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

The JT-60 project aims at contributing to the physics R&D for ITER and establishing

the physics basis for a steady state tokamak fusion reactor like SSTR.  For the achievement of

those objectives, both physical and engineering researches have been done.  The JT-60 have

continued to be productive in many areas covering performance improvements of high βp ELMy

H-mode regime and reversed shear plasma, non-inductive current drive, physics study relevant to

improved modes, stabilization of MHD modes, feedback control, disruption study,

understandings on energetic particles, and scrape off layer and divertor studies with increased

pumping capability.  Highlights of FY 2000 experiments are summarized as follows:
1) In the high βp ELMy H-mode regime, discharges with a high total-performance have been

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

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

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

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

5) The deeper penetration for HFS(upper) pellet is consistent with the radial displacement
based on the theoretically predicted ExB drift model.  Using the HFS(upper) pellets, the
accessible density region of the high βp plasmas is extended to 70% of the Greenwald
density with H89P of 1.94.

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

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

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

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

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

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

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

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

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

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



electric field profile was directly measured for the first time using the beat wave and HIBP.
The principal objective of theoretical and analytical studies is to understand physics of

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

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

   Major items of Research and Development (R&D) of nuclear fusion reactor technologies,
mainly focused on ITER-related areas in FY2000 are as follows:
1) Blanket: Be/DSCu specimens made by HIP method with an Al interlayer have   
   successfully withstood against a heat flux of 5 MW/m2 for more than 1000 cycles.  
2) Superconducting Magnet: The world’s largest superconducting pulsed coil was successfully

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

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

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

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

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

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

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

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



recognition of the achievement in reducing the cost by 50%.
     In April 2000, the successful DC operation of the CS Model Coil which had been
developed since the beginning of the EDA was achieved in JAERI Naka.  In August 2000, ten
thousand cycles of pulsed operations were achieved to simulate ITER full-scale CS.  The full-
scale sector of the Vacuum Vessel sector with port extension for testing of the remote welding
and cutting had been dismantled in March 2001 after successful completion of the test.

In fusion reactor design, the physics design of a fusion power reactor A-SSTR2 was
developed on plasma current startup.  At the same time, hydrogen production from biomass and
other various uses of high-temperature helium gas coolant from the A-SSTR2 plant were
proposed.  As to safety research on A-SSTR2, a reactor design concept to reduce radioactive
wastes after the decommissioning is proposed.
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I. JT-60 PROGRAM

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

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

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

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

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

divertor physics, energetic particle physics and disruption study.

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

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

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

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

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

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

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

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

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

operation scenario in ITER.

A world record on the current drive efficiency of 1.55×1019 A/m2/W by neutral beam

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

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

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

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

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

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

temperature, which lead to the high current drive efficiency.

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

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

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

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

disruptions have been steadily progressed.

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

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

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



1. Experimental Results and Analyses

1.1 Sustainment of High Performance and Non-inductive Current Drive

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

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

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

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

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

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

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

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

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

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

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

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

to the reactor relevant regime.

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

Efficiency.

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

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

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

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

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

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

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

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

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

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

(nD(0)τETi(0) = 2.0x1020 m-3skeV) has obtained. The full non-inductive high-βp ELMy H-mode

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

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

design of ITER:  νe* ~ νe*ITER and ρpi*~3-4ρpi*ITER.   Even in this low-(νe*, ρpi*) regime,

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

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

In the high-βp ELMy H-mode regime, βNH89P ~ 7 has been sustained for ~ 1.3s (~ 3τE)

with full non-inductive current drive and βNH89P ~ 5.5 for ~ 2.8s (~ 12τE) at q95 = 3.3.  Here, H89P

is the H-factor to L-mode scaling.   For the sustainment of both high βN and high H89P values, a



high triangularity operation (δ > 0.3-0.4) is essentially important in addition to current and

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

triangularity.  By the high triangularity operation, βN = 2.8 - 3 was sustained for 4 sec at low q95

of 3.4.

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

High Total-Performance

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

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

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

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

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

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

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

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

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

that the edge stability limit for ELMs is improving with increasing βp in the high δ regime.

At δx = 0.43, Ip = 1MA, B t = 3.6T and q95 = 4.5, we have demonstrated full non-inductive

current drive by N-NB injection with βN = 3.0, HHy2 = 1.2 and at ne/nGW ~ 0.6.  At higher values

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

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

ne/nGW ~ 0.6.

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

Normalized-Density Regime

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

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

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

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

~ 1.5, βN ~ 3.2, fBS ~ 54%, ne/nGW ~ 0.83 and q95 ~ 4.1.  The target was RS plasmas of Ip = 0.9

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

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

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

modify the current profile.  As a result, high confinement of HHy2 ≤ 1.4 (H89P ≤ 2.4) with βN ≤
2.2 was kept with the surface loop voltage ≤ 0, which is under full non-inductive current drive

for 0.8 s (~ 4τE).  The fBS was estimated as about 64% and the rest was expected to be carried by

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



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

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

experiment was carried out was also high, ne/nGW > 0.8, and almost satisfied the ITER

requirement.

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

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

plasma with high fBS of about 80% maintaining large radius of qmin (ρqmin) and that of ITB [1.1-3,

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

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

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

values (qmin and/or q95) are supposed to affect the MHD stability significantly in RS plasmas and

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

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

confinement (HHy2 >~ 1.5) was sustained only for ~ τE.   Long sustainment of HHy2 >~ 1.5 in a

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

encountered during a high confinement phase.

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

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

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

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

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

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

agreement over a wide range from 0.1MA to 1MA has

been obtained. Experimentally measured N-NB driven

current reached up to 1MA at Te = 10keV, which is the

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

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

Confirmation of above mentioned N-NB current drive

capability with high accuracy over a wide range of

electron temperature indicates validity of theoretical

prediction and gives more confidence to N-NB as a

current drive method in ITER and a future reactor.

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

Localized driven current profile by electron cyclotron (EC) waves was measured via

N-NB

N
-N

B

Fig.I.1.1-1 Comparison of the measured N-NB
driven current IN-NB (exp.)  with the calculated
IN-NB (calc.).



transient inductive current.  The inductive current component due to temporal evolution of the

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

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

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

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

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

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

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

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

efficiency was about 5×1018 A/m2/W at electron temperature of 7 keV.
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1.2 Physics of Plasma Confinement

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

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

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

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

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

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

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

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

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

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

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

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

been investigated based on multi-machine database.

1.2.1 Effect of Electron Heating on Improved Confinement Plasmas

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

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

in a fusion plasma electron heating by alpha particles will be dominant.  Also fueling is quite



different between current experiments (central beam fueling) and fusion plasma (almost no

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

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

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

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

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

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

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

density.  High confinement of H89P = 2.4 was maintained.  In the case of high βp, although

ITBs in Ti and ne became weaker, high confinement of H89P = 2.4 was still maintained. In both

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

1.2.2 On ITB Formation Condition in an RS Plasma

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

profiles, which are expected to be important local parameters.

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

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

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

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

phase after the current flat-top, the directions of toroidal momentum input was changed with the



Fig.I.1.2-1 Time evolution of the ion temperature (Ti)
gradient at the ITB for a combination of NB types of
balance injection (BAL), co-injection (CO) or counter
injection (CTR).

fixed total NB power from initially balanced

injection to co-injection, then to ctr-injection

and finally to the balanced injection again.

The ion temperature gradient was degraded

during the co-injection phase, then recovered

at the balanced injection phase as shown in

Fig.I.1.2-1. The change in Er shear of outer

half region of the ITB layer (near the ITB

foot) was important to control the whole ITB

region. This indicates that there is a non-

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

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

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

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

discharge conditions of Bt = 4 T, 0.03 < δ 0.1, 1.7 < κ < 2.0, 3.08 < Rp < 3.18, 0.5 < ρfoot (the

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

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

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

might be characterized by local parameter such as poloidal magnetic field at ρfoot. The

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

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

was proportional to (Bp
foot)1.5. The ITB width, ∆ITB, becomes narrower during the evolution phase

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

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

be characterized by the ratio of ∆ITB to ρpi
ITB.   We consider the dependence of this ratio, and

then Wdia scaling for RS plasmas was rewritten by

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

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

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

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

1.2.5 Compatibility Conditions of the Edge and Internal Transport Barriers

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

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

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

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

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

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

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

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

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

plasmas with the internal barrier.

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

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

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

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

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

with internal barrier.

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

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

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

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

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

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

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

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

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

conditions through the changes of ω EXB/γLIN profile in the plasma interior. Where the ω EXB is

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

instabilities.

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

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

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

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

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

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

particles on the flux surface [1.2-13].



1.2.7 Triangularity Effects on Thermal-Energy-Confinement in ELMy H-mode Plasmas

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

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

densities (ne/nGW ~ 0.4) produced the higher pedestal pressure, at which higher pedestal

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

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

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

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

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

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

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

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

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

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

[1.2-14]

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

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

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

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

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

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

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

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

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

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

neutral-particle density near the X-point.

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

Database [1.2-15]

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

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

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

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

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

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

and pedestal temperature in conjunction with the confinement degradation in high density



discharges.  Scaling and model based approaches for expressing pedestal pressure are shown to

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

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

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

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

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

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

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

Resistive instabilities were investigated in reversed shear discharges and the following

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

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

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

the electron cyclotron emission, ECE.  The burst-like MHD activities with n=1 were observed
in the negative shear region with large pressure gradient near the internal transport barrier at βN

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

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

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

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

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

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

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

1.3.2 Wall Stabilization and Resistive Wall Mode (RWM)

Stabilizing effects by the resistive wall were investigated.  We confirmed that both of



the resistive (tearing) and the ideal modes can be stabilized by the conducting wall that is close

enough to the plasma surface (typically d/a < 1.3; d: wall radius, a: plasma minor radius) and
high-β discharges with βN > βN

no-wall were obtained.  Magnetohydrodynamic perturbations which
have the growth rate of γ ~ τw

-1 and the toroidal rotation frequency ftor ~ 1/(2πτw) were observed

in the wall-stabilized high-β discharges and were attributed to the resistive wall mode. Plasma

rotation frequency in the toroidal direction ftor near the mode rational surfaces at the outer q = 3

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

resolution of 16.7 ms before occurrence of the resistive wall mode.  Although ftor does not
decrease under the condition that βN > βN

no-wall, the RWMs grow and the discharge end up with

the major collapse or disruption. The result suggests that the toroidal rotation frequency ftor = 4
kHz (~10-2vA/(2πR)) is insufficient for stabilization of RWMs by the resistive wall [1.3-1], where

the vA is the Alfvén velocity. The wall stabilization effect can be weak when safety factor near
the plasma edge, q*, is close to integer values, then RWMs appear with significantly large γRWM.

Characteristics of RWMs with respect to current-driven n = 1 kink modes were also studied by
employing current ramp-up discharges. It seems that dependence of γRWM on d/a is consistent

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.3.4 Characteristics of Neoclassical Tearing Modes (NTMs) in High-βp H-mode Discharges

Onset condition of NTMs in high-βp H-mode discharges, such as density dependence of
βN at the NTM onset, has been investigated.  Collisionality dependence of βN at the NTM onset

normalized by Larmor radius has been also investigated and founded that dependence of ion
Larmor radius ρi

* is stronger than that of electron collisionality νe* (βN/ρi
* ∝ νe*

0.36).  In some

discharges, the NTM is not observed even when the value of βN/ρi
* exceeds the threshold for the



mode onset. This fact suggests that there is another factor that determines the onset of NTMs.
Effects of current and pressure profiles on the mode onset have been investigated by comparing
between the high-βp H-mode discharges with and without N-NB.  It was found that by replacing

a part of positive-ion based NB power with N-NB, an m/n = 2/1 mode was suppressed in spite of
higher beta.  One of the reasons is considered to be a difference in pressure profiles: by
injecting N-NB, pressure gradient at 0.3 < ρ < 0.7 was decreased and thus bootstrap current was
decreased.   This fact suggests that the βN at the NTM onset can be improved by pressure

profile optimization using N-NB [1.3-4,5].

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

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

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

local pressure gradients, P, in the DIII–D and JT–60U tokamaks
was studied. The stronger plasma shaping in DIII-D allows the
edge region of the DIII-D discharges with type I (“giant”) ELMs to
have access to the second region of the stability for the ideal
ballooning modes and larger edge P than JT-60U type I ELM
discharges. These JT-60U discharges are near the ballooning mode
first regime stability limit. The DIII–D results support an ideal
stability based working model of type I ELMs as low to
intermediate toroidal mode number, n, MHD modes. Results from
stability analysis of JT-60U type I ELM discharges indicate that
predictions from this model are also consistent with JT–60U edge
stability observations [1.3-7].

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

of type I ELM was studied using a heterodyne O-mode

Fig.I.1.3-1 (a), (b) Phase changes
of reflectometer and (c) Dα
intensity during an ELM.

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

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

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



NTM suppression and ∇Te control aimed at the enhancement of steady-state plasma performance,
low voltage start-up studies with ECH and runaway current experiment were performed in the
2000 campaign.

1.4.1 Low Voltage Start-Up Assisted with Electron Cyclotron Heating

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

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

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

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

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

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

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

that of 400kW. The current was ramped up to 1 MA only when the resonance layer was in the
center of a plasma, namely Bt=1.83 T and EC wave injection angle of 52°.

1.4.2 Runaway Current Termination at the Plasma Disruption

Termination of the runaway electron current was successfully performed during the

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

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

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

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

The dominant mode of the spikes in the magnetic fluctuations was m=3/n=1. The first magnetic

fluctuation with a fast growth rate of about 3x104 s-1 was followed by repeated magnetic

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

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

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

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

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

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

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

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

dominant toroidal mode of n=1 [1.4-1].
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1.5 Particle Control and Divertor/Scrape-off-Layer (SOL) Physics

1.5.1 Pellet Injection Characteristics [1.5-1]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the accessible density region of the high βp plasmas is extended to 70% of the Greenwald

density limit with H89P of 1.94.

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

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

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

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

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

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

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

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

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

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

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

reduction is observed with gas-puffing and effective divertor pumping.  Carbon impurity level



is effectively reduced with both-leg pumping due to the effect of flow produced by puff and

pump.

1.5.3 Impurity Transport [1.5-1]

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

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

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

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

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

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

MA, Bt=2.1 T, PNB=11.1 MW and H89P=1.3-1.5), which has no ITB and positive magnetic shear,

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

Bt=3.6 T, PNB=17.5 MW and H89P=1.9), which has ITB with a small gradient and weak positive

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

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

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

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

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

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

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

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

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

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

measurements in the ELMy H-mode plasma.

1.5.4 Impurity Control by Boronization and Optimization of the Wall Temperature

Boronization using deuterated decaborane has been applied to suppress oxygen

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

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

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

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

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

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

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

1.5.5 SOL Plasma Physics

Control of the plasma flow in the SOL and divertor, using a pumping system, is



considered to be important because of its implications for the exhaust of helium ash and impurity

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

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

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

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

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

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

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

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

power flow started.

1.5.5.1 Divertor Detachment and SOL Plasma

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

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

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

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

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

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

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

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

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

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

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

partially detached plasma.

1.5.5.2 ELM Heat Load and Energy Loss

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

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

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

ELM energy loss (WELM
IRTV evaluated from fast IRTV and WELM

dia from fast diamagnetic signal)

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

(ne/n
GW=0.4-0.5), (2) at high density (ne/n

GW=0.6-0.75) with argon gas puff, and (3) at high

safety-factor (grassy ELM). Comparison of WELM
IRTV and WELM

dia shows that the heat flux

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

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

conductivity of carbon.

The ELM energy fraction to the pedestal energy, its time and width for type-I ELM were



WELM
dia/Wped = 0.08-0.11 (average), τdep about or less than 0.25ms (one line scan of IRTV), and

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

ELMs, respectively. For the Ar gas puffing case, WELM
dia/Wped was0 slightly smaller, and ELM

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

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

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

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

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

1.5.5.3 SOL Plasma Flow Caused by ELMs

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

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

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

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

particle flux and Mach number (by reciprocating Mach probes) were performed in ELMy H-
mode plasmas with low heating power. Heat flux deposition time and width were ~250µs and 1-

1.5cm (mapped to outer midplane), respectively. Those values were comparable to the period
(~350µs) and the region (1-1.5cm) of the SOL-flow-velocity enhancement, which reached the

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

transport of heat flux in SOL is important contribution to the divertor heat load.
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1.6 High Density and High Radiation Plasmas

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

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

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

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

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

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

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

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

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

been investigated. On the other hands, the RS plasma is a promising candidate for advanced



steady-state tokamak operation. In order to

extend such an operation toward high density

and high radiation, Ar and Ne have been

injected into the RS plasmas with high

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

ment and divertor plasma detachment have

been investigated.

1.6.1 Ar Seeded ELMy H-mode Plasmas

[1.6-1,2,3]

The HH-factor (HHy2) is plotted for

different Ar densities against the electron

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

without Ar injection, the HHy2 decreased

from 0.9 to 0.6 as the ne/nGW ratio increased

from 0.45 to 0.60. On the other hand, the

HHy2 was kept high in the plasmas with Ar

injection.  When the Ar density was higher

than 0.5%, the HH-factor remained near unity

in the range of ne < 0.65nGW.  The HHy2 was

about 50% higher than that in plasmas

without Ar injection at ne = 0.65nGW.  The

improvement in confinement more than com-

pensated for the deuterium density reduction

by impurity contamination, resulting in

higher neutron production rates.   The

confinement was improved in both the

pedestal and core regions. Figure I.1.6-1 (b)

illustrates relation between the ion tem-

perature at the pedestal and the line averaged

electron density.   The ion temperature at

the pedestal decreased as the electron density

increased in the case without Ar injection.

However, with Ar injection, the ion tempera-

ture remained rather high even in the high-

density regime.  The confinement improve-

ment seemed to be closely related to the high ion temperature at the pedestal.

Fig.I.1.6-1. (a) HH-factor (HHy2) and (b) ion temperature at
the pedestal for different Ar densities against the line
averaged electron density normalized by the Greenwald
density limit.
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1.6.2 Impurity Seeded RS Plasmas [1.6-1,4]

The H-factor (H89P) and the ratio of the total radiation loss power (Prad
total) to the net

heating power (Pnet) are plotted against the electron density in Fig.I.1.6-2.  With Ar injection, as

the electron density increased from 0.6 nGW to 0.9 nGW, the H89P decreased from 2.4 to 1.2 while

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

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

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

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

injection.  With Ne injection, high confinement (H89P > 2.4, HHy2 > 1.6) and high radiation loss

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

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

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

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

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

more pronounced and the H89P increased from 1.3 to 1.8.
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2.  Operation and Machine Improvements

2.1 Tokamak Machine

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

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

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

replacement which needs a vent of the JT-60 vacuum vessel to the atmosphere.  In the

shutdown time from July to August, the vessel was vented for maintenance works inside the

vessel and an anode electrode for glow discharge cleaning (GDC) was repaired since its voltage-

holding degraded in the April operation. During the shutdown regular inspections of the high

pressures gas facility of liquid N2 tank were performed.  In the next shutdown from January to

February, the condition of the cooling pipes inside the toroidal magnetic field coils was inspected,

in which small water leakages were found twice in 1992-1995, and no abnormality was

recognized as in the previous year.  The inspections were conducted in two ways. One is

observation of the inside pipe with a fiber scope, and the other is checking of leakage tightness

using highly pressurized air. The extension of the existing cracks and newly produced cracks on

the inside wall of  the cooling pipes have not been found.  

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

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

from the midplane in the high-field side (HFS)  has been installed.  As shown in Fig. I.2.1-1,

the HFS midplane guide tube of 5 mm

in inner diameter and ~5 m in length

has been installed inside the vacuum

vessel in addition to the former guide

tube for injecting from the HFS top

side equipped outside of the vessel.

Since the conventional guide tube in

the low-field side (LFS) midplane was

removed, a line selector is used only to

choose an injection direction between

HFS midplane and HFS top side.  The

guide tube has two major bends on the

way to the nozzle at P-10 port section.

The curvature of the first bend is

R100

high-field side
(upper • midplane)

Pellet : 2.1mmcubic
Velocity : 100~1000m/s
Frequency : 5~10Hz
Guide tube : φ5mm,
L=16m(upper),5m(midplane)

low-field side (midplane)
line selector

4619

R700 R1134

R600

guide tube

64
90

plasma

R200

Fig. I.2.1-1 Schematic drawing of the pellet injection system for JT-60.



 

 

R=200mm at the outboard port and the second is R=100mm at the inboard nozzle point.  An

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

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

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

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

2001 and the pellets have been successfully injected.

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

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

decaborane-based boronization in the previous

fiscal year, have been operated successfully five

times. Comparing to the former method using

hydride decaboran (B10H14), boron coating time

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

without precise control of methane gas. The

number of discharge conditioning shots after

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

reduction of hydrogen content inside a boron film

as shown in Fig. I.2.1-2. It was made clear that

the boronization time was actually shortened and

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

adoption of the deuterated decaboran.

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

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

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

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

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

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

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

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

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

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

beginning of next fiscal year.
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2.2 Control system

2.2.1 Replacement of the discharge control computer system

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

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

completed in March 2001. The schematic configuration of the new DCS is shown in Fig. I.2.2-1.

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

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

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

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

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

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

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

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

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

system is about twice as faster as the old one.
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2.2.2 A real-time plasma shape reconstruction system for JT-60 plasma feedback control

A new real-time plasma shape

reconstruction system, which had been

developed on the basis of Cauchy-condition

surface method[2.2-1], was successfully

applied to the real-time plasma equilibrium

control for the first time in the world. The

total calculation time of major equilibrium

parameters, vertical position, horizontal

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

was designed to be within 500µsec. The

actual calculation time for plasma vertical

position was approximately 240 µsec using

one processor dedicated only to this

calculation. However, the calculation times

for the rest parameters, which were

calculated using another processor, was

about 800 µsec in total. Therefore, the

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

those for the rest parameters were set at 1 ms. Fig.I.1.2.2 shows the experimental results of the

real-time plasma control with this system.

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

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

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

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

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

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

integrator[2.2-2]. However, after disruptions, it often outputs an integration result with a large

shift from the correct one. This is because the input voltages at disruptions are far beyond the

upper and lower limits of voltage-frequency conversion.

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

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

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

selects a count of the internal integrator with the highest gain at every cycle (10 kHz) when the

Fig. I.2.2-2  Experimental results of the real-time control of
major equilibrium parameters.  CCS stands for the control
results with the real-time plasma reproduction system, FAME
stands for the calculation results using SELENE code.



 

 

input voltage is within the limits, but switches it to that with a lower gain when the voltage

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

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

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

performance.
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2.3 Power Supply System

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

Supply

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

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

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

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

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

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

large.

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

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

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

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

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

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

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

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

inductions.

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

conducting Central Solenoid Model Coil

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

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

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

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

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

loop voltage in each of 18 coil layers were measured before the test. The measured impedance of



 

 

the coil showed a sharp peak at about 500 Hz, indicating the existence of resonance frequency.

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

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

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

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

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

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

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

coil current.

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

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

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

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

current of about 0.5 kA

decreased very slowly to zero

with the time constant of the

super-conducting coil circuit.

This was because the coil

current decreased with a delay

against the reference for lack

of the feedback gain, and did

not decrease to zero before

the end of the GB-sequence.

Therefore the feedback gain

was increased to twice, and

the following provisional measures were taken. The reference of the coil current in the final stage

of current ramp-down phase was set at a negative value to surely decrease the coil current to zero

before the GB-sequence ended. Furthermore, before the second pulse operation test planned in

July 2001, as permanent measures, the GB-sequence algorithm was changed to give negative

voltage to the coil for 1 - 2 sec to ensure the decrease in coil current to below zero. Thus the

second pulse operation test was successfully carried out. The test up to a coil current of 46 kA,

which corresponded to the magnetic field strength of 13 T and a magnetic stored energy of

640MJ, was performed as planned. The result is shown in Fig.I.2.3-1.
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2.4 Neutral Beam Injection System

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

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

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

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

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

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

beam comes from mis-matching of

local beam perveance due to the

strong spatial non-uniformity of the

ion source plasma that yields to local

variations in the current density

extracted from different areas on the

plasma grid. So we have

implemented several techniques to

correct the non-uniformity in these

sources.  

The most successful

technique has involved installing

resistors whose value can be changed

independently in the circuit for each

of the eight filament groups, and, in

addition, masking about 19 % of the

grid area to avoid extracting

divergent beamlets from remaining

areas of lower plasma density [2.4-3].

Figure I.2.4-1 shows the ion

saturation current profiles with the

arc series resistor of 150 mΩ and

100 mΩ.  The ion saturation current

was measured with Langumir probes

located at the left and right side of
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plasma grids. The non-uniformity has improved largely with higher arc series resistors. The

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

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

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

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

current decreased a little bit with increasing the masking area.

 

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

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

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

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

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

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

workstation.

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

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

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

evacuate helium gas by the argon gas trapping method.
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2.5   Radio-Frequency Heating System

2.5.1 Improvement of the RF Control System

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

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

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

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

shown in Fig. I.2.5-1. We expect that frequent troubles due to the decrepit control system will be

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

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

experiment mode . In the aging mode , RF operators make the waveforms of the power and



 

 

phase including its timing. Contrary in the experiment mode , operators of an experiment team

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

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

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

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

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

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

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

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

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

hardware such as antenna breakdown voltage at that time.
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old RF control system using a mini-computer and CAMAC system suffering from frequent troubles.

2.5.2  Operation of the IC and LH Systems

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

as analysis of high energetic ions with an innovative diamond detector, Alfven-eigen mode



 

 

investigation and wall conditioning with RF discharge plasmas. Preliminary trials for antenna

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

density without reduction in breakdown voltage of the antenna.

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

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

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

sustain the negative shear plasma configuration with high βN. Here, CH4 gas was puffed to

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

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

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

2.5.3 Upgrade of EC system featuring a new antenna

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

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

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

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

view of the EC system for JT-60 is shown in Fig. I.2.5-2. In 1999, the first one unit was

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

upgraded adding two units to generate the total RF power of 3 MW [2.5-3].  
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Fig. I.2.5-2  Schematic view of the 110 GHz - 4 MW EC system in JT-60U.



 

 

The RF power is connected to the antenna-A, which focuses the deposition of three EC beams

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

the steerable mirror during a plasma discharge. A strongly peaked Te profile with Te0~15 keV was

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

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

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

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

injected power level of 1.5 - 1.6 MW for 3 sec. The available power was limited by a parasitic

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

condition during a pulse.

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

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

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

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

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

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

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

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

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

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

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

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

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

superconductor tokamak (JT-60SC) as shown in Fig.I.2.6-1. Typical machine parameters

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

major radius Rp = 2.8 m and the minor radius ap = 0.85 m with elongation at 95% flux κ95 ~ 1.7

and triangularity δ95 ~ 0.35.  The mission of the JT-60SC program is to establish scientific and

technological bases for an advanced operation in an economically attractive DEMO reactor and



 

 

ITER. To accomplish this mission, the major objectives for researches have been established (1)

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

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

in the divertor region.  

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

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

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

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

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

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

Nb3Sn cable-in-conduit conductor with Iop = 20 kA at Bmax = 7.4 T, is designed with capability

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

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

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

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

shielding.  

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

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

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

key issue for wide range of Bt = 2.0 - 3.8 T to obtain a high beta plasma of βN ‡ 3.

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

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

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

position control coils. The engineering task for divertor design is to demonstrate steady-state
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Fig.I.2.6-1  Comparison of JT-60U and JT-60SC. Fig.I.2.6-2  Schematic drawing of JT-60SC.



 

 

heat removal at high heat flux of 10 — 15 MW/m2 by metal armors under the high performance

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

including N-NB and EC wave).

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

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

and ripple reduction plates made of F82H steel were evaluated.



II. JFT-2M PROGRAM

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

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

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

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

(covering ~20% of the vacuum vessel wall) with plasma, as the second stage of AMTEX

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

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

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

plasmas.  High-βN discharges (βN up to ∼ 2.8) were obtained with inside FPs and boronization.

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

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

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

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

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

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

dynamics of fuelling by CT injection.

1. Advanced Material Tokamak Experiment (AMTEX) Program

1.1 Pre-testing on Compatibility with Plasma

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

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

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

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

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

between the plasma and the FPs became much smaller,

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

MHD instability might be caused.  The plasma control

can be affected because a part of the magnetic probes and

flux loops are affected due to the magnetization of FPs

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

addition, impurity release from the FP might be a

problem during the plasma discharge with higher heating

power, though it was predicted from the experiment in

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

that it would not be so severe at least for the vacuum

properties and the ohmic plasmas.  The behavior was
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Fig II.1.1-1  Schematic cross-sectional
view of the vacuum vessel (VV), FP,
magnetic sensors and magnetic fields.



checked prior to the 3rd stage, where high performance plasma would be required [1.1-4].  A

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

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

important in the 2nd stage.

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

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

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

procedure as before, although a relative shift of ~1cm was observed in the plasma position

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

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

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

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

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

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

spectroscopy also reduced to 1/20.  The carbon line intensity also decreased slightly though the

main components of the deposited film is C (the composition ratio; B/C = 0.18).  The normalized

beta value up to ∼2.8, which is the highest value obtained in JFT-2M, is achieved with FPs after

the boronization, indicating that magnetic effects of FPs do not disturb high βN discharge at least

up to βN ∼ 2.8.  Thus encouraging results were obtained in the second stage of AMTEX.
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1.2   Study of Ripple Loss of Fast Ions

In the first stage of the AMTEX program, reduction of the toroidal field ripple was

examined by insertion of ferritic steel plates (FPs) between the toroidal field coils and the vacuum

vessel (outside FPs).  It was demonstrated that the FP insertion reduced the toroidal field ripple

and the losses of fast ions produced by tangential co-NB injection.  By optimizing the FP

thickness, such that the fundamental mode ripple was minimized to be 0.07% at the shoulder part,

the ripple-trapped loss was reduced to be almost negligible (Fig.II.1.2-1).  It was found that the

reduction of the fundamental mode ripple and the ripple banana diffusion coefficient at the

shoulder part was the most effective to reduce the ripple ion losses [1.2-1].  The ripple loss

study was continued in the second stage of AMTEX, where both outside and inside FPs were

present (the latter has no effect on the ripple).  Effectiveness of the ripple reduction mentioned



above was compared with other injection angle cases,

such as tangential ctr- or perpendicular- NB.

Experimental results showed that the fast ion losses

were effectively reduced due to the ripple reduction

at the shoulder part by FPs, irrespective of NB

injection angle [1.2-2].

References
[1.2-1] Kawashima, H. and JFT-2M Group, Nucl. Fusion, 41,

257 (2001).
[1.2-2] Kawashima, H., Tsuzuki, K., Isei, N., et al., Proc. 28th

Eur. Conf. On Controlled Fusion and Plasma Physics
(Madeira EPS 2001) P4.004.

1.3 Preparation for Testing on Compatibility

with Plasma [1.1-4]

A conceptual drawing of the cross-section of

the vacuum vessel in the third stage, where inside wall

of the vacuum vessel is fully covered with the ferritic

steel wall, is shown in Fig.II.1.3-1.  The ferritic steel

wall is divided into a number of FPs of 32 pieces and 16 pieces in the outboard and inboard sides,

respectively, in the toroidal direction (16: the number of TFCs) and 7 pieces in the poloidal

direction.  The thickness of FPs is in the range of 6-10.5 mm, depending on the location.  Each

FP is fixed to the vacuum vessel with bolts.  An example of dynamical analyses of the

electromagnetic forces on FPs during disruption is given in Ref. [1.3-1].  In order to reduce the

toroidal field ripple ideally, the optimization of the

poloidal distribution of the FP thickness and the

periodicity in the toroidal direction are required [1.3-2].

The layout of FPs is determined carefully considering

these requirements.  We aim at further reduction of the

ripple magnitude in the third stage (say, both the

fundamental mode ripple δ16  and the second harmonic

ripple δ32  are less than 0.2% at Bt = 1.3T over a wide

range in the poloidal direction on the outboard side),

compared to the one in the first stage, where toroidal

periodicity of FPs is not so rigorously kept because of

spatial limitation.   Magnetic sensors, such as magnetic

probes and saddle coils etc., will be mainly installed on

the plasma side of FPs to minimize shielding effects of

ferritic steel on the plasma control.  Graphite tiles will
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be installed on FPs (continuously on the inboard side and partially on the outboard side and near

the divertor legs) for the protection of FPs and magnetic sensors from high heat flux.  We will

perform detailed measurements of the magnetic field inside the vacuum vessel using Hall elements

before and after the installation of FPs, to estimate ripple magnitudes and error fields.  The

relative position of the vacuum vessel to the center of the toroidal field coils is to be measured, from

which we can also estimate error fields due to FPs.
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2.    High Performance Experiments

2.1 Study of High Confinement Modes

2.1.1 ECH H-mode

Negative edge electric field (~100 V/cm) around the edge transport barrier, or pedestal,

developed during the H-mode by the peripheral electron cyclotron heating (ECH) on JFT-2M

tokamak.  Edge plasma potential was measured by Thallium heavy ion beam probe (HIBP)

method [2.1-1].  The edge potential decreased at the H-mode transition, whereas the potential

increased during the L-mode.  The H-mode was triggered by a heat pulse generated by the

sawtooth activity. The edge potential/density fluctuation in the frequency range of 10~100kHz

was gradually suppressed in accordance with the gradual potential decrease at the H-mode

transition in spite that the low frequency fluctuation (< 10 kHz) did not change during the

transition. Thus the decrease of the high frequency fluctuation seems to be related with the

confinement improvement by the H-mode.  Further the precursor fluctuation of the edge

localized mode (ELM) was clearly found in the potential fluctuation signal.  The fluctuation

frequency went down from ~150 kHz to less than 100 kHz just before the ELM.  The potential

increases during the ELMs, as during the L-mode.  We found that the behavior of the edge

potential in the H-mode with ECH is not much different from the H-mode by the neutral beam

heating, and that the heat pulse by the sawtooth rather seems to play a larger role for the transition

to the H-mode.

2.1.2 Development of MSE Diagnostics [2.1-2]

A multi-channel motional Stark effect (MSE) polarimeter system, which is capable of

simultaneous measurement of a radial electric field, has been developed on JFT-2M. The

diagnostic can measure the polarization angle at 18 radial locations, which cover a region between

just inside the magnetic axis and the outboard edge of the plasma.  By viewing two neutral beam

lines (one is co-parallel to the plasma current and the other is counter-parallel) simultaneously and

near tangentially to the toroidal magnetic field from only one spectroscopic instrument, it provides



the best sensitivity in radial electric field measurements with good spatial resolution. The magnetic

field pitch angle is also measured with the smallest uncertainty. Preliminary data for L-mode

plasma has been obtained.  It is found that the statistical uncertainty of the magnetic field pitch

angle and the radial electric field are about 0.1° and 4 kV/m, respectively, with a time resolution of

10 ms.
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2.2   Radio Frequency Experiments [2.2-1]

It is important to understand the

propagation and absorption of the fast waves in

plasma for the basic study of the fast wave current

drive, which is one of the promising current drive

methods for a tokamak fusion reactor.  The

spatial pattern of the fast wave electromagnetic

field in plasma had not been measured directly

because of its difficulty, although detailed

calculation had been possible with full wave codes.

In JFT-2M, the direct measurement was

performed for the first time in collaboration with

Ibaraki University and the National Institute for

Fusion Science.  The basic principle is such that the ponderomotive pseudo-potential of a beat

wave between the two fast waves (ω1 and ω2) is excited and the potential fluctuation pattern

(frequency; |ω1-ω2|) is measured with HIBP.  The experiments were done with launching fast

waves at two frequencies (200 MHz and 199.91 MHz) from the comb-line antenna [2.2-2] with

and without ECH.  The potential fluctuation profiles at the beat wave frequency (90 kHz) were

measured with HIBP.  The experimental results are consistent with computational results by the

full wave code (TASK/WM) as shown in Fig.II.2.2-1.

 
References
[2.2-1] Saigusa, M., Kanazawa, S., Ogawa, T. et al., Proc. of International Conference of Plasma Physics

(ICPP2000),  3 844 (2000).
[2.2-2]  Ogawa, T. and JFT-2M group, Fusion Energy 2000 (CD-ROM, IAEA, Vienna), EXP4/06 (2001).

 

2.3  Compact Toroid Injection

Injection of a compact toroid (CT) is a potential refueling method for fusion plasmas.  In

JFT-2M, CT injection experiments were performed under the collaboration between JAERI and

Himeji Institute of Technology.  We demonstrated successfully penetration of a CT plasma into

Fig.II.2.2-1 Radial profiles of potential fluctuations.
Amplitude of potential fluctuations was reduced with
ECH because of improvement in the fast wave
absorption due to increase in the electron temperature.



the core region of JFT-2M plasma with Bt = 0.8T.  As a result, averaged electron density

increased by ∆ne = 0.4x1019 m-3 and a fueling efficiency of 40% was obtained [2.3-1].   In order to

understand the dynamics of CTs which traverse across the magnetic field, new electrostatic probe

array was installed on JFT-2M.  From the probe measurement, it was found that CT plasma

reaches to the equivalent position of the divertor separatrix even if the external field of 1.0-1.4 T

was applied and that there exists a trailing plasma behind the CT.  We also observed a large

amplitude fluctuation on the ion-saturation current and magnetic coil signal [2.3-2].   Time-

frequency analyses suggest that the time-scale of this fluctuation agrees with that of the magnetic

reconnection between the CT plasmoid and the external magnetic field estimated from the three-

dimensional MHD simulation [2.3-3, -4].
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3. Operation and Maintenance

3.1  Tokamak Machine

     As for the JFT-2M facility, the ferritic steel plates (FPs) had been installed to cover about

20% of the area inside the vacuum vessel at the end of former FY.  The evacuation and baking of

the main equipments such as vacuum vessel and NB system were carried out, and the preparation

to operate for experiments had been finished. An initial conditioning of the first wall was carried

out by Taylor-type discharge cleaning (TDC) together with baking.  The plasma production test

was done next, and the whole of the systems were confirmed to be in good condition.  The

experiments were started on schedule from May, and continued up to February '01. A wall

conditioning to decrease the gas desorption from the first wall, especially installed FPs, was

performed by glow discharge cleaning (GDC) and boron-coating by using tri-methyl boron.

     The vacuum vessel was opened from the end of September to October to check the inside

components.  The vacuum vessel was opened again in the end of February for preparation of full

covering of FPs for the third-step of Advanced Material Tokamak Plasma Experiment (AMTEX)

to be carried out in the next FY.  The FPs that had been installed outside and inside of the vacuum

vessel and inside components were almost removed.  For this fiscal year, the number of plasma

discharge was 2940shots, discharge cleaning (TDC and GDC) was 230 hours, and coil-energizing

operation was 316 shots.  The number of the boronization was 4 times (18 hours in total).

     In order to improve reproducibility of CT plasmas, a new power supply system for the fast

gas puffing of the CT injector was installed.   This system consists of 4 capacitors bank

discharge systems, each of which can be controlled independently and drive each fast gas-puffing

valve.  By careful control of the power supply system, a same amount of gas flow was obtained



from each fast gas-puffing valve and reproducibility of the CT plasma production was improved.

 

3.2  Heating Systems

     As for the NB system, successive maintenances were carried out over the year, and injection

experiments were carried out.  The annual check of the NB system was also carried out.  The

electrolytic capacitors of the power supply were renewed for preventive maintenance.  After

finishing the aging of gyrotrons, the EC wave experiment was started from July.  The annual

check of the EC power supply and control equipment were carried out in October.  After the

power test of the gyrotrons, the injection experiments were restarted from December.  But, #4

gyrotron had a trouble due to cracking of the output window during the experiment.  High

confinement mode (H-mode) experiments were performed using the NB and EC heating systems

.

3.3  Power Supply System

     As for the DC generator (DCG) for the toroidal-magnetic-field power supply, operation

was done smoothly, because the DCG building was newly equipped with dust filters.  The

conditions of brush and insulation performance of the DCG were maintained in the good condition.

But, the electric-current-error-alarm of DCG appeared by a trouble of the commutator at the

maximum magnetic field.  Therefore, the maintenance of commutator was carried out.  The

trouble did not recur by this maintenance and by careful operation such as increasing the magnetic

field step by step.



III.  THEORY AND ANALYSIS

The principal objective of theoretical and analytical studies is to understand physics of

tokamak plasmas. Much progress was made on analyzing dynamics of the internal transport

barrier in JT-60U reverse shear plasmas. Progress was also made on the study of stability micro

and macro instabilities. The NEXT (Numerical EXperiment of Tokamak) project has made

progressed in order to research complex physical processes both in core and in divertor plasmas

by using massively parallel computers. Remarkable progress was made in the study of the

turbulence driven by electron temperature gradient instabilities.

1. Confinement and Transport

The Reverse Shear (RS) plasmas with Internal transport barrier (ITB) realize the

favorable energy confinement properties in JT-60U.  The transport properties of such plasmas

are studied by the "transient" transport analysis method [1-1].  A new source of the heat pulse

propagation is found in RS plasmas. This heat pulse propagation is created by the ITB-event.

The region of strong rise of temperature (~20 keV/s) is initially well localized (~ 4 cm) in space.

Later on, a slow diffusive broadening of the rising T

 

perturbation is seen. Outward heat pulse

propagation is analyzed in the region with ~8 cm width fully located in positive shear space zone.

Values of the electron dynamic heat diffusivity as low as ~0.1 m2/s are found. The important

consequence of the analysis is the absence of electron and ion heat pinch  in the ITB region [1-

1].  Transport evolution in reverse shear (RS) and normal shear (NrS) JT-60U tokamak plasmas

with ITB is described as a combination of various

fast and slow time scales processes. Abrupt in

time and wide in space (~30% of minor radius)

variations of electron and ion heat diffusivities

(seen as spontaneous-like  simultaneous rise and

decay of Te,i in two spatial zones) are found for

weak ITBs in both RS and NrS plasmas [1-2].

In order to predict the energy confinement

property of ITER and fusion reactors from

present-day tokamaks, the transport properties of

NB heated ELMy H-mode plasmas in JT-60 have

been clarified by using the nondimensional

plasma parameters [1-3]. The thermal diffusivity

and energy confinement time of both electron and

ion are normalized by the Bohm diffusion and

their dependence on the normalized Larmor radius,

Fig.III.1-1. The (1/ρ*) dependence of the
normalized energy confinement time for
electrons (circles) and ions (squares) in cases of
weak ELM (open symbols) and strong ELM
(closed symbols).

6

1 00 2 00 4 00 6 0 0

1/ρρρρ*

5

8

1 0

2 0

3 0

strong 
ELM

weak 
ELM

ττττ  
   

  
/ ττττ

   
   

   
  

E
e

B
oh

m
ττττ  

   
  
/ ττττ

   
   

   
  

E
i

B
oh

m



ρ*, and the normalized collision frequency, ν*, are studied in detail. The dependence of the

normalized energy confinement time of electron and ion, τEe/τBohm and τEi/τBohm, on (1/ρ*) in JT-

60U ELMy H-mode plasmas is shown in Fig.III.1-1. In the case of relatively weak ELM (open

symbols), both the electron and ion energy confinement increase with (1/ρ*). In the cases of

strong ELM (closed symbols), the ion energy confinement has nearly independence of (1/ρ*),

which is unfavorable for the fusion reactors because of their large (1/ρ*) value.
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2. Stability

Double tearing modes (DTM) are considered as one of the possible candidates for the

low beta disruption in negative shear plasmas.  Linear and nonlinear features of DTM are

investigated systematically in the cylindrical reduced MHD model with the helical symmetry.

The new nonlinear phenomenon, which is caused by the deformation of a magnetic island

structure, is found in the weakly coupled region of DTM. It is shown that DTM is nonlinearly

destabilized after slow growth in the Rutherford-type regime.  During the period of this regime,

the nonlinear mode coupling between the main and higher harmonics enhances the higher

harmonics, which cause the triangular deformation of magnetic islands and the following abrupt

growth of DTM [2-1].

Validation studies of the neutral point against vertical displacement events had been

carried out in the Alcator C-Mod and the ASDEX-Upgrade tokamaks under international

collaborations.  The disruption experiments of the Alcator C-Mod tokamak had clarified that the

neutral point does exist at 2-3 cm above the horizontal midplane, as the tokamak-simulation-

code (TSC) has predicted.  As for the ASDEX-Upgrade, the disruption database indicates that

the vertical location of the neutral point is rather unclear comparing with the JT-60U.  The TSC

simulations on the neutral point sensitivity to the plasma profile parameters are now in progress

[2-2].

Stabilizing effects of the externally applied current profile, such as electron-cyclotron-

current-drive (ECCD), on the neoclassical tearing mode (NTM) have been numerically analyzed.

Peaking of the external current profile is shown to be effective for the stabilization. When the

external current profile is modulated in phase with the island rotation, the stabilizing effect is

more effective than that in the case of no modulation. The stabilizing effect of the peaked current

is sensitive to the relative location between the rational surface of the island and the external

current. The low magnetic shear through the equilibrium modified by the external current

destabilizes the NTM island [2-3].



The effect of NTM on the confinement degradation is studied by using a 1.5D time-

dependent simulation code TOPICS. The NTM island width is calculated according to the

modified Rutherford’s equation. In the case that a neutral beam is injected before sawtooth starts,

a bootstrap current modifies a total current profile and makes a conventional tearing stability

index ∆’ positive. 3/2 mode NTM arises a few seconds after NB which is the same order as the

local resistive skin time. In the case of NB after sawtooth, the NTM arises only with high NB

power. At the same NB power, the confinement degradation by 3/2 mode island in the former

case is larger than that of the latter case [2-4].
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3.    Heating and Current Drive

An electron cyclotron (EC) wave is very attractive for stabilization of neo-classical

tearing modes (NTM). To obtain the optimum condition of the EC beam injection to stabilize

NTM, we have developed a ray-tracing code which can save computation time. The ray

trajectories are calculated by the standard method and the driven current is calculated by using

the adjoint equation for the full relativistic Fokker-Planck equation [3-1]. By scanning the

launching direction in both the toroidal and poloidal directions, the optimum direction of beam

injection is obtained to drive a current with a maximum value of It/ρw at the desired magnetic

surface, where It is the total driven current and It/ρw is the radial width of the driven current.

When the current is driven at the position where a ray trajectory becomes tangent to the magnetic

surface (’tangential resonance’), Doppler broadening of the current profile is significantly

reduced and It/ρw reaches the maximum value. In the case of tangential resonance, the driven

current width is mainly determined by the effects of the beam divergence. The width of the

driven current is kept in a range of 2 ~ 5 % of the minor radius when a beam divergence is 2ß.

The dependence on both the location of beam injection and the wave frequency has been also

obtained [3-2].
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4. Numerical Experiment of Tokamak (NEXT)

4.1 Development of Computational Algorithm

A new scheme for inner layer equations in resistive MHD stability theory has been

developed.  The new scheme solves the inner layer equations as an initial-value problem.  The

full implicit finite-difference-approximation to time yields equations including derivatives only

with respect to the radial variables.  The differential equations thus derived are to be solved

with the given asymptotic condition at infinity. This asymptotic matching problem is

transformed into a boundary value problem for which finite difference methods are applicable

[4.2-1].
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4.2 Transport and MHD Simulation

Linear and nonlinear properties of slab drift waves are studied in the negative sheared

slab configuration modeling the qmin-surface region of negative shear tokamaks, where qmin is the

minimum value of a safety factor q. Linear calculations show that both the ion and the electron

temperature gradient driven (ITG and ETG) modes become strongly unstable around the qmin-

surface. Nonlinear simulations are performed for the ETG turbulence that evolves in a much

faster time scale than the ITG turbulence. It is found that quasi-steady ErxB zonal flows are

generated by an inverse wave-energy-cascade-process.  Linear stability analyses of the

electrostatic Kelvin-Helmholtz (K-H) mode show that the quasi-steady ErxB zonal flow profile is

closely related to the q-profile or the magnetic shear, which has a stabilizing effect on the K-H

mode. It is shown that the microscopic quasi-steady ErxB zonal flows arising from the ETG

turbulence have a strong stabilizing effect on the slab ITG mode [4.3-1~-5].

The m = 2 collisionless DTM has been studied with the gyro-kinetic particle simulation

to clarify the effect of the electron inertia on the MHD phenomena in the reversed shear

configuration of a tokamak plasma.  The collisionless DTM are found to grow up with the

Alfv n time scale due to the coupling of two perturbations originated in each resonant surface. It

is also found that the internal collapse occurs on the Alfv n time scale due to the rapid growth of

the m = 2 electrostatic potential.  The ΕxΒ flow due to an m=2 electrostatic potential surviving

after the collapse induces the secondary reconnection and the re-distribution of the current

profile, which produces a new reversed shear configuration [4.3-6].

The process of fueling by injection of a spheromak-like compact toroid (SCT) is

investigated by using MHD numerical simulations, where the SCT is injected into a magnetized

target plasma region corresponding to a fusion device. We proposed, on the basis of simulation



results, a theoretical model that determines the penetration depth of the SCT into the target

region. It is revealed that the fluctuations of the target magnetic field propagate with the Alfv n

velocity determined by the magnetic field and the density in the device region, which leads to the

relaxation of the magnetic tension force. The model is shown to be useful for estimating the

penetration depth of the SCT [4.3-7].
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4.3 Divertor Simulation

Physical characteristics of the scrape-off-layer (SOL) and divertor plasmas have been

investigated by using an advanced particle-simulation-code PARASOL. The effect of diffusive

particle loss and radiative energy loss on the formation of detached plasma was studied in a one-

dimensional system [4.3-1]. The generation of supersonic flow in the presence of above losses

was found, which can bring about the detachment. Heat transport along magnetic field lines in

open-field plasmas was studied [4.3-2].  We found a new analytic expression for the heat flux

in the collisionless regime through PARASOL simulation results.  Two-dimensional

PARASOL code was developed.  With the use of this code, effects of the radial gradients

including diamagnetic drift flow on SOL and divertor plasmas were studied [4.3-3].  Detailed

explanation on the PARASOL code was presented elsewhere [4.3-2, 4.3-4].
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IV. FUSION REACTOR DESIGN AND SAFETY RELATED RESEARCH

Research on fusion reactor design and safety was mainly devoted to physics and plant

designs of a fusion power reactor A-SSTR2, multi-purpose uses of fusion energy, a reduction of

radioactive wastes from the plant, etc.  At the same time, conceptual design study of a fusion

demo plant has stared in the last fiscal year to bridge a gap between ITER and A-SSTR2.

1. Fusion Reactor Design

1.1 Design of A-SSTR2

In 1999, the design of a new tokamak reactor A-SSTR2 that orients both economical and

environmental acceptance has started, adopting the advantages of SSTR, A-SSTR and DREAM.

A-SSTR2 (Fig.IV.1.1-1) aims at a high power density with the combination of high toroidal field

(11 T on the plasma axis and 23 T at the peak) and moderate normalized beta (βN = 4 ),

producing 4 GW of fusion power output at a compact machine size (Rp = 6.2 m) [1.1-1].

Center solenoid (CS) coils are removed to set the support for the enormous

electromagnetic force.  Accordingly, CS-less plasma current rise is one of the key issues of A-

SSTR2.  Recent assessment found the following three options feasible to provide the initial

current up to 2-3 MA: 1) multipath absorption of electron-cyclotron-resonance waves (390 GHz),

2) lower hybrid current drive (10-15 GHz), and 3) induction by a compact startup assist coil with

a capability of 30 Vsec.  Above 2-3 MA, the overdrive by bootstrap and neutral-beam-driven

current is expected to boost the plasma current up to the flattop of 12 MA.

Fig.IV.1.1-1  Cutaway view of A-SSTR2 (TF/PF: toroidal/poloidal field)
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1.2 Design of a New DEMO Reactor

Design activity of a fusion reactor was embarked on in FY2000. The concept of the

DEMO reactor is a minimum-sized fusion power plant on the basis of the plasma technologies

that will be established in ITER, bridging the gap between ITER and A-SSTR2. Using future

technologies in 2030's such as a high temperature superconductor, the reactor is designed to have

the fusion gain of ~40, the fusion output of 2.3 GW and the bootstrap current fraction of 80% at

the maximum toroidal field of 20 T (9.5 T at the plasma center) and R = 5.8 m.  For the sake of

high heat efficiency, the reactor adopts ODS steel (Oxide-Dispersed-Strengthened steel) as the

structural material of blanket and supercritical pressurized water as coolant.  Through the initial

design study, the following high priority issues were extracted to be resolved in the coming

years: countermeasures against disruptions, erosion of the wall material by neutral particles,

contamination of coolant by tritium, efficient heat cycle, and safety issue related with

supercritical pressurized water.

1.3 Startup of DT Fusion Plant without Initial Loading of Tritium

Even in the plasma without initial tritium loading, DD reaction produces a small amount

of tritium and neutrons that is converted to tritium in a breeding blanket. The recirculated tritium

can burn in DT reaction and yield more tritium, resulting in exponential breeding. A model

analysis, on the basis of the conventional fusion reactor plant consisting of a fuel circulation

system and breeding blanket, indicated that a full power operation with 50% tritium in the

plasma is achievable in operation of the order of 100 days [1.3-1]. Thus, to prepare initial tritium

for fusion plant is not mandatory.
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1.4 Multipurpose Use of Fusion Energy

Use of fusion energy for various applications not limited for electric power generation

was considered to improve its attractiveness and to expand potential market. At a coolant

temperature above 600ºC where advanced reduced activation material can be used, many of the

plants such as petro-chemical, paper, gas and other chemical plants can be operated, and besides

electricity generation is more efficient than light water reactor temperature.

Under constraint of global environment problem, this feature of fusion energy improves

its attractiveness by production of low carbon fuels such as hydrogen or alcohol, as well as

electricity. One of the important use of heat from fusion will be hydrogen production that is

anticipated to become major fuels for dispersed generators such as micro gas turbine or fuel cell,

or transportation because of preferred effects on reduction of carbon dioxide emission.  Steam



reforming reaction, CmHn + H2O → CO2 + H2 is endothermic reaction that requires large amount

of heat, and can be regarded as transformation of fusion energy to the form of H2 chemical

energy.  While fossil fuel can be used as raw material, biomass, possibly wastes, will be more

attractive to generate hydrogen.  Chemical process to generate hydrogen to be attached to A-

SSTR2 was designed and found to have attractive features.  At the coolant temperature of 900ºC,

vapor electrolysis, another form of conversion of fusion energy to hydrogen will also be

possible.

2. Fusion Safety

2.1 Structural Integrity of First Wall Made of SiC/SiC

In the SiC/SiC composite which is regarded as a promising material for the first wall in a

future fusion reactor, a micro-crack can be generated and developed in the matrix. On the other

hand, SiC fibers can suppress the crack development. In order to assess the structural integrity of

SiC/SiC first wall, the wall with a crack was modeled to fit with the finite element method. The

preliminary calculation confirmed that the fibers reduce the crack opening displacement [2.1-1].
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2.2 Reduction of Radioactive Waste from Tokamak Reactor

The "radwaste (radioactive waste) minimum" concept of fusion reactor design is proposed

to lead to a significant reduction of radioactive waste. The new concept considers that the role of

a neutron shield is to keep the outer structural components from considerable activation, rather

than to ensure the function of superconducting magnets during discharges. The presented

concept requires some reinforcement of shielding with a minimal change of reactor size, which

can be met by the use of an advanced shield material such as a metal hydride. An estimate based

on the concept indicates that the radwaste from A-SSTR2 can be as low as 17% in weight

fraction, whereas the radwaste expected in the conventional way amounts to 92%[2.2-1].
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