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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,

1995 to March 31, 1996. The activities in Naka Fusion Research Establishment

are highlighted by high-temperature plasma research in JT-60U and JFT-2M, and

progress in ITER-EDA, including technology development.

The objectives of JT-60U project are (1) confinement improvement, (2)

impurity control and divertor studies, (3) steady-state study, and (4)

energetic particle physics. The investigation on these subjects are aimed at

contribution to the ITER physics R&D and formation of database for the

concept development of fusion power reactors like SSTR.

The highest fusion triple product nD(0) Ti(0) z E of 1.2 x 10
2' keV s nT3

was marked in High- 0 , H-mode plasma. With a high-triangularity plasma

cross section, giant ELM activity was suppressed. At high triangularity of 8

=0.4, the maximum edge pressure limited by giant ELMs and the central density

increased by a factor of 2.8, and 1.6, respectively, from those without

triangularity.

Improved confinement in a reversed shear plasma, previously predicted by

the theoretical study in JAERI, was experimentally demonstrated. Significant

reduction in electron and ion thermal diffusivity as well as particle

diffusion coefficient was observed in the reversed shear region. Reversed

shear configuration was sustained for a long period(7.5 s) by lower hybrid
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current drive (LHCD).

Heat removal and divertor plasma detachment were successfully established,

for the first time, in reversed shear plasmas. The enhancement of the helium

particle confinement and low diffusivity were observed as well. A neural

network processor enabled accurate detection of plasma displacement, leading

to successful feedback control of plasma position during the current quenching

phase associated with a major disruption. Injection of 100 % neon-iced

pellet (killer pellet) during the disruption drastically reduced the heat

load at the divertor target.

The negative-ion-based neutral beam injection (NNBI) into the tokamak

plasma was successfully conducted for the first time, with acceleration

voltage, beam current, and pulse duration of 200 keV, 3.2 A, and 0.U7 s,

respectively. The design for divertor modification has proceeded in

preparation for its installation in FY 1996.

In JFT-2M, the divertor configuration was modified from an open divertor

to a closed divertor in FY 1995, and initial results on the closed divertor

have been obtained. Progress was also made in understanding on the L/H

transition physics by applying the divertor biasing and intense gas puffing.

In DIII-D, introduction of high-resolution bolometer and divertor Thomson

enabled accurate determination of divertor plasma properties in the detached

and attached plasma regimes. Operation of discharges with negative shear has

led to significant increases in the plasma performance and reactivity.

The Numerical Experiment of Tokamak (NEXT) project was started in 1995.

Its main focus is a simulation study of tokamak plasmas using particle and

fluid simulation models on the developing technology of massively parallel

computers.

In July 1995, the Interim Design Report (IDR) was presented to the ITER

Council by the Director. After the review by the Parties, IDR was officially

approved by the Council at its 9th meeting in December 1995. IDR is the basis

for the further work towards the Detailed Design Report to be completed by

January 1997. The Japanese Home Team contributes to the design progress in

various fields through conduction of design tasks in close collaboration with

Joint Central Team. The JCT member built up to 150 including 35 Japanese mem-

bers as of March 1996.

In the ITER Technology R&D, Japan takes responsibility in the construction

of a CS model coil test facility, development of a CS model coil,

manufacturing and testing of a full-scale 1/20 sector of the vacuum vessel,

and the demonstration of the vehicle type remote maintenance system for
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blanket module replacement. The Detailed Design Report and Non-site Specific

Safety Report will be prepared for presentation at the 11th ITER Council to

be held in December 1996.

Major highlights of superconducting magnet development for ITER are : (1)

fabrication of 75 t of the outer module CS Model Coil, (2) R&D to avoid a

cracking of Incoloy conduit, and (3) the completion of Test Facility for the

CS Model Coil and Insert Coils.

The negative ion source for ITER produced H- ion beam of a voltage up to

805 keV and an acceleration drain current of 150 mA for 1 s . A short pulse

gyrotron for ITER generated 1.1 MW at 170 GHz for~0.U ms. A long pulse

gyrotron produced 230 kW for 2.2 s and 525 kW for 0.6 s.

Themal cycling experiments were performed, demonstrating durability of the

mock-up plasma facing components both at a steady-state heat flux of 5 MW/m2

for 15 s (a thermal steady-state) for a repetition of 104 cycles and at a

transient heat load of 15 MW/m2 for 10 s for repetition of 103 cycles.

Progress was also made in the R&D of shielding blanket, tritium safety, and

fusion safety.

Keywords: Fusion Research, JAERI, JT-60, JFT-2M, DIII-D, Plasma Physics,

Fusion Engineering, ITER, ITER-EDA, Fusion Reactor Design, Annual

Report
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Foreword

Naka Fusion Research Establishment (Naka) of Japan Atomic
Energy Research Institute (JAERI) has been conducting fusion
experiments on JT-60, JFT-2M, and DIII-D (US-Japan collaboration).
Engineering activities focus on the R&D for the International
Thermonuclear Experimental Reactor (ITER)-Engineering Design
Activity (EDA). In addition, JAERI organizes the Japanese Home Team,
which is working for technology R&D and designs in cooperation with
the Joint Central Team (JCT) of ITER-EDA.

The aim of the JT-60 program is to investigate confinement
improvement, disruption control, impurity control with a magnetic
divertor, steady-state operation and energetic particle physics. JFT-2M
and DIII-D are continuing studies on advanced tokamak concepts such as
stability control and particle control. The study in theory and
computation has been carried out on the topics of confinement analyses,
MHD stability and burning physics.

As for the ITER technology R&D, ongoing activities are
superconducting magnets, neutral beam heating, radio frequency heating,
plasma facing components, reactor structure, remote maintenance,
blanket and tritium technology. The Interim Design Report, submitted by
the ITER Director to the ITER Council in July 1995, was reviewed and
approved in December 1995. The Special Working
Group started its activity to provide useful information for the Parties to
consider possible scenarios toward siting, licensing and host support.

The JT-60 experiment was highlighted by formation of internal
transport barrier in the reversed shear regime, extension of hot-ion H-
mode regime to Ip=4.5 MA, and stabilization of ELMs by increase in
plasma triangularity. Remarkable progress was also made in the studies
on steady-state operation, helium-ash exhaust, etc. for the ITER physics
R&D. Progress in the ITER engineering R&D includes completion of a
common test stand facility for ITER model central coils, development of
high heat flux components withstanding 1000 cycles of 30 MW/m2, and
achievement of negative ion beam of 20 mA/cm2.

The JAERI Fusion Program is based on the Third Phase Basic
Program of Fusion Research and Development laid down by the Atomic
Energy Commission of Japan in 1992. All of Naka fusion programs are
making contributions essential for ITER.

Susumu Shimamoto
Director General

Naka Fusion Research Establishment, JAERI

XV
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I. JT-60 PROGRAM

1. Overview

The JT-60U project is conducted for the objectives of (1) confinement improvement, (2)

impurity control and divertor studies, (3) steady-state study, and (4) energetic particle physics. On

the basis of those studies, contribution to the ITER physics R&D and providing database for the

conceptual design of fusion power reactors like SSTR are aimed.

The highest fusion triple product nrj(O) Tj(O) Tg of 1.2 x 10^1 keV s m~3 was marked in High-

Pp H-mode plasma. With a high-triangularity plasma cross section, giant ELM activity was

suppressed. At high triangularity of 5=0.4, the maximum edge pressure limited by the occurrence

of giant ELMs and the central density were increased by a factor of 2.8, and 1.6 larger than those

without triangularity, respectively.

Improved confinement in a reversed shear plasma, previously predicted by the theoretical study

in JAERI, was experimentally demonstrated. Reversed shear with a hollow current profile was

formed by the rapid rise of the plasma current during a phase of neutral beam heating. Significant

reduction of electron thermal diffusivity as well as of ion thermal diffusivity and particle diffusion

coefficient were observed in the reversed shear region. Reversed shear configuration was

sustained for a long period (7.5sec) by the lower hybrid current drive (LHCD). LHCD was

effective in controlling the location of pitch minimum of the magnetic field.

Radiative divertor plasma was obtained by mixed gas puffing of neon and deuterium. Heat

removal and divertor plasma detachment were successfully established, for the first time, in the

reversed shear plasma. Helium transport in the reversed shear plasma was studied using helium

neutral beam and helium gas puffing. The enhancement of the helium particle confinement and

low diffusivity were found as compared to those without the formation of the reversed shear.

Using a feedback control system of the divertor bolometer array and the deuterium gas puffing,

radiation power loss from the divertor was successfully maintained at the pre-programmed value in

ELMy H-mode discharges. Feedback control of D-D neutron production rate with neutral beam

injection was demonstrated, and plasma stored energy as well as neutron production rate were

sustained at a constant level.

The plasma displacement during the current quenching phase related to the major disruption

was accurately detected with a neural network processor, and was suppressed by the position-

feedback control. A fast plasma shut-down was demonstrated by the injection of 100% neon-iced

pellet (killer pellet). Heat load at the divertor target during the disruption was drastically reduced.

The negative-ion-based neutral beam injection (NNBI) into the tokamak plasma was

successfully conducted for the first time, with acceleration voltage, beam current, and pulse

duration of 200keV, 3.2A, and 0.47s, respectively.

1 -
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2. Operation of JT-60 upgrade

2.1 Tokamak

2.1.1 Operation and maintenance of the JT-60 machine

Operation and maintenance of the JT-60 machine have been carried out almost on schedule.

High triangularity plasma operation was performed with JT-60 for the first time by installing V

coil joint-bars for poloidal field coil system. However, in relation to toroidal field coil (TFC), it

was detected water leak from TFC- 14 in the end of June. Sorption-sniffer method developed for

JT-60 TFC cooling pipe was applied to locate water leak position, and fiber scope observation

technique was used to find out cracks.

During the regular shutdown in December, 1995, airtightness test was carried out for all

cooling pipes, and inside of 12 cooling pipes selected were observed by fiber scope. Tests showed

that airtightness was failed slightly in TFC- 9 cooling pipe. This airtightness test is thought about

as an effective method of testing for water leakage. After having confirmed electrical integrity of

the coil, operation of JT-60 started it again without coolant for the damaged coil turn on January,

1996, while measuring temperature of the turn that cracks were detected (one part of TFC- 9).

Moreover, many water search devices were placed, and water leak has been watched.

As regard the vacuum leakage, several repair works have to be done in an atmospheric

condition were occurred. 2 times of leak of nitrogen gas from cooling pipe for divertor tiles,

falling off of a tile which protects the vacuum vessel from neutron beam of NBI, and fracture of

ceramic power window for RF device were experienced. But, we were able to recover JT-60 to an

efficient extent by repairing these damaged parts immediately. In the gas injection facility,

injection valve was exchanged by a newly developed piezoelectric actuator gas injection valve

made by aluminum. As for in-situ boronization system, boronization of plasma facing components

by a mixed carrier gas of helium and deuterium was carried out successfully. For improving

maintainability of vacuum exhaust facility, advanced magnetic levitated turbo molecular pumps

were used to be free from charging radioactivity.

2.1.2 Wall conditioning and first wall

After the boronization using only He for a carrier gas, we needed at least 100 discharges for

exchanging hydrogen in the boron film for deuterium. Using a mixed-carrier gas of He and

deuterium, the residence of hydrogen was found to decrease drastically in the laboratory

experiments. We made the boronized film on JT-60 first wall with this kind of technique

(deuterated-boronization). A typical composition of working gas was 2% B10H14, 38% D2, and

60% He, which was used in a flow through situation. Then the amounts of hydrogen and

deuterium in the boronized film were evaluated by means of ERD method to be 2-4 at% for H and

-30 at% for D, respectively. In addition, the dilution factor of H/(H+D) in the first plasma after
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the boronization decreased less than 0.2 from 0.9. Thus, we can drastically reduce the

conditioning discharges for the isotope-exchange.

During the operation of plasma with high triangularity, the cooling pipes under the divertor

plates were seriously damaged by crossing of the inner plasma strike point over the gap between

the first wall and the divertor plates. This caused the vacuum leaks twice. In order to guard the

cooling pipes from the plasma bombardment, the tile shape was modified to decrease the gap

width as small as possible.

The first wall made of CFC graphite for the N-NB injection was installed in order to sustain

the heat load of 8.5 kW/cm2 for 10 sec.

The new type of electrode for the glow discharge was developed in order to made the

toroidally uniform glow. It has the same dimensions with the first wall and can be installed among

the first wall. The discharge current of 3 A was preliminarily obtained with the supplying voltage

of 800 V between the vacuum vessel and the electrode.

2.1.3 Toroidal field coil

Water leak of the cooling pipe of TFC-14 was found on 25 June. Since TFC-14 coil has

composed of two pancakes, each of which has 30 cooling pipes, air tight test has been performed

to identify the fault cooling pipe and it was found that fault cooling pipe was A-12-1 pipe which

was one of the pipes embedded in the 24th turn in the pancake A. The sorption-sniffer method

[2.1-1] and the fiberscope observation [2.1-2] have been carried out to find out the leak position

and to investigate the cause of this fault in the pipe, respectively. It was found that leak position

located in the narrowest of the conductor where the stress due to electromagnetic force was the

highest and that the fault was the crack along the direction of the coil turn. These results indicated

that the water leak occurred due to the crack formed in the cooling pipe, which was caused by the

stress concentration in the narrowest location of the pipe.

Deterioration of the inter-layer insulator between the conductors and of the insulator against

earth did not found so that the operation of the JT-60 was carried out immediately after the

inspection without a flow of water in an A-12-1 pipe which was fault.

References
[2.1-1] Arai T., Miyo Y., Sasaki N., et al., "Inspection techniques for JT-60 toroidal field coil cooling pipes", to be
published in JAERI-Tech.
[2.1-2] Arai T., Koike T. and Shimizu M., ^Development of fiber scope for JT-60 toroidal field coil cooling pipe^,
to be published in JAERI-Tech.

2.2 Control system
The control system constantly works in the JT-60U experiments according to the required

schedule. Three functions were newly developed in this fiscal year for the real-time feedback

control system to fulfill the experimental issues: (a) High triangularity plasma operation with

plasma current up to 2 MA. Since the high triangularity plasma operation together with high

- 3 -
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plasma current was expected to improve energy confinement to a large extent, the feedback control

algorithm was developed in the control computer system, (b) Real-time communication for control

of the negative-ion-based neutral beam injection system. This system is expected to contribute the

current profile control directly, related to plasma confinement and stability, (c) Radiative divertor

operation. In a fusion experimental reactor like ITER, the heat load on the hit points of divertor

plates is required to decrease below the divertor material heat capacity by increasing radiation

cooling. Hence, a function was added to the feedback algorithms that the radiation power from a

divertor plasma is controlled to trace the pre-set reference waveform of the power by using the gas

feed system.

For the maintenance of the control system, annual inspections were made of the computer

system, control boards, and the signal processing system for plasma control in the shut-down

period of November and December. Since the general purpose computer system (FACOM M-780,

Fujitsu Ltd.), containing all of the JT-60 discharge result data, will be superseded to a UNIX

workstation system, a new data base system is being developed. In this year, the software of the

data base production from a raw data set of a pulse discharge was newly completed.

2.3 Power supply
The JT-60 power supplies, namely the toroidal field power supply (TFPS), the poloidal

field power supply (PFPS) and the motor-generator for the heating system (H-MG), were

operated on schedule under the JT-60 experimental plan this fiscal year [2.3-1]. The power

distribution system and the emergency power supply were operated smoothly, too. For the "high-

triangularity divertor operation" in the range of high plasma current, a switch circuit for changing a

combination of the power supplies with the PF-coils has been added to the PFPS. Stable 2-MA

divertor plasmas with a triangularity 5 ~ 0.3 were obtained in the March, 1996 [2.3-2].

Annual inspection of the power supplies mentioned above, lightening rods and the

grounding system was performed as the preventive maintenance. In particular, the motor generator

for the additional heating systems (H-MG) was inspected in detail according to the regulations for

electric equipment in the Naka Fusion Research Establishment. The mechanical and electrical

integrity of the H-MG was checked without disassembling the whole system. Some pieces of the

guide bearings and all of the thrust ones were renewed. The same inspection of the rest two MGs

is scheduled in the next year. Moreover, some aged-deteriorated devices such as the capacitors

for power factor improvement in the TFPS, and transformers and DC power supplies for

controllers in the PFPS were repaired and renewed.

References
[2.3-1] Y. Matsuzaki and JT-60 Power Supplies Group, in Proc. of International Power Electronics Conf.,
Yokohama, Japan (1995) 882.
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2.4 Neutral beam injection system

2.4.1 Positive-ion based NBI system

The accelerator spacing gaps of 28 ion sources have been changed to enhance the beam

extraction currents at a medium beam energy of around 90 keV. The gaps spacing between the

gradient grid and electron suppression has changed from 10mm to 8mm. This modification

promises an injection power of 40MW at a beam energy around 90keV without a serious ion

source break down.

2.4.2 Negative-ion based NBI system

A part of the negative-ion based NBI (N-NBI) system has been completed in March 1995 for a

verification test of negative-ion generation and beam acceleration prior to the beam injection into

JT-60 plasma. After having finished a high voltage test of the 500keV dc power supply, the

negative-ion beam generation and acceleration started in June 1995. A progress of the negative-

ion beam acceleration between June and October 1995 is shown in Fig.I.2.4-1. A negative-ion

beam of 400keV, 13.5A (5.4MW) with deuterium has reached at the end of October. This is the

world highest negative-ion deuterium beam power.
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Fig.1.2.4-1 Progress of negative-ion beam acceleration

The rest of the N-NBI system including another ion source has been installed in November and

December 1996. The performance test of the beamline and power supply with two ion sources

has been executed, following which the beam injection into JT-60 started in March 1996. In the

middle of March, the first beam with the N-NBI has been injected successfully at a beam energy of
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180keV. The wave forms of the injected beam and the response of plasma diagnostics are shown

in Fig.I.2.4-2.
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Fig.I.2.4-2 Wave forms of the first beam injection with N-NBI into JT-60

2.5 Radio-frequency system

2.5.1 LHCD system

A ceramic window is one of most important components of LHCD system. After

modification of the transmission line of Unit A and B with reducing line number such as one

fourth, the ceramic window must withstand ~ 1 MW rf power in the transmission lines of Unit A

and B. In order to meet this requirement, ceramic windows are coated with Ti-N of 50 - 80

angstroms. The ceramic window coated has capability of 1 MW - 10 sec after enough

conditionings at a working frequency range of 1.74 - 2.23 GHz. In an environment of JT-60U

tokamak, however, break-downs sometimes occur even in the ceramic window having high-

power capability due to gases coming from plasma or stray magnetic fields. If arc discharges

continue until rf input energy reaches 50 -100 kJ, the arc discharges break a ceramic disk and then

air leak happens. Therefore a protection system for the ceramic window is by all means necessary.

Each LH Unit has already the protection system for the ceramic window. An arc detector

composed of lens and glass fiber can quickly stop rf injection within 20 u.sec as shown in Fig. I.

2. 5 - 1 when arc discharges occur. In past ten years from the beginning, these arc protection

systems have worked well, and then there was no leakage of a ceramic window. Unfortunately

breakage of two ceramic windows has happened in the shot of E24038, because power supply

- 6 -
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unit for the arc protection system in Unit B was down during LH injection. Improving the

protection system, an additional protection circuit detecting lost of power supply for the arc

protection system is introduced as shown in Fig. I. 2. 5 - 1. The additional protection circuit can

stop rf injection and high voltage within few msec. After applying the additional protection circuit

to all LH Units A B C , LH experiments successfully carry out without breakage of the ceramic

windows.

gas region t Vacuum region

Arc discharge ^-Jest lamp Arc Protection System for Unit B >=

ceramic window

detector for lost
of power supply

p.s.

additional protection

UnitB UnitB

| alarm of abnormal state ^ -»»» j stop rf injection |

stop high voltage |

Fig. I. 2. 5 - 1 Arc protection system and additional protection circuit

2.5.2 ICRF system

The ion cyclotron range of frequencies (ICRF) system for JT-60 was operated well at 116

MHz in FY 1995. The record of coupled ICRF power to the plasma was increased from 6 MW to

7 MW. Pulse duration was 1.1 sec. Precise optimization of phasing and impedance matching of

the antenna realized an uniform voltage distribution among four loops of the antenna. It enables

higher power injection reliably with reasonably low peak voltage at the antenna.

After the operation at 116 MHz, the frequency was changed to 102 MHz in December 1995,

in order to keep up with the low toroidal magnetic field (Bj) operation in JT-60. The resonant BT

of the second harmonics of hydrogen on the axis of JT-60 plasma was reduced from 4.0T to 3.5T.

Prior to the frequency change operation, feasibility was checked by calculation and testing,

because 102 MHz is a little lower than the frequency range of the original specification (108 - 132

MHz) of the system. Calculated antenna coupling performance was not much different from the

original frequency. Estimated RF leakage from the choke-stub tuner were much lower than
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Cooling
Water

the tolerance level. Low power RF

control system including phase, power,

and frequency feedback control circuit

was tested at 102 MHz and reliable

operation was confirmed. Concerning

the impedance matching circuit, the

movable range of the stub tuner is

enough to cover the expected impedance

range of the antenna, however the high

power phase shifter (trombone) required

to enlarge the movable range in order to

cover 180 degree of phase change for the Power

longer wavelength. The final stage RF F e e d e r s

I

Output
Cavity

amplifier which is called "high power

amplifier" (HPA) using tetrode required

extension of the output "cavity", the

cylindrical resonant circuit, by ~ 10 cm

in height as shown in Fig. 1.2.5.2-1.
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Fig. 1.2.5.2-1 High Power Amplifier (HPA)
HPA is the final stage amplifier of the ICRF heating system. It

provides ~ 1 MW of RF power. The total output RF power of the
system is - 8 MW by 8 HPAs. The cylindrical output cavity was
extended by - 10 cm to tune at 102 MHz.

We modified the HPA cavity and enlarged the movable range of the high power phase shifter

according to the requirement. Calibration of the power and phase measurement system (48 points)

was also done. After the modification and calibration, the RF amplifier system was tuned to 102

MHz. The RF amplifier system consists of eight parallel series of amplifiers, each series has two

solid-state amplifiers and three tetrode amplifiers, and each tetrode amplifier has four tuning

elements. Consequently 4 x 3 x 8 = 96 tuning elements in total were set for 102 MHz. We

tuned and adjusted the amplifier system and confirmed to generate ~1 MW of RF power output for

~3 sec of pulse duration to the dummy load from each HPA of each amplifier series. It means that

the total generator out put power at 102 MHz is ~8 MW which is as same as one at 116 MHz.

From January 1996, RF power at 102 MHz had been injected to the JT-60. Impedance matching

between the antenna and the transmission line using the stub tuners and the high power phase

shifters, adjustment of the phase control, and the antenna conditioning were taken place.

Impedance matching to the vacuum load had almost been completed and ~ 1 MW of RF power was

coupled to the plasma till the end of March. Further effort to the impedance matching and antenna

conditioning will be required in FY1996 to obtain higher coupled power needed for ICRF

experiments.
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2.6 Diagnostic system
New installations have been done for the following system; additional 7 channels of MSE,

2 dimensional divertor impurity monitor, 10 channel of high-resolution visible spectrometer for

divertor and a new collection optic with 3 view points for divertor vicinity and 4 additional views

for main plasma of YAG Thomson scattering. Progresses have been reported for the diagnostics

of MSE, CO2 laser interferometer, visible spectrometer for divertor and high energetic neutral

particle measurement. The fast reciprocating Langmuir probe system provided high spatially-

resolved profiles of the local electron temperature and density in the scrape-off layer.

2.6.1 Plasma current profile measurement with MSE polarimeter [2.6.1 ]

Plasma current profiles have been measured with a motional Stark effect (MSE)

polarimeter. Offset angles due to the Faraday rotation through the windows in the strong magnetic

field were calibrated by moving a plasma rapidly keeping the q profile during NBI. The corrected

error in offset angles is estimated to be about 0.2 degrees. Polarized background light, that

observed for intense NB heating distressed the accurate detection of MSE. To resolve the problem,

the MSE signal was corrected by the polarization of the background light. The accuracy of these

correction methods was checked by measuring the current profiles in a discharge with sawtooth

activities. As a result, the measured q value corresponding to the inversion radius of the sawtooth

observed by a ECE measurement was estimated as 1.1.

In the reverse shear experiments, where neutral beams were injected during the initial

plasma current ramp-up/down, the existence of the negative shear on the q-profiles was confirmed.

2.6.2 Dual CO2 laser interferometer [2.6-2]

The electron density measurement accuracy of the tangential dual CO2 laser interferometer

system with the close wavelengths of 10.6 (xm and 9.27 |j.m has been improved remarkably,

because of the successful application of newly developed very high resolution phase counter

(VRPC)[2.6-3]. The VRPC has the property of 1/12800 fringe resolution and time response of

lu.s, the phase resolution of which is 100 times better than the conventional one. The resolution

corresponds to the line density resolution of 1.32xlO17 nr2 , where the actual improvement has

been established by an order of magnitude comparing to the previous system. It allows fast and

accurate recognition of density behavior even at major disruption.

2.6.3 High-resolution visible spectrometer for divertor study

Knowledge of the velocity distributions of deuterium and impurity and that of the ion

temperature are important to study deuterium recycling, impurity behavior and plasma transport in

the divertor region. The velocity distributions and the temperature can be estimated from Doppler-

broadening of spectral lines from neutral deuterium atoms and impurity ions (e.g. carbon, helium,

etc.). A visible spectroscopic system with high wavelength resolution has been developed to

observe the broadening of the spectral lines emitted from the divertor plasma [2.6-4].

- 9 -
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An object optical system consists of a 60-ch optical fiber array in order to observe all over

the divertor region with a spatial resolution of about 1.2 cm. The optical fibers transmit the light

from the torus hall to a diagnostics room, where 10 fibers are chosen from the 60 fibers. The

spectrometer is built in the Littrow mounting to reduce astigmatism. The high spectral resolution is

obtained by using an echelle-grating in high spectral order (35-61) and the nominal wavelength

resolution is 5.3 pm. The velocity distributions of deuterium atom in the divertor plasma with

accuracy of -0.3 eV have been measured successfully with this spectrometer.

2.6.4 Measurement of N-NBI beam ions by MeV range NPA

Neutral particle analyzer was newly developed under the collaboration between the JAERI

and the Ioffe Institute Russia for measurements of 500 keV ions injected with N-NBI and fusion

products in an MeV range. The analyzer was installed in the tangential direction of JT-60U with

almost the same tangency radius of N-NBI to measure injected ions efficiently. Use of the thinnest

possible scintillator produced a remarkable decrease in neutron and y-ray sensitivity of the

detectors for the measurement of 100-500 keV beam ions [2.6-5]. In advance to the measurement

of N-NBI ions, basic performances of the analyzer were confirmed by measuring energetic

hydrogen fluxes in the ICRF heating in Sep. 1995. Then, in Mar. 1996, neutral deuterium fluxes

of N-NBI ions were successfully measured in the first injection of the beam test into JT-60U.

2.6.5 Fast reciprocating Langmuir probe system

A fast reciprocating Langmuir probe system, which can be incorporated into the Lower

Hybrid (LH) wave launcher, has been operated reliably over a horizontal scan of 25 cm in 1 s

using a compact pneumatic cylinder drive and springs. Double or triple probe measurement

provided the scrape-off layer (SOL) plasma profile with the spatial resolution of 1-2 mm. During

the LH wave injection with good coupling to the core plasma, an increase in the local electron

temperature was observed in front of the LH launcher mouth. The local electron density was 7-

10xl016 nr3, that was a consistent value needed for good coupling.
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3. Experimental results and analysis

3.1 Plasma control and disruptions

3.1.1 Killer pellet injection

It is one of the important issues in ITER physics R&D to terminate a tokamak discharge

without causing serious damage on to machine, and has been investigated in JT-60U using neon-

ice pellet injection into OH and NB heated plasmas. A heat-pulse on the divertor plate was

drastically reduced with killer pellet injection [3.1-1]. The fast shutdown by killer pellet can be

useful for the shutdown of ITER at emergency cases, such as loss of coolant for the divertor plate,

trouble of an equilibrium control system, and so on. The vertical displacement in the early phase of

disruption was successfully suppressed by balancing the eddy currents flowing toroidally in upper

and lower parts of vacuum vessel. The fast Ip-quench within a time constant of the structure, such

as a vacuum vessel, in vessel components, has a merit to suppress the vertical displacement event

and the halo current owing to small plasma movement [3.1-2].

3.1.2 Runaway electrons

Generation of runaway electrons during Ip-quench is one of the serious problems of the

disruptive termination, which intensively enhances the plasma-wall interaction. A newly developed

CO2 laser interferometer measure the density during fast Ip-quench for the first time. A clear

runaway electrons were observed in the regime of the one-turn voltage (Vjoop) > 80 V and line

integrated density (neLp) < 6x102^ m~2. If the Dreicer field is a main cause of the generation of

runaway electrons, the electron temperature of 200 keV is required to explain Vioop > 80 V, which

is incredible during the fast Ip-quench. Analyses including the effect of trapped high energy

electrons and the avalanche effect will be performed using measured plasma parameters [3.1-3].

3.1.3 Plasma breakdown with low loop

voltage

The maximum voltages of poloidal

field coil power supplies are required at a

plasma breakdown. Thus the reduction of

breakdown loop voltage has a large impact

to reduce a size of the poloidal field coil

power supply system. The electric field of

-0.08 V/m has been recorded with Vioop

of 1.7 V (normally 20 - 30 V in JT-60U)

as shown in Fig. 1.3.1-1.
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Fig. 1.3.1-1 : Time evolution of the plasma breakdown with

Vf
Lof 1.7V.
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Helium gas was used as a pre-filling gas, because it is much easier for controlling the pre-filling

pressure due to smaller wall absorption than hydrogen. Charge exchange loss of helium ion is also

much smaller than that of hydrogen ion. LHRF heating power of ~1 MW was applied to quickly

pass the radiation barrier. The plasma position was controlled to keep good coupling with LHRF

just after the plasma breakdown [3.1-4].

3.1.4 Feedback control of plasma parameters

The new feedback (FB) controls of the neutron emission rate (Sn) and the radiative power

in the divertor, have been performed in 1995. The Particle Supply and Heating Control System

was utilized for this study to control the neutral beam heating system and the gas feeding system.

The FB control of neutron emission rate was demonstrated with controlling the heating

power by adjusting the number of NB units. The Sn was kept constant at 3xlO15 n/s for 5 seconds

until NB was turned off. During the FB control periods, the stored energy was also kept constant

at 2.5 MJ, because the Sn was proportional to the squared stored energy with the same type of

confinement mode, such as high Pp-H mode, when the plasma position and the density profile

was unchanged. This relation shows that the neutron FB function can also used for the FB control

of the stored energy [3.1-5].
U K,ii) I I I

A simple feedback control model, 5 8 L r>.... — — - j"-jioo

in which the divertor radiation power (Pr) o . i ?

measured by bolometer is used as a 5 2-2

control parameter with the hydrogen gas ^ w.

puffing as an actuator, has been developed <g ̂  e

in JT-60U. Six central channels of the top •§=§•£

bolometer array covers almost the whole

divertor zone. The total radiation power

was controlled to be maintained at a pre-

determined Pr (Prreference) from 5.5 to

10 sec (Fig. 1.3.1-2), where maximum

4 6 8 10
Time (sec)

Fig. 1.3.1-2 : Real time divertor radiation control with hydrogen
'Pr-reference' is 6 MW, corresponding to 8 a s puffing. Transition to the MARFE occurs at 9.2 sec due

to a beam power drop.

40 % of the heating power with a flat top
duration of 3 seconds. Divertor heat load measured by an infra-red camera indicated that 12 MW of

heat load in the beginning decreased to 6 MW as a result of increased divertor radiation [3.1-6].
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3.2 High triangularity discharges with improved stability and confinement
This section describes experimental results with a new high triangularity (8) configuration.

The major goal of JT-60U is the simultaneous achievement of i) high confinement, ii) high P

limit, iii) high bootstrap fraction and iv) high efficiency of heat and particle exhaust in the steady-

state. Experiments have been devoted to satisfy the integrated performance required in the steady

state reactors [3.2-1], where the issues awaiting solution are achievement of high confinement at a

high density required for the cold and dense divertor and improvement of P-limit in the steady-state

for sustainment of high power density and high bootstrap current fraction. The main purpose of

our high triangularity experiment is to overcome these issues and to study effects of plasma shape

on the above conditions i)-iv) in order to contribute to the decision of plasma shape in tokamak

reactors. By recent modification of the poloidal coil system, we increased 5 from the original value

of -0.1 to -0.45 at Ip =1MA and -0.3 at Ip=2MA in NB heated discharges.

3.2.1 Improved edge stability and behavior of ELMs [3.2-2]

Concerning onset conditions of giant ELMs which limit energy confinement in H-mode,

the effect of 5 on the onset condition was studied by changing 6. Line averaged electron density

(center and peripheral chords), edge Te (r/a=95%) and edge T, (r/a=95%) at the onset of giant

ELMs increased with increasing 8; the improvement from the original 8 of -0.1 to the high 8 of

0.3-0.4 was 30-50% for density and 50-100% for temperatures. The normalized pressure gradient

(a-parameter given by -pedge/(Bt2/(2|J{)Rq952)) at the edge was improved by -100%. (In JT-60U,

giant ELMs are clearly related to the high-n ballooning mode or a phenomenon systematically

described on the S(shear)-a diagram). Then the ELM-free period was extended by factors of 2 to

10 (depending on recycling and heating power). The values of PN a t t n e onset of giant ELMs also

increased by a factor of 2; from PN -1.4 (8-0.1) to PN ~2.8 (8-0.35) for discharges with the

typical pressure profile in H-mode.

At 8 > 0.3 with Pp > 2, minute grassy ELMs appeared. These ELMs can be distinguished

from giant ELMs by their small amplitude and high frequency. The peak heat load on to divertor

plates per one grassy ELM was small compared to giant ELMs. Therefore the minute grassy ELMs

may be beneficial for reduction of erosion of divertor tiles. In this parameter region, numerical

analyses suggest the possibility of access to the second stability regime.

3.2.2 Improved confinement

The NB power deposition profile for high 8 (0.3-0.4) configuration in JT-60U tends to be

off-axis. Usually, off axis heating is advantageous for increasing p-limit but disadvantageous for

improving H-factor [3.2-1]. However, in high 8 discharges, favorable high-Pp H mode (H-factor

> 3) was obtained even with off-axis heating where the H-factor was increasing by -50% with

increasing 8 from 0.1 to 0.35.
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In ELMy H-mode, the H-factor tends to decrease with increasing electron density. The

degradation was weaker at high-5 than at low-8 and the normalized edge density

(ne(r/a=0.7)/(Ip/(7ta2)) with H-factor > 2 was increased from 0.3 xlO20 m-'/MA to O.55xlO2om-1

/MA. This result suggests that a high-5 operation is favorable for combination of high confinement

with a dense and cold divertor.

3.2.3 Improved P

By increasing 8, high values of H-factor (>3) and PN (>3) were obtained simultaneously.

In the discharges where pressure profiles can be relatively peaked, ^-values increase even after

appearance of giant ELMs. In these cases, attainable P-values were limited by low-n pressure

driven modes [3.2-1]. The stability for these modes was also improved by increasing 5. In

particular at relatively low q95 (=3.5-4.5), the pN-liniit for 5 > 0.3 was higher than that for 5-0.1

by -30%. Consequently, we obtained the highest values of pt =2.7% and PNH =13.5 in JT-60U

at 5 =0.37 (PN =4.2 and q^ =4.2). In ELMy H-mode with dW/dt =0, we extended the Ip region

with PNH > 8 up to 1.5MA. In addition, we obtained a high value of PN =3.1 at a high toroidal

field of 3.6T without current ramp up (Ip =1.5MA). This achievement strongly contributes to the

ITER EDA study on P-limit. Such improvement seems to be caused by high edge magnetic shear

at the high-5. Concerning pressure profiles, the medium peakedness resulted in the highest P-limit.

Regarding stability of the low-n modes in the quasi-steady state with a high bootstrap current

fraction, the modes grew in a resistive time scale and the PN-Hmit was lower than that attainable in

a transient phase where the modes grew in an ideal time scale. This behavior seems to be related to

gradual current diffusion affected by high bootstrap current fraction.

3.2.4 Improved integrated performance under full non-inductive current drive

The duration of the high integrated performance with Pp > 2, PN > 2.5 and H-factor > 2

under full non-inductive current drive with high fraction of bootstrap current was extended with

increasing 5; 0.3s at 5 =0.1, 0.7s at 5 =0.2 and 2s at 5 =0.3). In the case of 5 =0.3, pN =2.6-3.1,

H-factor =2.1-2.5, pp =2.4-2.8, bootstrap current fraction of 60% and NB driven current fraction

of 40% were sustained for 2s (~10TE). The duration of such discharges is mainly limited by a

gradual growth of the low-n modes or increase in carbon influx from divertor tiles exposed to a

large heat flux. The life time is extended by relaxation of these limiting factors by improving

stability margin and increasing density with 5.
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3.3 High-Pp and H-mode studies

3.3.1 Reactor relevant performances in High-Pp and hot-ion H-mode plasmas

The hot-ion H-mode and high-Pp H-mode plasmas in JT-60U have entered a reactor-

relevant low-q regime as the plasma current was increased to improve the fusion performances. In

1995, the hot-ion H-mode regime was extended to Ip=4.5 MA, encompassing the further low-q

regime down to q95~2.0. Highest performance plasmas were produced with the intense NBI up

to 36 MW in hot-ion H-mode and high-Pp H-mode regimes, where a high temperature (Tj~30-40

keV), a large diamagnetic stored energy (Wdja~8-9 MJ) and a remarkable fusion triple product

(4-12xl020nr3skeV) were achieved [3.3-1,2].

In the hot-ion H-mode, the volume-averaged fusion product increases with decreasing q*

(=7ca2BT[l+K2(l+282-1.253)]/(^0IpRp) = q95±5%), although the H-factor decreases. The

ratio of the H-factor to the safety factor (H/q) is a useful figure of merit for ignition margin, since

(H/q)2 is proportional to the fusion product, where H/q95 > 0.6 is the minimum requirement for

a sustained ignition in ITER [3.3-3]. Fig. 1.3.3-1 shows the H/q* as a function of q* for both

hot-ion H-mode and high-pp H-mode, where the ripple-induced fast ion losses are extracted from

the NB power only for the hot-ion H-mode. It is evident that both of the high performance regimes

indicate that peak fusion performance, such as the fusion triple product and QDD, is achieved near

q*~3, approaching the ITER expectation of H/q 95 ~1 atq95~3.

The most obvious concern at a high plasma current was found to be the substantial MHD

stability degradation with Ip in association with a large ELM events. For the hot-ion H-mode,

attainable Troyon factor PN tends to decrease clearly with q* in the q* < 3 range, presumably due

to a large pressure gradient at the periphery. Fig. 1.3.3-2 shows that the decrease of Troyon factor

is attributed to an increase of BT/(2(i0Rpq* ), which is a measure of the edge pressure gradient

and governed in practice by the ballooning modes. Indeed, Bj/(2|i0Rpq*2) is proportional to the

edge pressure gradient right before the ELMs. Thus, low Troyon factors arise from the fact that the
3.01.2
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edge pressure gradient during an ELM-free phase reaches a critical value against the edge stability

before the core pressure sufficiently develops. Although the ELM is the major cause of limitations

for both regimes, a formation of the peaked pressure profiles associated with the high-(3p H-mode

confinement lead to an improvement of Troyon factor > 2.2, required for ITER at the same values

of q* and BT/(2(i0Rpq*2). It is thereby emphasized that the effective pressure profile control by

an external heating would increase Troyon factor at a high current.

3.3.2 Threshold heating power for the internal transport barrier formation

Threshold heating power (P™) for the formation of the internal transport barrier (ITB)

was intensively investigated in 1995 [3.3-4]. Fig. 1.3.3-3 (a) shows the absorbed heating power

(PNB) against the line-average electron density. Here, we define Pjjjg as the injected NB power

minus the shine through power, and closed symbols designate discharges with ITB and open

symbols without ITB. In the case of Ip= 1.4 MA and Bx = 4.4 T (circles), P™ increased from 4

to 10 MW when ne was increased from 0.6 to lx 1019m3 , as shown in a shaded region. The

observed density dependence was roughly scaled as P^bB~iTe
a with 1.5<a<2.0 (dotted curves) in

the region ne=0.4 - 1.1 x 1019m"3. The origin of the strong iTe dependence is presently under

investigation. In order to clarify the Bx dependence of P™, P^/ni1-7 5 (power factor of 1.75

was assumed a mean value of 1.5 and 2.0) was depicted against Bx in Fig. 1.3.3-3 (b). The weak

correlation of Pth with By is apparently different from the linear dependence of the threshold

power on Bx for the H-mode transition, as will be described in the subsequent section [3.3-5].

The density dependence, on the other hand, is much stronger than that for the H-mode transition,

though the density range is limited below l.lxlO19rn~3.

3.3.3 H-mode transition power threshold and its relation to the edge quantities

A deliberate experiment in '95, where the H-mode transition power threshold database was

compiled from 71 consecutive discharges produced in a single series with a fixed equilibrium.
15

no ITB
1.4MA, 4.4T

• 1.0MA, 3.2T
• 0.7MA, 2.2T

0.4 0.6 0.8

rT. [0.6 a] (10 19
1

m -3

Fig. 1.3.3-3. (a) Absorbed heating power (PNBabs) versus line-average electron density along
60% of tangent minor radius (t\ [0.6a]). Hatched region roughly represents the threshold
power (Pth ); dotted curves show fQ1-5 and ri^2-0 dependences, (b) normalized absorbed power
by ne

iJ5( PNB
abs/n71-75) versus B T. Closed symbols: with ITB, open symbols : without ITB.
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The threshold power scaling written as P th [MW] = 0.18 x n°-5[1019nv3]B j°[T]R L5[m]

was obtained with the non-dimensional assumption [3.3-6], which predicts Pth of =53MW for

ITER at n e=5x 1019m 3. The ripple loss fraction of the heating beam was on average (24+9)%

over the database, and it was not taken into account to derive the above scaling. The new JT-60U

results are plotted on the ne2o° 7 5 BTS scaling suggested by the ITER Database Working Group

[3.3-6]. Here, substantial increase of P ^ below 1.2xl019nr3 was also manifested. In order to

elucidate the causality of increased Ptll at low density and the origin of density dependence, the

edge neutral density at r/a > 0.95 (n95) was evaluated using the DEGAS code. In Fig. 1.3.3-5,

n^/n9 5 was plotted against the ion collisionality (Vj eff), where open circles and crosses are

respectively right before and a few 100 ms before transition for ne> 1.2x 1019nv3. Open squares

and plus signs are similarly for ne<1.2x 1019nv3. It is shown that v*e
9^ starts decreasing above a

given boundary of n95/n95, regardless of the density. As a consequence of increased n95/n95,

higher critical edge temperature and larger heating power are required for the transition, to which

degree is moderate when ne is above 1.2x 1019rrr3 and substantial when ne< 1.2x 1019nv3. The

neutral density limit, above which bifurcation cannot occur, estimated with the charge-exchange

assumption [3.3-7] is quite consistent quantitatively with our result.
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3.4 Reversed shear experiments
A reversed shear configuration, which has negative magnetic shear in the inner core region

and positive magnetic shear in the peripheral region, has been proposed as an advanced tokamak

operation [3.4-1]. The magnetic shear is defined as (r/q)dq/dr, where q is the safety factor and r is

the volume-averaged minor radius. The reversed shear configuration has a possibility of an

economical steady-state tokamak reactor with high P, good energy confinement and a large

bootstrap current fraction. Recent progress in q profile measurement by motional Stark effect

(MSE) diagnostics motivates experimental studies on reversed shear discharges.

3.4.1 Internal transport barrier in reversed shear plasmas [3.4-2]

The reversed shear configuration was formed during the initial current ramp with NB

heating. High electron temperature with NB retards the current penetration and helps the formation

of the hollow current profile necessary for the reversed shear configuration. Typically the flattop

plasma current was 1.2 MA and the toroidal field at plasma center was 3.4 T. Peaked electron

density and temperature profiles were formed during high power NB heating at the plasma current

flattop. A typical profiles are shown in Fig. 1.3.4-1. Steep gradients are formed at p = 0.51-0.62

(p is the normalized minor radius) in ne and Te profiles,

which indicates the formation of the internal transport

barrier (ITB). The ne and Te gradients in the ITB are

about 20 times as large as outside ITB. The T; profile also

has a steep gradient. The q has the minimum value of 3.6

at p = 0.67 and the magnetic shear is negative inside it.

The position of outer edge of ITB is near the position of

<?min- The large extent of negative shear region and

improved confinement region (up to p = 0.65) is notable

feature in JT-60U reversed shear discharges .

The steep gradient in Te profile indicates

reduction of the electron thermal transport, and is a

distinctive feature that was not reported in TFTR or DIII-

D reversed shear discharges or in the JT-60U high Pp

mode. Relatively low Tj(0)/Te(0) (less than 1.5) was

realized due to this electron transport reduction in spite of

the dominant ion heating by NB. In TFTR and DIII-D

reversed shear discharges and in JT-60U high p*p mode,

mainly the ion transport was reduced and the hot ion

regime (Ti(0)/Te(0) > 3) was obtained.

High density plasmas with the high confinement
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were obtained with the formation of the ITB in reversed shear discharges. At 1.2 MA, the line-

averaged density increased up to 3.7xlO19 n r 3 (68% of Greenwald limit) in an ELMy H mode

with the H-factor (enhancement over ITER-89P law) of 2.3. The maximum H-factor was 2.6 in an

ELM free H mode. Here the correction of ripple-induced loss of fast ions is not considered. The

maximum PN w a s 2.4 %mT/MA and was comparable with that in the high (3p H mode.

3.4.2 Sustainment of reversed shear by LHCD [3.4-3]

In a hydrogen discharge with Ip = 1 MA and B j = 2.8 T, a reversed shear configuration

generated by the current ramp with NB heating was sustained noninductively by means of lower

hybrid current drive (LHCD) for 7.5 s. Though the q values in the central region measured by

MSE diagnostics continuously decreased during LHCD, the decrease was slower than the case

without LHCD and the wide extent (p = 0.55) of negative shear region remained until the end of

LHCD. The hard X-ray emission profile was hollow and had its peak around p = 0.5. This

indicates that the LHW driven current had a hollow profile. It is considered that the change of q

profile during LHCD was caused by penetration of OH current since the plasma current was not

fully sustained by LHCD alone; the fraction of LHW driven current is estimated to be 65-75%. By

using different N// spectrum of LHW, it was also demonstrated that the q profile of the reversed

shear discharge can be modified by LHCD.

3.4.3 ICRF central heating of reversed shear plasmas [3.4-2]

ICRF central heating has been attempted in reversed shear plasmas. Our concern is whether

ICRF heating is still efficient in the reversed shear configuration, where the poloidal magnetic field

in the core is much weaker than in the normal shear case. ICRF heating was applied in

combination with NBI heating after reaching the current flattop. Hydrogen and helium mixture

plasmas and hydrogen beam were employed. A heating scheme of the ICRF heating was hydrogen

second harmonic heating on axis where the toroidal field was 3.8 T. Typically, ICRF power of 5

MW was applied during NBI power of 4.5 MW with Ip = 2 MA. During ICRF injection, the

electron and ion temperatures increased inside the ITB and very steep gradients were formed. The

H-factor increased from 1.2 to 1.6. Thus the ICRF central heating was quite successful for the

reversed shear configuration. It should be noted that TAE modes were not excited in reversed

shear plasmas with ICRF heating power up to 5 MW, which was well above the threshold power

(3-4 MW) in normal shear plasmas.
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3.5 Divertor and impurity studies

3.5.1 Divertor study

Radiative divertor plasma was demonstrated in the reversed shear mode by compound gas

puffing of neon and hydrogen. Heat removal and divertor plasma detachment was successfully

established, for the first time, in the reversed shear discharge with the ITB[3-5-l]. Heat load to

the divertor plates was reduced to 20% of the NB heating power (PNB =15 MW), when the

fraction of the radiation power in the divertor increased to 60% of PNB- The radiative divertor was

also obtained in the ELMy H-mode plasma with neon and deuterium gas puffing and PNB = 23

MW[3-5-2]. The higher H-factor of 1.2-1.4 was obtained during the divertor plasma detachment

by the compound gas puffing compared to that by the pure deuterium puffing (1 -1.2).

Density limit and the divertor MARFE operation regime were investigated in the L-mode

and the ELMy H-mode discharges with PNB ^ 22 MW[3-5-l]. The density limit and the MARFE

onset density increased with PNB up to 8 MW in the L-mode discharges. In the L-mode and the

ELMy H-mode, the discharges were maintained so far at the Greenwald density limit, nGr [1020

m-3] = IP / 7ta2 (MA nr 2 ] , for the high P N B (8-22 MW). The MARFE onset density did not

increase (0.6-0.7 x nGr) at high PNB. The energy confinement in the ELMy H-mode was degraded

with increasing the density due to an enhancement of the back flow of the recycling neutrals from

the divertor to the main plasma edge: H-factor=2.0 at the density of 0.5 x nGr was decreased to

1.2-1.3 at the MARFE onset. During the divertor MARFE, the H-factor decreased to 0.9-1.2.

High density operation with high triangularity configuration of 8 = 0.4 and PNB = 28 MW was

also carried out to investigate the density limit. Line-averaged density of 0.9 x nGr was limited by

the maximum gas puff rate in Ip =1.0 and 1.5 MA discharges. The ELM heat pulse measured with

a fast sampling infrared TV was reduced compared to that observed at the normal 5 = 0.2. The

MARFE onset density and the H-factor of 1.0-1.2 at the high density were comparable.

The fast reciprocating Langmuir probe measurement were performed in the L-mode

discharges with P N B = 4 MW for SOL database of ITER. Two (first and second) SOL regions

with different e-folding lengths were observed both in the Te and ne profiles, e-folding lengths of

the ne and Te profiles in the first SOL were 14-17 mm and 22-25 mm respectively, for Ip = 1.8

MA and B T = 3.5 T. The e-folding lengths increased with the connection length. These e-folding

lengths were increased with decreasing local Te at the separatrix during the divertor MARFE. The

Te profiles in the SOL plasma were compared with T; profiles measured with a poloidal charge

exchange recombination spectroscopy system. Tj ~ 3 x Te at the midplane SOL, and ^-folding of

the Tj profile is by a factor of 2.5-3 larger than that of Te. It was found that total pressure (electron

+ ion) in the midplane SOL is balanced with the divertor total pressure [3-5-3]. Since the ion

pressure is dominated in the edge plasma and SOL, ions play a crucial role in the pressure balance

in the SOL.
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Helium transport of the reversed shear plasmas has been studied using fast He beam

injection and He gas puff. He density profiles in the reversed shear mode were clearly different

from those in ELMy H-mode and L-mode. An enhancement of the He particle confinement and

the low diffusivity were found in the reversed shear mode[3-5-l]. In ELMy H-mode and L-mode,

in-out asymmetry for He influx to the divertor plates has been controlled by changing of NB

power and Ip. The effect of Ip and BT, and the direction (the ion grad-B drift direction) on He

exhaust was also investigated. The asymmetry in the He flux profiles did not depend on the ion

grad-B drift direction. The asymmetry seems to be determined by pp (including edge parameters:

ne, Te, Tj et al.). Asymmetry control and solid target boronization enabled active helium ash

exhaust[3-5-l].

3.5.2 Impurity study

The effect of particle and heat fluxes and the surface temperature of the divertor plates on

carbon generation during the ELMy phase has been studied by the fast sampling of Da array and

the infrared TV. Carbon burst from the divertor tiles was observed when the maximum surface

temperature of tiles exceeds 900°C. Emission of carbon impurity line, C II (658.3 nm), depended

strongly on the particle and/or heat fluxes at ELM event even though the tile temperature was kept

lower than 900°C. The carbon generation caused by the ELM pulse was not negligible in the

steady state ELMy discharges[3-5-l].

Carbon impurity generation by chemical sputtering was investigated. Profiles of CD-band

intensities emitted from hydrocarbon molecules (mainly methane) were measured in the divertor

region. It was found that the chemical sputtering yield of methane increased with the surface

temperature of divertor tiles and decreased with an increment of deuterium ion flux[3-5-4].

3.5.3 Particle Confinement Study

In order to understand the effect of the particle source distribution on the global particle

confinement, the particle balance was analyzed for L-mode plasmas: the NB power was 4 MW to

16 MW, Ip = 1.8 MA, B T = 3.0 T, ne = 2-3.7 x 1019 rrr3. The particle confinement time was

increased with the ratio of NB fueling rate to the wall recycling and gas-puffing fueling rate[3-5-

5]. The particle confinement times of edge fueled particles and centrally fueled particles were

separately estimated. It was found that the confinement time of centrally fueled particle was three

times longer than that of edge fueled particle for the L-mode plasmas. However, clear dependence

of the particle confinement on the ratio of NB fueling rate to the wall recycling and gas-puffing

fueling rate was not found for ELMy H-mode plasmas.
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3.6 Fast ion study

The investigation and analysis of the fast ion behavior are important to confirm the steady-

state operation scenario of tokamak reactor, where alpha particle heating and non-inductive current

drive using high energy neutral beams are required. In FY1995, many experimental data

concerning the fast ions were obtained and analyzed using numerical codes. These results gave

physics database of the steady-state operation and contributed to the ITER physics R&D.

3.6.1 Ripple loss study

The banana drift loss of beam-injected ions was measured and evaluated on the front

surface of the LHRF launcher. In contrast to previous observations on the first wall tiles [3.6-1,

3.6-2], the well defined heat spot due to banana drift loss was observed on the launcher. It was

shown first that both the heat spot position and the heat flux at the heat spot agreed well with the

OFMC (Orbit Following Monte Carlo) code calculation [3.6-3].

Time-resolved triton burn-up measurements were performed with a new type of 14 MeV

neutron detector consisting of scintillating fibers. Time evolutions of the 14 MeV neutron emission

after the turn-off of the neutral beams were analyzed using a calculation code based on the classical

slowing-down model. The triton diffusivity was evaluated to be 0.05-0.15 m2/s. As is shown in

Fig. 1.3.6-1, the triton diffusivity increases with the toroidal ripple rate at the effective minor

radius of the triton birth profile [3.6-4]. This dependence is compared with the ripple transport

theory.
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Fig. 1.3.6-1 Fast ion diffusivity plotted against the toroidal ripple rate at
the effective minor radius of the triton birth profile reff.

The effect of the ion VB drift direction on the ripple-induced beam ion loss was

investigated in plasmas with ITER-like vertically asymmetric ripple well. The ripple-induced loss

of the beam-injected ions was estimated from the neutron decay time following the short-pulse

beam injection. No significant difference was found in the beam ion loss for the upward and
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downward ion VB drift directions. The OFMC calculation also showed that the total fast ion loss

is almost the same for the two drift directions although the dominant loss process changes from

the ripple-trapped loss to the banana drift loss with reversing the ion VB drift direction [3.6-5].

3.6.2 Control of TAE modes

Suppression of toroidicity induced Alfven eigen (TAE) modes is required in the fusion

reactor because the significant loss of energetic alpha particles is expected to be induced by the

TAE modes. It has been shown that TAE modes during the ICRF heating can be suppressed by

peaking the plasma current profile with the plasma current ramp-down and LHCD. The threshold

value of fast ion beta for TAE modes excitation increases with the internal inductance due to the

enhancement of Alfven continuum damping [3.6-6, 3.6-7].

The effect of the toroidal plasma rotation for TAE mode suppression was examined

systematically by changing the injection direction of the tangential neutral beams. The TAE modes

excited by the ICRF heating were suppressed with the counter-beam injection and enhanced with

co-beam injection. Significant difference in the toroidal plasma rotation velocity profile was

observed for the two beam injection directions. A clear shear in the radial profile of the toroidal

rotation velocity was produced in the case of the counter-beam injection, while flat rotation profile

was seen for co-beam injection. One of the possible candidates of suppressing TAE modes is

phase mixing due to the toroidal rotation shear [3.6-8].

Reversed-shear plasmas were successfully heated by the ICRF waves. The TAE modes

were not excited in the reversed-shear plasmas with the ICRF power up to 5 MW, which is well

above the threshold heating power (3-4) MW for the TAE mode excitation in normal shear

plasmas [3.6-8]. This result shows that the reversed-shear configuration is robust against the TAE

modes.
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3.7 ICRF and LHRF experiments

3.7.1 ICRF experiments

The ICRF system consists of a pair of phased array antennas and the generator which can

deliver up to 8 MW of RF power. Minority hydrogen heating in deuterium or helium majority

plasmas were conducted at the second harmonic hydrogen cyclotron resonance frequency (116

MHz for 3.8 T), to study on ICRF heating combined with improved confinement modes, high

energy particle physics and TAE modes. In particular, ICRF central heating was successful in

negative shear plasmas where the highest level of the energy confinement time among hydrogen

discharges in JT-60U was achieved (See 3.4 for details). At the end of 1995, the operating

frequency of ICRF system was reduced from 116 MHz to 102 MHz for efficient central heating at

lower toroidal field of 3.5 T.

Good coupling at large gap (15 cm) between the separatrix and the Faraday shield of the

antenna (S-F gap) was obtained for ELM-free H-mode plasma. The impedance matching of the

antenna was maintained by frequency feedback control, and the highest level of the stored energy

(8 MJ) among H-mode database of JT-60U was achieved by ICRF heating. It was found by a

Langmuir probe measurement that the density of the scrape-off plasma increases during ICRF

heating. In 1994 experiments, waves with lower Nn (wave refractive index along static magnetic

field) had a higher coupling resistance but lower heating efficiency. This is probably because of

less single-pass absorption of lower Nu waves at plasma center. Therefore, hydrogen beams were

injected during ICRF heating to enhance the RF absorption by high energy ion tail. As a result,

the heating efficiency even at low Nn of 2.1 was significantly improved keeping the high coupling

resistance of 5 Q. (twice that for NN = 2.7).

For the second harmonic ICRF heating, a new improved confinement regime was found

when the S-F gap was less than 10 cm and the plasma volume was larger than 88 m . The

confinement improvement with respect to the ITER L-mode scaling is 20-30%. The confinement

improvement in low power region (PIC < 3 MW) is thought to be mainly due to the increased

power absorption by energetic ions. As the electron density increases, the confinement time

increases by 30% of the L-mode scaling (at P1C = 6-7 MW). The improvement was, however,

limited by the occurrence of TAE modes. This confinement improvement was found to be rather

sensitive to the S-F gap and the plasma volume, although a detailed mechanism is not yet clear.

3.7.2 LHRF experiments

We have succeeded in sustaining the negative shear configuration for significantly long

period of 7.5s by LH current drive (See 3.4 for details). Besides this, basic studies on the

coupling of LH waves, wave absorption physics, and the effect of LH waves on particle

confinement were investigated.

Good coupling of LH wave at a large plasma-antenna distance of up to 15 cm was
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obtained by applying ICRF power or gas puff. A density profile measurement by a reciprocating

Langmuir probe [3.7-1] showed that the scrape-off plasma density and e-folding length increased

during ICRF (1 MW) or local gas puff (3 Pa m3/s). The good coupling continued even after the

switching off of ICRF or gas feed, suggesting the sustainment of tenuous plasma in front of the

launcher by LH wave injection (1.5 MW). The RF power necessary for the sustainment is,

however, quite small as can be inferred from little reduction of the current drive efficiency at large

plasma-launcher distance.

To study the effects of the bulk electron temperature on the wave absorption, the plasma

current was varied from 0.45 to 1.2 MA keeping the safety factor constant (corresponding central

electron temperature is 1.5-4 keV and qeff ~ 7.9). The peak of the injected wave Nn spectrum was

fixed to 2.44 and the input LH power was varied in accordance with plasma current so as to

remove the effect of residual DC electric field. It was found that the observed hard X-ray (100-

500 keV) intensity profile tends to peak for lower electron temperature.

Since the LH waves propagate along the magnetic field line, it is expected that the wave

trajectory and the resulting wave absorption are affected by the geometry of magnetic field. To

examine this, LH waves were injected from a launcher located at a poloidal angle of 45° above the

mid-plane with fixed wave spectrum and plasma parameters except for the direction of toroidal

magnetic field. In the case of the normal magnetic field direction, observed intensity of hard X-ray

and the temperature of high energy tail were high. On the other hand they were low in the case of

the reversed toroidal field. These results are qualitatively consistent with the numerically expected

change in Nn along the ray trajectory.

The particle confinement in LH driven plasmas was investigated by using gas-puff

modulation technique [3.7-2]. It was found that the density profile becomes broad during LH
2 2

injection and the diffusion coefficient is larger (1.6 m /s) than that for ohmic discharge (0.5 m /s).

This effect was more noticeable for injection of lower Nn waves. A possible cause of this effect

may be related to the enhancement of micro turbulence due to LH injection, but further study is

necessary.

The effect of LHCD on the ELM activities was investigated by applying LHRF to neutral

beam heated plasmas. It was found that ELM-free period tends to prolong by injection of high Nu

waves. The broadening of current profile by LHCD is, however, not the main cause of this

phenomenon, since the direction of LHCD with respect to the ohmic current did not influence the

results. The mechanism of this effect is not yet clear and further study is planned to be carried out.
References
[3.7-1] Asakura N., Tsuji-Iio S., Ikeda Y., et al., "Fast reciprocating probe system for local scrape-off layer

measurements in front of the lower hybrid launcher on JT-60U", Rev. Sci. Instrum. 66, 5428 (1995).
Ikeda Y., Naito O., Kondoh T., et al., "High power lower hybrid current drive experiments in JT-60U",
(Proc. 15th Int. Conf. on Plasma Phys. Control. Nucl. Fusion Res., Sevilla, 1994), Vol. 1, 415 (1995).

[3.7-2] Nagashima K., Ide S., Naito O., "Particle Transport Analysis in Lower Hybrid Current Drive Discharges
of JT-60U", to appear in Plasma Phys. Control. Fusion.
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4. Related developments and maintenance
4.1 Modification of divertor

Modification from the present open divertor to a W-shaped pumped divertor shown in

Fig.1.4.1-1 is in progress. In 1995, the engineering design was carried out. The W-shaped

divertor consists of inclined targets and a dome connected with pumps. The inclined target was

adopted because of its effectiveness in obtaining cold and dense divertor plasmas[4.1-1]. The

dome has following functions which constitute the concept of this modification;

(a) preventing neutral particles in the private flux region from cooling plasma around X-point, (b)

suppressing methane generation by chemical sputtering in the private flux region[4.1-2],

(c) increasing pumping efficiency by increasing neutral pressure in the pumping region below the

dome, and

(d) providing independent inner and outer pumping by separating the inner and outer divertor side.

The poloidal divertor length from divertor tiles to X-point is about 20 cm, which is determined

by the constraint of divertor coil current. The inclination angle of divertor tiles to the separatrix is

about 60 degrees. CFC tiles are used for divertor targets and top tiles of the dome and for other

parts graphite tiles are used. Inertial cooling is used for divertor tiles. Cryo-pumps of three NBI

heating units(1000 m'/s/unit) are used as a divertor pumping system. The pumping entrance in the

divertor region is 3 cm in width. The effective pumping speed at the pumping entrance is estimated

to be about 40 mVs, which can be changed during a shot by fast shutter valves installed in the NBI

pumping ports. The leakage conductance of the baffles is estimated to be 1/10-1/20 of the pumping

speed. To lower radioactive level in the vacuum vessel after experiments, stainless steels and

Inconels with low cobalt content (< 0.06%) are used for divertor structures.

The fabrication of this divertor is planed from the end of February in 1997.

Baffle plates

Pumping ports
(to NBI pumping system)

x/
Graphite tiles

CFC tiles

Exhaust entrance Dome ^ Water cooling plates
Fig. 1.4.1-1 W-shaped divertor designed for divertor modification
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References
[4.1-1] S. Tsuji, K. Shimizu, T. Takizuka, et al., J. Nucl. Mater., 220-222 (1995) 400.
[4.1-2] K.Shimizu, T. Takizuka, N. Hosogane, et al., J. Plasma Fusion Res., 71, 1227 (1995) (in Japanese).

4.2 A computer-aided software engineering tool for sequential control of
discharges

Sequential control is an essential control function for the intermittent and pulse discharge

operation of a tokamak device, so that many subsystems may work with each other in correct order

and/or synchronously. In the development of the discharge sequential control program, block

diagrams of control functions are illustrated in its design at first. Then, the logical operators and

I/O's which are involved in the whole block diagrams are compiled and converted to a certain

particular form. Since the block diagrams of the sequential control amounts to about 50 sheet for

the high power discharge, a great effort has been required for the program development.

In order to remove inefficiency in such development processes, a computer-aided software

engineering (CASE) tool, an object-oriented programming tool having graphical formalism, was

completed to be developed on a UNIX workstation [4.2-1]. This tool is composed of the following

two tools. (1) Editing tool, which can help us to create and/or modify the block diagrams of

sequential control function. (2) Trace tool, which can help us to grasp the status of actual discharge

sequence. This can powerfully reduce trouble for the development of the sequential control

function commonly associated with pulse discharge in a tokamak fusion device.

References
[4.2-1] Shimono M., Akasaka H., Kurihara K., and Kimura T., "Development of Computer-Aided Software
Engineering Tool for Sequential Control of JT-60U," in Proceedings of the 16th Symposium on Fusion
Engineering, Champaign, Illinois, U.S.A. (1995).

4.3 DSP application to fast parallel processing in JT-60U plasma shape
reproduction

Recently the experimental observation has been recognized that the full shape reproduction

and control is one of the important issues for improving plasma energy confinement performance,

increasing the efficiency of RF-plasma coupling, and protecting in-vessel components like divertor

plates. The requirements for more sophisticated plasma position and shape real-time control

stimulates development of the parallel processing system.

In the methods of plasma shape reproduction, the core computational procedure is to

determine the outermost magnetic surface using the flux function [4.3-1]. System design and

software development of a TMS320C40 DSP-based multiprocessing system was conducted for

the control and real-time visualization of plasma shape at JT-60U [4.3-2](Fig. 1.4.3-1).
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Fig. 1.4.3-1 Configuration of the multiprocessor system.
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[4.3-2] Kimura T., et al., "DSP application to fast parallel processing in JT-60U plasma control", in Proceedings of
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4.4 Development of JT-60U plasma equilibrium control model
In general, it is necessary to have a precise model for design and/or optimize a control

system. We have developed a plasma equilibrium control model for JT-60, which shows that it can

accurately reproduce the time evolution of plasma vertical and horizontal positions on the computer

[4.4-1]. This model has been re-built for JT-60U in a workstation by using MATLAB (General

purpose interactive system analysis code, produced by The Math Works, Inc.). The model is

composed of 6 blocks interacting with each other: (a) the supervisory digital control system, (b)

the poloidal field (PF) coil power supply, (c) the PF coils, (d) the field penetration delay of the

vacuum vessel, (e) the consumption of the magnetic flux, (f) the eddy current induced by the

plasma movement.

Simulations using this updated model has shown that the control method includes a cause

to deteriorate control performance and to induce large voltage fluctuations in a plasma. Since this

cause comes from the error in the analog-to-digital conversions and the quantization process in

digital computing, a new method was developed and has been examined. The result from the

simulations shows the new method is effective to improve the control performance [4.4-2].

References
[4.4-1] Kurihara K., "Eddy Current Effect Study on the JT-60 Plasma Equilibrium Conntrol," Fusion Engineering
and Design. 19 (1992) pp. 235-257.
[4.4-2] Yoshida M., and Kurihara K., "The Influence of the Analog-to-Digital Conversion Error on the JT-60
Plasma Position/Shape Feedback Control System," JAERI-Tech 95-053 (1995).
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4.5 Modification of the poloidal power supply for divertor operation with
highly-triangular configuration

For improving the confinement and edge plasma characteristics, operation of divertor

plasmas with a shape of high triangularity has been started in 1995. To realize divertor plasmas

with high triangularity in the range of the plasma current up to 2 MA, the required coil current and

disruption-induced voltage were examined in the combination of the PFPS and the PF-coils. On

the basis of the results in this investigation, two switch circuits for changing the operation modes

of "high-triangularity", "standard" and "high-elongation" configurations were added to the PFPS

and its control system was modified as shown in Fig.1.4.5-1. Stable divertor plasmas with higher

triangularity 8 = 0.3-0.5 at plasma current Ip = 1 MA and 8 = 0.2-0.3 at Ip = 2 MA were obtained

in the March, 1996.

^^vConfiguration

P o l o i d a l ^ ^ ^
Field Coil ^ s ^

Ohmic Heating
Coil

Vertical
Field
Coil

VR-Coil

VT-Coil

Horizontal Field
Coil
Divertor Coil

Disruption Control
Winding

Standard
&High

Elongation

PSF
+fPSE)O

PSV

Cpsdy
PSM y

(PSHJ

High
Triangu-

larity

PSF

k P S V

"^(PSH)

^ P S M

no use

Fig. 1.4.5-1 Combination of the connections between the poloidal field coils and the poloidal filed
power supplies for the divertor configurations of "standard/high elongation" and "high
triangularity".
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4.6 Development of fusion plasma analysis code and database

The numerical codes have been systematically developed and updated to analyze

experimental data and theoretically predict plasma performance in JT-60U, JFT-2M and tokamak

reactors. Efforts have been made through 1995 regarding the more accurate evaluation and

verification of the improved plasma performance, the detail analysis of physical mechanisms and

the enhanced functions of utility software.

Furthermore, in order to cope with a new operating system, UNIX, it has been continued

since 1994 that all codes and JT-60 experimental database are remodeled to meet such a new

operating system.

4.7 Remote laboratory collaboration

A neutron diagnostic system on JT-60U has been successfully remotely-controlled via the

DOE-JAERI leased overseas line from Los Alamos National Laboratory (LANL). JAERI

developed and customized computer programs communicating between UNIX workstation on Los

Alamos and one on JT-60 via the overseas line. Real-time remote control features, such as real-

time remote control of diagnostics and direct remote access to data in CAMAC, have been

demonstrated using these control programs as a first step of JT-60Uremote collaboration The

specialized 14 MeV-neutron detector system was installed by LANL group on the JT-60 tokamak

in April 1994. The 14 MeV neutron measurement was also performed under the US/Japan

collaboration agreement.

The prototype of the Data Link System has been prepared for exchanging experimental

data of JT-60U through the Data Link regarding tasks agreed under Implementing Agreement on

Co-operation among the Three Large Tokamak Facilities. Experimental data of typical JT-60U

discharges which amounts to approximately 700 shots was transferred to this system for the test

under the authorized regulation on remote data access.

Capabilities of ISDN for video-conferencing were examined in close cooperation with

PPPL. The communication test has been completed successfully. There are, however, some

restrictions on its capabilities:

i) PPPL's ISDN line is only able to connect with JAERI using the bridging circuits at LLNL;

ii) IT-U standard H.320 is only available;

hi) Telecommunication speed is no more than 128 kbps.
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5. Design study of the JT-60SU

To realize the continuous operation of tokamak, simultaneous achievement is required at

high q (5-6) and high Pp (2-2.5), in addition to the alpha burning, of (I) high energy confinement

(H-factor > 2) under good particle controllability, (2) stable high Troyon factor (PN ~ 3.5), (3)

high bootstrap current fraction and high efficiency non-inductive current drive, and (4) heat load

reduction and He ash exhaust with divertor. The JT-60SU machine has been studied to establish

such a reactor relevant operation mode using deuterium as well as to contribute to the advanced

ITER scenario [5-1].

5.1 Key design features

Major parameters of the recent JT-60SU design are shown in Table 1.5-1. Primary

candidate for TF SC cable is Nb3Al with its good mechanical property. Ten units of the PF coils

can produce a wide variety of plasma shaping . The total magnet weight is -4000 ton and is cooled

down to liquid He temperature with a 40 kW cryogenic system. To allow a wide variety of current

profile control, both NBI (750 keV) and ECW (220 GHz) are considered as heating and current

driver because of their remote coupling capability to the plasmas. The total heating power is 60

MW, which is larger than the H-mode power threshold of -40 MW. Demonstration of 5 MA full

current drive is planned for 1000 s - 1 hour at <ne> - 8.8xl019nr3 which is around the Greenwald

density limit [5-2]. The Troyon factor PN for 5MA full CD operation is -2.0, which is stable with

the edge bootstrap current, expected for H-mode edge transport barrier, of Jedge/Jo ~0.3 without

conducting shell. Full current drive of 6 MA at (3N = 3 could be tested if the D-T operation is

allowed. A plasma current of 10 MA can be driven inductively for 200 s. The power supply (P/S)

for the SC PF coils utilizes the present JT-60 P/S ( for F and V ) and two motor generators

(presently used for poloidal and heating P/S). New water-cooled 280 MW thyristor P/S is enough

for a long pulse operation.

5.2 Safety aspects

Material selection of the vacuum vessel is one of key issues to improve safety and to

reduce the exposure dose. Feasibility of SUS316 with low cobalt concentration (0.05%) is

studied. Inner wall is covered with 3 cm W shield in order to allow short human access inside the

vessel, even after 10 years of high power deuterium experiments. Total weight of the vacuum

vessel is -1600 ton. In case of possible future DT operation, an extra-shield of -2400 ton is

required. Tritium production from intense auxiliary heating of deuterium plasma is estimated to be

2000Ci/year. The fuel treatment and tritium removal systems are planned to have multiple

confinement barriers similar to the tritium process laboratory (TPL) at JAERI.

References
[5-1] Kikuchi M, et al., 16th Symp. Fusion Engineering (1995).
[5-2] Nagashima K., et a!., submitted to Fusion Engineering and Design.
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Table 1.5-1 Major parameters of JT-60SU

Plasma current

Toroidal field at 4.8m

Plasma major radius

Plasma minor radius

Triangularity (695)

Heating power(NBI & ECH)

TF magnet energy

10MA
6.25T

4.8m

1.4m
0.4

60MW

Flux swing
Divertor pumping

DD neutron rate

Elongation (K 95)

Inductive flat top

Non-inductive pulse

170V s
20Pam3/s

lxlO18/s

1.8
200s

lOOOsec-lhr

24GJ

Cryostat

Poloidal Field Coil

, . Toroidal Field Coil

-Vacuum Vessel

J T - 6 0 U J T - 6 0 S U

Fig. 1.5-1 Cross-sectional view of the JT-60SU (right) and JT-60U (left) devices.
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II. JFT-2M PROGRAM

1. Divertor modification and toroidal confinement experiments

1.1 Overview
In order to realize a dense and cold divertor plasma, divertor configuration was modified

from an open divertor to a closed divertor in FY 1995, and initial results on the closed divertor

have been obtained. Physical understanding on the L/H transition proceeded by applying the

divertor biasing and intense gas puffing. Finally test of new fast wave antennae with back faraday

shield was carried out.

1.2 Experiment on new closed divertor

Handling of particle flux and heat load onto a divertor plate with keeping the plasma in

high confinement state is an important issue. One of the promising example to solve this problem

is the dense and cold divertor which we found in high recycling L-mode on D-III open

divertor[1.2-1]. We had settled the urgent target to realize the dense & cold divertor plasma and

H-mode simultaneously in an extended operational regime by adopting a closed divertor, which is

expected to reduce the recycling at the main plasma edge and to increase the recycling in the

divertor region.

Initial experiment on the closed divertor to demonstrate simultaneous realization of both

dense and cold divertor plasma and H-mode plasma was carried out. After the H-mode transition at

lower density (~2xl019nr3: near the lower density limit for an H-mode onset), we increased gas

feed rate, QH, into the divertor chamber shot-by-shot. Main plasma parameters at 100 ms after the

neutral beam injection are shown in Fig. II. 1.2-1 [1.2-2]. With increasing QH, the divertor plasma

becomes a dense and cold state (Fig. II. 1.2-1-a) and neutral pressure in the divertor chamber is

solely built up (Fig. II. 1.2-1 -d). Since the strong gas feed rate QH gives less affection on the main

plasma parameters, i.e. density, H-factor, radiation/charge-exchange loss and neutral pressure as

shown in Figs. II. 1.2-1-b) to d), we would say that the gas puffing from the closed divertor

chamber has a capability of controlling the dense and cold state independently from the main

plasma in H-mode. Furthermore, the surface-temperature increment of the divertor plate is reduced

by a factor of two. These results will be reflected to the design of divertor modification on JT-60U.

References
[1.2-1] Sengoku S., Shimada M., Miya N., et al., "Observation of very Dense and Cold Divertor Plasma in

Beam Heated Doublet III Tokamak with Single-Null Divertor", Nucl. Fusion, 24, 415 (1984).

[1.2-2] Sengoku S. and the JFT-2M group, "Initial Results on JFT-2M Closed Divertor Experiment", Bull.
Amer. Phys. Soc, 40, 1765 (1995).
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and the H-factor, c) radiation/CX loss power in the main plasma and the divertor X-point region, d) deuterium neutral
pressure in divertor and main plasma periphery. (PNBI ~ '•! MW, Bx=l-3 T and Ip~l90 kA)

1.3 Effect of gas puffing on L-H power threshold

The neutral particle effect on the L/H power threshold was studied by applying the intense

gas puffing. We found that the intense gas puffing makes L/H transition easier, and the power

threshold was reduced by 200 kW (from 600 kW to 400 kW).

Figure II. 1.3-1 (a) shows the typical time trace of H a intensity around divertor region and

main plasma. Both Ha intensities increase after the gas puffing and the L/H transition occurred

during slow decay phase of Ha intensity. The L/H transition was observed at several tens of msec

after switching off the gas puffing. In JFT-2M, the low threshold density to get an H-mode was
19 3

about 2x10 rrf , and above the density the threshold power increased with density as ITER
scaling (Ptri <* neBxS). On the other hand, the gas puff experiment shows that density was

19 3increased higher than 3.5x10 m~ with gas puffing, and the L/H transition occurred at less

threshold power. This result indicates there exist good conditions for the L/H transition at

several tens of msec after switching off the gas puffing. Figure II. 1.3-1 (b) shows the change of

the Ha intensity profile by the gas puffing. The H a intensities of channel 6 to 11, whose sight

lines shown in Fig.II.1.3-l(c) include outside divertor region, are increased dramatically

- 34



JAERI-Review 96-016

compared with the H a intensity around main plasma (channel larger than 15). This indicates that

a compression of neutrals to the divertor region occurred. Since the fan array of H a measurement

locates about 140 degree toroidally away from the gas puffing position, direct influence of gas

puffing was not observed in the H a measurement. The influence of toroidal localization of

neutrals due to the gas puff was observed by the time-of-flight (TOF) neutral measurement, which

was installed at the same toroidal location (only about 20 cm away in poloidal direction). The

neutral out-flux was increased more than one order of magnitude during the gas puffing, and the

decay time after switching off the gas puff was relatively rapid (1/e decay time of about 30 msec).

When the local influence by gas puffing disappeared (several tens of msec after the gas puffing),

good conditions for the L/H transition were formed. As the result, the compression of neutrals in

the divertor region with the toroidally symmetric distribution is favorable to get H-mode at high

density. It is possible to use gas puffing as a tool to reduce an L/H transition power.

This phenomena may be explained by an ion loss theory, which suggesting that only the

increased charge-exchange loss around X-point is favorable to get H-mode; i.e. because ion

poloidal-gyro-radius is enlarged near the X-point, a banana ion is taken away by charge-exchange

without giving any unfavorable effects on a plasma inside separatrix.

3.0
#62020

2.5 ch36

0.5

0.0
7 0 0 7 5 0 8 0 0 8 5 0 9 0 0

time (msec)
1 0 1 5 2 0 2 5 3 0 3 5

channel
ch 7 ch 15 ch21

Fig.II. 1.3-1. (a)Time history of Ha intensities of channel 7 and 21 shown in (c), gas puffing rate of 3.4 Pa nrVs and NB
power, (b) The change of H a profile after the intense gas puffing. (c)The USNL plasma configuration and the sight line of a
fan array of Ha measurement (from the gap of the discrete divertor plates).

1.4 RF heating and current drive

Fast wave current drive (FWCD) experiments have shown that 200 MHz fast waves were

absorbed by the bulk thermal electrons through electron Landau damping. In these experiments,

the coupling characteristics of the fast wave excited by a phased four-loop antenna array depended

strongly on the antenna-plasma gap. Therefore, we developed new fast wave antennae in order to

improve coupling efficiency. At the same time, electron cyclotron heating (ECH) system

was reinforced to increase the power from 0.4 MW to 1.0 MW to improve the fast wave

absorption in a high electron temperature plasma.

3 5 -



JAERI-Review 96-016

A new type of an antenna developed for launching fast waves has a special feature that the

Faraday shield is placed behind the current straps in the antenna; "Back Faraday Shield (BFS)".

In the BFS structure, the current straps is closely placed at the front end of the antenna so that

better coupling property is expected. It also solves problems in design a fast wave antenna for a

reactor grade device which requires high cooling capacity and mechanical robustness. The BFS

antenna was tested. Figure II. 1.4-1 represents the experimentally measured antenna coupling

resistance as a function of the antenna-plasma gaps, in comparing the BFS antenna (open circles)

to the previous antenna with a standard Faraday shield (closed circles). The coupling resistance is

clearly improved in the BFS antenna even with larger antenna-plasma gap. No arcing problem

caused by toroidal electric field or the lack of particle shield in front of the current straps was

observed up to the power of 550 kW.

The 60 GHz ECH has resonance layer at 2 T for fundamental absorption and at 1 T for

second harmonic absorption. Efficient central electron heating by the second harmonic X-mode

operation was used to control electron temperature profiles and/or to suppress the disruption. The

fundamental O-mode heating was also examined up to B j = 2.2 T at low power, after the renewal

of power supply for the toroidal magnetic field coils. The central electron temperature was clearly

increased at 2.14 T with averaged electron density of 2.4 x 1019 nr3 which was beyond the cut-off

density for the second harmonic X-mode operation. The work to increase ECH power from 0.4

MW to 1.0 MW has completed.

100
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Fig.II. 1.4-1. The coupling resistance as a function of the antenna-plasma gaps. The open circles show the back
faraday shield (BFS) antenna and the closed circles show the previous standard antenna (front faraday shield).

- 3 6 -



JAERI-Review 96-016

2. Operation and maintenance

The JFT-2M tokamak was running for ITER physics R&D experiment. In this fiscal year,

Each apparatus of the JFT-2M machine was smoothly operated during 6 months from June to

November according to the experimental plan. The total of 2529 shots were devoted to

experiments of closed divertor, H-mode characteristics, electron cyclotron resonance heating and

fast wave current drive. In the residual period of this fiscal year, periodical inspection was carried

out in each machine. Further more, a new power supply being capable of generating toroidal

magnetic field of 2.2T was installed, and an electron cyclotron resonance heating system was

increased from 0.4 MW to 1MW.

2.1 Tokamak

Operation of closed divertor configuration had started from this fiscal year. In the operation,

we had troubles in baffle plates, cables impressing electric voltage to baffle and divertor plates and

carbon plates protecting reflection of plasma light in Thomson scattering and Ha diagnostics.

Some insulation bolts for outer baffle and reflection plates had broken due to lack of strength.

Several cables equipped in vacuum chamber were melted by electric arcing. These trouble were

resolved by strengthening bolts and adjusting the position of fixing cable. It was found in the

experiments that the closed divertor configuration was formed in the position being 3 cm higher

than anticipated one and the width between baffles was insufficient to suppress particle back flow.

In order to optimize the divertor performance, we had set again all of closed divertor components

so as to form the configuration in an accurate place and decrease particle back flow. A main

turbo-molecular vacuum pump of 5000 1/sec broke down due to a deterioration. The pump was

exchanged for new one. In order to detect pre-phenomena of breaking down, inter-lock systems

for over driving current of pump were installed in all of turbo-molecular pump of tokamak

machine. In a periodic inspection within vacuum vessel, we found that powder of ceramic of a

coating system fallen in divertor plate. It was guessed that the powder caused stable tokamak

operations to be scarcely impossible on latter half of this year. The coating system was repaired by

exchanging the new insulation materials.

2.2 Neutral beam injection system and radio-frequency system

Neutral beam injection system (NBI) contributed to almost all experiments as a main heating

machine. In order to reduce time needed for conditioning NBI system, a baking system was newly

installed in a diffusion chamber for vacuum pumping in NBI. Electron cyclotron heating

system(ECH) was operated during 11 days. The wave guide was cleaned by pickling to increase

the transmission efficiency because we had observed corrosion in some components. As a result,

the efficiency went up from 60% to 80%. As windows of two gyrotrons were damaged by electric

discharges, these were exchanged so as to obtain stable operations. Automatic liquid helium
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supply systems for superconducting coil of gyrotron had been installed to reduce the labor in

ECH operation because the power had been increased from 0.4 MW to 1MW by cooperating with

GA technologies in USA. The increase had been carried out by adding three gyrotrons system,

which the power of one was 200kW, to existing ECH. Related wave guides and control system

were also installed by GA technologies people. These wave guides have more transmission

efficiencies than 95 %. These gyrotrons will be applied to experiments of suppression of MHD

fluctuation and current drive. Fast wave system was operated during 18 days without any heavy

trouble. These operations were dedicated to developments of back-faraday shield antenna. This

development aimed at increasing the coupling efficiency without front faraday shield. A comb-line

antenna developed by GA technologies had been installed in JFT-2M in order to experiment the

characteristics of coupling before high power experiment in DIII-D. The experiment will be carried

out by cooperating with GA technologies and the results will be reflected experiments and

operation of comb-line antenna in the experiment of DIII-D.

2.3 Power supply
In order to realize most large power supply of toroidal field coil within the condition of

existing building area, DC generator with a flywheel was developed by equipping four DC

Generators and flywheels on one axis. This is a device with an overall capacity of 51,300 kW

which is of the largest capacity in the world of DC generator field. The 210 MJ accumulated in the

flywheel is electrically converted by the generator and is instantaneously discharged. As a result,

maximum toroidal field of the JFT-2M increased from 1.4T to 2.2T. We are capable of changing

the polarity of magnetic field by a remote control. The power supply was devoted to experiments

without slight troubles of initial phase under the JFT-2M experimental plan. In company with

toroidal magnetic field, X-ray shield of the JFT-2M building was intensified, because the intensity

of X-ray from tokamak plasma had been over limits of boundary region in the radiation controlled

area.
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III. THEORETICAL ANALYSES AND COMPUTATION

1. Confinement analyses of fusion plasmas

1.1 Anomalous ion transport from toroidal ion temperature gradient mode [1-1]

A theoretical model based on the toroidal ITG mode has been developed to explain the

anomalous ion thermal transport. Regarding the anomalous ion transport, a long-standing problem

is the ion thermal diffusivity extending in the radial direction. This is partially due to the radially

increase in the diviation of ion temperature profile above a marginal one in forms of the ITG

mode. This feature is turned out to be driven by the ITG mode in a steady-state plasma.

Moreover, an essential factor is found to be the weak nonlinear saturation force due to the radial

extension of the toroidal mode. This feature makes it possible to explain the large ion thermal

diffusivity and fluctuations near the edge region. Simultaneously, the ITG mode gives the ion

thermal diffusivity of Bohm-like form, as observed in many experimental results. These results

support that the toroidal ITG mode plays an important role in the anomalous ion thermal

transport.

1.2 Effect of weak/negative magnetic shear on self-organized critical gradient

transport

The turbulent structure of drift waves in a toroidal geometry is characterized by radially

extended non-local modes with a correlation length scaling given as Ar ~ pj1"" L a , where a =

0.5, i.e. geometric mean of the ion Larmor radius pi and the equilibrium scale length L [1-2, 1-

3]. Such non-local modes can be suppressed by the weak magnetic shear which reduces the

toroidal coupling force. We clarified the effect of the weak/negative magnetic shear and related

transport by utilizing toroidal particle codes (TPC). Fig. III. 1.1-1 shows the saturation amplitude

of the electrostatic potential as a function of magnetic shear s at r = a/2. The potential contour in

(r,9) poloidal cross section is also shown in the linear stage for the normal shear s = 1.3 (a), weak

positive shear s = 0.15 (b), and negative shear s = -0.15 (c). With a decrease of the s-value, the

mode amplitude decreases, and at the same time the radial width of the mode is reduced. In the

negative (s < 0) region, the mode is found to be weakly excited compared with the positive case,

indicating a stabilizing effect in a negative shear. Around the zero shear region, the mode is

strongly stabilized and this qualitatively implies the existence of a transport barrier around s = 0.

A topological change in 2D mode structure is also observed for weak/negative magnetic shear and

in those regimes, where the trapped ion-like modes become dominant.
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MAGNETIC SHEAR S
Fig.III.1.1-1 Saturation amplitude of electrostatic potential as a function of magnetic shear at r=a/2.

(a)-(c) are corresponding potential contour plot

1.3 Ambipolarity break-down due to finite ion Larmor radius effect in particle

diffusion
It has been widely believed that the anomalous particle transport driven from electrostatic

fluctuations is automatically ambipolar. It was shown, however, that this belief is no more valid

for the typical fluctuations with the scale length of ion Larmor radius. Ion flux becomes smaller

than the electron one for the fluctuations due to the finite ion Larmar radius effect. A strong flow

can then occur from this new mechanism of ambipolarity break-down or radial current generation.

It was shown qualitatively that this mechanism may provide an explanation of the rapid flow

generation in the internal transport barrier observed in recent reversed shear plasma experiments.

1.4 Nondimensional local transport analysis in JT-60U L-mode plasmas [1-4]

Nondimensional local transport analysis of JT-60U plasmas has been carried out for NBI

heated L-mode phase. Plasmas with the same poloidal cross section and almost the same profiles

of non-dimensional parameters such as v*, /3th, q, Te I Tl except for p* were compared. The p*

dependence of the one fluid thermal diffusivity, xeff*
the electron thermal diffusivity, %e, and the

ion thermal diffusivity, Xi> w e r e examined. The property of xeff
 w a s between the weak gyro-

Bohm type diffusion and the Bohm type diffusion in the region a/3 < r < 2a/3, which was

consistent with the results of the global confinement study done before[l-5]. We have also found

that xe
 i s w e a k gyro-Bohm type diffusion while Xitends t 0 be Bohm like diffusion.

- 4 0 -



JAERI-Review 96-016

1.5 Transport analysis in JT-60U H-mode plasmas with improved core
confinement [1-6]
The time evolution of confinement and transport properties of ICC H-mode plasmas in

JT-60U has been studied. We found the change of confinement character on the time scale much

smaller than the thermal energy confinement time, z'j}, at the L-H and H-L transitions. Slow

change on a time scale of T£ was also found during the H-mode phase.

1.6 Time behaviour of heat diffusivity during L-H-L transitions in JT-60U[l-7]

The L-H-L transitions have been analyzed mainly for high-field pulse (Bt = 4 T) in JT-

60U. The simultaneous response of electron temperature Te was clearly observed during L-H-L

transitions over the wide plasma region. The Te evolution was described as the result of the fast

jump of electron heat diffusivity, 8Xe, over a wide plasma region. Values of 8Xe were obtained as

0.5 m2/s < l5Xel < 1 m2/s, which usually increased with radius. The simultaneous response of

ion temperature Tj was also observed similarly to the Te response. The jump of ion heat

diffusivity, 55Cj, was similar to 8Xe,
 a nd 8Xj increased with radius as 8Xe increased. In a low-

field pulse (Bt = 2.5 T), l8X;l was as large as 2 m2/s. Values of 8X were consistent with the

change of the energy confinement time during the transitions.
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2. Stability analyses of fusion plasmas
Enhanced vertical displacement events (VDE's), which are frequently observed in JT-60U

disruptive discharges, are investigated using the Tokamak Simulation Code. It was shown that the

rapid plasma current quench accelerates the vertical displacement due to both the up-down

asymmetry of the eddy current distribution arising from the asymmetric geometry of the JT-60U

vacuum vessel, and the degradation of magnetic field decay index n leading to high growth rates

of positional instability. For a not highly elongated tokamak like the JT-60U, the asymmetry of

the attractive forces on the toroidal plasma plays a dominant role in the VDE mechanism, while the

VDE characteristics can be dominated by the n-index degradation for a highly elongated tokamak.
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VDE characteristics can be dominated by the n-index degradation for a highly elongated tokamak.

An amelioration of Ip quench-induced VDEs was experimentally established in JT-60U tokamak

by positioning the plasma vertical location at a neutral point (cf. Fig. III.2-1) just prior to the

disruption.
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Fig.III.2-1 JT-60U vertical displacements at 1 msec after the start of Ip quench by TSC simulations.
Horizontal axis indicates the vertical locations of initial equilibria before Ip quenches. In JT-60U,
the neutral position against VDEs is - 15 cm above the vertical midplane (nominal position).

A code MARG1D has been developed which computes outer region matching data of the

one dimensional Newcomb equation. In this code the eigenvalue method is adopted with the

weight function which becomes zero at the rational surface. The marginal state for ideal MHD

stability can be identified, and the matching data can be computed when the plasma is close to

marginal stability. Detailed numerical experiments show that MARG1D code gives the matching

data with numerical stability and high accuracy. The formulation used in the code has also been

extended for the two-dimensional Newcomb equation and the appropriate boundary conditions

has been derived at rational surfaces. The matching problem in resistive MHD stability analysis

has been reformulated as an eigenvalue problem for the inner-layer equations. The third boundary

conditions at boundaries of a finite interval are imposed instead of asymptotic conditions at

infinities. The inner equations in the low beta theory have been numerically solved by this method

and the validity of it was shown.

Kinetic shooting codes developed by Hirose et al. [A. Hirose, L. Zhang, and M. Elia,

Phys. Rev. Lett. 72, 3993 (1994); Phys. Plasmas 2, 859 (1995)] have been tuned for use with

the VPP500 computer in JAERI. Ion temperature gradient (ITG) driven ballooning modes have

been analyzed with the highly vectorized codes with full ion velocity integrations. The previous

results based on Gaussian-Hermite quadrature method of approximation have been confirmed. A

formulation including both the ion transit resonance and trapped electron effects has also been
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presented. Finite beta stabilization of the electrostatic ITG mode and destabilization of the ITG

driven ballooning mode due to increase in the pressure gradient have been demonstrated.

The theoretical predictions of Toroidal Alfven Eigenmode (TAE) stability are obtained for

typical plasmas with different plasma current in the JT-60 Super Upgrade. TAE modes are

predicted by using the NOVA-K code for self-consistent MHD equilibrium obtained by the

ACCOME code. In the high current plasma (10 MA), because the pressure gradient of the hot

particle, VPh- is small due to high density and Vh/VA is less than unity due to high toroidal field

(6.25 Tesla), the TAE mode is stable for the low toroidal mode number n to the medium n (<15).

Here, Vn/VA is the ratio of the hot particle velocity to the Alfven velocity. On the other hand, in

the low current plasma (3 MA) with the 3 Tesla toroidal field, the value of Vh/VA increases above

1.0 due to the increase of the density, and the TAE mode becomes unstable due to the large

pressure gradient VPh and large beta of the hot particle, <Ph>- Further increase of the density and

the temperature makes the bootstrap current large so that the NB power required for the current

drive decreases. Consequently, both of VPh and <Ph> decrease, and the TAE modes are stabilized

by the ion Landau damping.
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3. Numerical experiment of tokamak (NEXT)

The Numerical Experiment of Tokamak (NEXT) project was started in 1995. Its main

focus is a simulation study of tokamak plasmas using particle and fluid simulation models on the

developing technology of massively parallel computers. The goal of this project is to clarify the
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physics of fusion plasmas and to contribute to the design study of fusion reactors such as ITER as

well as to the analysis of experiments. This project includes (1) MHD and kinetic MHD

simulation, (2) turbulent plasma simulation and (3) divertor plasma simulation. Parallel computing

technology for tokamak plasma simulations will also be developed by using the particle and fluid

models [3-1,2].

3.1 Development of gyro-kinetic codes

Development of gyro-kinetic and gyro-fluid codes is one of the main subjects in the

NEXT project. A 3-dimensional gyrokinetic particle code GYR3, which is a magneto-inductive

code with 6f method, has been ported to a massively parallel computer, Intel Paragon XP/S15-

256, and the performance of the parallelization has been investigated [3-3]. The speed of the

parallelized code on Intel Paragon is found to be more than three times faster than that of the

vectorized version on NEC SX-3/24R, showing the advantage of scalar parallel computing for

particle codes. By using this parallelized code, the m = 1 collisionless reconnection has been

studied for a straight tokamak with periodic boundary condition in the toroidal direction. For the

m = 1 mode, the collisionless reconnection is regarded as more relevant to fusion plasmas than the

resistive reconnection. It has been found from the simulation study that full reconnection occurs in

the Alfven time scale, which may explain the fast sawtooth crash. A linear gyrokinetic code is also

being developed for kinetic stability analysis in tokamak plasmas. Time evolution of velocity

distribution function is solved in the ballooning space by using a marker particle method. Bench-

marking with a kinetic ballooning shooting code is also under consideration.

3.2 Development of divertor simulation codes

In the NEXT project, divertor simulation codes executed on massively parallel computers

will also be developed. A particle code, PARASOL, is being developed for verification of the

physical model used in fluid codes. A fluid code, SOLDOR, is now under development for

simulation of the divertor plasma interacting with neutral particles. NUET2D and IMPMC are

Monte-Carlo codes simulating the behavior of neutrals and impurity, respectively, in a two-

dimensional configuration. The NEUT2D has been parallelized on the Intel Paragon and the

computation speed has reached up to 20 times faster than that on M780. It is possible to simulate

high density divertor plasmas in 10 to 20 minutes simulation runs.
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IV. COOPERATIVE PROGRAM ON DIII-D ( Doublet III ) EXPERIMENT

1. Overview

The goal of the DIII-D tokamak research program is to provide data for development of a

conceptual physics for a commercially attractive fusion power plant. Specific DIII-D objectives

include the steady-state sustainment of plasma current as well as demonstrating techniques for

microwave heating, divertor heat removal, ash exhaust and tokamak plasma control. The DIII-D

program is addressing these objectives in an integration of high (3 and good confinement.

2. Highlights of FY 1995 research results

2.1 Divertor and boundary research

The major goals of the Divertor and Boundary Physics studies are the control of

impurities, efficient heat removal and understanding a role of the edge plasma that plays in the

global energy confinement of the plasma. Recent activities of diagnostics and plasma modeling

have focused on developing an integrated understanding of the divertor and its relationship to the

core and SOL plasmas. A 48 channel bolometer array measured radiation along chords that pass

through the core and SOL plasmas and reconstructed emission profiles. Infrared cameras viewing

six different locations measured the surface temperature from which the heat flux was derived.

Combining these diagnostics into a power balance, we have been able to account for the total loss

power that is more than 85% of the injected power. Several other diagnostics were used for

comparison with SOL codes and to study mechanism of the SOL plasma. A multichord (36),

multi-pulse (seven lasers at 20Hz each) Thomson scattering system measured ne and Te in the core

and SOL near the plasma midplane.

The introduction of a divertor Thomson scattering system in DIII-D has enabled accurate

determination of the plasma properties in the divertor region. Two plasma regimes are identified:

detached and attached. The electron temperature in the detached regime is about 2eV, much lower

than 5-10eV determined before. Fluid models of the DIII-D SOL plasma successfully reproduced

many features of these two regimes, including the boundaries for transition between them.

Detailed comparison between the results obtained from the fluid models and experiment suggested

the models underestimate the spatial extent of the low-temperature region associated with the

detached plasma model. Low-temperature atomic physics processes that were not included in the

present models may account for this discrepancy.

2.2 Advanced tokamak research

The goal of the Advanced Tokamak program is to optimize both energy confinement time

and beta in a non inductively driven discharge relevant to steady state operation. To discuss the
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normalization constants which permit comparisons with certain standard condition to be made, we

use H-factor and PN. Here, H-factor is a ratio of the energy confinement time with the baseline set

by ITER-89P L-mode scaling and pN=pT/(I/aB) (%,MA,m,T). The approach of DIII-D to the

advanced tokamak is to increase the stability limit of these high confinement regimes without

degrading the confinement. The feasibility of an advanced physics approach to tokamak reactors

was demonstrated by discharges with negative central magnetic shear (NCS).

Operation of discharges with NCS has led to significant increases in the plasma

performance and reactivity in both L-mode and H-mode regimes. Using neutral beam injection

early in the initial current ramp, negative shear discharges have been produced with long duration

lasting up to 3.2s. The total non inductive current (beam and bootstrap currents) ranged from 50%

to 80% in these discharges. In the region of shear reversal, significant peaking of the toroidal

rotation frequency [f(j)(0)~30-60kHz] and ion temperature [Ti(0)~15-22keV] profiles were

observed. In high-power discharges with an L-mode edge, peaked density profiles were also

observed. Confinement enhancement factors up to H-2.5 with an L-mode edge, and H-3.3 in an

ELM-free H-mode, were obtained. Transport analysis shows both ion thermal diffusivity and

particle diffusivity to be near or below standard neoclassical values in the core, as shown in

Fig.IV.2-1. Large pressure peaking in the L-mode leads to high disruptivity with P N ^ 2 . 3 , while

broader pressure profiles in the H-mode gives low disruptivity with PN^4.2 .

Fig.IV.2-1 Ion thermal diffusivity before (broken
line) and after (solid line) the improvement of the
confinement on the negative shear region for an L-
mode NCS

0.0 0.2 0.4 0.6 0.8 1.0

In NCS discharges, a core transport barrier was often observed to form inside the NCS

region accompanied by a reduction in fluctuation amplitudes. Increasing negative magnetic shear

contributed to the formation of the core transport barrier, but it was not sufficient to fully stabilize

the toroidal drift mode (trapped-electron-ru mode) to explain this formation. Comparison the

observed ExB flow shear with the growth rate of the T|j mode suggested that the large core ExB

flow shear can stabilize this mode and broaden the region of reduced core transport. Ideal and

resistive stability analysis indicated the performance of NCS discharges with strongly peaked

pressure profiles was limited in lower PN^2.3 by the resistive interchange mode. This mode is

insensitive to the rotational and the magnetic shear profiles.
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Fig. IV.2-2 Critical stable normalized p N for the n=l
resistive interchange mode and for the n=l ideal kink
mode as a function of the pressure profile peakedness

2.3

p(oy<p>

Tokamak physics studies
The tokamak Physics Program in DIII-D contributes to the fundamental understanding of

key physics issues in toroidal confinement system. The hypothesis of stabilization of turbulence

by shear in the ExB drift speed successfully explained the observed turbulence reduction and

confinement improvement seen at the L to H transition. This paradigm of shear suppression of

turbulence as the mechanism for the L to H transition has been verified by quantitative comparison

of the predictions of the hypothesis with experimental results from the DUI-D tokamak.

A key question for the L to H transition studies is how the radial electric field, Er, is

formed at the plasma edge. The radial force balance equation,

E r = (Zinie)-1 VPj - v ^ B ^ v ĵ B 0 ,

relates E r to the ion pressure gradient VPj, poloidal rotation VQU and toroidal rotation v^i. In the

plasma edge, direct measurements show that both VPj and VQ\ are the important terms around the

time of the L to H transition. Detailed measurements of the time history of the E r shear showed,

however, that the shear changed significantly prior to the major change in the fluctuations and in

VPi. This indicated that the L to H transition trigger (the dominant contribution to the change in Er

at the transition) was the VxB rotation, not VPj.

The Er shear increased significantly before the fluctuation amplitude reduced, consistent

with increasing E r shear as the cause of the turbulence suppression. This observation also

indicated that there is a threshold in E r shear required to influence the turbulence. The spatial

dependence of the turbulence reduction, determined by the fast stroke Langmuir probe, was

consistent with shear suppression for negative Er shear. Finally, the transport barrier depended on

the phase angle between the density and potential fluctuations inside the Er well.
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V. TECHNOLOGY DEVELOPMENT

1. Outline

As for the Research and Development (R&D) of nuclear fusion reactor technology an

emphasis is being placed on the ITER-related areas: fueling and pumping system, superconducting

magnets, Neutral Beam Injection (NBI) heating system, plasma facing components, Radio-

Frequency (RF) heating system, reactor structures, remote maintenance, brankets, tritium

technology, and the analysis and assessment of nuclear fusion systems, etc.

Major highlights of superconducting magnet development for ITER in FY 1995 are : (1)

9.6 ton of high performance NbaSn strand corresponding to 75% of the outer module CS Model

Coil was fabricated successfully, (2) R&D to avoid a cracking of Incoloy conduit was

successfully completed, and (3) the Test Facility for the CS Model Coil and Insert Coils was

completed in March, 1996.

Gradual condition of the KAMABOKO negative ion source for ITER was progressed up

to FT ion beam of acceleration with a voltage of 805 keV and an acceleration drain current of 150

mA for 1 sec without seeding cesium. A short pulse gyrotron for ITER was fabricated and

tested to study a high-order volume mode of cavity of gyrotron and demonstrated the successful

generation of 1.1 MW at 170 GHz for -0.4 msec. A long pulse gyrotron was also manufactured

and tested so far to show 230 kW for 2.2 sec and 525 kW for 0.6 sec.

For tritium accountancy in the fuel gas process, a new laser Raman analytical system with

optical fibers and a multi-channel detection system was developed for ITER. The present

detection limit for T2 gas was 1.6 kPa, 0.6 kPa and 0.3 kPa for analytical periods of 1, 10 and 100

sec, respectively.

Regarding the development of plasma facing components for the mock-up of ITER

divertor plates thermal cycling experiment was performed successfully to demonstrate durability of

the mock-up both at a steady-state heat flux of 5 MW/m2 for 15 sec (a thermal steady-state) for a

repetition of 104 cycles and at a transient heat load of 15 MW/m2 for 10 sec for a repetition of 103

cycles.

In FY 1995 fabrication and testing of a full-scaled section model of the double-walled

vacuum vessel for ITER were started. R&D efforts on the blanket technology was focused on

the development of an ITER shielding blanket including a high heat flux test of a first wall panel

and of a breeding blanket.
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2. Fueling/pumping and vacuum technology

2.1 Study of railgun pellet injector

An electromagnetic railgun type injector has been studied to develop a repetitive and

speed-controllable pellet accelerator for reactor-like plasmas. A final goal of this R&D is to get the

injection technology with the following characteristics. 1) Pellet speeds can be variable in the range

of 1-5 km/s during a repeating injection. 2) Pellets can be repeatedly ejected at 1-2 Hz. 3) A

plasma armature to accelerate pellets is repeatedly produced by a laser in order to reduce rail

damage.

The railgun system under development consists of a pneumatic single-stage pipe-gun for

the first stage and railgun accelerator for second stage. The YAG laser (0.9J, 6ns, 1064nm) is used

to produce a plasma armature.

In this fiscal year, acceleration properties against an augmented rails with 2.2 m length

(acceleration length is 2m) were investigated (Fig.V.2.1-1). Materials of rail-conductor is oxygen-

free copper and insulators are ceramics. The size of the hydrogen pellets produced in the pipe gun

is 3 mm in diameter and 4-7 mm in length. This pellet is initially accelerated with about 3 MPa

helium gas in the pipe-gun. Its speed is 830-890 m/s. Final speeds of the pellets were measured by

changing the voltage and the number of the condenser of the Pulse Forming Network (PFN)

power supply. The speed and the acceleration efficiency are compared against the two types of rail,

long-length single-rail and long-length augment-rail. From the experimental results, it is found

that pellet speeds obtained using the 2.2 m

length augment-rail is higher than those in

the case of the 2.2 m length single-rail, and

also the efficiency in the former case is

improved by about 4 times larger than that

in the latter case. These improvements are

due to the enhancement of the magnetic

field strength produced by the augmented

rails in the armature plasma.

Cross Section

Double Piled Type Railgun

Fig. V.2.1-1 Schematic diagram of the railgun with the

augment-type rail (double piled type railgun).

2.2 Progress of vacuum pumping R&D for ITER
The ITER torus pumping system is installed in a high radiation environment. JAERI has

been proposed a large turbo-type, magnetic bearing suspended, mechanical pump which can

operate even in a high radiation fluence. The mechanical pump is equipped with a large rotor

driven by a three phase motor. Conventional magnet coils in a motor and a magnetic bearing use

organic materials as an electrical insulator, however, electrical and mechanical characteristics of
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organic materials will recede in a high radiation fluence. In this fiscal year, a special ceramic-

insulated wire for magnet coils has been developed and a 900 W-magnetic coil for pump motor has

been fabricated by this wire. When the wires are winded to form a magnet coil by using a winding

machine, a ceramic layer of the wires should not flake off even for a large vending or stretching

force, besides, it should have an adequate smooth surface. To solve these requirements, we have

newly developed the wire which consisted of three layers, and the cross section is shown in Fig.

V.2.2-1.

The wire consist of 1st ceramic (SiC^), 2nd quasi-ceramic and 3rd silicone resin layers,

respectively. 2nd quasi-ceramic layer plays an important role in adding the winding flexibility to

the ceramic-insulated wire. The procedure for fabricating the magnetic coil with this wires as

follows : using winding machine, the ceramic-insulated wire is wound automatically to form

magnetic coil structure, after that, this coil structure is heated up to 600 °C in air for fixing rigidly

the coil structure. During this heating process, 2nd quasi-ceramic and 3rd silicone resin are

converted to SiC>2 ceramics.

900 W-magnetic coils fabricated by above-mentioned procedure is installed into the

conventional 1.8 m /s -type turbomolecular pump as the driving motor to investigate the

performance characteristics of

this wire . The test results

showed that the electrical

properties of the ceramic-

insulated wire such as

resistivity and dielectric

breakdown voltage was the

same as that of the

conventional organic material

insulatedwire[2.2-l] .

Nickel plated copper

1 st Ceramic layer

2nd Quasi-ceramic layer

3rd Silicone resin layer

Fig. V.2.2-1 Cross section of the ceramic-insulated wire for magnet coils.

References
[2.2-1] Hiroki S., Abe T., Iguchi M. et al., J. Vac. Soc. Jpn. 38, 291 (1995). (in Japanese)

2.3 Vacuum technology

2.3.1 Development of ceramic coating technology

In magnetically confined fusion experimental devices, electrical insulation and conduction

are required to maintain electrical resistance and connection between the structural components,

respectively. For this purpose, the plasma spraying method including vacuum plasma spray(VPS)

and Jet Kote(JET) techniques had been employed to coat the components with insulation or

conduction materials because of its applicability for large surfaces. AI2O3 has been chosen as an
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insulation material, while Cr3C2-NiCr and WC-NiCr have been chosen as conduction materials.

These materials were coated on stainless steel substrates to examine the basic characteristics

of the coated layers, such as their

adhesive strength to the substrate,

thermal shock resistance, electrical

resistance, dielectric breakdown

voltage and thermal conductivity.

It was found that they have

sufficient electrical insulation and

conduction properties, respectively.

In addition, the sliding tests of the

coated layers showed adequate

frictional properties. The

experimental results of sliding tests

at 350 °C in nitrogen are shown in

E
8
o

O AI2O3 (PS:800 M m)

O Cr3C2-NiCr (JET:250 n m)

A Cr3C2-25NiCr (VPS:600 M m)

• WC-27NiCr (JET:500 urn)

Open:No Significant Damage -

SolidrSignificnat Damage

Fig. V.2.3-l[2.3-l].
5000

Sliding Cycles
10000

Figure V.2.3-1 Experimental results of sliding tests. The total wear-out
the coated layers versus sliding cycles at 35O°C in nitrogen.

2.3.2 Sensitive helium leak detection in a deuterium atmosphere using a high-resolution

quadrupole mass spectrometer

In fusion machines realizing a high-purity plasma is a key to improve the plasma

parameters, and leak detection is a significant task to reduce the leak rate to a tolerable level.

However, a conventional helium (Tie) leak detector is useless in fusion machines with a deuterium

(D2) plasma, because retained D particles on the first walls release D2 for a long period and the

released D2 interferes with signals of the leaked Tie due to almost the same masses of 4.0026 u

(Tie) and 4.0282 u (D2). A high-resolution quadrupole mass spectrometer (HR-QMS) we have

recently developed, can detect 10"4 of a Tie+ peak in a D2 atmosphere[2.3-2], thus the HR-QMS

has been applied to the Tie leak detector. To improve a minimum detectable limit of the Tie

leak rate, a differentially pumped analyzer of the HR-QMS was attached to a chamber of the Tie

leak detector. In conclusion, the improved Tie leak detector could detect a 10'10 Pam3/s order

of the Tie leak in a D2 atmosphere.

References
[2.3-1] Onozuka M, Tsujimura S., Toyoda M. et al., Fusion Technology 29, 73 (1996).
[2.3-2] Hiroki S., Abe T., Murakami Y., Rev. Sci. Instrum. 63, 3874 (1992).

- 5 1 -



JAERI-Review 96-016

3. Superconducting magnet development

3.1 Introduction

JAERI has been developing high-field and large superconducting magnets, cryogenic

systems and related facilities under the Engineering Design Activity (EDA) of the ITER Program.

ITER R&D tasks shared by the Japanese Home Team are the development of an Outer Module of

the Central Solenoid (CS) Model Coil (OD 3.60 m, Bmax 13 T), a CS Insert Coil (OD 1.57 m,

Bmax 13 T), a Nb3AJ Insert Coil (OD 1.57 m, Bmax 12.5 T) and the Test Facility (CSTF) for the

CS Model Coil and Insert Coils. The CSTF consists of a helium refrigerator (5 kW at 4.5 K, Name

Helices), a vacuum tank (OD 6.5 m, height 9.5 m) and pumps, high-power supply (50 kA, 4.5 kV),

DC power supplies (60 kA and 50 kA), and data acquisition system (480 channels).

Major highlights during the period of FY1995 are as follows:

(a) High performance Nb3Sn strand whose total weight is 9.6 ton was successfully fabricated.

(b) A Full-scale (46 kA) conductor joint was developed and successfully tested.

(c) R&D to avoid a cracking of Incoloy (SAGBO) conduit was successfully carried out.

(d) Construction of the Helices refrigerator was completed and it achieved the refrigeration power

of5kWat4.5K.

(e) 50-kA current leads was fabricated and achieved stable operation up to 60 kA.

(f) A 50-kA, 10-kV DC circuit breaker was constructed and successfully operated.

3.2 Central solenoid (CS) model coil

The CS model coil which is one of the most important R&D objectives in the EDA of the

ITER, consists of the inner and outer module coils. The outer module coil which consists of 8

layers, is wound in Japan. Fabrication tools such as winding machine, heat treatment furnace and

impregnation facility have been prepared. Using these facilities, R&D of coil fabrication has been

started. 75% of Nb3Sn strands to be used in the outer module coil has been completed. R&D for

their cabling has been completed using copper wires. The solution for preventing SAGBO

occurrence on Incoloy 908 jacket has been developed. The development of butt joint for layer-to-

layer joint has been successfully completed.

3.2.1 Butt joint

Outer module of ITER-CS model coil has totally 17-joint including outer module to inner

module joints(inter coil joints) and bus bar terminals. JAERI is developing a butt-type joint of

Nb3Sn conductor for the CS-model coil. Advantage of a butt-type joint is its smaller AC-losses,

because the size is more compact than a lap-type joint and also it has smaller area where the cable

is compacted which may causes higher coupling loss. Besides a butt-type joint has no Incoloy-Cu

connection, which makes a joint more reliable against He leakage. Recently JAERI has succeeded
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in fabrication of a the full-size joint sample which has small AC loss and also very low resistance

with enough mechanical strength. AC loss performance was demonstrated by the full-size sample

without transport current under the same pulse operated field as ITER CS coil. Its resistance was

directly measured by also the full-size sample under the same operation current and background

field as ITER CS coil. Mechanical tensile test of the joint region is also carried out. 3.2W for joule

loss and 4W for AC loss were obtained under ITER CS condition. The averaged ultimate tensile

strength of 56.3kN was obtained. These values satisfy the required performance for the ITER-CS

coil.

3.2.2 Development of cabling

According to the task agreement between the Japanese home team and JCT, a trial 20-m

superconducting (SC) cable had been successfully carried out previous to the manufacture of the

superconducting cable for the CS model coil. The SC cable for the outer module of the model coil

consists of 720 SC strands and 360 copper strands whose diameter is 0.81 mm, and six final sub-

cables twisted around a central spiral channel. The final sub-cable is wrapped by the Inconel tape in

order to reduce the coupling loss between the sub-cables. The final cable is wrapped using the

stainless steel tape to protect the strands during insertion into the conduit. The AC losses of the SC

conductor, which was attached the Titanium jacket to a part of the 20-m SC cable, were measured

in JAERI. The measured AC losses by the

calorimetric method are shown in Fig.V.3.2-

1. By these measured results, the coupling

loss time constant, nt, was estimated to be 25

msec. This conductor satisfies the design

value, 50 msec or less, of the conductor for

the CS model coil. It seems that the Inconel

tape wrapped around the final-sub-cable

reduced the coupling loss.

0.4 0.6
dB/dt [T/s]

Fig.V.3.2-1 AC Losses of CS Model Coil Conductor.

3.2.3 SAGBOR&D

Incoloy 908 material has an advantage for a coefficient of linear thermal expansion, which

is similar to one of Nb3Sn and reduces a strain affection to performance of Nb3Sn Thus, Incoloy

908 material is applied to ITER coil conduit material. However, in a defined condition such as

residual tensile stress (>200MPa), temperature (55O-8OO°C) and concentration of Oxygen

(>lppm), it is reported that Incoloy 908 has a Stress Accelerated Grain Boundary Oxidation

(SAGBO) phenomenon in itself. In worst case, cracking is occurred by SAGBO. In the

process of heat treatment for reaction of Nb3Sn (55O-65O°C) conductor, the residual tensile stress

- 5 3 -



JAERI-Review 96-016

(<200MPa) which is caused by winding of conductor (bending radius: > R500 mm), and low

concentration of oxygen (less than 1 ppm) of atmosphere, should be accomplished in order to

avoid the SAGBO. Especially, it is expected that oxygen and H2O come from the surface of

components of conductor, such as Incoloy, Stainless steel tape, Cr plated strand. To confirm the

SAGBO condition and avoid the SAGBO, the real Incoloy 908 conduit and components of

conductor are heat treated in some kind of atmosphere condition.

3.3 CS model coil test facility (CSTF)

The CS Model Coil Test Facility

(CSTF) was constructed to establish the

mile stone of the facility for the ITER

magnet system. Its high performance will

contribute to the test of the CSMC and the

CSIC in the middle of 1998. The design of

the CSTF was started from March 1993

and construction was performed at the site

from the middle of 1994 to the middle of

1995. The construction of the CSTF was

successfully completed in March 1996

after commissioning tests as shown in

Fig.V.3.3-l[3.3-l],

*.-

Fig.V.3.3-1 The view of CS model coil test facility (CSTF).

3 3.1 Current leads

The vapor-cooled type current lead is applied to the high current capacity as the CS

model coil. The vapor-cooled current lead has been developing for the fusion reactor at JAERI

since 1983. A late large one[3.3-2] has 30kA DC current for Demo Poloidal Coil[3.3-3].

Two sets of the current leads have developed for the CS model coil. One is for the CS

model coil and the other is for the CS insert coil. The rated current is 50kA DC. The design

voltage is 6.6kV AC and is required by JT-60 Power Supply. A voltages of 20.7kV DC and 10.7

kV AC were applied to the current leads to check the electrical performance after the current leads

was installed on the JAERI facility. These current leads are applied not only the CS model coil but

also the ITER magnets. The performance test of the current lead was carried out on September,

1995. The cold terminals of the current lead are connected each other by Copper bus bar. The heat

loss of the current lead was measured to be 59W / 50kA by the calorimetric method. The current

lead has a 100 litter liquid helium reservoir. The liquid helium is vaporized by the heat loss of the

current lead. The heat loss was evaluated by the reduction of the liquid helium.
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3.3.2 DC-CB50kA-10kV

A 50 kA - 10 kV DC Circuit Breaker was newly developed for the testing of CS Model

Coil. Such a large break capacity was achieved by the separation of a continuous large current

line and a current breaking line with high voltage as shown in Fig. V3.3-2. A relatively small AC

vacuum circuit breaker ( Nominal : 72 kA, 2 kA,

Peak : 63 kA) could be used to break 50-kA DC

current. In addition, an electric fuse was installed in the
breaking line to get high reliability.

Disconnecting Switches have blow-out arc

discharge system to get a higher arc voltage, and

make this system compact. Circuit breaking tests were

conducted using JT-60 pulsed power supply and its

load coil. The reliability of the circuit breaker was

demonstrated bye the total 44 breaking tests from 10

kA to 50 kA including 15 replicated tests at the rated

condition.

Disconnecting Switches

Fig.V.3.3-2 Scheme of DC circuit breaker.

3.3.3 Cryogenic system ( Helices)

The cryogenic system has been successfully

constructed and demonstrated its designed performance

in June 1995[3.3-4]. The performance test result is

shown in Fig.V.3.3-3. A 160g-turbo expander, its

bearing is dynamic gas bearing, and a 800 g/s-helium

compressor, its type is screw type, the most advanced in

the world of the present time, has been developed and

adopted in the cryogenic system.

•2 3

* 0

• Refrigearor(Design)
Refrigearor(Measured)

Design Curve"

~20T) 400 600 801) RT00
Liquefaction ( L/ h )

Fig. V. 3.3-3 Measured liquefaction and
refrigeration performance
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SUPPORT COLUMN SUPPORT RING

3.4 CS insert coil

The CS insert coil is installed inside the main CS model coil. The CS insert coil has

eight support columns as shown in Fig.V.3.4-1. The support column is a 30 mm thickness- plate.

These columns support the buckling deformation of the winding. The support columns connected

to lower preload beam for the supporting the coil weight and electromagnetic force. And the

support columns are also connected each other by the support rings and the arms.

The terminal of the CS insert is located at the top and the bottom. The terminal is

connected to superconducting (SC) bus bar, electrically. The SC bus bar is led to the terminal of

the current lead which is the interface to the CS

Model Coil Test Facility (CSTF) at JAERI.

The CS insert coil has one layer. The

CS-1 conductor is wound 30 turns. The key

stone deformation is estimated up to 1 mm.

The spacer made by FRP is filled to keep the

winding tolerance between the conductors.

Thickness of the turn and the ground

insulation is 1.5 mm and 10 mm, respectively.

The design voltage is 150 kV for the ground

and 10 kV for the turn insulation. These

design value is the same as that of the ITER-

CS coil. Both of the insulation system consist

of the glass, Kapton, and epoxy resin. The

vacuum impregnation technique is applied to

both insulation systems.

INSERT

OPERATING CURRENT
WINDING DIAMETER
WINDING HEIGHT
NUMBER OF TURNS

40 kA
: 1.4 m
: 1.8 m
31

Fig.V.3.4-1 CS Insert Coil.

3.5 Nb3Al insert coil
Nb3Al is less sensitive to the strain in the critical current performance than Nb3Sn[3.5-l].

This characteristic is advantageous in manufacturing of a huge coil, such as the ITER TF coil,

since the conductor can be wound with react-and-wind method. Nb3Al Insert project has been

started under ITER EDA for the purpose of demonstrating applicability of Nb3Al conductor to the

ITER-TF coil and, in addition, react-and-wind method by using Nb3Al conductor[3.5-2]. 0.4%

bending strain, which is applied to the ITER TF conductor during the winding, will intentionally be

applied to the conductor after heat reaction. Since the ITER TF conductor will be applied to

0.1% strain during operation, Nb3Al Insert is designed so as the conductor is subjected to 0.1%
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strain during a charge[3.5-3]. The rated magnetic field and transport current are 13 T and 46 kA,

respectively. However, 130% operation of 60 kA at 13 T will be attempted to demonstrate the

applicability of the large current Nb3Al conductor. Table V.3.5-1 and Fig.3.5-1 show the major

parameters of the Nb3Al Insert.

Table V.3.5-1. Major parameters of Nb^ l Insert

Strand
Diameter
Critical current
Cu/Non Cu ratio
RRR
Surface

Conductor
Number of strands

Outer diameter
Jacketing material

Winding diameter
Winding height
Coil height
Number of turns
Norminal current
Nominal field

0.81mm
630A/mm2atl2T
1.5
>100
2|im Cr plating

1152(3x4x4x4x6)

42.5 mm
Modified JN1

1430 mm
1870 mm
2795 mm
30
46 kA
13T

Electrical joint

Plate

Conductor

sElectrical joint

Fig. V. 3.5-1 Scheme of NbsAl Insert.

References
[3.5-1] Speckig W., IEEE Trans, on Applied Superconductivity (1993) p. 1343.
[3.5-2] Koizumi M. et al., "Design of the Nb3Al Insert to be Tested in ITER Central Solenoid Model Coil", MT-

14 to be published.
[3.5-3] Ando T. et al., "Design Consideration of ITER-TF Coil with a React-and-Wind Technique Using Nb3Al

Conductor", MT-14 to be published.

3.6. Large conductor test facility

Before the construction of the large superconducting magnet (for example ITER CS

Model Coils), JAERI has to confirm the superconducting performance of the full-size conductor

which will be used for that magnet. The large conductor test facility was constructed in order to

examine the superconducting performance of the full-size ITER conductor whose operating

current is 40 - 60 kA. This facility consists of the 2-m-dia liquid helium dewar, the 60-kA forced-

cooled current lead and the 13-T superconducting split coils. The test conductor is cooled by

Supercritical helium (SHe) and charged up to the operating current of 60 kA at the applied field of

11 T. The SHe, whose temperature and pressure are 4-12 K and 4-10 bar, respectively, is supplied

by the 5-kW refrigerator. This facility will be operated in the beginning of FY 1996.
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4. Beam technology

4.1 Development of negative ion beam technologies

Neutral beam injection (NBI) has the potential of current drive and plasma control for

stable operation of Tokamak fusion devices as well as the plasma heating at a high efficiency. At

present, two major negative-ion-based NBI (N-NBI) programs are going on at JAERI. One is

development of 1 MeV accelerator for ITER and the other is the negative-ion-based NBI for JT-

60. In FY 1995, the two major programs and other R&D have greatly made progress.

4.1.1 Demonstration test of negative ion beam acceleration

High power neutral beam, which is 0.5 - 2 MeV in the energy, is essential to drive a

plasma current for steady state operation of Tokamak fusion devices, such as the ITER. The

development of a high power negative ion source/accelerator is the most important item to realize

the MeV class NBI. For demonstration of the multi-stage acceleration concept, a test stand

called MeV Test Facility (MTF), whose power supply capabilities are 1 MV, 1 A, and 60 s, has

been constructed. The ion source/accelerator and the power supply of MTF are installed in the

SF6 pressure vessel. H~ ions are produced in a semi-cylindrical cesium-seeded plasma generator,

called KAMABOKO source, whose plasma confinement is so good that it is capable of producing

negative ions effectively at a low gas pressure. The H" ion beams are accelerated using a multi-

stage MeV accelerator, called prototype accelerator for ITER. It has the same design as the

ITER accelerator except for the number of apertures. There are only 49 apertures in the

prototype accelerator, while the ITER accelerator has 1300 apertures. Insulator columns are

made of fiber reinforced plastic (FRP) [4.1-1],

After many breakdowns caused by outgas from the insulator surface, the accelerator has

been gradually conditioned. H" ion beam of 805 keV with an acceleration drain current of 150

mA has been obtained for 1 s without seeding cesium. After that, beam acceleration test has

started with cesium seeding. It has been confirmed that there is no voltage holding degradation

by beam acceleration and cesium injection to the plasma generator [4.1-2, 4.1-3].

4.1.2 Study to improve a negative ion source

A ITER-NBI concept negative ion source was fabricated to demonstrate high current

density negative ion beam production at a low operating pressure, i.e. more than 25 mA/cm for FT

or more than 20 mA/cm for D" at a pressure of lower than 0.3 Pa. The plasma generator, called

KAMABOKO source, has semi-cylindrical shape with dimensions of 340 mm in diameter and 340

mm in length. An extraction area is 128 mm x 140 mm with 45 apertures of 14 mm in diameter.

As a result, H" ion beam current of 2.1 A (30 mA/cm ) has been extracted at a gas

pressure of 0.2 Pa [4.1-4]. Furthermore, D' ion beam current of 1.45 A has been produced in
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JAERI/CEA Joint Experiment at an operating gas pressure of 0.35 Pa. The current density is

20.5 mA/cm2, which satisfies the design value for ITER NBI [4.1-5].

4.1.3 Test of the negative ion source for JT-60 negative-ion-based NBI

A negative-ion-based NBI (N-NBI) of 500

keV, 10 MW D° was designed for JT-60, and

the construction was completed in February

1996. This is the first N-NBI system in the

world. The injector has two large ion

sources, each is designed to produce 500 keV,

22 A D" ion beams for a pulse duration of 10 s

[4.1-6]. A picture of the source is shown in

Fig. V.4.1-1. Negative ions are produced in

a KAMABOKO source at a low gas pressure.

The magnetic filter, called PG filter, is used so

as to enhance a yield of negative ions and to

reduce the destruction of the negative ions.

Produced negative ions are extracted from a

multi-aperture extractor that has 1080

apertures within an extraction area of 45 cm x

110 cm. The extracted negative ions are

accelerated to 500 keV in a multi-stage

electrostatic accelerator that consists of 3 sets

of an acceleration grid and an insulator

column.

In the performance test of the ion

source, D" ion beam current of 13.5 A, 400

keV(5.4 MW) has been obtained for 0.12 s

from one ion at a low operating gas pressure of 0.2 Pa. This is the world record for the D" ion

beam current and beam power. [4.1-7].

Fig. V .4.1-1 Negative ion source for JT-60 N-NBI source.

4.1.4 Engineering design and R&D for ITER NBI

The engineering design study of ITER NBI system has been divided into EC, Japan and

Russia. The design tasks allocated to Japan are composed of five studies, which are negative ion

source/accelerator, power supply, neutronics, maintenance and passive magnetic shielding. The

negative ion source/accelerator is the most crucial part of the ITER NBI. A KAMABOKO
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source, same type of the negative ion source for JT-60, is adopted for ITER NBI. A cross-

sectional view of the ITER source/accelerator is shown in Fig. V.4.1-2. The dimensions are 3 m

in diameter and 2.7 m in height. Total weight is about 20 tons. The ion source/accelerator is

designed to produce negative ion beam of 1 MeV, 40 A D" with a beam divergence of less than 5

mrad for more than 1000 s at a low operating gas pressure of 0.3 Pa. Besides the ion

source/accelerator, the other engineering design studies have also made progress in FY 1995 [4.1-

8].

In the development of the large insulator made of high purity alumina ceramic, a new

forming technology, called Ultra Molding method (UMM), has been proposed. Basic technology

of the UMM has already been confirmed using test samples. Using this technology, a

scalablemodel for the ITER insulator, which has the same cross section as the ITER insulator

except for the diameter, has been formed successfully. The diameter of the scalable model is 480

mm, while that of ITER is 3 m.

Arc Current

PG filter Current

Water for plasma generator

Plasma generator support flange

Water inlet & outlet

Alumina ceramic insulator

Beam steering mechanism —•yj.
•'•rvii-y-

Cooling pipe

1700.0
Plasma generator

Filament Feedthroug h

Al gnd
A2 grid
A3 grid

^ A4 grid
nGround grid

Magnetic Shield

Fig. V 4.1-2 Negative ion source/accelerator for ITER NBI.
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4.2 Application of high intensity ion beam technologies

4.2.1 Development of super low energy ion source

The ion source, which produces ampere class ion beams at an energy of approximately

100 eV, has been developed. In the extraction experiment, H~ ion beam current of 0.5 A, 250 eV

has been continuously obtained using the grid that has the spring mechanisms to absorb the

thermal expansion.

4.2.2 Development of the ion source for accelerator

At JAERI, construction of a 1.5 GeV/10 mA proton linear accelerator has been proposed

[4.2-1]. A high brightness negative ion source is required to inject the beam into the storage ring

which produces certain specific pulse duration and repetition rate at the high energy portion of the

accelerator. The dimensions of the plasma generator is 200 mm in diameter and 170 mm in

length. Negative ions are extracted from seven apertures of 9 mm in diameter. Each beamlet is

focused by aperture displacement technique [4.2-2]. In the beam extraction test , H~ ion beam

current of 80 mA, 50 keV has been produced with a small divergence.

In the development of the ion source for fast neutron source (FNS), a high current D" ion

source has been fabricated. Beam extraction test has been started in the test stand. The ion

source is designed to produce D" ion beam of more than 50 mA continuously with a small

divergence.
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5. RF heating technology

5.1 Introduction

Radio-frequency (RF) wave is a key tool for heating and current drive of the tokamak

fusion reactor. Developments of high efficiency RF source for electron cyclotron heating

(ECH: 100 - 300 GHz) and lower hybrid current drive (LHCD: 2 - 8 GHz), and high performance

launching systems for LHCD and ion cyclotron range of frequency (ICRF:40 - 200 MHz) are the

main efforts of JAERI RF heating technology. The most emphasized activity in FY 1995 is the

developments of high power gyrotron aiming the final target of 170 GHz, 1 MW, CW required in

ITER, which has brought the successful power generation of 1.1 MW at 170 GHz.

5.2 Developments of high power gyrotron

The gyrotron is a high power source of milimeter wave, which is a key component of

ECH system. Under the task agreement of ITER/EDA, the gyrotron development is ongoing

in JAERI. JAERI succeeded in energy recovery technique of gyrotron and obtained the world

record of the efficiency, 50% in 1994 [5.2-1, 5.2-2]. We started the development of a gyrotron

with a frequency of 170 GHz gyrotron in 1995. In the first step, a short pulse gyrotron was

fabricated and tested to study oscillation of high-order volume mode (TE31,8). The beam

current dependence of the output power and the

efficiency of TE31,8 mode is shown in Fig. — i.o -

V.5.2-1, where beam voltage :Vb is 87 kV, 5 n o

0.8 -

pulse duration is approximately 0.4 ms, the -

applied magnetic field to the cavity is optimized £

for each current. The maximum power of •=> 0 4

1.13 MW is obtained at Ib=45 A at an efficiency

of 29%. The maximum efficiency: 30% was

obtained at Ib=40 A [5.2-3].

Figure V.5.2-2 shows the cavity field

dependence of the output power for the

TE31,8 and its adjacent modes. As the beam

o 0.2

0
10 20 30 40 50

Beam Current ( A )

Fig. V.5.2-1 Beam current dependence of the
output power and the efficiency of TE31,8 mode.

currentincreases, the output power increasesand its maximum power shifts toward the lower

magnetic field side. However, no competing mode appeared between TE31,8 and TE30,8, which

is the reason of high efficiency oscillation. Based on these results, the long pulse gyrotron with a

depressed collector was designed and fabricated. A schematic view of the gyrotron is shown in

Fig. V.5.2-3. The oscillation part, i.e., from electron gun to cavity section, is the same with the

short pulse gyrotron. In the downstream side of the cavity, the mode converter section is

installed, which convert the RF from the oscillation mode to beam mode. Here, the RF beam is
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reformed to flat profile at the output window using a combination of phase correlation mirrors to

decrease heat load on the window composed of double sapphire disks. The highest efficiency of

38% was obtained at a output power of 460 kW.

The maximum pulse duration was 2.2 s at 230

kW. And the 525 kW for 0.6 s was also

obtained.
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Fig. V.5.2-2 Cavity field dependence of the output power
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Fig. V.5.2-3 Schematic view of the long
pulse gyrotron with depressed collector.

5.3 Developments of ECH, ICRF and LHRF launchers

Development of ECH antenna is one of the key issues for ECH system. As a first step, the

development of 60 GHz ECH antenna has been started for JFT-2M since 1995. The JFT-2M

ECH antenna consists of two mirrors: one is a focusing curved mirror and the other is a 2-D

movable plane mirror for scanning a RF beam

in both poloidal and toroidal directions. A

schematic view of JFT-2M ECH antenna is

shown in Fig. V.5.3-1.

For the low power test, mock-up

antenna system, which consists of two

mirrors, a mode converter (TEH—>HE11), a

taper waveguide and a corrugated waveguide,

was fabricated and started to be tested from 3iai;

March in 1996.

ICRF wave is useful for additional Fi8 V.5.3-1 Schematic view of the JFT-2M ECH antenna.

plasma heating and non-inductive current drive in a tokamak-type fusion reactor. Faraday shield
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is the most severe parts of ICRF antenna due to significant heat load in ITER design. Back

Faraday shield concept is proposed for avoiding heat load and improving antenna coupling in

JAERJ [5.3-1]. The back Faraday shield installed on the fast wave current drive (FWCD)

antenna was tested in JFT-2M to confirme good coupling properties in 1994. As a next step, the

antenna array with back Faraday shield optimized for direct electron heating was tested in JFT-2M

in order to demonstrate the fast wave excitation in 1995. The direct electron heating with this

antenna was observed with soft x-ray spectroscopy.

Original cooperative activities between JAERI and CEA-Cadarache concerning a lower

hybrid antenna module was completed successfully. Outgassing databases from antenna modules

were obtained under a high power and a long pulse operation at the 3.7 GHz test facility of CEA-

Cadarache [5.3-2, 5.3-3, 5.3-4]. The cooperative activities was extended for three years to

develop a plasma facing part of the LH antenna. Carbon Fiber Composite (CFC), molybdenum,

tungsten are major candidates. At JAERI, the module using CFC coated with Cu is under

development in two steps. In the first step, the test module without cooling channel was

fabricated by active metallic casting method with TiC, tests for withstand-voltage and outgassing

during RF operation will be scheduled in February 1997 at Cadarache.
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5.4 Millimeter wave free electron laser

Millimeter wave free electron laser is expected to generate gigawatts level power with

tunable frequency. 3D simulations were carried out at the frequencies of 35 GHz, 90 GHz, 140

GHz and 270 GHz, when the same focusing wiggler was modeled in each cases. The output

power of 1-3 GW was obtained by changing the beam energy and the wiggler field strength under

the same beam current of 1 kA. The simulation results are shown in table 5.4-1.

In FY. 1995, X-ray shield room was constructed newly under the ground where an

induction linac (2 MeV, 3 kA, 160 ns) was placed. After installation of safety locks, FEL

experiments will start at the end of January in 1997. Wiggler design is started to demonstrate

gigawatts output power at 35 GHz.

Table 5.4-1 3D simulation results of the FEL output power

Frequency [GHz]
35
90
140
270

Beam energy [MeV]
2
5
5
6

Wiggler field strength [kG]
3.0
3.9
3.0
2.4

Output power [GW1
1.2
2.0
2.6
2.0
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6. Tritium technology

6.1 Introduction

Studies on tritium technology have been continuously performed in the Tritium Process

Laboratory (TPL) at Tokai. Some new activities regarding the studies of tritium safety

technology and tritium processing technology were also initiated FY 1995. Safe operation of

TPL tritium facility, itself, is on-site valuable experience that proves the ability of the safe handling

of tritium in Japan.

6.2 Development of tritium safety technology

6.2.1 Development of tritium safety technology in TPL

To enhance tritium safety technology for the D-T fusion reactor, R&D in this year are

being focused on (1) tritium confinement and removal, (2) tritium accountancy, (3) tritium-

material interactions and waste processing, (4) tritium behavior in a room and environment.

For development of tritium confinement and removal technology for the ITER

Atmosphere Detritiation System, an application of a gas separation membrane module (follow

fibers of polyimide, process flow: 10 m3/h) has been tested for remove of tritium from the

atmosphere in a glove box. It was found that a processing flow rate could gratly be increased by

purging the permeated side with a part of unpermeated gas flow[6.2-l].

In order to establish the "in-bed" tritium accounting technology for the ITER scale tritium

storage system, a gas flowing calorimetry has been studied using a scaled Zr-Co bed (25 g tritium

capacity). The basic calorimetric characteristics was measured and correlated with the stored

tritium inventory. The temperature raise

of 4 degrees raise of He stream flowing

through the Zr-Co bed was observed for

each gram of tritium storage (See Fig.V.

6.2-1). From the error of the

temperature censor , it can be concluded

that the accuracy is better than 0.25 g of

tritium on 25 g storage. This accuracy of

<1% on full storage capacity is satisfied the

target accountability to measure ± 1 gram

of tritium on 100 g storage for ITER. [6.2-

2], For tritium accontancy in the fuel gas

process, a new laser Raman analytical system using optical fibers and a multi-channel detection

system has been developed. This system made it possible to carry out remote analysis of

hydrogen isotopes and impurity gases in a process piping inside a glove box within a very short

CD

CO
<2 60

40CO

CD
Q .

E
£ 20
0)
X

Tritium data
cold test by heater imput

205 10 15

Tritium storage ( g )
Fig. V.6.2-1 The relation curve between tritium inventory
and He temperature raise.
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analytical period. With the system the current detection limit for T2 gas was 1.6 kPa, 0.6 kPa and

0.3 kPa for analytical periods of 1, 10 and 100 seconds. This system should be up-graded to a

remote and multi-location analysis system.

For prediction of tritium behavior in plasma facing components, investigations of

hydrogen isotope permeation through, retention in and release from plasma facing and heat sink

materials have been carried out. Implantation driven permeation (IDP) behavior of deuterium has

been investigated for permeation barrier study. The experimental samples are Iron (34 mm^ x

0.1 mm*) with SiO2 coating (30 nm1), Molybdenum (0.05 mm1) with SiO2 coating (30 ~ 1000

nml), The result showed that the oxide coating at the back side of Fe and Mo would work as a

permeation barrier (SiO2 (30 nml) on Fe: factor 50, SiO2 (1000 ran1) Mo: factor 3): this kind of

barrier would be quite effective to reduce tritium permeation.

Hydrogen retention property of high density isotropic graphite was studied by exposure

with a high flux atomized D/T particles. The amount of hydrogen isotopes retained in graphite

was measured under the conditions of incident fluence 1.6xlO25 ~3.3xlO26 atoms, m*2 and

temperatures 290 ~ 773 K. The amount decreased as temperature increased and increased in

proportion to a half power of total incident fluence within a temperature range below 500 K. The

activation energies of retention obtained for the incident fluences of 1.6xlO25, 6.0xl02 and

1.6x10 atoms.m" were -6.6, -4.1 and -8.8 kj/mol, respectively. Above the temperature range

the rate of the increase became lower, however, no saturation was observed up to 773 K with the

incident fluence above.

To obtain data required for safety review for ITER, a new caisson (12 m3) is planned to

built in the Tritium Process Laboratory. Main research and development items using the caisson

are (1) to simulate tritium release in case of ITER abnormal conditions, check performance of

tritium confinement and detritiation system and obtain data for evaluation of tritium release

amount under a various conditions expected at the candidate site in Japan; (2) to probe into tritium

behavior released into confinement system, such as chemical reaction on various materials,

adsorption and desorption on walls, etc.; (3) to probe into tritium behavior released into

environment outside building which is the basis for dose estimation, such as transfer to plant and

soil, conversion of tritium gas to tritiated water, etc.; and (4) to development protection devices

which are necessary for maintenance and repair. Detailed design and safety analysis will be done

soon.

6.2.2 Development of tritium safety technology under US-Japan collaboration

In the US-Japan joint program for tritium safety technology under US-Japan

corroboration, experiments of several research and development items have been running and /or

planned in Tritium Systems Test Assembly (TSTA) since 1994. Those running currently are (1)

decontamination study of the tritium contaminated parts disassembled from the decommissioned
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JAERI Fuel Clean Up System (JFCU), (2) tritium plasma exposure experiment for tritium

retention study in plasma facing materials, (3) radiochemical reaction study of tritium with various

gases using laser Raman spectroscopy, (4) hollow fiber permeator studies and (5) self-radiolysis of

tritiated water. Tritium release experiment in a room inside TSTA is planned and prepared for

observation of tritium behavior in the practical circumstances. Experimental procedure and data

to be acquired are being examined, and starting procedure to get permission for the tritium release

experiment is requested by JAERI.

Reference
[6.2-1] Hayashi T., Yamada M., Suzuki T. et al., "Gas Separation Performance of a Hollow - Filament Type

Polyimide Membrane Module for a Compact Tritium Removal System ", Fusion Technol., 28, 1503 (1995).
[6.2-2] Hayashi T., Yamada M., Suzuki T. et al., " Tritium Accounting Characteristics of" In-Bed " Gas Flowing

Calorimetry ", Fusion Technol., 28, 1015 (1995).

6.3 Development of tritium processing technology

The development of the plasma exhaust processing system was continued as an ITER

Hydrogen
OuAet

•Zirconia Cell for Reaction

Zirconia Cell for Oxygen Control

Reference Oxygen feed
Gas turning point

Fig. V.6.3-1 Structure of the electrolytic reactor for tritiated impurities in the plasma exhaust.

R&D task. Based on the JAERI developed

technology, a combination of a solid oxide

electrolyte cell and a palladium diffuser is

proposed for processing plasma exhaust gases,

because this system has a high tritium

decontamination factor, has very small tritium

inventory due to use no catalysis. The

principle of the newly developed electrolytic

reactor is shown in the Fig. V.6.3-1. A

mixture of hydrocarbon and water vapor is
fed on the anode . Fig V.6.3-2 Conversion characteristics of electrolytic reactor

for water vapor methane mixture as the functions of cell voltage.

1.0 2.0
Electrolysis Voltage (V)
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The hydrocarbon is electrolytically oxidized to carbon dioxide. The oxidized product stream is

then reduced at the cathode where water vapor is split to hydrogen and oxygen that is used for the

oxidation at the anode. Thus, the mixture of hydrocarbon and water is converted to carbon

dioxide and hydrogen in single reactor. An additional zirconia cell finger is used to monitor and

control the oxygen balance in the reactor. Fig. V.6.3-2 shows the concentration profiles of the

water vapor, methane, carbon dioxide and hydrogen. The conversion efficiency of water and

methane to carbon dioxide and hydrogen was found higher than 99.9% at the cell voltage 2.2 V.

It was proved this concept can be applicable for conversion of the tritiated impurities in plasma

exhaust. [6.3-1]

The most promising system for ISS (Hydrogen Isotope Separation) in the fusion fuel

cycle is CD(cryogenic distillation) column. A sufficient set of design data of the column was

obtained in TPL. As the next R&D program in TPL, simulation studies have been performed

to design control systems. A combination system of feedforward and feedback control loops was

quite effective to maintain the product purity of the column. A thermal diffusion column (TD) is

attractive for the separation of a small amount of hydrogen isotopes. Some experimental results

showed that the separation factor of the column can greatly be increased by cooling the column

wall with liquid nitrogen. A series of experiments with tritium would be carried out in next fiscal

year. A CECE(Combined Electrolysis Chemical Exchange) column is one of the attractive

systems for the separation of water isotopes. Some promising systems using the CECE column

could be designed for the tritium recovery from waste water by simulation: combinations of

TD+CECE columns.

Research program on Breeding Blanket Interface (BBI) consists of the study on the

tritium inventory and release behavior in solid breeder material and the study on the recovery

process of tritium in the blanket purge gas.

With respect to the study of the tritium inventory and release behavior in solid breeder

material, Lithium oxide pellet was applied for the experiments on water formation, water

adsorption and hydrogen isotopes exchange reaction. The major phenomenon which affect to the

increase of the tritium inventory was clarified quantitatively by the function of temperature and

grain size of Lithium oxide.

Cryogenic Molecular Sieve Bed (CMSB) was applied for a promising process for

recovery of tritium from the Solid Breeder Blanket purge gas. The experimental and theoretical

works have been performed to demonstrate CMSB. Some demonstration tests were performed

by using MS 5 A CMSB (11 cm in diameter and 8 cm of bed height), up to the flow rate of 60 1/min

of He purge gas with maximum 400 ppm of H2 and 0.5 ppm of HT (for fusion reactor condition is

more than 8000 1/min of He gas with 0.8% of hydrogen isotopes and smaller fraction of

condensable impurity). Adsorption performance of CMSB showed good agreement with

the modeling estimation obtained by bench-scale experiments. Thus, these data were
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applicable for the estimation of adsorption performance of CMSB in larger scale test

apparatus. Regeneration experiments were performed by both of vacuum pumping and gas

purge method. The results of the experiments were also evaluated by the modeling calculation.

Obtained engineering data are applicable for the design of the CMSB process for ITER He GDC

gas cleanup. [6.3-2]

Reference
[6.3-1] Konishi S., Hara M., Okuno K., "Versatile Fuel Cleanup System Based on Palladium Permeation and Vapor

Electrolysis," Fusion Technol., 28(3), 652-657 (1995).
[6.3-2] Enoeda M, Kawamura Y., OkunoK. et al., "Recovery of Hydrogen Isotopes and Impurity Mixture by Cryogenic

Molecular Sieve Bed for GDC Gas Cleanup", Fusion Technol., 28, 591 (1995).

6.4 Operation of tritium safety system in TPL

The safety system at TPL has
A

been in tritium service since 1988

without any off-normal tritium release.

The Glove Box Gas Purification System

(GPS) has been operated for about

8,000 hr. The Effluent Tritium

Removal System (ERS) processed ~

4.44x1012 Bq of tritium in this year.

The Air Cleanup System (ACS) was

operated for cleaning up 21,700 m3 of

air during the maintenance work and

reassemble work of Tritium

Transportation Package. The

transportation package with 20 g of

tritium which was shipped from Canada

in FY 1994 was reassembled and a Zr-Co

capsule in the package was installed into

the Globebox. Tritium gas in the capsule was transferred into Tritium Storage System (TSS)

successfully. Figure V.6.3-1 shows the monthly environmental tritium release record from the

stack of TPL in this fiscal year. Total tritium release was less than 9x10^ Bq, that is three orders

of magnitude smaller than the target value of Tokai establishment of JAERI. The safe tritium

handling operation at TPL has thus been demonstrated since 1988 to this fiscal year. [6.4-1]

Reference
[6.4-1] Yamada M., Enoeda M., Honma T. et al., " Operation Experience on Safety System of Tritium Process

Laboratory in Japan Atomic Energy Research Institute " , Fusion Technol., 28, 1376 (1995).
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Fig. V.6.4-1 Monthly release oftritium from TPL stack in FY 1995.
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7. Development of plasma facing components

JAERI has been actively researching and developing plasma facing components (PFCs)

for ITER and JT-60. The roles of PFCs such as divertor plates and a first wall are to remove the

thermal loads from a fusion plasma and to protect in-vessel components against the high thermal

loads. Therefore, PFCs are exposed to a high heat flux and a particle flux. In particular, the

divertor plates are considered to be exposed to a severe heat flux of around 5 MW/m in the EDA

phase of ITER.

7.1 R&Ds on divertor components for ITER
Divertor plates of ITER are required to satisfy with the following design specifications:

1) The surface of the divertor plate should be covered with high heatproof materials;

2) The divertor plates are required to endure a steady-state heat flux of 5 MW/m and a transient

heat flux of 15-25 MW/m2 for 10 second during the power excursion event;

3) The maximum surface temperature of the armor tiles should be kept at around 1500°C; and

4) The thickness of the armor tiles should be more than 10 mm to sustain the sufficient lifetime.

The ITER divertor plates consist of several cooling components such as a vertical target,

energy dump target. The vertical target is subjected to most severe heat loads among these

elements. A saddle-shaped mock-up with parallel cooling channels has been developed to

achieve high thermal performance required for the vertical target. Figure V.7.1-1 shows a photo
50

33 33

unidirectional CFC material

copper heat sink

swirl tube
(O.D.=18mm

I.D.=15mm)

Thermocouple

(mm)

Fig. V. 7.1-1 Saddle-shaped divertor mock-up.

and a schematic of the mock-up. Large (50 x 50 mm) armor tiles which were made of

unidirectional CFC(Carbon Fiber reinforced Carbon composite) material were directly brazed onto

the copper substrate with silver braze material. The brazing process and the thickness of the

braze filler metal were optimized to minimize residual stress and to reduce braze defects at the

braze interface. This saddle-shaped structure with unidirectional CFC armor tiles has been

originally developed at JAERI to achieve high heat transfer performance based on the data and the

experience of an externally finned tube invented for use as JT-60 neutral beam dump. In such a

bonded structure with larger armor tiles, higher residual/thermal stress are expected at the braze

interface. In particular, thermal fatigue behavior of the mock-up should be evaluated because the
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cyclic thermal stress imposed by the pulsed operation causes the degradation and/or detachment of

braze interface.

Thermal cycling experiment

was performed in JAERI Electron Beam

Irradiation System to evaluate the

thermal fatigue behavior of the mock-up. £ 150

The surface heat flux of 5MW/m with =
2
• 100

E

250

200

atlslshol
— at 10.000th shot

--•—2D FEM analysis

50

Cooling conditions
axial flow velocity = 4 rrVs
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inlet temperature = 30 C

10 15

Time (s)
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Fig. V. 7.1-2 Temperature hitories of the hest sink obtained from
the experiment and from 2D finite element analysis.
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u
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the heated area of 50mm x 100mm was

applied; the heating duration of 15s was

selected so that the mock-up reached a

thermal steady-state. Based on the

CHF experimental results, the axial flow

velocity of 4m/s was selected to

minimize the pumping power, which has

been proposed for ITER design by

JAERI. Figure V.7.1-2 shows the ~

temperature histories of the heat sink ^

obtained from the thermocouple.

Comparing the result of the 1st shot

with that of the 10,000th, no evidence

of degradation or detachment of the

braze interface is found. No cracking

of the armor tiles due to thermal stress

was observed. It is proved that the

thermal performance of the mock-up

can be stably sustained through 10

Cycles. The saddle-shaped divertor Fig. V. 7.1 -3 Surface temperature at the end of heating period.

structure has successfully demonstrated to have fatigue strength exceeding the design lifetime

(=103discharges) of ITER divertor.

In parallel, thermal cycling experiment at a heat flux of 15MW/m2 for a repetition of 103

cycle wasconducted to demonstrate durability of the mock-up at the simulated transient heat load.

The heated area and the cooling conditions were the same as described above. Figure V.7.1-3

shows the surface temperature at the end of heating period measured with the Infrared camera.

The temperature constantly showed around 1000°C through 103 cycles. Though local boiling in

the cooling tube is expected in this condition, no excursion of the surface temperature was

observed. This suggests that the flow distribution among these cooling channels is not affected

by the local boiling. The thermal performance of the mock-up was successfully demonstrated even

Cooling conditions
axial (low velocity = 4 m/s
inlet pressure = 2 MPa
inlet temperature = 30 C

200 400 600 800

Number of cycles

1000 1200
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at a low axial flow velocity(=4m/s).

7.2 R&D on elementaly technology

Divertor components of ITER are required to be easily repaired or replaced. To realize

the easy maintenance of the divertor high heat flux components, the thermal bond layer (TBL, soft

braze material which has low melting temperature) concept is one of the most promising bonding

techniques for the bonded structure and the possibility of easy repair of the divertor high heat flux

components. By using the TBL, the damaged armor tiles are expected to be easily replaceable.

Moreover, the TBL plays a role of a compliant interlayer to reduce the interfacial thermal stress

between the armor tiles and the cooling substrate. The mock-ups consist of replaceable armor

blocks and a permanent substrate which is made of pure copper. The armor blocks are brazed

onto the substrate with pure lead (Tmelt = 327 °C). The permanent substrate has parallel cooling

tubes which have twisted tape insert to enhance heat transfer. For the simulation of normal

operation of ITER, the incident heat flux of 5 MW/m2 at a maximum pulse duration of 50 s was

loaded; and for the simulation of transient period of ITER, the heat flux of up to 15 MW/m2

performance of the mock-ups was stably sustained against both thermal loads. The pure lead

TBL was found to be one of the promising solutions for the braze technique of the ITER divertor

plate.

7.3 Sputtering and disruption erosions of plasma facing materials

The materials of PFCs are eroded by particle flux during the normal operation and by high

heat flux during the off-normal operation such as plasma disruptions. It is necessary to evaluate

the erosion of the plasma facing materials and to develop new materials, that can stand these loads

from a fusion plasma, for development of long life-time PFCs.

7.3.1 Sputtering erosion

It is suggested that sputtering erosion may depend on particle flux. Although we have

been already performed at a particle flux of 10 ion/m Is and at an energy of 50 - 100 eV, it is

necessary to obtain a higher particle flux of 10 ion/m /s for the request. In this year, the

development of the new ion source was progressed with using a new extraction grids made by

chemical etching method, and the preliminary data were obtained.

7.3.2 Disruption erosion

It was performed to investigate a characteristics of Oharai Hot cell electron Beam

Irradiation System, which had been fablicated in the hot cell of Japan Material Test

Reactor(JMTR) for the hot experiments on the neutron irradiated materials. And the erosion of

CFC, which was before neutron irradiation, was measured for the first trial.
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8. Reactor structure development

8.1 Introduction

The ITER reactor core structure is basically composed of a vacuum vessel,

shielding/breeding blankets, divertors and a cryostat for the superconducting magnet system.

These components are massive and large, and should be able to withstand severe loads of neutron

irradiation, electromagnetic forces and heat loads. Also, each component must be compatible

with full-remote maintenance/exchange. Therefore, the major issues leading development here

are the manufacturing technology for large components and remote assembling/disassembling

technology. In this fiscal year, R&D efforts have been focused on the development of a double-

walled vacuum vessel, end-effector for blanket handling, divertor transportation system, bore tools

of YAG laser, long type periscope and radiation hard components.

8.2 Reactor structure development

8.2.1 Mock-up fabrication of double-walled vacuum vessel sector

The ITER vacuum vessel is a large double-wall structure and divided into 20 sectors in

the current design of ITER EDA. The space between the outer and inner skin is filled with SS

balls to provide a neutron shield for the TF coil. The major functions of the vacuum vessel are:

1) to provide a high quality vacuum for the plasma; 2) to give one-turn resistance with a blanket

structure; 3) to allow for mechanical support of dead weight and EM loads for the in-vessel

components; 4) neutron and biological shielding; and 5) to provide a first safety barrier for tritium

confinement. Due to its large size, tight manufacturing tolerances, and large thermal and

mechanical loads, fabrication and testing of the prototype vacuum vessel are essential to

demonstrate its manufacturing feasibility. In this year, fabrication and testing of a full-scaled

section model of the double-walled vacuum vessel were carried out as shown in Fig.V.8.2-1.

(2380)

Fig. V. 8.2-1 Fabrication of double-walled vacuum vessel.

As a result, the fabrication procedures including major technical information on forming,

welding and tolerance have been verified and the fabrication of full-scaled section model is being

continued to complete a sector of full-scaled vacuum vessel in 1997.
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8.2.2 YAG laser bore tools

In the design of the fusion experimental reactor, the blanket/first wall module is

categorized into the scheduled maintenance which includes a complete change from shielding to

breeding. In the current modular type blanket, a branch pipe has to be cut and re-welded when a

module is replaced. Since the branch pipe is connected to the cooling manifold with several

bends, the bore tools should be flexible to move inside the manifold and reach the branch pipe for

welding and cutting. For this purpose, the YAG laser system based on laser beam transmission

using a flexible optical fiber has been selected. A YAG laser type processing head had been

successfully fabricated as shown in Fig.V.8.2-2 and the applicability to the blanket branch pipe

welding/cutting has been demonstrated. In particular, this system can move inside a 100-A pipe

with a minimum curvature of 400 mm and the welding/cutting nozzle with telescopic mechanism

can be extended into a branch pipe with a diameter of 54 mm for welding/cutting. In addition,

the centering mechanisms and position sensors are also equipped for positioning and fixing of the

processing head for branch pipe welding/cutting within a required accuracy. In parallel with

these tool developments, welding/cutting/rewelding experiments using a YAG laser have been

performed to clarify the optimum welding and cutting conditions for SS316L 50A pipe with

thickness of 3 mm, including the effects of gaps, process speed, laser power and assist gas on the

weldability and reweldability.

\\eldin«/ cutting nozzle

YAG Laser Processing Head

Head through hem pipe

Fig. V.8.2-2 YAG laser head with traveling trucks.

8.3 Remote maintenance development

8.3.1 Blanket module maintenance system

The rail-mounted vehicle maintenance system was selected for the scheduled maintenance

of invessel components such as the blanket. In this system, the rail is extended into the vacuum
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Rail
Vehicle

Rotating mechanism

Telescopic arm

vessel sequentially and supported by

four arms from the respective 90-degree

horizontal ports so as to provide stable

and reliable operation. [8.3-1] In this

year, a prototypical end-effector for

blanket module handling has been

fabricated and the performance tests

such as payload capacity and position

control have been conducted as shown

Fig.V.8.3-1. As a result, it is

confirmed that replacement of blanket

module using the end-effector with

locking/unlocking mechanism can be

successfully performed by a teaching

playback control. Further experiments Fig- V.8.3-1 The end-effector for blanket module handling.

on blanket module replacement including a feedback control are being planned. In parallel,

fabrication of a full-scaled vehicle type maintenance system is continued to demonstrate remote

maintenance operation of a full-scale blanket module by 1998.

End-effector

8.3.2 Divertor cassette remote maintenance system

Divertor is divided into 60 cassettes and each cassette is transferred by remote movers

from four maintenance ports located every 90 degrees. Cassettes located nearest the port

(central cassettes) are extracted directly out of the port by the radial mover, while all other

cassettes are transported along two in-vessel toroidal rails. Once the cassettes are put on their

own location,
: Divertor Model n Cassette

Vacuum duct

Demonstration of:
• Cassette maintenance system
• Cassette exchange / repair
• Assembly / Maintenance tool

Cask

Fig. V.8.3-2 Divertor remote maintenance system.
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they must be locked to the rails so as to suppress electromagnetic forces. Figure V.8.3-2 shows a

mock-up of divertor cassette locking system fabricated in this year to evaluate the concept of the

cassette maintenance system. The mock-up simulates the locking parts of the central cassette and

the second cassette, which is the neighbor of the former. It was confirmed that position

alignment of the system effectively works when the positioning error is under 2 mm. A bi-

directional fork system, which jacks up and lifts the cassettes toroidally, was also fabricated using

electrically-jacking system and its feasibility and function are also confirmed. Based on this, the

design of full-scale cassette movers and bi-directional forks have been completed for fabrication

from 1996.

8.3.3 Full-scale periscope with radiation hard component

In fusion experimental reactors such as ITER, remote handling equipment has to be able

to withstand radiation conditions of more than 106 R/h. For this purpose, irradiation tests on a

number of critical components for the remote handling system have been extensively conducted

under similar radiation conditions. As a result, radiation-hard-component development has been

progressed and it has been demonstrated that critical elements such as motors, lubricants, optical

lens and mirrors, and force sensors can be available for more than 10 R. In this year, a full-scale

periscope (15 m) based on radiation hardness components has been successfully fabricated as

shown in Fig.V.8.3-3, and the applicability under the high heat (200°C) and high radiation (more

than 40 MGy) was able to be demonstrated.

\

Standard type (after 40 mins.) Radiation hard type (after 3900 lirs.)

Irradiation test result

Fig. V.8.3-3 Full-scale periscope 15 m long, heat-resistance of 200°C, raiation hardness of 40 Mgy.

Reference
[8.3-1] Kondoh M, Shibanuma K., Kakudate S. et al, "Design and Development of Remote Maintenance System

for ITER-CDA In-vessel Components", JAERI-M 93-066 (1993).
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9. Blanket technology

9.1 Introduction

The blanket is a component which protects vacuum vessel and super conducting magnets

from radiation, generates tritium as the fuel gas for thermonuclear reaction, and changes the

kinetic energy of neutrons to thermal energy, and is one of the key components for energy-

producing fusion reactors. This year, R&D efforts have been focused on the development of an

ITER shielding blanket including a high heat flux testing of a first wall panel, and of a breeding

blanket. Design work has been developed regerding the ITER shielding and breeding blanket,

and test program development.

Fig. V.9.2-1 A view of the small-scaled model of
the shielding blanket.

9.2 Development of a shielding blanket

9.2.1 Fabrication of small-scaled blanket module and first wall panel [9.2-1]

Last year (1994), fabrication of a rectangular

tube built-in type first wall panel was tried by Hot

Isostatic Pressing (HIP) method, and the first wall

panel could be successfully fabricated [9.2-2]. This

year, a small-scaled model of the shielding blanket (Fig.

V.9.2-1 : -500 mm x 400 mm x 150 mm) and a

circular tube built-in type first wall panel (Fig. V.9.2-

2 : ~ 300 mm x 130 mm x 30 mm) were fabricated by

HIP method. They are composed of alumina

dispersion strengthened copper (DSCu) as heat sink,

and austenitic stainless steel (SS316L).

Simultaneous HIPing (1050 °C, 150 MPa and 2 hr )

ofDSCu/SS316L, DSCu/DSCu, and SS316L/SS316L

was applied for these fabrications. Also,

simultaneous HIPing of the first wall, and between the

first wall and the shielding block was applied for the

fabrication of the small-scaled model.

Metallographic observation using the remnant (edge

of the mock-up) showed good bondability of the

HIPed joints for both models, and it was demonstrated

that they could be successfully fabricated with

sufficient dimensional tolerances by this method. These models are to be thermo-mechanically

and themo-hydraulically tested to examine their performances under normal and off-normal

conditions.

Fig. V. 9.2-2 A view of the circular tube built-in
type first wall panel.
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9.2.2 High heat flux testing of HIPed first wall panel [9.2-3, 9.2-4]

High heat flux testing of the HIP bonded rectangular tube built-in type first wall panel

(-300 mm x 100 mm x 25 mm) was conducted at Particle Beam Engineering Facility (PBEF) at

JAERI, Naka. Thermal fatigue tests (2000 cycles) for ITER normal operation condition and

disruption tests (40 MW/m2 x 75 msec x 2 cycles, 100 MW/m2 x 300 msec x 1 cycle) were

conducted. Under normal heat flux conditions, temperature responses measured by the

thermocouples agreed very well with those predicted by FEM analysis. After all tests, this panel

was cut and metallurgically observed by means of an optical microscope, SEM and EPMA.

There were no cracks or delaminations observed at the HIP bonded interface, and soundness of the

HIP joint under the ITER normal and disruption conditions were confirmed.

9.2.3 Mechanical properties of HEP bonded materials

To obtain mechanical and metallurgical

properties for joints made by the above HIP process,

tensile tests, impact tests, push-pull and bending

fatigue tests, fracture toughness tests, crack

propagation tests, hardness tests and metallurgical

tests were conducted using test specimens of

DSCu/SS316L, DSCu/DSCu, and SS316L/SS316L

made by the HIP process. For typical examples,

yield strengths and total elongation of DSCu/SS316L

HIP bonded joint are shown in Figs. V.9.2-3 and 4,

respectively, comparing with those of the base metals

after the heat treatment corresponding to the HEP

conditions. Tensile strengths of the HIP joints were

nearly equal to those of the base metal of DSCu,

though total elongation and fatigue strength under the

high temperature over 300 °C, and impact absorbed

energies of joints showed degradation compared with

those of the DSCu base metal.

[9.2-5]
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Fig. V.9.2-4 Total elongation of DSCu/SS316L
HIP bonded joint, and of base metal of DSCu and
SS316L.

9.2.4 Welding and cutting characteristics of blanket module to back plate

Welded attachment of the modular blanket proposed for ITER has been investigated.

Based on comparison of several welding methods, narrow gap TIG has been selected as reference
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Attachment Lag

Back
Plate

due to its well-established technology and the least R&D required. As for the cutting method,

plasma cutting has been selected as reference because of its compactness and high speed. For

both of welding and cutting methods, iodine laser has been chosen as alternative.

Preliminary designs of small welding/cutting

heads to work in the limited space, e.g. 100 mm x

150 mm beside each attachment leg, and maintenance

route for in-situ module replacement have been

shown [9.2-6]. Results of welding tests including

the blanket box model with 50-70 mm thick

attachment leg shown in Fig. V.9.2-5 indicated that

the undulation of first wall surface was within 1-2

mm although the transverse shrinkage of the leg was

5-10 mm. Thus, welding distortion is predictable

and adjustable to meet the placement requirement of

the first wall [9.2-7].

Fig. V.9.2-5 Blanket box model for welding test.
References
[9.2-1] Furuya K., Sato S., Miura H. et al., to appear in 19th SOFT, Lisbon (1996).
[9.2-2] Sato S., Hashimoto T., Kuroda T. et al., to be published in Proc. of 16th SOFE (1996).
[9.2-3] Hatano T., Sato S., Sato K. et al., to be published in Proc. of 12th ANS Annual Meeting (1996).
[9.2-4] Hatano T., Fukaya K., Dairaku M , et al., to appear in 19th SOFT, Lisbon (1996).
[9.2-5] Sato S., Takatsu H., Hashimoto T. et al., to be published in Proc. of 7th ICFRM (1996).
[9.2-6] Tokami I., Nakahira M, Sato S., to be published in Proc. of 12th ANS Annual Meeting (1996).
[9.2-7] Kuroda T., Furuya K., Sato S. et al., to be published in Proc. of 16th SOFE (1996).

9.3 ITER blanket design

9.3.1 Design of shielding blanket and breeding blanket

During the Basic Performance Phase of ITER, the blanket system is composed of

integrated first wall/shield modules supported by a structural shell so-called back plate. Welded

attachment of the blanket module to the back plate has been pursued as described in 9.2.4.

Following the concept development of the shield blanket module with welded attachment,

thermo-mechanical analyses were performed for steady state, and plasma start-up and shutdown

conditions. Stress evaluation following MITI 501 or ASME Section III showed that these

stresses satisfied the criteria. The effect of EM force is most remarkable on the shearing load on

the attachment leg, and detail investigation is needed for the required thickness of the leg[9.3.1].

Breeding blanket will replace the shielding blanket in the EPP (Extended Performance

Phase). Results of neutronics analyses for a breeding blanket designed with multi-layered Li20

and Be pebbles showed that tritium breeding ratio required for the EPP operation would be

satisfied. Thermo-mechanical analyses were also performed for the breeding blanket[9.3.2].
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9.3.2 S hielding design

Two-dimensional Sn radiation transport analyses were performed using detailed poloidal

cross-section models of reactor components including the vertical, mid-plane and divertor ports to

determine neutron and gamma-ray flux distributions during operation and spatial distributions of

the activation and shutdown gamma-ray doses following shutdown[9.3-3]. The total nuclear

heat generation in the TF coils estimated by these analyses was 3 - 4 times higher than the design

limit of 17 kW, though it was expected to be over-estimated due to two-dimensional analyses.

Further analyses such as three-dimensional Monte Carlo analyses are to be performed to estimate

the total nuclear heat generations more exactly. In FY1995, the following shielding analyses

were also performed : 1) evaluation of the environmental dose rate by skyshine analyses during the

maintenance of the activated TF coil, 2) two-dimensional Sn and activation analyses using a

detailed model of a maintenance port, 3) three-dimensional Monte Carlo analyses for the gap

steaming between adjacent blanket modules [9.3-4],

References
[9.3-1] Kitamura K, Koizumi K., Takatsu H. et al., to appear in 19th SOFT, Lisbon (1996).
[9.3-2] Miura H., Kitamura K., Takatsu H. et al., to appear in 19th SOFT, Lisbon (1996).
[9.3-3] Sato S., Takatsu H., Maki K, et al. , to appear in 19th SOFT, Lisbon (1996).
[9.3-4] Sato S., Takatsu H., Seki Y., et al. , to be published in Proc. of 12th ANS Annual Meeting (1996).

9.4 Development of a breeding blanket

9.4.1 Thermo-hydraulic test of the pebble-

packed layer

Thermo-hydraulic tests were conducted

using a small-scale cylindrical test mockup (200
H

500

t 400

300

200

100

-AI2O3 pebble
-Al pebble

Effective thermal conductivity : 1.0 - 1.8 W/m/K"

Effective thermal conductivity : 2.5 • 9.0 W/m/K
V*

40 70 100
Distance From the center axis of the mockup (mm)

Fig. V.9.4-1 Temperature distribution of AI2O3 and
Al pebble layers installed in this mockup.

mmH x 320 mm f) of the pebble-packed multi-

layered breeding blanket [9.4-1]. In FY1995,

dummy breeding (A12O3) and multiplying (Al)

pebbles were packed in this mockup, and the

preliminary tests were conducted by using the

blanket water loop test facility. Typical temperature distribution obtained by this test is shown

in Fig. V.9.4-1. Temperature distributions in the periphery and longitudinal directions of this

mockup were almost uniform, and reasonable heat transfer properties of this mockup was

confirmed. In the next stage, thermo-hydraulic tests are to be conducted using Li2O and Be

pebbles.

9.4.2 HIP bonding trial of low-activation ferritic steel F82H for DEMO blanket first wall

A reduced activation ferritic steel, a grade F82H, is a promising candidate structural

material for the blanket and the first wall of fusion DEMO reactors. Based on the results of the
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diffusion bonding tests conducted in 1994 [9.4-2], HEP bonding was tried in 1995. After heat

treatment tests simulating several HIP conditions and post heat treatments, it was concluded that

the HIP temperature was to be in the range of 970-1040°C in order to prevent excessive grain

growth and obtain good bondability, and the post heat treatment 740°C x 2 hours to maintain the

mechanical properties. With these conditions, HIP bonded specimens were manufactured,

mechanically tested and metallurgically examined. Through these trial fabrications and tests,

sufficient bonding was obtained under the HIP temperature of 1040 °C. Typical results of tensile

and Charpy impact tests as a function of HIP temperature are shown in Figs. 9.4-2 and 3,

respectively.

9.4.3 Test program development and design of test

module

The Test Blanket Working Group

(TBWG) was organized in the framework of ITER

project to develop a coordinated blanket test

program and to address the interface between the

ITER machine and test objects including auxiliaries,

facilities, machine operation and maintenance

requirements. Based on the concept development

of water-cooled/ceramic breeder and helium-

cooled/ceramic breeder blankets for DEMO

reactors, in-ITER tests of these blanket test

modules have been proposed. Both of these test

modules use Li2O breeding pebbles, Be multiplying

pebbles and F82H structural material. Coolant

conditions similar to those of PWR, i.e. 280/320

and 15 MPa, are employed for water-cooled

module and higher temperature such as 360/480

for helium-cooled module (8.5 MPa). Cooling and

tritium recovery systems for these test modules

have been also designed to clarify interface issues

with ITER machine.
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Fig. V.9.4-2 Tensile properties of FflPed joints tested
at room temperature.
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Fig. V.9.4-3 Absorbed energy oh HIPed joints tested
„ . at room temperature.
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VI. INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR

(ITER)

1. Introduction

In July 1995, the Interim Design Report (IDR) was presented to the ITER Council by

the Director. After the review by TAC and reviews by the Parties, IDR was officially approved

by the Council at its 9th meeting in December 1995. IDR is the basis for the further work

towards the Detailed Design Report to be completed by the end of 1996.

The bird's eye view and the main machine parameters are shown in Fig. VI. 1-1 and

Table VI. 1-1. Major changes from the Outline Design includes the reduction in the number of

TF coils from 24 to 20 to improve the access to the in-vessel components and employment of

modular structure for the shield blanket to allow its extraction from the horizontal ports.

The Japanese Home Team contributes to the design progress in various fields through

conduction of design tasks in close collaboration with Joint Central Team.

The JCT member builds up to 150 including 35 Japanese members as of March 1996.

2. Progress in the Technology R&Ds

Table VI.2-1 summarizes the current status of the ITER Technology R&D. Japan

takes responsibilities in the construction of a CS model coil test facility, development of a CS

model coil, manufacturing and testing of a full-scale 1/20 sector of the vacuum vessel, and the

demonstration of the vehicle type remote maintenance system for blanket module replacement.

3. Future Plan

The Detailed Design Report and Non-site Specific Safety Report will be prepared for

presentation at the 1 lth ITER Council to be held in December 1996. Informal reviews by TAC

will start in autumn.
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32m

I Poloidal
Field Coil

23m
Current Lead
for Toroidal
Field Coil

Divertor

Blanket Coolant Tube

Central Solenoid Coil

Toroidal Field Coil

Blanket

Intercoil Structure

Vacuum Vessel

Fig. VI.1-1 Bird's Eye View of ITER (IDR)

Major Radius
Minor Radius
Plasma Current
Toroidal Magnetic Field

at major radius
at superconductor

Fusion Power
Bum Time (Inductive)
Neutron Wall Loading (Nominal)
Total Neutron Fluence (BPP)
Plasma Heating Power

8.14 m
2.8 m
21 MA

5.7 T
12.5 T
1.5 GW
1000 s
1.0 MW/m
0.3 MWa/m
100 MW

Table VI.1-1 ITER Major Parameters (IDR)
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Table VI.2-1 Recent Progress and Current Status of Technology R & D

Fields/Subjects

Superconducting
Coil

Test Facility for the
Model Coil

Remote Handling
System for Blanket

Remote Handling
System for Divertor

Development
Remote Welding and
Cutting Tools

Development of
Radiation-Resistant
Components

Components for
Remote Maintenance

Shield Blanket

Divertor

Neutral Beam
Injector

Electron Cyclotron
Heating Facility
Development of
Tritium System

Current Status

Design of the 13T model coil was completed and manufacturing started.

Superconducting wires with high current density (650 A/mm2) and small AC
losses have been developed for the model coil,
[oining technology for 46 kA conductors using these wires was successfully
developed.

A helium refrigerator with a capacity of 5 kW was developed and commissioning
operation was successfully conducted.
A current lead of 60 kA was developed.

A protection system for the superconduction coil with a capacity of 50 kA, 20 kV
and 1 GJ was constructed as a world largest system.

The vehicle type system was developed including a manipulator, transporter and
an end-effector. The performance was demonstrated with loads of 1 ton.
Construction of the full-scale system for loads of 5 ton started.

Development and demonstration of a fork for transportation of the cassette in bi-
directions were performed.
Development and demonstration of link-type cassette supporting structures were
finished.

Start of construction of a full-scale cassette transportation system

Development of welding and cutting tools of in-pipe access: Development of an
in-pipe transporter and the tools with YAG laser, Demonstration of welding and
cutting of pipes of 50 mm and 100 mm in diameter
Development and demonstration of non-destructive inspection of welds and leak
detection technology
Development of motors, bearings, detectors, insulation wires, optical components and
standard components that withstand radiation fluences of 10 - 100 MGy

Manufacturing of a full-scale periscope of 15 m in length with radiation-resistant lens,
Optical performance was demonstrated at a temperature up to 250 C.

Optimization of HIP condition for joining Copper alloy to stainless steel

Manufacturing of a partial blanket module with an integrated first wall

Demonstration of soundness of HIP joints by high heat flux testing

Obtain data on mechanical properties of HIP joints

Development of high heat flux components by combination of carbon plasma
facing materials and copper cooling tubes

Manufacturing of a partial model (1.3 m long and 10 cm wide)

Development of high heat flux components by combination of tungsten plasma
facing material and a copper cooling tube
Development of MeV ion source test facility ( 1 MeV, 1A)

Development of multi-ampere negative ion sources (13.5 A/D- ion)

Development of high energy negative ion accelerator( 805 keV, 0.15 A)
Development of Gyrotron (170 GHz, 500 kW, 0.6 sec)

Development of fuel purification system for ITER
Development of high performance air detridation system using a as separation membrane
Development of tritium transportation container (25g)
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VH. FUSION REACTOR DESIGN AND SAFETY RELATED RESEARCH

1. Introduction

In FY 1995, a concept of fusion power reactor DREAM was progressed regarding gross

reactor configuration, reactor internals, plant design, and building. In addition, safety evaluation

codes development, basic experiments of LOVA and ICE, and study of Tokamak dust removal

method were also carried out.

2. Fusion reactor design

500

Fusion power reactor, DREAM, adopts silicon carbide composites as the structural

material of reactor internal structures such as blanket, and divertor. It enables early initiation of

maintenance work within several days after reactor shutdown and therefore, contributes to the

enhancement of reactor availability. In addition, silicon carbide composites was found to be

disposed as low level radwaste, if nitrogen impurity could be reduced below 1/300 of current

impurity level. In order to improve fabricability of blanket, vessel type was considered. This

blanket is called module type shown in Fig.VII.2-1. Blanket modules are combined to form a

sector. The size of vessel was optimized from

the point of heat removal performance and

uniform arrangement in the blanket sector.

Pebble types of beryllium multipliers and litium

oxide breeders are contained in the vessel. The

neutronics calculation using ANISN code was

performed about this system and confirmed that

the tritium breeding ratio is over 1.0. The plant

system was reviewed and redesigned. The gross

thermal efficiency of 46.8% was attained by

using Brayton cycle helium gas turbine

generator. The building in which DREAM

system was arranged was conceptualized.

Fig.Vn.2-1 Concept of blanket module.

3. Fusion Safety

3.1 Study of in-vessel abnormal events

Fusion Reactor System Laboratory is focusing on the studies of in-vessel abnormal events

which may release tritium and radioactive material into the environment. The development of
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safety evaluation codes, SAFALY and TRAC-BF1, and experiments using small scale LOVA and

ICE equipments have been continued. The comprehensive safety analysis code, SAFALY, had

been made to analyze events caused by plasma transient, was updated regarding the plasma

physical model in collaboration with the ITER Central Team. In addition, heat transfer model of

internal structures inside a vessel was also improved. This code will be used in ITER safety

analysis. Required improvements of TRAC-BF1 code was carried out for fusion application and

used for sensitivity analysis on scale effects of ICE events. The sophisticated analyses using both

codes will be initiated in 1996.

In LOVA experiments, the relation between the exchange flow rate and breach

parameters was measured. ICE apparatus was completed and the pressure transient was measured

as the first experiment.

3.2 Study of tokamak dust removal method

A conceptual design of dust removal system under ITER condition was performed. The

conclusion is that electric curtain ditch transportation method is the best way of operating on the

bottom of V/V under vacuum to remove the dust as much as possible. Laboratory principle tests

of the dust removal system were performed using aluminum and carbon particles simulating dust.

Dust is polarized and floated by AC voltage imposed electrode, and transported through electric

curtain made by AC imposed array of electrodes. Figure VII. 3-1 shows the principle of dust

removal system. Insulated electrode could collect aluminum particles effectively. However,

collection efficiency for carbon particles was much lower than for aluminum. As for the dust

transportation through electric curtain, aluminum particles can be transported in any direction with

almost the same efficiency as shown in Fig.VII. 3-2. However, transportation efficiency for

carbon particles was very low. Low efficiency of carbon dust comes from adhesion of carbon

particles. The influence of the magnetic field for dust floatation and transportation efficiency was

also investigated. Magnetic field of 1500 gauss is negligible for the dust trajectory. These test

results show that the electrostatic method is very efficient for the metal dust removal system.

High 15

voltage

O Electric ?

~~~"~ 1 curtain

///77Z77777
Fig. VH.3-1 Principle of dust floatation.

o 20 255 10 15
Input Voltage (kV)

Fig. Vn. 3-2 Transportation efficiency in vacuum.
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A.2 Personnel and Financial Data
A.2.1 Change in number of personnel and annual budget (FY1988-1995)
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Administration Group
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* 12 Kajima Corporation
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*26 Nuclear Engineering Co., Ltd.
*27 Nuclear Information Service Co.
*28 Osaka Vacuum Ltd.
*29 Shimizu Corparation
*30 Shinryo Corporation
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*32 Sumitomo Heavy Industries, Ltd.
*33 The Graduate University for Advanced Studies
*34 Troitsk Institute
*35 Tomoe Shokai
*36 Toshiba Corp.
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