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This report provides an overview of research and development activities at Naka Fusion
Research Establishment, JAERI, during the period from April 1, 2000 to March 31, 2001. The
activities in the Naka Fusion Research Establishment are outstanding at high performance
plasma researches in JT-60 and JFT-2M, and development in ITER EDA including technological
R&Ds.

The JT-60 project aims at contributing to the physics R&D for ITER and establishing
the physics basis for a steady state tokamak fusion reactor like SSTR. For the achievement of
those objectives, both physical and engineering researches have been done. The JT-60 have
continued to be productive in many areas covering performance improvements of high fjp ELMy
H-mode regime and reversed shear plasma, non-inductive current drive, physics study relevant to
improved modes, stabilization of MHD modes, feedback control, disruption study,
understandings on energetic particles, and scrape off layer and divertor studies with increased
pumping capability. Highlights of FY 2000 experiments are summarized as follows:
1) In the high pp ELMy H-mode regime, discharges with a high total-performance have been

sustained near the steady-state current profile solutions under full non-inductive current
drive. In this experiment, the world record value of NB current drive efficiency T|CD of
1.55x1019 A/m2/W was achieved with increasing central electron temperature of 13keV.

2) The demonstration of the active control of ITB was performed by changing the direction of
the toroidal momentum input. In this experiment, it is found that the change in Er shear of
outer half region of the ITB layer (near the ITB foot) was important to control the whole
ITB region.

3) Resistive instabilities are investigated in reversed shear discharges and it is found that the
radially localized resistive interchange mode near the negative shear region leads to a major
collapse through nonlinear mode coupling with a tearing mode in the positive shear region.

4) By increasing the input power of the fundamental O-mode EC wave, the complete
stabilization of Neoclassical Tearing Mode was achieved. In a typical discharge where the
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complete stabilization was achieved, EC driven current density is calculated to be about
0.15kA/m2, which is about twice as large as bootstrap current density.

5) The deeper penetration for HFS(upper) pellet is consistent with the radial displacement
based on the theoretically predicted E¥B drift model. Using the HFS(upper) pellets, the
accessible density region of the high Pp plasmas is extended to 70% of the Greenwald
density with Hg9p of 1.94.

6) By injecting Ar, the confinement of ELMy H-mode has been improved with high radiation
loss power at high density. When the Ar density was higher than 0.5%, the HH-factor
remained near unity in the range of ne < 0.65 now- The confinement improvement seemed to
be closely related to the high ion temperature at the pedestal.

The highlights of technological progress in JT-60 are as follows;
1) A new guide tube for pellet injection from the midplane at the high magnetic field side was

installed inside the vacuum vessel, and the pellets have been successfully injected with an
minimal speed of 0.2 km/s.

2) A new boronization system for the plasma surface components using B10D14 with He as a
carrier gas was developed, and in comparison with the former boronization using B10H14 , the
boronization time decreased to about one-fourth by stable glow discharge and the number
of plasma discharges for wall conditioning after the boronization also decreased to one-tenth
due to little hydrogen conent in the boron film.

3) A new real-time plasma shape reconstruction system based on the Cauchy-condition surface
method was successfully applied to real time plasma equilibrium control for the first time in
the world.

4) To test the pulsed operation of the ITER super-conducting center solenoid model coil, a
control gain of the poloidal field coil power supply for JT-60U has been adjusted, and as the
result the pulsed operation test completed successfully.

5) The development for increasing the beam power on the negative-ion based neutral beam
injection system has been progressed, and as the result the power level of around 5MW at
400keV has been injected stably.

6) The fourth gyratron and transmission system for EC heating and ECCD were installed
aiming at an injection power of more than 2 MW. The antenna of the new system can scan
the EC beam in both toroidal and poloidal directions.

7) The detailed design of the JT-60 modification utilizing superconducting coils(JT-60SC),
which aims at establishing scientific and technological bases for an advanced operation in an
economically attractive DEMO reactor and ITER, has been completed.

On JFT-2M, advanced and basic research of tokamak plasma is being promoted,
including application of the low activation ferritic steel, with the flexibility of a medium-sized
device. The pre-testing on compatibility of ferritic steel plates (FPs), covering -20% of the
inside wall of the vacuum vessel, with plasma was performed, demonstrating no adverse effects
on plasmas. Boronization was introduced for the first time in JFT-2M after installation of
inside FPs. High-Pw discharges (PN up to -2.8) were obtained with inside FPs and boronization.
Formation of negative electric field at the H-mode transition during ECH was clarified by the
heavy ion beam probe (HIBP). The MSE polarimeter system, which is capable of simultaneous
measurement of a radial electric field, has been newly developed. In RF experiments, fast wave
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electric field profile was directly measured for the first time using the beat wave and HIBP.
The principal objective of theoretical and analytical studies is to understand physics of

tokamak plasmas. The NEXT (Numerical Experiment of Tokamak) project has been progressed
in order to research complex physical processes both in core and in divertor plasmas by using
massively parallel computers.

The optimum condition of electron cyclotron (EC) beam injection has been efficiently
obtained to stabilize neo-classical tearing modes (NTM). Remarkable progress has been made in
the study of turbulence driven by electron temperature gradient instabilities. The study on the
formation of a detached-plasma has been much progressed.

Major items of Research and Development (R&D) of nuclear fusion reactor technologies,
mainly focused on ITER-related areas in FY2000 are as follows:
1) Blanket: Be/DSCu specimens made by HIP method with an Al interlayer have

successfully withstood against a heat flux of 5 MW/m2 for more than 1000 cycles.
2) Superconducting Magnet: The world's largest superconducting pulsed coil was successfully

tested at the target field of 13 T and operating current of 46kA, with a stored energy of 640
MJ at a ramping rate of 1.2 T/s.

3) Negativelon Beam: 1MV voltage folding of the beam accelerator column was successfully
demonstrated. The negative ion production mechanism was clarified in detail.

4) RF Heating: A 170GHz gyrotron was successfully tested at 1MW level power for about 10
second (0.9MWx9.2sec).

5) Tritium handling: Performance of ITER-scale 2,500 m3/hr large atmosphere detritiation
system was successfully confirmed. A new separation method could separate the mixture gas
of H2/He to each composition gas with the enrichment more than 99%.

6) Plasma Facing Components of Divertor: A prototype mockup of the ITER divertor could
successfully sustain a heat flux up to 20MW/m2 (15sec) for more than 1000 thermal cycles.

7) Reactor Structure: The blanket module has been replaced under the required clearance of ±
0.25 mm between key and groove by remote handling.

8) Fusion Neutronics: Radiation detectors using single crystal CVD diamonds have been
developed aiming the 14 MeV neutron spectrometer. A key element technology phase of
IFMIF has begun to reduce the key risk factor for its construction.

An option of minimum cost still satisfying the overall programmatic objective of the ITER
has been developed by the three Parties of Japan, EU and RF during the extension of the
Engineering Design Activities (EDA) after the successful completion of the six year EDA in July
1998. The Outline Design Report of the newly developed ITER-FEAT was submitted in
January 2000 for the review of the Parties. The technology which had been established through
the plasma physics and technology R&D during the past EDA or the technology being
established by the current R&D were employed in the design of ITER-FEAT. The ITER
Council subsequently approved the design in June 2000 as a single mature design for ITER
consistent with its revised objectives. The Draft Final Design Report of ITER-FEAT was
prepared for technical review by the Technical Advisory Committee (TAC) held in February
2001. The TAC concluded that the ITER-FEAT was ready for a decision on construction with
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recognition of the achievement in reducing the cost by 50%.
In April 2000, the successful DC operation of the CS Model Coil which had been

developed since the beginning of the EDA was achieved in JAERI Naka. In August 2000, ten
thousand cycles of pulsed operations were achieved to simulate ITER full-scale CS. The full-
scale sector of the Vacuum Vessel sector with port extension for testing of the remote welding
and cutting had been dismantled in March 2001 after successful completion of the test.

In fusion reactor design, the physics design of a fusion power reactor A-SSTR2 was
developed on plasma current startup. At the same time, hydrogen production from biomass and
other various uses of high-temperature helium gas coolant from the A-SSTR2 plant were
proposed. As to safety research on A-SSTR2, a reactor design concept to reduce radioactive
wastes after the decommissioning is proposed.

Keywords; JAERI, Fusion Research, JT-60, JFT-2M, NEXT, Fusion Engineering,
ITER, EDA, Fusion Reactor
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Foreword

The Naka Fusion Research Establishment of the Japan Atomic Energy Research

Institute (JAERI) has been conducting fusion research and development from the

plasma experimental, theoretical and technological viewpoints. In particular, JAERI,

as the Japanese implementing institute for the ITER project, has been playing a central

role to perform the ITER design and R&D in cooperation with the ITER Joint Central

Team.

In JT-60U, advanced operational concepts have been developed. Plasma

discharge regimes toward simultaneous attainment of higher confinement, higher p\,,

higher bootstrap current fraction, full non-inductive current drive and more efficient

heat and particle exhaust for providing a physics basis for ITER and a steady-state

tokamak reactor have been expanded. In JFT-2M tokamak, the second stage of the

advanced material tokamak experiment using a low activation ferritic steel has been

conducted, and no degradation on plasma performance has been found.

The ITER-FEAT outline design report submitted by the ITER Director was

approved in June 2000 by the ITER Council, and has been recognized as a single

mature design for ITER consistent with its revised objectives. The design was further

developed by the Joint Central Team and the Home Teams, and the draft of the final

design report was reviewed by the ITER Technical Advisory Committee in February

2001. The Committee concluded that ITER-FEAT is now ready for a decision on

construction.

Significant progress has been seen in ITER technology R&D, which provides

technical confidence in ITER construction. For instance, the development and testing

of the superconducting ITER Central Solenoid Model Coil has been completed

successfully in August 2000 under the cooperation of the four parties of Japan, EU,

Russia and USA.

We believe the research and development at the Naka Fusion Research

Establishment leads to the construction of the ITER.

Shinzaburo Matsuda

Director General

Naka Fusion Research Establishment,

JAERI

XV
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I. JT-60 PROGRAM

Objectives of the JT-60 project are to contribute to the physics R&D for International

Thermonuclear Experimental Reactor (ITER) and to establish the physics basis for a steady state

tokamak fusion reactor like SSTR. In the fiscal year 2000, JT-60 experiments were devoted to

the demonstration of steady state operation scenario in ITER, achievement of the high current

drive efficiency equivalent to that required in ITER, confinement improvement at high density,

divertor physics, energetic particle physics and disruption study.

Highlight in realization of high performance plasma is the successful demonstration of the

high performance of HH-factor to IPB98(y, 2) scaling HHy2 ~ 1.4 at about 80% of the Greenwald

density under a full non-inductive current drive condition in a reversed shear plasma. Total

plasma current of 0.9 MA was sustained with the bootstrap current, negative-ion based neutral

beam (N-NB) driven current and lower-hybrid (LH) wave driven current for ~ 1 s. Increase in

the triangularity of the plasma cross section at the separatrix (5x) from 0.3 to 0.4 was effective to

improve confinement at high-density regime. A newly developed technique for the fast and

precise control of the distance between RF antenna and plasma edge could keep a good LH-

wave-coupling with the plasma. This new result supports the non-inductive steady-state

operation scenario in ITER.

A world record on the current drive efficiency of 1.55xlO19 A/m2/W by neutral beam

injection was attained by N-NB injection at 360 keV in the high-(Jp ELMy H-mode with the

central electron temperature of 13 keV. The efficiency is about 3 times as high as that by the

conventional NB at around 100 keV. In this discharge, fully non-inductive current drive at 1.5

MA of the plasma current was realized simultaneously with high plasma performance of

normalized beta PN~ 2.5, HHy2 ~ 1.4 under a bootstrap current fraction of ~ 50%. Power up of

the total gyrotron power from 1 MW to 3 MW was effective for obtaining high electron

temperature, which lead to the high current drive efficiency.

Neo-classical tearing mode (NTM) considered as one of the dangerous instabilities in

ITER was stabilized by the electron cyclotron (EC) wave injection. It has been confirmed that

precise control of the injection of EC waves aiming at the magnetic island of the NTM is

required to stabilize it. Furthermore, understandings of energetic particle behavior and

disruptions have been steadily progressed.

The total gyrotron power was increased from 3 MW to 4 MW. Increased EC heating

power is expected to be applied for suppressing NTMs at a high plasma-pressure regime and for

achieving the N-NB current drive efficiency required in ITER at high electron temperature.

- l -



JAERI-Review 2001-042

1. Experimental Results and Analyses

1.1 Sustainment of High Performance and Non-inductive Current Drive

With the main aim of providing physics basis for ITER and a steady-state tokamak

reactor, JT-60U has been optimized the operational concepts and extending discharge regimes

toward simultaneous sustainment of high confinement, high PN, high bootstrap current fraction,

full non-inductive current drive (CD) and efficient heat and particle exhaust utilizing variety of

heating, current drive, torque input and particle control capabilities. In the two advanced

operation regimes, i.e. the reversed magnetic shear (RS) and the weak magnetic shear (high-pp)

ELMy H-modes characterized by both internal and edge transport barriers (ITB and ETB) and

high bootstrap current fractions fas, discharges have been sustained near the steady-state current

profile solutions under the full non-inductive current drive with proper driven current profiles.

It has been demonstrated that local current profile optimization is essentially important to sustain

high confinement (for example, to keep a wide ITB radius) and to increase sustainable PN. In

addition, current drive capability of the high energy N-NB system in JT-60U has been extended

to the reactor relevant regime.

1.1.1 Enhanced Performance of the High-PP ELMy H-mode with High N-NB Current Drive

Efficiency.

In the high-Pp ELMy H-mode regime, characterized by the weak magnetic shear,

discharges with a high total-performance have been sustained near the steady-state current

profile solutions under the full non-inductive current drive with N-NB (360 keV, 4 MW) and

bootstrap current [1.1-1]. Main parameters are as follows: Ip= 1.5 MA, Bt= 3.7 T, q95= 4.8,

HHy2= 1.4 and PN= 2.5. The non-inductive current was produced mainly by on-axis current

drive by the N-NB (608 kA, 40% of Ip), broad current drive by the positive ion based NBs (255

kA, 17%) and off-axis bootstrap current (760 kA, 51%). Since the NB current drive efficiency

increases with Te(0), on-axis ECH was applied and Te(0) reached 13 keV, and hence the world

record value of NB current drive efficiency T|CD of 1.55x1019 A/m2/W has achieved. At the

same time, the record values of the fusion product under the full non-inductive current drive

(nD(0)TETi(0) = 2.0x102Om'3skeV) has obtained. The full non-inductive high-pp ELMy H-mode

regime has been extended to the reactor relevant regime with small values of collisionality, ve*,

and normalized gyroradius, pPi*. These values are close to those for the steady-state reference

design of ITER: ve* ~ ve*iTER and pPi*~3-4ppi*iTER. Even in this low-(ve*, pPj*) regime,

sustainment of high PN ~ 2.5 was demonstrated with a stable set of current and pressure profiles

(small Vp at the q = 2 surface) for the neoclassical tearing modes.

In the high-Pp ELMy H-mode regime, PNH89P ~ 7 has been sustained for ~ 1.3s (~ 3xE)

with full non-inductive current drive and PNHS9P ~ 5.5 for ~ 2.8s (~ 12xE) at q95 = 3.3. Here,

Hs9p is the H-factor to L-mode scaling. For the sustainment of both high PN and high

- 2 -
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values, a high triangularity operation (5 > 0.3-0.4) is essentially important in addition to current

and pressure profile optimization because the pedestal pressure in the ELMy phase increases

with triangularity. By the high triangularity operation, PN = 2.8 - 3 was sustained for 4 sec at

Iowq95 of 3.4.

1.1.2 Extended Operational Regimes of Quasi-Steady High-PP ELMy H-mode Discharges with

High Total-Performance

With the high-field-side (HFS) pellet injection, JT-60U has successfully extended the

density range in the high p\, ELMy H-mode with a favorable total-performance. We adopted high

triangularity at separatrix (5x ~ 0.47), since high triangularity is beneficial to achieve high

confinement at high density. In addition, we injected N-NB that can keep a centrally peaked

heating profile even at high density. In this regime, HHy2 =1.05 together with PN = 2.2 and fas ~

60% was achieved at rie/nGw~ 0.7 [1.1-1]. Without pellets, ne/iiGw~0.6 was the upper density

limit to achieve HHy2 > 1. Comparing with the discharges treated in 1.1.1, the total

performance was improved in terms of density, radiation power and purity. In this case, the

pedestal temperature is almost kept constant at a high value even at a high pedestal density. We

found that the edge stability limit for ELMs is improving with increasing PP in the high 8 regime.

At 5X= 0.43, Ip= IMA, Bt= 3.6T and q95= 4.5, we have demonstrated full non-inductive

current drive by N-NB injection with PN = 3.0, HHy2 = 1.2 and at rie/nGw ~ 0.6. At higher values

of 5X= 0.5 and q95= 6.9 (1MA/3.6T), we have also demonstrated full non-inductive current drive

with grassy ELMs. In this case, high confinement performance of HHy2 =1.2 was achieved at

0.6.

1.1.3 Non-inductive Sustainment of High-Confinement Reversed Shear Plasma at High

Normalized-Density Regime

In order to demonstrate a high-performance steady-state plasma which is planned in

ITER steady state operation, improvement and sustainment of a high-performance RS plasma

have been tried via non-inductive auxiliary current profile control by means of LHCD and N-

NBCD [1.1-2]. Parameters expected in the ITER steady state operations are, for example HHy2

~ 1.5, pN ~ 3.2, fBS ~ 54%, iie/ncw ~ 0.83 and q95 ~ 4.1. The target was RS plasmas of Ip = 0.9

MA with 5 < 0.44 at Bt = 2.5 T, thus q95 ~ 7. The LHCD was expected to drive current just

outside qmin position in order to extend the qmjn position thus the ITB location. The N-NB was

also utilized in order not only to increase P but also to increase the non-inductive current and to

modify the current profile. As a result, high confinement of HHy2 < 1.4 (Hg9p < 2.4) with PN <

2.2 was kept with the surface loop voltage < 0, which is under full non-inductive current drive

for 0.8 s (~ 4TE)- The fas was estimated as about 64% and the rest was expected to be carried

by the LHCD and the N-NBCD. The LHCD contributed to extend the ITB position outward by

- 3 -
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off-axis CD to improve confinement and N-NBCD contributed to flatten the shear reversal, as

expected respectively. In addition to the high confinement, the density regime at which the

experiment was carried out was also high, He/now > 0-8, and almost satisfied the ITER

requirement.

1.1.4 Extension to High-Ip/Low-q Regime of High-Confinement ELMy H-mode RS Plasmas

High confinement of HHy2 ~ 2.2 was sustained for 2.7 s (6TE) in an ELMy H-mode RS

plasma with high fas of about 80% maintaining large radius of qmjn (pqmin) and that of ITB [1.1-3,

4]. However, a low-Ip (0.8 MA) and high-q (q95 ~ 9) operation was required to sustain large

Pqmin with available power (2 MW) of off-axis tangential co-beam and with attainable beta (PN ~

2). Though stationary sustainment of q profile is not expected in a lower-q regime at present, q

values (qmjn and/or qgs) are supposed to affect the MHD stability significantly in RS plasmas and

hence a lower-q operation was attempted to address this issue. As a result, high beta (PN ~ 2)

was successfully sustained for longer than 5% in a low-q regime (qmin ~ 2.5, q95 ~ 5.5) while

high confinement (HHy2 >~ 1.5) was sustained only for ~ XE. Long sustainment of HHy2 >~

1.5 in a low-q regime has been prevented by the confinement degradation phenomena that were

encountered during a high confinement phase.

1.1.5 1 MA Current Drive by N-NB in High Electron Temperature Regime

The profile of the current driven by high-energy neutral beam has been experimentally

identified and confirmed to agree with the theoretical prediction in the high electron temperature

regime [1.1-5]. The N-NB driven current increased with the electron temperature. The

measured N-NB driven current IN-NB(6XP.) is compared

with the calculated one iN-NB(calc) in Fig.I.1.1-1. An

agreement over a wide range from 0.1MA to IMA has

been obtained. Experimentally measured N-NB driven

current reached up to IMA at Te = lOkeV, which is the

record of NB current drive in JT-60U. Corresponding

current drive efficiency TJCD was 1x1019 A/m2/W.

Confirmation of above mentioned N-NB current drive

capability with high accuracy over a wide range of

electron temperature indicates validity of theoretical

prediction and gives more confidence to N-NB as a

current drive method in ITER and a future reactor.

(MA) 1.5

1

I 0.5 -Y199JV

• & • '

Te(0)=1GkeV /

. • - • ) . - , > i " ' . i " ' ' ;

fe(0)<5keV \
nCD<0.6x10t9A/m*/W.

0.5 1 1.5
(MA)

Fig.1.1.1-1 Comparison of the measured N-NB
driven current IN.NB (exp.) with the calculated
IN-NB (calc).

1.1.6 Measurement of EC Driven Current by Motional Stark Effect Polarimeter [1.1-6]

Localized driven current profile by electron cyclotron (EC) waves was measured via
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transient inductive current. The inductive current component due to temporal evolution of the

internal magnetic field was evaluated by careful reconstruction of MHD equilibria with a spline

function of total current and with motional Stark effect polarimetry. The EC driven current

profile was evaluated by subtracting the inductive, bootstrap, and diagnostic neutral beam driven

current profiles from the total current profile determined by the MHD equilibrium reconstruction.

The analysis clearly shows that the EC current is driven in a thin layer of about 10% of the

plasma minor radius. The determined EC driven current agrees with that calculated by ray

tracing and Fokker-Planck codes. We have also confirmed that the experimentally evaluated

EC driven current profile changes with the resonant location of EC waves. The current drive

efficiency was about 5x1018 A/mVWat electron temperature of 7 keV.
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1.2 Physics of Plasma Confinement

Appearance of a transport barrier, which prevents energy from flowing out over a plasma

column, is a key to access high-confinement regime. A barrier can be formed at the plasma

boundary, which is so called "H-mode pedestal" or "edge transport barrier (ETB)". Another one

which is formed inside the plasma is referred to as "internal transport barrier (ITB)". The ITB

can be observed both in the reversed magnetic shear and the high pp plasmas. In this year, a large

amount of effort has been made for the study of the basic physics and characteristics of these

barriers as well. On the ITB, physics issues such as conditions for its formation, confinement

scaling and characteristics with electron heating have been studied mainly in RS plasmas. Also a

scheme to control the ITB has been investigated. Concerning the ETB, edge parameters at the

ETB formation, its structure especially at high density and effect of triangularity on pedestal

temperature and the core confinement have been investigated. Furthermore compatibility of the

ITB and the ETB was studied in RS plasmas. Moreover, the characteristics of the ETB have

been investigated based on multi-machine database.

1.2.1 Effect of Electron Heating on Improved Confinement Plasmas

In these days' high-confinement plasma experiments, main heating scheme is NB heating

with beam acceleration energy of around 100 keV which mainly heats ions. On the other hand,

in a fusion plasma electron heating by alpha particles will be dominant. Also fueling is quite
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different between current experiments (central beam fueling) and fusion plasma (almost no

particle source) [1.2-1]. Furthermore, suppression of the Ion Temperature Gradient (ITG) mode,

which is expected to play a large role in confinement improvement, can be different when Te

becomes higher than Tj and density gradient becomes smaller. In order to investigate the impact

of electron heating on an improved-confinement-plasma, electron cyclotron heating (ECH) and

N-NB heating with the acceleration energy of around 350 keV were applied to RS (Ip =1.3 MA)

and high-Pp (Ip = 1 MA) plasmas. In both plasmas, more than 50% of the input power was fed

into electrons. In the case of RS, the ITBs were found to remain in both the temperature and

density. High confinement of Hs9p = 2.4 was maintained. In the case of high (3P, although

ITBs in Tj and ne became weaker, high confinement of Hg9P = 2.4 was still maintained. In both

plasmas, Te/Tj exceeded unity and reached about 1.2 in the core region.

1.2.2 On ITB Formation Condition in an RS Plasma

In order to clarify key parameters for ITB formation, parameter scan was carried out on

RS plasmas. The first one is on toroidal rotation velocity. Since radial variation of the toroidal

rotation velocity can be connected to the gradient of the radial electric field which is expected to

be important for suppression of micro-instabilities. In the experiment, necessary perpendicular

beam power to form ITB in an RS plasma at Bt = 3.7 T was compared between tangential co-

and counter-beams. It was found that when the plasma was rotating to counter direction with

tangential counter injection ITB was found to be formed at around Ip = 0.6 MA, while no ITB

was found when the plasma was rotating to co-direction with tangential co-injection although the

injection power was almost the same. The second one is to investigate if power necessary to

form ITB depends on Ip. Since Ip is an important factor from the viewpoint of designing a new

machine. Dependence on Bt, which is one of other important parameters, had been found to be

weak already [1.2-1]. In the experiments, ITB was intended to be formed during Ip ramp-up

phase as usual RS experiments. Therefore different sets of Ip and dlp/dt, (0.3 MA, 0.4 MA/s) and

(0.6 MA, 0.6 MA/s), were used in order to extend the range of Ip where ITB is formed. In the

lower Ip cases, it was found that ITB tended to be formed with smaller NB power. The results

suggest Ip dependence. However, since the discharges had not yet been optimized, similar or

further study will be continued with finer optimization of parameters such as the current or shear

profiles, which are expected to be important local parameters.

1.2.3 Active Control of Internal Transport Barrier in JT-60U RS Plasmas

The active control of ITB was demonstrated by changing the direction of the toroidal

momentum input. The RS plasma with the strong ITB, which is characterized by steep pressure

gradient, was generated in the standard scenario of balanced injection. In a quasi-steady state

phase after the current flat-top, the directions of toroidal momentum input was changed with the
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Fig.1.1.2-1 Time evolution of the ion temperature (Tj)
gradient at the ITB for a combination of NB types of
balance injection (BAL), co-injection (CO) or counter
injection (CTR).

fixed total NB power from initially balanced

injection to co-injection, then to ctr-injection

and finally to the balanced injection again.

The ion temperature gradient was degraded

during the co-injection phase, then recovered

at the balanced injection phase as shown in

Fig.1.1.2-1. The change in Er shear of outer

half region of the ITB layer (near the ITB

foot) was important to control the whole ITB

region. This indicates that there is a non-

local nature in relations between the Er shear and the reduction of transport. The behaviors of

electron temperature and electron density profiles were similar to ion temperature profile. [1.2-2]

1.2.4 Scaling of Stored Energy in JT-60U RS Plasmas

Confinement properties of RS plasmas with L-mode edge were investigated under the

discharge conditions of B t= 4 T, 0.03 < 5 0.1, 1.7 < K < 2.0, 3.08 < Rp< 3.18, 0.5 < pfoot (the

position of the ITB foot) < 0.75, nearly balanced NB injection. The stored energy evaluated

diamagnetically, Wdia, was correlated with Ip. The Wdia increased with increasing pfoot due to

the larger improved confinement region when Ip was fixed. Therefore the confinement property

might be characterized by local parameter such as poloidal magnetic field at pfoot- The

dependence of Wdia on Bp
foot was studied. It is found that the stored energy was strongly

correlated with the poloidal magnetic field at the position of ITB foot, Bp
foot, rather than Ip, and

was proportional to (Bp*00')1'5. The ITB width, AUB, becomes narrower during the evolution phase

of the ITB and the lower boundary of the ITB width is proportional to the ion poloidal

gyroradius at the ITB center, pPiITB. This indicates that the transport property at the ITB layer can

be characterized by the ratio of AITB to ppi
ITB. We consider the dependence of this ratio, and

then Wdia scaling for RS plasmas was rewritten by

Wdia = z / . i x i Dp j x^A I T B / p p i J

(in MJ, T and m). The RMSE for this fit is 6.86%. This scaling indicates that confinement

property of RS plasma with the ITB is characterized by the local parameter at the ITB, and Wdia

is almost independent of the heating power in this scaling expression. The investigation on the

physical mechanism of this confinement property is the future work. [1.2-3]

1.2.5 Compatibility Conditions of the Edge and Internal Transport Barriers

Having in mind that it is prerequisite to seek for the compatibility conditions of internal

and edge transport barriers to establish the steady state high performance plasmas with superior
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stability characteristics in a fusion experimental reactor, the L-H transition power has been

investigated in plasmas with an internal barrier. It was found that the transition power is

substantially higher than the conventional scaling established for plasmas without the internal

barrier [1.2-4-6]. However, the criteria for the edge density and temperature to induce the L-H

transition is similar between the cases with and without the internal barrier, and the edge density

is extremely low in plasmas with strong internal barrier, which substantially increases the

heating power to attain the H-mode. Thus, it was found that the scaling of L-H transition power,

which does not separate the core transport and transition physics, is not generally applicable for

plasmas with the internal barrier.

It was shown that the degradation of the quality of the transport barrier, in terms of the

changes of toroidal rotation profile or equivalently the radial electric field distribution [1.2-7],

resulted in the increase of edge density and thus inducing the L-H transition. Therefore, it is

concluded that the degree to what extent the threshold power is modified depends on the quality

of the internal barrier, indicating that the additional "hidden" parameter is present in plasmas

with internal barrier.

1.2.6 Edge Structure in JT-60U High-Density H-mode Plasmas

In order to explore the physics of confinement degradation at high density, which has been

an issue of controversy for the ITER design, the edge structure and its interaction with the core

structure have been intensively investigated. In this respect, it has addressed that the width of the

E r shear layer is reduced with an increase of edge density [1.2-8], and the pedestal width is

concomitantly reduced. However, the correlation length of the density fluctuations is much less

than the pedestal width [1.2-9,10]. It was also found that the direct influence of the neutral

particles on the global confinement is not obvious [1.2-11]. In addition, the interaction of ITB

and H-mode was first addressed in the reference of [1.2-11], in terms of the modification of edge

conditions through the changes of G>EXB/yLIN profile in the plasma interior. Where the coEXB is

the angular frequency by ExB rotation and the yLIN is the linear growth rate of micro-

instabilities.

The causalities of increased L-H threshold power at high density, exceeding the ITER

scaling [1.2-12], have been intensively investigated emphasizing the edge parameters, including

the neutral-particle density. It was hereby found that an increase of edge collisionality caused by

the substantial reduction of the edge temperature could be a direct candidate. It was also

suggested that the substantial increase of the threshold power at high density might be related to

an increase of the edge density itself, exceeding the counter effect of inhomogeneity of neutral

particles on the flux surface [1.2-13].
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1.2.7 Triangularity Effects on Thermal-Energy-Confinement in ELMy H-mode Plasmas

The density scans of the energy confinement and pedestal properties were carried out in

high- and low-triangularity ELMy H-mode plasmas. High triangularity discharges at low

densities (nJnGw ~ 0.4) produced the higher pedestal pressure, at which higher pedestal

temperature was obtained at a given density. The core electron and ion temperatures increase

in roughly proportion to the pedestal temperature, and are independent of the triangularity. The

profiles of temperature are stiff in the sense that there is a minimum scale length of temperature

gradient, which can be achieved and the energy transport adjusts to maintain this scale length.

The core temperature profiles are self-similar, as can be observed by a roughly constant shift on

the logarithmic plot as the boundary temperature is varied. High-PP H-mode plasmas due to

high power heating produced further high pedestal confinement. The improvement of the edge

stability by increased triangularity leads to higher pedestal temperature, which in turn raises the

core temperature, and thus the high thermal-energy-confinement is obtained.

1.2.8 Edge Plasma Parameters at L-H Transition after the Modification of Divertor Geometry

[1.2-14]

Substantial reduction of the L-H threshold power was observed under the W-shaped

divertor, in comparison with the open divertor. From a viewpoint of edge plasma parameter, it

was found that edge plasma pressure just before the L-H transition in the case of W-shaped

divertor became smaller than that in the case of open divertor. After the modification of divertor

geometry, lower edge ion collisionality just before L-H transition (Vj*eff(L-H)) was established

with lower NB power. It was suggested that reduction of Vj*eff(L-H) arose from the decrease of

neutral particles near the X-point by the analysis of poloidal profile of neutral-particle density.

Therefore, neutral particles near the X-point prevented the threshold power for the L-H transition

from reducing furthermore. According to this result, it is predicted that we can reduce the

threshold power for the L-H transition further by using fueling which does not increase the

neutral-particle density near the X-point.

1.2.9 Understanding of the H-mode Pedestal Characteristics using the Multi-Machine Pedestal

Database [1.2-15]

With the use of a multi-machine pedestal database, essential issues for each regime of

ELM types are investigated. They include (i) understanding and prediction of pedestal pressure

during type I ELMs which is a reference operation mode of ITER, (ii) identification of the

operation regime of type II ELMs which have small ELM amplitude with good confinement

characteristics, (iii) identification of upper stability boundary of type III ELMs for the access to

the higher confinement regimes with type I or II ELMs, (iv) relation between core confinement

and pedestal temperature in conjunction with the confinement degradation in high density
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discharges. Scaling and model based approaches for expressing pedestal pressure are shown to

roughly scale the experimental data similarly well and initial predictions for the future reactor

case could be performed by them. It is identified that q and 8 are important parameters to obtain

the type II ELM regime. A theoretical model on type III ELMs is shown to reproduce the upper

stability boundary reasonably well. It is shown that there exists some critical pedestal

temperature, below which the core confinement starts to degrade. It is also shown that

improved pedestal conditions for good confinement in high-density discharges are possible by

increasing the plasma triangularity.
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1.3 MHD instabilities and High Energy Particles
1.3.1 Resistive Interchange Modes in Reversed Shear Discharges

Resistive instabilities were investigated in reversed shear discharges and the following

results were obtained. First, burst-like MHD activities which often emerged in reversed shear

discharges with large pressure gradient were identified as the resistive interchange mode through

direct observation of localized electron temperature perturbations by using the measurement of

the electron cyclotron emission, ECE. The burst-like MHD activities with n=l were observed

in the negative shear region with large pressure gradient near the internal transport barrier at PN

of about unity or even lower, and higher n (= 2, 3) modes were also observed in higher PN

regime. The burst-like MHD activities are benign to the internal transport barrier and no clear

degradation of the plasma-stored energy is observed by the activities. Second, resistive MHD

instabilities that give rise to major collapse were studied through detailed analyses of a process

of a major collapse. We found that the radially localized resistive interchange mode near the

negative shear region leads to a major collapse through nonlinear mode coupling with a tearing

mode in the positive shear region [1.3-1].

1.3.2 Wall Stabilization and Resistive Wall Mode (RWM)

Stabilizing effects by the resistive wall were investigated. We confirmed that both of
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the resistive (tearing) and the ideal modes can be stabilized by the conducting wall that is close

enough to the plasma surface (typically d/a < 1.3; d: wall radius, a: plasma minor radius) and

high-/? discharges with p\ >/y°"w a" were obtained. Magnetohydrodynamic perturbations

which have the growth rate of y~ TW"! and the toroidal rotation frequency ft0I ~ 1/(27CTW) were

observed in the wall-stabilized high-/? discharges and were attributed to the resistive wall mode.

Plasma rotation frequency in the toroidal direction/or near the mode rational surfaces at the outer

q - 3 or q = 4 surfaces was ~ 4 kHz and no clear reduction of ̂ Jor was observed within the time

resolution of 16.7 ms before occurrence of the resistive wall mode. Although fl0J does not

decrease under the condition that fa > fano'ViM, the RWMs grow and the discharge end up with

the major collapse or disruption. The result suggests that the toroidal rotation frequency fXor = 4

kHz (~10"2VA/(2TIR)) is insufficient for stabilization of RWMs by the resistive wall [1.3-1],

where the VA is the Alfven velocity. The wall stabilization effect can be weak when safety factor

near the plasma edge, q\ is close to integer values, then RWMs appear with significantly large

)kwM- Characteristics of RWMs with respect to current-driven n = 1 kink modes were also

studied by employing current ramp-up discharges. It seems that dependence of )kwvi on d/a is

consistent with a theoretical one using a cylindrical model with certain plasma flow [1.3-2].

1.3.3 Complete Stabilization of a Neoclassical Tearing Mode by ECCD/ECH

Tearing mode stabilization experiment was started in 1999 using one-unit of EC system.

The stabilization experiments have been performed using the fundamental O-mode electron

cyclotron wave, which is the same as in ITER. In 2000, two gyrotrons were newly installed.

Design value of the total generation power was increased up to 3 MW, which corresponds to the

injection power of about 2.3 MW. In addition, control system for the steerable mirror was

modified so that the mirror angle can be changed during a discharge. Stabilization experiment

was performed in the similar way as in 1999, where the mode location was estimated from the

profiles of electron temperature perturbations and the safety factor. Mode location was also

identified by scanning the steerable mirror during a discharge. By fixing the mirror angle at the

optimum one, a neoclassical tearing mode with mln = 3/2 was completely stabilized. In a

typical discharge where the complete stabilization was achieved, EC driven current density is

calculated to be about 0.15 kA/m2, which is about twice as large as bootstrap current density.

Total EC driven current is calculated to be about 25 kA, which is 2% of plasma current [1.3-3].

1.3.4 Characteristics of Neoclassical Tearing Modes (NTMs) in High-PP H-mode Discharges
Onset condition of NTMs in high-/3p H-mode discharges, such as density dependence of

fa at the NTM onset, has been investigated. Collisionality dependence of fa at the NTM onset
normalized by Larmor radius has been also investigated and founded that dependence of ion
Larmor radius p* is stronger than that of electron collisionality ve* (fa/p*« ve*°36). In some
discharges, the NTM is not observed even when the value of fa/p* exceeds the threshold for the
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mode onset. This fact suggests that there is another factor that determines the onset of NTMs.
Effects of current and pressure profiles on the mode onset have been investigated by comparing
between the high-^ H-mode discharges with and without N-NB. It was found that by
replacing a part of positive-ion based NB power with N-NB, an mln = 2/1 mode was suppressed
in spite of higher beta. One of the reasons is considered to be a difference in pressure profiles:
by injecting N-NB, pressure gradient at 0.3 < p < 0.7 was decreased and thus bootstrap current
was decreased. This fact suggests that the /JN at the NTM onset can be improved by pressure
profile optimization using N-NB [1.3-4,5].

1.3.5 Influence of MHD Instability on N-NB Current Drive
Current drive capability of N-NB was evaluated experimentally, and validity of

theoretical prediction was confirmed for MHD-quiescent plasmas in section 1.1.5. Influence of
beam driven instability and NTM on current drive has been also studied [1.3-6]. A beam-
driven instability appeared in the central region of the plasma with large fraction of beam
pressure. This instability occurred in burst-like behavior and fast frequency sweeping was
observed. It was observed that a burst of long frequency sweeping caused loss of N-NB ions
carrying non-inductive current from central region (r/a < 0.3). The lost driven current in the
central region was experimentally estimated to be ~ 40 kA (7% of total driven current).
Influence of NTM on beam ions was evaluated from comparison of
the measured neutron yield with the calculated one by the transport
code. The NTM caused loss or redistribution of fast ions. Influence
of NTM was larger for higher energy NB (N-NB) and was enhanced
with increasing activity of the instability. S 40

1.3.6 Edge Stability of Giant and Grassy ELMs
The dependence of the edge stability on plasma shape and

local pressure gradients, P, in the DIII-D and JT-60U tokamaks
was studied. The stronger plasma shaping in DIII-D allows the edge
region of the DIII-D discharges with type I ("giant") ELMs to have
access to the second region of the stability for the ideal ballooning
modes and larger edge P than JT-60U type I ELM discharges.

These JT-60U discharges are near the ballooning mode first regime
stability limit. The DIII-D results support an ideal stability based
working model of type I ELMs as low to intermediate toroidal mode
number, n, MHD modes. Results from stability analysis of JT-60U
type I ELM discharges indicate that predictions from this model are
also consistent with JT-60U edge stability observations [1.3-7].

1.3.7 Collapse of Density Pedestal by Giant ELM
In JT-60U ELMy H-mode discharges, the detailed behavior

of type I ELM was studied using a heterodyne O-mode reflectometer
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system in order to understand the collapse mechanism of the pedestal structure and consequences
on the core/edge plasma. The phase signal of the reflectometer exhibits the movement of the
cutoff layer (density layer) due to the collapse of the pedestal in a density profile by an ELM.
The sequence of the ELM event can be classified into a precursor phase, a collapse phase, a
recovery phase and a relaxation phase as shown in Fig.1.1.3-1. The typical time scale of each
phase is 200-500us, 100-350|is, 200-500|is and 6-10ms, respectively. Figure 1.1.3-2 shows the
reconstructed density profiles at the end of collapse phase shown in thin line in Fig.1.1.3-2. The
maximum displacement was 6.1cm and 7.1cm for 34.1 GHz and 36.6GHz reflectometer,
respectively. In this case the reflected position reached 10cm inside the separatrix, which
corresponds to twice the pedestal width of about 5cm [1.3-8].

1.3.8 Alfven Eigenmodes Driven by Energetic Particles
In N-NB experiments [1.3-9,10], we have explored the parameter regime near the alpha

particle birth domain in ITER, which could not be achieved by using NB, IC wave and alpha
particles in the previous works, in term of two fast ion parameters: the volume averaged hot ion
beta, </3h> , and the ratio of the beam ion velocity parallel to the magnetic field to the Alfven
velocity, vy//vA . We observed three different types of frequency sweeping modes in this
regime: a slow frequency-sweeping (Slow FS) mode, a fast frequency-sweeping (Fast FS) mode,
and an abrupt large-amplitude event (ALE). The slow FS mode appears with the frequency
inside the Alfven continuum spectrum and its frequency increases to a gap frequency of the
toroidal Alfven eigenmodes (TAE) on the time scale of the equilibrium change. One possibility
of the Slow FS mode is considered to be a resonant TAE which belongs to a kinetic ballooning
mode branch in a low frequency by using non-perturbative HINST code [1.3-11]. The ALEs
and Fast FS modes appear inside a TAE gap and have a pulsating nature. The mode amplitude of
the fluctuating poloidal magnetic field to its field, 85q/5q, in ALEs reaches about 10'3 at the first
wall. The drop of neutron emission rate and the enhancement of the neutral-particle fluxes were
observed on the occurrence of the ALEs, which indicates significant transport of energetic ions.
The Fast FS modes, which often follow up-down frequency chirping, also induce fast ion loss
when its amplitude is large. The transport mechanism is considered as "mode-particle pumping"
from the energy dependence of the neutral-particle fluxes [1.3-12].
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1.4 Plasma Control and Disruption
In addition to the further development of real time feedback control schemes, namely the
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NTM suppression and VTe control aimed at the enhancement of steady-state plasma performance,
low voltage start-up studies with ECH and runaway current experiment were performed in the
2000 campaign.

1.4.1 Low Voltage Start-Up Assisted with Electron Cyclotron Heating

The development of low voltage startup scheme is prerequisite particularly in large

tokamaks with super-conducting coils. The EC assisted startup experiment has been undertaken,

and one turn voltage of as low as 4 V (E-0.26 V/m) was attained, satisfying the ITER

requirement. We have found that the rate of development in Ip decreases with the filling pressure

and also influenced by the toroidal magnetic field and EC wave injection angle. In the recent

campaign, where the second harmonic EC wave was applied, the stable plasma production with

the initial break down voltage of 4 V was possible with EC wave power of 690kW, but not with

that of 400kW. The current was ramped up to 1 MA only when the resonance layer was in the

center of a plasma, namely Bt=l .83 T and EC wave injection angle of 52°.

1.4.2 Runaway Current Termination at the Plasma Disruption

Termination of the runaway electron current was successfully performed during the

simulated vertical plasma displacement event, where the safety factor at the plasma surface, qs

decreased. For all of the discharges with runaway electron generation, runaway current started to

decrease with the appearance of spikes in magnetic fluctuations, and disappeared before qs

decreased to 2. Many spikes in magnetic fluctuation appeared during the runaway termination.

The dominant mode of the spikes in the magnetic fluctuations was m=3/n=l. The first magnetic

fluctuation with a fast growth rate of about 3xlO4 s"1 was followed by repeated magnetic

fluctuations of which growth rate was slowed down to approximately 5x103 s"1. Those

fluctuations with slow growth rate decayed and terminated the runaway current. Corresponding

to the loss of runaway electrons by magnetic fluctuations, the heat flux at the inner divertor

plates was measured, which is an indicator of the wall interaction with the runaway electrons.

Deposited power during the current decay was in a form of intensive pulses with each duration

of the order of hundred micro seconds, and it did not deposit at the constant heat load during the

current decay. On the other hand, the halo current, measured by the Rogowski coils, during the

runaway termination was small, and increased after the runaway termination (at qs< 2) with a

dominant toroidal mode of n=l [1.4-1].

Reference
[1.4-1] Tamai, H, et al., Fusion Energy 2000 (CD-ROM, IAEA, Vienna), EX9/2 (2001), to be published in Nucl.

Fusion.
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1.5 Particle Control and Divertor/Scrape-off-Layer (SOL) Physics

1.5.1 Pellet Injection Characteristics [1.5-1]

In order to extend the operational region to high density without confinement degradation,

multiple pellet injector was installed for injections from low-field-side midplane, LFS(mid), and

high-field-side at the top, HFS(upper). For the HFS(upper) pellet injection, the guide tube with

a minimum curvature of 600 mm is used. The size of a pellet is 2.1mm cube and 30-40 pellets

can be injected in each discharge. So far, the injection frequency of f= 10 Hz (designed maximum

value is 20 Hz) and the injection speed of v= 100-1000 m/s, as designed, have been achieved.

For the LFS(mid) pellet injection, a large density spike is observed with a fast decay time

of about 1 ms in the NB heated plasma. The fast decay could be due to a displacement in the

direction of the major radius, because the fast decay is observed only for the LFS(mid) pellet

injection. The initial density rise for the LFS(mid) pellet is almost the same in the OH and NB

heated plasmas. The typical initial rise of the density in the OH plasma with the HFS(upper)

pellet is about 30% smaller than that with the LFS(mid) pellet, which can be considered as the

transmission loss in the guide tube. The initial rise of density for the HFS(upper) pellet in the

NB heated plasma is 40% smaller than that in the OH plasma. One of the reasons for this

reduction could be the ablation loss in the SOL. The neutral-gas-shielding (NGS) model

suggests a 20% loss in the SOL of NB heated plasma for the HFS(upper) pellets. For the

HFS(upper) pellet, deeper penetration than the prediction calculated by NGS model is observed

in the NB heated plasma. The deeper penetration for the HFS(upper) pellet and the fast decay

of density for the LFS(mid) pellet in the NB heated plasma are consistent with the radial

displacement theoretically predicted based on the ExB drift model. Using the HFS(upper) pellets,

the accessible density region of the high [}p plasmas is extended to 70% of the Greenwald

density limit with H89P of 1.94.

1.5.2 Helium Exhaust and Forced Flow Effects [1.5-2]

Helium exhaust characteristics in the reversed shear plasmas have been studied by using

He-NB injection under the W-shaped divertor. In the case of low-recycling divertor, it is

difficult to achieve good helium exhaust capability. However, the helium exhaust efficiency is

improved with high recycling divertor, although confinement degrades with increasing recycling.

The simple model using the helium transport coefficients estimated based on gas-puff

modulation technique suggests that helium removal from the core plasma inside ITB is possible

with sufficient pumping rate (with high recycling divertor) even in the high confinement plasma.

Simultaneous sustainment of high confinement and high recycling is the remaining issue.

The pumping rate is improved up to 5% with both-leg pumping in a W-shaped

configuration from 3% with inner-leg pumping at the high-density region. Carbon impurity

reduction is observed with gas-puffing and effective divertor pumping. Carbon impurity level
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is effectively reduced with both-leg pumping due to the effect of flow produced by puff and

pump.

1.5.3 Impurity Transport [1.5-1]

In order to understand impurity transport in the main plasma, transport coefficients are

estimated using a gas-puff modulation technique, and these are compared with the theoretical

predictions based on the neoclassical theory and turbulence model. The Multi-Mode Model

(MMM) is used as a turbulence model, in which the Ion Temperature Gradient (ITG) modes,

Trapped Electron Modes (TEM) and drift-resistive ballooning modes, as well as smaller

contributions from kinetic ballooning modes, are included. In the ELMy H-mode plasma (Ip=1.0

MA, 1^=2.1 T, PNB=1 11 MW and H89p=1.3-1.5), which has no ITB and positive magnetic shear,

helium particle diffusivity (D) is in the range of 1-2 m2/s. In the high PP plasma (Ip=1.5 MA,

Bt=3.6 T, PNB=17.5 MW and Hg9p=1.9), which has ITB with a small gradient and weak positive

magnetic shear, D is in the range of 1-3 m2/s, and seems to be reduced in the ITB region.

However, the reduction is less than a factor of 2. In the reversed shear (RS) plasma (Ip=1.0 MA,

Bt=2.1 T, PNB=7.3 MW and H89P=1.9), which has ITB with a large gradient and reversed

magnetic shear, the D is in the range of 0.3-2 m2/s, and is reduced by a factor of 5-6 in the ITB

region compared with that in the inside and outside regions. The value of D in the ITB region of

the RS plasma is only higher by a factor of 2-4 than the neoclassical value. The convection

velocity, v, in the ITB region of the RS plasma is the same level as the neoclassical prediction. In

the ELMy H-mode and high PP plasmas, the D is two orders of magnitude higher than

neoclassical predictions, and is smaller by a factor of 3-5 than the turbulence model. The values

of v for neoclassical and turbulence model predictions are in the range of error bar of the

measurements in the ELMy H-mode plasma.

1.5.4 Impurity Control by Boronization and Optimization of the Wall Temperature

Boronization using deuterated decaborane has been applied to suppress oxygen

production and the vessel temperature has been optimized to reduce carbon generation

originating from chemical sputtering. The boronization decreases the oxygen content in the

core plasma from ~ 3% to ~ 0.5%. The oxygen content of ~ 0.5% is kept by additional

boronization about every 100 shots. By lowering the vessel temperature from 540 K to 420 K,

chemical sputtering yield decreases by ~ 40% at carbon divertor plates. For hydrogen plasmas,

the carbon content reduces from 3.1% to 1.8% in L-mode discharges with NB heating power of

13 MW and from 2.4% to 1.7% in reversed shear discharges.

1.5.5 SOL Plasma Physics

Control of the plasma flow in the SOL and divertor, using a pumping system, is
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considered to be important because of its implications for the exhaust of helium ash and impurity

retention in the divertor. In 2000, effect of the divertor pumping on the SOL plasma flow (SOL

flow) was investigated in the partially detached divertor. Prompt heat load after ELM events

has been a crucial issue to determine the life time of the divertor target for ITER. An infrared

TV (IRTV) system was prepared for the fast measurement of the divertor heat load. The results

on ELM energy loss and heat load on the W-shaped divertor target were summarized.

Measurements of particle flux and SOL flow caused by ELM events were carried out using

reciprocating Mach probes at the outer midplane and the X-point. Understanding of the SOL

flow pattern in ELMy H-mode plasma and evaluations of convection and conduction of ELM

power flow started.

1.5.5.1 Divertor Detachment and SOL Plasma

With application of inner and outer divertor pumping (both-side pumping started in

1999), neutral-particle flux from the inner divertor to the outer divertor through under-dome was

relatively small that the in-out asymmetry of the neutral-particle recycling did not change. The

SOL plasma flow pattern, i.e. flow reversal at the midplane and flow towards the divertor near

the X-point [1.5-3], did not change comparing with that for the inner divertor pumping (1997-

1998). However, it was found that, in the partially detached divertor, an increase in the plasma

flow velocity below X-point was larger for the both-side pumping, and that the subsonic plasma

flow was maintained in the wider range of the main plasma density (ne) without appearance of

X-point MARFE [1.5-4]. These results show that the detachment front is located below the X-

point by a reduction in the down-stream plasma pressure, using the divertor pumping from the

private flux region. Pumping at both-sides of the divertor was favorable for maintaining the

partially detached plasma.

1.5.5.2 ELM Heat Load and Energy Loss

The ELM energy deposition, its time scale and deposition area are critical issues for

evaluating ELM heat load on ITER divertor plate. International database of the high H-factor and

high density plasmas are required to predict those parameters under the ITER operation. The

ELM energy loss (WELM'RTV evaluated from fast IRTV and WELM*1"1 from fast diamagnetic signal)

were summarized for the high triangularity ELMy H-mode plasmas, i.e. (1) at low density

(ne/nGW=0.4-0.5), (2) at high density (ne/nGW=0.6-0.75) with argon gas puff, and (3) at high

safety-factor (grassy ELM). Comparison of WELM'RTV and WELMd'a shows that the heat flux

measurement (particularly inner divertor) may be overestimated by a factor of 2-3, presumably

due to toroidal asymmetry of the heat flux and/or due to over estimation of the thermal

conductivity of carbon.

The ELM energy fraction to the pedestal energy, its time and width for type-I ELM were
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WELMdia/Wped = 0.08-0.11 (average), xdep about or less than 0.25ms (one line scan of IRTV), and

AR<jep= 1.5- 1.7cm (mapped to outer midplane), which was 1.5 times wider than the value between

ELMs, respectively. For the Ar gas puffing case, WELMd"VWped wasO slightly smaller, and ELM

frequency was decreased. It was comparable to previous DIII-D&JET database (at relatively low

density), which implies unfavorable prediction for the HER operation. For the grassy ELM,

WELMdi7Wped = 0.03-0.05 was small (1/2-1/4 of type I ELM). It is required to extend the

operation at the low safety-factor. These data contributed in the ITER physics R&D works to

deduce a simple scaling from the SOL collisional transport model [1.5-5].

1.5.5.3 SOL Plasma Flow Caused by ELMs

The SOL flow pattern just after ELM event is an important issue because it determines

particle transport in ELMy H-mode plasma and affects exhaust of impurity ions. It is also

important to clarify a transport of ELM heat flow, i.e. conduction and convection, since there

were a few fast measurements. Simultaneous measurements of ELM heat flux (by IRTV),

particle flux and Mach number (by reciprocating Mach probes) were performed in ELMy H-

mode plasmas with low heating power. Heat flux deposition time and width were ~250p.s and 1-

1.5cm (mapped to outer midplane), respectively. Those values were comparable to the period

(~350u.s) and the region (1-1.5cm) of the SOL-flow-velocity enhancement, which reached the

ion sound velocity, measured with the X-point Mach probe. This suggests that the convective

transport of heat flux in SOL is important contribution to the divertor heat load.

References
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[1.5-2] Sakasai, A., et al., Fusion Energy 2000 (CD-ROM, IAEA, Vienna), EX5/5 (2001).
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[1.5-4] Asakura, N., Sakurai, S., Tamai, H., et al., J. Nucl. Mater., 290-293, 825 (2001).
[1.5-5] Loarte, A., et al., Fusion Energy 2000 (CD-ROM, IAEA, Vienna), ITER/2-ITER/11 (2001).

1.6 High Density and High Radiation Plasmas

Confinement of the ELMy H-mode plasmas is degraded in the high-density regime in

many tokamaks, and this degradation is a critical issue for the ITER design. High radiation is

needed for mitigating the severe problem of concentrated power loading on the divertor plates.

Controlled injection of impurity gases is a promising technique for enhancement of radiation loss

power. Moreover, by injecting impurities, the confinement has been improved with high

radiation loss power in the high-density regime in some tokamaks. In JT-60U, Ar has been

injected into ELMy H-mode plasmas for confinement improvement and the radiation loss

enhancement due to a radiating mantle at high density [1.6-1, 2, 3]. The properties of

confinement improvement at the pedestal and core plasmas and radiation loss enhancement have

been investigated. On the other hands, the RS plasma is a promising candidate for advanced
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steady-state tokamak operation. In order to

extend such an operation toward high density

and high radiation, Ar and Ne have been

injected into the RS plasmas with high

confinement [ 1.6-1,4]. Radiation enhance-

ment and divertor plasma detachment have

been investigated.

1.6.1 Ar Seeded ELMy H-mode Plasmas

[1.6-1,2,3]

The HH-factor (HHy2) is plotted for

different Ar densities against the electron

density in Fig.I.1.6-1 (a). In the plasmas

without Ar injection, the HHy2 decreased

from 0.9 to 0.6 as the rie/nGw ratio increased

from 0.45 to 0.60. On the other hand, the

HHy2 was kept high in the plasmas with Ar

injection. When the Ar density was higher

than 0.5%, the HH-factor remained near unity

in the range of ne < 0.65nGw- The HHy2 was

about 50% higher than that in plasmas

without Ar injection at ne = 0.65now- The

improvement in confinement more than com-

pensated for the deuterium density reduction

by impurity contamination, resulting in

higher neutron production rates. The

confinement was improved in both the

pedestal and core regions. Figure 1.1.6-1 (b)

illustrates relation between the ion tem-

perature at the pedestal and the line averaged

electron density. The ion temperature at

the pedestal decreased as the electron density

increased in the case without Ar injection.

However, with Ar injection, the ion tempera-

ture remained rather high even in the high-

density regime. The confinement improve-

ment seemed to be closely related to the high ion temperature at the pedestal.
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1.6.2 Impurity Seeded RS Plasmas [1.6-1,4]

The H-factor (FW) and the ratio of the total radiation loss power (Pradtotal) to the net

heating power (Pnet) are plotted against the electron density in Fig.1.1.6-2. With Ar injection, as

the electron density increased from 0.6 IIGW to 0.9 IIGW, the Hs9P decreased from 2.4 to 1.2 while

Pradtotal/Pnet stayed around 0.7. Then, the electron temperature at the plasma center decreased

from ~ 6 keV to ~ 2 keV, and the ratio of the radiation loss power from the main plasma to the

total radiation loss power increased from 0.35 to 0.8. Since some of Ar ions were not fully

ionized in this temperature range, the radiation loss power inside the ITB increased with Ar

injection. With Ne injection, high confinement (Hggp > 2.4, HHy2 > 1.6) and high radiation loss

(Prad
total/Pnet > 0.8) were simultaneously obtained at high density (ne > 0.7IIGW)- Then, the

radiation loss power increased both in the edge of the main plasma and in the divertor plasma,

and the internal transport barrier was strongly maintained. At an electron density of 0.84now,

the divertor plasma became detached with H89P = 1.8 (HHy2 = 1.2) and Prad
total/Pnet = 0.73.

Under the conditions of divertor plasma detachment and an X-point MARFE, the ITB became

more pronounced and the Hg9P increased from 1.3 to 1.8.
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2. Operation and Machine Improvements

2.1 Tokamak Machine

The operation and maintenance of JT-60 was carried out on schedule in this fiscal year. As

for the gas feeder system, an air leakage was found on a piezoelectric valve (PEV) in the April

experimental operation. The valve fortunately could be repaired quickly without replacement

which needs a vent of the JT-60 vacuum vessel to the atmosphere. In the shutdown time from

July to August, the vessel was vented for maintenance works inside the vessel and an anode

electrode for glow discharge cleaning (GDC) was repaired since its voltage-holding degraded in

the April operation. During the shutdown regular inspections of the high pressures gas facility of

liquid N2 tank were performed. In the next shutdown from January to February, the condition

of the cooling pipes inside the toroidal magnetic field coils was inspected, in which small water

leakages were found twice in 1992-1995, and no abnormality was recognized as in the previous

year. The inspections were conducted in two ways. One is observation of the inside pipe with a

fiber scope, and the other is checking of leakage tightness using highly pressurized air. The

extension of the existing cracks and newly produced cracks on the inside wall of the cooling

pipes have not been found.

As for the centrifugal pellet injector which delivers cube deuterium pellets of (2.1)3 mm3

with velocities of 0.2-1.0 km/s at frequencies of 1-10 Hz [2.1-1], a new guide tube for injecting

from the midplane in the high-field side (HFS) has been installed. As shown in Fig. 1.2.1-1,

the HFS midplane guide tube of 5 mm

in inner diameter and -5 m in length

has been installed inside the vacuum

vessel in addition to the former guide

tube for injecting from the HFS top

side equipped outside of the vessel. |

Since the conventional guide tube in

the low-field side (LFS) midplane was

removed, a line selector is used only to

choose an injection direction between

HFS midplane and HFS top side. The

guide tube has two major bends on the

way to the nozzle at P-10 port section.

The curvature of the first bend is

guide tube

Pellet: 2.1mmcubic
Velocity : 100—1000m/s
Frequency :5~10Hz
Guide tube : ^5mm,
L=16m(upper),5m(midplane)

high-field side
(upper * midplane)

line selector

low-field side (midplane)

Fig. 1.2.1-1 Schematic drawing of the pellet injection system for JT-60.
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R=200mm at the outboard port and the second is R= 100mm at the inboard nozzle point. An

outer rotor motor for accelerating the pellets has also been modified so as to meet a lower

velocity region less than 0.2 km/s that improves a fueling efficiency with HFS guide tubes.

Consequently the minimal pellet velocity of 0.1 km/s has been obtained. Pellet injection

experiments from HFS midplane in the velocity range of 0.1-0.2km/s began in the end of March

2001 and the pellets have been successfully injected.

As regard the in-situ boronization system [2.1-2], boron coating discharges with

deuterated decaboran (B10D14) and He as a carrier gas, which was newly applied for the

decaborane-based boronization in the previous

fiscal year, have been operated successfully five

times. Comparing to the former method using

hydride decaboran (B10H14), boron coating time

was reduced to -1/4 due to the GDC stabilization

without precise control of methane gas. The

number of discharge conditioning shots after

boronization were also reduced to -1/10 due to a

reduction of hydrogen content inside a boron film

as shown in Fig. 1.2.1-2. It was made clear that

the boronization time was actually shortened and

efficiency of the first wall conditioning after the vessel vent was drastically improved by

adoption of the deuterated decaboran.

In a plasma-surface interaction study, some preparations have been done to begin a

tritium analysis for the carbon first wall tiles used in JT-60 DD experiments. An application for a

licensing of the tritium use at Naka site in JAERI was filed in June 2000 to Science Technology

Agency (STA) based on the law of radiation protection regulations and it was accepted in

December. After the permission, the analysis room in the radioactive waste storage building

was arranged for radiation exposure managements to undertake a tritium analysis, by installing a

hood and setting up the tritium monitoring systems. Some systems for surface analysis such as a

secondary ion mass spectrometry system (SIMS), a liquid scintillation system and a hood etc.,

were installed in the room. The arrangement has also been made for the cooperative research

program between JAERI and universities using the JT-60 first wall, which will start at the

beginning of next fiscal year.

50 100 150 200

The number of total conditioning shots after boronization
Fig. 1.2.1-2 Reduction of the number of total
conditioning shot after boronization.
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2.2 Control system

2.2.1 Replacement of the discharge control computer system

The discharge control system (DCS) with 20 years old mini-computers was fully

reconstructed with UNIX workstations and VME-bus systems, and the replacement was

completed in March 2001. The schematic configuration of the new DCS is shown in Fig. 1.2.2-1.

Functionally, the workstation communicates with the VME controllers of plant subsystems on

the network by TCP/IP protocol, checks consistency of the plant status before executing the

discharge sequence control and collects experimental data after plasma discharges. The VME-

bus system performs the discharge sequence control by transferring commands to the

workstations and receiving the status data from them. Since the CAMAC system has been used

for some of the plant subsystem controllers and timing system, the old mini-computer system

remains just as a CAMAC interface. Most of programs for these functions had been checked

using a proto-type DCS system before the replacement. Owing to such careful procedures, the

new DCS could start successfully without serious troubles. The data acquisition speed of the new

system is about twice as faster as the old one.
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Fig. I. 2.2-1 Schematic structure of the new discharge control system.
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2.2.2 A real-time plasma shape reconstruction system for JT-60 plasma feedback control

A new real-time plasma shape

reconstruction system, which had been

developed on the basis of Cauchy-condition

surface method[2.2-l], was successfully

applied to the real-time plasma equilibrium

control for the first time in the world. The

total calculation time of major equilibrium

parameters, vertical position, horizontal

position, x-point height, triangularity, etc.,

was designed to be within 500|xsec. The

actual calculation time for plasma vertical

position was approximately 240 fisec using

CCS -+,

REFERENCE

REFERENCE

REFERENCE

i I

ccs—»^

CCS

FAME

V-
/

FAME

s

! • / -

^/FAME :

T I M E ( s )
10 15

Fig. 1.2.2-2 Experimental results of the real-time control of
major equilibrium parameters. CCS stands for the control
results with the real-time plasma reproduction system, FAME
stands for the calculation results using SELENE code.

one processor dedicated only to this

calculation. However, the calculation times

for the rest parameters, which were

calculated using another processor, was

about 800 u,sec in total. Therefore, the

control cycle for the plasma vertical position that requires fast control was set at 250 ^sec and

those for the rest parameters were set at 1 ms. Fig.1.1.2.2 shows the experimental results of the

real-time plasma control with this system.

2.2.3 Development of A Large Input Voltage Range and Low Drift Digital Integrator

Digital integrators with a voltage-frequency converter (VFC) and an up-down counter

(UDC) have been used for magnetic measurements in JT-60. Functionally, the VFC generates the

number of pulses in proportion to the time integration of the input voltage between sampling

cycles, and the UDC counts it. By summing up the counts, the time-integrated signal is obtained.

Very low drift performance (30mVs/3000sec in average) has been realized for this integrator[2.2-

2]. However, after disruptions, it often outputs an integration result with a large shift from the

correct one. This is because the input voltages at disruptions are far beyond the upper and lower

limits of voltage-frequency conversion.

To solve this problem, a digital integrator constructed with three internal integrators in

parallel and a digital signal processor (DSP) has been developed. Each internal integrator has a

pre-amplifier with a fixed gain of 0.01,1 or 10 ( 1 kV, 10 V or 1 V in voltage range). The DSP

selects a count of the internal integrator with the highest gain at every cycle (10 kHz) when the
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input voltage is within the limits, but switches it to that with a lower gain when the voltage

beyond the limits is input. Then, the DSP sums up these counts at every cycle to yield a time-

integrated signal. Performance tests of the switching action and integration showed satisfactory

results. On-site test under JT-60 experimental conditions is now being carried out to verify the

performance.

References
[2.2-1] Kurihara, K., et al., Fusion Engineering and Design 51-52 (2000) 1049-1057.
[2.2-2] Kurihara, K. and KawamataX Proc. of H111 Symp. on Fusion Engineering, 799-802 (1998).

2.3 Power Supply System

2.3.1 Modification of Direct Digital Control (DDC) Algorithm for Poloidal Field Coil Power

Supply

Each coil current of poloidal field coils, F-, V-, H-, Q- and M-coils, frequently turned to

increase during the coil current ramp-down phase, causing failures of thyristor bank currents and

interruption of the gate block(GB) sequence. This is because the coil current was suddenly

induced in each coil by mutual inductions from other coils when each power supply shifted to

the by-pass pair (Bpp) mode where the thyristor banks are turned on. In particular, the F-, V- and

Q-coil power supplies are strongly affected since the mutual inductance between the coils is

large.

The DDC algorithm for the GB-sequence of those power supplies was modified to solve

the problem. In the previous GB-sequence, the DDC system output a constant thyristor firing

angle of 120 degrees to give negative voltage till the current decreases to a preset level, and

shifted to the Bpp-mode. In the new GB-sequence, the DDC system outputs negative voltage in

order to decrease the coil current linearly to zero in 2 seconds, then outputs a constant thyristor

firing angle of 120 degrees for 0.5 seconds, finally shifts to the Bpp-mode and stops the power

supply by GB at 2.5 second. After the modification, the coil currents and circuit currents have

been controlled to decrease to zero as expected and no failure has occurred due to the mutual

inductions.

2.3.2 Operation of Poloidal Field Coil Power Supply for the Tests of the ITER Super-

conducting Central Solenoid Model Coil

As one of the Engineering Design Activities (EDA) of ITER, the pulsed operation test of

the super-conducting central solenoid (CS) model coil was carried out using the poloidal field

coil power supply for JT-60. The CS model coil with no resistance and large inductance of 0.6 H

may resonate with the voltage ripple of 1800 - 2000 Hz in the power supply, which may cause

damage in the coil layers. Therefore high frequency characteristics of the CS model coil and the

loop voltage in each of 18 coil layers were measured before the test. The measured impedance of
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the coil showed a sharp peak at about 500 Hz, indicating the existence of resonance frequency.

However, at the ripple frequency of the power supply, the voltage in each coil layer was only

about three or four times as large as the voltage equally distributed to each coil layer. The

estimated voltage was about 150 - 280 V for the ripple voltage of 50 - 70 V, which was

sufficiently smaller than the limit of the allowable voltage for the CS model coil [2.3-1].

To simulate the pulse operation of the CS model coil, a transfer function and an

equivalent circuit of the coil were estimated using its frequency characteristics. In the simulation,

feedback gains for the F-coil and V-coil power supplies were adjusted so as to stably control the

coil current.

The first pulsed operation test in May 2000 was carefully started with a moderate

feedback gain not to apply an unexpected high voltage to the coil. In the first operation, the

current settling time for the flattop was found to be too slow, about 2 s, for lack of the feedback

gain. On the other hand, the coil current was not zeroed after the GB-sequence. A residual coil

current of about 0.5 kA

decreased very slowly to

zero with the time constant

of the super-conducting coil 5

circuit. This was because c

the coil current decreased ,=

with a delay against the

reference for lack of the

feedback gain, and did not

decrease to zero before the

end of the GB-sequence.

Therefore the feedback gain
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Fig. I .2.3-1. Pulse Operation test of CS Model Coil.

was increased to twice, and the following provisional measures were taken. The reference of the

coil current in the final stage of current ramp-down phase was set at a negative value to surely

decrease the coil current to zero before the GB-sequence ended. Furthermore, before the second

pulse operation test planned in July 2001, as permanent measures, the GB-sequence algorithm

was changed to give negative voltage to the coil for 1 - 2 sec to ensure the decrease in coil

current to below zero. Thus the second pulse operation test was successfully carried out. The test

up to a coil current of 46 kA, which corresponded to the magnetic field strength of 13 T and a

magnetic stored energy of 640MJ, was performed as planned. The result is shown in Fig.I.2.3-1.
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[2.3-1] Shimada K., Miura Y. M., Terakado T., et al., "Characteristics of the high frequency impedance of a large

super-conducting coil and its effect on the coil excitation", in Proc. of 8 IEEJ Ibaraki, Hitachi, p.141-142
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2.4 Neutral Beam Injection System

2.4.1 Development of Negative-Ion Based Neutral Beam (N-NB) Injection System

In this fiscal year, the 500keV negative-ion based neutral beam (N-NB) injection system

for JT-60U has injected a neutral beam power of 5.2 MW at 380keV for 2-2.5 sec and 5.1 MW

at 410keV, which are all somewhat less than what was planned [2.4-1]. The neutral beam power

is limited by the excessive heating of the accelerator grids of ion sources and a beam limiter in

the beam line, which would result from a divergent energetic beam [2.4-2]. The divergent beam

comes from mis-matching of local

beam perveance due to the strong

spatial non-uniformity of the ion

source plasma that yields to local

variations in the current density

extracted from different areas on the

plasma grid. So we have

implemented several techniques to

correct the non-uniformity in these

sources.

The most successful

technique has involved installing

resistors whose value can be changed

independently in the circuit for each

of the eight filament groups, and, in

addition, masking about 19 % of the

grid area to avoid extracting

divergent beamlets from remaining

areas of lower plasma density [2.4-3].

Figure 1.2.4-1 shows the ion

saturation current profiles with the

arc series resistor of 150 mQ, and
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Fig.I.2.4-1 Effect of arc series resistors of 100 mil and 150 mil.
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plasma grids. The non-uniformity has improved largely with higher arc series resistors. The

masking was done on top and bottom of the plasma grid with thin molybdenum plates. Owing to

these countermeasures, the acceleration efficiency of the deuterium negative ion beams in the

accelerator has improved by more than 30%, as shown in Fig.I.2.4-2. These results show that the

masking is very effective in improving the beam performance, though the accelerated drain

current decreased a little bit with increasing the masking area.

2.4.2 Stable Operation of Positive-Ion Based Neutral Beam Injection System

Concerning the positive-ion based neutral beam (NB) injection system in this fiscal year,

the computer control system for the beam operation has been altered from a mini-computer to a

workstation system in order to match a great variety of beam injection parameters [2.4-4]. In the

modification, the CAMAC system for the data acquisition has been exchanged with a VME bus-

system, and the load of the workstation has been mitigated by taking a part of function of the

workstation.

The NB injection system has also injected stably a deuterium beam power of 20-25 MW

at around 90 keV for 8-9 sec with 11 beam lines. The cryopumps of the three beam lines also

have been used as the pumping system for JT-60 divertor. The cryopump can effectively

evacuate helium gas by the argon gas trapping method.

References
[2.4-1] Kuriyama, M, Akino, N., Ebisawa, N., et al., "Study of Increasing the Beam Power on the Negative Ion

Based Neutral Beam Injector for JT-60", to be published in Proc. of 21th Symposium on Fusion
Technology, Spain, (2000).

[2.4-2] Grisham, L.R., Kuriyama.M., Kawai, M., et al., in Proc. of 18 th IAEA Fusion Energy
Conference, Sorrent, Italy, (2000).

[2.4-3] Umeda, N., Akino, N., Ebisawa, N., et al., Fusion Technology 39(2-Part2) 1135 (2001).
[2.4-4] Oohara, H., Akino, N., Ebisawa, N., et al., Fusion Technology 39(2-Part2) 1140 (2001).

2.5 Radio-Frequency Heating System

2.5.1 Improvement of the RF Control System

A 15-year-old Radio-Frequency (RF) control system for Ion Cyclotron (IC) and Lower

Hybrid (LH) heating systems using a mini-computer and CAMAC system was replaced by a new

system, featuring industrial computers which are a sort of personal computer improved in

tolerance for electromagnetic noise, dust and mechanical shock, workstations and VME modulus

shown in Fig. 1.2.5-1. We expect that frequent troubles due to the decrepit control system will be

reduced dramatically. On the new control system, RF power and phase, controlled with the RF

mini-computer on "aging mode" so far, have been managed with the JT-60 Control System on

"experiment mode". In the "aging mode", RF operators make the waveforms of the power and
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phase including its timing. Contrary in the "experiment mode", operators of an experiment team

will make the waveforms as well as other parameters for plasma control. The latter mode has an

advantage in unification of the parameter control in JT-60U, especially in the case that many

experiments are planned in one shot. In the new control system, though the waveform is not sent

to the RF system before shot, the power level and phase orders are sent every 10 ms. To realize

this scheme having a simple interface between the RF control system and JT-60 control system,

with entirely safety for the RF hard wares, a "real time limitation" controller has been developed.

The controller checks the power level order from the JT-60 control system every 10 ms, and

modifies its level automatically using the parameters of the maximum power, pulse width and

rate of power increment, set by the RF operator according to the conditioned situation of the RF

hardware such as antenna breakdown voltage at that time.

Interlock
system

JT-60 Control System CZenkel) Central Control room

Data
Acquisition

Data
Acquisition WS

Sequence 8 # o n/bff ||||l|§13iiv
stop signal JMi lB|g|g| | |g

Fig. 1.2.5-1 New control system for the IC and LH systems has been completed featuring industrial
computers (improved personal computers; PC), workstations (WS) and VME system to replace the 15-year-
old RF control system using a mini-computer and CAMAC system suffering from frequent troubles.

2.5.2 Operation of the IC and LH Systems

The IC system was operated at a power level of around 3 MW for the experiments such

as analysis of high energetic ions with an innovative diamond detector, Alfven-eigen mode
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investigation and wall conditioning with RF discharge plasmas. Preliminary trials for antenna

coupling improvement were done using CH4 gas-puff expecting increase in scrape-off-layer

density without reduction in breakdown voltage of the antenna.

The LH system was successfully operated for the following experiments. 1) Phase control,

which is essential for LH system operation, was checked by comparison between measured hard

X-ray profiles and predicted ones for typical phase differences. 2) LH power was injected to

sustain the negative shear plasma configuration with high PN- Here, CH4 gas was puffed to

improve LH coupling and to suppress RF-breakdown. The distance between plasma and wall

was controlled precisely by Cauchy-condition surface method [2.5-1] to keep good coupling. 3)

Plasma current profile control was performed by combination of LH and EC injection.

2.5.3 Upgrade of EC system featuring a new antenna

The Electron Cyclotron (EC) program was started to study the local heating and current

drive in JT-60U in 1999 [2.5-2]. The frequency of 110 GHz was adopted to couple the

fundamental O-mode from the low field side with an oblique toroidal injection angle for the

current drive, which is the same scheme for EC current drive (ECCD) in ITER. A schematic

view of the EC system for JT-60 is shown in Fig. 1.2.5-2. In 1999, the first one unit was

completed and successfully generated RF power up to 1 MW. In 2000, the EC system was

upgraded adding two units to generate the total RF power of 3 MW [2.5-3].

1999: The first EC system with one gyrotron and one antenna (#1)
2000: upgraded to three units (adding lines #2, #3)
2001: upgraded to four unlls with a new antenna (#4)

antema-B

1MW, 1 lOGIfe gyrotron

dummy load
for power
measurement

corrugated waveguide (length: ~6Gm) N—I dummy for conditioning

Fig. 1,2.5-2 Schematic view of the 110 GHz - 4 MW EC system in JT-60U.
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The RF power is connected to the antenna-A, which focuses the deposition of three EC beams

within -15 cm in plasmas. The antenna also controls the EC beam in the poroidal direction with

the steerable mirror during a plasma discharge. A strongly peaked Tc profile with Teo~15 keV

was obtained by on-axis EC heating alone. Also, the local EC heating clearly resulted in the

different properties of the thermal transport with and without the internal transport barrier. The

local change in the current profile was directly confirmed by the motional Stark effect

diagnostics [2.5-4]. Therefore, the system showed its high availability for the local profile

control at an injected power level of 1.5 - 1.6 MW for 3 sec. The available power was limited by

a parasitic oscillation of the gyrotrons, which heated the cathode and then shifted the gyrotron

operational condition during a pulse.

In 2000, the fourth RF unit was newly designed and constructed to study EC

heating/ECCD at injection power more than 2 MW. This unit has a new antenna (antenna-B),

which can control the EC beam in the toroidal and poloidal directions with two steerable mirrors

[2.5-5]. A new gyrotron was also redesigned so as to suppress the parasitic oscillation by

installing an RF absorber in its beam tunnel. The design of the antenna-B featuring a new

function of two-dimensional EC beam scan is challenging because it must be placed at a small,

shallow port-box of the vacuum vessel with the depth of ~20cm. We adopt an antenna consisting

of two main parts in order to make it compact. One is a steerable flat mirror system to control the

EC beam in the poloidal direction, fixed in the port-box, and the other is a rotatable focusing

mirror system incorporated with the wave-guide to realize toroidal beam scan, supported from

the outside of the vacuum vessel. It rotates on the waveguide axis with ±20°. This new system

will start in April 2001.
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2.6 Design Study of the JT-60 Modification Utilizing Superconducting Coils

The modification of JT-60 utilizing superconducting coils (SC) is planned as a full

superconductor tokamak (JT-60SC) as shown in Fig.1.2.6-1. Typical machine parameters

proposed are as follows: the plasma current Ip = 4 MA, the toroidal magnetic field Bt = 3.8 T, the

major radius Rp = 2.8 m and the minor radius ap = 0.85 m with elongation at 95% flux K95 ~ 1.7

and triangularity 895 ~ 0.35. The mission of the JT-60SC program is to establish scientific and

technological bases for an advanced operation in an economically attractive DEMO reactor and
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ITER. To accomplish this mission, the major objectives for researches have been established (1)

to control high beta plasmas, (2) to achieve steady-state operation using non-inductive current

drive with high bootstrap current fraction, and (3) to control and remove heat flux and particles

in the divertor region.

Conceptual design for the JT-60SC has been studied as follows (Fig.I.2.6-2):

(i) As a superconducting cable for toroidal field (TF) coils (18 unit coils), feasibility of

Nb3Al or Nb3Sn conductor with a high copper ratio of 4 has been investigated. The cable-in-

conduit conductor is optimized with the operation current Iop = 19.4 kA at the maximum

magnetic field in the windings Bm a x = 7.4 T and enables a compact magnet design with realizing

high current density. The central solenoid (CS) coil, which consists of 4 modules and is made of

Nb3&n cable-in-conduit conductor with Iop = 20 kA at B m a x = 7.4 T, is designed with capability

of providing a flux swing of 40 V-sec for Ip = 4 MA and a pulse length of 100 s.

(ii) The vacuum vessel made of stainless steel with low Co contamination is designed to

be a double-walled structure located within the bore of the TF coils. The double walls are filled

with water for cooling and neutron shielding. And high Mn steel plates are installed for y-ray

shielding.

(iii) The TF ripple reduction with low-activation ferritic steel such as 'F82H' is required

in JT-60SC. In order to reduce the TF ripple as low as 0.4%, ferritic steel plates are mounted

inside the vacuum vessel of JT-60SC. The optimization of ferritic steel plates mounting is a key

issue for wide range of Bt = 2.0 - 3.8 T to obtain a high beta plasma of (3N > 3.

(iv) The in-vessel components consist of divertor, inboard first wall, stabilizing plates

(passive stabilizer for vertical displacement events (VDE) and the stabilization of ideal MHD

modes), cryopumps, the resistive wall modes (RWM) control coils and vertical/horizontal

position control coils. The engineering task for divertor design is to demonstrate steady-state heat

NBI
Poloidal Field Coils (SC)

Cryostat i

Toroidal Field Coils (SC)

' • , v

NBI
JT-60U JT-60SC

Fig.I.2.6-1 Comparison of JT-60U and JT-60SC.

1 ' - i'r :--;̂

Fig.I.2.6-2 Schematic drawing of JT-60SC.
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removal at high heat flux of 10 - 15 MW/m2 by metal armors under the high performance of a

break-even class operation (planned total heating power of 44 MW/10 s and 15 MW/100 s

including N-NB and EC wave).

(v) The effects of magnetic error field on locked mode disruptions and the neoclassical

tearing mode (NTM) with installation of stabilizing plates, pedestal plates of inboard first wall

and ripple reduction plates made of F82H steel were evaluated.
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H. JFT-2M PROGRAM

On JFT-2M, advanced and basic research for the development of high performance

tokamak plasma is being promoted, making use of the flexibility of a medium-sized device and the

research cooperation with universities and other institutions. In this fiscal year, we performed

the preliminary test on compatibility of ferritic steel plates (FPs) inside the vacuum vessel

(covering -20% of the vacuum vessel wall) with plasma, as the second stage of AM TEX

(Advanced Material Tokamak Experiment). No adverse effects on plasmas, including H-mode

production, were observed. Boronization was introduced for the first time in JFT-2M after

installation of inside FPs in order to investigate compatibility of FPs with higher performance

plasmas. High-|3N discharges (|3N up to ~ 2.8) were obtained with inside FPs and boronization.

As for the high performance experiments, the H-mode research with the heavy ion beam probe

(HIBP) was continued, clarifying formation of negative electric field at the H-mode transition

triggered by ECH. The MSE polarimeter system, which is capable of simultaneous measurement

of a radial electric field, has been newly developed for high performance experiments. In RF

experiments, fast wave electric field profile was directly measured for the first time using the beat

wave and HIBP. Compact toroid (CT) injection experiments were continued to clarify the

dynamics of fuelling by CT injection.

• Magnetic probes
°Flux loops

1. Advanced Material Tokamak Experiment (AMTEX) Program

1.1 Pre-testing on Compatibility with Plasma

In the second and third stages of the AMTEX, the low activation ferritic steel (F82H)

plates (FPs) are installed inside the vacuum vessel to simulate a blanket wall of a demo-reactor.

In order to investigate the problems preliminarily, 20% of the vacuum vessel surface area was

covered with the FPs in the 2nd stage. The position of FPs and its effect on plasma are

schematically shown in Fig.II. 1.1-1. The distance

between the plasma and the FPs became much smaller,

compared to the first stage, and thus, enhancement of the

MHD instability might be caused. The plasma control

can be affected because a part of the magnetic probes and

flux loops are affected due to the magnetization of FPs

and also FPs have an effect to draw a plasma column. In

addition, impurity release from the FP might be a

problem during the plasma discharge with higher heating

power, though it was predicted from the experiment in

the test chamber [1.1-1] and the HT-2 tokamak [1.1-2, 3]

that it would not be so severe at least for the vacuum Fig n.i.i-i Schematic cross-sectional
.. , ., , . , rr, , , . view of the vacuum vessel (W), FP.

properties and the ohmic plasmas. The behavior was magnetic sensors and magnetic fields.
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checked prior to the 3rd stage, where high performance plasma would be required [1.1-4]. A

boronization system was installed to reduce impurity desorption, and to obtain high performance

plasma with reduced impurities [1.1-5]. Checking the effect of the boron coating was also

important in the 2nd stage.

Before the boronization, experiments were carried out to check the effects of bare FPs on

the plasma performance. The impurity desorption from the ferritic steel was not remarkable

even when the neutral beam (800kW) was injected. The plasma was produced by the same

procedure as before, although a relative shift of ~lcm was observed in the plasma position

compared to the calculated position without FPs, mainly due to the effect of FPs to the magnetic

sensors [1.1-5]. For the locked mode disruption, operational region became rather wider [1.1-6].

Thus it is concluded that effects of the ferritic steel is not so large in this experimental condition.

After the series of the experiments, the boronization was carried out with DC glow

discharge in the mixture gas of 1% B(CH3)3 (tri-methyl-boron) + 99% He. After the boronization,

the total radiation loss power reduced to 1/3, and oxygen ion line intensities measured by a visible

spectroscopy also reduced to 1/20. The carbon line intensity also decreased slightly though the

main components of the deposited film is C (the composition ratio; B/C = 0.18). The normalized

beta value up to -2.8, which is the highest value obtained in JFT-2M, is achieved with FPs after

the boronization, indicating that magnetic effects of FPs do not disturb high (3N discharge at least

up to pN ~ 2.8. Thus encouraging results were obtained in the second.stage of AMTEX.
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1.2 Study of Ripple Loss of Fast Ions

In the first stage of the AMTEX program, reduction of the toroidal field ripple was

examined by insertion of ferritic steel plates (FPs) between the toroidal field coils and the vacuum

vessel (outside FPs). It was demonstrated that the FP insertion reduced the toroidal field ripple

and the losses of fast ions produced by tangential co-NB injection. By optimizing the FP

thickness, such that the fundamental mode ripple was minimized to be 0.07% at the shoulder part,

the ripple-trapped loss was reduced to be almost negligible (Fig.II.1.2-1). It was found that the

reduction of the fundamental mode ripple and the ripple banana diffusion coefficient at the

shoulder part was the most effective to reduce the ripple ion losses [1.2-1]. The ripple loss

study was continued in the second stage of AMTEX, where both outside and inside FPs were

present (the latter has no effect on the ripple). Effectiveness of the ripple reduction mentioned
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above was compared with other injection angle cases,

such as tangential ctr- or perpendicular- NB.

Experimental results showed that the fast ion losses

were effectively reduced due to the ripple reduction

at the shoulder part by FPs, irrespective of NB

injection angle [1.2-2].

just under
TFC

view/
1 —sigfoi

before FP insertion after FP insertion

Ripple Trapped Losses

References
[1.2-1] Kawashima, H. and JFT-2M Group, Nucl. Fusion, 41,

257 (2001).
[1.2-2] Kawashima, H., Tsuzuki, K., Isei, N., et al , Proc. 28th

Eur. Conf. On Controlled Fusion and Plasma Physics
(Madeira EPS 2001) P4.004.

1.3 Preparation for Testing on Compatibility

with Plasma [1.1-4]

A conceptual drawing of the cross-section of

the vacuum vessel in the third stage, where inside wall
Fig.II.1.2-1 The profiles of the incremental wall

Of the vacuum Vessel is fully covered with the ferritic temperature ATS due to the ripple-trapped losses
before and after FP insertion, respectively. The

Steel Wall, is Shown in Fig.II. 1.3-1. The ferritic Steel highest ATsbefore FP insertion reaches to 70°C.

wall is divided into a number of FPs of 32 pieces and 16 pieces in the outboard and inboard sides,

respectively, in the toroidal direction (16: the number of TFCs) and 7 pieces in the poloidal

direction. The thickness of FPs is in the range of 6-10.5 mm, depending on the location. Each

FP is fixed to the vacuum vessel with bolts. An example of dynamical analyses of the

electromagnetic forces on FPs during disruption is given in Ref. [1.3-1]. In order to reduce the

toroidal field ripple ideally, the optimization of the

poloidal distribution of the FP thickness and the

periodicity in the toroidal direction are required [1.3-2].

The layout of FPs is determined carefully considering

these requirements. We aim at further reduction of the

ripple magnitude in the third stage (say, both the

fundamental mode ripple 816 and the second harmonic

ripple 832 are less than 0.2% at Bt= 1.3T over a wide

range in the poloidal direction on the outboard side),

compared to the one in the first stage, where toroidal

periodicity of FPs is not so rigorously kept because of

spatial limitation. Magnetic sensors, such as magnetic

probes and saddle coils etc., will be mainly installed on
the plasma side of FPs to minimize shielding effects of F i g J U 3 . ? A conceptual drawing of the

ferritic steel on the plasma control. Graphite tiles will ^ i T o f AMTEX Va°UUm d ' h
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be installed on FPs (continuously on the inboard side and partially on the outboard side and near

the divertor legs) for the protection of FPs and magnetic sensors from high heat flux. We will

perform detailed measurements of the magnetic field inside the vacuum vessel using Hall elements

before and after the installation of FPs, to estimate ripple magnitudes and error fields. The

relative position of the vacuum vessel to the center of the toroidal field coils is to be measured, from

which we can also estimate error fields due to FPs.

References
[1.3-1] Urata, K., et al., "Dynamical analyses of electromagnetic force on ferritic board for AMTEX on JFT-2M", to

be published in Fusion Eng. Design.
[1.3-2] Nakayama, T., et al., "Development of a decision method for optimum ferromagnetic board arrangements to

reduce toroidal magnetic field ripple", to be published in Jpn. J. App. Phys.

2. High Performance Experiments

2.1 Study of High Confinement Modes

2.1.1 ECHH-mode

Negative edge electric field (-100 V/cm) around the edge transport barrier, or pedestal,

developed during the H-mode by the peripheral electron cyclotron heating (ECH) on JFT-2M

tokamak. Edge plasma potential was measured by Thallium heavy ion beam probe (HIBP)

method [2.1-1]. The edge potential decreased at the H-mode transition, whereas the potential

increased during the L-mode. The H-mode was triggered by a heat pulse generated by the

sawtooth activity. The edge potential/density fluctuation in the frequency range of 10~100kHz

was gradually suppressed in accordance with the gradual potential decrease at the H-mode

transition in spite that the low frequency fluctuation (< 10 kHz) did not change during the

transition. Thus the decrease of the high frequency fluctuation seems to be related with the

confinement improvement by the H-mode. Further the precursor fluctuation of the edge

localized mode (ELM) was clearly found in the potential fluctuation signal. The fluctuation

frequency went down from -150 kHz to less than 100 kHz just before the ELM. The potential

increases during the ELMs, as during the L-mode. We found that the behavior of the edge

potential in the H-mode with ECH is not much different from the H-mode by the neutral beam

heating, and that the heat pulse by the sawtooth rather seems to play a larger role for the transition

to the H-mode.

2.1.2 Development of MSE Diagnostics [2.1 -2]

A multi-channel motional Stark effect (MSE) polarimeter system, which is capable of

simultaneous measurement of a radial electric field, has been developed on JFT-2M. The

diagnostic can measure the polarization angle at 18 radial locations, which cover a region between

just inside the magnetic axis and the outboard edge of the plasma. By viewing two neutral beam

lines (one is co-parallel to the plasma current and the other is counter-parallel) simultaneously and

near tangentially to the toroidal magnetic field from only one spectroscopic instrument, it provides
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the best sensitivity in radial electric field measurements with good spatial resolution. The magnetic

field pitch angle is also measured with the smallest uncertainty. Preliminary data for L-mode

plasma has been obtained. It is found that the statistical uncertainty of the magnetic field pitch

angle and the radial electric field are about 0.1° and 4 kV/m, respectively, with a time resolution of

10 ms.

References
2.1-11 Ido, T. et al., Plasma Phys. Control. Fusion 42, A309 (2000).
2.1-2] Kamiya, K., Kimura, H., et al., "The Multichannel Motional Stark Effect Diagnostis Discriminating Radial

Electric Field in the JFT-2M Tokamak", to be published in Rev. Sci. Instrum., (2001).
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2.2 Radio Frequency Experiments [2.2-1]

It is important to understand the

propagation and absorption of the fast waves in

plasma for the basic study of the fast wave current

drive, which is one of the promising current drive

methods for a tokamak fusion reactor. The

spatial pattern of the fast wave electromagnetic

field in plasma had not been measured directly

because of its difficulty, although detailed

calculation had been possible with full wave codes.

In JFT-2M, the direct measurement was
Fig.H.2.2-1 Radial profiles of potential fluctuations.

performed for the first t ime in Collaboration with Amplitude of potential fluctuations was reduced with
ECH because of improvement in the fast wave

Ibaraki University and the National Insti tute for absorption due to increase in the electron temperature.

Fusion Science. The basic principle is such that the ponderomotive pseudo-potential of a beat

wave between the two fast waves (coi and CO2) is excited and the potential fluctuation pattern

(frequency; |O)I-Q>2|) is measured with HIBP. The experiments were done with launching fast

waves at two frequencies (200 MHz and 199.91 MHz) from the comb-line antenna [2.2-2] with

and without ECH. The potential fluctuation profiles at the beat wave frequency (90 kHz) were

measured with HIBP. The experimental results are consistent with computational results by the

full wave code (TASK/WM) as shown in Fig.II.2.2-1.

References
[2.2-1] Saigusa, M., Kanazawa, S., Ogawa, T. et al., Proc. of International Conference of Plasma Physics

(ICPP2000), 3 844 (2000).
[2.2-2] Ogawa, T. and JFT-2M group, Fusion Energy 2000 (CD-ROM, IAEA, Vienna), EXP4/06 (2001).

2.3 Compact Toroid Injection

Injection of a compact toroid (CT) is a potential refueling method for fusion plasmas. In

JFT-2M, CT injection experiments were performed under the collaboration between JAERI and

Himeji Institute of Technology. We demonstrated successfully penetration of a CT plasma into
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the core region of JFT-2M plasma with Bt = 0.8T. As a result, averaged electron density

increased by ARg = 0.4xl019m"3 and a fueling efficiency of 40% was obtained [2.3-1]. In order to

understand the dynamics of CTs which traverse across the magnetic field, new electrostatic probe

array was installed on JFT-2M. From the probe measurement, it was found that CT plasma

reaches to the equivalent position of the divertor separatrixeven if the external field of 1.0-1.4 T

was applied and that there exists a trailing plasma behind the CT. We also observed a large

amplitude fluctuation on the ion-saturation current and magnetic coil signal [2.3-2]. Time-

frequency analyses suggest that the time-scale of this fluctuation agrees with that of the magnetic

reconnection between the CT plasmoid and the external magnetic field estimated from the three-

dimensional MHD simulation [2.3-3, -4].

References
2.3-1
2.3-2'
2.3-3'
2.3-4'

Ogawa, T., et al.. J. Nucle. Matter., 290-293, 454 (2001).
Niimi, H., et al., Proc. of Int. Conf. Plasma Physics, (ICPP2000), 3, 1987 (2000).
S k i Y l N l F i 40 277 (2000), , ,
Suzuki, Y., et al., Nucl. Fusion, 40, 277 (2000
N M l " B h i f C TiNagata, M., et al., "Behavior of Compact Toroid Injected into the External Magnetic Field", to be published
in Nucl. Fusion.

3. Operation and Maintenance

3.1 Tokamak Machine

As for the JFT-2M facility, the ferritic steel plates (FPs) had been installed to cover about

20% of the area inside the vacuum vessel at the end of former F Y. The evacuation and baking of

the main equipments such as vacuum vessel and NB system were carried out, and the preparation

to operate for experiments had been finished. An initial conditioning of the first wall was carried

out by Taylor-type discharge cleaning (TDC) together with baking. The plasma production test

was done next, and the whole of the systems were confirmed to be in good condition. The

experiments were started on schedule from May, and continued up to February '01. A wall

conditioning to decrease the gas desorption from the first wall, especially installed FPs, was

performed by glow discharge cleaning (GDC) and boron-coating by using tri-methyl boron.

The vacuum vessel was opened from the end of September to October to check the inside

components. The vacuum vessel was opened again in the end of February for preparation of full

covering of FPs for the third-step of Advanced Material Tokamak Plasma Experiment (AMTEX)

to be carried out in the next FY. The FPs that had been installed outside and inside of the vacuum

vessel and inside components were almost removed. For this fiscal year, the number of plasma

discharge was 2940shots, discharge cleaning (TDC and GDC) was 230 hours, and coil-energizing

operation was 316 shots. The number of the boronization was 4 times (18 hours in total).

In order to improve reproducibility of CT plasmas, a new power supply system for the fast

gas puffing of the CT injector was installed. This system consists of 4 capacitors bank

discharge systems, each of which can be controlled independently and drive each fast gas-puffing

valve. By careful control of the power supply system, a same amount of gas flow was obtained
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from each fast gas-puffing valve and reproducibility of the CT plasma production was improved.

3.2 Heating Systems

As for the NB system, successive maintenances were carried out over the year, and injection

experiments were carried out. The annual check of the NB system was also carried out. The

electrolytic capacitors of the power supply were renewed for preventive maintenance. After

finishing the aging of gyrotrons, the EC wave experiment was started from July. The annual

check of the EC power supply and control equipment were carried out in October. After the

power test of the gyrotrons, the injection experiments were restarted from December. But, #4

gyrotron had a trouble due to cracking of the output window during the experiment. High

confinement mode (H-mode) experiments were performed using the NB and EC heating systems.

3.3 Power Supply System

As for the DC generator (DCG) for the toroidal-magnetic-field power supply, operation

was done smoothly, because the DCG building was newly equipped with dust filters. The

conditions of brush and insulation performance of the DCG were maintained in the good condition.

But, the electric-current-error-alarm of DCG appeared by a trouble of the commutator at the

maximum magnetic field. Therefore, the maintenance of commutator was carried out. The

trouble did not recur by this maintenance and by careful operation such as increasing the magnetic

field step by step.
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HI. THEORY AND ANALYSIS

The principal objective of theoretical and analytical studies is to understand physics of

tokamak plasmas. Much progress was made on analyzing dynamics of the internal transport

barrier in JT-60U reverse shear plasmas. Progress was also made on the study of stability micro

and macro instabilities. The NEXT (Numerical Experiment of Tokamak) project has made

progressed in order to research complex physical processes both in core and in divertor plasmas

by using massively parallel computers. Remarkable progress was made in the study of the

turbulence driven by electron temperature gradient instabilities.

1. Confinement and Transport

The Reverse Shear (RS) plasmas with Internal transport barrier (ITB) realize the

favorable energy confinement properties in JT-60U. The transport properties of such plasmas

are studied by the "transient" transport analysis method [1-1]. A new source of the heat pulse

propagation is found in RS plasmas. This heat pulse propagation is created by the ITB-event.

The region of strong rise of temperature (-20 keV/s) is initially well localized (~ 4 cm) in space.

Later on, a slow diffusive broadening of the rising T perturbation is seen. Outward heat pulse

propagation is analyzed in the region with ~8 cm width fully located in positive shear space zone.

Values of the electron dynamic heat diffusivity as low as ~0.1 m /s are found. The important

consequence of the analysis is the absence of electron and ion "heat pinch" in the ITB region [1-

1]. Transport evolution in reverse shear (RS) and normal shear (NrS) JT-60U tokamak plasmas

with ITB is described as a combination of various

fast and slow time scales processes. Abrupt in

time and wide in space (-30% of minor radius)

variations of electron and ion heat diffusivities

(seen as "spontaneous-like" simultaneous rise and

decay of Te>i in two spatial zones) are found for

weak ITBs in both RS and NrS plasmas [1-2].

In order to predict the energy confinement

property of ITER and fusion reactors from

present-day tokamaks, the transport properties of

NB heated ELMy H-mode plasmas in JT-60 have

been clarified by using the nondimensional

plasma parameters [1-3]. The thermal diffusivity

and energy confinement time of both electron and

ion are normalized by the Bohm diffusion and

their dependence on the normalized Larmor radius,

1 0 0 200 400 600

1/p'

Fig.III.l-l. The (1/p*) dependence of the
normalized energy confinement time for
electrons (circles) and ions (squares) in cases of
weak ELM (open symbols) and strong ELM
(closed symbols).
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p*, and the normalized collision frequency, v*, are studied in detail. The dependence of the

normalized energy confinement time of electron and ion, TEe/tBohm an^ WTBohm, on (1/p*) in JT-

60U ELMy H-mode plasmas is shown in Fig.III.1-1. In the case of relatively weak ELM (open

symbols), both the electron and ion energy confinement increase with (1/p*). In the cases of

strong ELM (closed symbols), the ion energy confinement has nearly independence of (1/p*),

which is unfavorable for the fusion reactors because of their large (1/p*) value.
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[1-1] Neudatchin, S.V., Takizuka, T., Shirai, H., et al., Plasma Phys. Control. Fusion, 43, 661 (2001).
[1-2] Neudatchin, S.V., Takizuka, T., Dnestrovskij, Yu., N., et al., Fusion Energy 2000 (CD-ROM, IAEA, Vienna),

EXP5/20(200l).
[1-3] Shirai, H., Takizuka, T, Koide, Y., et al., Plasma Phys. Control. Fusion, 42, 1193 (2000).

2. Stability

Double tearing modes (DTM) are considered as one of the possible candidates for the

low beta disruption in negative shear plasmas. Linear and nonlinear features of DTM are

investigated systematically in the cylindrical reduced MHD model with the helical symmetry.

The new nonlinear phenomenon, which is caused by the deformation of a magnetic island

structure, is found in the weakly coupled region of DTM. It is shown that DTM is nonlinearly

destabilized after slow growth in the Rutherford-type regime. During the period of this regime,

the nonlinear mode coupling between the main and higher harmonics enhances the higher

harmonics, which cause the triangular deformation of magnetic islands and the following abrupt

growth of DTM [2-1].

Validation studies of the neutral point against vertical displacement events had been

carried out in the Alcator C-Mod and the ASDEX-Upgrade tokamaks under international

collaborations. The disruption experiments of the Alcator C-Mod tokamak had clarified that the

neutral point does exist at 2-3 cm above the horizontal midplane, as the tokamak-simulation-

code (TSC) has predicted. As for the ASDEX-Upgrade, the disruption database indicates that

the vertical location of the neutral point is rather unclear comparing with the JT-60U. The TSC

simulations on the neutral point sensitivity to the plasma profile parameters are now in progress

[2-2].

Stabilizing effects of the externally applied current profile, such as electron-cyclotron-

current-drive (ECCD), on the neoclassical tearing mode (NTM) have been numerically analyzed.

Peaking of the external current profile is shown to be effective for the stabilization. When the

external current profile is modulated in phase with the island rotation, the stabilizing effect is

more effective than that in the case of no modulation. The stabilizing effect of the peaked current

is sensitive to the relative location between the rational surface of the island and the external

current. The low magnetic shear through the equilibrium modified by the external current

destabilizes the NTM island [2-3].
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The effect of NTM on the confinement degradation is studied by using a 1.5D time-

dependent simulation code TOPICS. The NTM island width is calculated according to the

modified Rutherford's equation. In the case that a neutral beam is injected before sawtooth starts,

a bootstrap current modifies a total current profile and makes a conventional tearing stability

index A1 positive. 3/2 mode NTM arises a few seconds after NB which is the same order as the

local resistive skin time. In the case of NB after sawtooth, the NTM arises only with high NB

power. At the same NB power, the confinement degradation by 3/2 mode island in the former

case is larger than that of the latter case [2-4].
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[2-4] Hayashi, N., Ozeki, T., Shirai, H., et al., "Effect of Neoclassical Tearing Mode on Confinement Degradation",
42nd Annual Meeting of APS, Quebec (2000).

3. Heating and Current Drive

An electron cyclotron (EC) wave is very attractive for stabilization of neo-classical

tearing modes (NTM). To obtain the optimum condition of the EC beam injection to stabilize

NTM, we have developed a ray-tracing code which can save computation time. The ray

trajectories are calculated by the standard method and the driven current is calculated by using

the adjoint equation for the full relativistic Fokker-Planck equation [3-1]. By scanning the

launching direction in both the toroidal and poloidal directions, the optimum direction of beam

injection is obtained to drive a current with a maximum value of It/pw at the desired magnetic

surface, where It is the total driven current and It/pw is the radial width of the driven current.

When the current is driven at the position where a ray trajectory becomes tangent to the magnetic

surface ('tangential resonance'), Doppler broadening of the current profile is significantly

reduced and It/pw reaches the maximum value. In the case of tangential resonance, the driven

current width is mainly determined by the effects of the beam divergence. The width of the

driven current is kept in a range of 2 ~ 5 % of the minor radius when a beam divergence is 2 \

The dependence on both the location of beam injection and the wave frequency has been also

obtained [3-2].

References
[3-1] Hamamatsu, K., Fukuyama, A., Fusion Engineering and Design, 53, 53 (2001).
[3-2] Hamamatsu, K., Fukuyama, A., Plasma Phys. Control. Fusion, 42, 1309 (2000).
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4. Numerical Experiment of Tokamak (NEXT)

4.1 Development of Computational Algorithm

A new scheme for inner layer equations in resistive MHD stability theory has been

developed. The new scheme solves the inner layer equations as an initial-value problem. The

full implicit finite-difference-approximation to time yields equations including derivatives only

with respect to the radial variables. The differential equations thus derived are to be solved

with the given asymptotic condition at infinity. This asymptotic matching problem is transformed

into a boundary value problem for which finite difference methods are applicable [4.2-1].

Reference
[4.1-1] Tokuda, S., Fusion Energy 2000 (CD-ROM, IAEA, Vienna), THp2/10 (2001).

4.2 Transport and MHD Simulation

Linear and nonlinear properties of slab drift waves are studied in the negative sheared

slab configuration modeling the qmin-surface region of negative shear tokamaks, where qmjn is the

minimum value of a safety factor q. Linear calculations show that both the ion and the electron

temperature gradient driven (ITG and ETG) modes become strongly unstable around the qmin-

surface. Nonlinear simulations are performed for the ETG turbulence that evolves in a much

faster time scale than the ITG turbulence. It is found that quasi-steady E rXB zonal flows are

generated by an inverse wave-energy-cascade-process. Linear stability analyses of the

electrostatic Kelvin-Helmholtz (K-H) mode show that the quasi-steady Er X B zonal flow profile

is closely related to the q-profile or the magnetic shear, which has a stabilizing effect on the K-H

mode. It is shown that the microscopic quasi-steady Er X B zonal flows arising from the ETG

turbulence have a strong stabilizing effect on the slab ITG mode [4.3-1—5].

The m = 2 collisionless DTM has been studied with the gyro-kinetic particle simulation

to clarify the effect of the electron inertia on the MHD phenomena in the reversed shear

configuration of a tokamak plasma. The collisionless DTM are found to grow up with the

Alfven time scale due to the coupling of two perturbations originated in each resonant surface. It

is also found that the internal collapse occurs on the Alfven time scale due to the rapid growth of

the m = 2 electrostatic potential. The E X B flow due to an m=2 electrostatic potential surviving

after the collapse induces the secondary reconnection and the re-distribution of the current

profile, which produces a new reversed shear configuration [4.3-6].

The process of fueling by injection of a spheromak-like compact toroid (SCT) is

investigated by using MHD numerical simulations, where the SCT is injected into a magnetized

target plasma region corresponding to a fusion device. We proposed, on the basis of simulation

results, a theoretical model that determines the penetration depth of the SCT into the target
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region. It is revealed that the fluctuations of the target magnetic field propagate with the Alfven

velocity determined by the magnetic field and the density in the device region, which leads to the

relaxation of the magnetic tension force. The model is shown to be useful for estimating the

penetration depth of the SCT [4.3-7].
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(2001).
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4.3 Divertor Simulation

Physical characteristics of the scrape-off-layer (SOL) and divertor plasmas have been

investigated by using an advanced particle-simulation-code PARASOL. The effect of diffusive

particle loss and radiative energy loss on the formation of detached plasma was studied in a one-

dimensional system [4.3-1]. The generation of supersonic flow in the presence of above losses

was found, which can bring about the detachment. Heat transport along magnetic field lines in

open-field plasmas was studied [4.3-2]. We found a new analytic expression for the heat flux

in the collisionless regime through PARASOL simulation results. Two-dimensional

PARASOL code was developed. With the use of this code, effects of the radial gradients

including diamagnetic drift flow on SOL and divertor plasmas were studied [4.3-3]. Detailed

explanation on the PARASOL code was presented elsewhere [4.3-2, 4.3-4].
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IV. TECHNOLOGY DEVELOPMENT

Major highlights of Research and Development (R&D) of nuclear fusion reactor technologies,

mainly focused on ITER-related areas in FY2000 are as follows:

(1) Blanket: Based on the R&D of HIP joining conditions between Be and DSCu, Be/DSCu

specimens were made by HIP method with an Al interlayer. They have successfully

withstood a heat flux of 5 MW/m2 for more than 1000 cycles,

(2) Superconducting Magnet: The world's largest superconducting pulsed coils were

successfully tested at the target field of 13 T and operating current of 46kA, with a stored

energy of 640 MJ. The pulsed operation up to 13 T at a ramping rate of more than 0.4T/s was

also demonstrated, fulfilling the requirements of ITER Central Solenoid Coil.

(3) Negative Ion Beam: 1MV voltage holding of a beam accelerator column was successfully

demonstrated for a vacuum insulated beam source. In the beam source R&D, the negative ion

production mechanism was clarified in detail.

(4) RF Heating: The 170GHz gyrotron developed for ITER Electron Cyclotron Heating and

Current Drive was successfully tested at 0.9MW level power for 9.2 second, which confirms

the feasibility of the ITER gyrotron technology in a quasi-CW mode.

(5) Tritium handling: Performance of ITER-scale 2,500 mVhr large atmosphere detritiation

system was successfully confirmed, which is twenty times larger than those investigated.

Rapid surface detritiation capacity of ultraviolet laser irradiation was confirmed (within 1

minutes).

(6) Fuel/Pumping and Vacuum: The location of an in-vessel water leaks was localized within

+5% error by the newly developed method. A new separation method could separate the

mixture gas of Hi/He to each composition gas with the enrichment more than 99%.

(7) Plasma Facing Components of Divertor: A prototype mockup of the ITER divertor has been

fabricated with a high performance cooling tube, joining technology and the armor materials.

This could successfully sustain a heat flux up to 20MW/m2 for more than 1000 thermal

cycles, which is the heat load condition of the ITER divertor for transient operation.

(8) Reactor Structure: A 4 tonne blanket module has been replaced under the required clearance

of +0.25 mm between the key and the groove by remote handling. A 400W YAG laser and

the visual image scope system by composite fibers have been successfully developed for pipe

welding/cutting as well as for inspection.

(9) Fusion Neutronics: The FNS facility carried out the shutdown dose experiments, double

bent duct streaming experiments and decay heat experiments for SS316 and coppers.

Radiation detectors using single crystal CVD diamonds have been developed aiming the 14

MeV neutron spectrometer. To reduce the major risk factor for the construction, a key

element technology phase of IFMIF started.
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1. Blanket

1.1 Development of ITER Shielding Blanket

Fabrication and heating tests of the first wall (FW) mock-ups were completed. Here, the

activity about the FW was reported.

For the joining technology between Be armor and alumina dispersion strengthened Cu

(DSCu) heat sink, hot isostatic pressing (HIP) conditions and interlayer materials were

investigated with trial joints fabrication, mechanical tests and metallurgical observation of the

joints. Consequently, two types of HIP condition were selected as shown in TablelV. 1.1-1.

The Be/DSCu specimens were successfully fabricated with both HIP conditions above.

Heating tests using QHBIS, an electron beam heating stand, in JAEPJ-Oarai were performed to

evaluate thermo-mechanical performance of the Be/DSCu HIPed specimens. Under heat loading

conditions of a heat flux of 5 MW/m2 with a pulse length of 15 s for 1000 cycles. Both of

specimens fabricated showed satisfactory heat removal performance.

Table IV. 1.1 -1 Be/DSCu HIP conditions selected.

No.

1

2

Pre-HIP coating

On Be

Al (VPS,

0.7mm)

-

OnCu

Al (PVD,

10 Mm)

Ti (PVD,

10 \xm)

Cu(PVD, 10

Mm)

Cu(PVD, 10 pm)

HIP conditions

Interlayer

Al-Si-Mg (foil,

0.12mm)

-

Temp. (°C)

555

620

Holding(hr)

2

2

Pressure(MPa)

150

150

VPS: Vacuum plasma spray

PVD: Physical Vapor Deposition

A mock-up relevant to the ITER FW design has been successfully fabricated. The

mock-up consists of Be armor, DSCu heat sink, SS316L coolant tubes embedded within the heat

sink and SS316L backing plate. In the fabrication procedure, two HIP processes were applied:

1) bonding of the DSCu heat sink and the SS

cooling tubes and backing plate with HIP

conditions of 1050 °C; 150 MPa and 2 hours,

and then 2) bonding of the Be armor onto the

DSCu heat sink with 620 °C, 150 MPa and 2

hours. For the latter HIP, PVD-coated Cu,

20 p,m in thickness, was used as the interlayer

between Be and DSCu. Though the

Be/DSCu joint with Cu interlayer showed

lower mechanical strength and thermal

fatigue durability than the joint with Al/Ti/Cu J f ^ i i 1 APPearance of Seated Be/oscu/ss
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interlayer as described above, it is advantageous in lower fabrication cost and would have

strength for the FW application. With this mock-up, the fabricability of the Be-armored FW

has been demonstrated. The mock-up would be used for the further investigation of the

Be/DSCu joint with Cu interlayer by thermo-mechanical testing. The appearance of the

fabricated mock-up is shown in Fig. IV. 1.1-1. The overall size of the mock-up, i.e. about 100

mmw x 230 mmL x 95 mm4, was decided taking the possibility to be tested in a heating facility

into account.

A partial FW mock-up has been fabricated to investigate the applicability of CuCrZr, with

lower material cost than DSCu, to the heat sink. The heat treatments required for CuCrZr

would become possible due to the design modification, i.e. the FW separated from the shield

block, for ITER-FEAT. The shape and dimensions of the mock-up were the same as those of

above DSCu/SS FW mock-up, i.e. about 100 mm in width, 580 mm in height and 85 mm in

thickness. A half of the front access holes 30 mm diameter was

also included on one side of the mock-up. HIP conditions of

1050 °C, 150 MPa and 2 hours developed for DSCu/SS were

applied also to this mock-up. After the HIP process, heat

treatments indispensable for CuCrZr were performed: solution

annealing at 980 °C for 0.5 hour with gas quenching and aging at

555 °C for one hour with furnace cooling. With the cooling

rate of 2.7 °C/sec during the gas quenching and above aging

simulating the Be/CuCrZr HIP-bonding, CuCrZr hardness of 75-

80 % of as-received material was obtained. The appearance of

the fabricated FW mock-up with CuCrZr heat sink is shown in

Fig. IV. 1.1-2. By macroscopic and microscopic observations of

cut-out pieces from the mock-up edge, good bondability has Fig I V 1 1 2 Appearance of

•L. *- J TI i ,i r x ' f , r f i (T7 /en T-XXT fabricated FW mock-up with

been confirmed. Though the feasibility or CuCrZr/SS FW was CuCrZr heat sink,

preliminary shown by the fabrication of this mock-up, further

optimization and investigation on the cooling method for the solution anneal of CuCrZr and

joining conditions of Be/CuCrZr will be required. Thermo-mechanical testing of the fabricated

mock-up is planned at the electron beam facility in JAERI.

1.2 Breeding Blanket

1.2.1 Concept of solid breeder blanket cooled by supercritical water

A concept of solid tritium breeder blanket cooled by supercritical water has been
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developed for the demonstration reactor of fusion power plant. In the developed concept,

supercritical water (inlet/outlet temperature: 280/510 °C) was selected as the attractive coolant

for higher electricity conversion factor (about 43 %) than normal PWR system. Among

reduced activation ferritic steel, F82H was selected as the main structural material because of its

sufficient database. For the breeding material, Li2TiO3 pebble or U2O pebble was selected as

the major candidates. For the neutron multiplier material, Be pebble was selected as the

candidate. For an attractive option of the neutron multiplier, Be^Ti was studied.

A module type of blanket can be easily handled with remote handling machine. The

blanket consists of the FW, the breeder, the neutron multiplier and the cooling panels. The FW

made of F82H has built-in cooling paths. The breeder pebble bed of Li2O and the neutron

multiplier pebble bed of Be are separated with the cooling panel. The blankets are cooled by

supercritical water with pressure of 25Mpa..

Nuclear analyses were

carried out by using 1-D SN

code ANISN with the group

constant set FUSION-40 based

on JENDL-3.1. The thickness

of breeder and multiplier layers

was optimized to maximize the

TBR (Tritium Breeding Rate)

by keeping the temperature

limit. The local TBR of 1.47

was obtained as a typical case,

and also the effects of the 6Li

enrichment and the coolant

temperature on the TBR were

evaluated. The TBR as the

1.6

1.4

I 0.8
m
E 0.6

JE 0.4

0.2

0

20 40 60
6Li enrichment {%)

80 100

Fig.IV.l.2-1 Dependence of TBR on 6Li enrichment.

function of 6Li enrichment is shown in Fig. I V.I.2-1. The TBR increases with the increase of 6Li

enrichment. The local TBR of 1.5 can be obtained with 6Li enrichment higher than 50%, though

30% 6Li would be sufficient because the TBR almost saturates there. The net TBR higher than

1.0 could be expected with the blanket coverage more than 70%.
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2. Superconducting Magnet

2.1 Test Results of Central Solenoid Model Coil [2.1-1,2.1-2]

The first cool-down of the Central Solenoid (CS) model coil started in December 1999

and a clear transition to superconducting state was observed at the temperature of about 17.5K.

However, a helium leak from a cooling pipe attached to the supporting structure was detected at

a temperature of 10 K. The coil was once warmed up and the pipe was immediately repaired.

Then, the second cool-down was successfully completed in March 2000.

The charging tests of the CS model coil and CS insert were carried out from April 14 to

August 18, 2000. On April 19, the CS model coil was successfully operated in a DC mode up

to the nominal current of 46 kA, generating the maximum field of 13 T (stored energy 640 MJ)

with a supplied temperature of 4.5K. No normal transition was observed even in the virgin

charge. The CS model coil could also be ramped up to 46 kA, 13 T at a ramp rate of 0.6 T/s

without quench.

Fast discharge from 13 T with a time constant of 5.3 s, corresponding to a field changing

rate of 2.5 T/s, was successfully carried out. This field changing rate is much faster than that of

the ITER CS operation in the plasma breakdown phase. In addition, the maximum voltage in

this discharge was about 4.8 kV, resulting in demosntrating the integrity of the coil insulation in

the actual operatioin.

Various regimes of the pulsed operation were tried to simulate the ITER CS operation.

For example,

(a) Ramp-up to 46 kA, 13 T, with an supplied temperature of 4.5 K at a ramp rate of 0.4 T/s,

flattop of 5 s, followed by a fast discharge with a time constant of 8.5 s (1.5 T/s), as shown in

Fig. IV.2.1-1.

(b) Ramp-up to 46 kA, 13 T, in 26 s (0.5 T/s), flattop of 5 s, ramp-down to 41 kA in 2 s (0.7 T/s),

flattop of 5 s, followed by ramp-down to zero in 18 s (0.6 T/s).

(c) Bipolar operation of zero to -11 kA in 6 s, 2 s flattop, -11 kA to +35 kA in 40 s, 4 s flattop,

and ramp-down in 19 s.

All regimes of the pulsed operation were performed successfully without a coil quench.

The AC losses in the CS model coil were initially higher than expected. However, after

several current cycles, they declined to the expected level. Although such behavior, reduction

of AC losses, was also observed in short conductor samples consisting of chrome-plated strands

in case that the conductor is heat-treated, it was the first time that this phenomenon was observed

in a big magnet. From a viewpoint of the actual operation, the AC losses after several charges

are important. It was therefore concluded that the time constant of coupling loss was about 30 -

200 ms, which was within the acceptable range.

The CS model coil has 38 conductor joints (34 interlayer joints and 4 terminal joints).

Their resistances are from 1 to 3 nQ and well within the design goals.
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Fig.IV.2.1-1 Trace of magnetic field and current up to
13 T (640 MJ) with 0.4 17s pulsed operation and
balance voltage to detect quench during this operation.
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Fig.IV.2.1-2 Comparison of CS Model Coil with
superconducting coils constructed so far.

As described above, the CS model coil has successfully been tested and achieved the

design parameters required for the ITER CS. In addition, the CS model coil has shown very

high-level technology in comparison to superconducting coils constructed so far as shown in Fig.

IV.2.1-2.

References
2.1-1] Tsuji, H., et al., Nuclear Fusion, 41 645 (2001).
2.1-2] Kato, T., et al., First Test Results of the ITER Central Solenoid Model Coil, Proceedings of Fusion Technology

2000, in press.

2.2 Test Results of CS Insert

2.2.1 Current Sharing Temperature

The superconducting performance of the CS insert, including current sharing temperature,

was investigated at the magnetic field of 13 T as shown in Fig. IV.2.2-1 [2.2-1]. The coolant

temperature was gradually increased by using resistive heaters, and the current sharing

temperature was defined at which the resistive voltage corresponding to 10 (iV/m appears. The

resistive voltage and conductor temperature were measured at the center of the conductor, where

the normalcy should initially appears since the magnetic field was the highest.

The conductor has been developed so as the current sharing temperature at 13 T and 40

kA is more than 7.3 K as shown in Fig. IV.2.2-1. The measured current sharing temperature of

8.1 K at 13 T and 40 kA is sufficiently higher than this. Consequently, the development of the

CS conductor has successfully been completed.

2.2.2 Pulse Charge Test Results

Pulse charging tests using JT-60 power supplies started in May 2000 [2.2-2]. The CS

insert achieved 1.2T/s pulsed charging up to 13T without a quench as shown in Fig. IV.2.2-2.

Coil current was ramped up to 44.3 kA - 13 T in 10.8 s in this operation.
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Fig. IV.2.2-2 Trace of the current and temperature during the
pulsed charge with a ramp up rate of 1.2 T/s.

The temperature at the center of the CS insert conductor is estimated to have increased up

to 6.7 K due to AC losses. It has been found that the conductor can stay in the superconducting

state up to 8.1 K based on the current sharing temperature test. This temperature margin keeps

the CS insert in the superconducting state during such fast charging.

References
2.2-11 Tsuji, H., et al., Nuclear Fusion, 41 645 (2001).
'2.2-2] Kato, T., et al., First Test Results of the ITER Central Solenoid Model CoilProceedings of Fusion Technology

2000, in press.

NbjAl strand
(<|>Q.81 mm, N=l 152, Cr plated,
jo=620 A/mm2 at 12 T, 4.2 K)

SS jacket
(t=2mm)

2.3 Completion of NbgAl Insert Fabrication

The NbsAl insert has been fabricated to

demonstrate applicability of a Nb3Al conductor to

ITER TF coils with react-and-wind method [2.3-1].

A 13 T and 46 kA Nb3Al conductor [2.3-2]

was developed for the NbsAl insert. This

conductor consists of a NbaAl cable and stainless

steel (JN1HR) jacket, as shown in Fig. IV.2.3-1.

The critical current of this conductor is expected to

be 90 kA at 13 T from the R&D results [2.3-3],

which is sufficiently high compared to the nominal

current of 46 kA.

In addition, R&Ds for the fabrication of the
Fig.IV.2.3-1 Nb3Al insert conductor.

NbaAl insert were performed. One of the key
technologies is the development of low resistance and low AC loss joint. The resistance and
time constant of coupling loss of the developed joint were 3.9 nQ at 6.5 T and 0.6 s, which

- ' • • • • " . - . / ;•• j
Centrali

;•• j ; channe l

' ' (((>10mm,
t=2 mm)

^42.6
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were acceptable.

Another key technology was the heat

treatment to generate M>3A1. Thermal expansion

coefficient of the strand changes after the reaction

generating M>3A1 from Nb and Al. This creates

large thermal force, about 60 kN, after the heat

treatment. The structure to sustain such large

thermal force during the heat treatment had been

developed and then the fabrication of Nb3Al insert

could successfully be completed at the end of

2000. Figure IV.2.3-2 shows the completed

M53AI insert.

References
[2.3-1] Koizumi, N. et al. IEEE Trans, on Magnetics 32 2236

(1996).
[2.3-2] Koizumi, N. et al. Proc. of Fusion Engineering and Design

41277(1998).
[2.3-3] Koizumi, N. et al., Evaluation of Critical Current

Performance of 13T-46kA Steal Jacketed Nb3Al Conductor,
Proceedings of Fusion Technology 2000, in press.

2.4
Fig. IV.2.3-2 Nb3Al insert.

R&D for the Manufacture of the ITER

Magnets

2.4.1 Development of a new fabrication method for radial plate

The manufacturing process of a radial plate has been studied to reduce the fabrication cost

of ITER TF coil. Eight cross-shaped bars were produced by extrusion and cold drawing

process with a good tolerance. They were bent to the radius corresponding to the poloidal

section of the radial plate at the upper region of the TF coil with a good tolerance by using a

newly developed bending machine. The bent bars were, then, assembled and joined by a laser

welding to form a curved poloidal section of a radial plate (30 degrees). Finally, it was cut into

two halves and butt welded again by the laser welding to simulate the welding of full size

sections to form a radial plate as shown in Fig. IV.2.4-1.

The great reduction of machining process could be achieved by using these techniques,

resulting in reducing the fabrication cost.

2.4.2 Development of Fabrication Process for Double Jacket Conductor

The manufacturing feasibility of a double-jacketed conductor has been studied to avoid

deterioration of the superconducting performance due to the different in thermal expansion

between the jacket material and strand, which is originated during the fabrication.
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Two circular-in-square tubes with side grooves were produced from billets of austenitic

stainless steel, JK2, which has a similar thermal contraction to that of NbsSn from room

temperature to 4K, by hot extrusion and cold working process with a good tolerance. The

manufacturing process of the double jacket conductor such as bending of grooved tube, cutting

to U-channels, transverse welding of U-channels, assemble of titanium tube and U-channels and

longitudinal welding at the horizontal mid plane (see Fig. IV.2.4-2), was simulated to

demonstrate manufacturing feasibility of the double jacket conductor. Non-destructive tests of

welding were also performed after the completion of the assembly and serious defects were not

observed. The manufacturing process for the double jacket conductor was successfully

developed.

• • • » '

- •'*%$:*

;i

Fig. IV.2.4-1 View of laser welding between two
curved sections of radial plate having the same size
used in ITER.

Fig. IV.2.4-2 View of TIG longitudinal welding between
two halves of JK2 U-channels after assembly of Ti tube
and U-channels.
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3. Negative Ion Beam

3.1 Negative Ion Beam Technology

The R&Ds for the negative-ion-based neutral beam (N-NB) injector have been conducted

to improve the beam acceleration reliability and to enhance the negative ion production. A test of

a vacuum insulated beam source (VIBS) was performed in the MeV test facility. Other essential

studies of the negative ion beam optics, the gas flow conductance in narrow tubes, and the

negative ion production mechanism have been performed.

3.1.1 Vacuum Insulated 1 MeV Negative Ion Beam Accelerator

The VIBS experiment started to solve

Radiation Induced Conductivity of insulation gas

surrounding the beam source. For the experiment

of the vacuum insulated beam source, a MeV

accelerator column is utilized as a high voltage

bushing and a vacuum vessel for the VIBS. The

accelerator electrodes and their supports were

removed from the original MeV accelerator. The

shields electrodes were installed in the accelerator

to protect the inner surface of the fiber reinforced

plastic(FRP) insulators. The shield can protect

electron injection and photon irradiation such as

ultra-violet rays to keep the voltage holding. Figure IV.3.1-1 shows a comparison of the voltage

holding characteristics with and without the inner shields. It has been confirmed that the inner

shield is effective to increase the voltage holding characteristics. By feeding the hydrogen gas in

the accelerator, breakdown voltage increased and reached to 1 MV. By increasing the gas

pressure p, the breakdown voltage increased and took the maximum at around 0.9-1 Pa. However,

further increase of the pressure reduced the breakdown voltage rapidly, because gas discharge

occurred in this region. The gap length d between the high voltage part and grounded part is 1.8

m. From these results, it is clarified that a transition of the product pd from vacuum breakdown

to glow discharge (gas discharge) is about 0.18 Pam. This is also an essential data to design the

ITER beam source.

40 5020 30
TIME (HOURS)

Fig.IV.3.1-1 Voltage holding of the accelerator
column.

3.1.2 Beam Optics in Multi-Aperture Negative Ion Source

In the negative ion extraction system, permanent magnets are installed in the extraction

grid in order to suppress extracted electrons into the accelerator. The deflection of negative ion

beam by this magnetic field has been studied by measuring the beam deflection angle with

observing footprints of the beamlets. The beam deflection angle 6 is related to the integration of
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the magnetic field strength B from the beam extraction surface along to the beam axis. The ion

larmor radius is proportional to the square root of the beam energy VE, therefore, the deflection

angle is written as 6 ^ B/VE
m. In the

experiment, a gap distance between the

plasma grid (PG) and the extraction grid

(EXG) was changed to vary the integration

value of the magnetic field. Experimental

results were compared to a numerical

simulation by using a three-dimensional beam

trajectory code OPERA-3D. In Fig. IV.3.1-2,

fitting curves are obtained from the above

formula. It was confirmed that the

experimental results agreed well with the

expression of the above formula, and also, the

OPERA-3D simulation.

o
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Fig. IV.3.1-2 The measured beamlet deflection angle
as a function of the beam energy. Solid lines are
obtained from theory and closed symbols are results
from OPERA-3D simulation.

3.1.3 Conductance in the Intermediate Gas Flow Region

It is reported that the gas flow conductance becomes low at a narrow duct whose width is

similar to the mean free path[3.1-l]. If the same effect can be expected in the ITER NB injection

system, gas flow distribution will be changed. To clarify the effect, the experiment using narrow

ducts has been performed. The typical configurations of the tube is 10 mm in width, 150 mm in

height and 200 mm in length. It was experimentally confirmed that the conductance in the

intermediate region is relatively low compared with that in molecular flow region at 10 mm in

width only. This type has a geometry similar to that of the ITER NB injection neutralizer slot.

The measured conductance was 70% of the calculated value by assuming that the gas flow is

molecular flow.

3.1.4 Enhancement of the Negative Ion Production

It has been observed that Cs seeding in a volume negative ion source enhances the

negative ion current dramatically. This Cs effect is considered to be due to the enhancement of

the negative ion production on low work function surface. To clarify this mechanism, the

relationship between the work function of plasma grid surface and the negative ion current were

studied in semi-cylindrical shape ion source [3.1-2]. Figure IV.3.1-3 shows the relation between

the work function of the plasma grid surface and the negative ion current with plasma grid

temperature. The work function was measured by Ar+ laser and the negative ion current was

measured calorimetrically. By increasing plasma grid temperature, Cs coverage on plasma grid

surface decreases, then, the work function decreases until Cs coverage becomes optimum. In Fig.
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IV.3.1-3, the negative ion current increased three

times with the decrease of the work function from

2.1 eV to 1.8 eV. Therefore, the dominant Cs

contribution on the negative ion production is

considered to be the surface production on the low

work function surface.

3.1.5 Material for the Plasma Grid

Considering the negative ion production

mechanism, the low work function of the PG

surface is efficient. The value of the work

function is related to the grid material. By using a

microwave source, the clean surface of PG

(without filament material deposition) can be

obtained. Optimization of the grid material with

Cs can be also investigated using the microwave

source. Many kinds of materials were tested to

obtain the minimum work function surface.

A test metal substrate was installed in the

microwave plasma generator as shown in Fig.

IV.3.1-4. Semi-cylindrical shape ion source was

modified for the microwave source by changing a

strong cusp magnet for making a large electron

cyclotron resonance (ECR) area. The electron

density at the center of the plasma chamber was 2

x 1011 cm'2 at 2.3 kW of net power. As for the uniformity of the plasma, the uniform ion

saturation current of more than 20 mA/cm2 was generated in the wide area of about 250 mm.

After the Cs seeding in the generator, the temperature of the substrate was controlled in order to

obtain the optimum Cs coverage (minimum work function) in each material. The photoelectron

current was measured by Ar+ laser (488nm) immediately after the microwave discharge. In the

case of Au, Ag, and Ni substrate, the maximum photoelectron current was obtained 1.5 times

larger value than W. This result showed that the optimizing the grid material is necessary for

effective negative ion generation.

3.1.6 Development of 1 MV Transmission Line

A 90 % scaled model of the multi-conductor bushing has been fabricated with a

transmission line test chamber that simulates a section of the 1 MV transmission line for the

Fig.IV.3.1-4 System setup to
photoelectron from the substrate.

measure
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1 MV Multi-conductor
Bushing

Transmission line test chamber and

ITER-NB injection as shown in Fig. IV.3.1-5[3.1-

3]. A high voltage test has been performed with

SF6 gas pressure of 5.1 kg/cm2G. A high voltage of

1170 kV was successfully sustained for 300 s. This

voltage corresponds to the test voltage of the NB

power supply system.
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3.2 Application of Ion Beam Technology

3.2.1 High Current Density Positive Ion Beam

Source for IFMIF A beam source technology was

applied to the development of an ion source for International Fusion Material Irradiation Facility

(IFMIF). Development of a high brightness ion

source for the 40MeV/250mA deuteron beam

accelerator, IFMIF, is in progress at JAERI. A

prototype ion source using hot filament cathodes has

been tested in ITS-2M test stand. This ion source

consists of a multi-cusp plasma generator and a two-

stage (extractor and pre-accelerator up to 60 kV)

accelerator. As shown in Fig. IV.3.2-1, an ion beam

of 60keV/100mA H+, which corresponds to ion

beam of 100keV/220mA H+ (155mA D+), was

obtained with optimum perveance (minimum

divergence) [3.2-1]. This result indicates that the

current requirement for the IFMIF ion source would be satisfied with the ion source.

Fig. IV.3.1-5
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Reference
[3.2-1] Iga, T., Okumura, Y. and Kashiwagi, M., JAERJ-Tech 2001-028 (2001).
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4. Radio-Frequency Heating

Radio-frequency (RF) wave is a key tool for heating, current drive and plasma control of the

tokamak fusion reactor. Development of high efficiency RF source and tritium barrier window for

Electron Cyclotron Heating (ECH, 100-300 GHz), and high performance launching system are the

main efforts of JAERI RF heating technology.

4.1 Gyrotron Development

The gyrotron is a high power millimeter wave source, which is a key component of ECH

system. Under the task agreement of ITER/EDA, the 170GHz gyrotron has been developed

froml995. Inl997-1998, the development of gyrotron with a novel output window using a

synthetic diamond was accomplished. The diamond has extremely high thermal conductivity and

low RF loss coefficient, that enables a continuous wave (CW) output of 1MW in lOOGHz band. In

1998, 0.52 MW/ 6.2 sec, and 0.45 MW/8 sec were attained. Based on the results of 170 GHz

gyrotron, 110 GHz 1 MW gyrotron was developed for ECH/ECCD system of JT-60U.

In 2000, the experimental emphasis was placed in the improvement of the efficiency and

study of the output limit, since the gyrotron oscillation efficiency of the previous one was lower

than the design value. The efficiency was lower than 25 % whereas the design was more than 30 %.

To investigate cause of the degradation, a short pulse gyrotron (J3) whose pulse duration is limited

by <10 msec was fabricated and tested. The configurations of the electron gun and the cavity are

the same with the long pulse gyrotron. The oscillation mode is TE318 and unloaded Q-value of the

cavity is 1530. The radiator is single helix in-waveguide type. In a beam tunnel between the cavity

and the electron gun, SiC cylinder was newly installed to suppress the unwanted oscillation. In

1.2
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Fig. IV, 4.1-1 Beam current dependence of output power,
oscillation efficiency, and overall efficiency with depressed
collector (D/C) of J3. Beam voltage is 72 kV. Frequency is
170 GHz.

IV, 4.1-2: A picture of long pulse gyrotron (ITER-J3M).
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Fig.IV.4.1-1, the beam current dependence of the output power and the efficiency (without

depressed collector) of J3 are shown.

The maximum power of 1.06 MW was obtained at 46 A/72 kV. The efficiency was

improved from 32 % to 57 % at 1M W by the depressed collector. Followed this results, a high

power long pulse gyrotron (ITER-J3M) was fabricated. Fig.IV.4.1-2 is a picture of ITER-J3M.

The output window is CVD diamond. The design of the oscillation is the same with the short pulse

gyrotron J3. The maximum performance obtained from the ITER-J3M gyrotron is 0.9M W, --9.2

sec at 170 GHz, which is more than 2 times higher than that previously obtained, confirming the

feasibilty of ITER gyrotron technology. Since the temperature of the key components for long

pulse operation such as cavity, collector and window, was equilibrated in 5 sec, the 9.2 sec

operation corresponds to a quasi-CW.

Reference
[4.1-1] Sakamoto, K., Kasugai, A., et al., Proc of 25 Int. Conf. on Infrared and MM waves., 2000.

4.2 Development of Transmission Line and Launcher

4.2.1 ECH Launcher

ECH launcher has to have a steering capability in injecting RF wave into plasma. In ITER,

two types of ECH launchers have been designed; one is an equatorial port launcher for on/off axis

heating and current drive and another is an upper port launcher for suppression of Neoclassical

Tearing Mode (NTM) instability. The equatorial ECH launcher, shown in Fig.IV, 4.2-1, was

designed[4.2-l]. The launcher has the toroidal steering capability (20-45°) of RF injection with the

power of 20 M W by three movable mirrors. There are twenty-seven waveguides which are dog-

legged to reduce the neutron streaming and the torus diamond windows to isolate vacuum of the

launcher and the transmission line. The launcher also has the neutron shields to protect the torus

windows, superconducting magnets of tokamak and other components. The annual operational

neutron flunece at the window and the magnets are calculated to be <1017~18 n/m2 and <1019 n/m2,

respectively, and these are less than the design criteria.

An alternative launcher, so-called a remote steering launcher has been developed in

collaboration with General Atomics. The steering concept of the launcher is suitable for a fusion

reactor, compared to the conventional type since the movable mirror can be located away from the

plasma. This means that the neutron fluence to the movable mirror can be reduced to the negligibly

low level. The conceptual drawing of the launcher is shown in Fig.IV,4.2-2. The launcher consists

of a corrugated square waveguide and a steerable mirror located at the inlet side of the waveguide.

When the length of a launcher waveguide is selected so that the phase difference between any two

modes propagating in the waveguide be integral multiple of 2TC, the remote steering can be provided.

The length is consequently ~4.6m. The low power experiment (<10mW) at 170GHz was carried

out to investigate the steering capability. The RF beam was radiated toward the expected direction

- 6 0 -
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Fig. IV, 4.2-1 3D view of equatorial ECH launcher for ITER

Steering section

Fig. IV, 4.2-2 Conceptual drawing of RS launcher

and transmission loss at <10° was less than 5 %. The good capability of steering and the low loss

transmission were verified.

Reference
[4.2-1] Takahashi, K., Imai T., Sakamoto K., et al., Development and design of ECRF launching system for ITER to

be published in Fusion Engineering and Design

4.2.2 LH Wave Launcher

Development of plasma facing module for LHCD antenna is underway, in collaboration

with CEA-Cadarache under the framework of EU-Japan Collaboration. A 3.7GHz mock-up

antenna module using Cold Isostatic Pressing Graphite (CIPG) material was fabricated and tested

for a long pulse and a high RF power. This module has four waveguides and a water cooling channel,

the length is 206 mm. A thin stainless steel film (lOfim), molybdenum film (lOfim) and copper film

(50u,m) are laid to overlap each other on CIPG material. CIPG surfaces were successfully coated

with copper by diffusion bonding method in order to reduce RF losses, to bond rods and plates,

and to braze them with a water cooling channel. Stationary operation of the CIPG module with a

water cooling was performed at an RF power density of 118MWm"2 during 800 sec. The RF

power density is 2 times higher than the ITER design value. The outgassingrates from the CIPG

module is less than 10"5 Pam3sm"2 at the module temperature of 200°C, the value is low enough for

an antenna material. No significant bonding defect was observed during the steady-state operation.

It has been assessed that a CIPG module is an attractive candidate for a heat-resistive front of

LHCD antenna.

4.2.3 Development of IC Components

A vacuum feedthrough in a coaxial transmission line is an important component, which may

limit the heating power of the ICRF system. RF transmission characteristics and high voltage

capabilities are examined with numerical calculations, featuring finite deference time domain

method, for seven models of feedthroughs having various shapes of cross-section. These shapes
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were chosen from the four original shapes used in the ICRF system in the world, and three

modified shapes to improve the high voltage capability. According to the calculated electric field

distribution on the conductor and dielectric

(ceramic) surfaces, the highest voltage capabilities

are achieved in the modified PPPL type as shown in

Fig.IV,4.2-3. It was found that the VSWR of all the

models satusfy the requirement of VSWR (Voltage

Standing Wave Ratio) < 1.2. These results are

consistent with the test results in a test stand using

JT-60 ICRF amplifier [4.2-2].

PPPL Type 50 100 mm

Fig.IV, 4.2-3 Cross-sectional view of the
PPPL type feedthrough.

Reference
[4.2-2] Fujii, T., Moriyama, S., IEEE Transactions on Plasma Science, vol.29, pp.318 -325, Apr. 2001.

4 3 Millimeter Wave Free Electron Laser

A Free Electron Laser (FEL) of 9.4GHz using the beam energy of 2MeV on JAERI Large

current Accelerator (JLA) induction linac is planned. In order to obtain the amplified FEL output

power of more than 100M W, a low beam emittance at the beam current of lkA level is essential.

The diode design is carried out by EGUN code [4.3-1]. To avoid electric discharge on the upper

part of wehnelt electrode, the diode chamber and the wehnelt radius were designed so that the

radial electric field E,. is less than 180 kV/cm. The diode chamber size of a (|)508 mm diameter and
,, , ,, , . j . , 1 O O . . j T. Corrugated wave guide

the wehnelt diameter of (pi 88 mm were optimized. It
was found that the normalized emittance

03 Time

21.8 n a

Beam Diameter
16.7 mm

(en = y • (3 • e ) at the beam current of lkA is 2.5x103

% mm-mRad. This beam transport and FEL

experiments will start in FY 2001.

Backward Wave Oscillator (BWO)

experiments using Large current Accelerator

experiment-1 (Lax-1) Induction Linac for a seed 6aips

power Source of mm-wave FEL is underway. The Fig. IV, 4.3-1 Typical pattern of beam bunching is
i . , 4 i i f i n i u * n O/^TT u measured by streak camera. Time length of one flame

p e a k o u t p u t p o w e r u p t o 2 1 0 M W a t 9 . 8 G H z h a s - , - - „ . u u- e c • i i
r y * r l s 620 ps, beam bunching of 6 pieces is clearly

been obtained. A beam bunching characteristics in the observed.

BWO were firstly observed by streak camera in Fig.IV,4.3-1 [4.3-2], but it was not clearly

observed in previous work. The bunching frequency of 9.7 GHz was measured, the frequency

difference between beam bunching and oscillation was 0.1 GHz.
References
[4.3-1] Maebara, S., Morimoto, I., Zheng, X.D., et al., Proc of 13* Inter. Conf on High-Power Particle Beams,

Nagaoka, Jun, 2000.
[4.3-2] Morimoto, I., Zheng, X.D., Maebara, S., et al., Direct obsevation of beam bunching In BWO experiments,

Nuclear Instrument and Methods in Physics Research (to be published).
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Tritium monitor

5. Tritium

5=1 Development of Tritium Safety Technology

To establish safety technology for handling a large amount of tritium in fusion reactors,

research and development in this fiscal year was focused on the study of tritium behavior in

confinement system, tritium decontamination, tritium-material interactions, and tritium

accountancy. Some of the research and development work were carried out at Los Alamos

National Laboratory (LANL) and Princeton Plasma Physics Laboratory (PPPL) under DOE-

JAERI collaboration.

In the study of tritium

confinement and removal,

performance of a ITER-scale large

room-atmosphere detritiation

system was successfully tested and

confirmed by US-Japan

cooperation team at LANL, which

had a radiation-controlled 3000m3

(ITER-scale volume) tritium

handling room (TSTA) and an

Fig.IV.5.1-1 Test arrangement of ITER-scale room detritiation system. ITER-SCale (2500m3 /hr) detritiation

system in it. About 30GBq of

tritium gas was released into the TSTA and over 99% of tritium recovery was confirmed as was

expected. On the other hand at JAERI using the Caisson, a 12m3 sealed box, systematic tritium

removal study was going on varying

humidity, tritiated water fraction in released

tritium and ventilation flow rate [5.1-1].

Tritium decontamination of plasma

facing components used in the deuterium-

tritium (D-T) burning experiment of the

Tokamak Fusion Test Reactor (TFTR) by

ultra violet (UV) laser irradiation was

investigated under DOE-JAERI collaboration.

Tritium was released immediately after UV

laser irradiation (Fig.IV.5.1-2) and most of

the decrease in surface tritium concentration

was observed in the first minute of

|Dctritiation System

3000m3

Radiation-controlled
Room

4

20

15

10

5 J

0

_
*

-

~rrrr

»

TTTT-j - T . r r TT- -n-rr FT

-

-

0 10 15 20
Time (rain)

25 30

irradiation.

A series of fuel rapid supply and
Fig.IV.5.1-2 The release rate of tritium from a sample of
TFTR component during the UV laser irradiation.
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recovery experiment was performed using Zr-Co

tritium storage beds with calorimetric tritium

accounting function. Rapid supply and

recovery function as well as tritium accounting

function was requested to the storage bed by the

ITER. Sufficient performance of accountancy

with 3% for 8-12 hours (Fig.IV.5.1-3) was

confirmed. As the ITER design work, design of

atmosphere detritiation system was carried out

and was completed.

+5

+4

+3

+2

'-> After Rapid Supply j
O After Rapid Recovery! -

Reference
Iw<
Eng.Des. 54" 523 (2001).

0 4 8 12 16 20 24 28 32 36
[5.1-1] Iwai, Y., Hayashi, T., Kobayashi, K., et al., Fusion

- - -.45" '

5.2

Time after rapid supply or rapid recovery (hour)

Fig.IV.5.1-3 Measured accounting fluctuation of fuel
storage/accounting bed after rapid supply and rapid recovery.

Development of Tritium Processing

Technology

R&D on the tritium processing technology for a fusion reactor, which includes fuel clean-

up, isotope separation, blanket interface, water detritiation, has been continued.

In the fuel clean-up system (FCU) development, efficient impurity processing

performance of the cyclic processing FCU system was confirmed. In this system, a Pd/Ag

diffuser for extracting hydrogen isotope gas, a reservoir tank for restraining the mixture of pre-

and post-processed gas, and an electrolytic reactor for processing impurities were connected each

other in loop-form. In its test, impurity (methane) concentration was observed to decrease

sharply in every processing by the reactor from 2.3% to less than 12ppm (Fig.IV.5.2-1).

In the study of hydrogen isotope separation using cryogenic distillation method, the

inventory evaluation method in a distillation column was proposed. The dynamic behavior of a

E
&

I

o
u

10l i=
30 60 90

Time (min.)
120

Fig.IV.5.2-1 Decrease of the impurity
(methane) concentration by processing in the
FCU experiment.

u 60-
3

o :

Composition of the gas from
the topi of a distillation column

"HD-

4 U 60 ^

o 40
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60 W 120 ISO

Time (min.)

Composition of the gas from
the bottom of a distillation column

HD

60 90 120 ISO
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Fig.IV.5.2-2 Demonstration of long-term reliable analysis with
the laser Raman system by analysing dynamic composition of the gas
from a distillation column of the hydrogen isotope separation system.
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distillation column was investigated and analyzed results with proposed method agree well with

the experimental observations. In addition, the long-term reliability of the advanced Laser

Raman spectroscopy with optical fiber for the analysis of hydrogen isotopes was successfully

demonstrated (Fig.IV.5.2-2).

Breeding Blanket Interface

(BBI) is supposed to recover tritium

from the breeding blanket. BBI

system has been designed with

cryogenic molecular sieve method,

but it is expected to realize much

effective system by utilizing the

hydrogen pump made by the

membrane of protonic conductor.

Basic hydrogen pumping properties

of protonic conductor membrane
Applied Voltage [mVl

were investigated for its application Fig.IV.5.2-3 V-I characteristics for test tube type protonic conductor
(Fig.IV.5.2-3) [5.2-1]. membrane (SrCe0_95Yb0_05O3.a) at 800°C.

As the ITER design work,

design of the effective water detritiation system with combined electrolysis catalytic exchange

method was completed. Design study on effective isotope separation system was also

completed [5.2-2].

References
[5.2-11 Kakuta, T., Konishi, S, Kawamura, Y. et al., Fusion Technology, 39 1083 (2001).
[5.2-2] Iwai, Y., Yamanishi, T. and Nishi, M., Fusion Technol. 39 1078 (2001).

-40

5.3 Development of Tritium Production

Irradiation effects on the

property of 6Li-Al alloy were

examined in detail through the

production of high purity tritium

gas (Table IV.5.3-1) of 30 TBq

from neutron-irradiated 6Li-Al

alloy [5.3-1].

An improved compact

tritium gas recycling system based

on a hydrogen pump and a gas

chromatography system was

Table IV.5.3-1 Chemical and isotopic purity of 30TBq tritium gas.

He

0.03

H2

H

0.011

Consists of impurity (°/

HD HT D2

2.28

Isotopic ratio

D

DT T2

97.69

T

0.989

CT4

0.0183
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proposed, and the prototype

hydrogen pump with employing

the proton conductor was

developed (Fig. IV. 5.3-1).

Reference
[5.3-1] Sugai, H., Radiation Chemistry, 69

55 (2000).
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Fig. IV.5.3-1 Prototype hydrogen pump using protonic conductor.

5=4 Operation of Tritium

Safety System in TPL

The tritium safety systems

at Tritium Process Laboratory

(TPL) are composed of GPS

(Glove box Gas Purification

system), ACS (Air Cleanup System), ERS (Effluent Tritium removal system), and DRS (Dryer

Regeneration System). The GPS was operated for about 8000 hours by controlling tritium

concentration in the glove boxes, in which experimental apparatus are installed. The ACS was

operated for cleaning 240,000 m3 of air during the experiments of Caisson Assembly and

maintenance of the glove boxes and the experimental apparatus. The ERS removed about

7.6xlO13 Bq of tritium mainly from the exhaust gas from the experimental apparatus. The DRS

recovered 270 liters of tritiated water from the ACS dryer. The tritium safety system at TPL has

been in service to support operations 4"°

with tritium since 1988, so that some g s.s

systems needs major maintenance.

Some renewal works has been started in

this fiscal year for a liquid nitrogen

supply system and a part of the central

control system. Figure IV5.4-1 shows

monthly environmental tritium release

from the stack of TPL during this fiscal

year. Total amount of released tritium

was 1.4xlO10 Bq, which is sufficiently

lower than the target value at TPL.
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Fig.IV.5.4-1 Monthly environmental tritium release from the
stack of TPL during this fiscal year.
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6. Fueling/Pumping and Vacuum Technology

6.1 De¥elopment of a Water Leak Detection Method for In-Vessel Water Cooling Circuits

Water leaks from ITER in-vessel water cooling circuits of blanket and divertor, and of

vacuum vessel itself should be localized remotely, because human access to the machine is

severely restricted due to the high level of radiation. To meet this requirement, we have been

developing a water leak detection method using a gaseous tracer (gaseous tracer method) as an

ITER R&D task (T450), where the water soluble gas is introduced from an inlet of the

circulating water and the leaked tracer gas is detected by a mass spectrometer in the vacuum

pumping system (Fig.IV.6.1-1). The leaks can be roughly localized by analyzing the time delay

from the gas introduction to the subsequent detection.

In this fiscal year, the feasibility of the gaseous tracer method has been successfully

demonstrated by using a test system fabricated [6.1-1]. Krypton (Kr) was selected for the water

soluble gas with the estimated solubility of ~10~4 because of its good radiation compatibility.

Figure IV.6.1-2 shows the initial result, where the time delay from the introduction of the Kr

dissolved water at -1200 sec to the actual Kr detection by a quadrupole mass spectrometer at

-1480 sec is -280 sec. From this time delay, a length between the introduction point and the

leak valve is evaluated preliminary to be about 5 m, which corresponds to a geometrical length.

Open leak valve
Introduce Kr dissolved water

Detect Kr
n-ftyryi

Vacuum vessel
'* (Water cooled)

Blanket
(Water cooled)

Dtvertor
(Water cooled)

01 V M t Klit l

Vacuum pump
& Mass spectro-

meter

Soluble probe gas
injector

Fig.IV.6.1-1 Concept of the water leak
detection method.

0 1000 2000 3080 4000
Time (sec)

Fig.IV.6.1-2 Changes of Kr ion current and other
parameters. Water leak rate: 2.9xlO"2 Pasm3/s, Kr
solubility: 1.6xlO"4.

Reference

[6.1-1] Hiroki S., Tanzawa S., Arai.T et al., "Fabrication of a Leak Test Unit for Developing a Water Leak Detection
Method in Fusion Machines", J. Vac. Soc. Japan, 44, 329 (2001) (in Japanese).
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via Hvdrogqn
Exhaust line for He-rich mixture'e gas j

6.2 Continuous Gas Separation Tests for Hz/He Mixture Gas

The exhaust gas includes 90~95% of hydrogen isotopes, and the rest is primarily helium

ash impurity which does not contribute to the fusion reaction. Therefore, the continuous gas

separation between fuel gas and helium in the

exhaust gas is necessary to improve the fuel

utilization efficiency. The principle of this

separation method is based on the gas transfer

by making use of the difference of the

absorption affinity between the adsorbent

material and each gas composition in the

mixture gas.

Based on the results of preliminary tests,

a)Case 1 (H295%-He)

•a
•s I Exhaust line for H2-rich mixture gas [

the detailed separation tests have been

performed on three kinds of mixture gases (Ffe-

rich, even, He-rich) which are simulating the

various kinds of exhaust gases from the fusion

reactor.

b) Case 2 (H250% - He50%)

: « • }

a, "I

"S:
•si

Hydrogen

Helium'

„ _ ^ _ ^ _ — — ! » — « - 1 min
« 1 1 Exhaust line for He-rich mixture gas U | I
O.; ' ; ; ,

Helium : Hydrogen '

Argon flow rate : 80 cc/min
Sample gas flow rate : 5 cc/mim
Circulation gas flow rate : 20 cc/mim

&
3

W

4>

Argon flow rate : 100 cc/min
Sample gas flow rate : 5 cc/mim
Circulation gas flow rate : 40 cc/mim

c) Case 3 (H25% - He95%)

Exhaust line for Hg-rich mixture gas I

Hydrogen ~ '

' Helium

Exhaust line for He-rich mixture gasl•
limin

i

Time

Argon flow rate : 60 cc/min
Sample gas flow rate : 10 cc/mim
Circulation gas flow rate : 20 cc/mim

Fig. IV.6.2.1 Results of the gas separation tests
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• Case 1 (H295% - He 5%)

Mixture gas of non-reacted fuel gas and fusion product gas from the fusion reactor.

• Case 2 (H250% - He 50%)

Mixture gas exhausted at discharge cleaning from the fusion reactor.

• Case 3 ( H25% - He 95%)

Mixture gas produced during the separation process and stored temporary.

The separated gases are introduced to each exhaust line by the sequentially controlled

valves attached at the outlets of separation columns. Figure IV.6.2.1 shows the typical test

results performed on the three kinds of mixture gases. From the test results, the following

conclusions were made.

l)In the case of the mixture gas in which the enrichment of each gas composition is largely

different, the enrichment of gas composition with larger one is increased to more than 99%,

and that of the other gas composition is increased up to 30-50%.( a , c )

2) In the case of the mixture gas in which the enrichment of each gas composition is not so large,

the enrichment of each gas composition can be increased up to 90-95%, respectively. (b )

3) By iterating the separation process, the mixture gases can be separated finally into H2 and He

with the enrichment of more than 99%.

- 6 9 -
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7. Plasma Facing Components of Divertor

Development of the plasma facing components (PFCs) is one of the key issues for the

next step fusion experimental reactors such as ITER. PFCs are exposed to high heat loads and

high particle fluxes from fusion plasma. In the ITER design, the divertor is exposed to a steady

state heat flux of lOMW/m2 in normal operation, and also exposed to a heat flux of more than

20MW/m2 for less thanlOsec during the transient excursion. In addition, the incident energy to

the divertor exceeds 100 MJ/m2 for several milliseconds in plasma disruptions, which might

cause the melting and evaporation of surface material. To handle these high heat loads, the

divertor is composed of Cu cooling structure covered with armor materials. As for the particle

load, the armor material will be subjected to the low energy hydrogen at the flux of 1024-1025

ions/m2/sec. Therefore, erosion of the armor material by the chemical sputtering (especially in

case of carbon-based armor) cannot be ignored.

In the present design of the ITER divertor, the armor material for the upper half of the

divertor is tungsten to minimize the sputtering erosion due to high ion flux. On the other hand,

the lower half of the divertor plate is covered with Carbon-Fiber-reinforced Carbon composites

(CFC) to remove high heat loads during transient operation. To investigate the thermal

performance and the durability, mock-ups of the ITER divertor have been developed and high

heat flux tests on these mockups were performed. Sputtering erosion of various armor materials

were also evaluated from the result of the low energy ion beam irradiation experiments.

7.1 Fabrication and High Heat Flux Tests on Full-scale Vertical Target Mock-up with

Annular Flow Concept

Application of the annular flow for the divertor cooling system has an advantage to

eliminate the complex water manifold in the bottom of the ITER vertical target. To demonstrate

the manufacturability of the CFC monoblock divertor with CuCrZr annular flow cooling tube

and its thermo-mechanical performance, a large-scale mock-up with annular flow was fabricated

(Fig. IV.7.1-1). One of the key issues for the fabrication of the mock-up is the joining technology

between CuCrZr cooling tube and the CFC armor material because after the brazing procedure,

quenching is inevitable to recover the mechanical strength of CuCrZr. Therefore, before the

fabrication of the mockup, the brazing process between the CuCrZr cooling tube and the CFC

monoblock with OFHC-Cu buffer layer was optimized using the small test specimens. The best

result was achieved using Ti-Cu-Ni brazing material for CFC/OFHC-Cu and OFHC-Cu/CuCrZr

interfaces, and using Ni-Cu-Mn brazing material for OFHC-Cu/CuCrZr interface with the heat

treatment at the brazing temperature of 980^ . These processes were followed by rapid cooling

with pressurized Argon gas blowing at the cooling rate of around l'C/sec and by the aging

process at the temperature of 4 7 5 ^ for 2 hours. The CuCrZr underwent these heat treatment

was found to retain mechanical strength comparable with those of as-received material.
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After the successful fabrication of the full-

scale mockup, high heat flux test was performed in

PBEF facility. The vertical target mock-up with

annular flow could successfully endure 1000 thermal

cycles at 20MW/m2 for 15 sec, which simulates the

transient heat load of the ITER divertor. The thermal

cycles are more than three times longer than the

required value of the ITER divertor. No degradation

of the thermal performance of the mock-up was

observed throughout the thermal cycle test. These

results show that the vertical target with annular flow

concept can be applicable from the viewpoint of the thermal performance against the ITER-

relevant conditions.

Fig. IV.7.1-1 Mockup of full-scale vertical
target with annular flow tube.

7.2 High Heat Flux Tests on W-rod Armor Mock-up

In the present design of the ITER divertor, tungsten will be used as an armor material for

the upper half of the divertor plate to minimize the sputtering erosion. One of the candidate

concepts of the W armored divertor is the macro brush structure; where W rods are embedded

into water-cooled Cu heat sink. The advantage of W rod concept is the reduction of thermal

stress due to the smaller bonding area. In addition, the cost for manufacturing is much lower

because W rod is widely used as a welding rod and

less expensive than other forms of W. In this work,

small W-rod mock-up was fabricated with the newly

developed W/Cu hot pressing method and high heat

flux testing was performed (Fig.IV.7.2-1). In the hot

pressing process, W rods are directly inserted into the

holes in the Cu substrate at about 900°C. Before the

hot pressing, Ni metallization was performed on W

rod to enhance the heat transfer characteristics

between W rod and the Cu heat sink. After the fabrication of the mock-up, thermal cycle test was

performed under the heat flux of 10MW/m2 up to 1000 cycles. During the thermal cycle, the

melting of the Cu heat sink at very small area was observed but the deformation of the mock up

or the melting of the W armor were not observed and the mock-up could survive up to 1000

thermal cycles.

Fig. IV.7.2-1 W rod divertor mockup
fabricated by the W/Cu hot pressing
method

7 3 Sputtering Experiments on C/W Mixed Materials

Carbon based material and tungsten material are the primary candidates to be used in
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0.14

ITER. Therefore, the simultaneous presence of

these different materials will lead to their mixing

in regions of redeposition. In case of ITER

divertor, the surface of the armor material is

considered to be covered with the mixed C/W

layer. In this work, sputtering erosion of C/W

mixed material was elucidated.

The C/W mixed materials were prepared

by collecting the deposited products on Mo

substrate during the arc discharge between carbon

and tungsten electrode. Tungsten concentration of

the specimen was measured by the Electron probe

micro analysis (EPMA). Sputtering erosion was

estimated from the weight loss before and after the irradiation by the Super Low Energy Ion

Source (SLEIS) facility at JAERI. The energy of the D3+ beam, beam flux, irradiation

temperature were 67eV, 5.0xl019 ions/m2/sec and 673K, respectively.

Figure IV.7.3-1 shows the results of the sputtering experiments on C/W mixed materials

with various W concentrations. As can be seen from the figure, it was found that the amount of

sputtering decreases with increasing the W concentration of the C/W layer. Even at the sample of

25wt% W concentration, the weight loss was 1/3 of the 100% carbon film. The formation of W-C

bonding is considered to be the reason for the low sputtering yields of W/C mixed material layer.

20 40 60 80
W concentration (wt%)

100

Fie.IV.7.3-1 Weieht loss of W/C mixed materials
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8. Reactor Structure

Aiming at the technology development of the tokamak structure and remote maintenance,

R&D efforts in this fiscal year have been focused on the development of the ITER vacuum vessel,

in-vessel remote maintenance and seismic isolation.

8.1 Reactor Structure Technology

8.1.1 Vacuum Vessel Development

The ITER vacuum vessel (VV) is a donut-shaped vessel assembled from the 18 sectors with

a D-shaped cross-section. Each sector is a double-walled structure composed of inner wall and

outer wall. The fabrication and assembly of the sector model was successfully completed within a

precision of ± 3 mm below the required tolerance of ± 5 mm. The welding robot developed by

US home team was applied to the field joints of the port extension (fabricated by RF home team)

on the W , so that the feasibility of the remote welding was demonstrated [8.1-1].

In this year, the residual stress around typical welds was measured using the W sector

model. As the results, the residual stresses are 0 to lOOMPa for outer wall and 100 to 200MPa for

inner wall, respectively. After the W sector model was manually cut by the plasma cutting

device, the ultrasonic transducer (UT) inspection of all field joints on the inner wall was performed.

It is found that there is no defect in all the inspected field joints. In addition, as a bench test for

disassembly of the VV, the plasma cutting tests was performed to verify the feasibility of the

protection of the spread dross during the cutting in the limited space of 35 mm between W and

thermal shield. The protection boxes with depths of 20mm to 30mm were tested, attaching the

test piece made of SUS316L with 60mm in thickness. As a result, the depth of 30mm was found

to be enough for the back protection for cutting the test piece of 60mm.

8.1.2 Seismic Isolation Development

The ITER tokamak structure is composed of various components operating at different

temperatures, resulting in a flexible supporting

system to accommodate thermal expansion,

although the tokamak structure is designed so _ - [- - Jj3L-)l'i(.e''" '

as to sustain the seismic load of 0.2 g. Due to •,"" ; . * _ " .

this flexibility, the tokamak structure vibrates in >~

low frequency of around 2 Hz and requires the , _ _

seismic isolation using rubber bearings for the *„"'""

seismic events with a ground acceleration over ' ' ji; ( ; | )[->, y ; . ^ , ; _ . , • '

0.2 g. For this, the development of rubber

bearings was started in 1997, considering the
. Fig. IV.8.1-1 Rubber bearing under the basic performance test.

vertical compression of 7.5 to 15 MPa and the
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natural period of 3-4 sec [8.1-2].

In this year, a full-scaled rubber bearing with a diameter of 1.2 m was tested and the basic

performances such as spring contact, breaking and buckling characteristics have been measured, as

shown in Fig. IV.8.1-1. In parallel with the development of rubber bearing, the dynamic response

of the tokamak structure with seismic isolation was analyzed to verify the structural integrity under

the severer conditions of the earthquake motion with the velocity of 400 and 600 cm/s than the

normal case of 200 cm/s. As the results, the stresses are less than the allowable value in the all

cases.

References
[8.1-1] Nakahira M, et al., Fusion Energy 2000(CD-ROM, IAEA, Vienna), ITER P/17(2001)

[8.1-2] Takahashi H., et al., Summaries of Technical Papers of Annual Meeting B-2 (in Japanese), Architectural Institute of Japan,

Tohoku, Japan, pp. 695-696 (2000)

8. 2 Remote Maintenance Technology

8. 2. 1 Blanket Maintenance Development

The modular blanket design has been adopted for ITER to facilitate remote maintainability.

This module concept requires the remote handling equipment to handle a 4-tonne blanket module

within ±0.25 mm of the clearance between key and groove. For this, a full-scale rail-mounted

vehicle type manipulator system was fabricated and the integration performance tests such as rail

deployment and blanket handling were successfully demonstrated by the pre-programmed position

control.

In this year, a new control scheme ("sensor-based control") was developed and tested using

the full-scale system in order to replace the blanket

module based on the measured position by the sensors.

For the sensor-based control, two types of sensors are

attached on the end-effector, i.e., coarse measurement

by laser distance sensors and fine measurement by

force sensors (see Fig. IV. 8. 2-1). As a result of the

test, the blanket module has been automatically

replaced within the required clearance of ±0.25 mm

between key and groove, based on the combination of

distance and force information.

[Enc^effeOtoi/G ripper)

Installation clearance beta/een key and groove: ± 0.25 mm

Fig. IV.8.2-1 Demonstration of module replacement
using the sensor based control

8. 2. 2 Divertor Maintenance Development

The ITER divertor requires scheduled maintenance. The divertor divided into 54 cassettes

with a dead weight of 11 ton each, and is removed through the dedicated maintenance ports

allocated around the vacuum vessel and installed within a positioning accuracy of ±2 mm by
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remote handling means. In the EDA, two types of the full-scale remote handling equipment, the

Central Cassette Carrier (CCC) and the Second Cassette Carrier (SCC), were developed and tested.

As a result, the basic feasibility of the maintenance by the fabricated equipment has been

demonstrated.

In this year, the sensor-based control of the SCC was implemented for the radial movement

and the toroidal movement of the fork by adopting the optical fiber sensors and eddy-current-type

distance sensors, as shown in Fig. IV.8.2-2. As a result of the performance test, it was found that

the sensor-based control can provide the positioning accuracy of 0.1 mm in the radial and toroidal

direction. The man-machine interfaces of the SCC were also implemented via the internet by the

IGRIP (Interactive Graphics Robot Instruction Program, Delmia Corp.).

" o l

Fibe r fo r image transmission

Tube for cover
m

Eddy-Cum
Distance

Fig. IV.8.2-2 The sensors attached to the fork in
order to implement the sensor-based control.

Fibe r fo r laser transmission

Fig. IV.8.2-3 Schematic view of the composite fiber

8. 2. 3 Maintenance Tool Development

Welding and cutting of the cooling pipe are required during the maintenance of the in-

vessel components such as blanket and divertor. A pipe welding and cutting tool using YAG laser

has been therefore developed for the blanket manifold and branch pipe connection and

disconnection.

In this year, a "composite fiber", which has two functions of YAG laser transmission for the

welding and cutting and visual image transmission for the visual inspection in the one integrated

fiber, was fabricated to assess the feasibility of the fiber. The composite fiber has a concentric circle

structure, i.e., a center fiber with a diameter of 0.7 mm for YAG laser transmission and about

15,000 fibers with a diameter of 9 nm. arranged around the center fiber, as shown in Fig. IV.8.2-3.

As the results of the basic performance tests, the feasibility of the composite fiber has been shown

because the both functions of YAG laser power up to 400 W and visual image transmission have

been successfully demonstrated.

8. 2. 4 In-Vessel Viewing System Development

Since viewing and inspection of all internal surfaces of the vacuum vessel are required

under the vacuum condition, the six viewing/inspection probes will be inserted through the divertor
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ports without break of vacuum. In this year, the feasibility of the ITER in-vessel viewing system

has been assessed, based on the fabricated viewing system composed of radiation resistant image

fiber, zoom lens and lighting system. As a result, the radiation resistant image fiber shows a good

performance, i.e., a black line of 1 mm in width and a black spot of 1 mm in diameter in the test

chart are sufficiently observed at the distance of 8 m from the tip of the image fiber. On the other

hand, a hole of 1 mm in diameter and 1 mm in depth in the aluminum block could not be observed

from the distance of 8 m. It is also found that the lighting direction and intensity are key

parameters for determination of the image resolution. The final specifications of the in-vessel

viewing system using the radiation hard image fiber will be developed based on the obtained data

although more detailed assessment is necessary.

8. 2. 5 Radiation Resistant Component Development

Since the remote handling equipment for blanket and divertor maintenance will be operated

under the severe gamma radiation of around ~1 kGy/h, it is essential to increase the radiation

resistance of each element to allow maintenance operation for a sufficient length of time. In the

ITER, the accumulated dose of 10-100 MGy are the target of the development. For this, the

gamma irradiation tests of a number of critical components and elements of the remote handling

equipment have been continued using the Co-60 irradiation test facility at JAERI Takasaki

Research Establishment.

In this year, grease lubricants, small-sized radiation resistant AC servo motors and electric

connectors (main body made of Polyimide) for the ITER in-vessel remote handling equipment

were irradiated and tested. An integrated test of the combined equipment composed of radiation

resistant AC servo motor, sensors, reduction gears, etc. was also irradiated and tested. As a result,

the respective acceptance dose limits are over 30 MGy at a dose rate of 10 kGy/h, although the

maximum target dose limit is 100 MGy. The typical results are shown in the following Table

IV.8.2-1. Further continuous efforts are required to improve and increase the radiation resistance

of the radiation resistant components showing lower durability than the ITER targets.

Table IV.8.2-1 Irradiation Test Results

Components/Elements

Grease lubricant (tetra-phenylether based grease lubricant)

Small-sized radiation resistant AC servo motor

Electric connector (main body made of Polyimide)

Integration of robot parts

Acceptance Dose Limit

60 MGy

more than 60 MGy

more than 40 MGy

more than 30 MGy
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9. Fusion Neutronics

9.1 Fusion Neutronics Source (FNS) Experiments

9.1.1 Neutronics Experiments for ITER

A series of neutronics experiments has been performed at the FNS facility in JAERI as

ITER/EDA R&D Tasks in order to deal with various nuclear problems originating from 14 MeV

neutrons in ITER. In this year, following three experiments were conducted as the final part of

ITER/EDA R&D Tasks; (i) shutdown dose experiments, (ii) double bent duct streaming

experiments and (iii) decay heat experiments for SS316 stainless steel and coppers in an ITER-

like neutron spectrum.

The objective of the shutdown dose experiment was to conduct experiments with complex

geometry clarifying the required safety factors concerning the methodology for shutdown dose

estimates developed by Joint Central Team (JCT) of ITER. The experimental assembly, which

simulated maintenance area of ITER as shown in Fig.IV.9.1-l(a), was irradiated with DT

neutrons and shutdown dose at various time period from 2 days to 2 weeks after irradiation were

measured. The analysis was performed by using the new direct one-step method, which is based

on the continuous energy Monte Carlo code MCNP and modified to calculate shutdown dose rate

for the ITER-like DT fusion machine. Shutdown dose rates evaluated by the method with

FENDL/2 library agreed with the experimental results within the experimental error (-10%) as

shown in Fig.IV.9.1-l(b). It was confirmed that the discrepancy between calculated data and

measured data is small enough compared with the design margin.

The objective of the double bent duct streaming experiment was to investigate duct-

streaming effect on the local nuclear responses and to demonstrate capability of the Monte Carlo

transport calculations. The experimental assembly was a double bent duct with a 30cm x 30cm

opening surrounded by an iron shield. The analysis of the experiment was performed by the

continuous energy Monte Carlo code MCNP with FENDL/2-MC. The results showed that

measured and calculated nuclear responses agreed within -30%. MCNP with FENDL/2-MC is

sufficient for the analysis of streaming effects and the shielding design of the ITER.

To provide experimental decay heat data needed for validation of decay heat calculations

for SS316 and copper, an experiment was conducted. An ITER-like neutron field was

constructed at the FNS facility at JAERI, and decay heat source distributions in thick copper and

SS316 plates were measured with Whole Energy Absorption Spectrometer. The measured

decay heat distributions in the thick SS316 and copper plates were compared with the predicted

values by an MCNP calculation. As a result, the calculated distribution agreed well with the

measured one, when the self-shielding effects were included in decay heat calculation and

MCNP calculations could predict decay heat adequately.
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shutdown dose
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9.1.2 Blanket Neutronics Experiment

Reliable nuclear design of fusion blankets is a key technology to realize a fusion power

reactor. Many kinds of integral experiments had been conducted at FNS facility of JAERI to

confirm the reliability of nuclear design method. In these experiments, the basic fusion reactor

materials were adopted as target materials and the validity of the nuclear data of these was

confirmed experimentally. In the next phase, it is important to confirm the validity of the

nuclear design method for realistic and complicate geometry configuration including structure

and cooling materials. Hence the preliminary analyses were conducted for breeding blanket

experiments based on the conceptual design by JAERI.

The basic structure of the breeding blanket is a multi-layered configuration of breeding

material (Li2Ti03), neutron multiplier (Be) and cooling panel composed of low activation steel

(F82H). In the preliminary analysis, 6Li-enrichment and dimension of the multi-layered

configuration were adopted as design conditions. It was concluded from the analysis that (i)
6Li-enrichment should be more than 40% to enhance tritium production, (ii) resonance reaction

of tungsten contained in F82H has important effects on tritium production rate in low energy

region.

9.1.3 Development of Neutron Measurement Technique

A diamond radiation detector can be used as a 14 MeV neutron energy spectrometer using

the C(n,a) Be reaction. The detector has several merits of high radiation resistance, high

detection efficiency and very compact size. Therefore, the detector is a candidate of the 14 MeV

neutron energy spectrometers for a plasma ion temperature distribution measurement system to

be used in ITER. We have been developing artificial diamond detectors using high-pressure and

high- temperature synthesized diamond, which has a problem of impurities. Recently, we tried to

use a chemical vapor deposition (CVD) diamond with single crystal. The detector has an
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energy resolution of 0.4 % for 5.486 MeV a particles, which gives us a good prospect for the 14

MeV neutron spectrometer using a CVD diamond.

Micro fission chambers are proposed as an in-vessel neutron monitor for ITER. We have

developed a micro fission chamber which can be used under the ITER relevant conditions. It is

found that the micro fission chamber has a good performance in the temperature range up to

350°C and in a high vacuum, and a good linearity for 14 MeV neutron flux.

9.2 Operation Report of FNS

Operation of FNS facility has been carried out to execute a series of experiments relevant

to ITER/EDA R&D tasks and a variety of experiments under collaboration with JAERI and

domestic universities, according to various requests for operation pattern. The total operation

time was 664 hours in this fiscal year. In these experiments, five fixed targets with 370 GBq

were used for the experiments at 80° beam line. Also one rotating target with 33 TBq were used

for the experiments at 0° beam line. A total amount of 8.2 TBq tritium in vacuum exhaust gas

was processed by Tritium Adsorption Processor (TAP) system.

Following maintenance activities has been performed in the year. The coils of the

quadruple lens of 0° beam line were exchanged with new one because of poor electrical

insulation. The exhaust gas line of the vacuum system around the high voltage terminal was

replaced because many electrical discharges were generated. Overhaul of the oil-free vacuum

pumps was performed. The control circuit of the accelerator was inspected every six months.

Following renewal activities has been carried out to enhance the operation performance of

FNS facility. The low current ion source of duo-plasmatron type was replaced with a multi-cusp

type. The auto-tuning circuit for the control system of bunched pulse beam was installed to

stabilize pulse beam operation. The rotating target system was replaced with the large diameter

(31cm) target to increase total neutron yield. Thermal load from deuteron beam is decreased in

the new target, so it is expected that neutron intensity can be made twice as high as before with

increase of beam current.

9.3 International Fusion Materials Irradiation Facility (IFMIF)

The International Fusion Materials Irradiation Facility (IFMIF) is an accelerator based D-

Li intense neutron source to provide the simulated DT fusion neutron environment. The study on

the IFMIF is continued by EU, Japan, RF and US under the international collaboration of IEA

agreement on the fusion materials research and development. In the IFMIF, a deployment in

3 stages is applied to reduce the initial investment and annual expenditures during the

construction without changing the original mission[9.3-l]. The estimated cost of the 1st Stage

facility is only $304 M although the total estimated cost is $488 M. In this staged scenario, full

performance is achieved gradually with each interim stage as follows. 1st Stage: 20% operation
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for material selection for ITER breeding blanket, 2nd Stage: 50% operation to demonstrate

materials performance of a reference alloy for DEMO, 3rd Stage: full performance operation

(2 MW/m2 @ 500 cm3) to obtain engineering data for potential DEMO materials under

irradiation up to 100-200 dpa.

Based on the recommendation by IEA in January 2000, a 3-year Key Element technology

Phase (KEP) has begun. The objectives of the KEP is to reduce the key technology risk factors

needed to achieve a CW D + beam with the desired current and energy, to reach the

corresponding power handling capabilities in the liquid Li target system, and to satisfy the

availability and reliability endurance tests. There are 83 proposed KEP tasks, with 27 tasks for

the test facilities, 12 tasks for the Li target system, 26 tasks for the accelerator system, and 18

tasks for design integration[9.3-2]. The tasks proposed by Japan are on going under the

cooperative sharing between JAERI and the universities groups. JAERI conducts mainly the

accelerator tasks and the design integration tasks, and the universities group mainly conducts the

target and the test facility tasks. In the accelerator system, the KEP tasks include the

development of stable injector operation, high transmission radiofrequency quadrupole (RFQ),

cooling of drift tube linac (DTL) and magnet packaging, high power CW RF tube, and RF

window[9.3-3]. In the target system, a water experiment has been done to simulate

characteristics of the liquid Li flow with same Reynolds number as the Li flow and to investigate

effects of nozzle roughness and working pressure on the flow stability. As the results, the nozzle

with a roughness of 6 p,m is recommended to obtain a stable flow up to a speed of 20 m/s.

Moreover, operation with a free surface under low pressure condition (0.01 MPa) has been

confirmed. Base on the water experiment, small Li loop experiment is planned to confirm a

stability of the Li flow with the same size nozzle as the water jet experiment. Also, material

selection for Li purification system is in progress. For the test facilities, 3 dimensional thermal

analysis on temperature control for the test module has been started.

KEP also includes tasks for redesign of the IFMIF components to update the design with

the new elements developed during KEP. This includes a new design of the IFMIF building

which includes facilities for processing of radioactive materials and updates of the controls and

instrumentation. Revised IFMIF facility is shown in Fig.IV.9.3-1. In design of the target system,

the layout of the components and routing of the pipes are updated[9.3-4].

After a review of the KEP results, the IFMIF project will be ready for a possible

international decision to proceed to the three year Engineering Validation Phase (EVP) where

continuous, stable operation of each subsystem: accelerator system, target system and test

facilities could be validated. After a review of the EVP, the construction of IFMIF could be

started and first operation could be expected in early 2010's.
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V. INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR(ITER)

1. Progress of ITER Engineering Design Activities(EDA)

The Engineering Design Activities (EDA) for ITER started in July 1992 under the

cooperation of the four Parties of Japan, the European Union (EU), the Russian Federation (RF)

and the United States of America (USA). The originally scheduled EDA was successfully

completed in July 1998, yielding the EDA Final Design Report (FDR) which fulfiled the overall

programmatic objectives and the cost target adopted by the ITER Parties in 1992. However, the

Parties recognized that the social and financial circumstances in the Parties would not allow

them to proceed to the construction phase immediately after the original six year EDA. They

also recognized the necessity to establish an option of minimum cost still satisfying the overall

programmatic objective of the ITER. The three-year extension of the EDA until July 2001 was

finally agreed upon among the three Parties of Japan, EU and RF. The USA was unable to join

the extended EDA due to their domestic situation. A Special Working Group was established to

develop revised technical guidelines for Performance, Design Requirements and overall

technical margins so that the construction cost can be reduced as much as about a half of the

cost of 1998 FDR. The revised performance specifications adopted by the ITER Council in June

1998 are summarized as follows:

(a)Plasma Performance

• The ratio of fusion power to auxiliary heating power should be at least 10. The

possibility of controlled ignition should not be precluded.

• An inductive pulse float-top capability during burn should be 300 to 500 sec.

• Steady-state operation using non-inductive current drive with the ratio of fusion power

to input power for current drive of at least 5 should be demonstrated as the aim of ITER.

(b) Engineering Performance and Testing

• Technologies essential for a fusion reactor such as superconducting magnets and remote

maintenance should be demonstrated.

• Testing for nuclear engineering devices, high heat-flux components, and blanket

modules relevant to a future fusion reactor should be carried out. The engineering

requirements are: average neutron flux > 0.5 MW/m2, and average neutron fluence > 0.3

MWa/m2.

Among various design options which can satisfy these guidelines, the concept of ITER-

FEAT was selected with emphasis on high plasma density and the capability of steady-state

operation by the Parties' technical representatives at the Program directors' Meeting held in

Grenoble in July 1999. The design of ITER-FEAT was developed further, employing the
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technology which had been established through the plasma physics and technology R&D during

the past EDA or the technology being established by the current R&D. The Outline Design

Report together with its Technical Basis document were submitted by the ITER Director to the

Parties' representatives at the ITER Meeting held in Tokyo in January 2000.

The Technical Subcommittee of the Fusion Council of Japan reviewed the ITER-FEAT

Outline Design Report and its Technical Basis. They concluded that the predicted engineering

performance is consistent with the plasma performance and operational scenarios, and that the

neutron irradiation fluence of 0.3 MWa/m2 is feasible judging from the results of technology

R&D.

The ITER Council subsequently approved the design in June 2000 (Moscow ITER

meeting ), recognizing it as a single mature design for ITER consistent with its revised objectives.

The Draft Final Design Report of ITER-FEAT was reviewed by the 17th Meeting of the ITER

Technical Advisory Committee (TAC-17) in February 2001. The TAC concluded that " ITER-

FEAT is now ready for a decision on construction". The achievement of the 50% cost reduction

target set in 1998 was also recognized.

Figure V.l-1 and Table V.l-1 show the cutaway view and main parameters of ITER-FEAT

tokamak respectively. Table V.l-2 summarizes main engineering features of the ITER-FEAT

systems.

As for the technology R&D activities, fabrication of major component models were

demonstrated during the past EDA. The development and testing of the Central Solenoid(CS)

Model Coil had been carried out since the beginning of the EDA in 1992. In April 2000, the

successful DC operation of the CS Model Coil was achieved in JAERI Naka. In August 2000,

ten thousand cycles of pulsed operations were achieved to simulate ITER full-scale CS, and the

maximum ramping rate of 0.6 T/s was obtained in the CS Model Coil and 1.2 T/s in the CS

Insert, respectively, which significantly exceed the ITER requirement. By this achievement, the

ITER engineering design of the CS coil was experimentally validated.

The remote welding and cutting tests of the Vacuum Vessel sector and port extension have been

completed. The full-scale sector of the Vacuum Vessel had been dismantled in March 2001.

Table V.l-3 summarizes the current status of JAERI's activities of technology R&D for ITER.

Details of technology R&D activities at JAERI are presented in Chapter IV.

The ITER Joint Central Team had its two working sites during the extended period of the EDA;

one at Naka(JAERI) of Japan and the other at Garching(Max-Planck-Institute fur Plasmaphysik)

of Germany.

The resource for the tasks to be shared by the Japanese Home Team for the three year

period of the extended EDA is: about 88 professional person year (ppy) for the design tasks, and
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about 43,000 ITER Unit of Account (IUA) for the technology R&D tasks. (1 IUA corresponds to

1,000 US dollars tat the year of 1989.)

Toroidal Field Coil Paioidaf Field Coll

Blanket Module
Fig. V.l-1 Cutaway view of ITER-FEAT Tokamak

Table V.l-1 Main parameters and dimensions of ITER-FEAT plasma for normal operation.

Plasma major radius
Plasma minor radius
Plasma current
Toroidal magnetic field
Total fusion power
Plasma inductive burn time
Average neutron wall loading
Installed auxiliary heating/current drive power
Vertical elongation at 95% flux surface/separatrix

6.2 m
2.0 m
15 MA
5.3 T
500 MW
>400s
0.57 MW/nr
73 MW
1.70/1.85

- 8 4



JAERI-Review 2001-042

TableV.1-2 Main engineering features of he ITER-FEAT system

Superconducting Toroidal Field Coils (18 coils)
Superconductor

Structure

Superconducting Central Solenoid (CS)
Superconductor

Structure

Superconducting Poloidal Field Coils (PF1-6)
Superconductor
Structure
Vacuum Vessel (9 sectors)
Structure

Materials

First Wall/Blanket(421 modules)
Structure

Materials
Divertor (54 cassettes)
Configuration

Materials

Cryostat
Structure
Maximum inner dimensions
Material
Tokamak Cooling Water System
Heat released in the tokamak during nominal pulsed operation

Cryoplant
Nominal average He refrigiration/liquefaction rate for magnets &
divertor cryopumps (4.5K)
Nominal cooling capacity of the thermal shields at 80 K

Additional Heating and Current Drive
Total injected power
Candidate systems

Electrical Power Supply
Total pulsed active/reactive power demand from grid
Total steady active/reactive power

Nb3Sn in circular stainless steel (SS) jacket in grooved radial
plates
Pancake wound, in welded SS case,
wind, react and transfer technology

Nb3Sn in square Incoloy jacket, or in circular Ti/SS jacket
inside SS U-channels
Segmented into six modules each built from 3 double or 1
hexa-pancakes, wind eact and transfer technology

NbTi in square SS conduit
Double pancakes

Double-wall welded ribbed shell, with internal shield plates
and ferromagnetic inserts for TF ripple reduction
SS 316LN structure, SS 304 with 2 % boron shield, SS 430
inserts
(Initial D-T phase)
Single curvature faceted separate FW attached to shielding
block which is fixed to vessel
Be armor, Cu-alloy heat sink, SS 316LN structure

Single null, modular cassettes with separable high heat flux
components
W alloy and C plasma facing components,
Cu-alloy heat sink, SS 316 LN structure

Ribbed cylinder with flat ends,
28 m diameter, 24 m height
SS304L

750 MW at 3 and 4.2 MPa water pressure,
~120°C

55kW/0.13kg/s

660 kW

73 MW initially, 110MW maximum
Electron Cyclotron, Ion Cyclotron, Lower Hybrid, Negative
Ion Neutral Beam

500 MW/400Mvar
100 MW/78Mvar
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Table V.I-3 Activities and current status of technology R&D

Field/Subjects

Superconducting
Coil

The Test Facility
for the Model Coil

Vacuum Vessel

Remote Handling
System for Blanket

Remote Handling
System for Divertor

Remote Welding
and Cutting Tools

Activity and Current Status

After the cooldown of the CS Model Coil and CS Insert in March 2000, charging tests were
performed from April 14 to August 18, 2000. Some of the major achievements are:

The CS model coil successfully achieved the magnetic field of 13 T and stored energy
of 640 MJ at the nominal current of 46 kA.
Various pulsed operations were performed to simulate ITER full-scale CS operation,
and maximum ramping rate of 0.6 T/s was obtained in the CS Model Coil and 1.2 T/s
in the CS Insert, respectively, which significantly exceed the ITER requirement.
Detailed assessments of the conductor performances, such as ac losses, current sharing
temperatures and joint resistances, were performed. The design parameters required for
the ITER CS were achieved.

R&D efforts were continued to develop more cost-effective coil manufacturing processes,
including new fabrication methods of radial plates for the TF coil and conductor jacket for
the CS. All results obtained so far indicate that these methods are promising.
Succeeded in the development of the world's largest circulation pump of 4-K helium
The CS Model Coil, as a forced-flow cooling coil, required a circulation of supercritical
cryogenic helium through the coil. For this purpose, JAERI successfully developed a new
circulation pump with a capacity of 800 g/s at 4 K that is the world's largest record.
- Completion of a full-scale 1/20 sector of the Vacuum Vessel
The technology of fabricating, connecting and assembling the sectors in the field has been
established with an accuracy of 3mm.
- Completion of integration test of the Vacuum Vessel sector and port extension with
remote welding/cutting robots.
The remote welding and cutting tests of the Vacuum Vessel sector and port extension has

been completed. The full-scale sector of the Vacuum Vessel has been dismantled in March
2001.
- Residual stress and ultrasonic transducer (UT) inspection of weld joints were performed.
- Fabrication and assembly of full-scale vehicle-type remote maintenance system
The system showed the capability to handle the 4ton blanket module with an accuracy of
2mm.
The new control scheme to suppress and minimize the dynamic vibration caused by
load transfer during installation/removal of 4-ton blanket module has been developed.

The blanket module was automatically replaced under the clearance of ±0.25 mm using a
newly developed sensor-based control.

- Fabrication and assembly of full-scale cassette movers
The movers demonstrated the repeatable performance to move and install the 25-ton
cassette with an accuracy of 1 mm.
The characteristics data in failure mode has been obtained.

The positioning accuracy of 0.1 mm of the fork for toroidal movement of the cassette was
demonstrated using the sensor-based control.
- Development of welding/cutting tools of in-pipe access
The tool can move inside a pipe with an internal diameter of 100mm and bents with a
radius of 400mm. The tools also demonstrate the performance of welding and cutting
pipes with an internal diameter of 50mm and 100mm with YAG laser.
- Development of inspection tool for pipe welding parts
The accessibility to the bents and characteristic data of crack detection were obtained.

- Acquisition of characteristic data of leak detection head at pipe welding part
- The composite fiber with two functions of YAG laser transmission and visual image

transmission was developed and the feasibility was demonstrated through the tests.
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Radiation-Resistant
Components for
Remote
Maintenance

Shield Blanket

Divertor

Divertor Material

Neutral Beam
Injector

Electron Cyclotron
Heating Facility

- Development of motors, bearings, detectors, insulation wires, optical components and
standard components that withstand the integrated dose of 10 - 100 MGy

- Manufacturing of a full-scale resistant periscope
The length is 15m and radiation resistant lenses are employed. The optical performance
was demonstrated in the heating condition up to 250°C.

- Development of a lower cost Hot Isostatic Pressing (HIP) bonding between Copper alloy
and stainless steel with a coarser bonding surface and a higher HIP pressure
- Development of a first wall Be armor/copper alloy HIP bonding at a temperature lower
than 600°C to avoid stainless steel sensitization
The plasma facing components, thermal fatigue tests on a three-layered A12O3 dispersion
strengthened copper cooling tube have been conducted to establish a strain-fatigue cycle
correlation for the ITER divertor design. Fatigue cracks have been observed in the cooling
tubes after 3000 cycles at a heat load of 12 MW/m2, 15 sec. This result shows good
agreement with a newly developed strain-fatigue cycle correlation based on Manson-
Coffin's law. In ITER Divertor Project, which is one of the ITER Large Seven Projects,
divertor targets fabricated by JAERI were installed into the cassette body fabricated by the
US, and integration tests were carried out at the Sandia National Laboratories in September
1999. It was successfully demonstrated that the overall pressure drop of the divertor and
the deformation at 150°C met the ITER requirements.
In the development of joining technology between different materials, major R&D efforts
have been concentrated to reduce manufacturing cost. For tungsten/copper joining
technology, a hot press joining method has been developed, and the hot press conditions
have been optimized. Highest tensile strength has been obtained at a pressing temperature
of 900°C with a pressing load of 500 kg. For CFC/copper joining technology, a two-stage
joining method with a low temperature HIP process has been developed. In the first stage
of this method, a CFC armor is brazed to a 1 mm thick oxygen free copper plate with a
non-silver braze. In the second stage, the oxygen free copper plate with the CFC armor is
bonded to a copper heat sink made of CuCrZr by a low temperature HIP method at around
500°C. This method will be suitable to manufacture large divertor components of ITER at
low cost.
Negative ion beam technology
- Effects of the inner shield electrodes in the MeV accelerator has been confirmed and a
high voltage of 1 MV was successfully sustained with the shield.
- The negative ion beam deflection by the magnetic field in the extractor has been
investigated. The experimental results agreed well with the 3D simulation.
- It was experimentally confirmed that the gas flow conductance of the ITER type tube
with the intermediated pressure region was 30 % lower than the calculated value.
- Production mechanism of the cesium seeded negative ion source was clarified to be the
surface production.
- Grid materials for the cesium seeded source were investigated. Au, Ag, and Ni can be
expected as suitable materials because 1.5 times larger photoelectron current than that of
the tungsten was observed.
- A high voltage test of a 1 MV transmission line with a multi-conductor bushing has been
performed. A DC 1170 kV which corresponds to the testing voltage of the ITER NBI has
been sustained for 300 s.
Application of ion beam technology
A prototype ion source for IFMIF has been tested. A H+ ion beam of 60keV/100mA,
which corresponds to 100 keV7220mA was obtained with optimum perveance.
- Development of 1 MW Gyrotron at 170GHz
1. Long pulse operation: 0.9MW x 9.2 sec. at 170GHz was attained.

The temperatures of key components, window, cavity and collector, have stabilized.
2) High efficiecny operation: 1.1 MW, 57 % at 170GHz. The parasitic oscillation in the

beam tunnel was suppressed.
- Development of artificial diamond window
Neutron irradiation of diamond samples were carried out at JMTR. Neutron fluence for the
samples are 1020.
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Tritium System

Fueling and
Pumping

Safety Analysis and
Assessment

Fusion Neutronics

- Demonstration of the feasibility of ITER fuel processing circulation system
1. It was demonstrated through the operation of a 1/5 scale model system under

US-Japan collaboration and of a 1/8-scale model system including an advanced
fuel cleanup system.

2. The analysis codes for the inventory evaluation and the dynamic behavior in a
distillation column were developed.

3. Cryogenic molecular sieve bed process was developed for the helium glow
discharge exhaust gas processing.

- Demonstration of a ZrCo bed for tritium storage with tritium accounting function
The ZrCo bed was developed, and its accounting accuracy of 1% was demonstrated.
Rapid supply/recovery characteristics and its effect on accounting accuracy were
confirmed (within 3% after 8hrs.).

- Demonstration of tritium safe handling technology
Safe tritium handling experience has been gained for 13 years.

- Demonstration of high - speed gas analysis systems
A Laser-Raman remote multi-point analysis system and a micro gas chromatograph
system were developed. Their high-speed analysis capacity and long-term reliability
were demonstrated through the operation of a fuel processing system at JAERI..

- Development of a high performance air purification system
It was developed utilizing separation membrane.

- Investigation of tritium behavior in a room
Experimental data under various conditions were accumulated and a simulation code
based on them was developed. Capacity of large atmosphere detritiation system was
confirmed.

- Development of surface detritiation system
Availability of ultraviolet laser irradiation was demonstrated.

- Development of the water leak detection method for in-vessel water cooling circuits.
Feasibility of the krypton tracer method has been successfully demonstrated.

- Acquisition of preliminary test data on the accidents of coolant ingress into Vacuum
Vessel and
on the accidents of Vacuum Vessel fracture

- Characteristic analysis of radioactive dust and development of its removal system
- Development of SAFALY to analyze interaction of plasma with in-vessel component
materials
- proposal of Be waste processing method.
- Validation of nuclear data of twelve blanket materials by integral experiments
- Development of neutron flux monitor for ITER-FEAT using water activation
- Development of synthetic diamond radiation detectors
- Completion of IFMIF/CDA by making plans of cost reduction and staged deployment
- Determination of Implement Items on IFMIF/KEP (Key Element technology Phase)
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VI. FUSION REACTOR DESIGN AND SAFETY RELATED RESEARCH

Research on fusion reactor design and safety was mainly devoted to physics and plant

designs of a fusion power reactor A-SSTR2, multi-purpose uses of fusion energy, a reduction of

radioactive wastes from the plant, etc. At the same time, conceptual design study of a fusion

demo plant has stared in the last fiscal year to bridge a gap between ITER and A-SSTR2.

1. Fusion Reactor Design

1.1 Design of A-SSTR2

In 1999, the design of a new tokamak reactor A-SSTR2 that orients both economical and

environmental acceptance has started, adopting the advantages of SSTR, A-SSTR and DREAM.

A-SSTR2 (Fig. VI. 1.1-1) aims at a high power density with the combination of high toroidal field

(11 T on the plasma axis and 23 T at the peak) and moderate normalized beta (p\ = 4 ),

producing 4 GW of fusion power output at a compact machine size (Rp = 6.2 m) [1.1-1].

Center solenoid (CS) coils are removed to set the support for the enormous

electromagnetic force. Accordingly, CS-less plasma current rise is one of the key issues of A-

SSTR2. Recent assessment found the following three options feasible to provide the initial

current up to 2-3 MA: 1) multipath absorption of electron-cyclotron-resonance waves (390 GHz),

2) lower hybrid current drive (10-15 GHz), and 3) induction by a compact startup assist coil with

a capability of 30 Vsec. Above 2-3 MA, the overdrive by bootstrap and neutral-beam-driven

current is expected to boost the plasma current up to the flattop of 12 MA.

plasma T F .,
\ L ° s ferromagnetic steel

blanket

\ .y maintenance
./port

neutron shield
PF coils

Fig.VI.1.1-1 Cutaway view of A-SSTR2 (TF/PF: toroidal/poloidal field)

Reference
[1.1-1] Nishio, S., et al, 18thlAEAFusionEnergy Conf. FTP2/14 (2000).
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1.2 Design of a New DEMO Reactor

Design activity of a fusion reactor was embarked on in FY2000. The concept of the

DEMO reactor is a minimum-sized fusion power plant on the basis of the plasma technologies

that will be established in ITER, bridging the gap between ITER and A-SSTR2. Using future

technologies in 203 O's such as a high temperature superconductor, the reactor is designed to have

the fusion gain of -40, the fusion output of 2.3 GW and the bootstrap current fraction of 80% at

the maximum toroidal field of 20 T (9.5 T at the plasma center) and R = 5.8 m. For the sake of

high heat efficiency, the reactor adopts ODS steel (Oxide-Dispersed-Strengthened steel) as the

structural material of blanket and supercritical pressurized water as coolant. Through the initial

design study, the following high priority issues were extracted to be resolved in the coming

years: countermeasures against disruptions, erosion of the wall material by neutral particles,

contamination of coolant by tritium, efficient heat cycle, and safety issue related with

supercritical pressurized water.

1.3 Startup of DT Fusion Plant without Initial Loading of Tritium

Even in the plasma without initial tritium loading, DD reaction produces a small amount

of tritium and neutrons that is converted to tritium in a breeding blanket. The recirculated tritium

can burn in DT reaction and yield more tritium, resulting in exponential breeding. A model

analysis, on the basis of the conventional fusion reactor plant consisting of a fuel circulation

system and breeding blanket, indicated that a full power operation with 50% tritium in the

plasma is achievable in operation of the order of 100 days [1.3-1]. Thus, to prepare initial tritium

for fusion plant is not mandatory.

Reference
[1.3-1] Konishi, S., et al., J. Plasma Fus. Res., 76, 1309 (2000).

1.4 Multipurpose Use of Fusion Energy

Use of fusion energy for various applications not limited for electric power generation

was considered to improve its attractiveness and to expand potential market. At a coolant

temperature above 600°C where advanced reduced activation material can be used, many of the

plants such as petro-chemical, paper, gas and other chemical plants can be operated, and besides

electricity generation is more efficient than light water reactor temperature.

Under constraint of global environment problem, this feature of fusion energy improves

its attractiveness by production of low carbon fuels such as hydrogen or alcohol, as well as

electricity. One of the important use of heat from fusion will be hydrogen production that is

anticipated to become major fuels for dispersed generators such as micro gas turbine or fuel cell,

or transportation because of preferred effects on reduction of carbon dioxide emission. Steam
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reforming reaction, CmHn + H2O —» CO2 + H2 is endothermic reaction that requires large amount

of heat, and can be regarded as transformation of fusion energy to the form of H2 chemical

energy. While fossil fuel can be used as raw material, biomass, possibly wastes, will be more

attractive to generate hydrogen. Chemical process to generate hydrogen to be attached to A-

SSTR2 was designed and found to have attractive features. At the coolant temperature of

900°C, vapor electrolysis, another form of conversion of fusion energy to hydrogen will also be

possible.

2. Fusion Safety

2.1 Structural Integrity of First Wall Made of SiC/SiC

In the SiC/SiC composite which is regarded as a promising material for the first wall in a

future fusion reactor, a micro-crack can be generated and developed in the matrix. On the other

hand, SiC fibers can suppress the crack development. In order to assess the structural integrity of

SiC/SiC first wall, the wall with a crack was modeled to fit with the finite element method. The

preliminary calculation confirmed that the fibers reduce the crack opening displacement [2.1-1].

Reference
[2.1-1] Kurihara, R., et al., Fusion Eng. Design, 54,465 (2001).

2.2 Reduction of Radioactive Waste from Tokamak Reactor

The "radwaste (radioactive waste) minimum" concept of fusion reactor design is proposed

to lead to a significant reduction of radioactive waste. The new concept considers that the role of

a neutron shield is to keep the outer structural components from considerable activation, rather

than to ensure the function of superconducting magnets during discharges. The presented

concept requires some reinforcement of shielding with a minimal change of reactor size, which

can be met by the use of an advanced shield material such as a metal hydride. An estimate based

on the concept indicates that the radwaste from A-SSTR2 can be as low as 17% in weight

fraction, whereas the radwaste expected in the conventional way amounts to 92%[2.2-l].

Reference
[2.2-1] Tobita, K., et al., "Fusion reactor design towards radwaste minimum with advanced shield material", J.

Plasma Fus. Res., (in press).
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19) Sato, S., Furuya, K., Hatano, T., et al., "Development of ITER Shielding blanket prototype Mockup by HIP

bonding", JAERI-Tech 2000-042 (2000).
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Appendices A.2 Personnel and Financial Data
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