadium alloys in Li
(FY2007 2012) Irradiation capsule
Task2: 2-1: SiC Task2:
High- FundamentalIssues, | High- Fabrication
Blankets are component SyStemS Temperatu |Fabrication, and Temperature technology of SiC/SiC
whose prin cip al functions are re Gas- Material Supply Gas-Cooled
Cooled Blanket
. . . 2-2: SiC System Thermomechanics of
extraction of heat and tritium. Thus it Blanket [, o mechanics He cooled blanket
is crucial to clarify the potentiality for 2-3: SiC Capsule High temperature
COIltI'OHil’lg heat and tritium flow Irradiation irradiation of SiC/SiC
Task3: 3-1: Design-based Task3: .
throughout the first wall, blanket and Blanket  |Integration Blanket System | ["itegration model for
System Modeling Modeling advanced blankets
out-of-vessel recovery systems. The Modelin
. . h g 3-2: Material Multi-scale materials
TITAN project continues the Systems Modeling modeling
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Table 5-2  Task structure of TITAN project

Task Subtask Facility Goal
Task 1 1-1 Tritium and Mass transfer and tritium
Transport mass transfer in TPE inventory in first wall, and tritium
phenomena first wall PISCES transfer between first wall and
blanket
1-2 Tritium Tritium transfer in blanket
behavior in STAR elements
blanket systems
1-3 Flow control Thermofluid in high magnetic field
and thermofluid MTOR and comparison between
modeling experiments and modeling
Task 2 2-1 Irradiation- HFIR Neutron irradiation effects on
Irradiation tritium synergism tritium transfer in first wall and
. STAR .
synergism structural materials
2-2 Joining and Radiation response of joint and
coating integrity HFIR coated materials, and synergistic
tritium and helium effects
2-3 Dynamic Deformation of structural materials
deformation HFIR during irradiation, and effects of
tritium and helium production
Common Task MFE/IFE system Integrate modeling of mass and
System integration heat transfer in first wall, blanket
integration modeling and recovery system, and
modeling contribution to reactor system
design

JUPITER-II activity but extends its scope including the first wall and the recovery systems with the
title of “Tritium and thermofluid control for magnetic and inertial confinement systems”. The
objective of the program is to clarify the mechanisms of tritium and heat transfer throughout the
first-wall, the blanket and the heat/tritium recovery systems under specific conditions to fusion
such as irradiation, high heat flux, circulation and high magnetic fields. Based on integrated models,
the breeding, transfer, inventory of tritium and heat extraction properties will be evaluated for some
representative liquid breeder blankets and the necessary database will be obtained for focused
research in the future.

5.2.2.1 Task structure and research subjects of TITAN project

The JUPITER-II project confined its scope to blankets and enhancement of key technologies. The
TITAN project seeks to further enhance key technologies and to conduct system integration for
tritium and heat transfer in the first-wall, blanket and recovery systems. Table 5-2 summarizes task
structure of TITAN project.

5.2.2.2 US facilities used

The following facility is being used for the TITAN project in addition to the facilities used during
the JUPITER-II project.

(d) PISCES (Plasma Interactive Surface Component Experimental Station) [UCSD]

A linear plasma simulator which can produce high-density plasmas with H, D, He and Be. Pulsed
lasers are equipped for synergistic plasma exposure and pulse heating studies. Plasma diagnostics
and surface characterization systems are furnished.
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Table5-3  Administration structure of JUPITER-II project

| Steering Committee | Ei—

Representative K.Abe (Tohoku U.) Representative S. Berk/G. Nardella (DOE)
. A. Kohyama (Kyoto U. i i
Coordinator yama (Ky ) Coordinator EJK Zslnkle Lﬁgg{gﬂ.)
S. Tanaka (U. Tokyo K. Sze ( )
Japan us
Task TC Deputy TC Deputy
Task1: 1-1: . . o K. Okuno/
Self-Cooled [FLiBe |(-1-AcFLibe Handling — fritum — §7 rorgi  |m. D.A. Petti R.A. Anderl
Liquid Cooled SRuSIy Sately) Nishikawa
Blanket
1-1-B: FLibe Termofluid Flow S. Toda/ T. Kunugi/
Simulation T. Kunugi | T.Yokomine N RMCzey)
1-2:
LiCooled |1-2-A:Coatings for MHD Reduction T. Muroga B.A. Pint
withV
Alloy T. Muroga R.J.Kurtz
Structure |1-2-B:V Alloy Capsule Irradiation H.Matsui G.R. Odette
Task2: 2-1: SiC Fundamental Issues, T. Hinoki Y Katoh
High-Temperature Gas- |Fabrication, and Material Supply . :
Cooled Blanket A. R.H.Jones/ L.L.
2-2: SiC System Th hanics H gawa |A. Shimizu Snead A.Ying
2-3: SiC Capsule Irradiation A. Hasegawa| L.L. Snead
Task3: 3-1: Design-based Integration H. D.S
Blanket System Modeling Hashizume A -Sze
Modeling A. Sagara N.M. Ghoniem
3-2: Material Systems Modeling N.Sekimura R.E. Stoller

Table 5-4  Administration structure of TITAN project

Steering Committee

Representative K. Okuno (Shizuoka U.) Representative G. Nardella (DOE)

Coordinator T. Muroga (NIFS) Coordinator D.K.Sze (UCSD)

Task Subtask TC (JP) STC/Deputy (JP) TC (US) STC/Deputy (US)
Task1 1-1 Tritium and T. Terai Y. Ueda (Osaka U.)/ D.Sze R.Doerner
Transport mass transferin (U.Tokyo) N.Ohno (Nagoya U.) (ucsb) (ucsb)
phenomena firstwall 5.)'I'okunaga (Kyushu

1-2 Tritium T. Terai (U. Tokyo)/ P. Sharpe
behavior in S. Fukada (Kyushu U.) INL)/
blanket systems S. Konishi (Kyoto U.) P. Calderoni(INL)
1-3 Flow control T. Kunugi (Kyoto U.)/ N.Morley (UCLA)/
and thermofluid T. Yokomine K.Messadek
modeling (kyushu U.) (ucLA)
Task 2 2-1 Irradiation- A Kimura Y. Hatano (Toyama U.)/ | R.Kurtz M. Sokolov (ORNL)/
Irradiation tritium synergism | (Kyoto U.) Y. Oya (Shizuoka U.) (PNNL) Y. Katoh (ORNL)
synergism P. Calderoni (INL)
2-2 Joining and A. Kimura (Kyoto U.)/N. T. Yamamoto
coating integrity Hashimoto (ucss)/
(Hokkaido U.) M. Sokolov (ORNL)
2-3 Dynamic AHasegawa Y. Katoh (ORNL)
deformation (Tohoku U.)/
T. Hinoki (kyoto U.)
Common MFE/IFE system A.Sag)ara A. Sagara (NIFS)/ R.Nygren R.Nygren (SNL)
Task integration (NIF: H.Hashizume (SNL)
System modeling (Tohoku U) T.
integration Norimatsu (Osaka U.)
modeling
Laboratory ORNL: R. Stoller (ORNL)
Liaisons INL : P. Sharpe (INL)
IMR-Oarai(Tohoku) : T. Shikama (Tohoku U.)
IFE Liaisons K.Tanaka Kodama(Osaka U.) M. Tillack
(OsakaU.) Yoneda(UTC) (ucsb)
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5.3 Administration

The administative structure of the JUPITER-II and TITAN projects are summarized in Tables 5-3
and 5-4, respectively. A Steering Committee Meeting is held annually for summarizing annual
achievements and planning activities for the following year.
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5.4

5.4.1 JUPITER-II

Accomplishments and Highlights

About 60 scientists in15 Universities from Japan and about 50 scientists in10 institutes from the US, including

students, joined JUPITER-II project. Participants are listed in the following table.

Table 5-5 List of participants to JUPITER-II project

Task Subtask Japanese Participants US Participants
E:lsfké: oled ;’-I}lB Cooled T. Terai, S. Tanaka, A. Suzuki, H.
-Coole: e Coole ‘b i oh
Liquid | LA: FLibe Handli ?'i"g‘“;z(g‘ tTOky")’ l\lg N';h'];awi';s' D. A. Petti, G.R. Smolik, Michael F.
Blanket - -A: thibe manding A atayama (Kyushu U.), K. Simpson, John P. Sharpe, R.A. Anderl
[Tritium Chemistry/Safety | Okuno,Y.Oya (Shizuoka U.),Y. (INL), Dai-Kai Sze (UCSD)
Hatano, M. Hara (Toyama U.), A. ’
Sagara (NIFS)
T. Kunugi, Z. Kawara (Kyoto U.), T. M. A. Abdou, N. B. Morley, J. Takeuchi,
. . Yokomine, S. Ebara, H. Nakaharai . .
1-1-B: FLibe Termofluid R. Miraghaie, S. Smolentsev, H. Huang,
Flow Simulation (K'yushu U.),S. Satake (To}(yo U.of Y. Tajima, , T. Sketchley, J. Burris
Science), S. Toda, H. Hashizume, K. (UCLA)
Yuki(Tohoku U.)
1-2: T.Muroga, T. Nagasaka, T. Tanaka
Li Cooled with [1-2-A: Coatings for MHD | (NIFS),T.Terai, A. Suzuki, Z. Yao, A. B.A.Pint, M. Li, P. F. Tortorelli (ORNL),
IV Alloy Reduction Sawada(U. Tokyo), K. Abe, M. Satou, M. | A.Jankowski(LLNL)
Structure Fujiwara (Tohoku U.)
zurl:‘;‘;gtz(;ulljffgs;‘k}“l‘(%fsszl l; R.J. Kurtz, D.S. Gelles, M.B. Toloczko
1-2-B: V Alloy Capsule Abe. M. Satou. H. Ku’rishita (TOl’IOkll (PNNL) D.T. Hoelzer, M. Li, S.J. Zinkle
[rradiation i . ; (ORNL), G..R. Odette, T. Yamamoto
U.), H. Watanabe, N. Yoshida, (Kyushu (UCSB)
U.)S. Ohnuki (Hokkaido U.)
“‘f'SkZ: T. Hinoki, A. Kohyama, T. Nozawa, S. Y.Katoh, L.L.Snead, B.A. Pint, S.J.
High-Temperature Gas- b ;. GiC Fundamental Kondo, H. Kishimoto, K. Shimoda Zinkle, E. Lara-Curzio, H-T. Lin, R.A.
Cooled Blanket Issues, Fabrication, and (Kyoto U.) A. Hasegawa, (Tohoku Lowden, G.C. McLaughlin (ORNL) C.H.
Material Supply University), T. Shibayama (Hokkaido Henager, Jr., G.E. Youngblood, R.H.
U.) Jones, C.A. Lewinsohn (PNNL)
p-2: SiC System A.Shimizu and T. Yokomine (Kyushu A.Ying, M. Abdou, A. Abou-Sena,J. An
hemomechanics Univ.), A. Hasegawa (Tohoku Univ.), A. and T. Sketchley (UCLA), Y. Katoh
Kohyama, S. Konishi (Kyoto University) (ORNL)
A.Hasegawa, S.Nogami (Tohoku U.), Y.Katoh, L.L.Snead, B.A. Pint, S.J.
2-3: SiC Capsule T.Hinoki, A.Kohyama, T. Nozawa, Zinkle, J.L. McDuffee (ORNL), C.H.
Irradiation S.Kondou, K. Ozawa (Kyoto U.), Henager, Jr., G.E. Youngblood (PNNL),
T.Shibayama (Hokkaido U.) N.B. Morley (UCLA)
I;?Ski:ts tem Modeli A. Sagara, T. Tanaka (NIFS), S. Fukada,
anketsystem Yodeing . M.lehilkawa (KylfSh“ U.), 8. Tanaka, N.M. Ghoniem, S. Sharafat, M.Z. Youssef
B-1: Design-based T. Terai, A. Suzuki (U. Tokyo), S. Toda, (UCLA), Da-Kai Sze (UCSD)
Integration Modeling H. Hashizume, K. Yuki, S. Chiba
(Tohoku U.), S. Satake (Tokyo U of
Science), T. Kunugi (Kyoto U.)
B.D. Wirth (UC Berkeley), T. Diaz de la
N.Sekimura, T. Okita, H. Abe Rubia, W.G. Wolfer (LLNL), N.M.
B-2: Material Systems (U.Tokyo), K. Morishita, Y. Watanabe Ghoniem, S. Sharafat (UCLA), H.L.
Modeling (Kyoto U.), M. Satou, N. Nita, H. Matsui | Heinisch, F. Gao, R.J. Kurtz (PNNL),
(Tohoku University) G.R. Odette (UCSB), R.E. Stoller
(ORNL)
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Task 1-1-A : Flibe Handling/Tritium Chemistry

Category: JUPITER-II
Task: 1-1-A

Name: T. Terai / D. Petti
Affiliation: U. Tokyo / INEEL

Based on the key issues associated with the use of

Flibe (LiF and BeF,) as a coolant in a fusion blanket, the

objectives of our work are:

1) to develop the capability to fabricate and purify Flibe at
the liter scale for use in the experiments;

2) to characterize tritium and deuterium behavior (e.g.,
solubility and diffusivity) in REDOX(reduction and
oxidation)-controlled and non-controlled Flibe;

3) to characterize the magnitude and physio-chemical
forms of material mobilized during an accidental spill
of Flibe and to develop safe handling practices;

4) to develop a REDOX agent to control TF activities in
Flibe in a fusion blanket;

5) to demonstrate the effectiveness of the redox agent in
terms of structural material compatibility for fusion
materials of interest using a simple dip specimens in
small scale pot type experiments.

(a) Flibe purification

The Flibe in the JUPITER-II was prepared from
reagent grade chemicals. Both the Be,F and LiF were listed
as 99.9% pure. Measurements of Be and Li in the final
product ranged from 8.3 to 8.5 and 13.06 to 13.2 wt%,
respectively. Although these are lower than the theoretical
values of 9.04 and 14.14 wt%, Li to Be mole ratios of
2.01-2.06 are close to the targeted composition.

(b) Flibe mobilization experiment

A key safety issue associated with Flibe is the
mobilization of vapors and aerosols from accidental
introduction of air, moist air, or steam to the molten salt.
Mobilization tests were performed with argon, air and
moist air using a classical transpiration apparatus designed
for vapor pressure determinations. Total measured
pressures for BeF, and LiBeF; are two to three times lower
than predicted values. The increasing contribution from the
Li species in the INEEL data is apparent at 700 and 800C.
Mass comparisons using probe interior ICP-AES
measurements and sample loss for the argon test series in
the nickel crucibles showed that about 22% of the material
was deposited in the probe. Mass flux calculation obtained
by adjusting ICP-AES measurements for the 22% factor
generally agreed within a factor of two of the mass based
determinations for individual tests.

(¢) REDOX control and corrosion

A series of experiments was performed in which
HF was bubbled through Flibe with varying concentrations
of dissolved Be to investigate the viability of using Be as a
redox agent in a molten Flibe (2LiF—BeF2) blanket. A
mixture of H,, He and HF gases was introduced into the
test reactor, while the effluent passed through a quadrupole
mass spectrometer (QMS) followed by an autotitrator. The
reactor, shown in more detail in Fig. 1, was designed to

81

provide a controlled reaction between Be and HF in the
molten salt phase. Each experiment started with the HF—
H2-He feed gas bubbled into the salt with the Be specimen
pulled out of the salt. Once the HF concentration in the
effluent stabilized close to the expected level, the Be
specimen was inserted into the salt. After 10-60 min, the
Be was lifted out of the salt and into its protective housing
while HF in the effluent was continually monitored for
times ranging from several hours up to a few days. Once
the HF concentration in the effluent had again stabilized,
the next experiment was run by re-inserting the Be into